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ABSTRACT OF THE DISSERTATION 
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University of California, Los Angeles, 2014 
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  Major anxiety disorders, such as post-traumatic stress disorder (PTSD), have a 

devastating social impact. PTSD can lead to high rates of substance use disorders, 

such as alcoholism. Previous investigations show strong interplay between stress and 

alcohol use, but have yet to characterize precise brain mechanisms involved. Evidence 

points to the basolateral amygdala (BLA) as playing a central role in the acquisition and 

storage of emotional memory.  

  Recently, an animal model of stress enhanced fear learning (SEFL) that mimics 

specific characteristics of PTSD has been developed to study behavioral and 

physiological components of PTSD-like stress in rodents. In PTSD, enhanced fear after 

a traumatic experience is manifested as an inappropriately exaggerated response to 

stimuli that are reminders of the trauma, as well as an increased propensity to acquire 

new fears. In SEFL, enhanced fear after an initial stressor is manifest as a sensitized 

fear response and enhanced fear learning after exposure to subsequent mild stressors. 

This work shows that the SEFL model leads to increased voluntary alcohol consumption 
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in stressed rats compared to unstressed rats. Interestingly, however, SEFL does not 

alter previously acquired alcohol drinking behavior.  

  Biochemical analysis of BLA tissue and electrophysiological recordings in 

pyramidal neurons from the lateral nucleus of the BLA were done to identify the cellular 

mechanisms by which SEFL induces enhanced freezing and increased alcohol intake. 

This work shows that SEFL increased BLA expression of the α−amino-3-hydroxy-5-

methy-4-isoxazole propionic acid receptor (AMPAR) subunit, GluA1, and the 

γ−aminobutyric acid type-A receptor (GABAAR) subunits α1, α2, and α3. SEFL also 

produced long-term increases in AMPAR-mediated excitatory postsynaptic currents and 

changes in voltage-sensitive inward rectifying depolarizing currents that regulate the 

excitability of pyramidal neurons. Together these data demonstrate long-lasting 

biochemical and functional changes in the intrinsic and synaptic excitability of the BLA 

pyramidal neurons.  Since the BLA is necessary for the induction and expression of 

SEFL, it is  likely that these biochemical and functional changes represent the brain 

mechanisms  responsible for the behavioral manifestations of SEFL.  

 
 
 
 

  

iii 
 



The dissertation of Edward Meyer is approved. 
 
 

Francesco Chiappelli 
 

Ichiro Nishimura 
 

Richard W. Olsen 
 

Michael S. Fanselow 
 

Igor Spigelman, Committee Chair 
 

 
 
 
 
 

University of California, Los Angeles 
2014 

 
 
 
 
 
 
 
 
 
 
 

iv 
 



 
 
 
 
 
 
 
 
 

"It is the glory of God to conceal a matter, but the glory of kings is to search out a matter" 
                                                                                                               - Proverbs 25:2   

 
 
 
 
 
 

  

v 
 



Table of Contents 

Chapter 1  Introduction 1 

SECTION I: GENERAL INTRODUCTION 2 

1. GENERAL INTRODUCTION 3 

2. LIST OF AIMS 4 

SECTION II: STRESS AND ANXIETY DISORDERS 6 

1. STRESS AND THE REGULATION OF HOMEOSTASIS 7 

2. ANXIETY DISORDERS 15  

3. ANIMAL MODELS 17 

SECTION III: NEUROCIRCUITRY, BIOCHEMISTRY, AND PHYSIOLOGY OF STRESS 26 

1. SIGNALING MOLECULES 27 

2. NEURAL CIRCUITS OF STRESS AND FEAR 29 

3. THE AMYGDALA 29 

4. GLUTAMATE AND GLUTAMATERGIC RECEPTORS 33 

5. γ-AMINOBUTYRIC ACID (GABA) & GABA RECEPTORS 38 

6. VOLTAGE-SENSITIVE DEPOLARIZING CURRENTS 40 

 

Chapter 2  Methods 44 

1. GENERAL METHODS 45 

2. VOLUNTARY DRINKING EXPERIMENTAL PROCEDURES 48 

vi 
 



3. WESTERN BLOTTING PROCEDURES   50 

4. ELECTROPHYSIOLOGICAL RECORDING PROCEDURES 53 

 

Chapter 3  Results 58 

SECTION I: 2-BOTTLE CHOICE VOLUNTARY DRINKING  59 

1. EARLY-SEFL & 2BC ETOH 60 

2. LATE-SEFL & 2BC ETOH 63 

3. EARLY-SEFL AND 2BC SUCROSE-QUININE   69 

SECTION II: WESTERN BLOTS 71 

1. GABAAR SUBUNITS 72 

2. GLUTAMATERGIC RECEPTOR SUBUNITS  75 

SECTION III: ELECTROPHYSIOLOGY  80 

1. BEHAVIOR 81 

2. CELL PROPERTIES AND CURRENT CLAMP RECORDINGS 81 

3. VOLTAGE-SENSITIVE CURRENTS   85 

4. EXCITATORY POSTSYNAPTIC CURRENTS 92 

 

Chapter 4  Discussion 106 

SECTION I: 2-BOTTLE CHOICE VOLUNTARY DRINKING 107 

1. SEFL ALTERS FUTURE ETOH DRINKING 108 

vii 
 



2. SEFL DOES NOT ALTER PREVIOUSLY FORMED DRINKING HABITS 109 

3. SEFL EFFECT IS SPECIFIC TO ETOH CONSUMPTION   111 

SECTION II: WESTERN BLOTS 112 

1. SEFL AND METYRAPONE ALTER GABAAR SUBUNITS  113 

2. LACK OF SEFL OR METYRAPONE INDUCED NMDAR SUBUNIT ALTERATIONS 117 

3. SEFL AND METYRAPONE ALTER AMPAR SUBUNITS EXPRESSION 119 

4. CORT-DEPENDENT AND INDEPENDENT SUBUNIT ALTERATIONS    120 

SECTION III: ELECTROPHYSIOLOGICAL RECORDINGS OF LA PYRAMIDAL NEURONS  
 AFTER SEFL 123 

1. MEMBRANE PROPERTIES OF PYRAMIDAL NEURONS  124 

2. VOLTAGE-SENSITIVE ION CHANNELS 125 

3. SEFL-INDUCED ALTERATIONS TO AMPAR-MEDIATED EPSCS   128 

 

Chapter 5  Conclusion 135 

SECTION I: GENERAL OVERVIEW 136 

SECTION II: THERAPEUTIC PHARMACOLOGY OF ANXIETY DISORDERS 141 

SECTION III: FINAL REMARKS 145 

 

Chapter 6  Bibliography 147 

 

viii 
 



List of figures and tables 

Chapter 1  INTRODUCTION 1 

FIGURE 1.1 - HYPOTHALAMIC-PITUITARY-ADRENAL AXIS 9 

FIGURE 1.2 - REGULATION OF THE CIRCADIAN RHYTHM 10 

FIGURE 1.3 - THE STRESS-ENHANCED FEAR LEARNING PROCEDURE 20 

FIGURE 1.4 - FORCED SWIM TEST (FST) 23 

FIGURE 1.5 - MUSCIMOL IN THE BLA BLOCKS SEFL 23 

FIGURE 1.6 - INDUCTION OF SEFL DEPENDENT ON CORT SYNTHESIS 24 

FIGURE 1.7 - NO EFFECT OF METYRAPONE AFTER 15-SHOCKS 25 

FIGURE 1.8 - MIFEPRISTONE IN THE BLA BLOCKS SEFL 25 

FIGURE 1.9 - NEURAL CIRCUITS OF STRESS 30 

FIGURE 1.10 - THE AMYGDALA 31 

FIGURE 1.11 - N-METHYL-D-ASPARTATE (NMDA) RECEPTORS 36 

FIGURE 1.12 -  α−AMINO-3-HYDROXY-5-METHY-4-ISOXAZOLE PROPIONIC ACID  
 (AMPA) RECEPTORS 37 

FIGURE 1.13 - γ−AMINOBUTYRIC ACID (GABA) TYPE-A RECEPTORS (GABAARS) 39 

FIGURE 1.14 - HYPERPOLARIZATION-ACTIVATED MIXED CATION (HCN) CHANNELS 41 

 

  

ix 
 



Chapter 2  METHODS 44 

FIGURE 2.1 - LA PYRAMIDAL NEURON RESPONSE TO  
 HYPERPOLARIZING VOLTAGE STEPS 55 

Chapter 3  RESULTS 58 

FIGURE 3.1 - EARLY-SEFL: FREEZING BEHAVIOR 61 

FIGURE 3.2 - EARLY-SEFL: 2BC 19% ETOH 62 

FIGURE 3.3 - LATE-SEFL: 2BC 19% ETOH 64 

FIGURE 3.4 - LATE-SEFL: FREEZING BEHAVIOR 65 

FIGURE 3.5 - EARLY-SEFL: FREEZING BEHAVIOR SUCROSE-QUININE RATS 67 

FIGURE 3.6 - EARLY-SEFL: 2BC 28.4% SUCROSE-0.08% QUININE 68 

FIGURE 3.7 - GABAAR SUBUNITS α1 AND α2 IN THE BLA 73 

FIGURE 3.8 - GABAAR SUBUNITS α3 AND α4 IN THE BLA 74 

FIGURE 3.9 - GABAAR SUBUNITS β3, γ2 AND δ IN THE BLA 76 

FIGURE 3.10 - NMDAR SUBUNITS GLUN1 AND GLUN2B IN THE BLA 77 

FIGURE 3.11 - AMPAR SUBUNITS GLUA1 AND GLUA2 IN THE BLA 79 

FIGURE 3.12 - SEFL CONTEXT TEST PRIOR TO  
 ELECTROPHYSIOLOGICAL RECORDINGS 82 

FIGURE 3.13 - LA NEURON IDENTIFICATION 83 

TABLE 3.1 - LA PYRAMIDAL NEURON MEMBRANE PROPERTIES 84 

FIGURE 3.14 - ACTION POTENTIAL 84 

FIGURE 3.15 - INCREASED EXCITABILITY OF LA PYRAMIDAL NEURONS 86 

FIGURE 3.16 - IH IN LA PYRAMIDAL NEURON AFTER SEFL 87 

x 
 



FIGURE 3.17 - IH CURRENT DENSITY 89 

FIGURE 3.18 - ACTIVATION OF KIR AND IH 90 

FIGURE 3.19 - KIR IN LA PYRAMIDAL NEURON 91 

FIGURE 3.20 - EVOKED PAIRED-PULSE RATIO (PPR) RECORDINGS OF EPSCS 93 

TABLE 3.2 - SEPSCS DATA FROM LA PYRAMIDAL NEURONS 94 

FIGURE 3.21 - CUMULATIVE PROBABILITY OF SEPSC  
 PARAMETERS: IEI AND AMPLITUDE 95 

FIGURE 3.22 - CUMULATIVE PROBABILITY OF SEPSC  
 PARAMETERS: RISE-TIME AND DECAY-TIME 97 

FIGURE 3.23  - CUMULATIVE PROBABILITY OF SEPSC  
 PARAMETERS: AREA AND HALF-WIDTH 98 

FIGURE 3.24 - CUMULATIVE PROBABILITY OF MEPSC PARAMETER: IEI 99 

FIGURE 3.25 - MEPSC AMPLITUDE 100 

FIGURE 3.26 - MEPSC RISE-TIME 102 

TABLE 3.3 - MEPSCS DATA FROM LA PYRAMIDAL NEURONS 103 

FIGURE 3.27 - MEPSC DECAY TIME 104 

FIGURE 3.38 - CUMULATIVE PROBABILITY OF MEPSC  
 PARAMETERS: AREA AND HALF-WIDTH 105 

 

 

  

  

  

xi 
 



Abbreviations 

2BC   2-Bottle choice drinking paradigm 

5-HT   5-Hydroxytryptamine, Serotonin  

5α3α-THDOC 5α-pregnan-3α,21-diol-20-one. Metabolite of DOC. A neuroactive 
steroid that can act as a GABAAR agonist 

 
5α3α-THPROG 5α-pregnan-3α-ol-20-one. Metabolite of PROG. A neuroactive 

steroid that can act as a GABAAR agonist 
 
5β3α-THPROG 5β-pregnan-3α-ol-20-one. Metabolite of PROG. A neuroactive 

steroid that can act as a GABAAR agonist 
 
AIS Axon initial segment, initial region of axon directly adjacent to the 

soma 
 
AMPA   α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

AMPAR  AMPA receptor 

ANOVA Analysis of variance 

AP    Action potential 

AUD   Alcohol use disorders 

BA   Basal nucleus of the amygdala 

BLA   Basolateral nuclei of the amygdala 

CamKII  Ca2+ calmodulin dependent kinase type-2 

CCK   Cholecystokinin  

CeA   Central nucleus of the amygdala 

CeI   Intermediate nucleus of the CeA 

CeL   Lateral nucleus of the CeA 

CeM   Medial nucleus of the CeA 

xii 
 



CIE   Chronic intermittent ethanol 

CORT   Cortisol (humans), Corticosterone (rodents)  

CP     Cumulative probability   

CRF   Corticotrophin releasing factor 

CRF1   CRF receptor type-1 

CRF2   CRF receptor type-2 

DMH  Dorsomedial nucleus of the hypothalamus 

DOC Deoxycorticosterone. Metabolite precursor of CORT and 5α3α-
THDOC  

 
DSM-5 Diagnostics and Statistics Manual: Characterization of 

Psychological Disorders, Version 5 
 
EC   External capsule 

eEPSC     Evoked EPSC 

eIPSC   Evoked IPSC 

EPSC    Excitatory postsynaptic current 

EPSP   Excitatory postsynaptic potential 

EtOH   Ethanol, ethyl alcohol 

FST   Forced swim test 

GABA   γ-Aminobutyric acid 

GABAAR GABA type-A receptor, pentameric ligand-gated Cl- ion channel, 
fast-inhibitory activity 

 
GABABR  GABA type-B receptor, metabotropic GABA receptor 

G-I   Gastro-intestinal, the G-I tract  

GluA1   Type-1 AMPAR subunit, fast kinetics, Ca2+ permeable 

GluA2   Type-2 AMPAR subunit, Ca2+ impermeable 

xiii 
 



GluA3   Type-3 AMPAR subunit 

GluA4   Type-4 AMPAR subunit 

GluN1   Type-1 NMDAR subunit, obligatory subunit for all NMDARs 

GPCR   G-protein coupled receptor, metabotropic receptor 

GR   Glucocorticoid receptor 

HCN-channel Hyperpolarized-activated mixed-cation channels 

Hz   Hertz 

IC   Internal capsule 

IEI   Inter-event interval 

Ih   Hyperpolarization-activated mixed-cation channel current 

IL Interleukin, family of cytokines involved in the signaling of the 
immune response (e.g. IL-1β, and IL-6) 

 
IPSC   Inhibitory postsynaptic current 

IPSP   Inhibitory postsynaptic potential 

kDa   kilodalton, measure of molecular size.   

KIR   K+-inward rectifying current 

KIR-channel Family of inward rectifying K+-channels, 15 identified KIR-channel 
genes  

 
KS Kolmogorov-Smirnov, 2-sample non-parametric statistical test. 

Useful for identifying differences between 2 large samples, such as 
in cumulative probability tests 

 
LA   Lateral nucleus of the amygdala 

LC   Locus coeruleus 

mEPSC    Miniature EPSC 

MR   Mineralcorticoid receptor 

xiv 
 



ms   millisecond 

mV   millivolt 

n   Sample size, number of subjects in a sample 

NAc   Nucleus accumbens 

Nav   Voltage-gated sodium ion channel 

NE   Norepinephrine 

NMDA  N-methyl-D-aspartate 

NMDAR  NMDA receptor 

NPY   Neuropeptide Y 

NPY-1   NPY receptor type-1 

NTS   Nucleus of the solitary tract 

OD   Optical density 

pA   picoampere, measure of electrical current 

pF   picofarrad, measure of electrical capacitance 

PROG Progesterone. Sex hormone and metabolite precursor of 5α3α-
THPROG, 5β3α-THPROG, and CORT 

  
PTX   Picrotoxin, GABAAR channel blocker 

PPR   Paired-pulse ratio 

PTSD    Post-traumatic stress disorder 

PV   Parvalbumin 

RM   Repeated measures 

RT   Rank transformation of primary data 

SCN   Suprachiasmotic nucleus 

SEFL   Stress-enhanced fear learning 

xv 
 



SEM   Standard error of the mean 

sEPSC    Spontaneous EPSC 

SN   Substantia nigra 

SSDRs  Species specific defensive response 

subPVN  Neurons below the PVN 

SUD   Substance use disorder 

TTX   Tetrodotoxin, voltage-gated sodium channel blocker 

VTA   Ventral tegmental area 

VP   Vasopressin 

 

  

xvi 
 



Acknowledgements 

 

I would like to thank my committee Drs. Francesco Chiappelli, Ichiro Nishimura, Richard 

Olsen, Michael Fanselow, and Igor Spigelman - Your achievements are motivational, 

the excellence with which you execute your work endeavors is challenging to me. I 

would like to thank each of you for participating in my graduate committee. Thank you 

for all of the time invested into me.  

 

To the members of the Spigelman lab past and present, I have enjoyed working with 

you. Specifically - Vincent, your guidance and care have been immensely valuable. I 

would not have been able to have attained this level of achievement without your help.  

Yatendra, you have encouraged and challenged me. You are an excellent scientist, and 

you literally are the hardest working student that I have ever met! I wish you the greatest 

success in all that you attempt! Takashi, thank you for your friendship. Omid, Michael, 

Ryan, Chriselle, James, Newton, Yacob, and all of the other wonderful students that 

have worked with me at times through this arduous journey - you have been a great 

source of enthusiasm and motivation! I know all of you will go on to overcome 

challenges and achieve great things!  

 

To the members of the Olsen lab - thank you for all the help with projects and figuring 

experimental problems out! Martin - you are a great scientist. Thank you for all of your 

input and consultation. Also, without the sanity of training for the triathlons I would not 

have made it through the middle portion of my doctoral training-you are also a great 

xvii 
 



training partner. Kerstin, you have slogged along side during the "fun" with the Western 

blots. Thank you for all of your guidance! You are an excellent scientist and I have 

appreciated all of the discussions, thank you! Jing - I learned so much from you. You 

are wise and hard working, thank you for all that you have invested in me  

 

The members of the Fanselow lab - your work is electric - literally! Thank you for all of 

the help in generating experimental specimens! All of the conditioning in the SEFL 

procedure was done by the previous graduate students Virginia Long and Jennifer 

Perusini, and their faithful assistants. Thank you very much! Working alongside you was 

a great experience and inspirational! I wish you great success in every endeavor!  

 

These studies were made possible by the National Institutes of Health (NIH). 

Specifically, the National Institute of Alcohol Abuse and Alcoholism (NIAAA), the 

National Institute of Drug Abuse (NIDA), and the National Institute of Mental Health. The 

NIH grants MH62122 (MSF), MH088184 (MSF) and AA016100 (IS), and specifically my 

Tranlational Neuroscience of Drug Abuse (TNDA) T-32 fellowship funded by NIDA and 

my NRSA fellowship award AA021037 (EMM) funded by the NIAAA. 

 

I have a long list of family and friends that have stood alongside me and made this 

possible. They listened to long boring explanations in response to simple questions like 

"so what are you working on", they have endured long absences,  and they encouraged 

me at times when I felt finishing this task was impossible- thank you.  

 

xviii 
 



To my wife Jesse: thank you for enduring these last few years with me. I love you and  

know this has been an arduous journey for you as well. As it is hard to explain the 

trouble of finishing my thesis, I cannot imagine what it has been like to stand next to me 

without having the distraction of mind-numbing reading and experimental problem 

solving to help pass the time. Thank you for being there.  

To my sister Erica: thanks for all the laughs, financial help, and prayers. You're my 

buddy. I love you and appreciate you!  

To my parents Ed & Barbara: The years of training, investment and value you poured 

into me, helped to open the doors to this process!  

To my Aunt Judy: You suffered through reading early drafts and sorting through the 

non-sense of early versions of my writing. Thank you. I am sure you know, but let me 

say it anyway, the work, time and energy you invested into me have more value than I 

can even say. I hold you with high regard - your encouragement and motivation has 

great value to me. Thank you very much!  

To my dear dear friends Layne and Sheila & Mbugua and Ninda: The four of you have 

been there at some of the darkest times. Thank you. I know I would not have made it 

through this without your love, support and encouragement. I look up to all of you in so 

many ways. I aspire to attain what you live in!  

Mart: I appreciate our friendship, the long bike rides, and helpful talks. I am more sane 

today because of you.  

In no particular order of value or appreciation I would also like to thank: Dave & Beth - 

you have provided love, care, and a roof over my head (multiple times!). Edmon - thank 

you for showing me how to find humor in difficult times. You are a great man, and I love 

xix 
 



you. Roberto - you have been a true good friend. Matt & Jacqueline - It is not often that 

you find such fast friends that have as much value and depth. I appreciate you both. Ed 

& Wendy - thank you for the absolute acceptance and even more for trusting me with 

your daughter. Aunt Candy, Elliot & Cher, Seph, Shawn & Melissa, Jacob Blaze - 

"BOOM, INC.", Dr. Dr. Jeffrey Kim, Dr. Dr. Benjamin F. Kang, and so many others... 

Thank you! 

 

Specific Aim 1 two-bottle choice drinking data and text has been adapted from a 

previously published work: Meyer, E.M., Long, V., Fanselow, M.S., and Spigelman, I. 

Stress increases voluntary alcohol intake, but does not alter established drinking habits 

in a rat model of post traumatic stress disorder. Alcoholism: Clinical and Experimental 

Research. 2013 Apr; 37(4):566-74. PMCID: PMC3567303. Virginia Long did the 

majority of the animal handling and conditioning for the stress-enhanced fear learning 

(SEFL) procedure, and I assisted her with the one cohort of rats. I did all of the 2-bottle 

choice drinking experiment animal handling, weighing, and collection of drinking data; I 

did all of the data organization, statistical analysis and figure making; I wrote all  of the 

manuscript text with assistance from Dr. Igor Spigelman. Dr. Michael Fanselow was the 

P.I. of the lab where all of the SEFL procedure conditioning was done, and Dr. Igor 

Spigelman is the P.I. of the lab where all of the voluntary drinking experiments were 

done. All authors assisted with editing of the manuscript prior to final submission.  

 

Figures 1.4-1.8 are adapted from the thesis of Jennifer Perusini - thank you for all of 

your collaborative work! Great job!   

xx 
 



Biographical Sketch 

 
1988 Kindergarten class, Certificate of completion 

J. Marion Roynan Elementary School  
 
2001 Summer Intern: MAPK signaling in Cancer 
 Department of Energy,  
 Pacific Northwest National Laboratories 
 Richland, Wa 
 
2004 Complete IGETC for UC transfer 
 Pasadena City College 
 Pasadena, Ca 
 
2006 B.S. in Molecular, Cell, and Developmental Biology 
 University of California, Los Angeles 
 
2006 Research Associate: in vitro refolding of 

recombinant proteins for therapeutic purposes 
 ProteomTech, Inc. 
 Costa Mesa, Ca 
 
2007 Staff Research Assistant 
 Division of Oral Biology & Medicine, 

 School of Dentistry, UCLA 
 
2008 Graduate School 
 PhD Candidate 
  School of Dentistry, UCLA 
 Spigelman Lab 

 

HONORS, AWARDS 

1) D.O.E. Community College Initiative - Summer Internship, Pacific Northwest National Labs, 2001. 
2) BRIDGES – Summer Internship - Division of Oral Biology, UCLA School of Dentistry, 2003. 
3) Regents Graduate Stipend - Division of Oral Biology & Medicine, UCLA School of Dentistry, 2008-2009. 
4) T32 Training Grant - UCLA Translational Neuroscience of Drug Addiction (TNDA), UCLA, 2009-2010. 
5) Research Society of Alcoholism (RSA) Student Merit Award - 2010 RSA scientific meeting – funded by the 

National Institute of Alcohol Abuse and Alcoholism (NIAAA).  
6) International Society of Biomedical Research of Alcoholism (ISBRA) Travel Award – 2010 ISBRA World 

Congress in Paris, France – funded by the NIAA. 
7) T32 Training Grant - UCLA Translational Neuroscience of Drug Addiction (TNDA), UCLA, 2010-2011. 
8) Alcoholism and Stress: A Framework for Future Treatment Strategies meeting travel award – 2011 Alcoholism 

and Stress scientific meeting in Volterra, Italy – funded by the NIAAA 
9) NIAAA NRSA F31 pre-doctoral individual fellowship - 1F31AA021037. GABAergic inhibition in stress-enhanced 

fear learning. Mentored by Drs. Igor Spigelman and Michael S. Fanselow.  
 

PEER-REVIEWED PUBLICATIONS  
 

xxi 
 



1) Thakor, D.K., Matsuka, Y., Ono, T., Meyer, E., Lin, A., Nishimura, I., and Spigelman, I. Neuropathy-induced up-
regulation of peripheral nerve excitability and NaV1.8 expression. Molecular Pain 5:14, 2009. PMCID: 
PMC2667430. 

2) Suryanarayanan, A.*, Liang, J.*, Meyer, E.M.*, Lindemeyer, A.K.*, Chandra, D., Homanics G.E., Sieghart, W., 
Olsen, R.W. and Spigelman, I. Subunit compensation and plasticity of synaptic GABAA receptors induced by 
ethanol in α4 subunit knockout mice. Front. Neurosci. (2011). Edited by: A Leslie Morrow. * These four authors contributed 
equally to the work 

3) Meyer, E.M., Long, V., Fanselow, M.S., and Spigelman, I. Stress increases voluntary alcohol intake, but does 
not alter established drinking habits in a rat model of post traumatic stress disorder. Alcoholism: Clinical and 
Experimental Research. 2013 Apr; 37(4):566-74. PMCID: PMC3567303 

4) Perusini, J.N., Meyer, E.M., Long, V.A., Rau, V., Nocera, N., Avershal, J., Condro, M.C., Rajbhandari, A., 
Maksymetz, J., Waschek, J., Spigelman, I., and Fanselow, M.S. Fear sensitization caused by acute traumatic 
stress: from induction to expression to cure.  (In preparation). 

5) Liang, J., Lindemeyer, A.K., Suryanarayanan, A., Meyer, E., Marty, V.N., Ahmad, S.O., Shao, X., Olsen, R., 
Spigelman, I. Plasticity of GABAA receptor-mediated neurotransmission in the nucleus accumbens of alcohol-
dependent rats. J Neurophysiol. 2014, Apr 2.  

6) Lindemeyer, A.K., Liang, J., Marty V.N., Meyer, E.M., Suryanarayanan, A., Olsen, R.W., Spigelman, I. Ethanol-
induced plasticity of GABAA receptors in the basolateral amygdala. Neurochem Res. 2014 Apr 8. 

 

BOOK CHAPTERS 
7) Spigelman, I., Olsen, R.W., Liang, J., Suryanarayanan, A., Lindemeyer, A.K., Meyer, E.M., Shen, Y., Bagnera, 

R. & Marty, V. Molecular and Functional Changes in Receptors: GABA and Chronic Alcohol Consumption. In: 
Encyclopedia of Addictive Behaviors. Edited by Peter Miller (Editor-in-Chief) Chapter 130, 2011. 

 
ABSTRACTS   
8) Abriam, A., Meyer, E., Liang, J., Chandra, D., Homanics, G.E., Sieghart, W., Olsen, R.W., Spigelman, I. 

Compensatory plasticity of synaptic GABAA receptors induced by ethanol intoxication in α4 subunit knockout 
mice. Society for Neuroscience Abstracts, Vol. 33, 427.8, 2008. 

9) Meyer, E., Olsen, R.W., Sieghart, W., Spigelman, I. Difference in escalation of ethanol consumption during 
intermittent access to two-bottle choice paradigm between Sprague Dawley and Long-Evans rats. Research 
Society on Alcoholism Abstracts, Vol. 33, 861, 2009. 

10) Meyer, E., Long, V., Acasio, M., Garcia, A., Fanselow, M.S., Spigelman, I. Increased voluntary ethanol 
consumption in a rat model of post-traumatic stress disorder. Society for Neuroscience Abstracts 2009. Society 
for Neuroscience Abstracts, Vol. 34, 479.11, 2009.  

11) Meyer, E., Long, V., Acasio, M., Fanselow, M.S., Spigelman, I. Stress-enhanced fear learning increases 
voluntary alcohol consumption and preference. Winter Conference on Brain Research abstract 2010. Vol. 43, 
P63, pg. 131-132, 2010.  

12) EM Meyer, V Long, R Tsuchida, D Mill, Y Mulpuri, MS Fanselow, and I Spigelman. Increased voluntary ethanol 
consumption in a rat model of stress enhanced fear learning. Research Society of Alcoholism Abstracts, Vol. 
34, 35A, June 2010  

13) EM Meyer, V Long, C Ebreo, D Mill, R Tsuchida,Y Mulpuri, MS Fanselow, and I Spigelman. Stress-enhanced 
fear learning increases voluntary alcohol consumption and preference. Research Society on Alcoholism 
Abstracts, Vol. 34, 95A, August 2010. 

14) E.M. Meyer, V. Long, Y. Mulpuri, M.S. Fanselow, and I. Spigelman. Increases in voluntary alcohol consumption 
and preference in a rat model of post-traumatic stress disorder. Stress and Alcoholism: A framework for future 
treatment strategies. Volterra, Italy. May, 2011. (2011). 

15) Meyer, E.M., Perusini, J., Long, V., Newton, A., Maksymetz, J., Yacob, A., Garai, B., Fanselow, M.S., 
Spigelman, I. AMPA and GABAA receptor subunit alterations in the basolateral amygdala of rats after stress-
enhanced fear learning. Society for Neuroscience Abstracts 2012. Society for Neuroscience Abstracts, Vol. 37, 
107.11, 2012. 

16) EM Meyer, J Perusini, V Long, J Maksymetz, MS Fanselow, and I Spigelman. Biochemical and physiological 
correlates of stress-enhanced fear learning in the basolateral amygdala of rats. Research Society of Alcoholism 
Abstracts, 37th annual meeting, June 2014 

 

xxii 
 



1 
 

 
 
 
 
 
 
 
Chapter 1: Introduction  



2 
 

 
 
 
 
 
 
 
Section I: General Introduction 
 

  



3 
 

1. General Introduction 

 In order to maintain a balance of metabolic processes, or homeostasis, animals have a 

set of regulatory systems that allow the animal to respond, adapt and successfully survive in the 

world. During the course of an animal's life it will face certain challenges to its survival, and 

those challenges will strain the animal's homeostatic balance of internal physiological and 

metabolic processes. Environmental challenges that stress the animal's homeostasis can be 

innocuous (e.g. the action of climbing a tree), or aversive (e.g. the imminent need to evade 

detection by a predator). During a stressful situation where there is a perceived threat to 

survival, animals respond by utilizing a set of biologically controlled behaviors that can be 

characterized as being a fear response. Fear is normally an adaptive response that initiates 

defensive behavior to protect animals and humans from danger. If the stress of a traumatic 

event produces debilitating fear that is inappropriately regulated then fear is no longer an 

adaptive response. When fear becomes in appropriately regulated it can interfere with an 

animal's ability to successfully acquire food, shelter, and reproduce.  

 In humans, inappropriately regulated fear can lead to anxiety disorders such as post-

traumatic stress disorder (PTSD). PTSD patients express avoidant behavior, persistent re-

experiencing of the traumatic event, increased arousal, and symptoms persisting for longer than 

1 month 1. All of these symptoms disrupt the patients' quality of life. This can be seen as a 

disruption of homeostasis or a disruption of feelings of normality. Many PTSD patients claim to 

feel out of control. Another problem that causes major damage to society is the abuse of alcohol 

(EtOH). EtOH is a strong anxiolytic and many patients suffering with PTSD use EtOH to self-

medicate their symptoms of anxiety in an attempt to feel normal and regain control of their life. 

Unfortunately, this type of EtOH use can often lead to abuse, and that abuse can exacerbate 

PTSD symptoms.  
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 In order to identify efficacious therapies and appropriate clinical solutions for the 

treatment of anxiety disorders and other comorbid problems there is a need to characterize how 

physiological systems, which regulate homeostasis, are changed by life altering fears produced 

by extreme stresses. Medical and scientific research utilize animals to identify and understand 

correlates of human physiology, and  to model human disease states. A rodent model of stress-

enhanced fear learning (SEFL) has recently been developed to model many crucial components 

of human anxiety disorders 2-5.  

 The goal of this work was to utilize this SEFL model to characterize important 

behavioral, biochemical and physiological alterations of stressed versus (vs.) unstressed rats 

after the SEFL procedure. The first aim of this work was to identify the voluntary EtOH drinking 

behavior of stressed and unstressed rats. In order to understand how physiological alterations 

change the processing of information pertinent to fear learning. The second aim utilized a 

biochemical analysis of neurotransmitter receptor subunits to compare tissue from the 

basolateral amygdala (BLA) of stressed and unstressed rats. Finally, the third aim of this work 

sought to characterize functional differences of pyramidal neurons in the lateral amygdala (LA) 

between stressed and unstressed rats. This work is pertinent to translational neuroscience and 

the study of anxiety disorders as together these experimental goals: 1) further validate the 

biomimetic nature of this model, 2) identify important biochemical and functional changes in 

response to behavior altering stress.  

   

2. List of Aims 

Specific Aim 1:  

The first specific aim of this work was to characterize the voluntary alcohol drinking behavior of 

stressed and unstressed rats after the SEFL procedure.  
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Specific Aim 2:  

The second specific aim of this work was to characterize the molecular changes in expression 

of glutamate and GABAA receptor subunits in the BLA of stressed and unstressed rats after the 

SEFL procedure, and to determine if the corticosterone synthesis inhibitor, metyrapone, 

interferes with any of these putative changes.  

 

Specific Aim 3:  

The third aim of this work was to characterize functional changes in pyramidal neurons in the LA 

of both stressed and unstressed rats after SEFL.  
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1. Stress and the regulation of homeostasis  

 

A. Stress 

Animals, including low order mammals, such as rodents, through to higher order 

mammals such as non-human and human primates are comprised of complex interconnected 

organs and systems. These organs and systems allow animals to live flexibly and survive in a 

dynamic world. For each organism there is an appropriate balance of communication between 

organs and systems that confer the appropriate biological metabolism required for that organism 

to survive and function at an optimum level within its environment. This internal balance is 

referred to as homeostasis. As a result of living in an ever changing environment animals face 

challenges to their homeostasis. For some time we as human beings have attempted to identify 

and characterize the challenges to survival in order to understand how we and the animals 

around us adapt to and overcome those challenges. These challenges can include 

environmental characteristics such as the availability of sun-light, temperatures, weather 

patterns, geography; survival can be challenged by diseases and predation; and survival can be 

challenged by competition for mates and resources. In the 1930's the endocrinologist and 

researcher János Seyle adapted the term "stress" from classical physics to further characterize 

the challenges to homeostatic balance and survival 6.  

Seyle noted that short bouts of stress could be pleasurable and produce beneficial 

adaptations in an organism, while intense and long lasting stress could produce negative 

responses and detrimental adaptations. He call good stress "eustress" and negative stress 

"distress" 6. An organism can experience stress during a sudden drop in the ambient 

temperature, as a result of running or climbing, or when it senses a predator. These challenges 

will strain or stress the animal's homeostatic balance. In order to adapt to stress (eustress or 

distress), animals utilize systems that alter metabolism, hormone secretion, and 
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neurotransmitter activity in response to stress.  The organism's initial physiological response to 

stress is an alteration to the normal function of the hypothalamic-pituitary-adrenal (HPA) axis 

(Fig. 1.1): a network of neuronal nuclei and hormone secreting glands. The HPA axis regulates 

homeostasis of the organism through secretion of hormones and neurotransmitters to alter 

metabolism, digestion, cardiovascular activity, inflammatory responses, behavior and activity 

levels, and social interactions6-9. 

 

B. Normal HPA axis function and the circadian rhythm. 

The HPA axis functions normally as the driving force behind the diurnal cyclical pattern 

of activity-inactivity-activity known as the circadian rhythm. Normal HPA axis function is 

governed by the suprachiasmatic nucleus (SCN), a cluster of neurons located above the optic 

nerve. There are cells in the retina and SCN that are sensitive to the daily pattern of light-dark 

that is a result of the earth's rotation, and the SCN acts as an organism's biological clock 10. The 

SCN is comprised of neurons that contain different neuropeptides such as vasopressin (VP), 

vasoactive intestinal peptide, gastrin-releasing peptide, and somatostatin 10. Several of these 

neurons co-localize with γ-aminobutyric acid (GABA) or glutamate 10.  

The SCN sends VP and GABAergic projections to the paraventricular nucleus (PVN) of 

the hypothalamus (Fig 1.2). The neurons of the SCN also send excitatory VP projections to 

different nuclei in the hypothalamus: neurons below the PVN (subPVN), and the dorsomedial 

nucleus of the hypothalamus (DMH) 10. The DMH and subPVN send GABAergic projections to 

the PVN. The hippocampus and CeA, respectively, send glutamatergic and GABAergic 

projections into the hypothalamus, and these projections also factor into the regulation of 

activation-inactivation within in the PVN. The SCN projections to the hypothalamus orchestrate 

excitatory and inhibitory pacemaker activity that occurs through inhibition and disinhibition in the 

hypothalamus and subsequently produces the circadian rhythm 10,11. Cells within the PVN are  
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.  

 
 

Figure 1.1 Hypothalamic-pituitary-adrenal axis. The hypothalamic-pituitary-adrenal (HPA) axis is part 
of the endocrine system and regulates the circadian rhythm and the primary stress response. 
Corticotropin releasing factor (CRF) is secreted from CRF neurons in the hypothalamus, and binds to 
CRF receptors on the pituitary gland and stimulates synthesis and secretion of (ACTH). The secretion of 
ACTH activates synthesis and secretion of glucocorticoids (GCs) from the adrenal cortex  
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Figure 1.2 Regulation of the circadian rhythm: The suprachiasmatic nucleus (SCN) sends  
projections to different nuclei of the hypothalamus: the paraventricular nucleus (PVN), neurons 
below the PVN (subPVN), and the dorsomedial nucleus (DMH). The SCN sends excitatory 
vasopressin (VP) projections to the subPVN and DMH. The subPVN and DMH send GABAergic 
inhibitory projections to the PVN. The SCN sends VP and GABAergic projections to the PVN. 
The PVN contains neurons involved in the regulation of the autonomic nervous system (i.e. 
sympathetic & parasympathetic neurons) and corticotropin-releasing factor (CRF) producing 
neurons. The SCN governs the timing of the hypothalamus controlled circadian rhythm via the 
synthesis and secretion of CRF which drives the hypothalamic-pituitary-adrenal (HPA) axis 
release of glucocorticoids. Glutamatergic projections from the hippocampus to the 
hypothalamus produce increased inhibition of the PVN, and GABAergic projections to the 
hypothalamus from the CeA produce disinhibition of the PVN. These are two other routes of 
HPA axis regulation. (Adapted from 10) 
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also responsible for activating the sympathetic and parasympathetic branches of the autonomic 

nervous system 

These branches of the autonomic nervous system regulate heart rate, vascular dilation, 

smooth-muscle function, digestions, and reproduction 12. The autonomic nervous system 

innervation of lymphoid organs becomes an integration point for inflammatory cytokine signaling 

to alter activity of the HPA axis 8. There are also parvocellular neurons in the PVN that 

synthesize and secrete corticotropin-releasing factor (CRF). During non-stressful SCN governed 

synthesis and secretion, CRF is released from the PVN in a pulsatile fashion, with 12-18 pulses 

per day in humans 13. CRF is released into the hypothalamo-hypophyseal portal system where it 

binds to CRF type-1 receptors (CRF1) on the anterior pituitary gland and activates the synthesis 

and secretion adrenocorticotropic hormone (ACTH), one of the important by-products of the 

cleavage of  proopiomelanocortin (POMC). ACTH is secreted from the pituitary gland, then 

circulates and activates synthesis and secretion of glucocorticoids, primarily corticosterone in 

rodents (CORT; cortisol in primates) from the adrenal cortex (Fig. 1.1) 8,13.  

The pulsatile secretion of CRF into the hypophyseal portal leads to a cyclical increase-

decrease in blood serum CORT concentrations over each 24 hour period. CORT binds to 

mineralcorticoid receptors (MRs) and glucocorticoid receptors (GRs), located in the nucleus and 

cytosol of many different cell types throughout the body 6,9,11,14-16. MRs have a 10-fold greater 

affinity for CORT than GRs 8,17-19, and as such MRs are responsible for the majority CORT 

signaling at basal CORT levels. During a stressful situation the HPA axis is activated to a 

greater extent, and GRs have been shown to be responsible for the CORT signaling that occurs 

during the significantly higher concentrations of CORT that result from the organism's stress 

responses 19,20.  Upon CORT binding, MRs and GRs dimerize, move into the nucleus, and 

interact with glucocorticoid response elements (GREs) to increase or decrease gene expression 

and transcription factor function 8. CORT signaling leads to short- and long-term changes in 
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gene expression, and cell function. CORT signaling alters the utilization and storage of energy 

(gluconeogenesis and glycolysis); it will change the activity of the immune response; it can 

decrease the secretion levels of sex hormones; and depending on the brain region and serum 

concentration, CORT can act either as a feed-back activator or deactivator of the HPA axis 8,21.   

 The HPA axis is also involved in the modulation heart rate, respiration, digestion, 

perspiration, and blood pressure through reciprocal projections between the hypothalamus and 

the locus coeruleus (LC) 8,11. The 24-hour pattern of hormone and neurotransmitter secretion,  

known as the circadian rhythm, is governed by projections from the SCN to the PVN. The PVN 

also receives projections from the LC, and when norepinephrine (NE) binds to adrenergic 

receptors (ARs) in the PVN it signals the synthesis and secretion of CRF from the PVN 8,13. 

There is a well organized control of the physiological activation and inactivation of the HPA axis. 

For example, as the HPA axis helps animals to wake by sending signals to the liver to stimulate 

the release of glucose just prior to waking, it also stimulates various other organs to alter their 

metabolic processes to begin uptake and utilization of glucose 10. During a stressful event the 

blood serum concentration of CORT sharply increases, and activates a series of physiological 

responses that help the organism to survive, adapt to and overcome the stress inducing 

challenge to homeostasis.  

 

C. HPA axis response to stress 

The HPA axis is activated in response to stress when sensory awareness of the stressor 

triggers activation of the LC and the nucleus of the solitary tract (NTS), to increase synthesis 

and secretion of NE into the PVN. The LC and the NTS have been identified as nuclei important 

in the regulation of the emotional and endocrine response to stress 22,23. The PVN in turn 

increases the synthesis and secretion of CRF at very high levels 6. This stress induced 

activation of the HPA axis leads to increased expression and secretion of glucocorticoids, that 

bind to GRs, as the majority of GRs are inactive at non-stress CORT levels 6. Stress activates 
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different neural circuits and endocrine signaling, other than just what happens in the HPA axis. 

The HPA axis is highly interconnected to metabolism, the immune system, and regulation of 

organ systems through the autonomic nervous system, the limbic system (including the 

extended amygdala), and the memory system (including the hippocampus) 6,8. Eustress and 

distress will both activate the HPA axis in this way. Some stressful events, while beneficial, can 

be induced by a threatening event. For example, if a rat is faced with a predator it will 

experience a fear that is expressed through a set of species specific defensive responses 

(SSDRs) that are inherent to the rat, and are designed to help the rat survive 24,25.  

 While stressful and generally perceived as a negative emotion, fear is not inherently 

bad.  When the stress system is activated in response to a fear inducing stressful event, the 

physiology and behavior of the animal will adjust in an attempt to survive, adapt to or overcome 

the stress it is under. If a rat were to encounter a cat while it is feeding or mating, it would be 

beneficial for the rat's survival if it would change its behavioral state from feeding (or mating) to 

freezing or running away. The rat generally has three common SSDRs: 1) freezing, 2) fleeing, or 

3) burying 25. The behavioral changes occur as hormone and neurotransmitter secretion 

changes. The sensory awareness of the stressor leads to activation of the limbic system, 

modulation of monoamine signaling, hippocampus, and the HPA axis 6,8. The rat will then have 

an increased heart rate so that more oxygen and fuel can be supplied to the increased demand 

of muscles and neurons needed to help the rat control its freezing or to enable the rat to move 

more efficiently as it runs. Activation of the memory system will help the rat to code contextual 

associations so that strong memories of the threat of the cat with a specific area will be easily 

remembered. The monoamines like NE and serotonin (5-hydroxtryptamine, 5-HT) will increase 

the focus and attention of the rat as it is faced with the cat 6,8.  

The beneficial effect of a short-term stress can include increased attention, focus, 

learning and memory, as well as better physiological function (e.g. increased muscle output, 

better blood oxygenation) 7,8,11. Many neurotransmitters such as 5-HT, secreted from the raphe 
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nuclei, stimulate CRF and NE neurons 8,26. CRF and NE secretion are tightly regulated by 

negative auto-feedback mechanisms through presynaptic CRF1 and α2-adrenergic receptors 

(AR), respectively 8. Glucocorticoids also produce a negative feedback down-regulation of the 

HPA axis when they bind to the GRs in the PVN and dorsal hippocampus 11. The PVN has the 

highest density of GR expression in the CNS, and is the primary target of CORT feedback 

regulation 11. CORT directly acts on the PVN to reduce the production of CRF from the 

parvocellular neurons in the PVN 11, and subsequently reduce production of ACTH. Negative 

feedback also occurs when CORT activates GRs in the hippocampus. Hippocampal 

glutamatergic projections activate GABAergic neurons of the DMH and subPVN, and these 

GABAergic neurons synapse in the PVN. Activation of the hippocampus-hypothalamic circuits 

produces enhanced inhibitory tone in the PVN, and decreased CRF production 11. The 

circulation of CORT also acts directly on GR in the pituitary gland to interfere with the cleavage 

of POMC, leading to decreased production of ACTH. The activity and regulation of the HPA axis 

in response to stress is multifaceted as the feedback of CORT also acts on GR in the amygdala. 

There are CRF producing neurons in the amygdala, as the amygdala is part of the extra-

hypothalamic CRF signaling network 11. The CORT activation of the amygdala produces two 

outcomes: 1) production and release of CRF, and 2) activation of GABAergic projections to 

hypothalamic nuclei will inhibit the GABAergic neurons in the DMH and subPVN and cause 

decreased inhibitory tone in the PVN 11. Along with the altered regulation of the HPA axis 

through the control of the SCN, LC, and NTS there is an extensive network of nuclei that project 

to the hypothalamus and either increase or decrease PVN output in response to CORT and NE 

signaling. 

The tight control of the stress response allows for a short-term beneficial response while 

keeping boundaries in order to regulate the physiological responses to stress, and ensure that 

outcomes remain beneficial. The balanced regulation of the animal's response to stress is 
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important for survival 6,8, and when that regulation becomes unbalanced it can begin to alter the 

different components of the stress system. For instance, the immune system is interconnected 

to the HPA axis  through the autonomic nervous system. The HPA axis can activate secretion of 

pro-inflammatory cytokines, and become activated by the secretion of the three pro-

inflammatory cytokines: tumor necrosis factor-α, interleukin (IL)-1β, and IL-6 8,11,27,28. There is 

also a strong relationship between chronic stress in patients with anxiety disorders like PTSD 

and chronic increased blood serum concentrations of pro-inflammatory cytokines 27,28. When 

there is either long-term stress or a single fear-inducing traumatic stress event, the appropriate 

stress response can become deregulated. The deregulation of the stress system can produce 

many different physiological changes, like increased secretion of pro-inflammatory cytokines, 

that make the stress system response to fear no longer beneficial. In humans these altered 

physiological states that change behavior are referred to as anxiety disorders.  

 

2. Anxiety disorders  

Neurological plasticity that leads to dysregulation of the HPA axis and/or the limbic 

system has been shown to be involved in stress related disorders such as PTSD, bipolar 

disorder, insomnia, borderline personality disorders, attention-deficit hyperactive disorder, major 

depressive disorder, burnout, chronic fatigue syndrome, fibromyalgia, irritable bowel syndrome, 

and alcoholism 6-8,11,14-16,19,21,29-36. PTSD is currently of particular interest to our society with the 

troubles our nation is facing from foreign wars to growing problems with social violence 37. There 

are 5 major subgroups of society that have uncommonly high occurrences of PTSD: 1) combat 

veterans, 2) civil servants, 3) victims of violent crimes, 4) natural-disaster survivors, and 5) 

vehicular accident survivors 35,38-44. 

 In 1980, PTSD was added to the DSM-III as a defined disorder, after which this disorder 

received growing concerted focus and attention in biomedical research 35,45-49. The extreme 
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effects of PTSD had been identified prior to 1980, and while diagnosed and titled differently, this 

psychological disorder has been ailing victims of violent and traumatic events for a long time 

42,43,45,50. While PTSD is a complex disorder with variant permutations, PTSD has three core 

symptom clusters: 1) re-experiencing the trauma, 2) avoidance and numbing, and 3) 

hyperarousal 1,47,51. The clinical prognosis for PTSD patients is fraught with many difficulties: 1) 

associative guilt, personality alterations, and other social behavioral problems 47, 2) a wide 

range of factors governing onset and duration 30,32,52-58, 3) very high rates of comorbid disorders 

such as alcohol use disorders (AUDs), substance use disorders (SUDs), depression, as well as 

a complex list of physical health complaints 30,32,34-36,41,43,45-47,59-63.  

  While PTSD is a complex disorder, for the purpose of this work we will look at general 

dynamics of PTSD. PTSD can occur when a person witnesses or experiences a stressor such 

as death, injury, sexual violence, or the threat of any of the above 47,51,64.  If the stressor then 

leads to intrusive re-experiencing of the event, negative alterations to mood or cognition, 

increased trauma-related arousal that are all persistent longer than 1 month then the patient will 

likely meet criteria for PTSD 32,35,41,43,47,59,60. PTSD treatment typically involves exposure-based 

psychotherapy and pharmacotherapy 47. Such treatments appear to decrease general anxiety, 

however, PTSD is often resistant to exposure therapy 41. There is a wide amount of debate 

regarding PTSD terminology, definitions, criteria, and treatment plans 47, and as such it is 

important to develop a thorough understanding of the underlying neurological mechanisms that 

lead to PTSD. This understand can be developed through pertinent and effective research 

strategies that span the biomedical realm from clinic to animal research 47,49,65-69.  

 While PTSD is comorbid with many psychological disorders, comorbid AUDs are of 

particularly interest as they have a significantly higher rate of expression within the 

subpopulation of PTSD patients compared to the general population 32,39,46,50,70-73. Alcohol is a 

legal drug which, according to the National Institute of Alcohol Abuse and Alcoholism (NIAAA), 

85% of the US population, or 270 million people, self-report to consume EtOH on a regular 
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basis, and it is estimated that 17 million of those people (~5.5%) have an AUD. In the USA 

EtOH is a factor in approximately 40% of all violent crimes and fatal car accidents 74. EtOH is 

the third leading cause of preventable death in the USA 75, and globally EtOH is the leading 

cause of premature death and disability for people age 15-49 76. EtOH costs Americans an 

estimated $224 billion every year 77. Intoxication with EtOH can lead to impairment of judgment 

and motor coordination, which can lead to motor vehicle accidents, and if consumed to a high 

enough blood alcohol concentration it will lead to depressed respiration, coma, and possibly 

death. The rate of AUDs climbs from ~5.5% seen in the general population to a staggering 30-

75% when you examine different sub-populations of patients diagnosed with PTSD 14,30,32,41-

43,45,50,56,63,78-81. 

 

3. Animal models  

A. Pavlovian fear learning  

 The Russian physician and physiologist, Ivan Petrovich Pavlov, studied physiological 

reflexes of the nervous system, and his work identified behavioral and physiological associative 

pairing of stimuli, which is important to understanding learning. While the scientific 

understanding of learning and memory has grown in sophistication, associative learning is 

commonly referred to as Pavlovian learning in recognition of the great work done by Pavlov. 

Association occurs when a neutral stimulus (conditional stimulus, CS) is paired with an aversive 

stimulus (unconditional stimulus, US), such as a foot-shock or air-puff 82,83. The US will produce 

a fear response (unconditional response, UR) that will have a measureable behavioral 

expression 84. For each species the UR will be derived from a set of SSDRs 25. The 

experimental aims in this thesis used freezing to analyze a rat's level of learned fear 5.  

 Pavlovian fear learning experiments may utilize a discrete CS such as a tone or a light in 

combination with the contextual CS, or a contextual CS alone. The rules that govern the 
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learning processes of discrete CSs seem to be different than for learning of contextual CSs 85. 

The particular aspects of how discrete vs. contextual cues are associatively learned does not 

directly affect the experimental design of this thesis. However, as the specific biochemical and 

functional mechanisms of fear learning are characterized for this and other models, it is 

important to reconcile all behavioral, biochemical and functional experimental findings with what 

is known about neuroanatomy and neurocircuitry.  

 Some experiments use multiple pairings, but it is possible for a single CS-US 

presentation to cause an associative pairing of the two stimuli so that a subsequent presentation 

of the CS alone will produce a fear response (conditional response, CR) 85. The expressed CR 

is not a learned response, but as mentioned earlier is derived from one of the SSDRs. The CR 

in our experiments, freezing, is not learned by the experience(s) of inescapable foot shock(s). 

The freezing response is a rodent SSDR that in nature is utilized to increase a rodent's 

probability of surviving a predatory encounter 25,85. The Pavlovian fear learning occurs when the 

rat learns to associate the fear inducing US (inescapable foot-shock) with the neutral CS 

(contextual conditioning chamber). After initiation and consolidation of the CS-US association, 

the rat then associates the CS with the fear-inducing US. The CS alone then produces a fear 

response, due to the CS-US association, and that learned associative fear leads to the 

expression of the SSDR, freezing 85.  

 Most animal models of stress and fear have focused on Pavlovian fear learning to study 

the neurobiology of stress 86-88 as well as to identify the effects of stress on alcohol consumption 

65,80,89. These associative fear learning studies have provided an invaluable wealth of knowledge 

to fear learning by identifying brain regions and neurocircuits 83,90-98, pertinent hormones and 

signaling molecules 8,11,18,29,66,82,99-109, roles played by neurotransmitter and their respective 

receptors 100,101,105,110-128, and the interconnectedness of the CNS processes in response to a 

fear inducing stressor 31,86,87,91,106,129,130.  
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 Some of the Pavlovian fear models have been presented as animal models of PTSD 

126,127. However, while they contain some biomimetic aspects of human PTSD, they often lack 

long-term persistence of expression, resistance to extinction training (rodent equivalent to 

cognitive behavioral therapy (CBT)), and non-associative enhancement of novel fears seen in 

PTSD patients 36,37,45,47,56,64,131. It has been noted that stress prior to Pavlovian fear-conditioning 

is able to enhance the learning of future fears, and researchers have utilized stressors such as 

predator scent 132, prolonged restraint 133, and electric shock 134 to enhance future fear learning; 

these paradigms mimic traumatic events experienced by humans which can ultimately lead to 

PTSD. Such stress inducing techniques produce non-associative sensitization to subsequent 

associative fear-conditioning 5,133, analogous to symptoms of PTSD such as exaggerated startle 

response and enhanced fear to similar events experienced after the trauma 30,46,47.  

 

B. Stress-enhanced fear learning (SEFL) 

 Non-associative sensitization of fear has been shown to produce PTSD-like symptoms in 

the well-characterized SEFL rat model that exhibits behavioral components of both associative 

and non-associative fear 5,134. In the SEFL procedure rats are separated into two groups: 1) 

stressed and 2) unstressed (Fig. 1.3). The SEFL procedure occurs over 3 days in two different 

contexts (see Chapter 2: Methods for detailed description). On day 1 in Context A stressed rats 

receive 15 inescapable, un-signaled foot-shocks (1 mA, 1 s) over a 90 min period, and 

unstressed rats spend the same duration of time in Context A without receiving any foot-shocks. 

On day 2 rats are placed in Context B where they are assessed for base-line fear (3 min) to the 

novel context, both groups receive a single foot-shock (1 mA, 1 s), and then are assessed for 

post-shock freezing. On day 3 rats are placed in Context B for a Context Test of freezing, which 

measures the learned fear to context B.  
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Figure 1.3 The Stress-enhanced fear learning (SEFL) procedure. The SEFL procedure is a 3-day 
procedure in two contexts: 1) Context A and 2) Context B. The two contexts are made to be as different 
as possible. On Day-1 in Context A stressed rats receive 15 inescapable foot-shocks (1 mA, 1 s) over the 
course of 90 min. Unstressed rats spend the same duration of time in Context A, however they do not 
receive any shock. On Day-2 both stressed and unstressed rats go to Context B for 8 min. The first 3 min 
period rats are observed for their baseline freezing (fear) to the novel context. Both groups then receive a 
single inescapable foot-shock (1 mA, 1 s), and are then observed for their post-shock freezing. On Day-3 
rats are returned to Context B for a Context Test of learned fear to Context B. This procedure produces 
an enhanced freezing during the Context Test for the stressed rats that received 15-shocks in Context A, 
on Day-1.  
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 After the SEFL procedure the freezing behavior of stressed rats is significantly increased 

compared to unstressed rats during the Context Test for freezing (Fig. 1.3), and has been 

shown to be persistent up to 90 days 5. Like in PTSD, the non-associative sensitization which  

enhances future fear learning in stressed rats is resistant to extinction training and 

pharmacological inactivation of contextual memory formation 5,42. After SEFL there are 

persistent changes in the expression of genes 4 that have been specifically implicated to be 

involved with PTSD in humans 124. When the order of the SEFL procedure was changed so that 

both groups received a single shock in Context B on day 1, 15 or 0 shocks in Context A on day 

2, and then a Context Test for freezing, in Context B, on day 3 there was no enhancement of 

fear 5. Forced swim test (FST) has been shown to be valuable in the measuring of anhedonia 

and depression 135,136. Stressed rats trained in a FST context 24 hours after the SEFL procedure 

showed increased immobility during the FST 1 week later, which is a sign of anhedonia (Fig. 

1.4). Muscimol is a potent GABAAR agonist that activates the GABAAR-mediated inhibitory 

current. It was shown that pre- but not post-15 foot-shock (Fig. 1.5A) cannula injection of 

muscimol into the BLA (Fig. 1.5B) is able to block the induction of enhanced freezing in stressed 

rats (Fig. 1.5C). The blockage of enhanced-fear induction by inactivation of the BLA shows that 

BLA is necessary for the induction of enhanced freezing in stressed rats. 

 During stressful events, like the SEFL procedure, the HPA axis is activated (Fig. 1.1), 

and this leads to increased CORT circulation (Fig. 1.1). Metyrapone blocks the synthesis of 

CORT by inhibiting the 11β-hydroxylase enzyme that converts 11-deoxycorticosterone to CORT 

137,138, and has been shown to reduce the expression of fear 17,138,139. Rats treated with 

metyrapone (intraperitoneal (i.p.); 150 mg/kg), prior to the 15-shock stress, do not show 

enhancement of freezing compared to vehicle treated stressed rats (Fig. 1.6C). Injection of 

CORT (i.p.; 10 mg/kg) before conditioning in Context A (Fig. 1.6E) was not sufficient to produce 

enhanced freezing in unstressed rats, but pre-15 shock injection of CORT was able to rescue 

the metyrapone block of enhanced freezing (Fig. 1.6E). Rats that were treated with metyrapone 
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(i.p.; 150 mg/kg), post-15 shocks, show no block of enhanced freezing in stressed rats 

compared to vehicle treated stressed rats (Fig. 1.7B).This shows that CORT is necessary for 

the induction of SEFL, and that while metyrapone, is at least partly blocking enhanced freezing 

by blocking CORT synthesis. These findings lead to the question of whether CORT function in 

the BLA is necessary for the induction of SEFL. Mifepristone is a GR antagonist that has no 

binding affinity for MRs 11,140,141. When mifepristone was injected into the BLA prior to the SEFL 

procedure there was a significant reduction in the freezing of mifepristone-treated versus 

vehicle-treated stressed rats (Fig. 1.8). These data show that one of the mechanisms of 

increased CORT circulation during the 15-shock stress in Context A is CORT-mediated 

activation of GRs in the BLA. Together these experimental findings highlight the importance of 

studying the BLA in the stressed and unstressed rats after the SEFL procedure.  
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Figure 1.4 Forced swim test (FST).  Rats were placed a container of water for 5 min. The side walls of 
the container were opaque, and the rim of the container was high enough above the surface of the water 
that they could not escape. The water level was high enough that rats were not able to touch the bottom 
of the container when they were at the surface. Rat activity was measured for % time immobile. This was 
a measure of learned helplessness. A) One day after the SEFL procedure a cohort of stressed (n = 5) 
and unstressed (n = 4) rats were trained in a FST context. There was no significant difference in the 
immobility time between stressed and unstressed rat. B) 7-days later both groups were tested for 5 min in 
the FST. Stressed rats spent significantly more time immobile than unstressed rats. This suggests an 
increase in anhedonia in stressed rats compared to unstressed rats.  
 
 
 

 

Figure 1.5 Muscimol in BLA blocks SEFL. A, B) The GABAAR agonist, muscimol, was injected into the 
BLA before or after the 15-shocks in Context A. Muscimol injection into the BLA prior to the 15-shock 
stress blocked the enhanced freezing in the Context Test on day 3. Muscimol after the 15-shock stress 
did not alter the enhanced freezing in the context test. This shows that the BLA is necessary for the 
expression of enhanced freezing produced by the SEFL procedure.   
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Figure 1.6 Induction of SEFL dependent upon CORT synthesis.  The CORT synthesis inhibitor 
metyrapone functions by blocking the activity of 11β-hydroxylase. B) I.P. injection of 150 mg/kg 
metyrapone blocked the circulation of CORT. C) The significant increase of freezing in stressed rats 
during the Context Test was blocked by pretreatment with 150 mg/kg metyrapone (I.P.). D & E) Pre-
stress injection of CORT did not produce SEFL in vehicle treated unstressed rats, but pre-stress injection 
of CORT did rescue the enhanced freezing in stressed rats pretreated with metyrapone. This shows that 
the SEFL procedure occurs through a CORT dependent mechanism, and that while CORT is necessary 
for induction of SEFL it is not sufficient to induce SEFL.  
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Figure 1.7 No effect of metyrapone after 15-shocks.  To test whether CORT is necessary for 
consolidation of the fear to Context A and enhancement of fear learning Metyrapone was injected after 
the 15-shock stress in Context A. B) Post-shock metyrapone treatment was not able to alter the 
enhanced fear in stressed rats. 
 

 

Figure 1.8 Mifepristone in BLA blocks SEFL.  Mifepristone is an antagonist of GR. The freezing of 
stressed rats treated with mifepristone BLA injection prior to 15-shock stress in Context A on Day 1 was 
significantly reduced compared to vehicle treated stressed rats. This suggests that the SEFL induced 
enhanced freezing occurs through CORT activation of GRs in the BLA.  
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Section III: Neurocircuitry, biochemistry and physiology of 
stress 
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1. Signaling molecules 

 The neuronal signaling in the CNS is regulated by a complex network of amino acids, 

neuroactive steroids, hormones, neuropeptides, monoamines, endocannabinoids, and nitric 

oxide and their respective targets. The amino acids glutamate and GABA are excitatory and 

inhibitory signaling molecules, respectively, that are of paramount importance for the functioning 

of the CNS. They will be described in greater detail later.  

 Dopamine (DA), synthesized in the substantia nigra (SN) and ventral tegmental area 

(VTA), is intricately involved in cognition, arousal, gratification, motor control, and most 

importantly reward 67,87,142-144. Some of the DAergic afferents from the SN-VTA project out to 

brain regions such as the prelimbic cortex, the nucleus accumbens (NAc), hypothalamus, the 

central nucleus of the amygdala (CeA), and the BLA 145-147. DA binds DA receptors which are 

GPCRs: 1) D1-like or D2-Like receptors 148. D1-like receptors increase the activity of adenylyl 

cyclase, and increase the expression of cyclic adenosine monophosphate (cAMP), and D2-like 

receptors inhibit the activity of adenylyl cyclase, decreasing cAMP expression, and possibly 

altering other second messenger signals  148.  

 As mentioned above, NE is synthesized in and is secreted from afferents that originate 

in the LC 144. Similar to DA, the NE terminals from the LC target brain regions such as the 

hippocampus, neocortex, hypothalamus, thalamus, CeA, and the BLA 66,145. It has been shown 

that NE is involved in stress, cognition, arousal, and brain-reward circuitry 6,8,9,66,106,145.  

Serotonin (5-hydroxytyrptamine, 5-HT) is important for attention, it is synthesized in and 

secreted from terminals that project from the raphe nuclei 149, and sends projections to many 

important brain regions such as the VTA 150 and BLA 151,152. The neurotransmitter 5-HT binds to 

a family of GPCRs receptors that regulate a wide variety of functions including neurotransmitter 

release, excitation and inhibition; these receptors are expressed in both the peripheral nervous 

system (PNS) and CNS 26,150,152-157. As noted above, CORT, ACTH, CRF, and other 
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neurotransmitters and hormones are important for the activation of the HPA axis (Fig. 1.1). 

CORT helps to regulate many metabolic processes through the body 11,66. It feeds back into the 

PVN, where it binds to GRs, and activates a negative-feedback loop to decrease secretion of 

CRF and down regulate the HPA axis 11,18. When CORT binds to GRs in adjacent brain regions, 

such as the BLA, it triggers increased secretion of CRF from the PVN, acting as a feed-forward 

activator of the stress response 158.    

 The anxiogenic neuropeptide CRF binds to the CRF receptors CRF1 and type-2 (CRF2) 

159. CRF is synthesized in the PVN as well as other CRF producing neurons throughout the CNS 

8,89,104. CRF1 and CRF2 are GPCRs 158-160. CRF1 has a much higher affinity for CRF than CRF2, 

and upon ligand binding CRF1 activates adenylyl cyclase and increases cAMP and cAMP-

dependent cellular responses 7,9,158,159. CRF2 is located in the cytosol, upon activation it is 

exocytosed to plasma membrane where it is sensitive to only very high concentrations of CRF, 

but it is also sensitive to other endogenous CRF-like ligands 159,160. CRF1 and CRF2 are 

expressed throughout the CNS, and have been shown to be involved in neurological 

mechanisms involved in the body's response to stress 6,7,66,161,162, pain 8,160, feeding and appetite 

163,164, EtOH consumption 79,161,165-167, as well as other physiological processes 6,168. 

Neuropeptide-Y (NPY), is an anxiolytic neuropeptide that binds to 1 of 4 different NPY receptors 

type-1, 2, 4, and 5 169,170. NPY and CRF systems have been shown to have opposing 

functionality, and are high-value targets in the search to understand how our bodies respond to 

stress 126,169,171-173. The endogenous cannabinoids, N-arachidonoylethanolamide (AEA) and 2-

arachidonoylglycerol (2-AG) are retrograde messengers that regulate neurotransmitter release 

via activation of the cannabinoid receptor type 1 (CB1) which is preferentially located on 

neuronal terminals throughout the PNS and CNS 174,175. The endocannabinoid system has 

specifically been identified to be involved with many physiological responses, and one important 

component is the endocannabinoid induction of synaptic depotentiation 174. 
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2. Neural circuits of stress and fear 

 The CNS is a complicated network of various nuclei composed of many different types of 

neural cells. Part of the HPA axis is located in the CNS and is interconnected with different 

nuclei that are part of the mesolimbic system and autonomic nervous system (Fig. 1.9). One of 

the important components of the limbic system is the amygdala which consists of approximately 

13 different nuclei 67,87,176. There are 2 main clusters of nuclei in the amygdala: 1) the CeA and 

2) the BLA. Many of the brain regions that are involved with the stress system, learning and 

memory, and reward send projections to both the CeA and the BLA 20,87,115,160. The CeA 

receives glutamatergic projections from the BLA, PFC, hippocampus 86,115; it receives 

GABAergic projections from medial intraparacapsular cells (Fig. 1.10; mIPCs), and the NAc 

115,121,177. The CeA primarily sends inhibitory GABAergic projections out to the hypothalamus, 

bed nucleus of the stria terminalis, brainstem, LC, and the olfactory bulb 115.  

  

3. The Amygdala 

The amygdala is a structure that can be broken into approximately 13 different sub-

nuclei 115. The amygdala is primarily separated into 2 groups 87,115, the CeA and BLA. The CeA 

receives glutamatergic projection from pyramidal like neurons in the BLA, and feed-forward 

GABAergic projections from GABAergic inhibitory neurons in the paracapsular region between 

the BLA and CeA 86,178. The CeA can be organized into 3 main different subdivisions; the lateral 

(CeL), intermediate (CeI), and the medial (CeM) 115.The CeA sends GABAergic projections with 

reciprocal GABAergic projections to/from many different cortical and sub-cortical brain regions 

throughout the brain 115. The BLA is the primary focus of this thesis. 

  Approximately, 90% of the neurons in the BLA are pyramidal like glutamatergic neurons, 

and the remaining 10% are GABAergic inhibitory interneurons. The architecture of the BLA is 

distributed amorphously, with no set laminar pattern of axonal or dendritic projections 179 
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Figure 1.9 Neural circuits of stress.  The central nervous system (CNS) response to stress is intricately 
arranged, complex in the organization of the interconnected neural circuits, and highly nuanced in the 
signaling sensitivity. The lateral and basal nuclei of the amygdala (LA & BA, receptively) are highly 
interconnected with many different important nuclei with regard to stress, reward, and learning and 
memory. The LA and BA predominately receive glutamatergic projections from cortical and thalamic 
nuclei, via the external and internal capsules. They then send glutamatergic projections to the central 
nucleus of the amygdala (CeA). The CeA primarily sends out GABAergic projections to regulate the 
functions of many important brain regions such as the nucleus accumbens (NAc), the ventral tegmental 
area (VTA) and substantia nigra (SN), the thalamus and hypothalamus (including the PVN). Along with 
the primary glutamatergic projections from cortical and thalamic nuclei the LA and BA receive and send 
reciprocal projections to many different nuclei in the CNS including the locus coeruleus (LC), the VTA & 
SN, the raphe nucleus, the prefrontal cortex (PFC), the NAc, and many other pertinent brain regions.   
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Figure 1.10 The amygdala.  The amygdala is interconnected with many different nuclei in the brain, and 
it is important for the processing of stress, reward, and other CNS functions. A) A coronal section of the 
rat brain. The blue tear-drop shape identifies the location of the BLA 180. B) The basolateral amygdala 
(BLA) can be broken into two main regions, the lateral nucleus of the amygdala (LA) and the basal 
nucleus of the amygdala (BA). There are many different nuclei in the LA and BA. Across the 3 different 
axes there is variation in the functional activity of the different cells located in the different sub-nuclei. C) 
The BLA is surrounded by the inhibitory intraparacapsular cells (IPCs); clusters of GABAergic inhibitory 
neurons. Lateral IPCs (lIPCs) receive glutamatergic projections from the external capsule, and send feed-
forward GABAergic inhibitory projections to the BLA. Excitatory glutamatergic projections terminate in the 
BLA from the cortex via the external capsule and from the thalamus via the internal capsule. The 
thalamus also sends glutamatergic projections to the medial PCs (mIPCs) and the central nucleus of the 
amygdala (CeA). The BLA is comprised of approximately 90% glutamatergic pyramidal neurons and 10% 
GABAergic inhibitory interneurons. The primary projections of the BLA are glutamatergic projections out 
to the CeA. There are also many intra-BLA glutamatergic projections as well as projections to the mIPCs. 
In addition to the feedforward inhibition that the BLA receives from the lIPCs, intra-BLA GABAergic 
interneurons create feedback inhibition. This network of excitatory and inhibitory signaling allows the 
amygdala to process many different signals in a highly nuanced manner.   

GABAergic interneuron

Glutamatergic pyramidal neuron

External 
Capsule

Internal 
Capsule

CeA

A) B) 

C) 

llIIPPCCss  
mmIIPPCCss  



32 
 

such as seen in the hippocampal cell layer morphology or cortical columns. This has led to 

complications in identifying the functional role of different neurons located in sub-nuclei in the 

BLA 115. BLA predominately receives glutamatergic projections from cortical nuclei through the 

external capsule (EC), and sub-cortical nuclei project through the thalamic pathway via the 

internal capsule (IC). The propagation of APs down the glutamatergic terminals leads to fusion 

of glutamate containing synaptic vesicles and release of glutamate into the synaptic cleft. When 

glutamate binds to postsynaptic ionotropic glutamate receptors , the channels permeable to 

Na+, K+ and Ca2+ ions are opened, creating a depolarizing inward excitatory postsynaptic 

current (EPSC) 87,181. When there is sufficient summation of EPSCs in the postsynaptic cell a 

wave of depolarizing excitatory postsynaptic potentials (EPSPs) are propagated toward the 

neuron's soma, and EPSPs can sum to generate an AP. During normal neuronal activity 

vesicular fusion and glutamate release can occur when a signaled or spontaneous APs causes 

mass neurotransmitter release into the synaptic cleft, or through spontaneous fusion of a vesicle 

with the presynaptic terminal membrane. During electrophysiological recordings by presynaptic 

terminals can be stimulated to produce synaptic evoked EPSCs (eEPSCs); this is similar to the 

generation of APs in the presynaptic terminals. Spontaneous EPSCs (sEPSCs) occur when 

spontaneous APs and/or spontaneous vesicular release occurs, and these sEPSCs can also be 

recorded from the postsynaptic neuron. Finally, by using voltage-gated Na+-channel blockers a 

scientist can record miniature EPSCs (mEPSCs). The mEPSC occurs when a single glutamate-

containing vesicle fuses and releases glutamate into the synaptic cleft where it binds to 

postsynaptic glutamate receptors. 

 The BLA GABAergic interneurons regulate and synchronize synaptic activity of BLA 

principal neurons through feed-back inhibitory activity 86,87,179,182-186. The BLA inhibitory circuits 

are similar in some aspects 187, however, selective stimulation of these different inhibitory inputs 

while recording the resultant inhibitory postsynaptic currents (IPSCs) from principal neurons in 

the BLA has shown that there are: distinct differences in their GABA release in response to 
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acute application of EtOH 188; differences in their responses to β3-AR agonists 189; and 

differences in sensitivity to dopamine 190. In addition it has been shown that stress leads to 

molecular alterations in GABAAR subunits in the BLA: decreased α1 and α5 subunits 

expression in response to Pavlovian fear conditioning 191; and increased α2 and β2 expression 

after extinction training 157,191. In other brain regions, decreased α1 in the hippocampus and 

prefrontal cortex were demonstrated in response to restraint stress 192. The amygdala receives 

strong DA fiber innervation from the SN-VTA and NE fiber innervation from the LC.  

It is known that a significantly traumatic stressor is able to produce a non-associative 

sensitization to subsequent associative fear-conditioning 133,176. The BLA is the primary target of 

much stress and fear learning research, and through work done using rodents 102,115,129, non-

human primates 67, and other species, the BLA has been shown to be involved in the acquisition 

and storage of emotional memory 69,82,101,119,130,193,194. Evidence shows a high degree of synaptic 

plasticity, such as long-term potentiation (LTP), in the BLA 87. LTP is an important cellular 

mechanism 91,195-198 that is controlled by GABAAR-mediated inhibitory transmission, and 

behavioral studies indicate that GABAergic inhibition tightly controls expression of Pavlovian 

fear conditioning 86,87. Stress induced anxiety-like behavior is associated with decreased 

GABAAR-mediated inhibition of BLA projection neurons 86,199. 

 

4. Glutamate and glutamatergic receptors 

 The primary excitatory neurotransmitter in the CNS is the amino acid glutamate. It is 

stored in vesicles within presynaptic terminals and glial cells. There are 2 classes of glutamate 

receptors: 1) ligand gated ion channels 200-202, and 2) metabotropic receptors 203,204. The ligand 

gated ion channels are comprised of 3 different subfamilies of glutamate receptors that have 

different kinetics of action and functional properties, and they can be differentiated by their 

selectivity for kainate, N-methyl-D-aspartate (NMDA), and α−amino-3-hydroxy-5-methy-4-
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isoxazole propionic acid (AMPA) 201,202,205,206. The ligand-gated ion channels are each comprised 

of four subunits. The metabotropic glutamate receptors (mGluRs) are GPCRs that are coupled 

to different G-proteins, and thus produce activation of different signaling cascades 207.  

 

A. Metabotropic glutamate receptors 

 The mGluRs are a family of metabotropic glutamate GPCRs, that is comprised of at 

least 8 different members (mGluR1-8), and which can be grouped into 3 separate groups based 

upon sequence, structure, and function 203. Type-I, mGluR1 and mGluR5, are coupled to the 

positive activation of the phospholipase C. Type II, mGluR2 and mGluR3, are involved with the 

inhibition of adenylyl cyclase, the enzyme responsible for production of cAMP. Type III, mGluR4, 

mGluR6, mGluR7, and mGluR8, are connected to the inhibition of adenylyl cyclase. While 

mGluRs have differential expression throughout the CNS, and the full characterization of their 

function is not fully understood, these receptors have shown particular value as potential targets 

for pharmaceutical therapies for Alzheimer’s disease, pain, mood-disorders and importantly 

anxiety disorders 116,203-205,208-214. This route of pharmaceutical manipulation of excitatory circuitry 

is important because it is relatively safe in comparison to glutamate receptor agonists which 

tend to be too ubiquitous to have clinical efficacy 203,208,211,215-217. 

 

B. Kainate receptors 

 The kainate type receptors are preferentially activated by kainic acid. There are four 

kainic acid receptor subunits, GluK1-4. Of the glutamatergic ion channels these seem to have 

the most specialized function. When localized on the postsynaptic cell they often are located 

perisynaptically and regulate a long slow membrane depolarization. Presynaptic kainate 

receptors are found to modulate transmitter release 218.    
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C. N-methyl-D-aspartate (NMDA) receptors 

 The NMDA receptors (Fig. 1.11; NMDARs) are glutamate receptors that were 

characterized by their differential affinity for NMDA 202,206. The NMDARs are located throughout 

the CNS and are expressed both pre- and postsynaptically. The NMDARs are coincidence 

detectors, because in order for NMDARs to conduct an excitatory current glutamate must be 

bound to the NMDAR and the membrane must be depolarized to relieve a voltage-dependent 

block of the NMDAR channel by binding of Mg2+. The NMDARs conduct Na+, K+, and Ca2+, and 

produce a long slow current response. There are 7 NMDAR subunits, GluN1, GluN2A-D, and 

GluN3A,B. GluN1 is an obligatory subunit, and depending on development, brain region, and 

disease state, NMDAR subunits will be combined in different combinations. NMDAR-dependent 

LTP, was the first form of synaptic potentiation identified 195. NMDARs not only participate in 

synaptic plasticity but they are important targets for EtOH and anesthetics, and have been 

shown to be important targets for specific disease states 98,114,195,206.  

 

D. α−Amino-3-hydroxy-5-methy-4-isoxazole propionic acid (AMPA) receptors  

 The AMPA receptors (Fig. 1.12; AMPARs) are responsible for fast acting excitatory 

neurotransmission in the CNS. Like NMDARs the AMPARs are also quaternary ligand gated ion 

channels that are comprised of homo- or heteromeric combinations of 4 different AMPAR 

subunits, GluA1-4 200,201. The different subunits confer different kinetics and functional 

characteristics to the AMPARs. All AMPARs allow passage of the cations Na+ and K+, and 

AMPARs containing GluA1, 3, and 4 are Ca2+-permeable. GluA2 containing AMPARs are Ca2+ 

impermeable 219,220. It is important to note that the different functional characteristics of AMPAR 

kinetics are regulated by their subunit composition, and subunit modification can be important to 

circuit specific synaptic alterations. For example, if a synapse were to increase the number of 

GluA1 containing AMPARs, those new AMPARs would have a faster kinetics 201. These new,  
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Figure 1.11 N-methyl-D-aspartate (NMDA) receptors. The NMDA receptors (NMDARs) are 
glutamatergic ligand-gated ion channels that act as coincidence detectors as both glutamate and glycine 
must be bound to the receptor, and in addition the cell membrane must be depolarized to remove the 
Mg2+ blockade of the NMDAR ion channel in order for the NMDARs to conduct their depolarizing ion 
current. NMDARs are permeable to K+, Na+ and highly permeable to Ca2+. There are 7 different NMDAR 
subunits. The GluN1 subunit is the obligatory NMDAR subunit. The different characteristics of the 
NMDAR subunits, and the varied combination of subunits provide NMDARs with a range of kinetic 
characteristics throughout the CNS.  
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Figure 1.12 α−Amino-3-hydroxy-5-methy-4-isoxazole propionic acid (AMPA) receptors.  The AMPA 
receptors (AMPARs) are glutamatergic ligand-gated ion channels that are responsible for the vast 
majority of fast excitatory signaling in the CNS. AMPARs are multimeric tetramers that can be homo- or 
heteromeric compositions of one or more of the four AMPAR subunits: GluA1-4. AMPARs conduct 
depolarizing currents by passing K+, Na+, and Ca2+ through their channel. Due to amino acid 
modifications the GluA2-containing AMPARs do not allow Ca2+ through their channel.  
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GluA1 containing, AMPARs would likely also increase the conductance of Ca2+ into the 

postsynaptic cell which could lead to increased activation of kinase specific phosphorylation 

cascades 221,222.  

 

5. γ−Aminobutyric acid (GABA) & GABA receptors 

 In the middle of the 20th century GABA, was identified as a endogenous inhibitor of 

neuron activity, and was later identified as being present throughout the entire CNS in many 

different species 223,224. The identification of GABA was very important, as time has gone on 

GABA has been identified as the neurotransmitter responsible for the vast majority of inhibitory 

neurotransmission in the CNS. There are 2 major classes of GABA receptors: 1) GABA type-A 

receptors (Fig. 1.13; GABAARs), pentameric ligand gated Cl- channels, and 2) GABA type-B 

receptors (GABABRs), metabotropic GPCRs 225-228. The GABA type-B receptors (GABABRs) are 

GPCRs, and are often functionally active with K+-channels, and negatively coupled to activity of 

Ca2+-activated potassium channels. There are currently only 2 identified GABABRs subunits; 1) 

GABAB1 and 2) GABAB2, and they are expressed as heterodimers 229.  

 There are 19 different GABAAR subunits (α1-6, β1-3, γ1-3, δ, ε, π, ρ1−3, θ) 225. While 

there is a mathematical possibility of a very large set or possible permutations of different 

GABAARs, there are actually only very few GABAARs verifiably identified, a few more that have 

putative identification, and others that have shown some degree of expected existence 225,230. 

They are usually arranged as heteropentamers with 2α, 2β, and either a γ or a δ subunit 225-

228,231,232. GABAARs are located synaptically, as well as peri- or extrasynaptically 225. The 

synaptic GABAARs regulate fast phasic inhibition, and peri- or extrasynaptic GABAARs regulate 

tonic inhibition. GABAARs activated by GABA and muscimol, their action is blocked by 

bicuculline and picrotoxin (PTX), and their function is modulated by various anesthetics, 

neuroactive steroids, benzodiazepines (BZs), barbiturates, and EtOH 225.  
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Figure 1.13 γ−Aminobutyric acid (GABA) type-A receptors (GABAARs). The GABAARs are 
pentameric Cl- channels that regulate the majority of inhibitory neurotransmission in the CNS. There are 
19 different GABAAR subunits, and are usually comprised of 2α, 2β, and either a γ or δ subunit. GABAA 
receptors are located synaptically, peri-synaptically, or extrasynaptically. The GABAARs conduct fast 
phasic inhibitory transmission conducted by GABAergic signaling, and they are also responsible for the 
inhibitory tone created by ambient extracellular GABA concentrations. (Adapted from 227,233) 
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  6. Voltage-sensitive depolarizing currents 

 The hyperpolarization-activated mixed-cation (HCN) channels generate an anomalous 

depolarizing current (Ih) 234 that produces anomalous inward rectification. The HCN-channels 

(Fig. 1.14) are not the only channels to produce an anomalous rectification in the CNS, a family 

of inwardly rectifying K+-channels (KIR), KIR-channels have shown to be active in regulating 

excitability of neurons in important brain regions 142,235. These two groups of channels, HCN- 

and KIR-channels, tend to be mislabeled as producing voltage-gated currents because 

previously identified potassium channels were shown to be voltage-gated. The KIR-channels 

lack the S4-voltage sensor that is common to all Na+, Ca2+, and K+ voltage-gated channels 236, 

and are therefore not voltage-gated. The HCN-channels are able to produce a linear current 

when intracellular regulatory domains that block HCN-channel conductance have been altered, 

and therefore by definition HCN-channels are not voltage-gated 234. Both HCN- and KIR-

channels are, however, sensitive to voltage changes and produce voltage dependent changes 

in conductance 234,236,237.  

 

A. The HCN-channel and Ih  

 In the late 1970's, an anomalous current was identified in cardiac neurons 238-240. 

Subsequently, this current has been identified in cells from the fruit fly, Drosophila 

melanogaster,241 to humans 234,242,243. This current did not function as physiologists expected 

and was originally titled a "queer" current (Iq) or a "funny" current (If) 234,243. The Ih is generated 

by a mixture of K+ and Na+ conductance, it is activated at hyperpolarized membrane potentials 

(Vms; -50 to -95 mV), it is voltage sensitive such that conductance increases with increasing 

hyperpolarization, and it is a depolarizing-inward current 234,237,243-251. Interestingly, the HCN4 

subunit has been shown to conduct Ca2+ 252. The HCN channel is made up of quaternary homo-  
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Figure 1.14 Hyperpolarization-activated mixed cation (HCN) channels.  The HCN channel is a mixed 
cation channel that predominately allows K+ and Na+ current through, however it has been shown that the 
HCN4 subunit allows Ca2+ ions through the HCN channels. The HCN channel is comprised of homo- and 
heteromeric tetramers made up of the 4 different HCN subunits, HCN1-4. It was originally identified in the 
cardiac pacemaker neurons, and has now been identified from the peripheral nervous system to many 
different neurons in the CNS. HCN channels are active at hyperpolarized membrane potentials, and 
produce a depolarizing inward current (Ih). The Ih is a voltage-sensitive current, as Ih increases with 
increased membrane hyperpolarization.   

HCN1 HCN2

HCN3 HCN4

K+
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or heteromeric combinations of 4 different subunits, HCN1-4, with each subunit providing 

different characteristics to HCN-channel function 234,237,242,243,248-250,253-256.  

 Along with variations in composition, the different HCN-channel subunits have shown 

differential expression throughout the CNS 243,257-259. It has also been shown that the sub-cellular 

expression of the HCN subunits can vary, and this has direct implications to the resulting 

functional localization of the channels and Ih 234,237,243,260. One of the interesting things about Ih is 

that even after the identification and characterization of Ih in the late 1970's there still was a 

large debate as to whether Ih activity causes neurons to be more excitable or more quiescent. It 

has been shown that HCN-channel function can be modulated by cAMP 261-263, opioid receptor 

activation 244,264-267, EtOH 268, D1-dopamine receptor activation 250, GABABR activation 269, as well 

as interaction with other pertinent neurotransmitter receptors and physiological signaling 

processes 234,237,250. It was shown in an HCN1-/- knock-out animals, there is an apparent 

compensatory increase in the expression of the GABAAR α5 subunit 270. The compensatory 

increase shown by Chen, et. al. (2010) is interesting as it identifies a correlative relationship 

between HCN-channels and GABAARs in regulating the excitability of pyramidal neurons 270.  

The work of this thesis  explores potential stress induced changes to GABAAR subunit 

expression and functional changes to the HCN-channel current, Ih, in the BLA.  

 

B. Inward rectifying K+-currents (KIR) & KIR-channels  

 The KIR-channels are active at hyperpolarized voltage potentials, and they increase 

conductance in a voltage-dependent manner 236,271. To date there are 7 sub-families of KIR-

channel comprised of 15 different genes, named KIR1.x-7.x (where x = 1, 2, 3,...; and signifies a 

different member of that sub-family). These genes are expressed in many different cell types 

throughout the body 236,271. The classic KIR-channels, KIR2.x, which are sometimes referred to as 

IRKs 272, and the G-protein coupled KIR-channels, KIR3.x, which are sometimes referred to as 

GIRKs 272 have been identified in the neurons in the CNS 236,271. The functional roles that these 
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channels play can be as diverse as the HCN channels. They are known to participate in 

regulation of the resting membrane potential (RMP), network oscillation, and dendritic 

integration 236,273. Knocking-out expression of specific KIR-channel genes has not identified 

specific phenotypic expression, and it is believed that redundancy through expression of other 

KIR-channels compensates for the lack of function from the knock-out gene 271. The function of 

these channels has also been shown to be modulated by intracellular signaling cascades.  
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1. General Methods 

A. Subjects 

Experimentally naive Long-Evans male rats, approximately 90 days old (Harlan; 

Indianapolis, IN) were used. Rats were singly housed in stainless steel wire mesh cages upon 

arrival at the University of California Los Angeles (UCLA) Psychology Department vivarium or in 

Plexiglas cages upon arrival at the UCLA Center for Health Sciences (CHS) vivarium. Food and 

water were available ad libitum, in a 12-hr light-dark cycle (lights on at 6:00 a.m.) maintained in 

colony rooms. SEFL experimental procedures took place in the Psychology vivarium during the 

light cycle, beginning around 8:00 a.m. A week before experiments, animals were handled daily 

for approximately 20 s each to adapt to the experimenters. All 2BC drinking presentations and 

measurements were done in the CHS vivarium and started within 15 minutes of the beginning of 

the dark cycle. All experimental procedures were conducted in accordance with the Guide for 

the Care and Use of Laboratory Animals (7th Edition, National Academy Press, Washington, 

D.C., 1996) and were approved by the Chancellor's Animal Research Committee of the UCLA 

Office for the Protection of Research Subjects. 

  One cohort of 30 day old rats was processed in the SEFL. It was determined that these 

juvenile rats were acceptable to include in the study as the SEFL procedure is inducible from a 

very young age, and their freezing behavior was not different than that of 90 day old rats. 

Electrophysiological recordings made from juvenile rats in the were pooled with recordings 

made from 90 day old rats.  

 

B. SEFL conditioning apparatus 

Procedures took place in two distinct training/testing environments, Context A, the stress 

environment and Context B, the novel environment. Each context contained distinguishable 

background noise, lighting, and odor in fear conditioning boxes that differed in interior 
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size/shape, texture and grid floor pattern designed to minimize generalization between the 

contexts. Context A chambers (28×21×22 cm; Lafayette Instruments, Lafayette, IN) were 

aluminum sided with an opaque Plexiglas back and clear Plexiglas front door piece. Floor grids 

(18 stainless steel rods, 4 mm diameter and 1.5 cm apart) were connected to a shock generator 

and scrambler (Lafayette Instrument Co.; Lafayette, IN). Overhead fluorescent lighting was 

used. A ventilation fan provided 70 dB of background noise. Fear conditioning boxes were 

cleaned and dried between each session using a 10% sodium hydroxide solution. Stainless 

steel pans were placed beneath each grid floor in the chambers; these contained 4-5 sprays of 

atomized Simple Green as the context odor. Metal scaffolding attached to a cart was used to 

transport the animals in their home cages to Context A and back.   

 The interior of the Context B chambers, initially the same as described above, were 

modified by inserting white Plexiglas along the rear wall and two white Plexiglas side-walls at 

60º angles that formed an A-frame. As in Context A, the front door piece consisted of a clear 

Plexiglas panel. The grid floor, connected to a shock generator and scrambler (Lafayette 

Instrument Co.; Lafayette, IN), consisted of 17 stainless steel rods (4 mm diameter) spaced in 

offset rows 1 cm vertically and 2.6 cm horizontally. Lighting consisted of one red 30 w 

incandescent bulb. A white noise generator produced background noise (70 dB, A-scale). Fear 

conditioning chambers were cleaned, using a 1% acetic acid solution, and dried between each 

session. Stainless steel pans were placed beneath each grid floor in the chambers; these 

contained 4-5 sprays of an atomized 11% coconut extract mixture as the context odor. Animals 

were transported to and from their home cages in a covered, black rubberized box subdivided 

into four areas by black Plexiglas panels. 

 

C. SEFL procedure 

Rats were randomly assigned to one of two groups that received 15 shocks (stressed) or  
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no shock (unstressed) during pre-exposure in Context A (Fig. 1.3). Shock pre-exposure on day 

1 consisted of 15 shocks (1 mA, 1 s) spaced with a variable inter-shock interval of 240–480 s. 

Both non-shock controls and shocked animals were placed in chambers for 90 min. On all 

subsequent days SEFL and control animals were conditioned and tested under the same 

conditions. On day two, animals were given one shock in Context B. The shock (1 mA, 1 s) was 

given 180 s after placement in the chamber, and animals were removed from the chambers 300 

s later. On day 3, animals were given an 8 min context test in Context B. Freezing, defined as 

the absence of all movement except that necessary for respiration, is a consistent response to 

learned fear stimuli 84. We used an automated activity monitoring system to provide an index of 

freezing prior to the day 2 Context B single shock and during the day 3 Context B context test.  

 

D. Data and statistical analysis 

A freezing index was used as a measure of learned fear and defined as a lack of 

movement except that necessary for respiration 5,84,134. Behavior was recorded using near 

infrared video equipment and computer software (VideoFreeze, Med-Associates Inc., St. 

Albans, VT) that determined pixel changes from frame to frame. Freezing was calculated using 

the automated software and defined as activity below a minimum threshold for longer than one 

second (correlation of r>0.9 between automated system and highly trained human observers) 

as previously described 274. Average freezing scores were calculated for baseline freezing in the 

novel context for 3 minutes prior to the single shock; post-shock freezing in the novel context 

was assessed for 5 minutes. SEFL Context test in the novel context measured freezing for 8 

minutes. Student's paired and un-paired t-tests were used to test for statistical differences in 

freezing within groups between contexts, and between groups within contexts. 

For all statistical analyses, prior to conducting a parametric statistical test the 

Kolmogorov-Smirnov test (KS) was done to test for normal distribution, and the Levene median 
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test was done to test for equal variance 275. These tests were done to verify that the data sets 

satisfy 2 of the 3 primary assumptions of a parametric statistical analysis: 1) normal distribution 

of data, and 2) equal variance of data between groups 276. For all statistical tests that did not 

satisfy the assumption of either normality of equal variance one of two techniques was used: 1) 

for comparisons between two groups a non-parametric Mann-Whitney rank sums test was used 

or 2) for a 2 X 2 ANOVA or a 2 X 2 ANOVA with repeated measures design the technique of 

rank transformation (RT) was applied to the primary data, and the original parametric analysis 

was applied to RT data. This technique does not require the assumptions of normality or equal 

variance 277.  

 

2. Voluntary drinking experimental procedures 

A. 2-bottle choice drinking paradigm  

The intermittent access to 2-bottle choice (2BC) drinking paradigm was adapted from 

Wise (1973). All fluids were presented in 50-ml graduated plastic conical tubes with stainless-

steel low-leak drinking spouts accessible to rats through the top of their home cage. On the 

Monday following the end of a 7 day post-transfer housing acclimatization period, rats was given 

access to 1 bottle of drinking water and 1 bottle of the experimental solution for a 24 hr period 

on Mondays, Wednesdays, and Fridays. Bottles were weighed at the beginning and end of each 

24 hr drinking period; measurements were taken to the nearest 1/100 g. The weight of each rat 

was also measured at the end of the 24 hr drinking period (Tuesdays, Thursdays, and 

Saturdays) and rat weight was used to calculate the grams of solution consumed per kilogram 

of body weight per 24 hr drinking session (g/kg/24 hrs). Preference for experimental solutions 

was calculated as the ratio of experimental solution over the total fluid consumed in a 24 hr 

drinking session. Experimental drinking solutions were prepared in drinking water provided by 

UCLA veterinary staff. Upon completion of each drinking session the experimental solution was 
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replaced with a second water bottle until the next presentation. The rats had unlimited access to 

2 bottles of water over the weekend after the 24 hr measurements were taken on Saturday. 

Bottle placement was alternated each drinking session to control for side preferences. EtOH 

presentations were made until after rats had reached a steady high level of drinking (25 or 31 

presentations). Then rats were withdrawn from the experimental solution for 40 days followed by 

reintroduction of drinking solution for 7-22 2BC presentations.  

 

B. Early-SEFL & 19% EtOH 

The 3-day SEFL procedure was done 10 days prior to 2BC EtOH drinking, all rats were 

EtOH naive. The 19% EtOH drinking solution was made from 95% (v/v) ethanol (Sigma Aldrich, 

St Louis, MO). EtOH was presented without changes in concentration or addition of sweeteners. 

Animals received 31 2BC EtOH presentations. The EtOH was withdrawn for 40 days. Upon re-

instatement, 7 2BC EtOH presentations were made.  

 

C. Late-SEFL & 19% EtOH 

Prior to the SEFL procedure, animals received 25 2BC 19% EtOH presentations. EtOH 

was withdrawn for 40 days. At the beginning of the withdrawal period animals were transferred 

to the Psychology vivarium. Animals were separated into stressed and unstressed groups 

based on the amount of intake on the final day of 2BC before the removal of EtOH for 40 days. 

Animals were paired by roughly equivalent levels of intake, such that the two highest drinkers 

were paired, then the next two highest drinkers were paired, and this was repeated until each 

rat had an equal pair. The initial separation into either stressed or unstressed group the highest 

group was randomly assigned, and each subsequent pair was systematically alternated 

between group so that neither group always received the slightly higher or lower drinker of the 

pair. The 3 day SEFL procedure began on day 28 of withdrawal, and upon completion of the 

three day conditioning process animals were transferred back to the CHS vivarium to 
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reacclimatize to the 2BC surroundings during the remainder of their withdrawal period. Upon re-

instatement, 22 2BC EtOH presentations were made. 

 

D. Early-SEFL & Sucrose-Quinine 

After the SEFL procedure, 2BC naïve animals were allowed to acclimate to the new 2BC 

environment for 7 days. A 28.4% sucrose-0.08% quinine-HCl (Sucrose-Quinine) was made up 

as a w/v ratio from pure sucrose and quinine-HCl (both Sigma Aldrich). Sucrose-Quinine was 

presented without changes in concentration, additional sweeteners, or EtOH. Animals received 

31 2BC Sucrose-Quinine presentations and were then withdrawn for 40 days. Upon re-

instatement, 19 2BC Sucrose-Quinine presentations were made.  

 

E. 2BC data collection and analysis 

Drinking data and rat weight were recorded by hand and compiled daily electronically. 2-

way repeated measures (RM) ANOVA on RT data was used to test for statistical differences 

between groups for EtOH and Sucrose-Quinine consumption. 

 

3. Western blotting procedures 

A. Drugs 

Metyrapone (Tocris Bioscience, Ellisville, MO), dissolved in 60% saline and 40% 

propylene glycol (Sigma Aldrich; St. Louis, MO), was delivered one hour before the 15 shocks ( 

0 or 150 mg/kg). In original behavioral experiments drug was injected at 3 concentrations (50, 

100, and 150 mg/kg), however, since only pretreatment with 150 mg/kg blocked enhanced 

freezing, we excluded the 50 and 100 mg/kg treated rats from the biochemical and 

electrophysiological studies. We added tissue samples from a cohort of "untreated" (no saline 

injection) stressed and unstressed rats into the vehicle treated (0 mg/kg [metyrapone]) group for 
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the biochemical Western blotting assays. Due to the lack of behavioral effect of pretreatment i.p. 

saline injection, it was reasoned that saline would not alter the expression of any proteins 

altered by the SEFL procedure.  

 

A. Tissue collection  

Transverse brain slices (400 μm thick) containing the BLA were obtained using standard 

techniques 230,278,279. Briefly, rats were decapitated under isoflurane anesthesia, brains were 

quickly removed, trimmed with a razor blade and glued to the base of a cutting chamber 

(VT1200S, Leica Microsystems Inc., Buffalo Grove, IL) filled with cold (∼4° C) artificial 

cerebrospinal fluid (ACSF) composed of 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 

26 mM NaHCO3, and 10 mM D-glucose (Sigma, USA). The ACSF was continuously bubbled 

with a 95/5% mixture of O2/CO2 to ensure adequate oxygenation of slices and a pH of 7.4. 

Slices containing the BLA were then used for the biochemical determination of total proteins. 

 

C. Western blotting 

The anatomical features of the BLA were clearly identifiable from coronal brain slices, 

and the BLA was microdissected from brain slices. BLA tissue was then homogenized in 1X 

homogenizing buffer (1x HB): 1% w/v sodium dodecyl sulfate (Bio-Rad, Hercules, CA), 1 mM 

Ethylenediaminetetraacetic acid (EDTA) and 10 mM Trizma base (Sigma-Aldrich, St. Louis, 

MO), all dissolved in water. Total protein concentrations were determined by the DCA protein 

assay kit (Bio-Rad, Hercules, CA). Protein homogenate concentration for each sample was 

diluted down to 1 mg/mL using 1x HB and 2x-loading dye (Bio-Rad, Hercules, CA). Western 

blotting was performed using 10 or 15 lane gels, of either 10% SDS-polyacrylamide or 10% Tris-

glycine-acrylamide gel electrophoresis (SDS-PAGE or TGX-PAGE)., and 15-40 mg of total 

protein was added to each lane, and run under reducing conditions (Fig 2.X). Using wet-

transferring conditions , samples were then transferred onto polyvinylidene difluoride (PDVF) 
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membrane (Bio-Rad, Hercules, CA) and blocked with 2-5% non-fat dry milk in Tris buffered 

saline with tween-20 (TBST). Blots were incubated overnight at 4°C with the following primary 

antibodies or 2-4 hours at room-temperature: anti-a1 (NB300-191, 1:4000) and anti-a3 (NB100-

61096, 1:2000) from Novus Biologicals (Littleton, CO), anti-α1 (aa328-382), anti-α2 (aa322-

357), anti-α4 (aa379-421), anti-γ2 (aa319-366), anti-δ (aa1-44), (all at 1 mg/ml, gift of W. 

Sieghart, Medical University of Vienna, Austria), anti-β3 (ab5563, 1:2000), GluA2 (AB176, 0.5 

μg/mL), GluA1 (AB205, 1 μg/mL) all from EMD-Millipore (Billerica, MA), and glyceraldehyd-3-

phosphate dehydrogenase (GAPDH; sc25778, Santa Cruz Biotech. Inc, Dallas, TX) (at 1:2000-

4000), followed by, 3x 10 minute rinse in 1X TBST, and then incubation with a secondary goat 

anti-rabbit horseradish peroxidase–conjugated IgG, blots were then rinsed prior to incubation 

with chemiluminescent substrate ECL plus (GE Health Science, Pittsburgh, PA) luminol 

detection system.  

Images were captured using the LAS 3000 (Fuji Film, Tokyo, Japan); cropped to 34 

inches wide x the appropriate relative height, and set to 300 dpi using Adobe Photo Shop 

Elements 6 (Adobe System, Inc., San Jose, CA); and finally analyzed with Image J (Image J 

1.41, Wayne Rasband, NIH, Bethesda, DC) to measure the area of the band, average optical 

density (aOD), and the background aOD (bOD). The OD was calculated as follows: OD = 

AREA*(aOD - bOD). A ratio of protein of interest OD over the internal control, glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), OD was generated in order to measure and analyze 

subunit levels for each sample. Data were compiled and analyzed using Microsoft Excel 

(Microsoft Corp., Redmond, Wa) and SigmaPlot (Systat Software Inc., San Jose, CA). 

 

D. Statistical analysis 

 All OD ratio values are presented as mean ± SEM. Group treatment effects were 

evaluated by 2-way ANOVA. Planned a priori comparisons using Student’s unpaired t-tests 
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were done after 2-way ANOVA to compare within group differences.  A p < 0.05 was considered 

statistically significant. The program SigmaPlot (Systat Software Inc., San Jose, CA) was used 

for all statistical tests. 

 

4. Electrophysiological recording procedures 

A. Tissue collection  

Transverse brain slices (400 μm thick) containing the BLA were obtained using standard 

techniques 280-282. Briefly, rats were decapitated under isoflurane anesthesia, brains were quickly 

removed, trimmed with a razor blade and glued to the base of a cutting chamber (VT1200S, 

Leica Microsystems Inc., Buffalo Grove, IL) filled with cold (∼4° C) artificial cerebrospinal fluid 

(ACSF) composed of 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 26 mM NaHCO3, 

and 10 mM D-glucose (Sigma Aldrich, St. Louis, MO). The ACSF was continuously bubbled with 

a 95/5% mixture of O2/CO2 to ensure adequate oxygenation of slices and a pH of 7.4. After a 

minimum of 45 min equilibration period in oxygenated ACSF at room temperature, slices 

containing the BLA were used for electrophysiological recordings for up to 9 hours.  

 

B. Electrophysiological recordings 

Individual slices containing the amygdala were transferred, one at a time, to a custom-

built Plexiglass recording chamber. Whole cell patch-clamp and current-clamp recordings were 

made from pyramidal neurons located in the LA. Pyramidal neurons were readily identifiable by 

their well characterized electrophysiological characteristics, namely the action potential firing 

pattern during depolarizing current injection 254,283. Patch clamp recording pipettes (TW150F-

3,WPI,Sarasota,FL,USA) with 3–7 MΩ, were filled with either: 130 mM cesium chloride, 8 mM 

NaCl, 5 mM ethylene glycol-bis (β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 1 mM 

tetraethylamine, 10 mM HEPES, 1 mM QX-314, 4 mM K2ATP, 0.4 mM Na2GTP, or: 135 mM 
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potassium gluconate, 5 mM NaCl, 0.3 mM CaCl2, 1.1 mM EGTA, 10 mM HEPES, 2 mM ATP-

K2, 0.2 mM GTP-Na2; pH adjusted to 7.25 with KOH, mOsM = 280. Once in whole-cell 

configuration the cell was allowed to recover for at least 10 min before applying any 

experimental protocol to allow equilibration and stabilization of ionic conductances. Electrode 

access resistance (Ra; <30MΩ), membrane resistance (Rm), and membrane capacitance (Cm) 

were continuously monitored and recordings were accepted for analysis if changes were <20%. 

Patch electrode and probe assembly targeting the region of interest were advanced using a 4-

axis motorized manipulator (MX7600, Siskiyou Corporation, Grants Pass, OR) and controller 

(MC1000e, Siskiyou Corp.) with the aid of a microscope (10-100×, DM LFS, Leica Microsystem, 

Wetzlar, Germany). Whole-cell patch clamp recordings were obtained from cells of the BLA 

region at 32 ± 0.5 °C during perfusion with oxygenated ACSF. Cells were voltage-clamped at -

70 mV. Pharmacological separation of AMPAR-mediated currents was done by application of 

PTX (50 µM), CGP54626 (CGP; 1 µM), and miniature AMPAR-mediated currents were 

recorded after bath application of tetrodotoxin (TTX; 0.5 µM).  

To identify the cell type being recorded from and to test the excitability of pyramidal 

neurons a series of depolarizing current steps of 1 s were applied. Action potential (AP) 

waveform parameters including AP half-width were analyzed at the current step where the first 

AP was fired. 

To study Ih, either of two different protocols was used: 1) a set of hyperpolarizing voltage 

steps was applied from a holding potential of -70 mV to -140 mV in 10 mV increments; the initial 

step lasted 1650 ms, and each subsequent step was successively shortened by a 100 ms 

increment to prevent damage to the membrane, or 2) hyperpolarizing voltage steps were 

applied, from holding at -70 mV a 100 ms depolarizing voltage step to -50 mV, then 

hyperpolarized from -50 to -60 mV for 4 s (each subsequent sweep this step increased in 10 mV 

increments from -60 to -140 mV), next the membrane was depolarized back to -50 mV for 1 s,  
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Figure 2.1 LA pyramidal neuron response to hyperpolarizing voltage step. A typical response of a 
LA pyramidal neuron to a hyperpolarizing voltage waveform 284. Cells were held at -70 mV, depolarized to 
-50 mV, hyperpolarized up to -140 mV, depolarized back to -50 mV and then hyperpolarized to -70 mV. 
Hyperpolarization of the cell membrane activates 2 inward rectifying currents; the hyperpolarization-
activated mixed-cation channel current (Ih) and the K+-inward rectifier (KIR). This waveform was used to 
record the Ih and the Itail. The Ih is a slowly activating depolarizing current and is measured as the 
difference between Iinst and the Iss. The Itail can be used to measure the inactivation of the HCN channels, 
and is measured as the difference between the Itail,inst and the Itail,ss.   



56 
 

and then finally stepped to  -70 mV and held for the remainder of the sweep. The magnitude of 

Ih at a given potential step was determined as the difference between the instantaneous peak 

positive current (Iinst) amplitude and the final, steady-state current (Iss) for each step. In a series 

of experiments, the Na+-current blocker, TTX (0.5 µM) was included in the perfusate to suppress 

the possible activity-dependent release of other chemical messengers, and some Ih was 

recorded in the presence of PTX and the GABABR blocker, CGP. 

To measure the inwardly rectifying potassium (KIR) current LA pyramidal neurons were 

voltage-clamped at a holding potential of -70 mV and a 50-ms step to -150 mV was applied; 

then, neurons were depolarized to -45mV with a ramp pulse of 0.5 mV/ms with 5 s between 

successive steps. The inward current identified by this ramp was a mixture of KIR and Ih. During  

analysis of KIR, at the specific holding potentials where Ih was measured, the Ih was subtracted 

from the ramp current value to generate a relatively pure KIR value - this subtraction was only 

used when the ramp protocol and Ih measure could be paired within a given cell.  

 

C. Detection & analysis 

Electrophysiological signals were amplified using the Multiclamp 700B amplifier 

(Molecular Devices, Union City, CA), voltage-clamp recordings were low-pass filtered at 1 kHz, 

and digitized at 10 kHz with the Digidata 1440A (Molecular Devices). Data were acquired using 

pClamp 10 software (Molecular Devices), and analyzed using Clampfit software (Molecular 

Devices) and the Mini Analysis program (Synaptosoft, Decatur, GA). 

The voltage-clamp recordings were low-pass filtered off-line (Clampfit software, 

Molecular Devices, Sunnyvale, CA) at 2 kHz. The mEPSCs were detected using Mini Analysis 

program (Synaptosoft, Decatur, GA, USA) with threshold criteria of: 5 pA, amplitude and 17 fC, 

charge transfer. Frequency of sEPSCs and mEPSCs was determined from all automatically 

detected events in a given 100-500 s recording period. For kinetic analysis, only single event 
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sEPSCs and mEPSCs with a stable baseline, sharp rising phase and exponential decay were 

chosen during visual inspection of the recording trace, double and multiple peaks were 

excluded. The sEPSC and mEPSC kinetics were obtained from analysis of the averaged 

chosen single events (>80 events/100 s recording period) aligned with half rise-time in each 

cell.  

 

D. Data and Statistical Analysis 

Statistical analysis of AP peak and half-width was done using Student's unpaired t-test. 

The primary data for AP frequency, Ih, and KIR did not satisfy the assumptions of normality or 

equal variance necessary to run a parametric analysis 276. For each of thesis data sets the RT 

was applied to the primary data prior to running the parametric analysis. After the RT was 

applied the AP frequency was tested using 2-way RM ANOVA, with post-hoc Bonferroni 

pairwise comparisons. Significant difference in PPR of eEPSCs was tested using Student's 

unpaired t-test. Group differences in sEPSC and mEPSC kinetics were compared by Student's 

unpaired t-test. The Ih and KIR were tested for significance using 2-way RM ANOVA with post-

hoc Bonferroni pairwise comparison, after the RT was applied to the primary Ih and KIR data. 

The KS non-parametric test for variance was used for comparing stressed vs. unstressed group 

differences in the cumulative distributions of sEPSCs and mEPSCs. For all tests p < 0.05 was 

considered significant.  
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SECTION I: 2-BOTTLE CHOICE VOLUNTARY DRINKING 
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1. Early-SEFL & 2BC EtOH 

SEFL conditioning resulted in significantly increased freezing (Fig. 3.1) of SEFL rats (n = 

10) compared to control rats (n = 12) within each sub-context measurement of animal freezing 

activity: Baseline (unpaired t-test; p = 0.041), Post-shock and Context Test (unpaired t-test; p < 

0.001). Control rat freezing was significantly different between Baseline and Post-shock freezing 

(paired t-test; p < 0.011), however, there was no significant difference between Baseline and 

Context Test or Post-shock and Context Test freezing (paired t-test; p = 0.604). This is 

important because it shows Post-shock increase in fear to be transient. SEFL rat freezing was 

significantly different between Baseline and Post-shock (paired t-test; p < 0.001) and Baseline 

and Context Test (paired t-test; p < 0.001) contexts. The difference was not significant between 

Post-shock and Context Test freezing (paired t-test; p = 0.31), and this is important because it 

shows the permanency of the enhanced-learned fear.  

The EtOH consumption during the initial EtOH presentation days was similar for both groups 

(Fig. 3.2A). However, the SEFL group began to consume more EtOH than the control 

counterparts. The RT 2-way RM ANOVA comparison showed that across the 31 pre-withdrawal 

presentations there was a between group effect of SEFL conditioning such that there was 

significantly increased voluntary EtOH consumption in SEFL rats compared to control rats (F(1, 

20) = 5.535, p = 0.029). There was also a statistically significant interaction between SEFL 

treatment and presentation day (F(30, 599) = 1.562, p = 0.037).   

After the 40 d period of EtOH removal 2BC EtOH drinking was reintroduced. The first 

EtOH consumption for the SEFL group was significantly decreased compared to the final day of 

drinking before the 40d removal (paired t-test; p = 0.041). A 2-way RM ANOVA on RT data 

confirmed that after reintroduction, EtOH consumption of SEFL rats was also significantly higher 

compared to the control rat consumption for all post-withdrawal presentations (F(1, 20) = 7.362;  
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Figure 3.1 Early-SEFL: freezing behavior. Ten days before beginning 2BC 19% EtOH 
drinking the 3 day SEFL procedure was done. Behavioral differences in fear response between 
unstressed (n = 12) that only received a single shock and stressed (n = 10) rats that received 15 
shocks in context A as well as a single shock in the novel context. The % freezing time is a 
reliable measure of fear. The Context Test measures the amount of fear learning that occurred 
to the novel context subsequent to the single shock. SEFL conditioning resulted in significantly 
increased freezing in stressed compared to unstressed rats within each sub-context 
measurement of animal freezing activity as tested with unpaired t-test: Baseline (*, p = 0.041), 
Post-shock and Context Test (**, p < 0.001).  
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Figure 3.2 Early-SEFL: 2BC 19% EtOH. Ten days before the beginning of 2BC EtOH drinking, the SEFL 
procedure was done to produce stressed (n = 10) and unstressed (n = 12) rats. The RT was applied to all 
data prior to running the 2-way RM ANOVA. A) There was a significant group effect of increased 
consumption in stressed compared to unstressed rats across the initial 31 presentations (2-way RM 
ANOVA; †, F(1,20) = 5.535, p = 0.029). EtOH treatment was removed for 40 days. Upon reintroduction 
rats rapidly returned to high levels of EtOH consumption with a significant separation in the amount of 
EtOH consumed between the two groups (2-way RM ANOVA; ‡, F(1,20) = 7.362; p = 0.013). B) 2-way 
RM ANOVA showed significant group differences prior to 40 d removal of EtOH (†, F(1,20) = 6.324; p = 
0.021), as well as after post-withdrawal preference (‡, F(1,20) = 5.946; p = 0.024).  
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p = 0.013). Together with the pre-removal drinking data, these data suggest that SEFL 

conditioning before 2BC EtOH drinking leads to significantly increased voluntary EtOH 

consumption.  

EtOH preference in the SEFL group before EtOH removal was significantly increased 

compared to control rat group according to 2-way RM ANOVA on RT data (Fig. 3.2B; F(1, 20) = 

6.324, p = 0.021). Preference for EtOH continued to increase for both groups relative to pre-

removal preferences, however, the average SEFL group preference was still greater than that of 

the control group. 2-way RM ANOVA test on data after the RT showed that there was still a 

significant group difference in preference following reintroduction of EtOH (F(1, 20) = 5.946; p = 

0.024). This shift of increased post-withdrawal preference in control rats seems to be due to 

decreased water consumption (data not shown). However, these results should be interpreted 

cautiously, due to the low statistical power of each of the 2-way RM ANOVA performed on the 

RT data for EtOH drinking before and after withdrawal as well as the EtOH preference before 

and after withdrawal: 0.520, 0.674, 0.591, and 0.558, respectively. 

 

2. Late-SEFL & 2BC EtOH 

Naïve rats, placed on 2BC 19% EtOH drinking, had no significant between groups 

difference in pre-removal EtOH consumption (Fig. 3.3A; 2-way RM ANOVA on RT data; F(1, 29) 

= 0.0223, p = 0.882). There was also no interaction between groups (note: SEFL treatment had 

not happened yet) and presentation days (F(21, 629) = 0.895, p = 0.597). This is expected since 

there was no experimental difference between the groups of rats at this point in time, as they 

had not yet had the SEFL conditioning. After the 25th presentation, 2BC EtOH presentations 

were halted for 40 days.  

On the 28th day of withdrawal SEFL conditioning was performed for SEFL (n = 15) and 

control animals (n = 15) resulting in significantly increased freezing (Fig. 3.4) of SEFL rats for  
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Figure 3.3 Late-SEFL: 2BC 19% EtOH. A cohort of stress naive rats (n = 30) began 2BC 19% EtOH 
drinking for 25 initial sessions. 2BC EtOH presentations were stopped for 40 days. On day 28 of 
withdrawal rats were separated into stressed (n = 15) and unstressed (n = 15) groups using a counter-
balanced method based upon their 25th EtOH presentation drinking levels. SEFL treatment was done, 
and 2BC EtOH drinking was reinstated, for 22 presentations, at the end of 40 days. The RT was applied 
to all data prior to running the 2-way RM ANOVA. A) There was no significant group effect of different 
19% EtOH consumption in stressed compared to unstressed rats across the initial 25 presentations (2-
way RM ANOVA; F(1,29) = 0.0223; p = 0.882). Upon re-introduction, rats rapidly returned to high levels of 
EtOH consumption, maintaining a lack of significant difference in EtOH consumed between the two 
groups (2-way RM ANOVA; F(1,29) = 1.139; p = 0.295). B) Although 37 of the 38 stressed group (n = 15) 
treatments before and after withdrawal had a higher average EtOH preference than the unstressed group 
(n = 15), 2-way RM ANOVA of the primary data that was RT showed no significant group differences prior 
to 40 d withdrawal (F(1,29) = 0.285; p = 0.597) or after withdrawal F(1,29) = 0.0189; p = 0.892).  
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Figure 3.4 Late-SEFL: freezing behavior. On the 28th day of withdrawal SEFL treatment was performed 
for stressed (n =15) and unstressed animals (n = 15). Behavioral differences in fear response between 
unstressed and stressed rats resulted in significantly increased freezing of stressed rats for each sub-
context measurement of animal activity: Baseline (un-paired t-test; *, p = 0.001), Post-shock and the 
Context Test measurement (unpaired t-test; **, p < 0.001).  
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each sub-context measurement of animal activity: Baseline (un-paired t-test; p = 0.001), Post-

shock and the Context Test measurement (un-paired t-test; p < 0.001). Within control rats there 

were significant sub-context differences between Baseline and Post-shock (paired t-test; p < 

0.001) and Post-shock and Context Test freezing (paired t-test; p = 0.031), however, Baseline 

and Context-test freezing was not significantly different (paired t-test; p = 0.062). Within SEFL 

rats Baseline and Post-shock and Baseline and Context-test freezing were significantly different 

(paired t-test; both p < 0.001), but Post-shock and Context-test were not (paired t-test; p = 

0.620). As validation of SEFL conditioning across different cohorts it is important that these data 

follow the same trend as the freezing data from experiment 1. 

After completion of SEFL treatment the 2BC EtOH drinking was reintroduced for 22 

presentations. There was no difference in EtOH consumption between groups (Fig. 3.3A; 2-way 

RM ANOVA on RT data; F(1,29) = 1.139, p = 0.295). There was also no interaction between 

SEFL treatment groups and presentation days (2-way RM ANOVA on RT; F(21, 608) = 0.680, p 

= 0.855). These data show that SEFL conditioning does not have an effect upon previously 

acquired drinking behaviors.  

Control and SEFL rats started at similar preference levels and increased through the 25th 

presentation (Fig. 3.3B), and there were no between group differences across the entire pre-

withdrawal drinking period when tested with 2-way RM ANOVA after RT was applied to the data 

(F(1,29) = 0.285, p = 0.597). During the 22 post-withdrawal presentations the control group 

increased their preference, however, this did not reach significance (2-way RM ANOVA on RT 

data; F(1,29) = 0.0189, p = 0.892). The power for all of the 2-way RM ANOVA tests on RT data 

was low (< 0.10), and  therefore the results of these tests should be interpreted with caution.  
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Figure 3.5 Early-SEFL: freezing behavior Sucrose-Quinine rats. Approximately 10 days before 
beginning 2BC Sucrose-Quinine drinking SEFL procedure was done. Behavioral differences in fear 
response between unstressed (n = 7) that only received a single shock and stressed (n = 7) rats that 
received 15 shocks in context A as well as a single shock in the novel context. The % freezing time is a 
reliable measure of fear. The Context Test measures the amount of fear learning that occurred to the 
novel context subsequent to the single shock. SEFL procedure resulted in significantly increased freezing 
compared to unstressed rats within each sub-context measurement of animal freezing activity: Baseline 
(unpaired t-test; *, p < 0.05), Post-shock and Context Test (unpaired t-test; **, p < 0.01).  
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Figure 3.6 Early-SEFL: 2BC 28.4% sucrose-0.08% quinine. Ten days before the beginning of 2BC 
28.4% sucrose-0.08% quinine drinking was introduced, the SEFL procedure was done to produce 
stressed (n = 7) and unstressed (n = 7) rats. The RT was applied to all data prior to running the 2-way RM 
ANOVA. A) There was no significant group effect of 28.4% sucrose-0.08% quinine consumption in 
stressed compared to unstressed rats across the initial 31 presentations (2-way RM ANOVA; F(1,12) = 
0.323; p =0.581). The 28.4% sucrose-0.08% quinine was removed for 40 days. Upon re-introduction, 
unstressed rats rapidly returned to pre-removal levels of 28.4% sucrose-0.08% quinine consumption 
while consumption by stressed rats remained low. However, there was no significant difference in 
consumption after the 40 d removal (2-way RM ANOVA; F(1,12) = 1.513; p = 0.242). B) There was no 
significant difference in 28.4% sucrose-0.08% quinine preference between unstressed and stressed rats 
before or after removal (2-way RM ANOVA; F(1,12) = 0.046; p = 0.834 and F(1,12) = 1.247; p = 0.286, 
respectively). While not significant, the average stressed rat preference for 28.4% sucrose-0.08% quinine 
preference was lower than the unstressed rat average preference for every presentation after the 40 d 
removal. 

SEFL procedure before 2BC:
Sucrose-Quinine consumed

Time (days)

-20 0 20 40 60 80 100 120 140 160

S
uc

ro
se

 c
on

su
m

ed
 (g

/k
g/

24
h)

0

2

4

6

8

10

12

14

16

18
Unstressed
Stressed

SEFL procedure before 2BC:
Preference for Sucrose-Quinine consumed

Time (days)
-20 0 20 40 60 80 100 120 140 160

P
re

fe
re

nc
e 

(%
 s

ol
ut

io
n 

co
ns

um
ed

)

0%

20%

40%

60%

80%

100%

Unstressed

Stressed
40d withdrawal

SEFL

SEFL

40d withdrawal

A)

B)



69 
 

3. Early-SEFL & 2BC Sucrose-Quinine 

SEFL conditioning, done before 2BC drinking with Sucrose-Quinine, resulted in 

significantly increased freezing (Fig. 3.5) of SEFL (n = 7) compared to control rats (n = 7) with a 

group effect of significantly increased freezing of SEFL rats for each sub-context measurement: 

Baseline (unpaired t-test; p < 0.034), and both Post-shock and the Context Test measurement 

(unpaired t-test; p < 0.010). The freezing of the rats for experiment 3 was the same as that seen 

for experiments 1 and 2.   

After SEFL treatment animals were given intermittent access to 2BC Sucrose-Quinine 

drinking. Sucrose-Quinine solution was used as an equivalent caloric substitute for 19% EtOH 

as well as mimicking some of the taste components of EtOH without the pharmacological 

properties 285,286. In the control group, Sucrose-Quinine consumption continued to increase until 

the 31st presentation (Fig. 3.6A), while the SEFL group Sucrose-Quinine consumption reached a 

plateau by the 17th presentation. These group differences, however, were not statistically 

significant; as we found no effect of SEFL treatment on Sucrose-Quinine consumption across 

pre-removal presentations using the 2-way RM ANOVA test on data that was RT (F(1,12) = 

0.323, p = 0.581).  

Sucrose-Quinine was removed for 40 days. Upon reintroduction, the average Sucrose-

Quinine consumption of the SEFL and control groups were slightly, but not significantly, 

decreased (Fig. 3.6A). There were no significant group differences in Sucrose-Quinine 

consumption across the post-withdrawal presentations (2-way RM ANOVA on RT data; F(1,12) 

= 1.139, p = 0.295). These data suggest that it is not the caloric or taste value of 19% EtOH 

which accounts for the significantly increased EtOH consumption of the SEFL group compared 

to the control group that was shown with the voluntary EtOH drinking in the first experiment. It is 

interesting to note that the trend of decreased Sucrose-Quinine consumption is opposite to the 

significantly increased EtOH consumption from Experiment 1 (Fig. 3.2A). 
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Prior to removal, Sucrose-Quinine preference of SEFL and control groups did not 

significantly differ (Fig. 3.6B; 2-way RM ANOVA on RT data; F(1,12) = 0.046, p = 0.834). There 

was also no post-removal group differences in Sucrose-Quinine preference (2-way RM ANOVA 

on RT data; F(1,12) = 1.247, p = 0.286). Similar to the statistical analysis of the drinking and 

preference data for the late-SEFL & 2BC EtOH experiment (Figs. 3.3A,B), the power for all of 

the 2-way RM ANOVA tests on RT data from the early-SEFL & 2BC Sucrose-Quinine 

experiments was low (< 0.10), and  therefore the results of these tests should be interpreted 

with caution.  
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SECTION II: WESTERN BLOTS  
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1. GABAAR subunits 

 A. α1 and α2 subunits 

Between 2-4 weeks after the SEFL procedure BLA tissue samples were harvested from 

stressed and unstressed that received vehicle or metyrapone [150 mg/kg] i.p. injection prior to 

the "Day 1" session in the stress context (Fig. 1.2); note that Western blot data from untreated 

(i.e. no saline injection) stressed and unstressed rats were pooled with data from vehicle treated 

rats (see Ch. 2 - Methods). There were no significant group effects of stress or drug treatment 

on the expression of the α1 subunit, however, there was a trend toward a stress X drug 

treatment interaction effect toward increased α1 in the vehicle treated stressed group (2-way 

ANOVA; F(1,39) = 3.4, p = 0.07). The α1 subunit was significantly increased in the vehicle 

treated stressed rats compared to unstressed rats (p < 0.05), that trended toward being blocked 

by metyrapone pretreatment (p < 0.10); Fig 3.7A). Stress and drug treatment produced 

significant increases in the α2 subunit (2-way ANOVA; F(1,42) = 4.4483, p = 0.04 and F(1,42) = 

7.267, p = 0.01, respectively; Fig. 3.7B), but there was no significant stress X drug interaction 

(2-way ANOVA; F(1,42) = 0.371, p = 0.546). The a priori planned comparisons show that within 

the vehicle treated group α2 was significantly increased in stressed versus unstressed rats (p < 

0.05). Also, metyrapone pretreatment of unstressed rats led to a significant increase in α2 

subunit expression compared to vehicle treated unstressed rats (p < 0.05). There was no 

significant difference in the BLA α2 expression between vehicle and metyrapone treated 

stressed rats or between metyrapone treated stressed and unstressed rats (p > 0.05).  

 

B. α3 and α4 subunits 

There was no overall stress or stress X drug interaction effects on the expression of the 

α3 subunit, however there was a significant drug treatment effect showing a decrease in the 

expression of α3 (Fig. 3.8A; 2-way ANOVA; F(1,41) = 4.410, p < 0.05). The a priori planned  
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Figure 3.7 GABAAR subunits α1 and α2 in the BLA. BLA tissue samples were taken from stressed and 
unstressed rats with vehicle and metyrapone pretreatment. Tissue was homogenized and run on Western 
blots. A ratio of the relative optical density (OD) measurements was taken for GABAAR α1 and α2 over 
the OD measure taken for the internal control GAPDH. OD ratios were compared between the 4 groups. 
All statistics were done as a 2-way RM ANOVA, with a priori multiple comparisons Student’s t-test. A) 
There were no group differences in the α1 subunit expression in the BLA for stress or drug treatment. 
However, a priori comparison shows that in vehicle treated rats the a1 subunit was significantly increased 
in stressed compared to unstressed rats after the SEFL procedure (p < 0.05). B) There was a significant 
group effect on the expression of α2 between stressed and unstressed rats (F(1,42) = 4.483, p < 0.05), 
as well as a significant group effect for drug treatment between vehicle and metyrapone treated rats 
(F(1,42) = 7.267, p < 0.05). There was no interaction effect. A priori comparisons show that the α2 
expression for both vehicle treated stressed rats and metyrapone treated unstressed were significantly 
increased compared vehicle treated unstressed rats (*, p < 0.05).  
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Figure 3.8 GABAAR subunits α3 and α4 in the BLA. BLA tissue samples were taken from stressed and 
unstressed rats with vehicle and metyrapone pretreatment. Tissue was homogenized and run on Western 
blots. A ratio of the relative OD measurements was taken for GABAAR α3 and α4 over the OD measures 
taken for the internal control GAPDH. OD ratios were compared between the 4 groups. All statistics were 
done as a 2-way RM ANOVA, with a priori multiple comparisons Student’s t-test. A) There was a 
significant overall drug treatment group effect on GABAAR α3 subunit expression (F(1,41) = 4.410, p < 
0.05). The a priori planned comparison show that α3 was significantly increased in vehicle treated 
stressed compared to unstressed rats and metyrapone treated stressed rats (*, p < 0.05). B) There were 
neither significant group differences, nor  any a priori comparisons that show significant differences in the 
α4 subunit expression (p > 0.05).   
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comparisons show that in vehicle treated stressed rats the α3 subunit was significantly 

increased compared vehicle treated unstressed rats, and that metyrapone pretreatment blocked 

that increase (both, p<0.05). There were no significant stress, drug, or stress X drug interaction 

treatment effects on the BLA expression of the α4 subunit (2-way RM ANOVA on RT data; Fig. 

3.8B). The a priori planned comparisons Mann-Whitney rank sums tests also showed no 

significant difference between stressed and unstressed rats in either the vehicle or metyrapone 

treated groups. 

 

C. β3, γ2, and δ subunits 

There were no significant stress, drug, or stress X drug interaction treatment effects on 

the BLA expression of the β3, γ2, or δ subunits, and a priori planned comparison did not reveal 

any significant between group differences. While not significant there was an interesting trend 

towards increased expression of β3 in the stressed rats, with a further increase for both 

stressed and unstressed rats by metyrapone pretreatment (Fig. 3.9A). The γ2 subunit also was 

slightly increased in vehicle treated stressed rats, but the increase was reduced with 

metyrapone pre-treatment (Fig. 3.9B). There was very little fluctuation in the δ subunit between 

stressed and unstressed rats for either vehicle or metyrapone pretreatment (Fig. 3.9C).  

 

2. Glutamatergic receptor subunits 

A. NMDAR: GluN1 and GluN2B 

The obligatory NMDAR 206 subunit GluN1 was not significantly altered in the BLA by 

stress, drug, or stress X drug treatment interaction effects (Fig. 3.10A). While there were no 

significant treatment effects, there was a trend towards higher average GluN1 expression in 

vehicle treated stressed rats was greater than in unstressed rats, and a trend towards higher  



76 
 

 

 

Figure 3.9 GABAAR subunits β3, γ2 and δ in the BLA. BLA tissue samples were taken from stressed 
and unstressed rats with vehicle and metyrapone pretreatment. Tissue was homogenized and run on 
Western blots. Ratios of the relative OD measurements were taken for GABAAR β3, γ2, and δ over the 
OD measures taken for the internal control GAPDH. OD ratios were compared between the 4 groups. All 
statistics were done as a 2-way RM ANOVA, with a priori planned comparison Student’s t-test. There 
were significant group or planned comparison differences for the β3, γ2, and δ subunits expressed in the 
BLA of stressed or unstressed rats with vehicle or metyrapone treatment. 
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Figure 3.10 NMDAR subunits GluN1 and GluN2B in the BLA. BLA tissue samples were taken from 
stressed and unstressed rats with vehicle and metyrapone pretreatment. Tissue was homogenized and 
run on Western blots. A ratio of the relative OD measurements were taken for NMDAR subunit GluN1 and 
GluN2B over the OD measures taken for the internal control GAPDH. OD ratio presented as mean ± 
S.E.M., and compared between the 4 groups. All statistics were done as a 2-way RM ANOVA, and a 
priori multiple planned comparison with Student’s t-test. A) There were no significant differences for 
GluN1 subunit expression in the BLA for stress and/or drug treated rats. The slight non-significant 
increase seen in vehicle treated stressed rats was occluded by metyrapone pretreatment. B) There were 
no significant group or a priori planned comparisons differences in the GluN2B expression. The 
expression of GluN2B seems to be slightly decreased in stressed rats and metyrapone has no effect on 
its expression.  
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average expression in both metyrapone treated groups compared to both vehicle treated 

groups. Interestingly this is the same pattern of expression seen for the GABAAR β3 subunit 

(Fig. 3.9A). The NMDAR GluN2B subunit was not significantly altered in the BLA by stress, 

drug, or stress X drug treatment interaction effects (Fig. 3.10B). However, there was a trend to 

decreased GluN2B in stressed rats compared to unstressed rats for both vehicle and 

metyrapone pretreated groups.  

 

C. AMPAR: GluA1 and GluA2 

There was an overall significant drug treatment effect where metyrapone treatment 

reduced the AMPAR subunit, GluA1 (Fig. 3.11A), compared to vehicle treated animals (2-way 

ANOVA; F(1,32) = 6.924, p < 0.05). The a priori planned comparisons showed that within the 

vehicle treated animals GluA1 expression was significantly increased versus the unstressed 

animals (p < 0.05), the stressed induced increases in GluA1 levels in the BLA were blocked in 

animals pretreated with metyrapone (p < 0.05). Unlike, GluA1, the AMPAR subunit GluA2 (Fig. 

3.11B) was not altered by stress, drug or stress X drug treatment. There was as a slight non-

significant increase in the GluA2 expression in stressed rats for both vehicle and metyrapone 

treated groups, and it seems as though metyrapone slightly decreased the expression of GluA2 

in both the stressed and unstressed groups.  
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Figure 3.11 AMPAR subunits GluA1 and GluA2 in the BLA. BLA tissue samples were taken from 
stressed and unstressed rats with vehicle and metyrapone pretreatment. Tissue was homogenized and 
run on Western blots. Ratios of the relative OD measurements were taken for AMPAR subunit GluA1 and 
GluA2 over the OD measures taken for the internal control GAPDH. OD ratio presented as mean ± 
S.E.M., and compared between the 4 groups. All statistics were done as a 2-way RM ANOVA, and a 
priori multiple planned comparison with Student’s t-test. A) There was a significant overall group drug 
treatment effect on GluA1 expression (F(1,32) = 6.924, p < 0.05). The a priori planned comparison show 
that GluA1 was significantly increased in vehicle treated stressed compared to unstressed rats and 
metyrapone treated stressed rats (p < 0.05). B) There were no significant group of planned comparison 
differences for GluA2 expression.  
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SECTION III: ELECTROPHYSIOLOGY 
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1. Behavior 

For electrophysiology experiments rats were trained in the SEFL procedure (Fig. 1.2) 2-4 

weeks prior to doing the electrophysiological recordings. The Context test freezing behavior of 

the stressed rats (n = 15) after the SEFL procedure was significantly increased compared to 

unstressed rats (n = 16) (Fig. 3.12; un-paired t-test; p < 0.001). This freezing is consistent with 

that seen in the stressed and unstressed rats during the 2BC experiments (Figs. 3.1, 3.4, and 

3.5), as well as the freezing recording during the Context test of vehicle treated stressed and 

unstressed rats used for the Western blot experiments (Fig. 1.5C). 

 

2. Cell properties and current-clamp recordings 

A. Intrinsic cellular properties 

All recordings were made from pyramidal neurons in the LA of stressed and unstressed 

rats (Fig. 1.2). The LA is identified structurally as the triangular region of the BLA, medial to the 

external capsule, and lateral to the central nucleus of the amygdala - when seen in coronal brain 

slices (Fig. 1.8). Pyramidal neurons were identified by the characteristic firing pattern of APs in 

response to injection of depolarizing current pulses (Fig. 3.13). It has been shown that small 

diameter GABAergic inhibitory interneurons show a significantly higher rate of AP firing as 

compared to pyramidal neurons, and these characteristics have been used to distinguish 

between neuron types in amygdala nuclei 254,283,287.  

As noted in Table 3.1 there was no significant difference in the RMP of pyramidal 

neurons from stressed (-62.54 ± 0.8 mV) or unstressed (-62.73 ± 1.1 mV) rats (unpaired t-test; p 

> 0.05). The Cm measured in stressed (29.57 ± 6.2 pF) rats was decreased but not significantly 

from unstressed (38.34 ± 8.9 pF) rats (unpaired t-test; p > 0.05). Neither Rm nor the Ra were 

significantly different between stressed and unstressed rats (Table 3.1).  
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Behavior of rats used for electrophysiological recordings:
Context Test
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Figure 3.12 SEFL context test prior to electrophysiological recordings. The Context Test measures 
the amount of fear learning that occurred to the novel context subsequent to the single shock. The SEFL 
procedure resulted in significantly increased freezing in stressed rats (n = 15) compared to unstressed 
rats (n =16) (un-paired t-test; **, p < 0.01).  

  

** 
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Figure 3.13 LA neuron identification. In the LA 10-15% of the neurons are local GABAergic inhibitory 
interneurons. During blind voltage-clamp recordings cells were identified based on their action potential 
firing characteristics. Similar to the CA1 region of the hippocampus and pyramidal neurons in the 
neocortex, pyramidal neurons in the LA have a significantly delayed after-hyperpolarization and show 
delayed rectification (left traces) compared to interneurons (right traces). The AP peaks of LA pyramidal 
neurons are also larger than those of LA GABAergic interneurons. A) Representative image of current-
clamp recordings and current-injection waveform from a LA pyramidal neuron. Representative image of 
current-clamp recording and current-injection waveform from a LA GABAergic interneuron. B) A single 
current injection pulse from 0 pA to 300 pA allows for a more clear identification of the number of action 
potentials produced in pyramidal vs. GABAergic neurons in the LA. 
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 Stressed (n = 6)   Unstressed (n = 8) 

         

RMP  (mV):  -65.30 ± 1.79   -67.46 ± 1.68 

     

Cm (pF):  53.4 ± 11.55   84.14 ± 14.12 

     

Rm (MΩ):  34.33 ± 1.20   36.00 ± 2.48 

     

Ra (MΩ):  16.98 ± 1.98   14.45 ± 1.13 

     

AP peak amplitude (mV):  61.57 ± 2.64*   73.75 ± 3.55 

     

AP half-width (ms):  1.58 ± 0.08*   1.28 ± 0.05 

         

 
Table 3.1  LA pyramidal neuron membrane properties. Intrinsic membrane properties recorded from 
voltage- and current-clamp at rest before application of any drugs. There was no significant difference in 
the resting membrane potential (RMP), membrane capacitance (Cm), membrane resistance (Rm), or axis 
resistance (Ra). The sample size differed for stressed and unstressed groups for Cm (n = 5 and 7), Rm (n = 
3 and 6), and Ra (n = 4 and 6), respectively. There was a significant decrease in the action potential (AP) 
peak amplitude (mV) in stressed versus unstressed rats (unpaired t-test, *, p < 0.05). The AP half-width 
was significantly increased in stressed compared to unstressed rats (unpaired t-test; *, p < 0.05).  
 

 
 Figure 3.14 Action 
potential. Representative 
traces of 1st APs generated 
from injection of 
depolarizing currents into 
pyramidal neurons of 
stressed and unstressed 
rats.  
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B. Action potentials 

The AP characteristics were measured from the first depolarizing current injection 

elicited AP (Fig. 3.14). The AP amplitude from pyramidal neurons of stressed rats was 

significantly decreased compared to unstressed rats (Table 3.1, unpaired t-test; p < 0.05). The 

half-width was also significantly increased in stressed compared to unstressed rats after the 

SEFL procedure (Table 3.1, unpaired t-test; p < 0.05). There was no significant group effect of 

the SEFL procedure on the rate of AP firing in stressed rats compared to unstressed rats (Fig. 

3.15; 2-way RM ANOVA on RT data; F(1,22) = 2.469, p = 0.130). However, a post-hoc 

Bonferroni pairwise comparison on RT data found that the number of APs generated in 

pyramidal neurons from stressed (n = 24) and unstressed (n = 15) rats shows significant 

increases in the number of APs fired at 200, 250, and 300 pA of stressed vs. unstressed rats 

(Fig. 3.15D; p < 0.05). It has previously been shown that this is suggestive of increased 

excitability in the pyramidal neurons of the BLA 254,288.  

 

3. Voltage-sensitive currents 

A. Hyperpolarization activated mixed-cation channel current (Ih) 

To identify whether the SEFL procedure led to differences in the Ih in LA pyramidal 

neurons of stressed rats voltage-clamp recordings of this depolarizing current were made by 

injecting command potentials to hold the pyramidal neurons at hyperpolarized Vms. The Ih is a 

slowly activating depolarizing voltage-dependent current that is calculated as the difference 

between the instantaneous current (Iinst) and the steady state (Iss) current (Fig. 2.1). 

Successively larger hyperpolarizing voltage steps (-50 mV/step; 1-4 sec.) were made from -70 

mV (Fig. 3.16A) to measure the voltage dependent increase in Ih. Between group analysis of the 

Ih (Fig. 3.16B) showed no significant reduction in Ih from LA pyramidal neurons of stressed vs. 

unstressed rats (2-way RM ANOVA on RT data; F(1,20) = 2.652, p = 0.119). There was a  
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Figure 3.15 Increased excitability of LA pyramidal neurons. From rest, depolarizing current pulses, 50 
pA/step, were injected into LA pyramidal neurons. At 0 pA there was no membrane depolarization for 
either group. A) Representative trace, for unstressed rats, resulting from 300 pA current pulse. B) 
Representative trace, for stressed rats, resulting from 300 pA current pulse. C) Waveform for 0 and 300 
pA. D) Plot of # of action potentials per current step. There was no overall stress effect (2-way RM 
ANOVA on RT data; F(1,22) = 2.469), p = 0.130). However, at injected current pulses of 200, 250, and 
300 pA LA pyramidal neurons from stressed (n = 14, 14, 13, respectively) had significantly increased 
number of AP compared to unstressed (n = 10, 10, 9, respectively) rats (*, post-hoc Bonferroni pairwise 
comparison on RT data; p < 0.05)  
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Figure 3.16 Ih in LA pyramidal neuron after SEFL. The HCN channel is activated in a voltage-
dependent manner. Cells were held at -70 mV, depolarized to -40 mV then hyperpolarized from -50 mV 
down to -140 mV (each subsequent sweep hyperpolarizing steps increased by -10 mV), depolarized back 
to -40 mV and then finally held at -70 mV till the next sweep or end of the protocol. A) Representative 
images of the LA pyramidal neuron response to the hyperpolarizing protocol for stressed (n = 6) and 
unstressed (n = 7) rats. B) There was an over-all significant interaction effect of stress X Vm on the Ih 
recorded from stressed and unstressed rats (2-way RM ANOVA on RT data; F(9,148) = 3.636, p < 0.001). 
The Ih was significantly reduced in stressed rats at -130, -120, and -110 mV compared to unstressed rats 
(*, post hoc Bonferroni pairwise comparisons on RT data; p <  0.05).  
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significant group X Vm effect recorded for the Ih of pyramidal neurons (2-way RM ANOVA on RT 

data; F(8,128) = 1.822, p < 0.001; Fig 3.16B). A post-hoc Bonferroni pairwise comparison on RT 

data shows that the Ih was significantly reduced at hyperpolarizing Vms -130 mV through -110 

mV (p < 0.05). The calculated Ih current density (Fig. 3.17) shows no significant stress induced 

reduction in Ih current density in stressed rats compared to unstressed rats after the SEFL 

procedure.  The lack of significant difference in the Ih current density between stressed and 

unstressed groups should be interpreted with caution as the power for this test was low (0.364).  

 

B. K+-inward rectifier (KIR) 

The second inward rectifying current, KIR, is a fast activating-deactivating voltage-

dependent depolarizing current that is activated at hyperpolarizing Vms that overlap in the 

activation range with Ih 
236,250. To identify whether there is a change in the KIR in LA pyramidal 

neurons after the SEFL procedure the Vm was stepped down to -150 mV (50 ms) then ramped 

up to -50 mV (0.5 mV/ms; Fig. 3.18A). It has previously been shown that this protocol will 

activate the KIR 281,289,290. In these experimental recordings it was found that this protocol 

activates both KIR and Ih in pyramidal neurons from the LA of Long-Evans rats (Fig. 3.18A). It 

can be seen in the ramp protocol I-V plot (Fig. 3.18B) that there was less mixed, KIR & Ih, current 

activated in stressed vs. unstressed rats. To isolate the Ih from the KIR activated by the ramp, 

the Ih from hyperpolarizing voltage steps of -130 mV to -80 mV was subtracted from the 

respective depolarizing current activated by the ramp protocol. The remaining current is 

theoretically going to be the KIR. There was a slight decrease in KIR activated in stressed vs. 

unstressed rats across the potential range calculated, however there were no significant stress, 

Vm, or stress X Vm interaction effects (Fig. 3.19; 2-way RM ANOVA on RT data; all p > 0.05).  
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Figure 3.17 Ih current density. The current density, Ih divided by Cm, is a measure of the amount of Ih 
active relative to the area of the cell being recording from. There was no significant difference in Ih current 
density between stressed and unstressed rats.   
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Figure 3.18 Activation of KIR and Ih. The KIR and Ih are fast and slow, respectively, inward-rectifying 
depolarizing currents that are activated at hyperpolarizing voltage potentials. Both currents are voltage 
dependent in their activation, and are active in similar voltage ranges. The ramp protocol produces a 
mixed KIR-Ih current response. A) A representative trace from the ramp protocol that hyperpolarized the 
pyramidal neuron membrane -80 mV from rest (-70 mV), after holding at the hyperpolarized potential for 
25 or 50 ms the ramp depolarized the membrane by 100 mV at 2 mV/ms. It is possible to see that, during 
the hold at the most hyperpolarized potential, a second depolarizing current is activated as it slopes down 
from Iinst toward Iss, this current is the Ih. The remaining current during the ramp is the mixed KIR-Ih current. 
B) The average current produced by the ramp for stressed and unstressed rats was plotted against the 
membrane potential.  
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Figure 3.19 KIR  in LA pyramidal neuron. In order to identify the KIR activated, in each cell, by the ramp 
protocol (See Fig. 3.31) the Ih activated at command potential (-130 to -80 mV) was subtracted from the 
mixed KIR-Ih at the same command voltages during the ramp.  
 

(KIR-Ih) – Ih = KIR 
 

The difference, KIR, is plotted here against the membrane command potential. The average KIR tended to 
be reduced in stressed rats compared to unstressed rats, however, this difference was no significantly 
different (2-way RM ANOVA on RT data; F(6,97) = 0.411, p > 0.05).  
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4. Excitatory postsynaptic currents  

The glutamatergic AMPAR are the primary mediators of fast excitatory transmission in 

the CNS 181,200,291. The Western blot analysis of BLA tissue from stressed vs. unstressed rats 

shows a significant increase in the expression of the GluA1 AMPAR subunit, that is blocked by 

metyrapone pretreatment (Fig. 3.11A). To evaluate possible changes in AMPAR-mediated 

excitatory transmission in the pyramidal neurons of the LA from stressed and unstressed rats a 

series of whole-cell voltage-clamp recordings were done to compare eEPSCs, sEPSCs, and 

mEPSCs  

 

A. Evoked EPSCs 

The EC was stimulated using a concentric bipolar stimulating electrode (Fig. 3.20A) with 

two current pulses (300 ms inter-stimulus interval) injected into the EC to elicit a pair of 

eEPSCs. The paired-pulse ratio (PPR) is a fractional comparison of the second eEPSC  divided 

by the first eEPSC. The PPR can be used to identify synaptic pre- or postsynaptic modifications, 

either paired-pulse depression (PPD) or paired-pulse facilitation (PPF) of the synaptic 

responses 112,292-294. The PPR of stressed rats (n = 3) was a significantly increased compared to 

unstressed (n = 7) rats (unpaired t-test; p = 0.098).  

 

B. Spontaneous EPSCs 

The sEPSCs are generated through either spontaneously generated APs or 

spontaneous fusion of synaptic vesicles and quantal release of glutamate into the synaptic cleft. 

These sEPSCs are recorded in the postsynaptic cell. The characteristics of the average 

sEPSCs from each cell I recorded were not significantly different between stressed (n = 3) and 

unstressed rats (n = 4) after the SEFL procedure (Table 3.2). There was a slight but significant 

left-ward shift in the cumulative probability (CP) distribution of the duration of the inter-event  
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Figure 3.20 Evoked paired-pulse ratio (PPR) recordings of EPSCs. In pyramidal neurons from the LA, 
voltage-clamp recordings were made of EPSCs evoked by stimulation of the external capsule. A) Cartoon 
of LA pyramidal neuron and the external capsule glutamatergic afferent projections from cortical nuclei to 
the LA. A bipolar stimulating electrode was placed adjacent to the external capsule to evoke EPSCs in LA 
pyramidal neurons. The 2nd pulse occurred 300 ms after the 1st pulse. B) Representative trace of the 
paired eEPSCs from unstressed rats, recorded from LA pyramidal neurons. C) Representative trace of 
the paired eEPSCs evoked in LA pyramidal neurons from stressed rats. D) A paired-pulse ratio (PPR) of 
the 2nd pulse amplitude over the 1st pulse amplitude was made to measure changes in eEPSC function. 
There was a trend of increased PPR of stressed (n = 3) compared to unstressed (n=7) rats (un-paired t-
test; †, p < 0.10).  
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 Stressed (n=3)   Unstressed (n=4) 

     

Frequency (Hz): 8.21±1.48   5.31±0.30 

     

Rise-time (ms): 2.34±0.79   1.97±0.11 

     

Decay-time (ms): 7.40±1.20   7.18±0.40 

     

Half-width (ms): 9.67±1.52   9.83±0.31 

     

Peak amplitude (pA): -14.32±2.24   -14.25±2.48 

     

Current density (pA/pF): -0.19±0.02   -0.22±0.04 

     

Area (fC):  -169.92±29.77   -170.74±28.01 

         

 

Table 3.2 sEPSCs data from LA pyramidal neurons. The parameters of sEPSCs were compiled and 
analyzed from averaged events (>200 events, in 20,000 ms). The frequency of sEPSCs was higher in 
stressed rats compared to unstressed rats. The remaining parameters were not different. Including the 
frequency, there were no significant differences between stressed and unstressed rats (unpaired t-test; p 
> 0.05).  
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Figure 3.21 Cumulative probability of sEPSC parameters: IEI and amplitude. The cumulative 
probability of the sEPSC inter-event interval (IEI) and amplitude are plotted for stressed and unstressed 
rats. A) The distribution of the IEI of stressed (n = 954) was shifted to the left, and significantly decreased 
compared to unstressed (n = 1173) rats (KS 2-sample test; p < 0.001). A decrease in IEI suggests an 
increase in event frequency. B) There was a significant right-ward shift in the cumulative probability 
distribution of sEPSC amplitude in stressed (n = 260) compared to unstressed (n = 320) rats (KS 2-
sample test; p < 0.001).  

intervals (IEIs) of stressed (n = 974) compared to unstressed (n = 1173) rats (Fig. 3.21A; KS 2-

sample test; p < 0.001). There was a significant difference in the CP distribution of the size of 
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the sEPSC amplitude, seen in the right shift of the stressed rat amplitude CP distribution (Fig. 

3.21B). This is indicative of a greater proportion of sEPSCs from stressed LA pyramidal neurons 

with larger amplitude sEPSCs compared to recordings from unstressed rats. There was also a 

significant leftward shift in the CP distribution measured for the rise- (Fig. 3.22A) and decay-

times (Fig. 3.22B), as well as the half-width (Fig. 3.23B) in stressed rats, and no difference in 

the sEPSC CP distribution of area after the SEFL procedure (Fig. 3.23A).  

It is known that different subunit compositions will confer differentiating kinetic 

characteristics to AMPARs 123,201,295. The alteration in CP distribution of sEPSC kinetics 

recorded from pyramidal neurons of stressed vs. unstressed rats suggest alterations in the 

subunit composition of the AMPAR in the LA pyramidal neurons. The increased PPR recorded 

in stressed rats (Fig. 3.21D) in conjunction with the non-significant increase in sEPSC frequency 

(Table 3.2), and the significant leftward shift in the CP distribution of IEIs of stressed rats (Fig. 

3.21A) suggest that there are a mixture of pre- and postsynaptic changes. However, to identify 

whether there are postsynaptic alterations, and verify the significant changes identified in the 

CP distribution of the sEPSC kinetics, mEPSCs were recorded and analyzed.  

 

C. Miniature EPSCs 

The voltage-gated sodium channel blocker, TTX, was applied to block all synaptic 

activity other than quantal release during recording of mEPSCs from pyramidal neurons in the 

LA. Table 3.3 lists the kinetics of the mEPSCs that were measured. The CP distribution of 

mEPSC IEI (Fig. 3.24) for stressed rats was significantly shifted to the left (KS 2-sample test; p 

< 0.001), corroborated by the non-significant increase in averaged mEPSC frequency of 

stressed vs. unstressed rats (Table 3.3), and suggests increased frequency of mEPSCs. The 

average peak amplitude of mEPSCs (Fig. 3.25B) was significantly increased in stressed (n = 2)  
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Figure 3.22 Cumulative probability of sEPSC parameters: rise-time and decay-time. The cumulative 
probability of the sEPSC rise-time and decay-time are plotted for stressed and unstressed rats. A) The 
distribution of the rise-time of stressed (n = 260) was shifted to the left, and significantly decreased 
compared to unstressed (n = 320) rats (KS 2-sample test; p < 0.001). B) The distribution of the decay-
time of stressed (n = 260) was shifted to the left, and significantly decreased compared to unstressed (n = 
320) rats (KS 2-sample test; p < 0.001).  
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Figure 3.23 Cumulative probability of sEPSC parameters: area and half-width. The cumulative 
probability of the sEPSC area and half-width are plotted for stressed and unstressed rats. A) The 
distribution of the sEPSC area of stressed (n = 260) was not significantly different from unstressed (n = 
330) rats (KS 2-sample test; p = 0.230). B) There was a significant leftward shift in the cumulative 
probability distribution of sEPSC half-width in stressed (n = 260) compared to unstressed (n = 330) rats 
(KS 2-sample test; p < 0.001). The significant leftward shift suggests a decrease in the cumulative 
probability of stressed rats with a decreased sEPSC half-width.  

Half-width (ms)
0 2 4 6 8 10 12 14 16 18

Cu
m

ul
at

ive
 P

ro
ba

bi
lity

0.0

0.2

0.4

0.6

0.8

1.0

Unstressed
Stressed

Area (fC)
0 200 400 600 800 1000 1200 1400 1600

Cu
m

ul
at

ive
 P

ro
ba

bi
lity

0.0

0.2

0.4

0.6

0.8

1.0

Unstressed
Stressed

B) 

A) 



99 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.24 Cumulative probability of mEPSC parameter: IEI. The cumulative probability of the 
mEPSC IEI is potted for stressed and unstressed rats. A) The distribution of the IEI of stressed (n = 1379) 
was shifted to the left, and significantly decreased compared to unstressed (n = 1531) rats (KS 2-sample 
test; p < 0.001). A decrease in IEI suggests a increase in event frequency.  
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Figure 3.25 mEPSC amplitude. Voltage-clamp recordings from pyramidal neurons in the LA show a 
significant increase in the mEPSC amplitude in stressed compared to unstressed rats after the SEFL 
procedure. A) The distribution of the cumulative probability of the mEPSC amplitude of stressed (n = 283) 
was significantly different from that of unstressed (n = 442) rats (KS 2-sample test; p < 0.001). B) There 
was a significant increase in the average mEPSC amplitude of stressed (n = 2) compared to unstressed 
(n = 3) rats after the SEFL procedure (unpaired t-test; *, p < 0.05). C) Representative traces of mEPSCs 
from LA pyramidal neurons recorded from  stressed (black) and unstressed (grey) rats 
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compared to unstressed (n = 3) rats (unpaired t-test; p = 0.024), and the CP distribution of the 

mEPSC amplitude (Fig. 3.25A) of stressed rats (n = 283) was significantly shifted to the right 

toward larger amplitudes compared to unstressed (n = 442) rats (KS 2-sample test; p < 0.001). 

The rise-time of the mEPSC was significantly decreased in the stressed (n = 2) compared to the 

unstressed (n = 3) rats (Fig. 3.26B), and the cumulative probability of mEPSC rise-time from 

stressed rats (n = 283) was shifted to the left to shorter rise-times compared to unstressed (n = 

442) rats (KS 2-sample test; p < 0.001). Table 3.3 shows that the average frequency and 

current density were non-significantly increased in the pyramidal neurons of stressed rats. The 

decay-time, half-width, and area of mEPSCs from stressed rats (n = 2) were decreased, but 

differences were not significant compared to unstressed rats (n = 3; Table 3.3). The cumulative 

probability for the decay-time (Fig. 3.27), half-width (Fig. 3.28A), and area (Fig. 3.28B) of 

mEPSCs from stressed (n = 283) were all significantly shifted to the left compared to unstressed 

(n = 442) rats (KS 2-sample test, p < 0.001).  
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Figure 3.26  mEPSC rise-time. Voltage-clamp recordings from pyramidal neurons in the LA show a 
significant decrease in the mEPSC rise time in stressed compared to unstressed rats after the SEFL 
procedure. A) The distribution of the cumulative probability of the mEPSC rise-time of stressed (n = 283) 
was significantly different from that of unstressed (n = 442) rats (KS 2-sample test; p < 0.001). The 
significant left-ward shift shows an increase in the probability that an AMPAR-mediated mEPSC event will 
have a decreased rise time. B) The average mEPSC rise time of stressed (n = 2) compared to unstressed 
(n = 3) rats after the SEFL procedure was significantly decreased (unpaired t-test; *, p < 0.05).  
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 Stressed (n=2)   Unstressed (n=3) 

     

Frequency (Hz):   7.84±1.80   5.32±0.32 

     

Rise Time (ms): 0.91±0.10*   1.81±0.21 

     

Decay Time (ms): 3.95±1.45   7.67±1.24 

     

Half-width (ms): 4.55±1.05   9.57±1.42 

     

Peak Amplitude (pA): -13.43±0.37*   -9.97±0.59 

     

Current Density (pA/pF): -0.35±0.12   -0.16±0.02 

     

Area (fC):  -83.96±30.00   -116.07±22.32 

         

 

Table 3.3 mEPSCs data from LA pyramidal neurons. The parameters of mEPSCs were compiled and 
analyzed from averaged events (80+ events, in 50,000+ ms) recorded after application of TTX to block all 
AP derived activity. mEPSC events occur due to spontaneous quantal vesicular release from the 
presynaptic terminal. In stressed (n = 2) rats there was a significant decrease in rise-time and a significant 
increase in peak amplitude of averaged mEPSCs compared to unstressed (n = 3) rats (unpaired t-test; *, 
p < 0.05). While not significant, the frequency and current density were increased, and the rise-time, 
decay-time, half-width, and area were decreased in stressed compared to unstressed rats.  
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Figure 3.27 mEPSC decay time. Voltage-clamp recordings from pyramidal neurons in the LA show 
decreases in the mEPSC decay-time in stressed compared to unstressed rats after the SEFL procedure. 
A) The distribution of the cumulative probability of the mEPSC decay-time of stressed (n = 283) was 
significantly different from that of unstressed (n = 442) rats (KS 2-sample test; p < 0.001). The significant 
leftward shift shows an increase in the probability that an AMPAR-mediated mEPSC event will have a 
decreased decay-time. B) There was a trend of decreased decay-time of the averaged mEPSCs from 
stressed (n = 2) compared to unstressed (n = 3) rats after the SEFL procedure (unpaired t-test; p = 
0.098). 
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Figure 3.28 Cumulative probability of mEPSC parameters: area and half-width. The cumulative 
probability of the mEPSC area and half-width are plotted for stressed and unstressed rats. A) The 
distribution of the mEPSC area of stressed (n = 283) was significantly shifted to the left compared to 
unstressed (n = 442) rats (KS 2-sample test; p < 0.001). This shows a significant increase in the 
probability that a mEPSC event from stressed rats will have a decreased area compared to a mEPSC 
event from unstressed rats. B) There was a significant leftward shift in the distribution of mEPSC half-
width in stressed (n = 283) compared to unstressed (n = 442) rats (KS 2-sample test; p < 0.001). The 
significant leftward shift suggests an increase in the cumulative probability that the half-width of a mEPSC 
from stressed rats will be decreased compared to unstressed rats.  
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CHAPTER 4: DISCUSSION  
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Section I: 2-bottle choice voluntary drinking 
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1. SEFL alters future EtOH drinking 

 The voluntary drinking data demonstrate that a single episode of un-signaled, 

inescapable foot-shock stress produces increased voluntary EtOH consumption in alcohol naïve 

Long-Evans rats. The increase in EtOH consumption is persistent even after >40 days of 

withdrawal since consumption is higher for previously stressed rats relative to unstressed 

controls upon reintroduction of EtOH (Fig. 3.2A). To our knowledge, only one previous study 

exposed EtOH naïve rats to foot-shock stress prior to voluntary EtOH drinking 296. In contrast to 

these findings, Anisman and Waller (1974) observed that rats that received foot-shock stress 

increased their consumption transiently and did not maintain high levels of EtOH consumption 

without daily foot-shock stress. However, differences in experimental parameters between the 

Anisman and Waller study and the present study may account for the differences in findings. In 

this current work, the SEFL treatment context and 2BC EtOH drinking context were made as 

different as possible. These findings demonstrate that a single stressful event can increase 

voluntary EtOH drinking even in an environment completely dissociable from the stress 

environment. Analogous dissociation of drinking and stress environments may occur in 

populations with co-morbid PTSD and AUDs. Thus, highly differentiable stress and drinking 

environments are important procedural manipulations to incorporate into animal models of 

PTSD and voluntary EtOH consumption. Furthermore, the persistent increases in consumption 

and preference for EtOH, that we show to be produced by a single traumatic event, are in 

agreement with human data that show persistent alcoholism years after experiencing a life-

altering trauma 32,39,46,72,73. 

 The large volume of data showing high rates of co-morbid AUDs and PTSD 38,46,72,297,298, 

in general show a correlation between the strength of PTSD symptoms and increased alcohol 

consumption. There are significant gender effects, such that, women with primary onset AUD 

and men with primary onset PTSD have higher rates of depression compared to their 
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counterparts 71. Also evidence exists which shows earlier age of onset for drinking alcohol, 

higher rates of comorbid substance use disorders, poorer clinical prognosis and decreased 

effectiveness of CBT for patients comorbid for AUD and PTSD, when patients first experienced 

trauma beginning in childhood as compared to trauma experiences beginning as an adult 72. 

Importantly, PTSD severity leads to greater alcohol craving, whereas the reverse is not true; 

increased alcohol craving does not necessarily lead to increased PTSD symptom severity 297. 

This clinical evidence is in agreement with the theory of self-medication, whereby patients will 

use drugs, such as alcohol, in order to treat their symptoms of PTSD 59,299.  The Simpson et al., 

(2012) findings 294 are analogous to the increased EtOH consumption of stressed rats we have 

shown here (Fig. 3.2A). Further, SEFL-induced freezing in animals that already acquired EtOH 

drinking habits (Fig. 3.4) was not different from freezing behavior in EtOH-naïve stressed rats 

(Fig. 3.1). This is important, as it show that the 2BC EtOH drinking does not of stress-naive rats 

does not alter the behavioral outcomes of the SEFL procedure for either stressed or unstressed 

rats. 

 

2. SEFL does not alter previously formed EtOH drinking habits 

  We have also demonstrated that rats previously exposed to voluntary EtOH drinking do 

not change their EtOH consumption after the stress of the SEFL procedure. This finding is 

similar to many other studies where rats are exposed to foot-shock stress after baseline EtOH 

drinking phase 300-302; however, some studies have shown increases 303-305 or decreases 306 in 

EtOH consumption during foot-shock treatment days. Another group showed that withdrawal 

from forced EtOH administration facilitated contextual foot-shock fear-learning and increased 

subsequent 2BC EtOH drinking, and both increased EtOH drinking and increased fear were 

reduced by extinction training 307. It is well-established that chronic intermittent EtOH (CIE) 

consumption results in numerous neuroadaptations in brain circuitry 79,80,308. Our data either 
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suggests that voluntary EtOH consumption and withdrawal may alter brain circuitry in a way that 

prevents SEFL from affecting established EtOH drinking habits, or 2BC EtOH drinking does not 

produce long-term neuroadaptations in brain circuitry that could alter the behavioral 

measurements of the SEFL procedure (Fig. 3.4).  

  While our experiments addressed issues of order of onset, very few clinical studies have 

addressed the order of onset of AUD and PTSD. A recent study evaluated personality traits and 

PTSD symptomatology in a group of National Guard soldiers deployed to “Operation Iraqi 

Freedom” to help differentiate between pre- and post-deployment onset AUD 38. By dividing 

soldiers into four groups: 1) never had AUD, 2) had AUD prior to Iraq deployment, but no AUD 

symptoms after return, 3) persistent AUD before and after Iraq deployment, and 4) AUD onset 

after Iraq deployment, the authors showed that the only difference between groups 3 and 4 was 

that soldiers with new onset AUD reported more severe symptoms of post-deployment PTSD 38. 

These results are consistent with literature demonstrating that PTSD symptoms are associated 

with heightened risk of increased drinking behavior and often precede substance use disorders 

30,43.  

  Our data appears to contradict studies which demonstrated selective stress-induced 

increases in voluntary EtOH consumption of rats previously made alcohol dependent using 

forced CIE treatment 89,307. It is worth noting that we tested EtOH consumption more than a 

week after SEFL whereas other studies measured EtOH consumption during stress days. It is 

also important to consider that while our voluntary EtOH drinking study may represent a model 

of habitual EtOH consumption it may not necessarily represent a model of alcohol dependence. 

The voluntary EtOH drinking paradigm we used results in blood EtOH levels of <150 mg/dl 309, 

and we did not observe significant withdrawal symptoms in these rats on the water days, 

however see 310. Forced CIE administration by gavage, or vapor inhalation 89,299 consistently 

results in blood EtOH levels of >150 mg/dl and these high levels are necessary both to produce 

observable withdrawal symptoms after individual dosing, and for the long-lasting dependence 
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on EtOH that follows CIE treatment and withdrawal 89,278,299. Therefore, established alcohol 

dependence may be a necessary condition for the detection of stress-induced alteration of 

previously acquired habits of voluntary EtOH consumption. 

 

3. SEFL effect is specific to EtOH consumption 

 SEFL-induced increases in EtOH consumption may have been due to its caloric and 

taste properties rather than its pharmacological properties. Therefore, our last experiment was 

designed to determine the effects of SEFL on consumption of a caloric- and taste-equivalent 

control for 19% EtOH. The taste of EtOH is best mimicked by a mixture of bitter and sweet 

flavors, the closest cocktail is sucrose and Quinine-HCl 285,286. SEFL did not significantly effect 

consumption of the Sucrose-Quinine solution (Fig. 3.6A). Our data are in agreement with the 

two previous reports showing that stress does not lead to increased preference for sucrose 

311,312. Thus, the increased EtOH consumption we observed in early-SEFL rats is likely due to 

the pharmacological effects of EtOH. Intriguingly, there was a trend for decreased Sucrose-

Quinine average consumption of SEFL rats, especially after the 20th 2BC presentation and 

continuing after reintroduction from the 40 day withdrawal period. This trend of reduced 

Sucrose-Quinine consumption in SEFL rats is consistent with previous reports of reduced 

sucrose preference and increased finickiness towards quinine and may be an indication of 

anhedonia 313,314.   
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Section II: Western blots 
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 Stress-enhanced freezing is blocked in the stressed rats pretreated with metyrapone 

(Fig. 1.5C). Identifying SEFL-induced molecular changes in the BLA that are blocked or reduced 

by metyrapone, will give a stronger molecule to behavior correlation to help identify the 

mechanistic changes of how the BLA responds to the SEFL procedure. In this experiment 

SEFL-induced alteration in the expression of glutamatergic and GABAergic receptor subunit 

proteins were assayed for in BLA tissue microdissected from stressed and unstressed rats that 

were pretreated with vehicle or metyrapone. The neurocircuitry of the BLA is complicated, and 

the biochemical responses to different types of stress and fear are not fully understood. The 

goal of these experiments was to identify alterations that would be robust enough to be 

identified using a common biochemical assay (Western blotting), and persistent enough to be 

identified between 2-4 weeks after the SEFL procedure.  

 

1. SEFL and metyrapone alter GABAAR subunits  

A. Subunits α1, α2, & α3  

 The GABAARs are important for the proper functioning of the BLA 125,315-317. The most 

widely expressed GABAAR subunit through the CNS, α1 225,317-319, was significantly increased 

after the SEFL procedure (Fig. 3.7A). This increase was blocked in stressed rats pretreated with 

metyrapone. The α3 subunit showed a similar pattern of increased expression in stressed rats 

that was blocked by metyrapone pre-treatment (Fig. 3.8A). Since pretreatment with metyrapone 

is able to block freezing (Fig. 1.6B) and the increase in GABAAR α1 and α3 subunit expression, 

it is likely that the increases in stressed rats after the SEFL procedure is through a CORT 

dependent mechanism. On the other hand, the increase in α2 expression in stressed animals 

was not blocked by metyrapone pretreatment, and in fact, metyrapone lead to increased α2 

compared to vehicle treated rats (Fig. 3.7B). This alludes to a possible alternative (i.e. non-
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CORT dependent) mechanism of activation and/or regulation for GABAARs containing α2 

subunits in the BLA.  

 The α1 and α2 subunits have a clear distinction in their functional roles and sub-cellular 

localization within the amygdala and hippocampus; where α1 is shown to have equal distribution 

throughout the neuropil, and α2 is concentrated adjacent to the soma at the axon initial segment 

(AIS) 223,225,317,319,320. GABAergic interneuron subtypes segregate synaptic terminals with specific 

GABAAR composition 321:  parvalbumin expressing GABAergic interneurons terminate at post-

synaptic regions with α1 containing GABAARs and cholecystokinin (CCK) expressing 

GABAergic interneurons synaptic terminals terminate in regions with α2 containing GABAARs 

179,182. It is possible that the CCK containing GABAergic interneurons act as an excitability 

regulator in the BLA interneurons specific signaling to α2 containing GABAARs at the AIS. This 

would allow CCK interneuron to α2 containing GABAARs connections to regulate the 

propagation of APs in BLA pyramidal neurons.. 

 The GABAAR subunits α1, α2, and α3 were significantly increased in stressed rats after 

the SEFL procedure. There is a body of data showing that there is decreased GABAergic 

inhibition after fear conditioning 86,133,322,323. We know that SEFL procedure leads to enhanced 

freezing in stressed rats that is blocked by pretreatment with metyrapone (Fig. 1.5C), and the 

increased expression of α1 and α3 after SEFL that is blocked by metyrapone pretreatment 

suggests that the stress-induced α1 and α3 increases by way of CORT-dependent 

mechanism(s). Based on previously published data, showing decreased BLA inhibition due to 

fear conditioning, it was my original hypothesis that the SEFL procedure would lead to 

decreased expression of GABAAR subunits in the BLA. Interestingly, the results of the Western 

blots do not agree with this hypothesis. Rather, the Western blot data are consistent with 

previously published data that is being used to describe how the rodent BLA responds to stress 

and fear learning. Such increases in GABAAR subunits could be a biological mechanism that 
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compensates for increased potentiation of excitatory circuits in the BLA 87,101 and decreased 

inhibitory transmission 86,322 after stress. In other words: in reaction to increased excitation and 

decreased inhibition the pyramidal neurons in the BLA are compensating by increasing the 

expression of certain GABAAR subunits in order to regain a degree of a homeostatic stability.  

 Our observed increases in α1, α2, and α3 GABAAR subunits are consistent with reports 

from other stress and fear models that show similar increases. A juvenile stress model, 

produced by 3-day elevated plus maze exposure and exposed to a novel stress in adulthood,  

produced increases in the expression of the α2 subunit in the amygdala shortly after stress and 

in adulthood 316. Another group show that after chronic restraint stress rats were segregated into 

a group of high and low responders, and the high responding rats that were more effected by 

the stress show a significant increase in α2 mRNA in the BLA 128. The two previous studies also 

show a non- significant increase in the α3 subunit. A different fear model induced by repeated 

inescapable foot-shock stress produced a significant increase in the α2 subunit in the amygdala 

324. Contrary to those findings, a puberty stress animal model, induced by the elevated-plus 

maze and predator scent, showed decreased expression of the α2 and α3 subunit using 

immunohistochemistry 97. It has been shown that different types of stress and fear paradigms 

produce different types of activation and alteration of the amygdala 31,82,101,119,316,325-329, and so 

going forward it will be valuable to build a clear framework of how the amygdala changes in 

response to time, molecular mechanisms, and different neural signaling (chemical and 

electrical) due to a stressor and the intensity it is experienced in.  

 

B. Subunits α4, β3, γ2, & δ 

 It is noteworthy that the average expression of α4 in stressed rats was slightly 

decreased (Fig. 3.8B), an observation that coincides with DNA micro-array data showing down 

regulation of the Gabra4 expression in the BLA of SEFL rats 4. The α4 subunit is not expressed 



116 
 

at a very high level in the BLA 223. It is also possible that the α4 subunit expression may change 

only transiently shortly after the SEFL procedure, and then quickly returns to a baseline 

expression level as this is something that has been shown to occur as a result of single dose 

EtOH treatment in rats 330. The β3 subunit appears to be slightly increased after SEFL, a 

potential alteration that is occluded by metyrapone pretreatment (Fig. 3.9A). It has been shown 

that the α2 and α3 subunits are tightly regulated with the β3 subunit, as α2 and α3 surface 

expression is decreased in β3 knock-out mice 331. Therefore, it is interesting that there are 

significant changes in α2 and α3, and a lack of significance in the SEFL-induced increase in β3 

expression (Fig. 3.9A). It would be interesting to identify whether there are changes in co-

expression of α2-β3 and/or α3-β3 in stressed rats after the SEFL procedure that could be due to 

substitution for another β subunit (e.g. β1 or β2). The pattern of increased γ2 in stressed rats 

after the SEFL procedure (Fig. 3.9B), is interesting but not significant. However, since the γ2 

subunit is abundant in the BLA  and assembles both with α1 and (separately) with α2 subunits 

225, it remains to be identified if and how γ2 expression is altered in the BLA after SEFL. The δ 

subunit was identified as having a low expression level in the BLA 318,332, it is not surprising that 

we were not able to detect changes in δ subunit expression in response to stress and/or drug 

treatments (Fig. 3.9C). It is known that α4, β3, γ2, and δ have important functional roles in 

GABAergic inhibition through the CNS 86. To verify these findings it would be helpful to increase 

the statistical power of these data by increasing the sample size, but more importantly it would 

be necessary to utilize alternate biochemical assays. For example, use of a biochemical assay 

that will identify differences in total versus intracellular pools of proteins 282,333 would be helpful 

to identify smaller more discreet changes, or use of immunohistochemistry to identify brain 

region differences in expression. 
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2. Lack of SEFL or metyrapone induced NMDAR subunits alterations 

 It is known that NMDARs are involved in physiological changes which take place after 

stress and fear 87,114,328,334, but there is mixed data on the expression of NMDARs in the process 

of those physiological changes suggesting both increases 98 and no change 126 in response to 

stress. The pattern of increased GluN1 expression in stressed rats that is occluded by 

pretreatment with metyrapone (Fig. 3.10A) is similar to the pattern seen with the GABAAR 

subunit β3 (Fig. 3.9A). It is possible through a direct or indirect biochemical relationship that the 

GABAARs containing the β3 subunit and NMDARs are altered by stress and metyrapone 

treatment in a similar way. GluN1 is the obligatory NMDAR subunit and the variation between 

the different GluN2X (X = A, B, C, & D) subunits provides the characteristic differences between 

NMDARs, depending on the subunit composition 206. Therefore, evaluating changes in the 

GluN1 subunit may identify potential total changes in NMDAR expression, but it will not 

necessarily identify changes to NMDAR function that could occur through NMDAR subunit 

composition changes via GluN2X alteration 206, or changes in NMDAR subunit phosphorylation 

state 202,335,336.  

 Previous studies have demonstrated the important role of NMDARs in potentiation of 

amygdala fear circuits 87,129. For example, the GluN2B-containing NMDARs have been shown to 

be involved in extinction learning 337,338. In our studies, there was no significant difference in the 

GluN2B subunit expression after stress or drug treatment, but GluN2B was slightly decreased in 

stressed rats for both vehicle and metyrapone treated rats compared to unstressed rats (Fig. 

3.10B). A decrease in the expression of GluN2B in the maintenance phase of fear conditioning 

87,339 is similar to the trend of decreased GluN2B expression that was shown above. Other 

studies have shown correlations between GABAAR subunits and NMDAR subunit expression. 

For example, an animal model of foot-shock stress that shows increased expression of the 

GABAAR α2 subunit in the BLA 128,324, also generated increased expression of GluN2B in the 



118 
 

amygdala 340. This is interesting, since our model produced a CORT independent increase in 

the GABAAR α2 (Fig. 3.7B), whereas only a slight decrease in GluN2B that was not altered by 

metyrapone was detected (Fig. 3.10B).  

 Due to the long-term time frame we are looking in (2-4 weeks after SEFL), and given the 

different possible functional regulations of NMDAR activity it is possible that there are significant 

changes to the activity of GluN2B (expression or functional changes) in the BLA as a result of 

stress or drug treatment (Figs. 3.10A, B), but they cannot be identified with these experimental 

parameters as most NMDAR alterations occur in a shorter time. Transient changes in NMDAR 

function lead to long-term changes in AMPAR expression 87. It is possible that the stress 

induced NMDAR-mediated alterations could be due to functional changes in the 

phosphorylation of the NMDAR subunits 202,335,336,341. The GluN2B subunit phosphorylation has 

been shown to be involved in the in vitro induction of LTD and in vivo extinction of fear 

conditioning 337, and the GluN2B-containing NMDAR selective antagonist, Ro25-6981, blocked 

the induction of LTD in LA pyramidal neurons 337. There are two observations regarding the 

GluN2B Western blot data (Fig. 3.10B): 1) it seems that any changes are not CORT dependent, 

and 2) if there is an actual reduction in GluN2B in stressed rats we would need to increase the 

sample size and power of this assay or use a different biochemical assay to identify potential 

long-term changes. While not significant, the different expression patterns seen between GluN1 

and GluN2B suggests that there might be other NMDAR subunits that are being affected by the 

stress of the SEFL procedure, such as GluN2A which has been shown to be directly involved 

with LTP in the LA 337. This identifies a potential role for GluN2A and makes it a molecular target 

of interest for future analysis. Potentiation at excitatory synapses in the BLA has been shown to 

be NMDAR-dependent 87. Therefore, it would be interesting to see how injection of specific 

inhibitors of NMDAR subunit phosphorylation into BLA prior to the SEFL procedure might be 

able to alter the SEFL-induced freezing behavior or functional characteristics of pyramidal 

neurons in the LA after SEFL.  
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3. SEFL and metyrapone alter AMPAR subunit expression  

 Throughout the CNS AMPARs are responsible for the vast majority of fast acting 

excitatory neurotransmission 200,217,287,342, and are important for fear learning in the amygdala 

87,105,122,343,344. Thus, the significant increase in GluA1 (Fig. 3.11A) in stressed rats is similar to 

what would be expected after the SEFL procedure. This also suggests that after SEFL the BLA 

in stressed rats has adjusted to generate a neuro-molecular environment that would be more 

responsive to glutamatergic signaling. As with the GABAAR subunits, α1 and α3 (Figs. 3.7A, 

3.8A), these data show that the increase in GluA1 in the BLA of stressed rats occurs in a CORT 

dependent manner, and they are congruent with other reports that GluA1 is increased in the 

BLA 105,126, hippocampus 345, and cortex 201 after stress. The increase in GluA1 could suggest an 

increase in the number of synapses within in the BLA, however, this is not likely since there was 

no significant increase in GluN1. It is possible that there is an increase in NMDAR-lacking 

synapses 87,206. To determine this would require analyzing changes in the expression of a 

postsynaptic protein such as PSD-95.  

 While different from GluA1, the lack of significant change in the expression of GluA2 

(Fig. 3.11B) after either stress or drug treatment is not entirely unexpected since we know that 

GluA2 is regulated through a different molecular mechanism than GluA1 346, and in another 

rodent stress model, where inescapable foot-shock was used to induce Pavlovian fear-learning 

(associative fear), GluA2 mRNA was not increased in the amygdala when GluA1 was 126. The 

total amount of GluA2 expression is low in the amygdala relative to the hippocampus 89, and has 

been shown to be low in synapses in the BLA 347. In another model of temperature stress, 

GluA2 expression was increased in the hippocampus, while GluA1 showed no significant 

change, both stress related behavior and the increase in GluA2 expression were blocked by 

metyrapone pre-treatment 345. Regardless of the lack of measured change in GluA2, this subunit 
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is expressed in the BLA and is important functionally 347,348. There might be stress, drug, or 

stress X drug interaction treatment effects on GluA2 surface expression or phosphorylation 

states of GluA2 in the BLA. Different biochemical assays would need to be done in order to 

determine this.  

 

4. CORT-dependent and independent subunit alterations  

 During the stress induced activation of the HPA axis, CRF secreted from the PVN drives 

secretions of ACTH from the pituitary gland and this leads to subsequent synthesis and 

secretion of CORT from the adrenal glands (Fig. 1.1). The adrenal glands drive the biochemical 

conversion of cholesterol to CORT. The drug that we used to block CORT synthesis works by 

inhibiting the function of the metabolic enzyme 11β-hydroxylase 17,137,345. We also know that the 

primary mechanism for decreasing HPA axis activity and reducing ACTH secretion from the 

pituitary is a negative feedback loop where CORT secreted from the adrenal cortex feeds back 

to the GRs in the PVN and causes down-regulation of the neuropeptide CRF (Fig. 1.1) 

8,9,11,19,21,349. Therefore, we can assume that in stressed rats pretreated with metyrapone, ACTH 

will continue to be secreted and initiate the CORT synthesis pathway, and lead to a build- up of 

CORT precursors. Some of these precursors are metabolites that feed into the biosynthesis of 

neuroactive steroids 8,11,19,350. The effect of neurosteroids on GABAARs has been well studied 

308,350,351. It has been shown that endogenous neurosteroids, progesterone (PROG), metabolites 

5α-pregnan-3α-ol-20--one (5α3α-THPROG) and 5β-pregnan-3α-ol-20-one (5β3α-THPROG), as 

well as the deoxycorticosterone (DOC) metabolite 5α-pregnan-3α,21-diol-20-one (5α3α-

THDOC), are positive allosteric modulators of GABAAR function 350. The metyrapone reduction 

of cocaine self-administration in rats has been correlated to potentiation of GABAergic inhibition 

via neuroactive steroids 352. 
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 I hypothesize that the metyrapone block of CORT synthesis not only decreases 

circulating CORT during stress, it also leads to increased circulation of neuroactive steroids. If 

this is true, then the decreased freezing as well as the decreased GluA1, GABAAR α1 and α3 

expression seen in metyrapone treated stressed rats could occur in part by the action of the 

putatively upregulated neurosteroids. This could be evaluated by first measuring the blood 

serum concentration of neuroactive steroids from both vehicle and metyrapone treated rats after 

the SEFL procedure. Then, a behavioral experiment could be done to  administer a cocktail of 

neuroactive steroids before the SEFL procedure and evaluate the changes to freezing behavior 

and biochemical alterations in the BLA produced by the cocktail of neuroactive steroids. With 

regard to the SEFL procedure, future identification of the specific mechanisms which regulate 

the expression GABAAR subunits in the BLA, the time course those changes take place in, and 

what portions of the associative and non-associative fear lead to those changes will help us to 

better understand the biochemical mechanisms of fear and stress in the rodent BLA. 

Characterizing the neurological mechanisms of associative and non-associative fear-learning 

will help to elucidate how GABAAR function may be regulated through therapeutic anxiolytic 

drugs in order to help treat patients suffering with anxiety disorders. The use of potential 

therapeutic anxiolytic drugs will be discussed below.  

 The SEFL procedure induces changes to the glutamatergic receptor subunits in the BLA. 

Stressed rats show a pattern of increases in the GluN1 and GluA2 protein expression that did 

not reach significance, as well as showing a trend for slightly decreased GluN2B protein. There 

was also a slight increase in the GABAAR subunits β3 and γ2, while there were slight decreases 

in α4 and δ. It is possible that these slight changes in glutamate and GABA receptor subunits 

are physiologically relevant, are a result of the SEFL procedure and are important to determine 

circuit specific behavioral alterations induced by the SEFL procedure. The CORT dependent 

increase in GluA1 helps to identify how the BLA is changed after the non-associative enhanced 
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fear-learning produced by the SEFL procedure. The significant increases in the GABAAR 

subunits α1, α2, and α3 are very interesting. They might provide compensation for decreased 

GABAergic inhibitory transmission after conditioning 86,87. In addition, opposite to the 

metyrapone block of the CORT dependent increases in α1 and α3, metyrapone produces a 

significant increase in the expression of α2. These are suggestive of two parallel compensatory 

mechanisms in response to stress in the BLA. Electrophysiological recordings of evoked IPSCs 

(eIPSCs) from pyramidal neurons in the LA or BLA could be done to characterize whether the 

changes in the α1, α2, and α3 subunit expressions contribute to functional changes in the BLA 

after the SEFL procedure. The eIPSCs would be evoked by stimulating feed-forward and feed-

back GABAergic inhibitory interneurons, respectively from: 1) the lateral-paracapsular region 

and 2) the BLA. In these recordings, after base-line measurements were made, an α1 preferring 

agonist, like zolpidem 353, and an α2/3 preferring agonists, like SL651498 354, would be 

individually applied to compare the potentiating effect of subunit preferring GABAAR agonists on 

eIPSCs from either feed-forward or feed-back inhibitory circuits of the BLA. 

 These data generated from biochemical assays show that the SEFL procedure leads to 

a set of robust and persistent CORT dependent and independent changes in inhibitory and 

excitatory neurotransmitter receptor subunits that are important for fear learning in the amygdala 

5,101,105,113,119,126,191,343,355. To my knowledge this is the first biochemical analysis of SEFL-induced 

changes to neurotransmitter receptor subunits in the BLA that are prevented by pretreatment 

with metyrapone. As the SEFL model is important for studying associative and non-associative 

components of fear learning, these experiments have valuable implications for translational 

studies of anxiety disorders, such as PTSD. Perhaps one of these receptors subunits can be 

targeted using pharmacotherapy to induce neuronal depotentiation in the fear circuits of the 

BLA. 
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Section III: Electrophysiological recordings of LA pyramidal 
neurons after SEFL  
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1. Membrane properties of pyramidal neurons  

There were no specific changes to the passive membrane properties of pyramidal 

neurons in the LA between stressed and unstressed rats after the SEFL procedure (Table 3.1), 

and the experimental findings from these recordings were similar to data collected from 

pyramidal neurons through the entire BLA 152,199,267,287,356. We know that throughout the LA there 

are subpopulations of pyramidal neurons with varying characteristics that lead to differences in 

AP firing patterns and sensitivity to neuronal plasticity 325,357-359. The lack of identification of 

stress induced alteration of passive membrane properties after the SEFL procedure might be 

due to the intra-amygdala pyramidal neuron variability of membrane properties. It is also 

possible that the sample size was too small, as some publications have sample sizes of n > 50 

neurons 287,357.  

The average peak amplitude of the 1st AP generated by depolarizing current injection 

was significantly decreased in stressed rats compared to unstressed rats, and the AP half-width 

was significantly longer in stressed rats compared to unstressed rats (Table 3.1; Fig 3.14). The 

2 initial purposes for recording APs were: 1) identification of the neurons as pyramidal neurons 

during blind patch clamp recordings from the basic firing property differences (Fig. 3.13) 

between pyramidal neurons and inhibitory interneurons 254,357, and 2) to characterize potential 

changes in the excitability between stressed and unstressed LA pyramidal neurons (i.e. identify 

rate of AP firing per injection of depolarizing current; Fig. 3.15). The decrease in AP amplitude 

and the increase in half-width in LA pyramidal neurons were not expected. The significant 

changes in these 2 active membrane properties of pyramidal neurons are potentially a sign of 

changes in voltage-gated ion channels that are not a focus of this work. For example it was 

shown that block of the transient type-A K+-current (IA) with 4-aminopyradine (4-AP) will induce 

AP broadening, delayed membrane repolarization, and increased AP frequency in response to 

depolarizing current injection in rat amygdala pyramidal neurons 288. These results allude to an 
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avenue of physiological changes induced by stress to voltage-gated channels that control AP 

characteristics, and will be an emphasis of future research.  

The increased BLA excitability has been shown to be the primary underlying mechanism 

of fear learning for some time 82,83,92,103,114,119,130,177,325,360,361. As such, the increase in the number 

of APs generated in stressed vs. unstressed rats, upon injection of 200-300 pA (Fig. 3.15D), 

was expected. It was previously shown that the rate of AP firing can be increased in pyramidal 

neurons of the amygdala by blocking IA with 4-AP 288 and by blocking Ih with ZD-72888 254. 

However, to my knowledge no one has shown that stress and fear conditioning lead to 

increased rate of depolarization induced AP firing in the amygdala.  

 

2. Voltage-sensitive ion channels 

A. Ih changes in LA pyramidal cells  

Throughout the CNS HCN-channels participate in different physiological functions 

depending on species, tissue, cell type, developmental state, sub-cellular localization, and 

disease state 234,241,243,248,253,261,264,362-366. The 4 HCN-channel subunit isoforms are expressed in 

the amygdala 258,260, and Ih plays an active functional role in the BLA in both pyramidal neurons 

171,254 and interneurons 365. There is a greater amount of HCN1 and HCN4 mRNA in the 

amygdala 258,260, and these 2 subunits are responsive to functional modification of cAMP 

binding, even though they are less sensitive to cAMP than the HCN2 and HCN3 subunits 

234,237,243,250.  

The role of Ih in neuronal excitability has been debated for some time. To date the sub-

cellular localization of HCN-channels in pyramidal neurons of the BLA has not been identified, 

but it is likely that, similar to pyramidal neurons in the CA1 367, they are involved in dendritic 

signal integration. Electrophysiological studies have identified strong functional similarities 

between neurons characterized in the hippocampus and neocortex and the BLA (both pyramidal 
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and GABAergic interneurons) 115,185,283,356. It has been shown that pyramidal neurons from the 

hippocampus and cortex have a polarized distribution of HCN channels with increasing 

concentration away from the soma toward the distal dendrites where they participate in dendritic 

integration 243,250,367-370. Also, we did not see a difference in the RMP between stressed and 

unstressed rats (Table 3.1), and if HCN-channels were primarily located on the soma they 

would predominately be responsible for functional changes that alter the RMP 243,250. 

If HCN-channels are predominately located in the distal dendrites, it would suggest that 

the decreased Ih (Fig. 3.16) measured in stressed rats compared to unstressed rats would lead 

to increased excitability of distal dendrites. In other words, the dendrites would be more 

responsive to incoming EPSPs, there would be greater fidelity of the summation of EPSPs as 

they are propagated toward the soma, and neurons would be able to reach AP threshold more 

consistently. It is possible that the decreased Ih current density (Fig. 3.17) is a sign of decreased 

expression of the HCN-channels in stressed rats. It is known that HCN-channels function is 

altered by activation of the MAPK signaling cascade 250, and long-term glutamatergic signaling 

can lead to down regulation of HCN1 mRNA through down-stream activation of a transcription 

factor that binds to and blocks the HCN1 gene promoter region  249,250,262. As this process occurs 

in a Ca2+-dependent manner, and we show SEFL leads to significant increases in the 

expression of the Ca2+ permeable AMPAR subunit GluA1 (Fig. 3.11A), it suggests that 

increased AMPAR-mediated EPSC-induced increases of Ca2+ in the postsynaptic terminals 

might lead to downstream down regulation of the HCN1 gene expression. Thus, the decrease in 

HCN function could be due to the increased AMPAR activation facilitating the increase in 

intracellular Ca2+ and MAPK activation 87 resulting in the reduced expression of the HCN1 gene 

250.  
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B. KIR changes in LA pyramidal neurons  

It has been shown that members of the KIR family are active in different brain regions 271, 

and mRNAs for different KIR-channel genes have been identified in the amygdala 272,366,371,372. To 

the extent of my knowledge this is the first time that inward rectifying K+-currents have been 

studied in an animal model of fear learning. While there was no significant difference in the KIR, 

there was a trend of decreased KIR in the stressed rats (Fig. 3.19). The ramp protocol that we 

used to identify the KIR was adapted from experiments were the KIR was measured in medium 

spiny neurons from the striatum 281,289,290, however in our recordings we found that this protocol 

activated both Ih and KIR (Fig. 3.18). We subtracted the Ih (Fig. 3.16) from the current generated 

by the ramp to analyze the KIR alone (Fig. 3.19), and show a trend of KIR reduction in stressed 

rats after SEFL.  

As this is the first study to examine stress-induced changes in the KIR little is known 

about the specific K+-channels function in the LA pyramidal neurons. Changes to the KIR in MSN 

neurons of the striatum show that decreased expression of the KIR-channel mRNA and 

decreased KIR lead to increased dendritic excitability and synaptic integration 289. It is possible 

that, similar to the function of the HCN-channels, the KIR-channels in the LA pyramidal neurons 

are participating in modulation of dendritic integration. However, as BLA neurons are most 

appropriately similar to cortical and hippocampal neurons 87 and neurons from the CeA having a 

greater similarity to neurons found in the striatum 115, we cannot say with confidence whether 

information from striatum MSNs translate to BLA pyramidal neurons. However, from this data, it 

seems possible that the KIR may be altered after SEFL, but only to a very small degree (Fig. 

3.19). As noted earlier glutamatergic activation can lead to down-regulation of the HCN1 subunit 

249,250. It may be that the Ih and KIR have overlapping functional roles in the regulation in LA 

pyramidal neurons, but due to differential mechanisms of regulation, HCN-channel expression is 

decreased to a greater extent than KIR-channel expression. It has also been shown that there is 

significant functional redundancy for a given KIR-gene family member, such that in KIR-gene 
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knock-out mice there is little to no phenotype due to alternate KIR-genes expressed likely acting 

to compensate and act to buffer the neuronal function 271. In order to identify how KIR is altered 

in pyramidal neurons of amygdala it will first be beneficial to: 1) increase the sample size, 2) 

characterize what KIR-channel genes are expressed in the different amygdala nuclei (LA, BA, 

CeA), 3) pharmacologically isolate the KIR by using the HCN-channel blocker, ZD-7288 365,373,374, 

4) characterize the sub-cellular localization of different KIR-channel subunits and their 

expression pattern in the pyramidal neurons of the BLA, and 5) try to identify what the functional 

role of the KIR is in different cell types (i.e. pyramidal neurons vs. GABAergic interneurons) in the 

BLA in naive, as well as stressed and unstressed rats after SEFL. After that information has 

been identified, experiments can be designed to characterize the molecular mechanism by 

which the KIR and individual genes of the KIR-family are changed by the SEFL procedure, and if 

there is therapeutic value in the modulation of the KIR or expression of any of the KIR-channel 

genes.  

 

3. SEFL-induced alterations in AMPAR-mediated EPSCs 

Due to the increased expression of the AMPAR subunit, GluA1, in BLA of stressed rats 

(Fig. 3.11A), and previously published data that shows increased glutamatergic transmission 

within the amygdala as a result of stress/fear 68,82,86,87,92,113,115,118,119,121,122,129,130,342,361,375,376 I 

wanted to know whether the SEFL procedure produced altered AMPAR-mediated EPSCs in the 

LA of stressed rats compared to unstressed rats. I decided to focus on AMPAR-mediated 

EPSCs because the predominate biochemical alterations were in the AMPAR GluA1-subunit, no 

significant change was seen in the expression of the NMDAR subunits, and because during 

initial NMDAR recordings measurements of the NMDAR-mediated EPSCs were obstructed by 

putative Ca2+ spikes at a holding potential of +40 mV. Therefore, the focus was placed on 

AMPAR-mediated EPSCs recorded at a holding potential of -70 mV in the LA. 
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A. Increased eEPSC PPR 

The PPR of eEPSCs showed a trend of increase in the LA pyramidal neurons of 

stressed rats (Fig. 3.20D). Changes in PPR in the LA can be due to pre- or postsynaptic 

modification or a combination of the two 292,323,377. Presynaptic alterations that modify transmitter 

release 378, often due to retrograde signaling from the postsynaptic terminal 174,379, are possible 

sources of presynaptic changes that would lead to altered PPR. Postsynaptic modifications that 

could alter the PPR would either be from 1) changes in the number of synaptic terminals 293 or 

2) changes in the number of receptors on the postsynaptic cell 201,380. We know that the IC-LA 

circuit is susceptible to paired-pulse facilitation (PPF) of AMPAR-mediated eEPSCs due to 

stimulation induced short-term plasticity 112, and that the same circuit has shown significant 

AMPAR-mediated paired-pulse depression (PPD) after tone foot-shock pairings 323,377. 

Stimulation of the EC does not generate any change in the PPR 326 during withdrawal from 

chronic alcohol exposure, a state which has been shown to be stressful 78,79,303,304,306. Another 

study showed that there was no change in the PPR after stress 293, however, that manuscript 

does not identify what specific neurophysiologic circuit is being studied, and the intensity of their 

stress protocol may not be enough to elicit a physiological response similar to that seen in the 

SEFL procedure. The increase in PPR in stressed rats (Fig. 3.20D) would suggest a decrease 

in presynaptic transmitter release 112,292,377,381. Another factor in evaluating the PPR results is 

looking at the inter-stimulus interval. In most studies the paired-pulse is separated by ~25-50 ms 

112,292,294,377, in my PPR eEPSC recordings the second stimulus occurred 300 ms after the first 

(Fig. 3.20). This will allow sufficient time for the presynaptic terminal to reset and prepare for 

another volley of vesicular release. Thus, in concert with the increases in BLA GluA1 levels (Fig. 

3.11A) it seems probable that the increased PPR in stressed rats is due to postsynaptic 

modifications. In order to identify possible postsynaptic modification to AMPAR-mediated 



130 
 

glutamatergic transmission we proceeded to analyze sEPSCs and mEPSCs in the LA pyramidal 

neurons. 

 

B. Altered sEPSC kinetics 

The average sEPSC frequency was increased in stressed rats, but did not reach 

statistically significant difference between sEPSCs of stressed and unstressed rats (Table 3.2). 

When I analyzed the cumulative probability (CP) of the different components of the sEPSCs for 

stressed and unstressed rats I saw some very insightful differences. There was a significant 

leftward shift in the inter-event interval (IEI) for stressed rats (Fig. 3.21A). This suggests that in 

stressed rats after the SEFL procedure, given any 2 sEPSCs, there is significantly increased 

probability that the IEI for stressed rats will be smaller than for unstressed rats. This suggests a 

significant increase in sEPSC frequency. The right shift in the amplitude-CP of stressed rats 

shows an increased probability of larger amplitude sEPSCs in stressed rats (Fig. 3.21B). This 

suggests changes in the AMPAR on the postsynaptic cell. The rise- and decay-times CP for 

stressed rats was significantly shifted to the left (Fig. 3.22), a sign that the kinetics of the 

AMPAR in stressed rats are faster. The CP changes suggesting increased speed of the AMPAR 

kinetics and the increased amplitude of sEPSCs has been shown to be caused by increased 

GluA1 subunit expression at the synapses 201, and is corroborated by the increased expression 

of the GluA1 subunit (Fig. 3.11A) that we showed in the BLA of stressed rats after the SEFL 

procedure. There was no change in the area-CP (Fig. 3.23A). This is not surprising as an 

increased amplitude-CP and decreased rise- and decay-time CP could potentially balance out 

to produce no significant change in the CP of the area of sEPSCs generated between stressed 

and unstressed rats. The stressed rat group showed a leftward shift in the CP of the sEPSC 

half-width (Fig. 3.23B), which would be expected with decreased rise- and decay-times.  
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C. Increased amplitude and altered kinetics in LA pyramidal neuron mEPSCs 

There is still a potential confound of presynaptic modifications affecting the sEPSC in the 

process of identifying postsynaptic modifications. Therefore, using the Nav-channel blocker, 

TTX, we blocked all synaptic activity except for the spontaneous fusion of individual vesicles 

that produce individual quantal release and generate the recorded mEPSCs 123,161,281,378,382. 

Under these recording conditions any changes in the kinetics of the AMPAR-mediated mEPSCs 

would imply postsynaptic receptor alterations, whereas changes in mEPSC frequency would 

imply changes in presynaptic transmitter release or a change in the number of synapses. The 

average mEPSCs from stressed rats showed a significant decrease in the rise-time, a 

significant increase in the mEPSC amplitude, and a trend of decreased decay-time (Table 3.3). 

No significant differences of the other characteristics were observed between stressed and 

unstressed rats. It is important to note that it was previously shown that an increase in peak 

amplitude and decreases in rise- and decay-time are due to increases in GluA1 containing 

AMPAR at excitatory synapses 201. These putative post SEFL changes to mEPSC 

characteristics in the LA pyramidal neurons of stressed rats were corroborated by the CP that 

was shown to be significantly different for all mEPSC characteristics. The IEI-CP of stressed 

rats was shifted to the left compared to controls (Fig. 3.24), and suggests increased frequency 

of mEPSC events. The amplitude-CP was shifted to the right (Fig. 3.25A), suggesting increased 

amplitude. The CP for rise- and decay-time were both significantly shifted to the left in stressed 

compared to unstressed rats (Figs. 3.26A, 3.27A), and show a significant increase in the 

probability of mEPSC events with faster rise- and decay-times. The CP was also shifted to the 

left for the area and half-width of the mEPSCs of stressed rats compared unstressed rats.  

To my knowledge this is the first time that the AMPAR-mediated EPSCs have been 

recorded from the LA pyramidal neurons in an animal model of non-associative fear learning. 

The majority of stress and fear learning animal models utilize associative Pavlovian fear 

learning 87,92,101,342. The few groups that have explored aspects of non-associative enhancement 
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of fear learning have focused on behavioral, pharmacological, biochemical, or extracellular 

physiological recordings 2,4,5,88,133,134,355,383,384. There is a large volume of literature that shows 

that stress and fear produce changes in the glutamatergic system throughout the CNS in 

pertinent brain regions such as cortical nuclei 68,344,385, hippocampus 122,127,384,386,387, NAc 281, 

hypothalamus 388, and the amygdala 105,112,118,161,201,287,293,323,377.  

In a combination of cortical cell cultures and in vitro brain slice recordings it was shown 

that 1) increased neuronal activity can produce increased surface and functional expression of 

GluA1-containing AMPARs 126,380, and 2) the kinetics of GluA1 containing AMPARs show 

increased amplitude, decreased rise- and decay-time 201. It is possible that these changes would 

alter synaptic function to allow postsynaptic neurons to respond more quickly and repeatedly to 

incoming EPSPs, thus providing another molecular modification that would make LA pyramidal 

neurons more responsive to excitation after SEFL. Along with the Western blot data (Fig. 3.11A) 

that shows increased expression of GluA1 in the BLA of stressed rats and the changes in 

AMPAR-mediated EPSC characteristics, my results suggest the SEFL procedure leads to 

increased functional expression of the Ca2+-permeable AMPAR subunit GluA1. An increase in 

Ca2+-permeable AMPARs could be identified by the use of the Ca2+-permeable AMPAR blocker 

IEM-1460 281. If there is increased functional expression of Ca2+-permeable AMPARs in LA 

pyramidal neurons after SEFL then application of IEM-1460 would produce a significantly larger 

block of AMPAR-mediated mEPSCs in stressed vs. unstressed rats.  

Since the identification of synaptic potentiation 195,196 it has become common knowledge 

that the primary neuronal mechanism of learning and memory is the strengthening, or 

potentiation, of synapses. LTP is now synonymous with learning and memory 31,92,129. There are 

early and late phases of LTP, different functional ways to induce LTP, and it has been shown to 

be the primary mechanism of coding aversive associations and fear learning 87,118,129,195,292,333,389.  

In the BLA LTP occurs both dependent and independent of NMDARs 92,105,119,129,344,361,390. 

Recently it has been shown that fear conditioning can induce synaptic changes that will occlude 
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the ability of HFS to produce LTP during in vitro brain slice recordings, and in vivo disruption of 

substrates that control LTP blocks the expression of conditioned fear 31,87,92. This is consistent 

with the observed increase in GluA1 and the excitability of LA neurons, and suggests that 

glutamatergic synapses are already potentiated. It is likely the pyramidal neurons are already in 

a LTP-like state so that it may not be possible to induce further potentiation. One of the down-

stream results of NMDAR-dependent LTP is a large increase in the expression of AMPARs in 

the postsynaptic density 123,197,198,390,391. It has also been shown that, in the BLA during fear 

conditioning, this usually occurs via increased expression of GluA1 containing AMPARs 31,82,119. 

However, this model is concerned with how a significant stressor is able to alter the physiology 

so that future aversive stimuli get coded with a greater "negative-hedonic" value.  

It has been shown that the expression of SEFL may be reversibly blocked using the 

AMPAR antagonist NBQX 3. Post 15-shock injection of antisense oligonucleotides that knock 

down the expression of GluA1, also blocks the expression of enhanced freezing 3. Biochemically 

and functionally this model is not different from other rodent models in that it has the same 

neural substrates to work with. This model shows robust and persistent enhanced fear learning. 

It appears as though the underlying cause of enhance fear learning are neuronal modifications: 

1) increased AMPAR-mediated excitatory transmission, 2) decreased Ih  current density (Figs. 

3.16B and 3.17) which can produce changes to membrane properties, reduced dendritic 

integration of incoming EPSPs, and subsequent changes to neuronal excitability.  

The increase of GluA1 occurs in a CORT dependent manner, but we know that CORT is 

not sufficient to induce SEFL, for unstressed rats pre-injected with CORT during 0-shocks in 

Context A did not produce enhanced freezing 3. This means that CORT is necessary but not 

sufficient to cause SEFL. There are other biochemical and functional components to fear 

learning that need to be evaluated in order to completely characterize how the rodent CNS 

responds to stress: MRs and GRs, AMPARs, NMDARs, mGluRs, NE and ARs, DA signaling, 

GABAARs, GABABRs, kinases, signaling cascades, and many more 2,4,31,95,119,194,342,392. An 
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interesting experiment to help identify the functional mechanism of SEFL induction would be to 

see if injection of GluA1 mRNA into the BLA of unstressed rats during the 0-shocks session in 

Context-A is sufficient to create an environment "primed" for enhanced-fear learning.  
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Chapter 5: Conclusion 
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Section I: General overview 
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 There is a wide spectrum of anxiety disorders, and within a given disorder there is a 

large variety of causes, offending factors, and clinical expression 40,53,60,83,393-395. With regard to 

disorders comorbid to PTSD, there is some question in the clinical arena as to the order of 

onset. Looking at the patients that have PTSD and comorbid AUD 30,32,35,45,46,59,63,297,396 it makes 

sense that having one could make a patient more susceptible to expressing the other. We know 

that both acute and chronic exposure to EtOH alters neurophysiology 65,80,165,230,278-280,282,296,397-

403, and the same is true for acute and chronic stress 6,11,35,78,132,158,311,337,345,404. The systems 

which regulate reward, appetite, stress, and homeostasis are very complicated. Separating out 

individual components that cause, or result from, a disorder will take some time. Proving cause 

and effect in a complex system can be very difficult. This SEFL animal model has helped to 

identify important components of non-associative fear learning. Through these experiments we 

have been able to identify the state of some alterations to behavior and physiology, specifically 

in the BLA which is important to fear learning 101,181,287,347,371,382, reaction to stress 

8,31,82,102,106,129,141,169,176,317,405, and necessary for the expression of SEFL behaviors  3,95.  

 The EtOH-naive stressed rats drank more EtOH than unstressed rats or stressed rats 

exposed to EtOH prior to the SEFL procedure 33. The voluntary drinking data is valuable to 

show biomimetic similarity between the SEFL model, and PTSD patients with comorbid AUDs 

30,32,35,46,59,63,297. The QS data suggest the rats drink EtOH for a pharmacological effect not just 

caloric value of the solution. Possibly, the most valuable experiment from this data set was the 

experiment where rats experienced the SEFL procedure during the 40d withdrawal from EtOH 

(Fig. 3.3A). SEFL does not alter previously acquired drinking behavior.  It will lead EtOH-naive 

stressed rats to drink more suggesting that the stress of the SEFL procedure alters how future 

stimuli are coded in the rodent limbic system, and does not change how previously learned 

drinking behavior is coded. These data are corollary to data from Rau et al. (2005), showing 

shock-stress does not alter previously acquired fear conditioning, but must come before the fear 

conditioning to produce non-associative enhancement of fear-learning 5.  
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 It is known that conditioned fear, conditioned association of a CS-US, produces 

potentiation of synapses in specific fear circuits that terminate on pyramidal neurons in the LA 

31,92,129. Unlike the laminar architecture of the hippocampus 195,384,406-409 we know that the 

architecture of the amygdala is semi-amorphous 82,86,87,115,175,181,183,184,357,410. Previous 

experiments suggest the architecture of the amygdala is based on a functional organization; a 

semi-random association of neuronal circuits that through associative potentiation creates a 

network organization based on functional input/output 31. A functional organization could explain 

how excessive activation of the amygdala, via 15 inescapable foot-shocks (1 mA, 1 s), 

surpasses some unidentified threshold that will alter the physiology of the nuclei in the BLA, and 

prime the amygdala to code the association of new stimuli at a greater synaptic or fear circuit 

weight.  

 During Pavlovian fear conditioning a specific subset of BLA circuits become active and 

subsequent coincidental activation produces NMDAR-dependent potentiation 87 of that specific 

circuit 31,129. A functional perspective of BLA cellular organization would align with the 

experimental work done in the BLA, and could correlate BLA alterations to behavior, by 

explaining that a small portion of circuits (~30%, of the total circuit capacity of the BLA) become 

potentiated in unstressed rats after SEFL. This would produce a BLA environment where a 

coded fear could be labile enough to be over-written by new associations, extinction, or "un-

learning" of the primary associative fear. In this scenario there would still be a majority (~70%) 

of circuits not potentiated. The non-associative enhancement, seen in stressed rats after SEFL, 

could occur through two simultaneous mechanisms. The first being, that early 15-shock stress 

causes excessive activation of the fear circuits in the BLA to surpass a potentiation threshold for 

a vast majority of those circuits (~80%), and therefore, a majority of BLA circuits become 

potentiated. The second, simultaneous occurrence is that BLA activity surpasses some other, 

undefined threshold, to elicit molecular alterations that make pyramidal neurons more excitable. 

It is possible that this second change is not an alteration to the potentiation of synapses, but that 
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it is an alteration that lowers the threshold of potentiation for the synapses in the BLA excitatory 

circuits that were activated by 15-shock stress in the SEFL procedure. In this system a subset of 

the circuits could be potentiated due to associative conditioning, as well as being altered in a 

non-associative manner. If these two simultaneous processes occur through separate molecular 

mechanisms, it could allow for the extinction of an associative fear 5, and still leave the 

amygdala primed in a non-associative manner to enhance future fear-learning. 

 This non-associative fear conditioning could occur through the utilization of circuits 

potentiated by a mixture of homo- and heterosynaptic LTP mechanisms. These would lead to 

increased intracellular Ca2+ in the postsynaptic neuron that will produce many changes including 

autophosphorylation of CamKII 31, increased activation of synaptic AMPARs, and subsequent 

increased expression in AMPAR subunits, like GluA1 31,181,222,333,390. It seems as though the 

determining factor that regulates the form of synaptic LTP is the intensity of the incoming signal, 

which would alter the molecular machinery which regulates the postsynaptic response to 

incoming excitatory signaling 87. The incoming coincident synaptic events from excitatory 

signaling through the IC and EC would surpass threshold by shear mass activation of the 

neuronal circuits in the amygdala leading molecular and biochemical changes within pyramidal 

neurons in the BLA to produce a hyper-excitable state of those circuits involved.  

 The increase in AP frequency, increase in GluA1 expression, and the altered mEPSC 

kinetics all coincide with increased activation of the BLA 92,112,181,185,287,361,377,381,411. The decrease 

of Ih (Fig 3.16B) in the LA pyramidal neurons would coincide with non-LTP molecular changes 

that would make these neurons more excitable and possibly lower the threshold for the 

induction of potentiation at new synapses. As the amygdala functions through a multifaceted 

biochemical system it would make sense that the fear/stress induced changes are not solely 

due to alterations in inhibitory GABA and GABAA receptors or excitatory glutamate and 

glutamate receptors but that other factors, such as intrinsic electrophysiological neuronal 

properties, will participate as well. 
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 The SEFL model leads to significant alterations in the neurotransmitter receptor subunits 

in the BLA. It is not surprising that there is an increase in the AMPAR-subunit GluA1, but it is 

surprising that after the SEFL procedure stressed rats show a significant increase in the 

GABAAR subunits α1, α2, and α3. It is known that α2 containing GABAARs confer anxiolytic 

activity, and α2/3 preferring GABAAR agonists have been identified as potential anxiolytic drugs 

354,412-417. As such, there might be increased efficacy of α2/3 preferring GABAAR agonists in 

patients with anxiety disorders like PTSD. Further studies of changes in the GABAergic circuitry 

in the BLA after the SEFL procedure will be necessary to validate this. No one has previously 

looked at alterations in accessory currents such as the Ih or KIR in the amygdala in response to 

fear conditioning (associative or non-associative). It is therefore not known whether these 

currents are altered by both associative and non-associative fear, but these data show that 

SEFL causes a significant reduction in Ih. When the stress is strong enough to yield robust, 

persistent, and redundant changes of non-associative fear it can shift the regulatory balance of 

the amygdala, which normally provides a healthy reaction to fear 82,86,129,130. These data identify 

some of the molecular changes and the functional results of that shift toward a potentiated state 

where non-harmful stressors yield an unhealthy exaggerated response.  
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 As NMDAR and AMPAR activity has been identified as a common source of mechanistic 

change responsible for LTP and LTD in different circuits and disease states throughout the CNS 

123,198,200,201,221,291,327,333,341,348,384,389,390,418-423, it will be important to further characterize the 

molecular and functional changes to glutamatergic transmission resulting from SEFL. Due to the 

pervasive and utilitarian role the glutamatergic ligand gated ion channels play in the CNS their 

agonists as well as their antagonists make poor targets for pharmaceutical therapies 217. The 

mGluR agonists and antagonists, on the other hand, have been identified as potential 

therapeutic targets for autism spectrum disorders, SUDs, schizophrenia, and most importantly 

anxiety disorders 203,204,211,217. The theory is that presynaptically located mGluRs regulate 

glutamate release, and postsynaptic mGluRs affect AMPAR and NMDAR function and surface 

expression, as well as altering signaling cascades that regulate several streams of cellular 

activity and functions 203-205,211,213. Brain slice recordings show that application of group-II mGluR 

agonists produce LTD 116,208,212,381,411,424. It is therefore theoretically possible that use of mGluR 

agonists will have a high probability of clinical efficacy 216. It would be necessary to do 

behavioral experiments to characterize whether mGluR agonists can depotentiate the synaptic 

circuits in the BLA that have putatively caused the BLA to become "primed" to become more 

excitable. This experiment would utilize a cohort of stressed and unstressed rats conditioned on 

the SEFL procedure. In this experiment intra-cannula injection of the mGluR agonist into the 

BLA would be made either after 15/0-shock(s) in Context A (Fig. 1.2) or after 1-shock in Context 

B. This would identify whether an mGluR agonist is able to cause depotentiation of the BLA and 

reduce the enhancement of fear learning. If an mGluR agonist shows efficacy in reducing the 

enhanced freezing in stressed rats after the SEFL procedure then this model will have identified 

a potential therapeutic mechanism for short-term treatment of anxiety disorder, such as PTSD, 

that will likely have long-term results. This type of anxiety disorders treatment may be used to 

treat the underlying neurological alterations, help patients to regain some level of baseline 
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neural activity, and possibly be used in concert with CBT to bolster the clinical efficacy of 

behavioral treatments.  

Glutamate-mediated excitation in the BLA, may be the central mechanism that is 

responsible for the changes in fear learning as seen by these findings and other previously 

published data concerning the amygdala, however other neuronal factors such as GABAergic 

inhibition are of utmost importance in the BLA 86,94,110,126 and other brain regions pertinent to fear 

learning 82,83,94,378,380,384.  

 Other potential targets for pharmaceutical therapy are GABAARs.  Benzodiazepines 

(BZs) are common pharmaceutical agents that act via positive allosteric modulation of GABAAR 

inhibitory transmission 12,225.  The use of BZs is problematic long term as these drugs confer a 

degree of tolerance and all BZs produce dependence 12.  Many BZs have been used in clinical 

trials and not shown to be effective in reducing PTSD symptoms, and many patients treated with 

BZs had no clinical improvement in symptoms 425. The α2 containing GABAARs have been a 

target of pharmacological research due to the anxiolytic role that the α2 subunit plays in 

GABAergic function 317. The recent finding of non-BZ α2/3 preferring GABAAR agonists 

117,354,412,414,415 with little to no sedative/hypnotic activity and potent anxiolytic properties shows a 

degree of hope for utilizing GABAARs as pharmaceutical targets for treating anxiety disorders 

like PTSD.  

The identification of changes to Ih after the SEFL procedure provides another potential 

source for pharmaceutical therapy of anxiety disorders. The Ih has been identified as a possible 

effector of epileptic seizures, and the HCN-channel provides a possible target for 

pharmaceutical therapy 245,255,366,426-429. One example of this is the anti-epileptic drug lamotrigine 

395,430-433. Lamotrigine has been used to combat epileptic seizures by potentiating the Ih, 

decreasing the excitability of pyramidal neurons, and importantly it can be administered orally 

429. Decreasing the excitability of BLA pharmacologically by potentiating the Ih, may help 
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rehabilitate people afflicted with anxiety disorders like PTSD. Interestingly, the anticonvulsant 

lamotrigine has been used in pilot studies to treat PTSD symptoms 425. It would be interesting to 

see how, pre- and post-SEFL treatment with lamotrigine would alter the freezing behavior after 

SEFL. The results from such experiments could help to pioneer and cultivate translational 

research to provide treatments for severe anxiety disorders by targeting the HCN channels.  

Our understanding of how to use the world around us for our benefit has grown along-

side the advances in medical science and technology. That includes the experimentation and 

use of drugs to treat our ailments. It is my belief that the world is a better place because of these 

advances. However, I believe that these drugs should be used as a tool to assist in the 

treatment of ailments. Many different drugs are being used to treat anxiety disorders: serotonin 

re-uptake inhibitors, tricyclic antidepressants, and other drugs 12,425. However, many of these 

drugs can produce some very detrimental side effects, and not be effective in producing long-

term changes 425. In addition, perniciously persistent anxiety disorders, like PTSD, often show a 

high degree of resistance to either pharmacotherapy or CBT 30,34,47,63,425.  It is possible that 

utilizing drug cocktails, can through a concert of pharmacological actions, create a CNS 

neuronal environment where CBT can be more effective in long-term treatments 429.  That would 

produce a potentially robust and long lasting treatment paradigm for major anxiety disorders that 

is effective while minimizing the risk of major side effects.  
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Section III: Final Remarks 
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 One of the most beautiful human characteristics is an altruistic drive to engage in 

endeavors that aid humanity as a whole. This drive can result in powerful actions and activities 

that make the world a better place. Scientific research can be an outlet for this altruistic drive. 

The goal of this thesis was to characterize behavioral, biochemical and functional components 

of this animal model of stress-enhanced fear learning 2,5,95,134,376. At times it can be difficult to 

balance scientific endeavors at the bench, in a practical research lab, with a long-term view of 

how knowledge derived from a set of scientific experiments can make the world a better place. 

The sharing of our knowledge creates a network, a safety net that we can use to protect the 

citizens of this world from falling into the crags of distress, sickness, and disease. It is my hope 

that this work adds a branch of knowledge to that safety net, and thus makes the world a better 

place.  
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