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ABSTRACT OF THE DISSERTATION

The Mechanisms of Fear Sensitization Caused byeAttdaumatic Stress: from Induction to

Expression to Long-Lasting Reversal

By
Jennifer Nicole Perusini
Doctor of Philosophy in Psychology
University of California, Los Angeles, 2014

Professor Michael S. Fanselow, Committee Chair

Fear is an adaptive response that is normally ptimmal to the level of imposed threat,
which allows for a balance between defensive bemand other behaviors necessary for
survival. However, fear becomes maladaptive wherlgtel is inappropriate to the level of
imposed threat. Exposure to a severe stressaltarfuture fear learning to become
disproportionate to the actual level of threatepdially leading to generalized fear to less
threatening circumstanc@au, DeCola, and Fanselow, 2005). Inappropriaeriegulation

after severe stress is a hallmark of post-traunsatéss disorder (PTSD). The primary goal of the



experiments in this dissertation is to investightebiological mechanisms that underlie both
induction and expression of stress-enhanced faaniteg (SEFL), a model developed and tested
in rats to demonstrate that an acute footshockstraenonassociatively and permanently
enhances conditional fear learning.

In the SEFL procedure, rats are given 15 unsignaetshocks in a certain context, and
some time later, are given a single footshockmowel context. When rats are tested for changes
in freezing levels in the novel context in abseotca shock, they show exaggerated levels of
freezing behavior, which is called SEFL. Many featuof SEFL are similar to the symptoms of
PTSD. Experiments in Chapter 1 of this dissertasioow that corticosterone (CORT) is
necessary to induce SEFL. This effect is demorestrasing intraperitoneal injections of
metyrapone, a CORT synthesis blocker. Metyrapof@®&gbut not after the 15 shocks dose-
dependently attenuated SEFL and plasma CORT leueisg the 15-shock stressor. Moreover,
it is shown that the basolateral amygdala (BLA) niesfunctional during, but not after the 15-
shock stressor. A glucocorticoid receptor (GRpagaonhist infused into the BLA also attenuated
SEFL; so, CORT acting on GRs in the BLA is necgssainduce SEFL.

Further work in Chapter 2 explored the mechanisnuedying expression of SEFL.
CORT drove long-term alpha-amino-3-hydroxy-5-medoxazole-4-propionic acid receptor
(AMPAR) subunit glutamate receptor 1 (GluAl), exgzien in the BLA, but not GIUA2, or the
glutamate N-methyl-D aspartate receptor (NMDAR)wBubGIluN1. Infusing an AMPAR
antagonist into the BLA after the severe stressmporarily prevented sensitized fear
expression. Experiments in Chapter 3 targeted GEwithesis in the BLA using antisense
oligonucleotide (ASO) treatments post-stress, wkiatprisingly reversed SEFL long-term. The

most interesting finding in this set of experimewtss that reversal of SEFL by ASO treatment



did not prevent fear learning or amygdala functior, did it affect associative fear to the
stressor context. Moreover, in Chapter 3 we exathihe functional importance of increased
GluAl in the BLA after SEFL. This was accomplisheith post-stressor intra-BLA infusions of
a GluA2-lacking AMPAR blocker, IEM-1460, which reckd SEFL.

In conclusion, these results elucidate novel neotodical mechanisms underlying
sensitized behavioral responses observed usingER& model in rats, with potential relevance
to PTSD treatments in humans. Specifically, théective findings show that that CORT acts on
GRs in the BLA during the stressor to upregulagee@tuAl subunit of the AMPAR long-term,
which elucidates novel mechanisms for the inducéind the expression of SEFL. Furthermore,
the finding that a single ASO treatment directethatAMPARSs within the BLA restored normal
fear responding is especially relevant for develgpiovel and potentially more effective

treatments for PTSD. Clinical implications are dissed throughout the present work.
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INTRODUCTION

Predation is the most urgent threat to an aninsalfgival and future reproductive
success. Because of this, strong behavioral sydtaresemerged to help animals defend
themselves against predators. An animal’'s respunfgeat is a species-specific defense
reaction, such as fight, flight, or freezing (Bslld970). Fear is a mechanism that promotes an
animal to engage in the defensive behavior moshyfito ensure its survival (Fanselow, 1994;
Fanselow and Lester, 1988). However, fear beconadadaptive when the level is inappropriate
to the intensity of imposed threat, and an imbatamacurs between defensive behaviors and
other behaviors necessary for survival. Followinge&perience with a severe stressor, future
fear learning becomes disproportionate to the attweat and may generalize to other potential
threat§Rau, DeCola, and Fanselow, 2005). This suggeatssttess produces long-term changes
in fear-learning circuitry. The primary goal of stdissertation is to investigate the biological
mechanisms that underlie both the initiation angression of stress-enhanced fear learning
(SEFL), mechanisms that are poorly understood. tiherayoal of this dissertation work is to
elucidate mechanisms that can produce an endwiggsal of the exaggerated fear responding
by targeting specific aspects of the neural sutestrnat are involved in SEFL.

Post-traumatic stress disor der

When a fear response is disproportionate to therggwf a threat, it can interfere with
behaviors serving other adaptive functions, andchtieg consequences can result (Fanselow and
Lester, 1988). Inappropriate fear responses in lngran result in the development of anxiety

disorders (Rosen and Schulkin, 1988), including{@simatic stress disorder (PTSD). PTSD
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develops in some individuals who experience a tetimevent and affects 4-7% of the United
States population. Symptoms include avoiding stimssociated with the traumatic event,
constant re-experiencing of the event, and incoeaseusal, exhibited by exaggerated startle
response (American Psychiatric Association, 20W8fer normal circumstances, these
symptoms are adaptive for coping with the trauman(i, et al., 2004; Charney, 2004;
Christopher, 2004; Eberly, Harkness, and Engd&811 For instance, avoiding stimuli
associated with the traumatic event lessens theapility of encountering the threat or others
like it. Re-experiencing the trauma may help anviddial learn from the event and develop
more effective ways in responding to the evenhdaintered again. Lastly, hypervigilance may
help increase awareness of surroundings and daitattial threats.

However, patients with PTSD lose normal daily fumaing because these responses
become dysfunctional and exaggerated. As a restétxperiencing the event can lead to sleep
disturbances, avoiding trauma-related cues cantteadtifled life, and hypervigilance can lead
to exhaustion (Eberly, Harkness, and Engdahl, 1994¢ feature of PTSD is an exaggerated
reaction to a mild stressor or reminder of thertrapa response more suitable for the original
traumatic event that is too intense for the curreatmal conditions (Bremner, et al., 1995;
Dykman, et al., 1997; Friedman, 1994). Additionayf SD is co-morbid with phobias and
depression, and other reports have also showrPTab leads to a predisposition to drug and
alcohol abuse (Goisman, et al., 1998; van Daml, ,2@l3; Dutton, et al., 2013; Stander,
Thomsen, and Highfill-McRoy, 2014). Therefore, PTIgoses itself as a serious mental iliness,
and there is a need for developing novel and eWfetteatments for this disorder.

Pavlovian Fear Conditioning



Pavlovian fear conditioning has been used to msglaptoms oexaggerated fear
learning and responding in rodents (Rau, DeCold,Famselow, 2005) and in people WRRSD
(Orr, et al., 2000; Peri, et al., 2000). When apeifeels threatened, environmental stimuli may
become aversely conditioned, and hyperactiatyard the perceived threat can develop.
Therefore, it is likely thaprocesses related to both associative and nonasisedear learning
may underlie anxiety disordetése PTSD (Charney, et al., 1993). There is algpeat
understanding of the neum@lcuitry of Pavlovian fear conditioning, makingatuseful tool for
deriving the neuramnechanisms of behavioral symptoms.

In a typical Pavlovian fear conditioning experimeant aversive stimulus, such as
footshock (the unconditional stimulus or US), is\aded to the animal, and is usually paired
with a conditional stimulus (CS), which may be goatext in which the animal is shocked or a
discrete cue such as a tone. Pairing the CS andilU&sult in the CS becoming associated with
a conditional response (CR). During testing theermdubsequently freezes when played the
tone CS or is placed back in the training contestezing is defined as the absence of movement
except that necessary for respiration (Fanselo®0;19994). The rodent exhibits freezing
behavior because when under threat an animal's/toelkrepertoire narrows to include only
behaviors that serve a critical survival functiong of which is freezing to avoid detection by
predators. These behaviors are referred to asespspecific defense reactions (Bolles, 1970). In
addition to freezing, other CRs may develop; fedivates autonomic systems to produce
changes in heart rate and blood pressure (Fendtamsklow, 1999), the stress response system
is prompted to release stress hormones (Corderon®dend Sandi, 1998; Cordero, et al.,
2002), and endogenous opioids are secreted videbmending analgesic system (Fanselow,

1984).



The freezing response is a reliable measure ofidebffear and the amount of freezing is
tightly controlled by the intensity and number bbsk USs (Fanselow and Bolles, 1979a); fear
responding should be proportional to the levehefthreat; that is, as the number and intensity
of shocks increases, so does the level of freeHowever, exposure to a traumatic event can
produce disproportionate fear responding no loageropriate for the level of threat. For
example, rats receiving one brief mild shock shosuad 25% freezing (Fanselow and Bolles,
1979a). However, when animals are first given aeseaf 15 footshocks in a different context
prior to the single shock, they show 80-90% fregzothe single shock, more than three times
what previously unstressed animals exhibit (Fang@lod Bolles, 1979b; Fanselow, DeCola, and
Young, 1993). The single shock now elicits a dipprtionate level of freezing, a level more
appropriate to the original stress, the 15 footkboc

A similar enhancement of fear responding is obskwvigh prior exposure to other types
of stressors, such as restraint stress (Cordead.,, @003). In this experiment, rats were given a
two-hour session of restraint stress by placenreatdgonfined space. Two days later, all rats
underwent a fear conditioning procedure in whiakytheceived three context-shock pairings. In
a context test the next day, restrained animala/sti@an increased percentage of freezing
compared to non-restrained controls. Moreovernistlzer study, rats were exposed to
inescapable tail shock and subsequently fear donéd with a brief periorbital shock US and a
white noise CS. Stressed rats exhibited signifigantre conditioned eyeblink responses
compared to unstressed controls (Shors, WeissThoohpson, 1992). These situations of
inappropriate regulation of fear responding mayhalogous to a common experience of PTSD

patients in which a previous encounter with a traticrstressor causes an exaggerated response



to future non-threatening stimuli (Bremner, et 8095; Dykman, Ackerman, and Newton,
1997).
Stress Response

Exposure to stress appears to sensitize the baalbgystem involved in generating fear
responses; therefore, it is likely that biologiossdiators of enhanced fear responses are stress
hormones (Carrasco and Van de Kar, 2003; Johnsah, €992). Stress initiates both the
sympathetic nervous system and the activationehturoendocrine stress cascade, also called
the hypothalamic-pituitary-adrenal (HPA) axis. dutivation of these systems causes the body
to undergo a set of responses that facilitate ngalth a challenge and restore homeostasis after
the threat has passed. These responses includézimgbénergy and other resources to sustain
the brain, heart, and muscles (i.e., increaseddypwessure and heart rate), preparing the immune
system, enhancing cognitive functioning, and intimigi other behaviors that are unnecessary for
survival (Christopher, 2004; Johnson, et al., 1%#holsky, 2000).

Activation of the HPA axis is coordinated by theirapeptide corticotropin-releasing
hormone (CRH) released from the paraventriculateuscof the hypothalamus (PVN), which is
densely populated with CRH neurons and receptansoff, 1986; Owens and Nemeroff, 1991;
Chalmers, Lovenberg, and De Souza, 1995; Swansah, 983). CRH neurons in the
amygdala help to modulate activation of the HPAsaXhe amygdala is a key extra-
hypothalamic processor and integrator of inforntaabout environmental threats, and inputs
from the amygdala to the PVN facilitate HPA axis\ation after a threat has been detected
(Fanselow and Gale, 2003; Fanselow and LeDoux,;1988n, 2003; Herman, et al., 2003).
Stress-induced activation of CRH in the PVN caukegelease of aderenocorticotropic hormone

(ACTH) from the anterior pituitary gland. ACTH thémavels through the bloodstream and



initiates glucocorticoid release from the adrematex(Antoni, 1986; Owens and Nemeroff,
1991; Vale et al., 1981). Glucocorticoids (i.e.rtmml in humans, corticosterone in rodents;
CORT) aid in energy mobilization and help to restbomeostasis via negative feedback
mechanisms after a threat has passed (Munck, GarydetHolbrook, 1984; Sapolsky, Romero,
and Munck, 2000). Because glucocorticoids are lyiap they can enter the brain and bind to
receptors or cross neuronal cell membranes (Detkdoal., 1998; McEwen and Weiss, 1970).
They bind to either mineralocorticoid or glucocooid receptors (MR or GR), which can
translocate into the nucleus and alter gene trgotsur; some of these mechanisms help exert
negative feedback control over the stress respisEwen and Weiss, 1970; Reichardt and
Schutz, 1998)

Mimicking HPA axis activation with CORT injectioral shown to have consistent
results with studies in which animals were expdsestress before fear conditioning. Both
chronic and acute administration of CORT enhaneasdonditioning in rats (Thompson, et al.,
2004, Cordero, et al., 2003). Animals that wereegi€CORT injections for five days before fear
conditioning and animals given just a single inciof CORT after fear conditioning both
showed increased conditional fear during a corttstt as opposed to vehicle-treated animals.
Together, these animal studies suggest a roldriessshormones in mediating stress-induced
enhancement of behavioral responding.

Altered HPA axis responsiveness may contributééosensitized responses PTSD
patients experience to innocuous events that aceiped as threatening; that is, PTSD
symptoms may develop by a sensitization processgving the HPA axis that causes less
intense stressors to be perceived as strongetltbegrare (Rasmusson and Charney, 1997,

Yehuda, 1997). The initial traumatic event actigatee stress response, but upon receiving



reminders of the trauma or mild but similar stressthe stress response reactivates. Repeated
activation modifies the HPA axis negative feedbsygstem and makes the stress response
become more easily triggered. Sensitization resuléslowered activation threshold for
subsequent stimuli, facilitating higher respondimgneutral stimuli now perceived as threatening
(Hagemen, Andersen, and Jorgensen, 2001; Rosefdudkin, 1998). This type of repeated
activation is similar to the electrophysiologiclgmomenon of kindling, a process in which
repeated subthreshold electrical stimulation eadhtleads to a full-blown seizure (Goddard,
Mclintyre, and Leech, 1969). Moreover, re-experiega@aspects of the traumatic event sensitize
fear systems leading to the exaggerated reactoobserved in PTSD patients (Hagemen,
Andersen, and Jorgensen, 2001; Post, et al., 198i® may occur via sensitization of nuclei in
the fear circuit (discussed in the next sectionatiyndling mechanism, mediated by stress
hormones (Rosen and Schulkin, 1998). Animal stuslhesv that kindling in regions such as the
amygdala can have anxiogenic effects in behaviests like the elevated plus maze and open
field (Helfer, et al., 1996; Nieminen, et al., 19@2d can increase fear potentiated startle
(Rosen, et al., 1996). Sensitized activity in feacuitry due to repeated activation of the stress
response may contribute to dysregulation of the laRi& and perhaps to PTSD
symptomatology.
Neural systemsinvolved in fear learning

The neural systems mediating associative fearilegare well-known, which further
validates using such a procedure to model feaoresgs and related symptoms in PTSD (Fendt
and Fanselow, 1999). During learning, sensory implating to both the CS and US converge on
the basolateral amygdala (BLA) complex, a subregiathe amygdala, where a CS-US

association is encoded via long-term potentiatidiP) at BLA synapses (Rogan, et al., 1997;



Kim and Jung, 2006). This plasticity is dependgrdruexcitatory N-methyl-D aspartate
receptors (NMDAR; Fanselow and Kim, 1994) and islolated through inhibitory GABAergic
neurons (Ehrlich, et al., 2009; Makkar, et al., @01nder normal conditions, the BLA,
consisting of lateral (LA) and basal (BL) nuclai,aritical for fear learning (Maren, 1998; Gale,
et al., 2004; McDannald and Galarce, 2011). Spadly, the BLA is necessary for encoding the
memory of the US as either pleasant or aversiveiedisas storing it long-term (Fanselow and
Gale, 2003; Gale, et al., 2004). Indeed, functionagnetic resonance imaging studies show
enhanced amygdala activity in PTSD patients dueimgpding and exposure to negative stimuli
(Brohawn, et al., 2010; Rauch, et al., 2000; SRiewich, and Pitman, 2006).

Although the BLA is a very important node in tharfeonditioning circuitry, there are
different types of fear learning and memory, reiggimulti-modal sensory input and processing.
Therefore, fear conditioning is actually achievgdaltivating neural networks. Sensory input
from an auditory CS is projected through the megéaliculate nucleus of the thalamus, or
through a thalamocortical relay to the LA (Romareskdl LeDoux, 1992). A flashing light CS is
conveyed to the BLA through a lateral geniculatdical pathway (Merigan and Maunsell,
1990; Callaway, 2005). Spatial representation otextual information is formed by the
hippocampus, which projects to the BL; informatadbout the footshock US is relayed to the LA
via the spinothalamic tract (Maren and Fanselo®bs1%endt and Fanselow, 1999).

The BLA projects to CeA both directly and indirggtlia a link through the BL and
intercalated cell masses that lie between thesedgions (Pitkanen, et al., 1997; Pare et al.,
2004). Specifically, BLA neurons project to theelatl subdivision of the CeA (CeL), which

sends GABAergic projections to the medial subdonsof the CeA (CeM; Haubensak, et al.,



2010). The fear response (i.e., freezing) is cdietidy projections from CeM to the
periaqueductal grey (PAG; Fanselow, 1991). Bedide<eA, the BLA projects to the bed
nucleus of the stria terminalis, which in turn gaip to the PAG for fear responding (Walker, et
al., 2003; Waddell, et al., 2006; Poulos, et &11®. Other important regions in the fear learning
and memory network involve cortical regions suslihe prefrontal cortex (Milad and Quirk,
2002; Santini et al., 2004). Descending projectiointde medial prefrontal cortex modulate the
behavioral outputs of this circuit— the prelimbRL{) cortex projects to the BLA to enhance fear
responding, while the infralimbic cortex (IL) indutly projects to the CeM via intercalated cells
to promote extinction of fear (Quirk, et al., 2003)loreover, PL and IL receive amygdala
projections originating mainly from the BL. IL afl have opposing roles in expression of fear
following extinction learning (Senn, et al., 2014ich suggests that these reciprocal
connections influence the outcome of fear and etitin learning. Moreover, inputs from the
ventral hippocampus onto the BA, either directlyralirectly through PL, mediate contextual
control of fear and fear renewal after extinctirgini, et al., 2011).
Biochemical Substrates and of Fear L earning and their Associated Changes

Within the amygdala, glutamatergic modificationektitatory neurotransmission,
including glutamate receptor-regulated synaptistotay, have been implicated in fear
conditioning. Glutamate NMDAR and alpha-amino-3-oyd/-5-methylisoxazole-4-propionic
acid receptors (AMPAR) within the amygdala partatgin different components of fear
learning, including acquisition, expression, antiretion (Kim and Fanselow, 1994; Walker and
Davis, 2002; Jasnow, Cooper, and Huhman, 2004, Kiral., 1993). In particular, it has been
shown that blockade of NMDAR in the BLA preventexdjaisition of fear learning (Kim and

Fanselow 1994). Moreover, intra-BLA infusions of &MPAR antagonist blocked expression of



fear (Kim, et al., 1993). It has also been shovat #itered activity patterns due to stress can
change the distribution of AMPAR in the BLA, inceiag the density of AMPAR on dendritic
spines (Hubert, et al. 2013).

The neural structures, pathways, and systems disdus this simplified overview are
highly integrated. This is a requirement of ther f@anditioning system that is advantageous to
survival; the system is able to rapidly discern andode relevant associative relationships over
a multitude of environmental stimuli that couldrsaja major threat. Furthermore, an important
survival system could not afford to rely upon anocus of function in case of damage; there
would need to be alternate and compensatory stegand pathways to continue operating. One
implication of this complexity is that the tempocaintiguity of the occurrence of the CS and US
is not enough to establish a predictive relatignlgtween a CS and US (Kamin, 1968). Instead,
associative learning within a complex environmerdynamic so that CS-US associations are
strengthened for selected stimuli, producing coitipatbetween flexible neural circuits for CS
associations with the US (Fanselow, 2010).

Stress-enhanced Fear L earning model

We have developed a model using fear conditionneggxiures to examine how exposure
to a traumatic stressor can affect future respapfRau, DeCola, and Fanselow, 2005). In the
stress-enhanced fear learning (SEFL) procedurmasiare given a series of 15 randomized,
unsignaled shocks in a distinct context. Animaéstaen given a single context- shock pairing in
a novel context, with different grid floor, lighinand scent from the stressor context. Animals
exposed to the 15 shocks show an enhanced feamsso the single shock in the second
context compared with animals that did not recéineel5 shocks. Prior to the single shock,

previously stressed rats show no generalized ingdwpi the second context, arguing against an
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account of associative generalization. Rathereffext of the 15-shock stressor appears to be
nonassociative, as it occurs in a novel situatimh@nly after the animal receives a milder
version of the previous trauma. Sensitizationnm®®aassociative process in which there is
increased reactivity to a potent stimulus afteeegpd exposure to that stimulus, producing a
lowered activation for subsequent stimulation (&woand Thompson, 1970; Rosen and
Schulkin, 1998). We believe this effect is similathat experienced by PTSD patients in which
exposure to a traumatic event causes sensitizetiaes to less intense but similar stressors
(Bremner, et al., 1995; Dykman, Ackerman, and Newi®97).

There are several important features of SEFL inptigahat it is a very long-lasting
nonassociative enhancement of fear learrfingtly, SEFL is indeed an enduring phenomenon.
We have separated the 15 shock treatment fromrigeeshock treatment by as long as 90 days
with no diminution in the enhancement of conditrap{Rau and Fanselow, 2009). The presence
of symptoms at least 30 days after trauma is reduor a diagnosis of PTSD; hence, the
longevity of SEFL is an important factor. Secon@¥£FL is not mediated by generalization
between the two contexts. Imposing extinction efstressor context before conditioning, while
effective in eliminating fear of the stressor, haampact on the enhancement of new
conditioning. This may correspond to the reducéelcéizeness of extinction in treating PTSD
(i.e., Peri, et al., 2000). Additionally, blockimgntextual fear learning to the stressor context by
delivering an amnestic agent to the hippocampumguine 15 shocks does not alter the
enhancement. This may correspond to observati®T8D in patients that have amnesia for the
traumatic episode (i.e., Krikorian, et al., 1998)rthermore, while we have most often looked at
the enhancement in new context fear learning,@hedénhancement is also found in auditory

conditioning (Rau, DeCola, and Fanselow, 2005nc&there is no auditory cue during the 15
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shocks, there is no basis for generalization toi@nice tone fear learning. Lastly, SEFL reflects
a change in fear learning: the order of the 15 lshand 1 shock matters. SEFL occurs only
when the single shock conditioning is given aftet before, the stressor. If SEFL were due to
summation of fear expression, (or, for that matieneralization between contexts) order should
not matter. If SEFL alters the fear learning dircthe stressor would necessarily have to come
before the 1-shock conditioning, and that is whaihserved.

SEFL is extremely robust. Collapsing over many expents we have trained well over
500 rats with just a single shock in the condithgncontext that have either received or did not
receive the prior 15-shock treatment. Over 90%nefrats receiving the 15-shock treatment
freeze more than 2 standard deviations above tlaa wiethe rats without prior stress. One
could point to this robustness as a deviation fRIRSD, where it is estimated that 10-25% of
people who experience trauma go on to develop PTi@vever, in unpublished data, we did
find that if we reduce the number of pre-shocksnaller percentage of rats meet the 2 standard
deviation criterion. If we reduce the pre-shodatment to 3 or 4 we find only 20% of the rats
develop SEFL by this criteria—which is more in Iwé&h what is observed in human trauma
cases. However, we use the 15-shock stressor $daimply makes experiments more
tractable and efficient when we use parameterscdizge more robust conversion to SEFL.
Animal Model Trandation to PTSD

The SEFL model captures multiple aspects of PTi&iyding exaggerated fear as seen
through freezing, and blunted emotional reactivaty measured through reactivity to the shock
(the first of which will be the primary measuretbé presented studies). These animal studies
also show that HPA axis activation can enhancerfsponding, and their results are consistent

with the stress response of PTSD patients. Foamast Vietham combat veterans diagnosed
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with PTSD show increased levels of CRH in theilebeospinal fluid (Baker, et al. 1999;
Bremner, et al., 1997). However, there seems woh&oversy about alterations in CORT levels.
Both increased levels (Lemieux and Coe, 1995; Metesl., 1999) and decreased levels (Pitman
and Orr, 1990; Boscarino, 1996; Mason, et al., 1¥&buda et al., 1990; 1995) of CORT have
been found in PTSD patients compared to individuétisout PTSD. The disagreement of these
results suggests that a simple change in CORTdeneiself cannot explain the symptoms of the
disorder. One theory is that PTSD patients expee@mhanced negative feedback responding of
the HPA axis during activation of the stress resgomhich would cause low CORT levels to be
observed (Yehuda, 1997; 2001). Moreover, it is fpbsshat CORT changes duristress are
critical for the induction of exaggerated fear éimat CORT level changes at other times are less

critical to the behavior.
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Figure 1. SEFL causes anxiety phenotype on the open field test. a. Experimental Design. We developed a
modified version of the open field test that hasrbealidated for anxiety testing (Godsil, et ap2; 2005). The
open field test consisted of three phases: 1) funutes of dark, 2) four minutes of light and 3)ifeninutes of
dark. Locomation, defined as the number of crossgweas quantified during the 12-minute téstOpen field test.
Pre-exposure to shock significantly decreased timber of crossovers during phase 1, the first fiawk minutes
of the open field, p < 0.005. There was no effégire-exposure to shock on the number of crossalarisag phase
2, minutes 5-8. Pre-exposure to shock decreast inumber of crossovers during phase 3, p < @Rérefore,
previously shocked rats showed reduced exploratctiyity than controls when placed in a dark ogeldf When
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bright lights turned on at one end, the rats ré#icb$o the dark end and reduced activity similagdntrols.
However, when the lights went out, unlike contrtifey remained in the dark corner and did not iasee
exploration. The open field test did not affect tiomtext tests in either the stress or conditiomiogtexts (data not
shown).
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Figure 2: The 15-shock stressor causes exagger ated startle to white noise burst. a. Experimental design. Instead
of 1-shock in conditioning context on Day 2, whitgise (92dB, 1sec) was givan.Freezing (+SEM) for baseline
on Day 2, 5 minutes post-noise on Day 2, and comésx on Day 3. Previously stressed rats showmdmounced
freezing response to a loud noise; this reactios med seen in unstressed controls, **p < 0.01 (chifeetorial
ANOVA). Upon return to the noise context the foliog day without noise, the stressed rats showedadl Hut
statistically reliable increase in freezing relatto controls, *p <0.05
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Figure 3: SEFL causes depression-like phenotypein forced swim test. a. Experimental design. Training (Day 4)
and testing (Day 11) sessions for forced swimwest 5 minutes. Water temperature was 77 degressdthe
apparatus dimensions are 74cm x 36.5lentime spent immobilized (sec + SEM) on Day4Time spent
immobilized (sec + SEM) on Day 11. * p<0.05 (oneywdNOVA).

14



Rats exhibiting SEFL also show decreased explordtehavior in open fieldd=(gure
1), increased consumption of alcohol (Meyer, et2113), potentiated startle reactiviiigure
2), and a depression-like phenotype in the forcedhsest Figure 3). Moreover, SEFL causes
an anxiety profile on the elevated plus maze, g-lasting dysregulation of the diurnal cycle for
CORT, and an increase of GR in the BLA (Poulos|e®2013). These findings show that SEFL

behavior reflects several of the symptoms of PTHab(e 1).

The Symptomatology of PTSD

and SEFL
PTSD symptom SEFL paralld Source
Hyper-reactivity to mild stress, Increased freezing to 1 shock or Rau, et al., 2005
lasting at least 90 days loud noise

Propensity to form new fears Increased cued and contextual Rau, et al., 2005
(comorbidity with simple phobia fear

Anxiety Anxiety; open field; elevated Figure 1
plus maze
Comorbid alcohol and drug Increased voluntary alcohol Meyer, et al., 2013
abuse consumption
Symptoms present38 days post >90 days Rau & Fanselow, 2009
trauma
Increased startle reactivity Hyper-reactivity todawise Figure 2
Comorbid depression Forced swim test Figure 3

Table 1: Symptomatology of PTSD and SEFL. This table displays the overlap of symptoms of SBRd PTSD,
supporting the use of SEFL as a rodent model ol RTS

Dissertation Objectives

The current work had three objectives: 1) to experitally determine the biological
mechanisms that cause the induction of SEFL; #)vestigate the neural and biochemical
changes that underlie the expression of SEFL; 3pé&ifically target the primary SEFL
expression mechanisms to reverse SEFL. Togethese thtudies inform us of the necessary
conditions for the induction and expression of SERbLour findings, we produced a long-
lasting reversal of SEFL, which immediately suggdst potential for treatment development for

PTSD.
15
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CHAPTER ONE

M echanisms underlying the Induction of Stress-Enhanced Fear Learning
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Abstract

Fear is a mechanism that facilitates adaptive resg®to threats. However, when the
level of fear is not proportional to the level bféat, it is possible for an anxiety disorder to
result. For example, post-traumatic stress disqid€ED) develops in response to a traumatic
event, and patients often show sensitized reactmnsld stressors associated with the trauma.
We have developed a model, called stress-enhaeeedefirning (SEFL), to study such
sensitized responding in animals, in which exposuoiige 15-shock stressor nonassociatively
enhances fear to a mild 1-shock stressor in anathr@ext. In this chapter, we examined the
neural and biological mechanisms necessary foisdmsitization to occur, including the role of
stress hormones on the basolateral amygdala (BiLBdain region responsible for fear and
anxiety. In Experiment 1, we examined the roleaticosterone (CORT) in SEFL induction.
Administration of the CORT synthesis blocker mepymae prior to the 15-shock stressor, but not
at time points after, attenuated SEFL. In ExperinZgnve determined the necessity of CORT in
SEFL by co-administering metyrapone and CORT piessbr. CORT rescued SEFL from
metyrapone, but CORT alone without the 15-shoasstir was not sufficient to produce SEFL.
In Experiment 3, we examined the role of the BLASIBFL with intra-BLA infusions of
muscimol, ay-aminobutyric acid type A (GABA) receptor agonist, pre- or post-stressor. The
BLA must be functional during the 15 shocks butaitér in order for SEFL to occur. Lastly, in
Experiment 4, to determine if CORT'’s action wasto® BLA, we infused the glucocorticoid
receptor (GR) antagonist, mifepristone, directlpithe BLA immediately prior to the 15-shock
stressor, which attenuated SEFL. The data fronetegperiments indicate that CORT activation

of GRs in the BLA is necessary for SEFL induction.
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Introduction

Fear is an adaptive response that has evolveategiranimals and humans from danger.
During a threatening situation, innate defense Wehsare used to avoid harm and promote
future reproductive success (Bolles, 1970). Fealit@es the use of defensive behaviors most
appropriate to the threat, those that have theasigikelihood of promoting survival (Fanselow
and Lester, 1988). However, fear is only adaptibhemvits level is appropriate to the level of the
threat. Furthermore, fear should be limited toatitins in which an actual threat is present. In
humans, inappropriate activation of fear respooaesesult in the development of anxiety
disorders (Rosen and Schulkin, 1998).

One such anxiety disorder is post-traumatic stessder (PTSD), which develops in
some individuals who experience a traumatic ev@yrnptoms include persistent re-
experiencing of the trauma, avoiding stimuli asated with the trauma, and signs of
hyperarousal, like increased startle (American Risgac Association, 2013). Normally, these
symptoms may be adaptive in dealing with the traic@vent (Bonne, et al., 2004; Charney,
2004; Christopher, 2004; Eberly, Harkness and Enigd891). As an example, avoiding stimuli
associated with the event reduces the chancesotiatering the threat. However, in PTSD,
these formerly adaptive responses disrupt normbl flenctioning in affected individuals
(American Psychiatric Association, 2013).

We have previously developed a model using Pautofgar conditioning to examine
how exposure to a traumatic stressor can affedesjuent fear conditioning (Rau, DeCola, and
Fanselow, 2005; Rau and Fanselow 2009). In a tiyfeea conditioning procedure, a brief
electrical current is delivered to the feet of aimeal through the metal grid floor of a

conditioning chamber. This footshock, or uncondi@ibstimulus (US), is paired with a
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conditional stimulus (CS), such as the context lmcWv the animal is shocked. Pairing the CS and
US will eventually result in the CS producing a dilonal response (CR) in the absence of the
US. Freezing behavior, defined as the absence vément except that necessary for respiration,
is an adaptive reaction of rats to a fearful stusuFanselow, 1980; Fanselow and Lester, 1988).
Freezing can be observed in response to stimuwceagsd with footshock, making it a valuable
CR to assess an animal’s fear to a CS in the latmgréBlanchard and Blanchard, 1971; Bolles
and Collier, 1976; Fanselow, 1980).

In this specific stress-enhanced fear learning (SPFocedure, animals are given a 15-
shock stressor prior to fear conditioning withragée shock in another distinct context. Animals
that have experienced this stressor show an entideaeresponse to the single shock in the
second context compared to animals not given tlesstr (90% freezing vs. 25% freezing). This
enhancement is not due to generalization or suromatfifear between the two contexts;
animals can be extinguished in the stressor cootegiven an amnestic agent into the
hippocampus during the stressor with no reductio8EFL (Rau, DeCola, and Fanselow, 2005).
This is also a long-lasting effect; the 15 shoakd & shock may be separated by as much as 90
days without any attenuation in freezing (Rau aadsélow, 2009). Therefore, exposure to this
15-shock stressor appears to sensitize a biologysa¢m involved in generating fear responses.

Biological mediators of this effect may be stresaiones (Carrasco and Van de Kar,
2003; Johnson, et al., 1992). Stress initiatesthi@ation of the neuroendocrine stress cascade,
also called the hypothalamic-pituitary-adrenal (HR#&is. Activation of the HPA axis is
orchestrated by corticotrophin releasing hormoreHEneurons in the paraventricular nucleus
of the hypothalamus (PVN; Antoni, 1986; Vale, ef 4081). CRH neurons in the PVN travel

through the portal capillary zone and project @ itiredian eminence and anterior pituitary.
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Stress-induced activation of CRH in the PVN caukegelease of adrenocorticotropic hormone
(ACTH) from the anterior pituitary, which travelsrough the bloodstream and stimulates
glucocorticoid release from the adrenal cortex ¢hnt1986; Owens and Nemeroff, 1991; Vale,
et al., 1981). Glucocorticoids (mainly corticosteean the rat and cortisol in humans; CORT)
aid in energy mobilization and help to restore hostasis after a threat has passed by negative
feedback mechanisms (Munck, Guyre, and HolbrooR419apolsky, 2000).

Activation of stress hormones has been shown tease fear responding. Chronic
administration of CORT enhances fear conditionmggaits (Thompson, et al., 2004). Animals
given CORT injections for five days before fear dioning showed increased conditional fear
during a context test on day six, compared to ‘ehreated animals (Thompson, et al 2004).
Animals given just one injection of CORT after feanditioning also show enhanced
conditional freezing compared to vehicle-treateinats (Cordero, Merino, and Sandi, 1998;
Hui, et al., 2004). Moreover, stress-induced HR& activation can enhance conditional
freezing, as well as future HPA responsivenessoBEdre to a stressor produced an enhancement
in conditional fear and increased CORT releasenduraining (Cordero, et al., 2003). In this
experiment, animals were given a two-hour sessigastraint stress. Two days later, they were
given three context-shock pairings. The followiray gwhen returned to the context in which
they had been shocked, previously restrained asistedwed enhanced freezing compared to
trained non-restrained control animals. In thiglgtlCORT levels were sampled every 15
minutes for an hour after fear conditioning tragiRreviously restrained animals had elevated
CORT levels for 45 minutes after training compatedon-restrained controls. Levels returned

to baseline by 60 minutes post-training.
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The amygdala is essential for fear conditioning amdtional learning in animals
(Helmstetter, 1992; Sananes and Davis, 1992; Fanseid Kim, 1994; Muller, et al., 1997;
Gale, et al., 2004). Functional magnetic resonameging studies show enhanced amygdala
activity in PTSD patients during encoding and expeso negative stimuli (Shin, Rauch, and
Pitman, 2006; Brohawn, et al., 2010; Rauch, eRal00). Inactivating the basolateral amygdala
(BLA) demonstrates that it is a region necessagnimode and store fear memory (Fanselow and
Kim, 1994; Wilensky, Schafe, and LeDoux, 1999; Seleand LeDoux, 2000; Fanselow and
Gale, 2003; Kim, et al., 2005).

Receptors for CORT are found in key areas involmdear conditioning, including the
amygdala (Chalmers, Lovenberg, and De Souza, 1988&nson, et al., 1983). During stress,
CORT that is synthesized and released into thedstoeam enters the brain and binds to
glucocorticoid receptors (GRs) or crosses neurocelhimembranes to alter gene transcription
(McEwen and Weiss, 1970; McEwen, Weiss, and Sclawa#@68). Strikingly, long-lasting
changes in gene expression have been observee Bith of animals showing SEFL
(Ponomarev, et al., 2010). Furthermore, studies/ghat stress leads to increased CORT and
CRH, which in turn increases excitability in theBlthis leads to increased transmission to
areas that mediate fear responses (Braga, e0D@#,; 2damec, Blundell, and Burton, 2005;
Rodriguez, et al., 2005; Roozendaal, McEwen, aratt@hi, 2009; Rosen and Schulkin, 1998).
This may account for how mild stressors or traucig@minders come to elicit sensitized
reactions. These converging lines of evidence stggées for both CORT and the BLA in
mediating sensitization of behavioral respondingsea by stress exposure.

In Experiment 1A, we examined the role of CORT EF&. Animals were given an

injection of the CORT synthesis blocker metyrappner to the 15-shock stressor, and freezing
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was recorded in the 1-shock context test. Prevstuies show that manipulations that decrease
CORT levels such as systemic metyrapone adminmtréCordero, et al., 2002), adrenalectomy
(Pugh, et al., 1997), and administration of GR goésts (Pugh, Fleshner, and Rudy, 1997)
reduce conditional fear. Moreover, plasma CORTIewere measured immediately after the
15-shock stressor and after the context test iltbleock context. In Experiments 1B and 1C,
metyrapone was given at two time points post-stressd freezing was recorded during the
context test in the 1-shock context. If CORT isessary for initiation of this sensitization, then
metyrapone would work if administered pre-15 shsitkssor. Previous data show that
disrupting fear to the 15-shock stressor by a ghata N-methyl-D-aspartate receptor (NMDAR)
antagonist left sensitization intact, demonstrathrag fear to the 15-shock stressor context is not
necessary for sensitization (Rau, DeCola, and Fans2005). However, if stress-induced
CORT release is initiating a biological state chergthe animal, then blocking the increase in
CORT caused by the stressor should attenuaterfdentih contexts. Moreover, if CORT is also
necessary for expression, and not just initiatedrihis exaggerated fear, then metyrapone
administered post-stressor would also attenuatatsetion.

In a follow-up experiment (Experiment 2), metyrapamas administered again prior to
the SEFL procedure, and then 10 mg/kg of CORT wlas@stered systemically immediately
before the procedure in order to assess both ttesaity and sufficiency of CORT. If CORT is
necessary for sensitization, then metyrapone wprddent SEFL and CORT co-administration
would rescue enhanced freezing to the 1-shock xbriteCORT is also sufficient for SEFL,
then CORT alone without the 15 shocks would alsalpce enhanced freezing. Prior studies
show that animals that were given CORT injectiandive days before fear conditioning and

animals given just a single injection of CORT aftar conditioning both exhibit increased
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conditional fear during a context test, as oppdsecthicle-treated animals (Thompson, et al.,
2004; Cordero, et al., 2003).

To assess the amygdala’s role in SEFL, in ExperirBeme determined if BLA activity
during stress was necessary for SEFL by inactigatie BLA with they-aminobutyric acid type
A (GABA ) agonist muscimol. Modifications in excitatory mewansmission within the
amygdala have been implicated in fear conditioningparticular, NMDAR and alpha-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid receptGhkMPAR) within the amygdala
participate in different components of fear leaghimcluding acquisition, expression, and
extinction (Fanselow and Kim, 1994; Walker and 3a002; Jasnow, Cooper, and Huhman,
2004). The BLA was inactivated either pre- or pestessor. We hypothesized that only
functional inactivation pre-stressor would atteeusgnsitization, given the importance of
excitatory modification in the BLA during fear catidning.

Lastly, given the results from Experiments 1 thio3gin Experiment 4 we infused the
GR antagonist, mifepristone, directly into the BloAmediately prior to the 15-shock stressor in
order to determine if CORT’s action was on the BBAior work has shown that systemic
administration of GR antagonists impairs contexteat conditioning (Pugh, Fleshner, and
Rudy, 1997). However, given the importance of CGR@ the BLA in fear learning, the BLA
was a prime target for direct micro-infusion of R @ntagonist. We predicted that GR
antagonism in the BLA would reduce sensitizationeg the abundance of GR in the BLA and

their ability to both alter gene transcription andrease excitability in this region.

Experiment 1A: Pre- stressor metyrapone attenuates stress-enhanced fear learning

Experiment 1A Method
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Subjects. A total of 102 experimentally naive adult male Ldfxgans rats, approximately 300 g,
were purchased from Harlan (Indianapolis, IN) fastexperiment. Food and water were
availablead libitumto the animals, and a 14:10-hour light-dark cyliggts coming on at
6:00am, was maintained in the colony room. Thewat® individually housed in stainless steel
wire mesh cages and were handled daily for appratain 45 seconds for five days prior to the

start of the experiments. All experimental proceguook place during the light cycle.

The procedures used in this experiment were inrdence with policy set and approved
by the Institutional Animal Care and Use Committééhe University of California, Los

Angeles.

Apparatus. Two contexts were used during the course of themxgnts, the “stress” context
and the “conditioning” context. These contextseati#d in background noise, illumination, and
odor. Chambers housed within the contexts diffeneshape, size, color, and texture. In the
stress context, two ceiling mounted 6-ft. fluoregdsulbs illuminated the room and a ventilation
fan was used to provide background noise (65dBgsStcontext chambers (28 x 21 x 21 cm)
had a clear Plexiglas back wall, ceiling and frdamor and aluminum side walls. The floor,
composed of 18 stainless steel rods (4mm in diajma@aced 1.5 cm center to center, was
wired to a shock generator and scrambler (Med Aass; Inc; St. Albans, VT). Chambers were
wiped down with isopropyl alcohol (10%) and driezfdre and after each subject, and a Simple
Green (50%) odor was placed in stainless steel ipaested below the chamber to provide a

distinctive smell in the context.

The conditioning context was lit by a single ré&¥\Bbulb, and no background noise was

provided. Conditioning context chambers were iftitithe same size as stress context chambers,
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but were made smaller by black triangular inserisating side walls at a 60 degree angle with
the floor. Conditioning context chamber floors weoenposed of 17 stainless steel rods (4 mm
in diameter) staggered into two rows spaced lcnt &pdically and 2.6 cm apart horizontally,
and they were wired to the shock generator as ibestcfor the stress context chambers.
Conditioning context chambers were cleaned witti@aeeid solution (1%) before and after each
subject, and the same solution was placed in thaipderneath each chamber. The freezing

behavior was analyzed using the VideoFreeze pro@kéed Associates, Inc).

Computer Scoring by VideoFreeze Program. The VideoFreeze program is a reliable way to
analyze behavioral data that is comparable to sandng by a trained person (Anagnostaras, et
al., 2010). A motion analysis algorithm was usednalyze the video stream in real time,
recording at 30 frames per second, 320 x 240 pigelst grayscale. A reference video sample
was taken prior to placing the rats into the fdusrabers to calibrate the equipment. This
reference sample established the amount of bag@dise in the video signal on a pixel-by-pixel
basis, across multiple successive frames. Oncethaevere placed in the chambers, successive
video frames were continuously compared to eacéra@hd to the reference sample on a pixel
by pixel basis. Any differences between pixelshia turrent video signal larger than those in the
reference sample were interpreted as animal moviemieese pixel differences were summed
for each image frame, and this summation was cdwagehe Motion Index. The Motion Index

is the number of pixels that have changed withge@dond that exceed video noise. When this

Motion Index was below 50 for one second, an instaof freezing is scored.

Procedure. Rats were randomly assigned to one of two grotipsse that received 15 shocks
over a 90-minute period in the stress contexté&sted”), and those who remained in the

chambers of this context for the same durationauthieceiving any shocks (“‘unstressed”). Both
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groups were composed of four subgroups based ohdmirig dose was administered: vehicle, 50
mg/kg metyrapone, 100 mg/kg metyrapone, and 15@gngetyrapone (Tocris Bioscience,
Ellisville, MO). Drug dosages were determined frpravious studies showing that 150 mg/kg
metyrapone administration reduced inactivity causgthescapable sho¢Raez, Siriczman, and
Volosin, 1996), and pre-training administratiorb6f mg/kg metyrapone reduced contextual fear
conditioning (Cordero, et al., 2002); 100 mg/kg whesen as an intermediate dose. The vehicle
for the drug was composed of 60% saline and 40%ybeae glycol (Sigma Aldrich; St. Louis,
MO). All groups had an n of 12, except for streshiule (n=14), and unstressed/vehicle (n=16).
One hour prior to trauma exposure, animals werergan intraperitoneal (i.p.) injection of one

of the four doses. The volume of all injections & ml/kg. Injections were given in the rats’

housing area, and the rats remained in their hogescantil the stress exposure.

One hour after injection, rats were transportethéostress context in their homecages.
Stress exposure consisted of 15 shocks (1 mA, Jwéb)a variable shock interval of 240-480
seconds. Animals receiving no stress during exgosere placed in chambers for an equivalent
amount of time as the stressed animals—90 minlrtesediately after the stressor, animals
were placed in a restraining tube for a maximurh ofinutes and approximately 0.5 ml of tall
blood was collected into heparinized tubes. Animase then brought back to their homecages

and returned to their housing area.

Animals were then given two days rest time in themecages (Days 2 and 3). On Day
4, all 102 animals were given a context test instiness context for 8 minutes. They were
transported in the same manner as on Day 1, inllbeiecages. On Day 5, animals were given
an 8 minute session in the novel conditioning cania order to provide pre-exposure and to

ensure the animals were not generalizing to thitecd. They were transported out of their
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homecages and placed into a black container (Rotzdy that was partitioned with inserts
(Plexiglas) into equivalent chambers (20 x 15 x@§ to carry four animals. Lids were placed
on the container so that the animals were transgantdarkness to the conditioning context. On
Day 6, all rats were given a single shock (1mAed) $n the conditioning context 180 seconds
after placement in the chamber. The rats were pited in the same manner as Day 5, in the
black partitioned container. Animals were remofredh the chamber after an additional 300
seconds and brought back to their housing areglaced back in their homecages. On Day 7,
animals were given an 8 minute context test inlt#s@ock context. Animals were transported in
the same manner as on Days 5 and 6, in the blattkioer. 45 minutes after the context test, tail
blood was collected again in the same manner ason@¥ay 1. Sed-igure 4a for a diagram of

the procedure.

Behavioral Recordings. Pre-stress baseline freezing was recorded feigtit groups on Day 1,
and percent freezing in the inter-shock intervaieen the first and second shocks for all four
stressed groups, as well as all four unstressagpgras a control. Percent freezing was recorded
for Days 4 and 7 using the VideoFreeze program.LS&dicated by high percent freezing, a

reliable measure of learned fear (Fanselow, 19894}, in the 1-shock conditioning context test.

Corticosterone Assay. CORT plasma levels were measured by enzyme immaagas
(AssayPro; Correlate-EIA corticosterone enzyme imoassay kit). Blood was collected
immediately after the context test in hepariniadoes and centrifuged (2000 g) for 15 minutes.
Plasma was removed and stored in a deep freefer!C2 until processed. Duplicate 0.5 ml

samples were run.
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Analysis. Two-way Analysis of Variance (ANOVA) was used ttalyze percent freezing as
influenced by both drug dose and stress conditidsoth Day 1 and Day 4 in the stress context
and Day 7 in the conditioning context. Two-way AN®Was used to compare plasma CORT
levels between groups on both Days 1 and 7. Moretnend analysis was performed to

determine if the data follow linear dose-dependenttions.

Experiment 1A Results and Discussion

One of four doses of metyrapone was administeredut prior to the 15-shock stressor, as
shown inFigure 4a, the diagram of the procedufggure 4b displays baseline freezing for all 8
groups pre-stress on Day 1 (mea®SEM). While ANOVA showed that there was a drugmai
effect, F (3, 94) = 17.185, p<0.0001; the stress;raffect and stress-drug interaction were not
statistically significant.Figure 4c displays freezing during the inter-shock-interyalean_+
SEM) between shock 1 and shock 2 on Day 1. Thesstmeain effect, drug main effect, and

stress-drug interaction were all significant (p£€®.).

Figure 4d displays the percent freezing for all eight groirpstress context on Day 4 (mean
+ SEM). A two-way ANOVA showed a significant inteten between drug dose and stress
treatment, F (3, 94) = 17.236, p<0.0001. Trendymmakhowed a significant linear dose-
dependent function of metyrapone in stressed asirbal not in unstressed animals, F (1, 94) =

106.4, p<0.0001.

The critical behavioral data is shownHigure 4e, which displays percent freezing during
the context test in the conditioning context on Dgynean +SEM), 24 hours after all animals
received 1 footshock in this context. In vehiclatrols, prior stress enhanced fear conditioning

to the 1 shock that occurred 6 days later; metyrammse-dependently blocked this stress-
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induced enhancement of fear learning. A significatgraction between drug dose and stress
treatment was found, F (3, 94) = 2.957, p<0.05ndr@nalysis indicated that pre-stress
metyrapone dose-dependently reverses this incnediseezing in a linear fashion, F (1, 94) =

12.796, p<0.0005. This pattern was not seen irresstd animals F (1, 94) = 0.079, p>0.05.

Plasma CORT levels (ng/mL) of all eight groupgrthe Day 1 stressor are displayed in
Figure 4f (mean +SEM). Similar to freezing behavior, metyraponeeddspendently blocked
the stress-induced increases in CORT. There wamdicant main effect of stress, where
stressed animals had higher CORT levels than dsttessed animals, F (1, 94) = 11.509,
p<0.001. Trend analysis showed that in stressedalsj metyrapone linearly dose-dependently
decreased plasma CORT levels after the 15-shoegsstr on Day 1 in a linear fashion, F (1, 94)
=5.19 p<0.05. This trend did not appear in unstdsanimals, F (1, 94) = 0.080, p>0.05. CORT

levels during testing showed no reliable groupedéhces, ps>0.0%igur e 4g).

The results from this experiment suggest thatkiacthe rise in CORT induced by a 15-
shock stressor attenuates sensitized freezingglboth the 15-shock and the 1-shock context
test, reducing both associative and nonassocitgare FromFigures 4b and4c, it is clear that
metyrapone does impair locomotion; however alicltbehavioral tests were performed drug-
free. The rise in CORT appears to be essentifletoduction of fear enhancement. These
results suggest that CORT may induce a state charagemals that sensitizes fear circuitry.
Moreover, plasma CORT levels after the 15-shoaksstir on Day 1 but not on Day 7 during the
context test in the 1-shock context are dose-degrghyddecreased by metyrapone. This
demonstrates that CORT increases at the timeedsstbut not after, are critical for SEFL. This
is consistent with other studies finding that biogkCORT synthesis during testing did not

affect the expression of learned fear (Barrett@odzalez-Lima, 2004). Measurement of CORT
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in PTSD patients is typically taken long after, motmediately after, the stressor, which may

explain the inconsistencies in reported CORT lewreRTSD patients (Yehuda, et al., 1990;

Maes, et al., 1998). While SEFL rats did not shtxanges in elicited CORT levels at the time of

test, it should be noted that SEFL causes a dyktgu of the circadian rhythm in basal CORT

levels (Poulos, et al., 2013). Experiments 1B a@drivestigated the effect of metyrapone either

immediately after the 15-shock stressor or prica tetrieval test in the 15-shock context.
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Figure 4. Pre-stressor administration of metyrapone attenuates SEFL. a. Experimental Design. Shock in both
contexts: 1mA, 1sed. Baseline freezing data on Day 1 (mea8HM). While ANOVA shows that there was a
drug main effect, p<0.0001, the stress main eHadtstress-drug interaction were not statisticgithpificant.c. The
first inter-shock-interval between the first and@ed shock on Day 1. The stress main effect, draim mffect, and
stress-drug interaction were all significant (p£€®).d. Context test in the stress context on Day 4: Thanme
SEM of freezing percentage in stress context on4dyrug x stress, p<0.0001 (two-way ANOVA), lindgand
analysis for stressed animgig;0.0001 e. Freezing (mean + SEM) in conditioniegntext on Day 7. Drug x stress,
p<0.05 (two-way ANOVA), linear trend analysis faressed animal§<0.0005f. Plasma CORT levels (ng/mL;
mean + SEM) after the 15-shock stressor on Daydinkffect of stress, p<0.001 (two-way ANOVA), lineegrd
analysis for stressed animals, p<O0@%lasma CORT levels (ng/mL) found on Day 7, 1 refter the context test
in conditioning context (mean $SEM). No significant differences were found foyanain effect or interaction
(two-way ANOVA).

Experiment 1B: Post-stressor metyrapone does not prevent stress-enhanced fear learning

To compare pre-stress administration and postssa@sninistration of metyrapone, as
well as to test if the drug blocks consolidatiorilad fear memory, metyrapone was administered

after the 15 shocks, and freezing was measuredglthre context test in the 1-shock context.

Experiment 1B Method

Subjects. A total of 20 experimentally naive adult male Ldixans rats, approximately 300 g,
were purchased from Harlan (Indianapolis, IN). Aaiswere housed and handled as described

for Experiment 1A.

Procedure. The same apparatus and VideoFreeze program frguarlexent 1A was used in this
experiment. Rats were randomly assigned to oneuwfdroups: those that received 15 shocks
over a 90-minute period in the stress context wither a 150 mg/kg injection of metyrapone
(“stressed/metyrapone”), or of vehicle (“stressetiigle”), and those who remained in the
chambers of the stress context for the same daratithout receiving any shocks, with injection
of either 150 mg/kg metyrapone (“unstressed/metymaf) or of vehicle (“unstressed/vehicle”).

All parts of this procedure were kept constant fittve behavior portion of Experiment 1A;
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however the drug dose was given immediately aftetay 1 15-shock stressor. Fégure 5a

for an outline of the procedure.

Behavioral Recordings. Percent freezing was recorded for Days 4 andngubie VideoFreeze

program.
Analysis. Two-way ANOVA was used to analyze percent freezagnfluenced by both drug

dose and stress condition in both Day 4 in thesstoentext and Day 7 in the conditioning

context.
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] Test Test shock Test
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Figure5. Post-stressor administration of metyrapone does not prevent SEFL. a. Experimental Design.
Shock in both contexts: 1 mA, 1 séc.Mean (+ SEM) percentage freezing during the steesitext test on
Day 4. main effect of stress, p<0.0001 (two-way ANK). c. Mean (+ SEM) percentage freezing during
the conditioning context test on Day 7. Main effetstress, p<0.001, but not of drug (two-way ANOVA

Experiment 1B Results and Discussion

The mean percent freezing GEM) in stress context on Day 4 is showiirigure 5b. While
there was a main effect of stress, F (1, 16) =@ll,.p<0.0001, there were no significant

differences were found for drug-stress interactiodrug main effect.
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Figure 5c displays the mean percent freezingSEM) on conditioning context on Day 7.
There was a main effect of stress, F (1, 16) =24).<0.001, but no significant drug-stress

interaction or drug main effect differences wernero.

The results of Experiment 1B show that the anirtfas received injections of metyrapone
after the 15-shock stressor still had a dispropodie amount of fear to the 1-shock context
compared to animals that received metyrapone pesssir in Experiment 1A. This indicates that
metyrapone administered immediately after the stnedid not block consolidation of the fear
memory. Moreover, the results suggest that CORTt imsn board during the stressor in order

for sensitized fear to be expressed.

Experiment 1C: Pre-retrieval metyrapone does not prevent stress enhanced fear learning

Prior research has shown that extinction of feahénstressor context does not eliminate
SEFL (Rau, DeCola, and Fanselow, 2005; Rau andefams2009). However it is possible that
the stress memory has to reconsolidate onceetadtivated (Nader, et al., 2000). Such a
retrieval could create a window of opportunity todk reconsolidation and alleviate SEFL.
Therefore, three days following stress, metyrapsag injected prior to placement in the 15-

shock context, and freezing was measured duringdhtext test in the 1-shock context.

Experiment 1C Method

Subjects. A total of 24 experimentally naive adult male Ldixgans, approximately 300 g, were
purchased from Harlan (Indianapolis, IN) for thigeriment. Animals were housed and handled

as described for Experiments 1A and 1B.
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Procedure. The same apparatus and VideoFreeze program fromriexgnt 1A was used in this
experiment. Rats were randomly assigned to onewfdroups: those that received 15 shocks
over a 90-minute period in the stress context either a 150 mg/kg injection of metyrapone
(“stressed/metyrapone”), or of vehicle (“stressetiigle”), and those who remained in the
chambers of the stress context for the same daratithout receiving any shocks, with injection
of either 150 mg/kg metyrapone (“unstressed/metymaf) or of vehicle (“unstressed/vehicle”).
All parts of this procedure were kept constant fitve behavior portion of Experiment 1A;
however the drug dose was given 1 hour prior tdXag 4 context test in the 15-shock context,
and an extra context test in this context was gimeam Day 8, when the drug was no longer on

board. Se&igure 6a for additional details.

Behavioral Recordings. Percent freezing was recorded for Day 7 and Dasif@guthe

VideoFreeze program.

Analysis. Two-way ANOVA was used to analyze percent freeaagnfluenced by both drug
dose and stress condition in both Day 7 in the t@mmihg context and Day 8 in the stress

context.
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Figure6. Preretrieval administration of metyrapone does not prevent SEFL. a. Experimental Design. Shock
for both contexts: 1 mA, 1 sels. Mean + SEM of freezing percentage in the conditigrtontext on Day 7. Main
effect of stress, p<0.0001 (two-way ANOVA)Mean + SEM freezing in the stress context on Baylain effect
of stress, p<0.0001, but not of drug (two-way ANOVA

Experiment 1C Results and Discussion

The mean ({SEM) percent freezing in the conditioning contextDay 7 is shown in
Figure 6b. While there was a main effect of stress F (1, 281687, p<0.0001, there were no
significant differences found for drug-stress iatgion or drug main effect.

The mean SEM of freezing percentage in the stress contex@ay 8 is shown during
the 8-minute context tedfigure 6¢). There was a significant main effect of stresgl,R20) =
41.298, p<0.0001. However, there was no significaain effect of drug condition, nor was

there a drug by stress interaction.

The results from Experiment 1C demonstrate tlmasséd animals that received injections of
metyrapone prior to a context test in the 15-stsidssor context still had a disproportionate
amount of fear to the 1 shock in the novel conéext therefore did not block sensitization. This

means that when metyrapone was administered beforeval of the fear memory, it did not
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interfere with reconsolidation, and the exagger&tad response is not attenuated. While
disappointing with respect to a potential treatm#re data identify another example of how
SEFL differs from standard associative fear conditig. Like the results from Experiment 1B,
these results suggest that CORT must be on boaibdhe stressor in order to induce fear

sensitization.

Experiment 2: Co-administration of metyrapone and corticoster one rescues str ess-

enhanced fear learning

Experiment 2 Method

Subjects. A total of 116 experimentally naive adult male Ldians rats, approximately 300 g,
were purchased from Harlan (Indianapolis, IN). Aaiswere housed and handled as described

for Experiment 1.

Procedure. Animals were given either a pre-training injectml 50 mg/kg metyrapone or
vehicle. As in Experiments 1A and 1B, pre-stregsciions were given 1 hour prior to the 15-
shock stressor in the rats’ housing area; 10 mGR&KT in 15% alcohol/ 85% saline solution
(Sigma-Aldrich, St. Louis, MO) or saline was injedtl0 minutes prior to the 15 shocks. After
the 15 shocks on Day 1, all rats were taken badthketio housing area. The remainder of the
procedure follows Experiment 1. There were a tot& groups, and n per group ranged between
12 and 17. SeEigure 7a for an outline of the procedure.

Behavioral Recordings. Freezing was recorded for Days 4 and 7 using idedFreeze

program.

Analysis. An overall one-way ANOVA was performed to determangnificance differences of

freezing for both context tes&.priori planned comparisons were also made to determine if
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CORT alone could induce SEFL in unstressed animal$,if CORT can rescue SEFL from

stressed animals that received metyrapone (G&th)1
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Figure 7: Co-administration of metyrapone and CORT rescues SEFL . a. Experimental Desigfor metyrapone
and CORT co-administratiob. Freezing (mean $EM) in the stress context on Day 4. First digigroup
designations = metyrapone dose (0 or 150 mgAaegond= CORT dose (0 or 10 mg/kg). *p<.001 (oVenad-way
ANOVA, followed by planned contrastsi. Freezing (mean + SEM) in conditioniegntext on Day 7. First digit in
group designations = metyrapone dose (0 or 150ghgkcond = CORT dose (0 or 10 mg/kg). * p <0.01 (aNer
one-way ANOVA, followed byplanned contrasts).

Experiment 2 Results and Discussion

The mean percent freezing $EM) in the stress context on Day 4 is showRigure 7b.
A one-way ANOVA was performed, which indicated arei@ll difference between groups, F (7,
108) = 36.355, p<0.0001. The freezing levels forsged/vehicle animals were significantly
higher than for unstressed animals that receivéd @@RT, which were not significantly
different from unstressed controls F (1, 108) =580p<0.0001, and F (1, 108) = 0.01 p>0.05,
respectively. Stressed/vehicle rats froze signifilyamore than did stressed/metyrapone animals,
F (1, 108) = 47.43, p<0.0001, which showed no §icgmt differences from either

stressed/metyrapone/CORT animals or unstressetbtmmis >0.05.
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Figure 7c shows the mean (SEM) percentage of freezing in the conditioningteat
from Day 7. An overall one-way ANOVA indicated diable difference between groups, F
(7,108) = 6.619, p<0.0001. SEFL was replicatedrugéree controls (Group 0—0), and
metyrapone blocked this effect. In unstressed €@RT administration alone did not produce a
SEFL-like responséA priori planned comparisons indicated that the freezinglseof the
stressed/vehicle animals were significantly highan that of unstressed/vehicle animals
receiving CORT, F (1, 108) = 11.891, p<0.001; hosvethe latter group was not significantly
different from unstressed controls, F (1, 108)&19, p>0.05. Although CORT without stress
did not generate SEFL, CORT did rescue SEFL frortyrapone in stressed rats. These animals
froze significantly more than unstressed contrads B (1, 108) = 7.297, p<0.01, and did not

show any significant differences from stressed st F (1, 108) = 0.254, p>0.05.

While the CORT synthesis inhibitor metyrapone pregd SEFL, CORT administration
alone did not mimic the effect of stress. Howe®tFL was rescued from metyrapone by co-
administration of CORT. Thus, changes in CORTreeessary but not sufficient for producing
SEFL. This differs from the results from the 15-gkhoontext test on Day 4, where co-
administration of CORT and metyrapone did not redceezing, showing a further dissociation
of associative and nonassociative fear. Having raptghe on board during the 15-shock stressor
may have disrupted consolidation of the memonhef15 shocks, but perhaps having enhanced
CORT on board during the stressor creates enouglstate change to enhance later
nonassociative freezing. CORT seems to play a g role critical to SEFL-inducing
changes elsewhere. Additionally, CORT's rescuekfISfrom metyrapone indicates that the

drug’s effect is likely caused by its ability taolbk CORT synthesis.
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Experiment 3: Basolateral amygdala inactivation reduces stress-enhanced fear
learning

Experiment 3 Method

Subjects. A total of 12 experimentally naive adult male LeBgans rats purchased from Harlan
(Indianapolis, IN), weighing 250-300 g at the bewgny of the experiment, were housed
individually on a 14:10 hour light/dark cycle wittee access to food and water. Housing and

handling procedures followed those from Experimédnasd 2.

Procedure. One week before surgery, rats were handled dail{f2 minutes. Rats were
anesthetized (isoflurane: induction at 5%, maimera.5%) before stereotaxic mounting (Kopf
Instruments, Tujunga, CA), rat’'s were shaved (heaal were injected with ketoprofen (2
mg/kg, s.c.), and 0.9% sterile saline (approxinyadeB mg/kg, s.c.). Body temperature was
maintained during surgery using a water circulatiegting pad. Before incision and retraction,
scalps were cleaned with 70% ethyl alcohol and deéa Two holes were drilled into the skull
for implantation of 26-gauge guide cannulae (Ptasne, Roanoke, VA, USA) aimed
bilaterally at the BLA; coordinates (from bregmagre. anterior/posterior -3.1 mm,
medial/lateral +/- 5.2 mm, dorsal/ventral -7.6 m@uide cannulae were secured with dental
acrylic cemented to anchoring skull screws. “Durhiegnnulae were inserted into the guides to
keep them clear, and they were replaced daily eiéhn ones. Recovery lasted 10-14 days;
animals received daily injections of ketoprofem{@/kg, i.p.) for two days and trimethoprim

sulfa in their drinking water for five days postgery.

For habituation to infusion procedures, rats weaasported to the infusion room and

dummy cannulae were changed on the two days bekmerimental infusion. For infusions, 33-
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gauge injector cannulae that extended 1 mm belewgtides were inserted. Muscimol (Sigma-
Aldrich, St. Louis, MO, USA) dissolved in artifidiaerebrospinal fluid (ACSF; Fisher
Scientific, Waltham, MA) to yield a solution of 1giml was back-loaded via 33-gauge infusion
cannulae into polyethylene tubing connected to 1Blamilton micro-syringes (Hamilton
company, Reno, NV, USA), the infusion rate was|{l/ininute to reach a volume of 0.25
pl/side, delivered via a Harvard #22 syringe puiaryard Apparatus, South Natick, MA,
USA). The injector remained in place for 1-2 masiallowing for complete diffusion; clean

dummies were inserted into guide cannulae afteisiohs.

All animals underwent surgery to implant guidernaae 10-14 days before the start of
experiments. Animals were randomly assigned toadrieree groups; pre-stressor muscimol
animals received micro-infusions of muscimol 20 mé@sbefore the 15 shocks, post-stressor
muscimol animals underwent the 15 shocks firsgik@eg micro-infusions of muscimol 45-60
minutesafter the stressor, or unstressed controls that rec&iG%F before being placed in the
stress context for 90 minutes without shocks. Tloegdure was similar to Experiments 1 and 2,
except that a shortened 3-day version was use@ayri, animals received 15 footshocks over
90 minutes. Twenty-four hours later, animals wdeegd into the novel context and received a
single (1 mA, 1 sec) footshock. The test of SEFtuped 24 hours later in the single shock

context; freezing was assessed for 8 minutesFgr e 8a for an outline of the procedure.

Behavioral Recordings. Freezing during the Day 3 context test was recocs@ng the

VideoFreeze program.

Cannulae placement verification: Cannulae placements were confirmed after behdviora

testing. Animals were deeply anesthetized, deatgulf brain tissue extracted, placed in 10%
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buffered formalin phosphate (Fisher Scientific,rEawn, NJ), later transferred to 30% sucrose,
and subsequently rapidly frozen and sectioned@tC2 Sections (50 um) were mounted and
stained using cresyl violet (Sigma-Aldrich, St. iI9UMO). Sections were examined with a light

microscope (Zeiss, Oberkochen, Germany) to veafyntlae placement.

Verification of correct bilateral cannulae placernare depicted on a schematic diagram
in Figure 8b. After exclusion of animals with misplaced caraaigroups consisted of: pre-

stressor muscimol (n=4), post-stressor muscimod)nand unstressed controls (n=4).

Analysis. A one-way ANOVA was performed to determine betwgewup differences for
freezing during the context test in the conditign@ontextA priori planned comparisons were

used to compare individual groups.
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Figure 8. Basolateral amygdala inactivation prior to the stressor reduces SEFL a. Experimental Design. Shock
in both the stress and conditioning context: 1mgeclb. Cannulae placemert. Freezing (mean + SEM) in
conditioning context on Day 3. *p < 0.05 (one-waM®@VA, followed by planned comparisons).

Experiment 3 Results and Discussion
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In this experiment, the BLA was inactivated eitpaor to or after the 15-shock stressor,
using a similar but shortened procedure as Expeatithd-igure 8b depicts verification of
correct bilateral cannulae placement on a scherdetgram. Figur e 8c illustrates clear group
differences on the context test in the conditiordngtext (mean SEM); the post-stressor
muscimol group showed more fear than both the fressor muscimol group and unstressed
control group. This difference was confirmed stat#ly with a one-way ANOVA, F (2, 9) =
8.17, p < 0.009A priori planned comparisons showed that post-stressor makanimals froze
significantly more than did pre-stressor muscimohzls, F (1, 9) = 13.5 p<0.003; however,
pre-stressor muscimol animals did not show sigaifity different freezing levels compared to

unstressed controls, F (1, 9) = 0.13, p=0.72.

Inactivation of the BLA during the stressor redu&eL, while inactivation following
the stressor did not. During the context teshendonditioning context, we found that animals
that received pre-stressor muscimol infusions aetinate the BLA showed an appropriate level
of fear for the single context-shock pairing theperienced and have similar freezing levels to
the unstressed controls. Conversely, post-stréds@rinactivated animals displayed
exaggerated fear manifested as high levels ofifigen the single shock environment—a
response more appropriate to the stressor envinoi@ed similar to SEFL observed in other
studies (Rau, DeCola, and Fanselow, 2005; Rau ansdfow, 2009). Therefore, the BLA must

be functional during the stressor for SEFL to occur

Experiment 4: Intra-basolateral amygdala glucocorticoid receptor antagonism attenuates

stress-enhanced fear learning

Experiment 4 Method
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Subjects. A total of 17 experimentally naive adult male Lefgans rats, purchased from Harlan
(Indianapolis, IN), weighing 250-300 g at the begny of the experiment, were housed
individually on a 14:10-hour light/dark cycle wiftee access to food and water, following the

same housing and handling procedures as Experirhehts

Procedure. All animals underwent surgery to implant guide aslae into the BLA 10-14 days
before the start of experiments, using an idenpoatedure to Experiment 3. Mifepristone was
dissolved in 80% ACSF ad 20% dimethyl sulfate (DNJS&nhimals either received micro-
infusions of 0.5 pug mifepristone or vehicle 10 ntgsbefore the 15 shocks. A third group
consisted of unstressed animals that received egbéfore the stressor. The animals then
underwent the shortened 3-day SEFL procedure Bgperiment 3. Freezing in the conditioning
context was recorded on Day 3. After exclusionrofreals with misplaced cannulae groups
consisted of: stressed/mifepristone (n = 5), stadsehicle (n = 7), and unstressed/vehicle (n=5).
Cannulae placements were confirmed after behaviestihg, and sections were examined with
a light microscope (Zeiss, Oberkochen, Germanygtdy cannulae placement. SEgure 9a

for an outline of the procedure.

Behavioral Recordings. Freezing was recorded during the Day 3 contextgag the

VideoFreeze program.

Analysis. A one-way ANOVA was performed to determine betwgeodp differences for
freezing during the conditioning context tespriori planned comparisons were used to

compare freezing across individual groups.
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Figure9. Intra-basolateral infusions of mifepristone pre-stressor reduce SEFL. a. Experimental Design for
mifepristone infusions. Shock in both contexts: A,h secb. Cannulae placement. Freezing (mean + SEM) in
conditioning context on Day 3. **p<.005 (one-way ANA).

Experiment 4 Results and Discussion

This experiment sought to neuroanatomicaltalize the effect of CORT by giving intra-
BLA infusions of mifepristonefrigure 9a shows the experimental procedure, &nglre 9b
shows verification of correct bilateral cannulaagaiment on a schematic diagrdtigure 9c
shows freezing in the conditioning context tesDay 3. A one-way ANOVA confirmed
statistically significant group differences in fe@sg, F (2, 14) = 8.349, p<0.00Apriori
planned comparisons showed that stressed/vehitteabmfroze significantly more than did
stressed/mifepristone animals, F (1, 14) = 16.4P,@01; however, stressed/mifepristone
animals did not show significantly different freegilevels from unstressed/vehicle controls, F

(1, 14) = 1.95, p=0.17.

Blocking GR in the BLA prior to the 15-shock stresattenuates SEFL. During the

conditioning context test, stressed animals thegived vehicle showed exaggerated freezing
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levels; however, animals that received intra-BLAapristone infusions prior to the stressor
showed attenuated fear compared to the stresséclé/ghoup that is appropriate to the level of
receiving a single shock (Day Bigur e 9c). This suggests that the specific effects of C@QRT

BLA GRs are imperative for SEFL induction.

General Discussion

This set of experiments replicates previous finditigat exposure to a 15-shock stressor
in one context produces an enhancement of conditfear to a second novel context in which a
single footshock was given (Rau, DeCola, and Famse2005). Moreover, these experiments
show that both blocking CORT synthesis with metgragand inactivating the BLA prior to
stress prevented future sensitization of fear lagrrResults from Experiment 1 suggest that
CORT increaseduring the 15-shock stressor are necessary for the enmamt®f conditional
fear to the single shock. During drug-free testherconditioning context, freezing followed a
graded dose response function, indicating that rapone blocked both associative fear learning
and nonassociative enhancement of future fearitggarm other words, metyrapone dose-
dependently blocked the ability for the shock t@dily condition fear to a context paired with

shock, and also prevented the long-term sensiizati future fear learning (i.e., SEFL).

While CORT synthesis is necessary for the induatibS8EFL, CORT seems to play no
role in the consolidation or expression of SEFLause post-stressor or pre-test administration
of metyrapone had no effect on freezing and COR@&l$eat theaime of test did not differ
between stressed and unstressed rats (Experintgrisdl1C). While metyrapone prevented
SEFL, CORT administration without stress did notrmai the sensitizing effect of stress

(Experiment 4). However, SEFL was rescued fromymapbne by co-administration of CORT.
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Thus, changes in CORT during the stressor are sagebut not sufficient for producing SEFL.
Moreover, CORT rescued SEFL but not fear conditigrirom metyrapone~igur e 7b-c);

animals that received metyrapone and CORT showt&sglfear to the original stress context, but
fear was significantly increased in the same gliaupe conditioning context. Therefore, CORT
plays a role in initiating SEFL, i.e., nonassosatiear, but not associative fear; another action
of metyrapone may be affecting the latter. Theltegoint out another dissociation between

SEFL, which we see as a form of sensitization,tgpital associative fear conditioning.

The plasma CORT levels after the 15-shock strgg&greriment 1A, Day 1) also
displayed a linear dose-dependent reduction. Tetrease in plasma CORT in vehicle/stressed
animals after the 15-shock exposure is consistéhtather studies showing that footshock
stress causes a rise in CORT (Thompson, et al4; Ztderson, et al., 2004; Pitman,
Ottenweller, and Natelson; 1990). However, plasr@dRT levels from Day 7 yielded no
significant interactions or main effects. This ansistent with other studies finding that blocking
CORT synthesis during testing did not affect thpregsion of learned fear (Barrett and
Gonzalez-Lima, 2004). CORT levels from this timeénpalid not reflect SEFL, as indicated by
high freezing rates. This CORT level finding isenednt to the controversy over CORT levels
reported in PTSD patients. To induce SEFL, thersetrha CORT fluctuations during the 15-
shock stressor that are blocked by metyrapone. Menvethe CORT levels at time points after
the stressor are not critical for SEFL. The reléyamrameter is CORT changes during stress and
not at other time points. Measurement of CORT iisBpatients is typically taken well-after,

not immediately after, trauma.

Moreover, our findings from Experiment 3 indicatatt functional activity in the BLA

during the 15-shock stressor is necessary for later str@dsgncements of fear learning to occur.
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Inactivation of the BLA during the stressor redu&FL, while inactivation following the
stressor did not. During the context test in thieditioning context, we found that animals that
received pre-stressor muscimol infusions to inatévthe BLA showed an appropriate level of
fear for the single context-shock pairing they eigreced. Conversely, post-stressor BLA-
inactivated animals displayed exaggerated feaniegr manifested as high levels of freezing in
the single shock environment. The BLA is relevaetduse receives and integrates information
about the environment from many different braiesifMaren, 2001), and it acts as the locus of
association between both context and tone CS’shantbotshock US (Davis, 1992; Fanselow
and LeDoux 1999; Maren, 2003; Maren and Fansel®®86)L The BLA sends projections to the
central nucleus of the amygdala (CeA), which imtsends projections to areas that generate
defensive responses, such as the periacqueduata(RAG; LeDoux, 1993; Fanselow, 1991,
1994). The ventral PAG is involved in mediatingeizeng behavior (De Oca, et al., 1998;
Fanselow 1991). In addition to Pavlovian fear ctinding, the BLA, according to these results,

is also crucial for fear sensitization.

It was previously suggested that exposure toesStr causes a state change in the animal
that produces a long-lasting sensitization of teauitry. The results of these experiments thus
far suggest that stress hormones, namely CORT ateesiensitization of this circuitry. Again,
CORT levels were found to be high after the 15 khplout not after the context test in the 1-
shock context, even though conditional freezing @@sanced. This suggests that the CORT
increase after the stressor is the event thaaiagithe sensitization process in the brain. Perhap
sensitization is no longer reflected peripherally tentrally, via CORT interactions in the brain.
CORT cell bodies and GRs are found in brain regaitgal for mediating fear conditioning,

such as the BLA (Chalmers, Lovenberg, and De Sdil@25; Swanson, et al., 1983). Results
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from Experiment 4 suggest that CORT’s actions ar&RBs in the BLA, which are necessary for
SEFL induction to occur. As previously mentionetreased CORT during stress increases

amygdalar excitability, most likely via GR bindii@osen and Schulkin, 1998).

The experiments in this chapter elucidate thécatitcomponents of induction of stress-
induced enhancement of fear. More specificallyg\eese stressor initiates the HPA axis stress
response to increase CORT levels. CORT acts chninghe BLA, which must also be
functional during the stressor, by binding to GRORT synthesis blocking by metyrapone
administration after the stressor did not affear feensitization, and CORT levels were not
increased at any time point after the 15-shoclsstre The next chapter will address the

underlying mechanisms of expression of enhanced fea
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Abstract

Pavlovian fear conditioning has been used to effelgt model symptoms afxaggerated
fear learning and responding in rodents and in lgewfih post-traumatic stress disorder (PTSD).
When a person detects a threat, geserally believed that environmental stimuli beeom
aversely conditioned and hypervigilarfoe perceived sources of threat can develop. Thezat
is likely thatprocesses related to associative learning andséswmitization underlie anxiety
disorderslike PTSD. There is a good understanding of thealeircuitry of Pavlovian fear
conditioning, making it a useful tool for derivitige neuramechanisms of behavioral
symptoms. During learning, sensory input relatmg¢hie conditional stimulus (CS) and
unconditional stimulus (US) converge on the basoddtamygdala (BLA) where a CS-US
association is encoded via long-term potentiatidrP) at BLA synapses. This process is
dependent on both N-methyl-D aspartate (NMDA) dptiazamino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) receptorbese receptors within the amygdala
participate in different components of fear leaghimcluding acquisition, expression, and
extinction. To explore for potential mechanismegpression of stress-enhanced fear learning
(SEFL), we looked for changes in glutamatergic pémesubunits in the BLA as an increase in
excitatory neurotransmission in this structure daerthance fear conditioning. Western blot
analysis of BLA tissue revealed an increase irGheA1 AMPA receptor subunit but not the
GluA2 AMPA receptor subunit or GIluN1 NMDA recepturbunit. Moreover, NBQX, an
AMPA receptor antagonist given at time points afler 15-shock stressor attenuates SEFL.
Since facilitating glutamatergic activity at AMPAaeptors enhances the rate of fear
conditioning and SEFL occurs predominantly by iasiag the rate of fear conditioning, the

increase in GIuA1l subunits is a highly plausiblechmism for the expression of SEFL.
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Introduction

Fear is normally proportional to the level of impdghreat, which allows for a balance
between defensive behavior and other behaviorsseacgfor survival (Fanselow, 1984).
However, fear is no longer adaptive when its exgogsis unsuitable for the level of current
threat. Following experience with a severe stnedature fear learning becomes exaggerated
and generalizes to other potential thr¢Btsu, DeCola, and Fanselow, 2005). We have
developed a procedure to study this phenomenoiitandurobiological underpinnings, in which
exposure to a 15-shock stressor enhances respaiedint-shock contextual fear conditioning
procedure.

Exposure to stress appears to sensitize the regt@ms involved in generating fear
responses. Stress initiates the activation of éugoendocrine stress cascade, also called the
hypothalamic-pituitary-adrenal (HPA) axis, whicHratnates in glucocorticoid release from the
adrenal cortex (Antoni, 1986). Glucocorticoids.(ierticosterone in rodents [CORT], cortisol
in humans) aid in energy mobilization and helpestore homeostasis via negative feedback
mechanisms after a threat has passed (Munck, GarydetHolbrook, 1984).

Regions important to Pavlovian fear conditioninghbaffect and are affected by HPA
axis activation (Korte, 2001; Herman, et al., 200%)e basolateral amygdala (BLA) is critical
for fear learning and expression (Helmstetter, 18#hanes and Davis, 1992; Fanselow and
Kim, 1994; Muller, et al., 1997; Gale, et al., 2D04esioning or inactivating the BLA
demonstrates that it is a region necessary for @atioding and storage of a fear memory
(Fanselow and Kim, 1994; Wilensky, Schafe, and Led999; Schafe and LeDoux, 2000;
Fanselow and Gale, 2003; Kim, et al., 2005). Thé& Bl excited, either by a threatening

unconditional stimulus (US) or fear-evoking coratii@l stimulus (CS), and it drives secretion of
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CORT via the hypothalamus (Helmstetter, 1992; Sesamd Davis, 1992; Fanselow and Kim,
1994; Muller, et al., 1997; Gale, et al., 2004; fdan, et al., 2005). Systemic CORT crosses the
blood brain barrier and thus feeds back on receptothe hippocampus (Herman, et al., 2005)
and BLA (Arriza, et al., 1988; Duvarci and PareQ?2p It is important that the HPA axis be
turned off rapidly following a stressor becausedatbolic effects of CORT suppress
homeostatic functions and can be damaging (BetHi8%}). CORT, both stress-induced and
artificial, enhances BLA excitation (Duvarci and®a007; Whitehead, et al., 2013), and
feedback of CORT on the hippocampus and other isitdge HPA axis serve to halt further
release of CORT (Herman, et al., 2005). The modujagffects of CORT are largely exerted on

fear learning and consolidation.

Prior research has shown that the BLA plays aromapt role in stress-induced fear
responses (Braga, et al., 2004; Adamec, Blundeadl,Burton, 2005; Rodriguez Manzanares, et
al., 2005; Roozendaal, McEwen, and Chattarji, 2008ceptors for CORT are found in key
areas involved in fear conditioning, particulathe tBLA (Chalmers, Lovenberg, and De Souza,
1995; Swanson, et al., 1983). While CORT actioth@hippocampus is directed toward
suppression of the HPA axis, in the BLA, CORT bitmlglucocorticoid receptors (GRS),
nuclear receptors that may alter gene transcrigisEwen and Weiss, 1970; McEwen, Weiss
and Schwartz, 1968). Strikingly, long-lasting ches\qh gene expression have been observed in

the BLA of animals showing SEFL (Ponomarev, et2010).

Within the amygdala, glutamatergic modificationektitatory neurotransmission,
including glutamate receptor-regulated synaptistotay, have been implicated in fear
conditioning. Glutamate N-methyl-D aspartate recep{NMDAR) and alpha-amino-3-hydroxy-

5-methylisoxazole-4-propionic acid receptors (AMPA#Rthin the amygdala are involved in
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different components of fear learning (Kim and Fdow, 1994; Miserendino, et al., 1990;
Walker and Davis, 2002 Jasnow, Cooper, and Huh2@04; Kim, et al., 1993). In particular, it
has been shown that blockade of NMDAR in the BLAv@nts acquisition of fear learning
(Fanselow and Kim, 1994), while intra-BLA infusiooban AMPAR antagonist blocks
expression of fear (Kim, et al., 1993). Additioyakxcitatory neurotransmission in the BLA
could also enhance fear conditioning (Fanselow, @&GGnd Young, 1993). It has also been
shown that altered activity patterns due to stcasschange the distribution of AMPAR in the

BLA, increasing the density of AMPAR on dendritmrses (Hubert, et al., 2013).

Chapter 1 focused on uncovering the mechanismdviedon initiating SEFL. In this
chapter, to explore potential mechanisms of SERiression, we first probed for changes in
glutamatergic receptor subunits in the BLA in Exypemt 1. Rats received either metyrapone, a
CORT synthesis blocker, or vehicle one hour befloeel 5-shock stressor. The findings from
Experiment 1 in Chapter 1 show that pre-stress rapone dose-dependently attenuated SEFL.
Two weeks after the test in the conditioning cohtéestern blot analysis of BLA samples was
performed in order to assess the relative abundaind®PAR and NMDAR subunits in the
BLA after SEFL and metyrapone treatments, i.e. AGland GluA2 subunits of the AMPAR and
GluN1 subunit of the NMDAR. Given the importanceAdIPARs for the expression of fear and
NMDARs for the induction of SEFL, we hypothesizédtt AMPAR subunits, but not NMDAR
subunits, would show an increase in concentratientd the stressor. This timepoint also
corresponds to the period where we previously tepdBEFL-induced changes in gene
expression (Ponomareyv, et al., 2010). Additiondhg, two-week interval should eliminate short-

term influences of behavioral testing.
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Given the results from Experiment 1 and the impuar¢éaof AMPARS in fear expression,
in Experiment 2, AMPAR antagonists were infused itte BLA either immediately prior to the
single shock in the conditioning context or priothe conditioning context test. Because
changes in AMPAR function within the BLA play a salirole in the expression of SEFL, we

predicted that AMPAR blockade should temporarilgyant the expression of SEFL.

Experiment 1: Increasesin GIuA1l after stress-enhanced fear learning are prevented by

metyrapone

Experiment 1 Method

Subjects. Experimentally naive adult male Long Evans ratpreaxmately 300 g, were
purchased from Harlan (Indianapolis, IN). Food amder were availablad libitumto the

animals, and a 14:10-hour light-dark cycle, ligtdsning on at 6:00 am, was maintained in the
colony room. The rats were individually housedtairdess steel wire mesh cages and were
handled daily for approximately 45 seconds for filags prior to the start of the experiments. All

experimental procedures took place during the loylte.

The procedures used in this experiment were inrdence with policy set and approved
by the Institutional Animal Care and Use Committééhe University of California, Los

Angeles.

Apparatus. Two contexts were used during the course of themxgnts, the “stress” context
and the “conditioning” context. These contextseati#d in background noise, illumination, and
odor. Chambers housed within the contexts diffemeshape, size, color, and grid floor texture.
In the stress context, lighting consisted of twilirng mounted 6-ft. fluorescent bulbs; a

ventilation fan was used to provide backgrounde¢ébdB). Stress context chambers (28 x 21 x
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21 cm) had a clear Plexiglas back wall, ceiling &mdt door and aluminum side walls. The

floor, composed of 18 stainless steel rods (4mdiameter), spaced 1.5 cm center to center, was
wired to a shock generator and scrambler (Med Aas#s; Inc; St. Albans, VT). Chambers were
wiped down with isopropyl alcohol (10%) and driexfdre and after each subject, and a Simple
Green (50%) odor was placed in stainless steel ipaested below the chamber to provide a

distinctive smell in the context.

The conditioning context was lit by a single ré&¥\8bulb, and no background noise was
provided. Conditioning context chambers were iftitithe same size as stress context chambers,
but were made smaller by black triangular inserisating side walls at a 60 degree angle with
the floor. Floors were composed of 17 stainlessl stels (4 mm in diameter) staggered into two
rows spaced 1 cm apart vertically and 2.6 cm apaizontally, and they were wired to the
shock generator as described for the stress cocti@xtbers. Conditioning context chambers
were cleaned with acetic acid solution (1%) be#d after each subject, and the same solution

was placed in the pan underneath each chamber.

Procedure. Rats were randomly placed in one of four groupgessed control” animals (GIuN1
n=7, GluA2 n= 10, GluAl n=11), “unstressed contmiiimals (GluN1 n=8, GIuA2 n= 10,
GluAl n=10), “stressed/metyrapone” (GIuN1 n=11, &wn=6, GluAl n=8) or
“unstressed/metyrapone” (GIuN1 n=12, GluA2 n=6 GluA=7). Rats from Experiment 1A,
Chapter 1 were used in this experiment, from tloegithat received the highest dose of
metyrapone (150 mg/kg). For the control groups ttadt both received vehicle and were
untreated were included; for both the stresseduastressed conditions, vehicle and untreated
animals did not show significantly different oplickensity (OD) ratios for each of the subunits

probed, ps>0.05. The vehicle for the drug was caegof 60% saline and 40% propylene
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glycol (Sigma Aldrich; St. Louis, MO). One hour @rito 15-shock stressor exposure, animals
were given an intraperitoneal (i.p.) injection oétyrapone. The volume of all injections was 1.0
ml/kg. Injections were given in the rats’ housinga and the rats remained in their homecages

until the stressor exposure procedure.

One hour after injection, rats were transportethéostress context in their homecages.
Stress exposure consisted of 15 shocks (1 mA, Jwéb)a variable shock interval of 240-480
seconds. Animals receiving no stress during exgosere placed in chambers for an equivalent
amount of time as the stressed animals—90 minAt@mals were then brought back to their

homecages and returned to their housing area.

Animals were then given two days rest time in the@mecages (Days 2 and 3). On Day
4, all animals were given a context test in thesstrcontext for 8 minutes. They were transported
in the same manner as on Day 1, in their home c&ge®ay 5, animals were given an 8 minute
session in the novel conditioning context, in oreprovide pre-exposure and to ensure the
animals were not generalizing to this context. Tieye transported out of their homecages and
placed into a black container (Rubbermaid) that pasitioned with inserts (Plexiglas) into
equivalent chambers (20 x 15 x 25 cm) to carry Bmimals. Lids were placed on the container
so that the animals were transported in darknegetoonditioning context. On Day 6, all rats
were given a single shock (1mA, 1 sec) in the domaing context 180 seconds after placement
in the chamber. The rats were transported in theegaanner as Day 5, in the black partitioned
container. Animals were removed from the chambter an additional 300 seconds and brought
back to their housing area and placed back in titmmecages. On Day 7, animals were given an
8 minute context test in the 1-shock context. Adgweere transported in the same manner as on

Days 5 and 6, in the black container.
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Two weeks after the Day 7 conditioning context,testtrol rats and rats that received
150 mg/kg metyrapone were euthanized and Westeta Were used to probe for subunit
concentrations of AMPAR and NMDAR. We chose thisdipoint because SEFL is very long
lasting (e.g., >90 days, Rau and Fanselow, 200@W\anwere interested in determining the
neural correlates of SEFL that reflected these-kemngn changes. This timepoint also
corresponded to the period where we previouslynedd&EFL-induced changes in gene
expression using microarray (Ponomarev, et al.0Rp(Bed~igure 10A for a diagram of the

procedure.

Western blot analysis. Rats were euthanized, 400 mm thick coronal bri&eswere made

from which the BLA was microdissected, and immealiafrozen at -80 °C. Tissue was then
thawed, and homogenized in ice cold buffer contgrii% SDS, 1 mM EDTA, and 10 mM Tris,
pH 8.0. Protein concentrations, measured bytein assay system (Bio-Rad, Hercules, CA).
Samples (15 pg/lane) were loaded in 10 or 15 laeeast 4 to 20% gradient SDS-
polyacrylamide gels (Bio-Rad, Hercules, CA), andasated under reducing conditions using the
Bio-Rad Mini—Protean 3 Cell system. Proteins weaiagferred to PVDF membranes (Immun-
Blot PVDF membrane, 0.2 mm, Bio-Rad) by wet tran§iB2oRad, Hercules, CA). Blots were
probed with anti-peptide GluAl (C-terminus epitop&1504; 1:1000 dilution; EMD Millipore,
Temecula, CA)anti-peptide GIuA2 (rabbit polyclonal, AB1768-1;6000 dilution; Millipore,
Temecula, CA), an®GluN1 (aa 834-938; 1:1000 dilution; Upstate: EMDIMore, Temecula,
CA) antibodies, followed by HRP-conjugated secopd&oat anti-rabbit; EMD Millipore,
Temecula, CA) antibody (1:2000 dilution). Bands evdetected by GE ECL prime or ECL2
Western blot detection kit (GE Healthcare Bioscemdittsburgh, PA) and images were

captured using the LAS-3000 digital imaging systéummifilm, Tokyo, Japan) or developed onto
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film (GE Healthcare, Biosciences). An anti-peptiiygceraldehyde 3-phosphate dehydrogenase
(GAPDH; Santa Cruz Biotech, Santa Cruz, CA) antypd2000 dilution) was used as a loading
control. Bands corresponding to the appropriateisitlivere analyzed, and optical density (OD)

measurements were compared by densitometry usiagdin(NIH, Bethesda, MD).

Analysis. Between-group differences in OD ratios were evaldiaising two-way Analysis of
Variance (ANOVA).A priori planned comparisons were made between stressedlantinat

underwent metyrapone treatment and stressed amressed controls (Gaito, 1965).

a
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Context General 1 >| Context N
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Metyrapone Westemn
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Figure 10. Increasesin GluA1 after SEFL are prevented by metyrapone. a. Experimental Design. Shock for
both contexts: 1mA, 1sdr Representative Western blot images of GluA1 @AdPDH from the BLA of stressed
and unstressed rats receiving vehicle or metyrag@RAPH: Mean GIluAl: GAPDH optical density ratios (+
SEM). Main effect of drug, p<0.00%:p<0.01 (two-way ANOVA, followed bya priori planned comparisons).
Representative Western blot images of GIuA2 and BiARrom the BLA of stressed and unstressed ratsivag
vehicle or metyrapon&RAPH: Mean GluA2:GAPDH optical density ratios (+ SEMJ. Representative Western
blot images of GIuN1 and GAPDH from the BLA of ssed and unstressed rats that received vehicle or
metyraponeGRAPH: Mean GIuN1: GAPDH optical density ratios (+SEM).

Experiment 1 Results and Discussion
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In this experiment, Western blot analyses weregoeréd on the BLA of animals
receiving metyrapone prior to the 15-shock stresaarrder to assess the changes in abundance
of AMPAR and NMDAR subunits after a severe stressal metyrapone treatmefigure 10b
shows representative images of GluAl1 and GAPDH filoenBLA of stressed and unstressed
rats that received pre-stress administration dieeitnetyrapone or vehicle. The graplFigure
10b shows the mean GluAl: GAPDH OD ratios§EM). There was a main effect of drug F (1,
32) =9.011, p<0.005, but not of stress or strgsdrbg interactionA priori planned
comparisons indicated that the OD ratios of thessed control animals were significantly
higher than of unstressed control animals, F (13203, p<0.05. However, there was no
significant difference between the OD ratios oéssed and unstressed animals that received
metyrapone, F (1, 32) = 0.0008, p>0.05. Stressatt@animals also showed a significantly
increased OD ratio compared to stressed/metyragoingals, F (1, 32) = 8.03, p<0.01, but there
was no difference between OD ratios of stresseghaygbne and unstressed controls, F (1, 32) =

0.636, p>0.05.

Figure 10c shows representative images of GluA2 and GAPDhhftloe BLA of
stressed and unstressed rats that received pss-stieninistration of either metyrapone or
vehicle.The graph irFigure 10c shows the mean GIuA2: GAPDH OD ratiosEM). There

was no significant main effect of stress, druga stress by drug interaction, ps>0.05.

Figure 10d shows representative images of GIuN1 and GAPDHh fitee BLA of
stressed and unstressed rats that received pss-stieninistration of either metyrapone or
vehicle.The graph irFigure 10d shows the mean GluN1: GAPDH OD ratiosSEM). There

was no significant main effect of stress, druga stress by drug interaction, ps>0.05.
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Western blot analysis of BLA tissue two weeks aBEIFL revealed an increase in the
GluAl1 AMPAR subunit but not the GIluA2 AMPAR subupit GluN1 NMDAR subunit.
Importantly, this is the same time point at whidbF& rats show pronounced changes in gene
expression as indicated by microarray (Ponomaieal,,€2010). Within the amygdala, NMDAR
are important for acquisition of fear, while AMPA#Re more critical for expression of fear
(Fanselow and Kim, 1994; Kim, et al., 1993; Misaleo, et al., 1991; Walker and Davis, 2002;
Hubert, et al., 2013). Therefore, two weeks afigregience with the severe stressor, an increase
in AMPAR subunits but not NMDAR subunits is consigt with such findings. Since facilitating
glutamatergic activity at AMPAR enhances the rdtiear conditioning (Rogan, et al., 1997)
and SEFL occurs predominantly by increasing the eafear conditioning (Fanselow, DeCola,
and Young, 1993), the increase in GIuAl subunitshgghly plausible mechanism for the

expression of SEFL.

Experiment 2: Intra-Basolateral Amygdala Infusions of NBQX at Two Time-points After

the 15-Shock Stressor Attenuate Stress-Enhanced Fear Learning

Experiment 2 Method

Subjects. A total of 40 experimentally naive adult male LaBgans rats purchased from Harlan
(Indianapolis, IN), weighing 250-300g at the begngnof the experiment, were housed
individually on a 14:10-hour light/dark cycle wittee access to food and water. Animals were

housed and handled using the same procedure aparilbent 1.

Procedure. One week before surgery rats were handled dail§{® minutes. Rats were
anesthetized (isoflurane: induction at 5%, maimer&.5%) before stereotaxic mounting (Kopf

Instruments, Tujunga, CA), rat’'s were shaved (heaa were injected with ketoprofen (2
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mg/kg, s.c.), and 0.9% sterile saline (aprox. Og3kap, s.c.). Body temperature was maintained
during surgery using a heating pad. Before incisiod retraction, scalps were cleaned with 70%
ethyl alcohol and Betadine. Two holes were drill@d the skull for implantation of 26-gauge
guide cannulae (Plastics One, Roanoke, VA, USAkgditlaterally at the BLA; coordinates
(from bregma) were: anterior/posterior -3.1 mm, radteral +/- 5.2 mm, dorsal/ventral -7.6
mm. Guide cannulae were secured with dental @accg@imented to anchoring skull screws.
“Dummy” cannulae were inserted into the guidesrevpnt dust from entering, and they were
replaced daily with clean ones. Recovery lasted4.@days; animals received daily injections of
ketoprofen (2 mg/kg, i.p.) for two days and trinragghm sulfa in their drinking water for five

days post-surgery.

After 10-14 days of recovery from surgery, ratseveansported to the infusion room
and dummy cannulae were changed on the two dagsebexperimental infusion to habituate
them to infusion procedures. For infusions, 33¢ggainjector cannulae that extended 1 mm
below the guides were inserted. 2,3-dihydroxy46enr-sulfamoyl-benzol[flquinoxaline-2,3-
dione (NBQX; Sigma-Aldrich, St. Louis, MO, USA) wdsssolved in artificial cerebrospinal
fluid (ACSF; Fisher Scientific, Waltham, MA), anlrée different concentrations were made:
8.0 mg/ml, 4.0 mg/ml and 2.0 mg/ml. NBQX was bag#ided via 33-gauge infusion cannulae
into polyethylene tubing connected to 10 ml Hammltoicro-syringes (Hamilton company,
Reno, NV, USA). The infusion rate was 0.1 pl/minicteeach a volume of 0.25 ul/side,
delivering either 2.0 ug, 1.0 pg, or 0.5 pg, retipely, via a Harvard #22 syringe pump
(Harvard Apparatus, South Natick, MA, USA). Thgeotor remained in place for 1-2 minutes
allowing for complete diffusion; clean dummies wergerted into guide cannulae after

infusions.
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The procedure was similar to Experiment 1, extiegita shortened 3-day version was
used. On Day 1, animals received 15 footshocks @@aninutes. Twenty-four hours later,
animals were placed into the novel context andivedea single (1 mA, 1 sec) footshock after
180 seconds. Animals were infused with vehicle @Eide or 1.0 pg/side immediately prior to
the single shock in the novel context (Day 2). Bhsere 4 groups total: stressed/vehicle (n=4),
stressed/0.5 pg (n=6), stressed/1.0 ug (n=5), aswassed/vehicle (n=8; “stressed” and
“unstressed” refers to the 15-shock stressor).tésieof SEFL occurred 24 hours later in the

single shock context; freezing was assessed fan8tes.

In a separate group of animals, animals received ishock stressor and 1 shock (Days
1 and 2) and were infused with either vehicle,dglside or 2.0 png/side of NBQX immediately
prior to the conditioning context test (Day 3). dufth group consisting of unstressed animals
receiving vehicle was included. All groups had a4 .nFreezing was assessed for 8 minutes
during the Day 3 context test. A second contexttitethe conditioning context was given 24
hours later (Day 4) when NBQX was no longer on tpand freezing was, again, recorded. See

Figures 11la and11d for outlines of the procedures.

Behavioral Recordings. Percent freezing was recorded during the Day 3lsnd4 context tests
using the VideoFreeze program. SEFL is indicatetigl percent freezing, a reliable measure

of learned fear (Fanselow, 1980; 1994) in the leklnmnditioning context.

Computer Scoring by VideoFreeze Program. The VideoFreeze Program, which is comparable
to hand scoring, was used to analyze behavioral [@atagnostaras, et al., 2010). A motion
analysis algorithm was used to analyze the videsast in real time, recording at 30 frames per

second, 320 x 240 pixels, 8-bit grayscale. A refeeevideo sample was taken prior to placing
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the rats into the four chambers to calibrate thepygent. This reference sample established the
amount of baseline noise in the video signal orxal{by-pixel basis, across multiple successive
frames. Once the rats were placed in the chambecsessive video frames were continuously
compared to each other and to the reference sammeixel by pixel basis. Any differences
between pixels in the current video signal largpantthose in the reference sample were
interpreted as animal movement. These pixel diffees were summed for each image frame,
and this summation was counted as the Motion Infleg.Motion Index is the number of pixels
that have changed within 1 second that exceed \nde®. When this Motion Index was below

50 for one second, an instance of freezing wasesicor

Cannulae placement verification: Cannulae placements were confirmed after behdviora
testing. Animals were deeply anesthetized, deatgalt brain tissue extracted, placed in 10%
buffered formalin phosphate (Fisher Scientific,rRawn, NJ), later transferred to 30% sucrose,
and subsequently rapidly frozen and sectionedtG2 Sections (50 pm) were mounted and
stained using cresyl violet (Sigma-Aldrich, St. i9UMO). Sections were examined with a light

microscope (Zeiss, Oberkochen, Germany) to vesdfyncilae placement.

Analysis. A one-way ANOVA was performed for the first expeeint to determine between-
group differences for freezing during the contest in the conditioning contex.priori
planned comparisons were made between stressedlartirat were infused with vehicle and
animals infused with NBQX. A mixed factorial ANOWAas performed for the second

experiment, followed by planned comparisons.
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Figure 11. Intra-basolateral amygdala infusions of NBQX after the 15-shock stressor attenuate SEFL. a.
Experimental Design for pre-1 shock infusions. $hiodboth contexts: 1 mA, 1 see. Cannulae placement
Freezing (mean + SEM) in conditioning context tasDay 3, p<0.0001 (overall one-wANOVA, followed bya
priori planned comparisons). Experimental Design for pre-context test infusiam&annulae placemertt.
Freezing (mean + SEM) in both the on and off droigditioning context tests on Days 3 and 4, respelsti p <
0.005. * p<0.05 (mixedNOVA, followed bya priori planned comparisons).

Experiment 2 Results and Discussion

In this experiment, infusions of NBQX into the Blwlere given either immediately prior
to the single shock in the conditioning contextamthe conditioning context test, using the
shortened 3-day procedufagures 11b and11e depict verifications of correct bilateral cannulae
placement on a schematic diagram. The graphgare 11c depicts mean (SEM) freezing in
conditioning context (Day 3) for animals that warkised with either vehicle or NBQX (0.5 ug

or 1.0 pg/ side) immediately before the single &{@may 2). Stressed animals that received both
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doses of NBQX showed significantly lower freezihgn vehicle-treated animals. This
difference was confirmed statistically with a oneywANOVA, F (3, 19) = 25.799, p<0.000A.
priori planned comparisons showed that stressed aninadlsetteived vehicle froze significantly
more than animals that received both 0.5 pg angid.@oses of NBQX, F (1, 19) = 44.26,

p<0.0001, and F (1, 19) = 50.99, p<0.0001, respeigti

Mean conditioning context freezing S8EM) for animals that were infused with either
vehicle or NBQX (1.0 pg or 2.0 pg/side) prior te tontext test in the conditioning context is
shown inFigure 11f. This graph depicts freezing in conditioning contexkile the drug was on
board (Day 3), as well as 24 hours later when thg @as no longer present (Day 4). There was
a significant effect of context test day, wherewzeals froze significantly more during the context
test off the drug than 24 hours prior while ondhneg, F (1, 12) = 5.13, p<0.05. There was also a
significant drug by test day interaction, F (3, £23.40, p<0.05. Planned comparisons showed
that during the first context test on drug, vehittsated animals showed significantly more
freezing than animals infused with either the 1g0apd 2.0 ug dose, as well as the unstressed
vehicle group, Fs (1, 12)=12.34, 14.53, and 108&pectively, ps<0.05. During the second
context test off NBQX, stressed animals that rezgieither dose of NBQX did not show a
significant difference in freezing compared to \edtreated animals, Fs (1, 12) = 1.07, and
0.95, respectively, ps>0.05. Furthermore, anintastéd with 1.0 pg NBQX had significantly
higher freezing levels on Day 4 off drug than oryBawhile on drug, F (1, 12) = 5.78, p<0.03;
animals treated with 2.0 pg NBQX also had signiftbamore freezing on Day 4 than on Day 3,

F (1, 12) = 9.48, p<0.009.

Stressed animals that received vehicle immedidelgre the single shock in the novel

conditioning context (Day 2) showed significantlpra freezing than NBQX-treated animals
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during the drug-free context test. Moreover, sedsmimals that received NBQX immediately
before the context test (Day 3) also showed a temtuth SEFL compared to stressed/vehicle
animals. However, when these rats were placed ipatle conditioning context for a second test
off NBQX the fear returned to the sensitized |y 4); therefore, this effect was temporary.
This suggests that AMPARSs in the BLA are necesEar$EFL expression, as targeting them

with an AMPAR antagonist after the stressor templgrattenuated SEFL.

General Discussion

These experiments elucidate the mechanisms thatlimdxpression of stress-induced
enhancement of fear. Chapter 1 focused on thevewadnt of stress hormones in mediating the
initiation of SEFL, and it also implicated the Bla& a critical structure for this observed fear
sensitization. CORT may act centrally in the bramal pass through neuronal cell membranes to
alter gene transcription (McEwen and Weiss, 1976EMen, Weiss and Schwartz, 1968).
Because the co-occurrence of increased HPA axiatg@nd glutamate receptor changes within
the BLA is observed after a stressor, their rolesiateractions may be crucial in determining

the mechanisms underlying SEFL, which is what tbhekvof this chapter focused on.

The results from Experiment 1 interestingly shoat thesides preventing SEFL,
metyrapone prevented the elevation in GluAl inBh@& after SEFL and returned its expression
levels to that of unstressed contrd¥sglre 10b). By contrast, there were no differences in
GIuA2 or GluN1 levels in stressed- or metyrapomatied groupsHigur es 10c-d). During
learning, sensory input relating to the CS and 0i$serge on the BLA where a CS-US
association is encoded via long-term potentiatidrP) at BLA synapses, dependent upon

glutamate receptor-regulated synaptic plasticitggdh, et al., 1997; Kim and Jung, 2006).
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NMDAR are important for acquisition of fear, wh#MPAR, specifically GluA1-containing
AMPAR are more critical for expression of fear th@se LTP mechanisms (Fanselow and Kim,
1994; Kim, et al., 1993; Walker and Davis, 2002)Hnx, et al., 2013). Therefore, an increase in
AMPAR subunits but not NMDAR subunits three weekerahe stressor is consistent with
these findings. Similar results have been founthénhippocampus, where surface increases in
GluAl but not GIuA2 occurred after restraint strés#hitehead, et al., 2013). AMPAR lacking
GIuA2 have a high relative calcium permeability,amas permeability of AMPAR containing
GluA2 is very low; the former enhances cell exaitgb(Hollmann, et al., 1991). However, this
long-term upregulation of GIuA1 two weeks after ftieessor is inconsistent with prior results
showing that expression of calcium-permeable AMP fABaks 24 burs after conditioning and
subsides by 1 week. This shows a dissociation est&&EFL, which we view as non-associative

sensitization, and Pavlovian fear conditioning ¢dee et al., 2012).

If changes in AMPAR function within the BLA playcausal role in the expression of
SEFL, then AMPAR blockade should prevent the exgpoesof SEFL. Therefore, we applied
the AMPAR antagonist NBQX to the BLA either immetig prior to the single shock in the
conditioning context or prior to the conditioningntext testigures 11c and f). Stressed
animals that received vehicle immediately befoeedimgle shock in the novel conditioning
context (Day 2) showed significantly higher freeglavels than that of NBQX-treated animals
during the drug-free context test. Stressed anithalsreceived NBQX immediately before the
conditioning context test (Day 3) also showed @@naiation in SEFL, compared to animals that
received the stressor and vehicle. When NBQX-trkedes were placed back in the conditioning

context for a second test off NBQX, the fear re¢arto the sensitized level (Day 4). This
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suggests that AMPARSs in the BLA are necessary EflSexpression, and targeting them with

an AMPAR antagonist temporarily attenuates SEFLresgion.

Increased availability of the GIuUA1 protein mighad to an overall increase in AMPARS
or an increase in the proportion of calcipermeable AMPAR, either of which could lead to an
increase in the LTP that supports fear learningn¢Ebbw and Kim, 1994; Miserendino, et al.,
1990; Walker and Davis, 2002; Rogan, et al., 129¥ and Cull-Candy, 2000; He, et al., 2009).
Induction and maintenance of LTP requires insertib@luAl-containing AMPARS in the
synapse (Kessels and Malinow, 2009; Hanley, 20Hdwever, NBQX is a general AMPAR
antagonist. Therefore, to further validate theongnce of GIuAl in SEFL, we examined the
post-stress effects of antisense oligonucleotid&)) to block translation of GIuAl in the BLA

in the final chapter.
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CHAPTER THREE

Neurobiological Targetsto Produce Long-L asting Reversal of Stress-Enhanced Fear

Learning
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Abstract

Inappropriate fear regulation after severe stresshallmark of post-traumatic stress
disorder (PTSD). We developed a model called seeabsinced fear learning (SEFL), in which
an acute footshock stressor nonassociatively amdgently enhanced conditional fear learning
in rats. SEFL is accompanied by several additisgalptoms relevant to PTSD. However, the
mechanisms of SEFL are poorly understood. In Chagtend 2, we demonstrated that
corticosterone (CORT) acting at glucocorticoid poes (GRs) in the basolateral amygdala
(BLA) is necessary to induce SEFL. Moreover, wevatab that CORT drives long-term alpha-
amino-3-hydroxy-5-methylisoxazole-4-propionic addMIPA) receptor subunit, GIluAl
expression in the BLA. Targeting AMPA receptorshiNBQX successfully attenuated SEFL,

though this effect was temporary.

While Chapters 1 and 2 suggested potetteakments of SEFL, a trueure must
permanently alleviate the condition without chroadministration. In our attempt to further
validate the importance of GIuAl in SEFL, we fiused antisense oligonucleotides (ASO) to
block translation of GIuAl in the BLA. GIuA1 ASO hich we validated with Western blot
analysis, missense oligonucleotides (MSO), or Vemi@s infused into the BLA after the 15-
shock stressor and before the 1 shock. Surprisiogly GIuA1 ASO treatment showed a long-
lasting reversal of SEFL. Importantly, ASO treatineéid not eliminate the associative fear
memory of the 15-shock context or the effects faftare stressor, indicating that ASO did not
permanently disrupt normal amygdala function. Asstve fear of the actual stress context may
be beneficial as it would lead to evasion of aytddngerous situation. If such associative fear to
the stress context is contributing to negative sgm@atology, then exposure treatment may still

be necessary. We next explored the functional itapoe of GIUAL increases in the BLA after
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SEFL by examining the post-stress effects of IENSQ, 4 selective GluA2-lacking AMPA
receptor blocker. Intra-BLA infusions of IEM-14604gi-stress reduced SEFL, showing that
calcium permeable, GIuAl- containing AMPA receptars important for SEFL expression and
can be targeted to reverse SEFL. These treatnveinés) put together with the treatment of the
nonassociative effects of stress described heggest hope for those suffering from severe

PTSD.
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I ntroduction

At the center of the neural circuitry for fear Ieiaug is the amygdala (Helmstetter, 1992;
Muller, et al., 1997; Gale, et al., 2004). Sensaryg associative information projects directly and
indirectly to the basolateral amygdala (BLA) comqplm Pavlovian fear conditioning, the BLA
acts as a locus for the association between cootextitional stimulus (CS) and footshock
unconditional stimulus (US; Davis, 1992; Fanselowd &eDoux, 1999) The BLA sends
projections to the central nucleus of the amyg@@kiA), which in turn projects to areas, such as
the periaqueductal gray (PAG) that generate defessgmnses (Fanselow, 1991; 1994). The
amygdalar fibers to the ventral PAG are involvedniediating freezing behavior (Maren and
Fanselow, 1996; Fendt and Fanselow, 1999), whdeathygdalar connections to the dorsal PAG
mediate reactivity to the noxious stimulus (Fansel©991).

Within the amygdala, changes in excitatory neur@naission, including glutamate
receptor-regulated synaptic plasticity, are cruimafear conditioning. Glutamate N-methyl-D
aspartate receptors (NMDAR) and alpha-amino-3-hygsmethylisoxazole-4-propionic acid
receptors (AMPAR) within the BLA participate in fifent components of fear learning
(Fanselow and Kim, 1994; Kim, et al., 1993; Walkad Davis, 2002; Hubert, et al., 2013). In
particular, it has been shown that blockade of NNRDIA the BLA prevents acquisition of fear
learning (Fanselow and Kim, 1994), whereas intrékBhfusions of an AMPAR antagonist
blocks expression of fear (Hubert, et al., 2013).

The BLA also plays an important role in stress-retlifear responses (Braga, et al.,
2004; Adamec, Blundell, and Burton, 2005; RodrigMamzanares, et al., 2005; Roozendaal,
McEwen, and Chattarji, 2009). Inappropriate feaponding in humans may manifest into

anxiety disorders, such as post-traumatic stresgdier (PTSD). Indeed, human brain imaging

90



studies also show enhanced amygdala activity inDPp&ients during encoding and exposure to
negative stimuli (Rauch, et al., 2000; Shin, et2006; Brohawn, et al., 2010). In rodent studies,
it has been shown that altered activity patterrestdustress can change the distribution of
AMPAR in the BLA, increasing the density of AMPAR dendritic spines; AMPAR moving
from dendritic stores into spines may be in papomsible for the persistent behavioral
alterations observed following severe stressorb@ruet al., 2013). Moreover, adrenal stress
hormones (i.e., corticosterone [CORT]) increase Bix&itability; using electrophysiological
techniques, it has been shown that both stress@ttlGORT and administration of CORT
concentrations appropriate for a stressor enhdrecmtrinsic excitability of principal BLA cells
via glucocorticoid receptors (GRs; Duvarci and Pag®7; Whitehead, et al., 2013). Given that
CORT, both stress-induced and administered, exagggeresponding to subsequent fear
conditioning procedures (Cordero, Merino, and Sab@®8; Cordero, et al., 2003; Thompson, et
al., 2004) and that CORT also increases BLA exditgpit is likely that these mechanisms work
together to produce sensitization of fear obsenfest a severe stressor.

We have created a model of stress-enhanced feairiggSEFL) in rodents in order to
demonstrate that an acute stressor nonassociatimdlpermanently enhances conditional fear
learning (Rau, DeCola, and Fanselow, 2005; Rauramdelow, 2009). In Chapter 1, we showed
that increases in systemic CORT during the ingie¢ssor are critical for sensitized fear, which
can be blocked with metyrapone, a CORT synthesiskir. It has been shown that systemic
CORT crosses the blood brain barrier and takesaan#al role by acting on receptors in the
BLA (Duvarci and Pare, 2007). This was also reioéorin Experiment 4, Chapter 1; blocking
GRs in the BLA with mifepristone blocked enhancetradrfear after a severe stressor. In

Chapter 2, we showed that three weeks after asswessor, there was a CORT-dependent
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increase in the GIuAl subunit of the AMPAR in thieA but not of GIUA2 or subunits of the
NMDAR. This is consistent with prior studies showithhe importance of AMPAR, particularly
GluA2-lacking, calcium permeable AMPAR, in expressof fear via long-term potentiation
(LTP), while NMDAR is more critical for acquisitioof fear (Whitehead, et al., 2013; Fanselow
and Kim, 1994; Kim, et al., 1993). Targeting AMPARthe BLA after the stressor with the
antagonist NBQX blunted the enhanced fear condigpeeen after a severe stressor.
However, metyrapone and mifepristone from Chapteretented SEFL only if given
prior to stress, which severely limits its applitié§pas a potential treatment. Additionally, the
effect of NBQX in reducing exaggerated fear to¢baditioning context was temporary, and
NBQX does not specifically target GluAl-containiAlyIPARs. While this is a successful
treatment of SEFL, a trueure must permanently alleviate the condition withoutoetic

administration.

In principal neurons throughout the brain, AMPAR®t@ining GluA2 predominate (Liu
and Zukin, 2007). However, fear learning and exqrene causes a switch in certain brain
regions, like the amygdala, from GluA2-containing3luA2-lacking, calcium permeable
AMPARSs to the synapse (Clem and Huganir, 2010;rdaret al., 2012; Savtchouk and Liu,
2011; Whitehead, et al., 2013). Induction and negiahce of LTP requires insertion of GIuA1l-
containing AMPARSs in the synapse by both phosplabigth and endosomal recycling that
appears to involve transmembrane AMPAR proteinshiblll AMPARS at the synapse (Kessels
and Malinow, 2009; Hanley, 2010). We believe ttatium-permeable AMPAR support
nonassociative plasticitflhe data presented in this chapter suggest thegrgteventing the

upregulation of GIuA1 after the stressor or perhapsking this synaptic AMPAR maintenance

92



at the synapse will permanently prevent SEFL frawetbping following a stressor, but still

leaves the brain capable of learning normal, pttecfear.

In Experiment 1, we used antisense oligonucleo{d&0O) to block stress-induced
translation of GIuAl in the BLA. GIuAl1 ASO, whicheavalidated with Western blot analysis,
missense oligonucleotides (MSO), or vehicle wassadl into the BLA after the 15-shock
stressor antiefore the 1 shock. Given the Western blot data fExperiment 1, Chapter 2,
showing a sustained increase in GIUALl in the BLi&rathe stressor, as well as the NBQX data
from Experiment 2, Chapter 2, we hypothesized shrassed animals receiving GIuA1 ASO at
these timepoints would show significantly lowerezeng than vehicle-treated and MSO-infused

animals.

In Experiment 2, we infused a cohort of animaldwaibly one dose of GIuA1 ASO into
the BLA, either after the 15-shock stressor or keethe 1-shock 24 hours later. Given the data
showing that GIuA1l after fear conditioning peak®a®4 hours (Jarome, et al., 2012), and the
15-shock stressor and 1-shock are 24 hours apattypothesized that just one dose at either
timepoint would be sufficient to reduce enhanceg#ing to the 1-shock context. We tested this
same cohort of animals in the 1-shock context AB@-¥ days after the first context test. If the
enhanced freezing is still reduced even thouglsansie lasts 10-12 hours (Kurreck, et al., 2007),
then this means that just a single dose of ASO bomeeset the BLA to a less excitable state.
Lastly, this same cohort of animals was given asdsevere stressor (“re-SEFLed”). If animals
show enhanced freezing to the context test in thleotk context, then this demonstrates that the

amygdala was still functional and that fear comditng was not impaired.
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Lastly, in our attempt to further validate the ftianal role of GIuAl in SEFL, in
Experiment 3, we examined the post-stress effddtsNyH,-Trimethyl-5-
[(tricyclo[3.3.1.13,7]dec-1-yImethyl)amino]-1-pen@miniumbromidehydrobromid¢éEM-
1460), a voltage-dependent open-channel blockAMPAR that displays selectivity between
subtypes, blocking GIuA2 subunit-lacking (calciumrmeable) receptors more potently than
GluA2-containing receptordEM-1460 was infused into the BLA prior to the gl shock in the
novel context. Again, given the Western blot daterf Experiment 1, Chapter 2 showing that
GluAl but not GIuA2 was increased after SEFL, wpeeted to see a decrease in SEFL with

drug infusion.

Experiment 1: Intra-BL A infusions of GIuA1 antisense oligonucleotides reduce stress-

enhanced fear learning

In this experiment we assessed the importancewhGlpregulation after a severe
stressor by blocking GIluAl translation with ASCQtive BLA. Using this method, we were able
to specifically target GluA1-containing AMPARSs thaere upregulated as a result of the

stressor.

Experiment 1 Method

Subjects. A total of 34 experimentally naive adult male LeBgans rats, purchased from Harlan
(Indianapolis, IN), weighing 250-300 g at the begng of the experiment, were used in this
experiment. Food and water were availaudibitum to the animals, and a 14:10-hour light-
dark cycle, lights coming on at 6:00am, was mairgdiin the colony room. The rats were

individually housed in stainless steel wire mestesaand were handled daily for approximately
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45 seconds for five days prior to the start ofékperiments. All experimental procedures took

place during the light cycle.

The procedures used in this experiment were inrdence with policy set and approved
by the Institutional Animal Care and Use Committééhe University of California, Los

Angeles.

Apparatus. Two contexts were used during the course of themxwnts, the “stress” context
and the “conditioning” context. These contextsati#d in background noise, illumination, and
odor. Chambers housed within the contexts diffemeshape, size, color, and texture. In the
stress context, two ceiling mounted 6-ft. fluoregdaulbs illuminated the room and a ventilation
fan was used to provide background noise (65dBgsStcontext chambers (28 x 21 x 21 cm)
had a clear Plexiglas back wall, ceiling and frdaméor and aluminum side walls. The floor,
composed of 18 stainless steel rods (4mm in diaa@aced 1.5 cm center to center, was
wired to a shock generator and scrambler (Med Aasgs; Inc; St. Albans, VT). Chambers were
wiped down with isopropyl alcohol (10%) and driezfdre and after each subject, and a Simple
Green (50%) odor was placed in stainless steel ipaested below the chamber to provide a

distinctive smell in the context.

The conditioning context was lit by a single ré¥\Bbulb, and no background noise was
provided. Conditioning context chambers were iftitithe same size as stress context chambers,
but were made smaller by black triangular insertsating side walls at a 60 degree angle with
the floor. Conditioning context chamber floors weoenposed of 17 stainless steel rods (4 mm
in diameter) staggered into two rows spaced lcnt &pdically and 2.6 cm apart horizontally,

and they were wired to the shock generator as ibbestcfor the stress context chambers. These
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chambers were cleaned with acetic acid solution) {d€tore and after each subject, and the
same solution was placed in the pan underneathatsehber. The behavior was analyzed using

the VideoFreeze program (Med Associates, Inc).

Computer Scoring by VideoFreeze Program. The VideoFreeze Program was used to analyze
behavioral data (Anagostaras, et al., 2010). A omaginalysis algorithm was used to analyze the
video stream in real time, recording at 30 framassgecond, 320 x 240 pixels, 8-bit grayscale. A
reference video sample was taken prior to pladiegats into the four chambers to calibrate the
equipment. This reference sample established tloeianof baseline noise in the video signal on
a pixel-by-pixel basis, across multiple successiames. Once the rats were placed in the
chambers, successive video frames were continugosiyared to each other and to the
reference sample on a pixel by pixel basis. Anfed#inces between pixels in the current video
signal larger than those in the reference sampte méerpreted as animal movement. These
pixel differences were summed for each image fraand,this summation was counted as the
Motion Index. The Motion Index is the number of gl that have changed within 1 second that
exceed video noise. When this Motion Index waswd0 for one second, an instance of

freezing is scored.

GluA1l antisense oligodeoxynucleotide design and treatment. Oligodeoxynucleotides (19
bases in length) were synthesized (Operon, Hutgs¥iL) based on the GIuA1 cDNA
(GenBank accession number NM031608) listed in wwii.nim.nih.gov. The specific ASO
(5’-T*A*A*GCATCACGTAAGG*A*T*C-3’; phosphorothiate-DNA chimera) was
complementary to positions 1249-1268 of rat GIluBNA. A MSO (“scrambled” antisense)
used as a control, was also prepared in whichdkedof the GIuAl oligonucleotide were

randomized (5-A*G*C*GTATCACAGTATA*G*A*C-3’; phosplorothiate- DNA chimera).
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This control sequence revealed no other rodentsseguhomology using the BLAST (basic
local alignment search tool) search. This procettibased on a previousvitro study using
the same sequences (Hefferan, et al., 2007). Ti@ &xMSO was resuspended in sterile ACSF

to a concentration of 2 nmol/ml.

Procedure. One week before surgery, rats were handled dailg{ minutes. Rats were
anesthetized (isoflurane: induction at 5%, maimeera.5%) before stereotaxic mounting (Kopf
Instruments, Tujunga, CA), their heads were shaaed they were injected with ketoprofen (2
mg/kg, s.c.), and 0.9% sterile saline (aprox. Ogkgy, s.c.). Body temperature was maintained
during surgery using a heating pad. Before incisiod retraction, scalps were cleaned with 70%
ethyl alcohol and Betadine. Two holes were drillgd the skull for implantation of 26-gauge
guide cannulae (Plastics One, Roanoke, VA, USAkgditnlaterally at the BLA; coordinates
(from bregma) were: anterior/posterior -3.1 mm, raddteral +/- 5.2 mm, dorsal/ventral -7.6
mm. Guide cannulae were secured with dental aceglinented to anchoring skull screws.
“Dummy” cannulae were inserted into the guidesdegkcannulae clear. Recovery lasted 10-14
days; animals received daily injections of ketopro§2 mg/kg, i.p.) for two days and

trimethoprim sulfa in their drinking water for fivdays post-surgery.

Rats were transported to the infusion room andrmdymmannulae were changed on the
two days before experimental infusion to habituh&m to infusion procedures. Stress exposure
consisted of 15 shocks (1 mA, 1sec), with a vaeablock interval of 240-480 seconds. One
hour later, rats were transported to the infusaony to receive the drug infusions. For infusions,
33-gauge injector cannulae that extended 1 mm btlewguides were inserted. The infusion rate
was 0.1 pl/minute to reach a volume of 0.25 pl/siiddivered via a Harvard #22 syringe pump

(Harvard Apparatus, South Natick, MA, USA). Theector remained in place for 1-2 minutes
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allowing for complete diffusion; clean dummies wptaced back into the cannulae after
infusions. Rats were randomly assigned to one wfdooups: those that received 15 shocks
over a 90-minute period in the stress context andxuAl ASO (“stressed/ASO”, n=11), those
that received 15 shocks and received MSO (“strést®@”, n=11), those that received 15
shocks and received ACSF (“stressed/ACSF”, n=6),thase who remained in the chambers of
this context for the same duration without recegvamy shocks and received ACSF (“unstressed/

ACSF”, n=6).

The next day, animals received a second infusigk&®, MSO, or ACSF, identical to
the ones received the day before. One hour lditey, were then transported out of their
homecages in a black container (Rubbermaid) thatpaetitioned with inserts (Plexiglas) into
equivalent chambers (20 x 15 x 25 cm) to carry Bmimals. Lids were placed on the container
so that the animals were transported in darknestoonditioning context. All rats were given
a single shock (1mA, 1 sec) in the conditioningteah180 seconds after placement in the
chamber. Animals were removed from the chamber aft additional 60 seconds and brought

back to their housing area and placed back in timmecages.

On Day 3, animals were given an 8 minute contesttitethe 1-shock conditioning
context. Animals were transported in the same maasien Day 2 in the black container. Two
doses were given because the half-life of phosphimate ASO is between 10-12 hours, and
GluAl expression after stress peaks at 24 houra€klk, et al., 2002; Jarome et al., 2012). For
ASO and MSO groups, half of the animals were tdkewcannulae placement and half were
taken to validate the GIuA1 ASI@ vivo via Western blotting. Seeigure 13a for a diagram of

the procedure.

98



Behavioral Recordings. Percent freezing was recorded for Day 3 using/ideoFreeze
program. SEFL is indicated by high percent freezengeliable measure of learned fear

(Fanselow, 1980; 1994), in the conditioning contest after the 15-shock stressor.

Western blot analysis. Rats were euthanized, 400 mm thick coronal brateswere made

from which the BLA was microdissected, and immealiafrozen at -80 °C. Tissue was then
thawed, and homogenized in ice cold buffer contggrii% SDS, 1 mM EDTA, and 10 mM Tris,
pH 8.0. Protein concentrations, measured bytein assay system (Bio-Rad, Hercules, CA).
Samples (15 pg/lane) were loaded in 10 or 15 laeeast 4 to 20% gradient SDS-
polyacrylamide gels (Bio-Rad, Hercules, CA), andasated under reducing conditions using the
Bio-Rad Mini—Protean 3 Cell system. Proteins weaiagferred to PVDF membranes (Immun-
Blot PVDF membrane, 0.2 mm, Bio-Rad) by wet trangiB2oRad, Hercules, CA). Blots were
probed with anti-peptide GluAl (C-terminus epitop&1504; 1:1000 dilution; EMD Millipore,
Temecula, CA), followed by HRP-conjugated second&uat anti-rabbit; EMD Millipore,
Temecula, CA) antibody (1:2000 dilution), bands evéetected by GE ECL prime or ECL2
Western blot detection kit (GE Healthcare Bioscemdittsburgh, PA) and images were
developed onto film (GE Healthcare, Biosciences).ati-peptide glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Santa Cruz Biotech, Sania, @A) antibody (1:2000 dilution) was
used as a loading control. Bands correspondinge@ppropriate subunit were analyzed, and
optical density (OD) measurements were comparetdebgitometry using ImageJ (NIH,

Bethesda, MD).

Cannulae placement verification: Cannulae placements were confirmed after behdviora
testing. Animals were deeply anesthetized, deatgulf brain tissue extracted, placed in 10%

buffered formalin phosphate (Fisher Scientific,rEawn, NJ), later transferred to 30% sucrose,
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and subsequently rapidly frozen and sectioned@tC2 Sections (50 um) were mounted and
stained using cresyl violet (Sigma-Aldrich, St. iI9UMO). Sections were examined with a light

microscope (Zeiss, Oberkochen, Germany) to veafyntlae placement.

Analysis. A one-way ANOVA was used to determine group diffexes for Western blot optical
density (OD). An overall one-way ANOVA was perfortn® determine between-group
differences for freezing during the context testh@ conditioning contexA priori planned
comparisons were made between stressed animalsg¢hainfused with vehicle or MSO and

animals infused with ASO (Gaito, 1965).

Experiment 1 Results and Discussion

The experimental design is showrHigur e 12a, and verification of correct bilateral
cannulae placement are depicted on the schematicashh inFigure 12b. Representative
Western Blot images of GluAl1 and GAPDH from the BaRboth treatment groups: MSO and
ASO, and mean GIluAl: GAPDH optical density ratiesSEM) are shown ifrigure 12c-d.
There was a main effect of antisense treatmertt, 8)(= 16.61, p<0.005, where the BLA of
MSO-treated animals contained significantly mora/al than did the BLA of ASO-treated

animals.

The conditioning context test for animals infusathvGluA1 ASO, MSO, or ACSF at
two time points between the 15-shock stressor aslubtk conditioning are shown kigure
12e. An overall one-way ANOVA confirmed statisticabygnificant group differences, F (3, 30)
=4.195, p<0.05A priori planned comparisons showed that stressed aninalsetteived MSO
froze significantly more than stressed animals tee¢ived ASO and unstressed animals, F (1,

30) =5.27, p<0.05, and F (1, 30) = 6.82, p<0.85pectively; however, this group did not freeze
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more than stressed/ACSF animals, p>0.05. StresS&lakimals also did not show significant

differences in freezing from unstressed/ACSF arsnyat0.05.

The results from Experiment 2 show that intra-Blodusions of GIUAL1 antisense after
the 15-shock stressor reversed SEFL. Stressed ksrtinah received GluAl ASO at either time
point showed significantly lower freezing than AGB&ated and MSO-infused animals, which
was at a level appropriate for a single shock. @iffered from the experiment with NBQX
infusions (Experiment 2, Chapter 2). While NBQXaateduced freezing post-stressor, it did not
discern between newly-made or established AMPARsdi it specifically bind to GIuA1-
containining AMPARSs. Therefore, the reduction iegzing was completely diminished, far past
the level of freezing elicited with just a singleosk (25%). It is possible that GluA1 ASO
reduced freezing to the single shock level bectargeted translation of new GluAl, and
therefore production of viable AMPARS, in the BLAused by stress-induced release of CORT,

but did not affect AMPARSs already established befiwe stressor.
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Figure 12. Intra-basolateral amygdala infusions of GIuA1 antisense after the 15-shock stressor reverse SEFL.

a. Experimental Desigrb. Cannulae placemert. RepresentativéVestern blot images of GluA1 and GAPDH from
the BLA of stressed/MSO and stressed/A@6.d. Mean GluAl: GAPDH optical density ratios (+ SEMp<0.05
(one-way ANOVA).e. Mean (+SEM) percent freezing in the conditioningtext on Day 3. * p<0.05 (one-way
ANOVA followed by planned comparisons).

Experiment 2: A single infusion of GIuUA1 ASO into the BLA produces along-lasting

reversal of stress-enhanced fear learning and does not prevent futurefear conditioning.

Given the effectiveness of ASO in reversing SEFe,wanted to replicate the experiment with

just a single dose and to determine how long-lggtie ASO effect was and how it may affect

future fear conditioning.
Experiment 2 Method

Subjects. Six experimentally naive adult male Long-Evans,ratirchased from Harlan

(Indianapolis, IN), weighing 250-300g at the begngnof the experiment, were housed
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individually on a 14:10 hour light/dark cycle wiftee access to food and water. Housing and

handling were the same as in Experiment 1.

Procedure. All animals underwent surgery to implant guide aslae into the BLA 10-14 days
before the start of experiments. All behavioratgszal, and infusion procedures are identical to
those of Experiment 1. Animals either received Bh#&ro-infusions of 2 nmol/side of ASO
either one hour after the 15 shocks or one howrbdhe 1-shock 24 hours later. The animals
then underwent the same 3-day SEFL procedure Bspariment 1, with an extra test day in the
1-shock context 10 days after the stressor. Frgemithe conditioning context was recorded on
Day 3 during the 8 minute context test. The animatsained in their homecages ASO-free until
Day 10, 7 days after the last context test. Thagwaals were placed back in the 1-shock context
test for a second 8 minute test. Then, the sanmasiwere placed back in the stress context to
receive another 15-shock stressor on Day 11, #essfgpck in the conditioning context on Day

12, and an 8 minute context test on Day 13.

After exclusion of animals with misplaced canmutgioups consisted of: Day 1 infusions (n

= 3), Day 2 infusions (n = 3). Séggure 13a for the procedure.

Behavioral Recording. Freezing was recorded during the context testsaynd) Day 10, and
Day 13 using the VideoFreeze program. Additiondigseline freezing was recorded in the

stress context on Day 1, and again on Day 11.

Analysis. A repeated-measures ANOVA was run to compare coteskfreezing of the one
dose ASO animals on Day 3, Day 10, and Day 13. &way ANOVA was performed in order
to compare context test freezing on Day 3 of arsnitzt received one infusion of ASO to

animals previously infused with two doses of AS®Oweell as to compare freezing of re-
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conditioned animals on Day 13 to MSO-treated arsmalpaired-samples t-test was performed
in order to compare baseline freezing in the sttessext on Day 1 and on Day 11 before the 15

shocks.

Experiment 2 Results and Discussion

The experimental design for Experiment 2 is shawRigure 13a, and verification of
correct bilateral cannulae placement are depiateal schematic diagram kigure 13b. Figure
13c depicts the mean GEM) percent freezing in the conditioning contelxamimals that just
received a single dose of ASO between the 15 shauksingle shock, on Days 3, 10, and 13.
The two groups- those that received ASO after thehbcks and those that received ASO before
the single shock- did not show any significantefiéinces on Day 3 (Day 1: Mea29.13
SEM=10.03; Day 2: 31.61, SEM= 12.8§8:0.05) and were therefore collapsed into a single
group. The freezing levels of animals given just dose of ASO on either Day 3 or Day 10
showed comparable freezing levels to animals tdeatth both doses, F (1, 15) = 0.143, p>0.05,
and F (1, 15)= 1.25, p>0.05, respectively. A repgaheasures ANOVA confirmed significant
group freezing differences F (2, 10) = 10.52, p&0After animals were given the 3-day SEFL
procedure again on Days 11-13, freezing levelbéncbntext test (Day 13) were significantly
higher than both Day 3 and Day 10 freezing, F @=5.1, p<0.05, and F (1, 10)= 26.08,
p<0.005, respectively. This freezing level for Dd8/was comparable to animals that we have

previously tested given MSO, F (1, 15)= 0.39, p50.0

The mean_(-SEM) percent freezing in the stress context tedday 1 (baseline) and on Day

11 prior to re-conditioning is depicted kingure 13d. A paired-samples t-test confirmed that
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these animals showed significantly higher basdheezing levels on Day 11, the second time

they were put into the stress context, than on Dagb)= 3.22, p<0.05

The results from Experiment 2 demonstrate thatgusngle dose of ASO between the 15
shocks and 1 shock was sufficient to reduce feasiseation. Moreover, we found,
unanticipatedly, that GIuA1 ASO producetbag-lasting reversal of SEFL. While ASO lasts
12-24 hours, it may have interrupted the cycle iAG upregulation that is normally long-
lasting, and this was enough to also produce anrergldecrease in fear sensitizati®esults
also show that animals that received GluA1 ASO @aitill be fear conditioned and that ASO
did not prevent a severe stressor from causingskasitization. Importantly, ASO treatment did
not eliminate the associative fear memory of thesliéck context or the effects of a future
stressor, indicating that ASO did not permanenigyupt normal amygdala function.
Associative fear of the actual stress context mealdneficial as it would lead to evasion of a

truly dangerous situation.
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Figure 13. A singleintra-basolateral amygdala infusion of GIuA1 antisense produces a long-lasting reversal of
sensitization. a. Experimental Desigrh. Cannulae placement. Mean (+SEM) percent freezing of 1-dose ASO
animals in the conditioning context on Days 3,df)] 13. * p<0.01 (repeated-measures ANO\WAMean (+
SEM) percent freezing of 1-dose ASO animals instiness context on Day 1 (baseline) and on Day ibt fur re-
conditioning (the 3 minute before first shock). Ttigh levels of freezing when the rats were retdriwethe stress
context indicates that ASO treatment did not elaténnormal associative fear of the stress conygx®@05 (paired-
samples t-test).

Experiment 3: Intra-amygdalar infusions of |EM-1460 post-stressor rever se stress-

enhanced fear learning

This experiment sought to determine the functioakd of the increase of GIuAl, as well as the

lack of increase of GIuA2 in the BLA after SEFL by tatigpg calcium permeable AMPARS.

Experiment 1 Method

Subjects. A total of 15 experimentally naive adult male Ldfxans rats, approximately 300g,
purchased from Harlan (Indianapolis, IN), were leabiaccording to Experiments 1 and 2, on a

14:10 light cycle.i

Procedure. All animals underwent surgery to implant guide aslae into the BLA 10-14 days
before the start of the experiment. The surgicgdvioral, and infusion procedures were
identical to those of Experiments 1 and 2. Streg®gure consisted of 15 shocks (1 mA, 1sec),
with a variable shock interval of 240-480 secoridgenty-four hours later, rats were transported
to the infusion room to receive the drug 10 minygesr to the 1 shock, rats received their
infusions. For infusions, 33-gauge injector canaulat extended 1 mm below the guides were
inserted. IEM-1460 (Tocris Bioscience, EllisvilMO) was dissolved in artificial cerebrospinal
fluid (ACSF; Fisher Scientific, Waltham, MA) anddkaloaded via 33-gauge infusion cannulae
into polyethylene tubing connected to 10 ml Hammltoicro-syringes (Hamilton company,

Reno, NV, USA). The infusion rate was 0.1pul/minicteéeach a volume of 0.25 ul/side,
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delivered via a Harvard #22 syringe pump (Harvappp@atus, South Natick, MA, USA). The
injector remained in place for 1-2 minutes allowfogcomplete diffusion; clean dummies were
placed back into the cannulae after infusions. Rat® randomly assigned to one of three
groups: those that received 15 shocks over a @@#mperiod in the stress context that got IEM-
1460 (“stressed/IEM”), those that received 15 skaokd got ACSF (“stressed/ACSF”), and
those that did not receive 15 shocks but just ctr@eposure over 90 minutes and received
vehicle (“unstressed/ACSF”). They were then tramtgabout of their homecages in a black
container (Rubbermaid) that was partitioned witents (Plexiglas) into equivalent chambers
(20 x 15 x 25 cm) to carry four animals. Lids wplaced on the container so that the animals
were transported in darkness to the conditioningeod. All rats were given a single shock
(ImA, 1 sec) in the conditioning context 180 secpafier placement in the chamber. Animals
were removed from the chamber after an additioBaeétonds and brought back to their housing
area and placed back in their homecages. On Dayials were given an 8 minute context test
in the 1-shock conditioning context. Animals weaansported in the same manner as on Day 2

in the black container. Séégure 14a for a diagram of the procedure.

Behavioral Recordings. Percent freezing was recorded for Day 3 using/ideoFreeze
program. SEFL is indicated by high percent freezangeliable measure of learned fear

(Fanselow, 1980; 1994), in the conditioning contest after the 15-shock stressor

Cannulae placement verification: Cannulae placements were confirmed after behdviora
testing. Animals were deeply anesthetized, deatsgalt brain tissue extracted, placed in 10%
buffered formalin phosphate (Fisher Scientific,rEawn, NJ), later transferred to 30% sucrose,

and subsequently rapidly frozen and sectioned@tC2 Sections (50 um) were mounted and
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stained using cresyl violet (Sigma-Aldrich, St. i9UMO). Sections were examined with a light

microscope (Zeiss, Oberkochen, Germany) to vesdfyncilae placement.

Analysis. A one-way ANOVA was performed to determine betwgeodp differences for
freezing during the context test in the conditignaontext, followed by priori planned

comparisons.

Experiment 3 Results and Discussion

The experimental design is showrFigur e 14a, and verification of correct bilateral

cannulae placement are depicted on a schematicadiag Figure 14b.

The conditioning context test for animals infusathiEM-1460 are shown iRigure
14c. A one-way ANOVA confirmed statistically signifinagroup freezing differences, F (2, 12)
= 9.25, p<0.004A priori planned comparisons showed that the stressed/eedmnanals froze
significantly more than did stressed/IEM animald did unstressed controls F (1, 12) = 12.95,
p<0.002 and F (1, 12) = 7.12, p<0.05, respectivdbwever, stressed/IEM animals did not show
statistically significant freezing levels compatedinstressed/ vehicle controls, F (1, 12) = 0.04,

p=0.83.

The results from Experiment 3 show that intra-Biodusions of IEM-1460 prior to the
single shock in the conditioning context test redUESEFL. Stressed animals that received
vehicle showed significantly higher freezing leviglan did IEM-1460-treated animals. While
NBQX (Experiment 2, Chapter 2) also reduced fregpiost-stressor, it does not bind to specific
types of AMPARSs. The use of IEM-1460 specificallygets GluA2-lacking, calcium permeable
AMPARSs, and the results from this experiment reioéothe hypothesis that GluAl-containing

AMPARs are essential for the expression of SEFle f@sults also allow us to speculate over
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the role of GluA2-containing AMPARSs in SEFL. Givére large reduction in freezing caused
by IEM-1460, GluA2-containing AMPARs may not be @ssal for expression of sensitized
fear. This may be why increases in GluA2 weredatécted after the severe stressor in the
BLA, which would reinforce the Western blot datarfr Experiment 1, Chapter 2. This is
consistent with prior studies showing that theeesynaptic increases in GIuAl but not GIuA2

after stress (Savtchouk and Liu, 2011; Whitehetdl.£2013).
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Figure 14: Intra-basolateral amygdala infusions of |EM-1460 after the 15-shock stressor attenuate SEFL. a.
Experimental Design. Shock in both contexts: 1 hAecb. Cannulae placement verification.Freezing (mean +
SEM) during the conditioning context test on Dayp 3 0.005. * p<0.05 (one-wayNOVA, followed bya priori
planned comparisons)

General Discussion

This set of experiments targeted the CORT-indunerkase in GIuAl translation in the
BLA after SEFL, as determined by Experiment 1, Gaap, using both GIluA1 ASO and
calciumpermeable AMPAR blockers. The purpose of theseraxpats in Chapter 3 was to
investigate the mechanisms that reverse SEFL amattherapeutic targets, based on

mechanisms of induction and expression outlinedhapters 1 and 2. While several drugs were
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shown to alleviate SEFL in the first two chapténgy would require chronic administration to
keep SEFL attenuated, and their affects were nmssarily specific to nonassociative fear but

associative fear to the stressor context as wejl,(metyrapone).

We examined the post-stress effects of ASO to biickslation of GIuAl in the BLA
(and hence, SEFL) in Experiment 1. Stressed anithatgeceived ACSF or MSO infusions
showed significantly higher freezing levels thad @GluAl ASO at either time point. This level
of freezing in ASO-treated animals is comparablth&d seen after administration of just a single
shock. These findings potentially implicate that&l ASO reduced freezing to the 1-shock
level because it targeted translation of new Glg#d therefore production of viable AMPARS)
in the BLA caused by stress-induced release of C@RTdid not affect AMPARSs already
established before the stressihnis further validates the idea that fear conditigralters GluA1
trafficking in the BLA, previous data show that tking GluA1- containing AMPAR
incorporation into the synapse blocks fear conditig (Rumpel, et al., 2005). In Experiment 2,
we determined that the decrease in sensitizedifigseen after GIuA1 ASO administration
lasted at least 10 days, well after the last imiusif ASO had been metabolized in the rats’
neuronal systems, and did not prevent fear comilitgp Importantly, we also showed that ASO
treatment did not eliminate the associative feamny of the 15-shock context or the effects of
a future stressor, indicating that ASO did not pamamntly disrupt normal amygdala function

(Experiment 2fFigure 14d).

As shown in Chapters 1 and 2, brain regions imf@itan fear circuitry, such as the
BLA, both affect and are affected by hypothalamicHpary-adrenal (HPA) axis activation
(Korte, 2001; Herman, et al., 2005). When the BkAxcited, either by a threatening

unconditional stimulus (US) or fear-evoking conatiial stimulus (CS), it drives secretion of
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CORT via the hypothalamus (Herman, et al., 200%3t3nic CORT crosses the blood brain
barrier and thus feeds back on GR receptors ihiffppopcampus (Herman, et al., 2005) and BLA
(Arriza, et al., 1988; Duvarci and Pare, 2007). G#Rhances BLA excitation (Duvarci and
Pare, 2007; Whitehead, et al., 2013) possibly pr@gulation of GluAl-containing AMPARS,

an idea that was explored in this chapter.

The functional importance of increased GIuAl in BieA after SEFL was determined
using IEM-1460, a drug that blocks GluA2-lacking RMRs, which was infused into the BLA
prior to the single shock in the novel context (Esiment 3). Stressed animals that received
vehicle showed significantly higher freezing thath @nimals that received the drug. This
suggests that GluAl-containing, but not GluA2- eamihg AMPARS, are critical for the
expression of SEFL. In principal neurons throughbatbrain, AMPARS containing GIuA2
predominate (Liu and Zukin, 2007). However, fearteng and experience causes a switch in
certain brain regions, like the amygdala, from Gleontaining to GluA2-lacking, calcium
permeable AMPARSs to the synapse (Clem and Hug2@irQ; Jarome et al., 2012; Savtchouk
and Liu, 2011; Whitehead, et al., 2013). Our dafgpsrts is consistent with these previous

studies.

Induction and maintenance of LTP requires insertib@luAl-containing AMPARS in
the synapse by both phosphorylation and endosaugtling. This requires transmembrane
AMPAR proteins (TARPS) that maintain the levelsAadIPARs at the synapse (Kessels and
Malinow, 2009; Hanley, 2010). Prior data show tta¢ss-induced glucocorticoids increase
GluAl-containing AMPAR at the synapse via proteimalse A (PKA) phosphorylation
mechanisms (Whitehead, et al., 2013). Relevaritdsd previous studies, the data from this

chapter suggest that either preventing the uprégalaf CORT-dependent GIuAl after the 15-
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shock stressor or perhaps blocking the synaptic ARIhaintenance permanently prevented
SEFL from developing but still left the brain capabf learning normal, protective, fear.
Associative fear toward the actual stress contexhportant to help the animal evade a
dangerous situation. Therefore, blocking stressied translation of GIuA1 suggests a potential

route to explore for an effective, novel treatmeamii perhaps eventually a cure, for PTSD.
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DISCUSSION

Fear is an adaptive response that is normally ptimmal to the level of imposed threat,
which allows for a balance between defensive bemand other behaviors necessary for
survival (Fanselow, 1984). However, following expace with a severe stressor, future fear
learning becomes disproportionate to the actuebthaind is generalized to other potential threats
(Rau, DeCola, and Fanselow, 2005). Inapproprizde fesponses in humans can manifest in the

form of anxiety disorders. Post-traumatic stressmier (PTSD) is one such anxiety disorder.

PTSD develops in some individuals who experientawamnatic event. Individuals
diagnosed with PTSD experience significant funalompairment, including increased risk for
unemployment, disrupted relationships, and dimmisphysical health, which, in addition to the
extensive suffering, creates a huge economic im@aechptoms include 1) intrusive recollection,
in which the traumatic event is persistently reexignced as intrusive recollections or re-living
of the event, including perceptions, hallucinatidngense psychological distress after exposure
to even mild cues related to the traumatic evenavdidance/numbing, as demonstrated by
blunted emotional reactivity; and 3) hyper-arousahptoms, as exhibited by sleep difficulties,
irritability, impaired concentration, hyper-vigilea, and exaggerated startle response (American
Psychological Association, 2013). Under conditiohthreat, these symptoms are adaptive for
coping with dangerous situations, but in the abse@i@ real threat, it can produce pathological
conditions, including PTSD (Bonne, et al., 2004aiey, et al., 2004; Christopher, 2004,

Eberly, Harkness, and Engdahl, 1991). Avoiding stirassociated with the threat, for instance,
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lessens the probability of future encounters. Havepatients with PTSD lose normal daily

functioning under objectively safe conditions amgpthy exaggerated behavioral responses.

One aspect PTSD is excessive behavioral respondioges that may be associated with
the trauma and are otherwise neutral or mild (Bremnet al., 1995; Dykman, Ackerman and
Newton, 1997). This excessive behavioral respaksgy/Irepresents a dysregulation of the fear
response, whereby the level of fear is not appab@itio the level of threat. Our laboratory
developed a model called stress-enhanced fealinga(®EFL) in order to study the
dysregulation of fear at the level of neuronal $t#tes (Rau, DeCola, and Fanselow, 2005). As
described throughout this dissertation, in the SEfeldel, rats receive a series of 15 shocks that
are randomly distributed over 90 minutes, andtilaismatic experience produces behavioral
changes that last at least 90 days unabated (Rbabaselow, 2009). After this experience, rats
display highly exaggerated contextual and cueddeaditioning behavior in novel situations
when exposed to a mild shock. This increase indeaditioning reflects a permanent
sensitization of fear circuitry, as it does not elegh on an explicit memory of the stressful
situation, does not reflect generalization of fi,am the stress situation, nor does extinction of
the traumatic stress context affect conditioningRDeCola, and Fanselow, 2005; Rau and
Fanselow, 2009; Long and Fanselow, 2012).

From a clinical standpoint, nonassociative seraditon of fear is particularly problematic
as it is not bound by the trauma context or stirapécifically associated with it. Rats exhibiting
SEFL also show decreased exploratory behavior &@m diglds Figure 1), increased
consumption of alcohol (Meyer, et al., 2013), ptitgad startle reactivityHigure 2), and a
depression-like phenotype in the forced swim tegjur e 3). Moreover, SEFL causes an

anxiety-like profile on the elevated plus mazdoray-lasting dysregulation of the diurnal cycle
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for corticosterone (CORT), and an increase of glodicoid receptors (GR) in the basolateral
amygdala (BLA; Poulos, et al., 2013). These setsdings indicate that SEFL behavior
captures several of the symptoms of PT$Bb{e 1). The experiments in this dissertation were
focused on understanding the neuronal mechanisderlymg SEFL. Most importantly, we

were able to produce a long-lasting reversal oflSEEggesting possible strategies for treatment
development for targeting the enhanced fear regponBTSD. Specifically, the experiments in
this dissertation were designed to investigateetimain aspects of SEFL, 1) Induction, 2)
Expression, and 3) Reversal.

INDUCTION: Corticosterone action upon the amygdala during stressis necessary for the

development of SEFL

Many of the long-term consequences of stress adkateel by the hypothalamic-
pituitary-adrenal (HPA) axis activation and thewang release of CORT. Therefore, in Chapter
1, to determine the role of CORT on SEFL, one of fdoses of metyrapone, a CORT synthesis
blocker, was administered one hour prior to theshéek stressor in the SEFL procedure. The
critical behavioral data in ChapterBigure 4€) displays percent freezing during the context test
in the conditioning context on Day 7; all animadseived one footshock in this novel context 24
hours prior. The 15-shock stress enhanced latectealitioning to this context when paired
with a single shock (i.e., SEFL occurred), and,ontgntly, metyrapone dose-dependently
blocked this stress-induced enhancement of feamitgg A similar trend emerged when we
tested rats for associative fear of the 15-sha@sstcontext test (Day Bigure 4d). Similar to
freezing behavior, pre-stress administration ofymagtone dose-dependently blunted the stress-
induced rise in plasma CORT levels after the 1%klstressor on Day 1, as expectedygre

4f). However, CORT levels during testing (Day 7) skdwo reliable group differencdsigure
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4g). Moreover, metyrapone delivered at various tiram{s after the 15-shock stressor did not
decrease freezing in the conditioning cont&gures 5-6). Taken together, these results
demonstrate that CORT levels at the time of stiastsnot after, are critical for SEFL.
Measurement of CORT in PTSD patients is typicaken well-after, not immediately after,
trauma, one reason for differences in results elesein measurement of CORT levels in PTSD
patients (Maes, et al., 1998; Yehuda, et al., 1990)

In order to validate that metyrapone’s effect wasliated by its action on CORT, we
determined if CORT administration rescued the feaponse. Additionally, we determined if
CORT administration in the absence of shock wafscgeriit to produce SEFL. Either O or
150mg/kg metyrapone, followed by either 0 or 10mglORT, was administered pre-stressor.
In unstressed rats, CORT administration alone didoroduce a SEFL-like response on Day 7,
therefore, CORT administration without stress datlmimic the sensitizing effect of stress
(Figure 7c). Although CORT without stress did not induce SEEDRT did rescue SEFL from
metyrapone administration in stressed rats. Thhemg@ges in CORT during the stressor are
necessary but not sufficient for producing SEFLor&bver, CORT rescued SEFL but not fear
conditioning from metyrapond-(gure 7b); animals that received a co-administration of
metyrapone and CORT showed little fear to the nabstress context on Day 4, but fear was
significantly increased in the same group in thedtiwoning context. Therefore, CORT plays a
role in initiating SEFL, i.e., nonassociative felawt not associative fear; another action of
metyrapone may be to affect the latter. These tefurither dissociate SEFL, which we see as a

form of sensitization, from a typical associatieaif conditioning.

In addition to neuroendocrine changes via the Hid8 ander stress, there are also

changes in a brain region crucial for fear conditig and emotional learning in animals, the
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amygdala (Helmstetter, 1992; Sananes and Davi®; F¥thselow and Kim, 1994; Muller, et al.,
1997; Gale, et al., 2004). Lesioning or inactivgtsnsub-region of the amygdala—the BLA—
demonstrates that this region is necessary forddng@nd storing associative fear memory
(Fanselow and Kim, 1994; Wilensky, Schafe, and Led999; Schafe and LeDoux, 2000;
Fanselow and Gale, 2003; Kim, et al., 2005). Furtizge, the BLA plays an important role in
stress-induced fear responses (Adamec, BlundellBamton, 2005; Rodriguez Manzanares, et
al., 2005; Roozendaal, McEwen, and Chattarji, 2088)mals with SEFL show long-lasting
changes in gene expression in the BLA (Ponomateal,,2010). Therefore, in order to
determine the role of BLA in SEFL, we inactivatée BLA using the-aminobutyric acid type
A receptor (GABAR) agonist muscimol either prior to or after theshock stressor. The pre-
stressor muscimol group showed less freezing taahditioning context than the post-stressor
muscimol group (Day Figure 8c). This indicates that functional activity in th&A during the
15-shock stressor is necessary for later stressneements of fear learning to occur.

In the final study exploring the induction of SERg sought to neuroanatomically
localize the effect of CORT. Infusions of mifepdse, a GR antagonist, into the BLA were
made immediately prior to the 15-shock stressaesSed animals that received intra-BLA
mifepristone infusions prior to the stressor showigaificantly lower freezing than vehicle-
treated animals (Day Figure 9c). This suggests that the specific effects of C@QRBLA GRs
are imperative for SEFL induction. Taken togetiiee, studies conducted in this chapter aimed
to understand the roles of brain substrates inebirenduction of SEFL, and we showed that

CORT action within the BLA is necessary for SEFHution.

EXPRESSION: Increased GIuAlin amygdalais necessary for the expression of SEFL
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Glutamatergic modifications in the excitatory neétgosmission within the amygdala
have also been implicated in fear conditioningpéanticular, glutamate N-methyl-D-aspartate
receptors (NMDAR) and alpha-amino-3-hydroxy-5-métoxazole-4-propionic acid receptors
(AMPAR) within the amygdala participate in diffetesomponents of fear learning, including
acquisition, expression, and extinction (Fanselad ldim, 1994; Walker and Davis, 2002;
Jasnow, et al., 2004). Increased excitatory neamsmission in the BLA could enhance fear
conditioning (Rogan, Staubli, and LeDoux, 1997)ei#fore, to explore potential mechanisms
involved in SEFL expression, we investigated changelutamatergic receptor subunits in the
BLA after SEFL in Chapter 2. Rats received 150 rggfietyrapone one hour before the 15-
shock stressor; vehicle-and untreated rats serwedrgrols. Two weeks after the context test in
the conditioning context, Western blot analysis wadormed in order to assess the relative
abundance of AMPAR and NMDAR subunits in the BLAeafSEFL and metyrapone
treatmentsThe amount of GIuAl in the BLA of stressed contatnimals was significantly
higher than in the unstressed control animalseréstingly, besides preventing SEFL,
metyrapone prevented the elevation in GIuA1 angrned its expression levels to that of
unstressed control&igure 10b). There were no differences in GIuA2 or GIuN1 leva
stressed- or metyrapone-treated grodfpgur e 10c-d). Since facilitating glutamatergic activity
at AMPAR enhances the rate of fear conditioningg&yg Staubli, and LeDoux, 1997) and SEFL
occurs predominantly by increasing the rate of émenditioning (Fanselow, DeCola, and Young,
1993), the long-term increase in GluAl subunits ghly plausible mechanism for the

expression of SEFL.

Because of the increase in GIuAl seen after thehbSk stressor, we sought to block

AMPARSs in the BLA in order to prevent SEFL. Infusgof NBQX into the BLA were given
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either immediately prior to the single shock in deaditioning context or prior to the
conditioning context test. Stressed animals thagived NBQX immediately before the 1 shock
in the conditioning context (Day 2) showed sigrahdy lower freezing than vehicle-treated
animals during the context tegiigure 11c). Stressed animals that received NBQX immediately
before the context test (Day 3) showed signifigalativer freezing when NBQX was present.
During the second context test, when NBQX was mgéo present, stressed animals that had
received NBQX the day before showed rescued, erlaaineezing (Day 4kigure 11f). Overall,
these findings suggest that AMPARS in the BLA ageassary for SEFL expression, and
targeting them with an AMPAR antagonist temporaaifienuated SEFL expression. However,
the return of enhanced fear in these rats indicatgthe AMPAR antagonist infusion did not
permanently alter amygdala function. Therefordyalgh an AMPAR antagonist can be used to

prevent SEFL short-term, it cannot be used as @gtierm treatment strategy.

REVERSAL : Infusion of GIuA1 antisense oligonucleotidesin the basolateral amygdala

produces a long-lasting reversal of SEFL

Metyrapone prevented SEFL only when given pricsttess, which severely limits it
applicability as a potential treatment. The efl@fldNBQX in reducing exaggerated fear to the
conditioning context was temporary, and furthermdiBQX does not specifically target
GluAl-containing AMPARSs. While NBQX may be usedaasuccessful treatment of SEFL, it
does nopermanently alleviate the condition without chroadministration. In our attempt to
further validate the importance of GluAl in SERL Ghapter 3 we blocked translation of GluA1
in the BLA using antisense oligonucleotides (ASGIUAL1 ASO, which we validated with
Western blot analysig=(gure 12c-d), missense oligonucleotides (MSO), or vehicle whssed

twice into the BLA after the 15-shock stressor brtbre the 1 shock. Stressed animals that
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received GluAl1 ASO showed significantly lower freggthan vehicle- and MSO-infused
animals, which was at a level appropriate for Ickhtoreover, we found, unanticipatedly, that
just a single infusion of GIuA1 ASO between thessor and single shock producdora-

lasting reversal of SEFLKigure 13c). Induction and maintenance of long-term poteiurat

(LTP) requires insertion of GluAl-containing AMPARsthe synapse. While the process is
induced by stress hormones (i.e., glucocorticomslintenance of AMPARS at the synapse
involve both protein kinase A (PKA)-mediated phasptation and endosomal recycling
(Whitehead, et al., 2013; Kessels and Malinow, 26Gfhley, 2010). Our data suggest that
either preventing the upregulation of GluAl aftes ii5-shock stressor or perhaps blocking this
synaptic AMPAR maintenance prevents SEFL from dgvel following a stressor, but still
leaves the brain capable of learning normal, ptitecfear. ASO treatment did not eliminate the
associative fear memory of the 15-shock contexth@reffects of a future stressor, indicating that
ASO did not permanently disrupt normal amygdalacfiom (Figure 13d). Associative fear
toward the actual stress context is critical favsal, as it would leave the reaction of evading a
truly dangerous situation intact. If such assoeefear to the trauma context is contributing to
negative symptomatology, however, then exposuegrtrent may still be necessary. Fortunately,
behavioral neuroscience is also leading to devedopsthat enhance exposure therapy (Monfils,
et al., 2009; Dauvis, et al., 2006; Zelikowsky, ket 2014). Hence, the findings of these

experiments, suggest a potential for developinghtreatments for PTSD.

We lastly sought to determine the functional rdi¢he increase in the BLA after SEFL,
as well as théack of increase of GIuA2. Therefore, we examined sbsss effects of IEM-
1460, a GluA2-lacking, calcium permeable AMPAR liec This drug, when infused into the

BLA after the 15-shock stressor, significantly reed SEFL Figure 12c¢). This demonstrates
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that specifically GluA1-containing AMPAR are impant for SEFL. This data is consistent with
other studies showing the importance of GIuAl-,MmttGluA2-containing AMPARS in the
synapse for fear expression (Clem and Huganir, 20di@me et al., 2012; Savtchouk and Liu,

2011; Whitehead, et al., 2013).

In conclusion, the findings of this dissertatiavé outlined a clear set of mechanisms
that underlie induction and expression of fear gegasion caused by an acute traumatic stressor;
that is, stress-induced CORT in the BLA, mediatedugh GRs, increases GluAl-containing
AMPAR in the BLA long-term. Moreover, the brain @iitry and neurotransmitter systems that
mediate Pavlovian fear conditioning also mediat&ISH hese studies are the first of its kind to
show that stress-induced GluAl-containing AMPAR@ases in the BLA not only are important
for fear expression but for expression of SEFL.SEn€IuAl increases may be targeted using
ASO to produce an enduring reversal of this enhéfiear responding, which suggests hope for

those suffering from severe PTSD.
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