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Abstract

Abstract

Fear is a basic adaptive emotional response to threatening environmental stimuli. From an
evolutionary standpoint, presermed efficienfunctionalityof the neural substrates of feae
imperative for an organism survival. Human anxiety disordeescausedy the impaired
functionality of systems within the brain that code for and regulate our responses to fearful and
anxiogenic stimuli.Anxiety andfearbasedpsychopathologies include social anxiety disorder
(SAD), generalized anxiety disordgranic disorderobsessiveeompulsivedisorders SAD is
characterized by excessive fear and avoidance of social situations arelysdeteriorates the
quality of life of the afflicted individualTreatment for SAD is nmaly phenomenological which

is mainly caused by the sparse understanding of the neural and molecular underpinnings of this
disorder.Another problem is that althoughese psychopathologies are twice as prevalent in
women in comparison to men, most of the current research uses males as primary $objects.
reveal the molecular and neuronal underpinnings of SAD, we have established a model of social
fear using a Socidtear Conditioning (SFC) paradigm in male mice which resembles SAD in
humans. Using this model we were able to showltdwal infusion of neuropeptide oxytocin
(OXT) which is known for its prosocial and anxiolytic properiig® the lateral septum (LS)
reverses social fear in male mice. Social fear conditioned*)Shice showed an increase in

OXT receptor (OXTR)Yinding in the LS whiclormalized after social fear extinction, while

local OXT release in response to social stimuli was fourte toluntedn LS of SFC mice.

In lieu ofthesefindings, and taaddresshe abovementionadsues | used theSFC paradignto:

(1) Reveal the role of endogenddXT system intheregulationof social fear in female mice,

and (2) assess the contribution of epigematichanisms itheregulationof social fear memory

in male mice.

In order tostudy the endogenous OXT system in femadlefose the state of lactating mice
which have an activated brain OXT system as a m@&@¥eC' lactating mice did not show any

SFGinduced fear in comparison to virgin females. This lack of $kliced social fear could

11



Abstract

be reinstatedby intracerebroventricular (icv) infusion of OXTR antagonist (OXAR
Conversely, icv infusion of OXT reversed Sk@uced social fear in virgin females. af
immunohistochemistry revealed increased activation of the LS in" S#Gin mice in
comparison to the SFControls, and this returned to baseline levels after extinction, whereas
LS-activity remained dampened throughout SFC in lactating rhadso faind an increased in
the number of OXJpositive fibers within the LS of lactating miedong with increased OXT
release in the LS of lactating mice in respons¢htoextinction of social fear. Moreover,
calbindin staining of OXTR/enus mice revealed mastthe OXTRexpressingieuronswithin

the LS to be GABAergic interneurons. Corroborgtihis, localLS application of the OXTR

A revived, and OXT reversed SF{iduced social fear in lactating and virgin mice respectively
implicating LSOXT systenin thereversabf SFGinduced social fear in lactating mide.line

with the pharmacological manipulations, AAV mediated activation of the Opdstive
neurons within the LS facilitated extinction of social fear whereas constitutive genetic
knockdown of OXTR irthe mouse brain impaired extinction of social f€anally, | wasalso

able to show that specific chemogenetic silencing of magnogeXdergic SON afferents

to theLS completely blocked social contact in lactatinigen

In the second half aihy project | focused on delinesty the epigenetic mechanisms which
could underlie the formation of social fear and social fear extinction memory. cFos
immunohistochemistry revealed increased activity within the LS of &Iz CD1 mice post
acquisition of sociafear which reverte to baseline after extinction while such an effect was
absent in the case of cued fear conditionFmlowing this | checked for mMRNAexpression

of class IHdacsand found an increase Hdaclin SFC mice which again went back to
baselire aftertheextinctionof social fearPre-extinction pharmacological blockade of HDAC1
within the LS using MS275 led to facilitation of extinction only in the case of social fear.
Finally, | performed a microarray to identify the set of genes warehdfferentially expressed

inthe LS of SFCand SFCmice. Crosgeferencing these genes with the set of putative HDAC1

12



Abstract

regulated genes leahe to a final set of genes which could undetlie HDAC1-mediated
regulation of social fear extinction.

Taken togethe my data show that molecular mechanisms within the && crucial for
regulation of traumatic events associated with a social context in male and female mice. In the
case of femalemice | was able to convincingly show that endogenous @édiated
activaion of OXTR-positive GABAergic neurons within the LS is essential for countering
SFGinduced social fear. In the case of malesas able to show that HDACL1 regulates social
fear extinction memory formation within the LSuchmolecularand neuronamectanism
probablyhelpdefine the emotional disposition of an individaad form the neuronal correlates

of social featin mice Thus, theibetter understanding might help us develop better therapeutic

strategies for emotionally crippling psychopathologiesh as SAD.
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Introduction

Introduction

1.1 Nature of Emotions
AEmoti ons are passions of a short duration

The abovementionedstatement by a Charldsrourneau(Physiologie és Passions1878)

states that the link to organic life is a key feature of every emotion. Indeed, it is emotions,
whether positive or negative, that make human life meaningful and an implicit assumption made
by most studies is that emotions are intrinsievolution. In human and ndruman primates,
emotions have a large cognitive component, which is formed by the ability of these beings to
learn and remember the benefits of certain emotions such as love and the negative aspects of
others such as fear. #eurobiological approach towards understanding emotions investigates
the ability of an organism to perceive emotionally salient cues from the environment, process
their valence in accordance with its own survival and then generate an appropriate adaptive
behaviourakesponse to cope with the concerned cue. The varied nature of environmental cues
warrants development of specific response directed towards each unique cue which quite often
leadsto one single emotion. Hence, each emotion can be thoughtaof agglomeration of
several specifibehaviouraland autonomic responses that manifests as one single, coherent,

higher order entity which helps an organism to cope with varied situations.
1.2 Anxiety and Fear

Anxiety and fear are emotions that are oftenftated with each other and used interchangeably

in lay terms. Ethologically, both are highly adaptive responses that are very intense and essential
for an organism'shealthy survival, as they are the part of their normal emotional repertoire
(McNaughtorand Zangrossi, 2008). For the purpose of the present thesis, fear is defined as the
behaviouralresponse taeal and clear threatening stimulhereas anxiety is defined as the
behaviourakesponse totentialor ambiguous threats. Both these emotiomsiatense, and

their presence until the real or potential threat is over, seems to be intrinsic for their proper

15
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Introduction

functioning. Anxiety and fear are both coping strategies which could vary depending on the
situation at hand. Active coping strategies areaggl in cases where escape is possible, and
they are mediated primarily by activation of the sympathetic nervous system leading to
hypertension and tachycardi@annon 1915, Olds 19568pn the other hand could bagsive

coping strategies are used in situations where escape is not possible, and it is usually
accompanied by autonomic inhibition, i.e. hypotension and bradycardia along with
neuroendocrine changes such as activation ohyfpethalamepituitary-adrenal(HPA) axis

(Engel and Schmale 1972)aving said that, thgersistenc®f these emotional response in the
absence of a threat is detrimental to otherquuvival behaviourssuch as mating, food
procurement, reproduction, normal social interactions, andcasdf amongst others. Such

conflict was beautifully demotrsted by Estes and Skinner (1941) in their work wherein rats

that were fear conditioned (See section 1.4.1) to a tone, stopped pressing a food supplying lever

in the presence of the tone. Such inappropriate-atvation of circuits involved in fear and
anxiety leads to anxiety disorders which are extremely debilitating in né@rey and

McNaughton 1996, Hazen, Stein et al. 1996)
1.3 Anxiety disorders

Anxiety disorders usually result in significant reduction the quality of the afflicted
individual 6s | ife and have been e Anhdradeat ed
CaraveeAnduaga et al. 2003, dsDemyttenaere, Bruffaerts et al. 2004, Kessler and Wang 2008,
Neumann and Slattery 201@Ylaladaptation of anxiety and fear responses leads to various
phobias, panic disordeopsessiveeompulsivedisorder, social anxiety disorder (SAD), post
traumatic stress disorder (PTSD) and general anxiety disorder (GAD wdliaf together fall

under the spectrum of anxiety disord@Meumann and Slattery 201&AD is characterized by
intense fear and avoidance of social situations (Turner et al., 1992; Faravelli et al., 2000),

PTSDafflictedpatients suffer from flashbacks of their respective traumatic incident (Nemeroff

16
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et al., 2006), and GAD is characterized by chronic apprehension and anxiety, which is not
focused on a specific environmental stimulus (Kessler et al., 1994). Albenetim@nal
aberrations which occur alongside anxiety disorders have been studied extensively
(Deckersbach, Dougherty et al. 2006, Tovote, Fadok et al. 20EsE are many gaps in our
understanding of how much thesecuits actually contribute towards generating the states of
fear and anxiety and how their dysregulation leads to anxiety disorders. Such lack of
understanding forms the most daunting hurdle in the development of effective treatment
strategies to countepecific subtypes of anxiety disorders. This situation is only worsened by
the fact that most of theurrent descriptions of anxiety disorders is based on their
phenomenology and not their neurobiology (D$\VAmerican Psychiatric Association, 2013).
From this point on, the discussions will be limited to SAD and PTSD (with respect to
phenomenology), as obtaining a better understanding of their molecular and neurobiological

underpinning formed the primary framework for this thesis.
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1.3.1. SAD

In principle all of us have felt the fear of being judged by others or of making an appearance
in front of a group. This stems from a fear that we will end up underperforming, and thus be
excluded from the group. For our ancestors belonging
to or being included in group was something that
increased their chances of their survival, and hence we
have evolved to compete for attractiven€&slbert

2001) in a manner which would ideally lead to
inclusion. SAD originates from the dysregulation of
this normal evolutionary fear of exclusion from the
group.

SAD is characterisethy intense fear and avoidance of

social situations (Kesglet. al., 2005) and is the second

(Photo credit: Shawn Coss most common anxiety disorder with a lifetime
prevalence of 12.1%Alonso, Petukhova et al. 2011, Kessler, Petukhova et al. 2012)
Approximately 60% of patients afflicted with SA@de females, although there seems to be an
overrepresentation of men when it comes to seeking treaffierschneier et al. 2012PpSM-

V hasrecognise® subtypes of SAD, namebeneralisedSAD and norgeneralized SAD. In
generalisedSAD, patients fear most social situatiof\&iends, Becker et al. 2007, Kerns,
Comer et al. 2013)It is much more debilitating than ngeneralized SAD and could be-co
morbid with other anxty disorders(Stein and Chavira 19980n the other hand, nen
generalized SAD mafests as dear of specific situations including performance situations
such as public speaking or situations with normal social interaction like @dtiegds, Becker

et al. 2007, Bogels, Alden et al. 2010j is less debilitating in nature, but could still lead to

significant reduction in the quality of thpatient'dife (Hazen, Stein et al. 19963tudies have

18
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found that people witBAD often (approximately 86.9%) fear more than one social situations
like public speaking (89%) being the most commonly feared social situation followed by
entering a room occupied by others (63.1%) and meeting strangers (4Fa&8%)elli, Zucchi

et al. 2000, Lecrubier, Wittchen et al. 2000he symptoms of SAD which include avoidant
behaviouiis often considered as the biggest hindrance towards extinction and reversal of social
fear (Stangier, Esser et al. 200@AD usually has an early onssdtthe age of 5 to 15 and is
often comorbid with secondary disorders such as depre€Satmeier, Johnson et al. 1992,
Stein and Chavira 1998 goraphobigMagee, Eaton etl. 1996) or substance abuggchneier,
Foose et al. 2010, Buckner, Heimberg et al. 20lHaying said that, lack of social contact in
SAD patients due to the fear of negative evaluation is the primary symptboftan precedes
symptoms of canorbid conditions like major depressive disord@sesdo, Jacobi et al. 2010,

Beesdo, Pine et al. 2010)
1.3.2. PTSD

T PoST TRAUMA Every organism constantly faces situations which are a

e . , threatto its survival. Thus, there needs to be an adaptive
neurophysiological system whictespondsto such a

situation and furthermore which encodes that threatening
experience to aid survival. These threatening or
Atraumati co experi empesien of t en
leading to flashbacks, nightmare, avoidahedaviour

even in the absence of a real threat and hgpausal

which are the classicakehaviourasymptoms of PTSD.

The earliest descriptions of traumatic experiences in the

(Photo credit: Shawn Coss

aetiologyof anxiety dsorders can be traced back to Sigmund

Freuddbs ATheory of Seductiond wherein he sta
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to varied types of traumas which could have
to neurosis. The contemgaowy definition of PTSD has its origin from the World War |
syndrome of O0shell shockd which was thought
effectof heavy artillery. Soldiers during this time period were shown to have increased stress
responsg, when exposed to remindefthewartimeperiod (Southwick et al, 1994). Since then,
numerous clinical studies which included not only war veterans, but also people who suffered

from industrial accidents, Nazi concentration camps and fire ha@€rdgse and Goetz 1996,

Brady, Pearlstein et al. 200@mongst others have led to the change in our current
understanding of PTSD from its defAmericani on a:
Psychiatric Associabn, 1952) to an anxiety disorders in DSM (American Psychiatric
Association, 1980). This has been recently modified, and PTSD isategorise@s trauma

and stresserrelated disorder in DSMW (American Psychiatric Association, 2013). To satisfy
thisDSM-V criterion, an individual has to be exfy

actual or threatened death, serious injury o

Epidemiologically, PTSD is known to have a lifetime prevalence of {Gféamer, Burgess

etal. 2001) however studies with specific sample sets such as Vietnam war veterans or female
rape victims have reported a lifetime prevalence as high agA08tews, Brewin et al. 2000,
Andrews, Brewin et al. 2003Brewin, Andrews et al. 2003)Studies discussing gender

differences in thetiology

y of PTSD find that PTSD is more prevalent in women (10.4%) than in men (5B2¢y
McCoy and Finkelhor 1996, Perkonigg, Kesset al. 2000, Tolin and Foa 200&)though
these differences could be caused by inhegentler differencem perception and definition

of trauma(Breslau and Kessler 2001ust like SAD, PTSD is known to have a verytievel

of comorbidity with GAD (53%) followed by specific phobias (50%), depression (37%) and

substance abuse (31%helzer, Robins et al. 1987, Breslau, Davis et al. 1991, Davidson and
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Foa 1991, Kessler, Sonneghal. 1995) However, in the case of PTSD, it is not clear as to
whether PTSD precedes or is preceded by any ohllewementioneddisorders(Kessler,

Sonnega et al. 1995)
1.4 Treatment of Anxiety disorders

Most of the currently used treatment options for anxiety disorders are veigproiiic and

used to treat not only all the categories okiety disorders, but also certatomorbid
psychopathologies such as depression. Behavioral and psychological therapy for anxiety
disorder includes eviderndmmsed therapies like cognitiehavioral therapy (CBT), which
involves creating a personalized aopstrategy for each patient, and exposhased therapies,

which includes exposure to anxiogenic stimuli in a graded and controlled manner for systematic
desensitizatiofiChoy, Fyer et al. 2007, Singewald, Schnerckair et al. 2015, Stangier 2016)
Alternatively, pharmacotherapy is also used to treat anxiety disorders. In this regard, commonly
prescribed medication includes selective serotonin reuptake inhibitors (SSRIs), serotonin
norepinephrine reuptake inhibio(SNRIs) and benzodiazepines, although the u#eedater

class of anxiolytics has reduced due to its considerable side €Beat®, Vasile et al. 2003)

Other drugs, which are seldom used to treat anxistyders, includes tricyclic antidepressants
(e.g. imipramine) and monoamine oxidase inhibitors (e.g. phenelzine). Response rates of 50
55% are commonplace even in tbaseof the most ideally designed pharmacotherapeutic
regime, and this statistic becom@s&en more daunting in the face of remission rates, which are
as low as 280% (Holmes, Heilig et al. 2003, Stein and Seedat 200d)is, pharmacotherapy

is often combined successfully with psychotherapy in omlechieve better remission rates
(Gould et al., 1997; Federoff and Taylor, 2001). Low response and remission rates combined
with a high rate of relapse jugb on to signify the need for théevelopmenbf better and

subtypespecific anxiolytics. Howeverthis endeavourequires a better understanding of the
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molecular atiology of these disorders and thus effectimedellingof anxiety in animals is

essential.
1.5 Modelling anxiety in rodents

When fear and anxiety are viewed from an evolutionary standpbsgems logical that the
neural and hormonal systems that cortteflavioumwill contain components that are conserved

and are likely to have homologous counterparts in other species (McNaughton and Zangrossi,
2008). Indeed, a basic assumption madeengveloping an animal model is that the neuronal
andbehaviouralresponseto human anxiety can be recreated in a rodent by eliciting a threat to
its survival. In this regard, the three basic criteria that an animal model nekedfd ttw be

deemed usef are the following:

a. Face validity: Abehaviouiin the animal appears to be analogous td#teaviourin

humans.

b. Predictive validity: Refers to the capacity of a model to predict the outcome of a

specific manipulation.

c. Construct validity: Refer to the pacity of an animal model to recruit the same

neurobiological substrate as its respective disorder in humans.

Even if the above criteria are met, it is almost impossible to develop an animal model that fully
mimics any psychiatric syndrome in its entiratyd hence the only criteria thagedto be met

by an animal model is that of the purpose for which it was developed. Considering this, it makes
sense to develop models that cater to specific subtypes of anxiety disorders. Behavioural tests
for animals sule as the elevated phmsaze (EPM)(Lister 1987) the open field test (OFT)
(Stanford 2007)r thelight-dark box (LDB) (Bourin and Hascoet 2003yvhich utilize the

innate conflictive drive in rodents of exploring novel spaces versus avoiding areas that are open,
at an elevation or brightly illuminated, are often used to measure general innate anxiety. Other

more complicated nuels based on associative learning like the Pavlovian fear conditioning
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(Pavlov, 1927) or operant fear conditioning (Skinner, 1938) are often used to study
neurobiological mechanisms underlying learned fear. In the following section, we will discuss

the EMM and specific fear conditioning paradigms, which were used extensively in my thesis.
1.5.1. Measuring general anxiety in rodents

The EPM is designed for rats and mice (Pellow) and offers the subject a simple choice of
exploring open, elevated areas oosdd protected areas. This test which was originally
developed by Handley and Mithani has been one of the most pepyafor testing anxiety

for the last two decades. The EPM consists of two open and two closed arms placed at an
elevation. The animal glaced in the closed arm of the plmsze. Reduction in th@oveltyof

the arm coaxes the animal to explore other parts of the maze andtitijg is presented

with a genuine choice of 2 open arms and 1 claesetlall with equal novelty. The cha@anade

by the animal at this point indicates the level of anxiety (which is inversely proportional to the
time spent exploring the open arms). In the present thesis, EPM was used to measure

preconditioning anxiety of lactating, virgin, and male mice.

1.52. Cued Fear Conditioning (CFC)

Pavlovianfear conditioning is a process that uses associative learning mechanisms to generate
an adaptive response to environmental stimuli. The CFC paradigm uses this powerful, rapid
and longlasting effect of Pavlovian & conditioning to generatefaar response to a nen
threatening cue (light of a particular intensity or sound of a particular frequency). In the CFC
paradigm used by us (described in detail in materials and methods), a neutral stimulus (tone)
called the onditioned stimulus (CS) is paired with an aversive stimulus (foot shock) called as
the unconditionedstimulus (US) and presented to the mice. Through associative learning, the
previously neutralonewill acquire aversive properties and the animal willrexhibit freezing

(called conditioned response) on the presentation of the tone alone. Presentation of the CS
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during extinction without the US leads to a gradual decline of freezing to a point where the
animal is no longer fearful of the CS in a procesked fear extinction which is akin to exposure
therapy in humangMyers and Davis 2007)The CFC paradigm generates anxiétg
behavioulas the animal expeca threat (US) on Gfresentation and thus it is a way of studying

the neural and molecular substrates that underlie the emotions of anxiety and fear in a general
context, making it an apt animal model for amxigisorders like PTSD and GAD.

1.5.3. Somal Fear Conditioning (SFC)

Though CFC is a good model to study anxiety disorders in a general context, the presence of a
voluntary social component makes SAD more complicated and, thus, it cannot be satisfactorily
modelled using CFC. Situations such agaaty or any group activity which involve social
contact (positive reinforcement) are heavily rewarding stimuli for humans and, therefore, they
are motivated to be in social situations over activities performed in isolation (negative
reinforcement). SApatients,on the other hand, try to avoid all kinds of social contact, when
presented with a choice, to avoid punishment. Thus, this legitimate conflict of acceptance versus
avoidance, when presented with a social situation needs to be considered whapidg\sei

animal model which generates symptoms similar to SAD.

Recently, such a mouse model for SAD was developed by Toth et al, in 2012, which uses the
SFC paradigm (explained in detail in materials and meth{@ads$)h, Neumann et al. 2012he

SFC paradigm is based on operant fear conditioning principles, wherein a foot shock
(punishment, consequence) is paired with a social stimulus during the process of fear
acquisition to induce social fear (avoidance of dostianulus,behaviouy in mice. However,

during fear extinction, mice are presented with different social stimuli in their home cage, where
they must make a choice to avoid or approach the respective social stimulus. In this case, the
mouse usually avoidfie social stimulusbehaviouy at first, but theealisationof the absence

of a foot shock while making social contact leads to extinction ofi&&@ed social fear over

multiple exposures to social stimuli. The SFC paradigm is unique, as it genecaéarsxiety
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like symptoms in mice without other confounding symptoms frormoobid disorders such as
depression or other subtypes of anxiety disord€oth, Neumann et al. 2012¥0ocial fear
induced by SFC igeneralisedinlike the other animal models of social avoidance likacare
social defeaflLukas, Toth et al. 2011, Toth and Neumann 2013, Zoicas, Menon et al. a2@i16)
lasts for at least 2 weekFoth, Neumann et al. 2012)hese interesting features of the SFC
paradigmput it above the other animal models of social avoidance used in the field of
neuroscience to study the hacular psychopathology of SAD.

1.6 Neurocircuitry of fear and anxiety

Conceptually, fear and anxiety are extremely similar emotions, and there is considerable
overlap between the neuronal circuits involved in bahaviouralresponse to fearful or
anxiogenic stimul{Davis, Walker et al. 2010, Chen, Wardill et al. 2013, Grupe and Nitschke
2013) Although the anticipatory nature of an anxiogenic stimulus makes it more complicated,
development of advanced pharmacogenetics and optogenetic techniques offer meach high
spatial and temporal resolution and have helped us functionally characterize individual
elements of neuronal circuits and their higher order bradie interaction partnerf'ye and

Deisseroth 2012, Sternson aRdth 2014, Tovote, Fadok et al. 2015)

The basic neurocircuitry involved in our response to fearful and anxiogenic situations includes,
but is not limited to, the amygdala, medial prefrontal cortex (mPFC) and the hippocampus (Hip)
(Tovote, Fadok et al. 2015lthough, specitt brain regions have been touted to have specific
functionality in regulation of fear and anxiety, this view is being challenged in the past decade
by studies which implicate novel brain regions such as the bed nucleus of therstimls
(BNST) which & considered to be a part of the extended amygdala and the septal nuclei (part
of the septohippocampal system) in the intricate regulation of an entire repertoire of behaviors

from learned fear to innate anxiety.
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Most of our knowledge about neurocircuitnggulation anxiety comes from the fear
conditioning studies and hence from here on forward, we will focus our discussion of circuits
involved in processing acquisition and consolidation and extinction conditione&ifgars a

representation of neurongrcuits known to be involved in conditioned.

G . e
Primary E
sensory = ———— g
cortices !
\ J BLC complex g
v ‘
) v
Fearful/Anxiogenic
2 —_— Thalamus | e—— — <“«1--»
stimulus
CE—— '
1
1
|
1
1

A f
1
.
Association cells - SR [F BT IO R B TS,
cortices ]
v
A\ 4
o —(s
Cel f
complex l :
v $ i
I
|

l \ b Sttress hormones

———————— )[ PAG ] [ Brainstem ]—P Autonomic response

» Defensive behavior

Promotes Dampens
Fear/Anxiety  Fear/Anxiety

Input areas :] Major output regions S
Modulatory Regions with identified -

Inhibitory ——» mm P > A
local microcircuits

Excitatory ——» = Input/ Output == Circuit studies needed
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1.6.1 Amygdala

Various studies in humans, mice and rats have implicated the amygdala, an-siraped
cluster of nuclei locatedentromediallywithin the temporal lobe of complex vertebrates, as a
center for regulation of fear and anxi¢dfiman and Brothers 1994, Wolff, Grundemann et al.
2014, Penzo, Robert et al. 2015, Marcinkiewcz, Mazzone et al. 2016, MBadeip, Moratti

et al. 2016, Zhu, Liu et a016) The amygdala can be divided into two main-aulas the
basolateral amygdaloid complex (BLC), which is mostly glutamatergic, and the central
amygdala (CeA), which is composed mostiyp-aminobutyricacid (GABA)ergicneuronsin

a pathway often referred to as the Al ow roac
stimulus (auditory, visual and somatosensory) generates sensory information within the
thalamus and other sensory cortical regions, which is in turn conveyed to and terminates in the
lateral amygdala (LA) (a subnuclei of the BL@phansen, Hamanaka et al. 2010, Pessoa and
Adolphs 2010, LeDoux 2014) his activates excitatory glutamatergic projections from the LA
towards the lateral nucleus GeA (CelL) which in turn activates the C&lneurons that are
characterisedy a lack of protein kinase-@elta (PK@r). The Cel°" neuroninhibitsthe Cel°f
neuronswhich arecharacterisetly the presence of protein kinasal€lta (PKGi*). The Cel°f

neurons exercise an inhibitory control over the medial part @é&AgCeM), which is the main

output region of this etwork and projects towards the periaqueductal grey (PAG), brainstem
and hypothalamic regions that regulate downstream defensive behavior such as freezing
(Swanson and Petrovich 1998, Tovote, Fadok et al. 20h&¥, the disinhibition o€eM by a
feargenerating stimulus leads to defensbehavioursvia a complex pathway involving the
different amygdaloid subcircui{€iocchi, Herry et al. 2010, Tye, Prakash et al. 201 IroMia

and Wagner 2016)These results are also complemented by studies showing altered GABA
receptor levels within the CeA of mice strains bred for high anXieagan, Bukovac et al.

2011) In addition to theabowe-mentionednuclei, a cluster of GABAergic cells that lie at the

interface of CeA and basolateral amygdala (Bs#hnucleof the BLC) called the intercalated
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cells (ITC). The ITC cells gate the information flow between BLA and CeA and are thought to

be ativated by fear extinction procedurgskhtik, Popa et al. 2008, Tovote, Fadok et al. 2015)

The BLA on its own sends projections to the hippocampus to cartkdbgenesigdiscussed

in detail in the section 1.8). Thesocalledi hi gh roado to anxiogenic

cortex (discussed in detail in section 1.6.4).
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Fig2. A schematic for the afferent and efferent connections of the lateral septum (LS
arrows indicate strong connections and double sided arrows indicate reciprocal conr
(Fig adapted from Sheehan et al, 2004)

The septum or septal nuclei is a subcortical forebrain structure, which is located rostrodorsal to
the hypothalamus and in taeeen the lateral ventricles in rodents. It can be divided into two
functionally, neurochemically and anatomically distinct nuclei namely the lateral septum (LS)
and medial septum (MS). MS sends ascending inputs to the hippocampus which are mostly
GABAergic and cholinergic in nature and, along with the hippocampus and diagonal bands of

brocaj t f or mshithgpodasmpdlo systemo, which has be:t
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reward learningVegaFlores, Rubio etla2014)and spatial memory formatig®urkin 1994)

LS is thought to serve as essential converging point for cognitive information from the cortex

and hippocampus amdfectiveinformation coming in from amygdala and hypothalamus which

it relays to downstream regions to control thehaviouraloutput in response to varied
environmental stimul(Deller, Leranth et al. 1994, Gray and McNaughton 19B@&pmprises

mostly of GABAergic projectiomeurons (Gallagher, Zheng et al. 1995, Sheehan, Chasnber

et al. 2004pnd has been a region of high interest with regards to stress response and aggression.
LS receives strong glutamatergic inputs from the hippocampus and is in turn reciprocally

connected (not all) to LS.

cFOS studies have found a negativ@relation between aggression and LS activity, and
consequentl vy, sept al | esi ons are k¢(Potega, t o i1
Blau et al. 1981, Goodson, Evans et al. 2005, Lee and Gammie 2039 complemented

by again of function studies showing an increase in LS activity to be correlated with reduced
aggressionNWong, Wang et al. 2016)Thus, LS is a key regulation of aggression, which
essentiallys an enhanced form of social contact. Studies have shown that LS is involved in
active stress coping and exerts an inhibitory effect on the HPA axis aki@tynan, Prewitt

et al. 1996, Singewald, Rjabokon et2111) These and other studies have led to the prevailing
opinion that LS is a region, whose activity could be linked to dampening of afRitghan,
Chambers et al. 2004This view has been contested in the past decades by studies which
implicate different sutpopulation ofneuronswithin the LS, forexamplethe cells expressing
corticotropinreleasingfactor (CRF) receptor 2 (CRFR2) in tpeomotionof stressnduced

anxiety(Radulovic, Ruhmann et al. 1999, Anthony, Dee et al. 2014)

1.6.3 Hippocampus

The hippocampu@Hip) is a subcortical region located within the medial temporal lobes, which

weretraditionally thought to be involved in thpgocessingf declarative memory irrespective
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of its emotional content. But over the past two decades, studies have shown sidetbgthis
interesting brain region, one that is much more plastic and closely linked with emotionality and
stress response. Many studies have ascertained a role of the Hip in contextual fear learning and
retrieval in rodents(Strekalova, Zorner et al. 2003, Chang and Liang 20R&duced
hippocampal volumes have been both used as a marker and reported as a consequence of PTSD
(Bremner 2002, Gilbertson, Shenton et aD20For example, ventral hip (vHip) lesions have

been shown to impair contextual fear conditioniigelstrup, Tuvnes et al. 2002BLA T vHip
connectivity is known to regulate basal anxistiatedbehaviour Opogenetic activation of
monosynaptic, glutamatergic BLA projections to the CA1 pyranmdatonf the ventral Hip

(vHip) exerts an anxiogenic effetelix-Ortiz, Beyeler et al. 2013yHip-mPFC synchronicity

within the context of anxiety is discussed in section 1.6.4. The-bgmocampal system,

which has been previously mentioned, is known to regulate $trehssed anxiety. Thus, the

role of thehippocampusas a regulator of stressduced anxiety and regiomhich complies
contextrelatedinformation is well documented. Hippocampus also regulates social memory,

as shown by a recent study, wherein genetic silencing of the dorsal CA2 pyraeuidahsof

the hippocampus impaired social memory in n{idéti and Siegelbaum 2014 onsidering

these results, understanding the role of dorsal Hip (dHip) in coding for a social context during

SFC acquisition and retrieval is of importance.

1.6.4 Prefrontal cortex

Higher order bain structures such as the mPEkey brain structure mediating tamwn

regulation on brain regions such as #mygdalaand thus helping organisms discern safety
from danger in a more perceptive resplhnse t
r o a(eésoa and Adolphs 2010, LeDoux 20T4eta mPFC input into the BLA is known to

provide a safety signal, thereby reducing innate anx(eiightik, Stujenske et al2014)

Interestingly, disinhibition of CeM by the lack of functional mMPFCeA connectivity was
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hypothesisedtb be a plausible reason for increased anxiety in humans and monkeys by a recent
study(Birn, Shackmaret al. 2014) Increase synchronicity in vHipmPFC connections have

also been implicated in anxielike behaviourin mice by a study using extracellular in vivo
recording especially in the mPR@&uronswhich encoded an anxiogenic contéadhikari,
Topiwala et al. 2010)Extinction of fear generated by Pavlovian fear conditioning paradigms

is known to activate the infralimbic mPFC {mPFC), which sends glutamatergic projection

to the BLA activating the GABAergic iatneuronal population within the BLA, thus

diminishing its excitatory output to the CeA leading to a suppression of the fear response.

1.7. Molecular basis of conditioned fear

As stated before, molecular mechanisms underlying most complex emotions igeogiety

and fear are poorly understood. However, the dysregulation of various system implicated in the
psychopathology of anxiety disorders have been studied rigorously, and most of the available
mechanistic data available to this ednefrom studiesnvolving fear conditioning paradigms.
Hence, like in the previous section, | will keep the discussion in this part of the introduction

limited to molecular mechanisms relevant to fear conditioning paradigms.
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One could confer almost all mechanistic aspettfear learning ancelearningonto changes
in synaptic plasticity that affect intracellulaignalling cascades, which ultimately affect
changes in gene expression via basic transcriptional and epigenetic mechanisms to mediate

long-termmemory formatio. This information is concisely presented-ig 3.
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Fig 3. Schematic representation of the molecular processes involved in fear conditioning, fear memory consaflidagitnction. L/
(lateral amygdala); BA (bakamygdala)CeA(central amygdalg MeA(medialamygdalg; Hip (hippocampusHyp (hypothalamys Lt
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Here, | will firstly examine the role of mechanisms modulating synaptic plasticity during fear

memory formation, which will be followed by an introduction of the role of mechanisms

regulating gene expssion regulation in consolidation and extinction of conditioned fear.
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1.7.1. Environment to theneurons synaptic plasticity and fear acquisition

As was shown irFig 1, most of the sensory information about the CS and US in a fear
conditioning paradigmrém thalamic and cortical areas converges at the LA and the BLA
making them key regions for tlaequisitionof fear(Quirk, Armony et al. 1997, Lin, Yeh et al.
2003) This idea is complemented by studies, whichastiaat conditioningnduced plasticity
within the LA precedes freezingehaviourand thus seems to be a prerequisite for coding of
fear memory{Repa, Muller et al. 2001Most of the current evidence suggests that associations
between the CS and US8quireHebbianplasticity (Hebb., 1949) provoked hyS-mediated
depolarization within the LAJohansen, Cain et al. 201b)ost of these plasticitygnodulating
environmental stimuli lead to tligutamatergid¢ransmission, wich functions by increasing the
intracellular C&" concentration in postynaptic neurons(Johansen, Cain et al. 201 A
number of glutamatergic receptors including the 4sgsiapticN-methytd-aspartate receptors
(NMDARS) 1 both ionotropic and neionotropici are thought to mediate plasticity within the

LA (Rodrigues, Schafeet al. 2001) This, in turn,leads to autophosphorylation of the
C&*/Calmodulin (CaM) dependent protein kinase Il (CaMKIl), which has been shown to
increase the dendritic spine density and activate fear memory formation via both direct and
indirect mechaisms (Silva 2003) One example of the indirect mechanism could be that
autophosphorylation and thus activation of CaMKII could lead to phosphorylation of the serine
831 residues o f -anino3-hydroxy-5-methyk4-isoxazolpropionic acictype glutamate
receptor (AMPAR) GluAl subunit which leads to its translocation and insertion into the cell
membrane. Such insertion increases the synaptic strength and is known tcladtiarm
memory formation by acti vat (Malimoward Maldnka230d, c al |
Rumpel, LeDoux et al. 2005, Johansen, Cain et al. 20défabotropic glutamate receptors
(mGluRs), which are also stimuéat by such CSand/or theUS- induced glutamate release,
spark acquisition of contextual fear, but are seldom involved in consolidation. Indeed,

activation of the group | mGIuR5 within the LA and the BLA is known to aid acquisition of
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conditioned fear. StcmGIuRS5 activation within the L&ould, in turnactivate the NMDARs

and also increase intracellular devels via the inositol 1,4;Biphosphate pathway and
thereby activate the downstream CaMKIl leading to further enhancement of fear memory
formation (Rodrigues, Bauer et al. 2002, Rudy and Mdusat 2009, Johansen, Cain et al.
2011)

Evidence from several pharmacological studiasimplicated plasticity changes within the
GABAergic interneurons within diffent amygdalarsubnuclei in fear memory modulation
(Ehrlich, Humeau et al. 2009also see section 1.6.1). Quite a few studies have implicated
activation of the GABAsynthesizingnterneurons in inhibitin of projectionneuronswithin

the LA leading to modulation of fear memory formation and expregBissiere, Humeau et

al. 2003, Tully, Li et al. 2007Although the exact function of GABAergic interneurons with

the LS is not clearly known, few studies have been able tdigheédngeneral GABA function

in the context of fear conditioning paradigms. Activation of the GABZeptor was shown to
reduce cued fear acquisition, and this is complemented by ssidieing aransientreduction

in LTP and GADG65 expression following fear conditionigMuller, Corodimas et al. 1997,
Johansen, Cainetal.2011) | nt er estingly, pharmacol ogi cal
subunit increases cued fear learning. Although the later result is agpmstiaropinion which

is that GABAergicsignallingleads to impairment of fear learning, the reason for such results
could be because of increase in GABA availability for recepidrch lack this subunit

(Wiltgen, Godsil etl. 2009)

1.7.2. From synapse to nucleus: Cellsignalling molecules and transcription factors

involved in coding of fear

Most of thesignalling cascades involved in fear memory formation or extinction memory
formation function by increasing intracellul€&*. Such increase leads to barrageof

molecular changes within threeuronincluding the activation of CaMKIl and CaMKIV which
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seems to be a prerequisite for strong memory formation following fear conditioning as
mentioned before. Ghalso interactwith and activates the €4 phospholipiddependent
protein kinase (PKC) and cAM&ependent protein kinase (PKA) which eventually leads to
gene expression changes within the nucleus andlésting changes in the disposition of a
neuronvia LTP. Involvemat of PKA and PKC in fear memory formation are supported by
many studies. Pharmacological blockade of PKA with the specific inhibitaxAMPS within

the LA inhibitslong-termmemory formation, while sheterm memories stay intact indicating
thatsignalling cascades involving PKA are involved in fear memory consolidé8ohafe and
LeDoux 2000) Even studies with transgenic mice expressing an inactive form of PKA within
the hippocampus show reduced LTP and impaicentextual memory formation thus
corroborating the role of PKM the formationof fear memory. PKM, a PKC isoform, was
shown to be upregulated on induction of hippocampal LTP and is necessary and sufficient for
it (Ling, Benardo et al. 2002LaMKII, PKA and PKC act upon the mitogantivatedkinase
(MAPK) signalling cascade, which ultimately leads to the regulation of gene transcription
leading to fear memory consolidation dodg-termmemory formation. Activilon of MAPK

could lead to subsequent activation of 7 diffesegimallingcascadem vertebrate§Adams and
Sweatt 2002)Synchronous activation of CaMKIIl, PKA and PKC leads to eventual activation
of extracellular regulated kinaseRK) 1 and 2 via a pathway involving MAPERK kinase
(MEK) activation.ERK1 andERK2 translocate to the nucleus and lead to a variety of changes
ultimately leading to changes in gene expression and increase in synaptic sfW¥ogth
Deisseroth et al. 2001, Orsini, Yast al. 2013) Ample data from studies involving
pharmacological and genetic modulation of members of the MsiBKallingcascade have
cemented our understandingtheir role in formation of fear memori¢Englishand Sweatt

1996, Brambilla, Gnesutta et al. 1997, Merino and Maren 2006)
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1.7.3. Changes within the neuronal nucleus: consolidation and formation of lofgsting

fear memories

Within the context of fear memories, magjnallingcascades converge withimet nucleus on

the cyclicAMP (cAMP)/ C&* response elemetinding protein (CREB). Indeed, CREB
activation by MAPK and PKAsignallingwithin the LA seems to be the key for regulation of
fear memory formation and consolidatigHernandez and Abel 2008ERK1 activates a
downstream kinase RSK within the nucleus and this mediates phosphorylation of CREB at the
serl33 residu@mpey, Obrietan et al. 1998, Orsini and Maren 2018\ Martin et al. 2014)

Cc&* dependent activation of CAMKIV also activates CRERB.importantdifference between

the two modes of CREB activation is that CAMKiwediated CREB activation is more of an
activity-dependent rapid activation, whereBRK/RSK activation exerts a slower and
prolonged effec{Thomas and Huganir 2004hlowever, the most substantial work in the role

of CREB in fear memory formation comes from
lag decade, Josselyn and colleagues have shownebabnsexpressing an activated form of
CREB are preferentially included in the fear memory trace and that CREBactstion

within the LA leads tdong-lastingfear memoriegHan, Kushner et al. 200.7) his study also
showed that mice deficient for CREB showed impaired auditory fear conditioning, an effect
that could be completely rescued by transfection of the LA with a herpes simplex virus based
CREB overexpresng vector even though the vector transfected only 15% of LA ne(Hams
Kushner et al. 2007, Han, Yiu et al. 2008, Yiu, Mercaldo et al. 2@#Age activated CREB
binds to its partner the CREB binding protei{CBP)/p300 and its target DNA binding site,

i.e. the CREB response eleme@RE) leading to activation of more than 100 downstream
target genes including many immediate early genes (IH®8ye and Ginty 2002Yhese IEG

can be classified as activitgduced regulatory transcription factors (RTF) whintludecFos
zif268etc and effector IEGs such bdnf,arc, homerlaetc(Chaudhuri 1997)Overexpression

of most of these IEGs has been previously correlated with enhanced fear memuatyoin
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and strength by studiagtilising contextual and auditory fear conditioning paradigms. For
example, an elevatedFosexpression has been observed in the ventral part of LA after auditory
fear conditioning which fit with results from another stutigt reveals that neurons in this
region exhibit increased activity during fear trainarglextinction(Radulovic, Kammermeier

et al. 1998, Ressler, Paschall et al. 2002, Ploski, Park et al.. 281 0hterestinggene is
Arc/Arg3.1, whose mRNA undergoes nuclear export and is prefereniibaiffisedin the
dendrites with activated synapses in the rat dentate gyrus in responsg RodfiBuez, Davies

et al. 2005)Neurotrghic factors such as BDNF, which is also a CREB target and its receptor,
the tropomyosifrelated kinase B (TrkB) regulate synaptic plasticity. Acthdgpendent
release of BDNF (pre guostsynaptig correlates with increased LTBchinder and Poo 2000,
Messaoudi, Ying et al. 2002, Lessmann, Gottmann et al. 2B0&)ncert, inhibition of BDNF
activity within the LA with either TrkBantagonisnor its genetic silencing prevents loteym
memory formatior{(Rattiner, Davis et al. 2004J his is in contrast to a study which shows that
ablation of BDNF early during development specifically within the forebrain leads to an
enhancement of fear memories.

Once consolidated, fearemories are lon¢asting in nature. However, if these associations are
recalled, as it happens during fear extinction, these memories become labile and susceptible to
modifications. During extinction, prolonged or multiple exposures to the CS in absehee of
associated US creates a new memory trace predicting lack af&Sionand this competes
with the original fear evoking memory trace. On multiple or prolongeposureso the
unpaired CS, the new memory gets stronger and eventually overshadoear tieifmory. In
principle, the neuronal and molecular mechanisms involved in extinction of fear memories are
more or less similar to the ones involvedhe formatiorof the original fear memory, and thus,
they are not discussed here in more detail. Hawewhat | find important to introduce in the

course of my thesis is the modulation of neuropeptide systems and epigenetic mechanisms by
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cognitive enhancers to aid in the process of extinction with the finadfadeveloping effective

therapeutic strategs for anxiety disorder.

1.8. Role of neuropeptides in regulation of fear

All the factors introduced in the sections above regulate formation, consolidation, and
extinction of fear memories in a very intricate and synchronous manner. Although we know a

lot about it, fear seems to be more complicated, enigmatic and above these basic mechanisms.
Neuropeptides are defined as O6ésmall proteir
neuronst hr ough a regul ated secretory vweobedne and
implicated in theregulationof fear and anxiety by several studies. They are one of the most
diverseclassof neuronalsignallingmolecules, and there are more than 70 genes within the
mammalian genome, which code for neuropeptides and theitoesedowever, as the focus

of my thesis iscentredaround the oxytocin (OXT) system, | will only elaborate on OXT

mediated regulation of anxiety and fear.

1.8.1 Neuropeptide oxytocin and its receptor

The ligand: OXT

OXT is a 9amino acid long neuropeptadwhich was one of the
first peptide hormones to be structuralbharacterisedand
chemicallysynthesisedDu Vigneaud, Ressler et al. 1953) is
produced within the hypothalamic paraventricular (PVN),

supraoptic (SON) and accessory nuclei by magnocellular and

parvocellular neurons, which are distinct in morphology,
Fig4. Neuropeptide Oxytocin

subnuclealocation, projections and the amount on OXT produced
(Swanson and Sawchenko 1983, Eliava, Melchior et al. 20b&)parvocellular OXTheurons

project mainly to the brainstem and spinal cord where they are involved in the control of feeding
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behaviouy cardiovascular function, nocjoion and breathin¢Swanson and Sawchenko 1983,
Mack, Kc et al. 2002, Eliava, Melchior et al. 2018he magnocellular OXTheuronsproject

to the posterior pituitary leading to tlsgstemicrelease of OXT via blabin response to a
variety of environmental stimuli. Magnocellular neurons also innervate forebrain regions
leading to specific control dfehaviour(Bargmann and Scharrer 1951, Knobloch, Charlet et al.
2012) Cental release of OXT controls a wide range of samaotional behaviors such as
maternal behavio(Bosch 2011) sexual behavio(Argiolas and Gessa 1991, Waldherr and
Neumann 2007)pair bondingBales, van Westerhuyzen et al. 2QG0cial recognitioriOettl,

Ravi et al. 2016)social anxietyZoicas, Slattery et al. 2014mong others (for review see:
(Landgraf and Neuamn 2004). Local effects of OXT within the SON are more likely due to

its dendritic release to attain paracrine eff¢ctalwig and Leng 2006)

Effective modulation of theskehavioursrequres regulation of OXT synthesis and release,
which is realised by different genomic and frgenomic mechanisms acting in a finmed way

SO as to generate appropriate responses to specific environmental and physiological stimuli.
OXT is released both ceally and peripherally in response to various physiological stimuli
including stress, suckling during lactation, social interactions, matir{letonann, Russell et

al. 1993, Waldherr and Neumann 2007, Zoicastt@Slaet al. 2014)For example, OXT is
shown to be released in response to forced swimming in the CeA of male rats, where it
presumablysupports passive stressping (Ebner, Bosch et al. 2005 XT release is ab
known to be regulated by other neuropeptides. For example, prolactin is known to inhibit OXT
release in virgin rats without interfering with the intracelldégnalling cascades and this
inhibition is lost during lactation enabling effective milk ejent(Augustine, Ladyma et al.

2017) Another example of such interaction comes from recent unpublished data, which
conclusively show that the anxiolytic effects of the neuropeptide S (NPS) within the PVN are
mediated via the OXT system (Grund et al, unpublished). At the &dvBINA, the OXT

promoter contains anestrogenreceptor (ER) response element (ERE) and is activated by
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i nteract i (Nomum,i McKenng & fal. 2002, Shughrue, Dellovade et al. 2@02)
genomic mechanism which has recently been highlighted in this regé#ndt of the DNA
methylation of the OXT promoter. A recent study has found that low DNA methylation of the
OXT promoter (possibly leading to high OXT expression) in human epithelial cells found in
saliva samples to be correlated to high sociability andtenal recognitior{Haas, Filkowski

et al. 2016)

The OXT receptor (OXTR)

As mentioned before, OXTergiteuronshave longrange axonal projections whiadmnable

OXT release in different far off brain regions. Wit these regions, OXT regulates its central
effects by acting through the single OXT receptor (OXTR) which is spread throughout the brain
(Sofroniew 1980, Knobloch, Charlet et al. 2012, Dolen, Darvishzadeh étal. Kitre, Marlin

et al. 2016, Otertarcia, AgustiAPavon et al. 2016)rhus, the flipside to this story is the
controlled regulation of OXTR expression by a variety of mechanisms, which gives an
organism additional control over so@motional behaviow in response to relevant
physiological and environmental cues. The OXTR is a classical cl&proteincoupled
receptor with 7 transmembrane domains and is expressed in a variety of brain regions including
MeA, BLA, nucleus accumbens (NAcc), BNST, MPOAyp, Hip, ventral palladium, PAG,
striatum, LS, VTA and the olfactory bulgsrinevich, Desarmenien et al. 2014, Grinevich,
KnoblochBollmann et al. 2016)Fig 5). OXTR expression within these regions can be
regulaed depending upon ligaralzailability. Forinstancelack of OXT after SFC in male mice

is compensated by an increase in the OXTR binding within tH&&iSas, Slattery et al. 2014)
Conversely, chronic administiion of OXT leads to a downregulation of the OX{HRters,
Slattery et al. 2014)

At a genomiclevel, OXTR promoter possesses binding sites for many transcription factors
including eMyc, SP1, nuclear factor kapgp B ( NF 8 B) (BlankskR EhBiygd etal.

2007) OXTR promoter in rodents contain an ERE,
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The human OXTRoromoter, howeveracks a complete ERE, and thus, may not bectly
activated by ER transcription factqievin2015) | nt er est i n g bindingsitehhe SP1
on the OXTR promoter lie within a large CpG island on its promoter. Hence, differential DNA
methylation can indeed effect OXTR expression as shown byibeitro andin vivo studies

in mice (Mamrut, Harony et al. 2013, HaroNicolas, Mamrut et al. 2014)This effect is
supported by studies in humans, which link reduced OXTR promoter methylation to psychiatric
disorders such as SAD and postpartum depreggiegler, Dannlowski et al. 2015, Kimmel,
Clive et al. 2016)

Such intricate regulation at different levels of OXT and OXTR make them crucial nodal points
in research aiming to find putative therapeutic options for anxistrakrs. In the following
sections,| examine the current state of thd in the field of anxiety and fear research with

respect to OXT system.

1.8.2 Neuropeptide oxytocin and regulation of general anxiety

Though initially known for its peripheral effexcon parturition and milk ejection refl@dawker

and Robertson 1957, Ota, Shinde et al. 1965, Boyd 18&overy of its central anxiolytic,
prosocial and anstress properties in the 1990s has made this neptidpe a prime candidate

for treatment of neuropsychiatric disordélszova, Skultetyova et al. 1995, Cushing and Carter
1999, Neumann and Slattery 201@)terest in central effects of OXT have been further
enharced by anabundanceof studies in humans using intranasal OXT, wherein this
neuropeptide is shown to have prosocial and anxiolytic propédieger-Lindenberg, Domes

et al. 2011, MacDonald and Feifel 201#)deed intranasal OXT has been studied anade

of OXT delivery for treatment of autism spectrum disorders, PTSD, SAD amongst others
(Eckstein, Scheele et al. 2016, Neumann and Slattery 2016, Ooi, Weng et al. 2017)

Ample studies have indicated a definitive role for the OXT system in anxiety and, as a general

principle,the OXT is considered to be a strong anxiolytic factor depending on the site of its
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infusion. This effect has been confirmed by a number of studieghmiale and female rodents

with either intracerebroventriculaicy) or local intraPVN application of OXT, for example in

the CeA and PVN, which generates robust anxiolysis as measured using EPM and LDB
amongst otherRing, Malberg et al. 2006, Blume, Bosch et al. 2008)s effect of OXT can

be nullified at different levels as centrally blocking the OXTR and the downssiggralling
cascade within the PVN witiin MAPK inhibitor (Blume, Bosch et al. 2008)

Complementing the abovementioned data obtained using synthetic OXT, studies have shown
that an activated endogenous OXT system during lact@denmann, Russell et al. 1993,
Neumann, Torner et al. 2000, Jurek, Slattery et al. 2a@#)sexual activity in both males
(Waldherr and Neumann 200&hd femalegNyuyki, Waldherr et al. 2011Has an axiolytic

effect, and in such a situation, blockade of OXTR by OXTR antagonist (@XTjitevents

this effect.

1.8.3 OXT and the regulation of fear

The OXTR is expressed in the CeA, MeA, BLA, mPFC, LS, HiP and Hyp suggesting that the
OXT system plays erudal role in theregulationof fear memories. However, the effect of OXT

on fear memory formation, consolidation and extinchiamebeen very difficult to dissect. This

is because of very temporal, region aomhtextspecific effects of this system on fear
regulation.

Recently, it has been shown in rats and mice that icv infusion of OXT before cued fear
extinction leads to an increase in fear expression, whereas similar treatment before cued fear
acquisition leads to a reduced fear expression during értinih the CFC paradigr(iroth,
Neumann et al. 2012Moreregionspecificpharmacological approaches have shown that the
fearenhancing effects of OXT are due to its actions on the CeA, as infusion of an-@XTR
((Thr*, Gly")-OXT) before contextual fear conditioning reduced fear respohsésud and

Maroun 2013) and a similar infusion into the BLA led to enhancement in {&&roun and
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Wagner 2016)In contrast, feareducing effect of OXT has been shown within the CeA via the
disinhibition of the local GABA circuifViviani, Charlet et al. 2011)nterestingly, the C€lf
neurons (see section 1.6.1) which are BKalso express the OXTR, and specific optogenetic
activation of OXTergic inputs to the CeL leads to activatiothef Cel°™ neurons, which in

turn inhibits the CeM leading to an attenuation of fear responses within the CFC paradigm
(Knobloch, Charlet et al. 2012)

Manipulation of the OXT system within the LS, a region that controls stress, fear and social
memory, also, modulates fear in a social context. Studies have shown that genetic
overexpression OXTR enhancescial defeatnduced social avoidance and subsequently
enhanced contextual memagi@uzman, Tronson et al. 2013Jhis was supported by studies
from our lab, which show an increased OXTR binding wittoacomitantreduction in OXT
release in the LS of midearconditioned using the SFC paradigm. In the same studyli&tra
infusion of OXT was shown to reverse Skduced social feafZoicas, Slattery et al. 2014)
Thus, OXTwithin the LS seems to enhance social memory in a vaiedependent way. In
support of this idea, previous studies from our lab have shown th@XISsystem mediates
social memory in male rats against juveniles and adult fenfaidsas, Toth et al. 2013)
Another region, where OXT was found to modulate fear memory is the infraimiBkC (IL-
mPFC), where OXT infusion before fear memory retrieval enhanced extinction of fear. OXT
mediated induction of LTP, whichubsequently leads to strengtheningof glutamatergic
synapses within the HmPFC could underlie the mPFGOXT effects on theextinction of

fear(Vouimba and Maroun 2011, Lahoud and Maroun 2013, Maroun and W2@b&)
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1.9 Epigenetics the molecular bridge between environment andbehaviour

Converging evidence from neurological, molecular and genetic studies suggests an important
role of epigenetic mechanisms and factors in the aforementioned psychopathaegeson

and Sweatt 2005, Tsankova, Renthal et al. 2007, Chahrour, Jung et al. 2008, Ohnishi, Ohnishi

et al. 2011, Robison and Nestler 201&Epigenetics and its associated terms have several
different connotatio s . I f one thought of the O60genomed a
it encodes, then the 6éepigenomed could be th
assembly and the DNAnethylation patterns, which together form the 3D chromatin structure,

which when modified, alters the spatial availability of transcription enhancing or repressing
sequences and thus providing an extra level of gene expression. This kind of regulation helps

the genome to respond to environmental stimuli in atiimed manar and thus forms the

o0mol ecul ar bridged6é bet ween t he stediedepigeeticme nt ¢
mechanisms in the context of neuropsychiatric disorders are histone modification and DNA
methylation. Although other epigenetic mechanismsRK& modification, norcodingRNA-
mediatedregulation and genomic imprinting are known to regulate emotionality, they are out

of the scope of this thesis and will not be discussed here.
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1.9.1 Histone modifications and regulation of fear

Chromatin is tighy packed within the nucleus and consists of DNA and proteins, which
facilitate itsorganisatiorwithin the nucleus. The most basic unit of chromatin is the nucleosome
consisting of DNA sequence with 147 base pairs (bp) in length, which is wound around a
histone protein octamer which consists of 2 canonical copies of H2A, H2B, H3 ghddét,

Mader et al. 1997JFig 5). The Nterminal tail of the histone monomer projects out of the
nucleosomal complex and containsaltitudeof positively charged amino acid residues, such

as threonine, serine and lysine. These residues are covalently modified by acetylation,
methylation, phosphorylation, sumoylation to change the affinity of the histone octamer to the
DNA and consequently effecting changes in gene expredsig. gives a summary of the

mostwell-studiedhistone modification and proteins involved in their execu

bt SNXY A Y

Fig5. Crystal structur®f a nucleosome (Fig modified from protein data bank)
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Phosphorylation and dephosphorylation of histaaredrought about by histone kinases and
phosphatases, respectivéBerger 2010)Contextual fear learning is known to induce histone
phosphorylation. In mice, inhibition of histe kinases like mitogen astressactivatedkinase

1 (MSK1) reduces H3 and H4 phosphorylation and impairs contextué#Ciearang, O'Riordan
etal.2006) However, MSK10s phosphorantNaFtsiBo n atnadr ¢ eht
possesses a challengehich has not been yet resolvgarthur 2008) Dephosphorylation is

known to be intimately linked with histone acetylation, as evidenced by the fact that
overexpressiof protein phosphatase 1 (PP1) reduces histone deacetylase (HDAC) function

and enhanes object recognition memogitoshibu, Graff et al. 2009Methylation of histones

is one of the most enigmatiosttranslationamodifications. Although it has been implicated

Histone Histone
methyltransferase demethylase
(HMT) (HDM)

Histone deacetylase
(HDAC) Histone kinase
(HK)
Histone
acetyltransferase
HAT) Histone phosphatase

(HP)

Fig6. Post translational histone modifications (K: lysine, R: arginine, S: serine, T: threonine, me: methy!
acetylation, p: phosphorylation and N: nitrogen terminal) (Picture has been gufiifim: Epigenetic regulati
of the nervous system, Sweatt et. al.,).
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in memory formation and CNS functipits diversity makes it @omplicatedphenomenon.
Methylation of histones occurs at both lysine and arginine residues and could have 3 possible
variations: monomethylationdimethylation or trimethylation each leading to a different
outcome. H3K4 trimethgtionT a mark associated with active transcriptida increased after
contextual fear conditioning in the Hip on the promoters of an WE®G8 and the neuronal
plasticity factorbdnf(Gupta, Kim et al. 2010)

Although it is tempting to introduce the role of histone phosphorylation and methylation in fear
memory, keeping the scope ofdlthesis in view, | will focusn histone acetylation, which is

the mostwell-studiedhistone modification and is one of thent@l themesof this thesis.
Acetylation of the Nterminal tails of H3 and H4 histones are known to be involved in the
maintenance and consolidation of fear memory are discussed in(Betaly, Wu et al. 2007,
Fischer, Sananbenesi et al. 2007, Peleg, Sananbenesi et al. 2t B)directional catalysis of
acetylation marks on histones is brought about by a set of enzymes called histone
acetyltransferases (HATSs), whidatalysethe addition, and histone deacetgagqHDACS),
which aid the removal of acetyl grouf&trahl and Allis 2000)

CBP which is dranscriptionakoactivatorof CREB, has intrinsic HAT activity and is known

to be involved in trascription ofseveral memoryelatedgenes. Indeed, both HAT activity and
CREB binding activity of CBP is essential for letegm memory formation and LT{Korzus,
Rosenfeld et al. 2004nhibition of HDACSs is knavn to augment memory formation, to cause
long-term potentiation within the hippocampus, and also to restore the ability to form new
associations in micg.evenson, O'Riordan et al. 2004, Fischer, Sananbenesk804l. Peleg,
Sananbenesi et al. 2010fClass | HDACSs, i.e. HDAC1, HDAC2, HDAC3 and HDACS8 have
been previously implicated in memory formation and regulafdéang, Chen et al. 2013,
Penney and Tsai 2014, Adler agghmauss 2016, Nott, Cheng et al. 20H5)d specific
pharmacological inhibition of different isoforms is known to have specific effects. For example,

overexpression of HDAC2 increases spine density and synaptic plasticity, whereas
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overexpression of HDACander similar conditions has no efféGuan, Haggarty et al. 20Q9)
Using a viral knockdown strategy, a recent study also demonstrated that blocking HDACS3 in
the hip and BLA enhanced contextual fear memory, wasebbocking HDAC3 within the LA
enhanced cued fe@kwapis, Alaghband et al. 20173 uch differential HDAC activity extends

in anisoform, brain regionand contexspecific manner to mouse models of anxiety discs
(BahartJavan, Maddalena et al. 2012, Morris, Mahgoub et al. 2013, Graff, Joseph et al. 2014)
Multi-layered regulation of acetylation of histones presents us with numerous targets and
difficulties in thetreamentof anxietyrelateddisordersAlthoughresearch in this field is its
infancy, great advances in the availability of genetic tools and specific pharmacological

inhibitors presenbrand new avenues for development of therapeutic options.
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1.9.2 DNA methylation and regulation for fear and anxiety

DNA methylation

DNA methyltransferases

i TSS DNMT1 (maintenance)
CpG island —— DNMT3a (de novo)
DNMT3b (de novo)
DNA demethylase?
Base excision repair
@ @ GADD45b pathway
MBD proteil
—TCGACGATCGAATTTCGGC— [ttt
-—-AGCTGCTAGCTTAAAGCCG---
DNA methylation readers
MeCP2
/ \ MBD1-4
@ Kaiso protein family
NH, Al
Methylation H,C
| XN | XN
N, g .
H H
Unmethylated BUH
cytosine
Base G
excision I l Oxidation
repalr Demethylation
(o] NH,
HO NH OH SN
N o Deamination N o
H H
5-hmU 5-hmC

Fig7. DNA methylation schematic representation (TSS: transcr

start site, M: CH3/methyl group). (Picture has been modified
Epigenetiaegulation of the nervous system, Sweatt et. al.,).

DNA methylation refers to the covalent
modification of the cytosine base in the
DNA sequence with the
methyl group. Methylation occurs at
regions within the DNA sequence which

are rich incytosine (C) and guanosine

(G) nucleotides which are usually
underrepresented in thgenome and

occur in small clusters called labelled
0CpG i sl ands 6 usuall
suppression of gene express{@ooper

and Krawczak 1989)

This view has been challenged with
discoveries

recent describing

methylation of cytosine residues outside

the context of CpGs and also methylation leading to transcriptional aatiy@hahrour, Jung

et al. 2008, Cohen, Zhou et al. 200Bhzymes thaaddmethyl groups to theytosineresidues

are called DNA methyltransferases (DNMTSs), and they can be functiaagorisednto

maintenancd®NMT (DNMT1) andde novoDNMTs (DNMT3a and DNMT3b). DNMTs are

expressed in the brain although the DNMT3b expression is low in the adul{(FeN&, Zhou

et al. 2010) Contextual fear conditioning is known to enhahggpocampal DNMT levels

(Miller and Sweatt 2007)Consistent with this notion, inhibition of DNMTs impairs memory

formation (Lubin, Roth et al. 2008)Glenn S ¢ h a fjreup Bas shown that cued fear

conditioning is associated with increased DNMT3A expression within the LA and inhibition of

this protein impairs formation of cued fe@laddox and Schafe 2011)Interestingly, such
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learring produces methylation and demethylation at specific sites presenting a much more
complicated picture of involvement of DNA methylation in synaptic plasticity and memory
formation(Day and Sweatt 20107 he roleof DNA demethylation in fear memory formation

and maintenance is not clearly understood. Clinical studies im&eel Idifferential methylation

of various genes with symptoms of anxiety disorders. One of thestueliedsystem in this

regard is the OXT system (as discussed in detail in section 1.8.1)
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1.10 Aims of the present thesis

As explained bef@ in section 1.3.1 and 1.5.3, using the SFC paradigm we can generate SAD
like symptoms in mice. Social anxiety generated by SAD is devaidrdbundingsymptoms

of general anxiety and depressidee behavior which plagues most of the weditablished
models of SAD. This makes the SFC paradigm unique, in that we can specifically study the
molecular and neuronal mechanisms underlying social anxiety and avoidance. During my PhD
thesis, | focused on the molecular and neuronal adaptations which occur de@inng r8ale

and female CD1 mice. Within the realofi the abovementioned background | focused on
answering the following questions:

a.Does endogenous OXT signaling regulate fear in female mice?

b. Do epigenetic mechanisms play a role in regulation of feanaony in male mice?

Thus, to answer the following questions performed 2 different studies each one of which is

described below.

1.10.1 Studying the role ofendogenouXT signalingin regulation of social and cued fear

in mice

Many studies in the pastte tried to understand the effect of OXT on different forms of
conditioned fear. Data obtained over the past decades by us and others have showed temporal
and spatial differences in OXdffects on trauma using cued fear conditioning based models
(Knobloch, Charlet et al. 2012, Toth, Neumann et al. 2012, Guzman, Tronson et al. 2013,
Zoicas, Slattery et al. 2014jor social trauma, OX€&ffects seem to me more straightforward.
Using the SFC paradigm, our lab has prasly shown that LSXT infusion reverses SFC
induced social fea(Zoicas, Slattery et al. 2014However, most of these studies involve
delivery of supraphysiological amounts of OXToth, Neumann et al. 2012, Zoicas, Slattery

et al. 2014)Although these studies reveal important information about role of OXT system on

conditioned fear, they do not tell us a lot about how endogenous OXT system effect social and
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nonsocialtrauma generated by SFC and CFC respectivddp, most of the studies performed

in the field of fear and anxiety research use male rodents as primary subjects of research even
though most anxiety disorders are twice as prevalent in females as in raalesdton 1.3.1).

In lieu of abovementionedstudiesmy first aim was as follows:

A | a to fimd @ut the role of activated brain OX3ignalingin regulation offear in female

mi ceo

1.10.2To delineate the @igenetic mechanisms within the L3he regulatefear in male CD1

mice.

Although widely studied in the context of nencial fear memory formation and extinction,

our knowledge about the role of epigenetic mechanisms, i.e., both histone modifications and
DNA methylation in the context of social feantains negligible. In theaseof HDACs, current
research suggests extreme region @ofbrm-dependenspecificity in HDAC function and,
consequently, there is a lack of clarity in our understanding of the role of specific HDACs in
mediating molecular andeuronal mechanisms involved in fear learning and extinction. This
impedes progress in tlieevelopmenbf effective therapeutic options for specific subtypes of

anxiety disorders. Therefore, in this part of thesis,my aim was as follows:

ATo i dkeetrndlyetof HDACsO in regulation of fea
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Materials and M ethods

This section describes the techniques used during the course of the current thesis in detail. For
greaterconveniencethe techniques used have been divided bgbavoural and molecular
techniques. At the end of each method, a list of experiments pertaining to the corresponding

results section, wherein these techniques were used, is provided.

2.1. Behavioral techniques

2.1.1 Animals

Male, virgin female or lactating CDmice (Charles River, Sulzfeld, Germanyl3 weeks of

age at the start of experiments) were kept gitooysed under standard laboratory conditions
(12/12 h light/dark cycle, lights on at 06:00, 22°C, 60 humidity, food, and adtéitum) in
polycarbomte cages (16 x 22 x 14 cm) until described otherwise. Age anthaeked CD1

mice were used as social stimuli in the Social Preference Test (SPT) and the SFC paradigm. All
experimental procedures were performed between 08:00 and 15:00 hrs in accortaties w
Guide for the Care and Use of Laboratory Animals of the Government of Oberpfalz and the

guidelines of the NIH.

2.1.2. SFC paradigm

SFC was performed as previously described on 3 consecutivé€ladlysNeuman et al. 2012)

Social fear acquisitioiiday 1) For social fear acquisition all miaeere transferred from their

home cage into the conditioning chamber (45 x 23 x 36 cm; transparent Perspex box with a
stainlesssteel grid floor). After a 3@ adaptatio period,they were presented an empty wire
mesh cage (7 X 7 x 6 cm) as a fsmtial stimulus for 3 min, which was replaced with an
identical small cage containing an unfamiliar sex and age matcmsgecific. Unconditioned
(SFC) control mice could freglinvestigate the social stimulus in the conditioning chamber for

3 min without receiving any foot shocks, whereas social fear conditioned)(&H: were
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given a 1s electric foot shock (0.7 mA) each time they investigated the social stimulus. If a
mousereceived justl foot shock, then it was observed for an additional 6 minutes for social
contact after which, lack of contact with the conspecific meant that the animal had acquired
social fear and was returned to its home cage. However, if the test aqmusached and
investigated the conspecific again withiis 6 min indicating a lack of social fear learning, it
received another foot shock and was returned to its home cage, when no further social contact
was made for 2 min. This was true for any numdiefoot shocks above 2, and on average,

SFC mice received -3 foot shocks (mea.4 footshocks/mouse)

Social fear extinction training (day 2Dne day after SFC, mice were exposed to 3sumial

stimuli (empty cages) in their home cage to assessomal investigation as a parameter of
nonsocial fear and general anxiaglatedbehaviour Mice were then exposed to 6 different
unfamiliar social stimuli, i.e. 6 different age and sex matched mice, each in a different small
cage to assess social invgation as a parameter of social fear. Each stimulus was placed near
a short wall of the home cage and presented for 3 min, witinan 3nterstimulus interval.
Gradual, increase in the percentage of time spent investigating the social stimulus for'the SFC

mice were a definitive measure of social fear extinction.

Social fear extinction recall (day 3pne day after extinction training, mice were exposed to 6
different, age and sex matched, unfamiliar social stimuli in their home cage, each in a different

small cage (see days 1 and 2), for 3 min withraif3 interstimulus interval.

2.1.3. CFC paradigm

CFC was performed as described previously on 3 consecutive(Talys Neumann et al.

2012)
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Cued fear acquisitioiiday 1).All mice were placed in the conditioning chamber (context A,;
transparent Perspex box: 23 x 23 x 36 cm with electric grid floor; cleaned with lemon scented
detergent and, after a Bnin adaptation period, exposed to five conditioned stimulus (CS)
unconditioned stimulus (US) pairings with ar@n interstimulus interval. The CS (80 dB, 8

kHz, 30 s continuous sound)-terminated with a mild electric foot shock (US; 0.7 mA; pulsed

current, 2 s). The animals were returned to their home cage aftastl@SUS pairing.

Cued fear extinction training (day Zpn day 2, mice were placed in contextidack Perspex

box: 23 x 23 x 36 cm with a smooth floor; cleaned with floral smelling detgrgedt after a

5-min adaptation period, exposed to 20 CSentations with a-Sinterstimulusnterval. They

were returned to their home cage after the last CS presentation. These CS presentations were
collapsed into ten blocks with the mean freezing percentage during two CS presentations

represented in each blocespectively.

Cued fear extinction retention (day 8ne day after cued fear extinction training, animals were
again placed in context B, and after -anb adaptation period, they were exposed to 2 CS
presentations with a-&in interstimulus interval Animals were returned to their home cage

after the last CS presentation. These CS presentations were then collapsed into one block with

each bar representing the mean freezing percentage during 2 CS presentations.

2.1.4. EPM

mFor general anxietyelatedbehaviour, mice were tested on the EPM as previously described
(Lister 1987) The apparatusonsisted of two open (6 x 30 x 0.2 cm, 100 Ix) and two closed (6

x 30 x 16 cm, 30 Ix) arms radiating from a central platform (6 x 6 cm) at an eleva8ércof

above the ground. Mice were placed on the central platform facing a closed arm and allowed to
explore the maze for 5 min. The percentage of time spent on the open arms indicated innate
non-social anxiety. The number of entries into the closed asnasiindicator of locomotor

activity.
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2.1.5. SPT

The test is based on the social appreaobidance test previously described in n{iBerton et

al., 2006; Lukas et al., 2011)All mice were transferred from their home cage to a new
observation cage, whichasconsidered as theovel environmentAfter a 30-sec habituation
period, mice were exposed to an empty wresh cage (7 x 7 x 6 grplaced at one eraf the
observation cage (like for social fear extinction and recall) for 2.5 min. The empty cage was
then exchanged foan identical cage containing an aged sex matched conspecific for
another 2.5 min. The percentage of time mpens investigating the nesocial versus social

stimulus considered to be the measure of social preference.

2.1.6. HargreavesoOoO Plantar Test

The Hargreaves6 Pl antar Te s tassecatd adapmtdbnsino t e s
pain perception. Mie were trained for 3 consecutive days, twice a day to remain calm in a
transparent, bottomleptexiglassox (8 x 6 x 6 cm) with holes for breathing, which was placed

on the glass floor of the test apparatus for 10 min. On the test day mice were pldeed in
Plexiglasbox on the glass floor of the test equipment (Ugo Basile model 7371, Monvalle, Italy)

10 min before the test started. Subsequentipcased thermal heat stimulus was delivered

from a fixed distance to the plantar surface of the hind pad/paw withdrawal latency was

measured for up to 15 s. Each of the hind paws was tested thrice. Data represent an average of

6 trials per mouse. Each mouse was tested at 2 different inte(8if8s 190mWw/crf; 0.70:

245mW/cni) with an intertest intervabf 2 hrs.

2.1.7. Stereotactic implantations

Implantation of guide cannulas (21: @&v and 23G: local8 mm length;Injecta GmbH,
Germany) for icv (from Bregma +0.2 mm, lateral +1.0 mm, dehthmm) or bilateral infusion

into the LS (0.3 mm, £0.5 mm;1.6 mm; Paxinos and Franklin, 2001) was performed under
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isoflurane anesthesia (Forene, Abbott GmbH, Wiesbaden, Germany) anestesgmi
conditions(Toth, Neumann et al. 2012, Zoicas, Menon et al. 20I6)avoid pgtsurgical
infections, mice received subcutaneous antibiotics (3 pg/30 pl Baytril, Bayer GmbH,
LevERKusen, Germany). Lactating mice underwent surgery on LD 1; they showed the
complete repertoire of materrnahavioumo later than 1 hr after completionsafrgery. After

surgery, all mice were repeatedly handled for at least 5 days prior to infusion experiments.

2.1.8. Intracerebral infusions

The following substances were infused in annadeprior to behavioural testingsing a 27

g infusion cannula insted into the icv guide cannula
1. Vehicle (2 pl; sterile Ringer solution)
2. OXTR-A (desGIlyNH2, d(CH2)5[Tyr(Me)2,Thr4]OVT; 2 ug/2 pl)

For local pharmacological manipulations within the LS, mice received bilateral infusions of

substances mentioned bel via a 36g infusion cannula:
1. Veh (0.2 pl/side)

2. OXTR-A (20 ng/0.2 pl/side)

3. OXT (5 ng/0.2 pl/side)

4. MS275 (375 ng/0.2 pl/hemisphere)

These infusions were made using a to a Hamilton syringe and were performed 30 min before
SFC or CFC extinadn training for OXTRA, 10 min before SFC extinction for OXT and 90

min before SFC and CFC extinction for MS2(&, ortheamino anilide inhibitor of class |
HDACSs with high affinity for HDAC1) The dose and timing of OXFR, OXT and MS275

were selected lsad on previous studig¢sukas, Toth et al. 2011, Bahalavan, Maddalena et

al. 2012, Toth, Neumann et al. 2012, Toth, Neumann et al. 2012, Zoicas, Slattery et al. 2014)
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The correct infusion site was histologigalterified and, accordingly, mice with false hits (due
to amisplacedcannula) were excluded from statistical analylroinfusion of AAV for
section 3.1.11 and 3.1.12 were performed by Thomas Grund and hence are not mentioned

here.

2.3. Scoring of belvior

All behavioral parameters except CFC (computerized scoring, TSE fear conditioning software)
were manually scored by an observer blind to treatment using JWafcBerMacquarie

University and UCLA.

2.2. Molecular techniques

2.21. Tissue isolationand mRNA extraction

Mice were subjected to SFC as mentioned above and left undisturbed in their home cages for
120 min after social fear acquisition on day 1 and social fear extinction on day 2. Mice were
then sacrificed, their brains were rapidly remagviéesh frozen and stored &0°C until they

were cryasliced (306um; Bregma: 0.98mrnin 0.02mm) to obtain tissue micro punches from

the LS, amygdala, vHip and PVN. These miptoiches werdhomogenisedn TRI reagent
(Sigma) and stored a20°C for mRNA i®lation. Total RNA was isolated using chloroform
extraction followed by precipitation with isopropanol and glycogen before elution into the
nucleasdree water. The quality of the isolated total RNA was assessed using nanodrop

spectrophotometer.

2.22. Analysis of gene expression using quantitativeal-time PCR (gRT-PCR)

A Hundrednanograms of isolated mRNwerereverse transcribed into cDNA usit8yper
Script Il first-strandsynthesis system (Invitrogen). Relative mMRNA expressionHidacl

(NM_008228), Hdac2 (NM_008229), Hdac3 (NM_010411), Hdac8 (NM_027382), Oxtr
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(NM_001081147.1),Npy (NM_023456.3, Bax (NM_007527), Jun (NM_010591.2) was
measured sing SYBR green (Qiagen) where ribosomal proteiBA (Rpl13A NR_073024)
andglyceraldehyde3-phosphatalehydrogenasesapdh NM_001289726). Primer details for

each genareprovided in table 1.

Gene Accession number Forward Pirdidmer Reverse Prine r 1(3%9 Amplicon
Length
Gapdh NM_001289726 GCTCCACGCTATTCCGATGA GGGGAGACACTTGCGCATATC 99
Rpl13A NR_073024 CTCCTTGTCTCATCCCACTG CAGGGATGATGTTCTGGGCA 104
Hdacl NM_008228 ACTACGACGGGGATGTTGGA ATTGGCTTTGTGAGGACGGT 140
Hdac2 NM_008229 ACTTGAGGGATATTGGTGCTGG CGCTAGGCTGGTACATCTCC 138
Hdac3 NM_010411 GGGCTGTGATCGATTAGGCT ATATGTCCAACACCGGGCAA 213
Hdac8 NM_027382 AGGGAAAACGCTATCCTCTGA AGATTCCCTTTGATGTAGTTGAG 150
Oxtr NM_001081147.1 ACGTCAATGCGCCCAAAGAAC TGCACGAGTTCGTGGAAGAGATG 124
Npy NM_023456.3 TGGCCAGATACTACTCCGCT TCTTCAAGCCTTGTTCTGGGG 145
Bax NM_007527 CTGCAGAGGATGATTGCTGA GATCAGCTCGGGCACTTTAG 174
Jun NM_010591.2 AAAACCTTGAAAGCGCAAAA TGTTTAAGCTGTGCCACCTG 7

Tablel. gqRT-PCR primer details.

2.23. Analysis of gene expression using microarray

Sample preparation for microarray hybridization was carried out as described in the Affymetrix
GeneChip WT PLUS Reagent Kit Usdianual (Affymetrix, Inc., Santa Clara, CA, USA). In
brief, 200 ng of total RNA were used to generate deatstended complementary (c) DNA. 15

pg of subsequently synthesized cRNA was purified and reverse transcribed intstsgnde

(ss) cDNA, where unnatal dUTP residues were incorporated. Purified ss cDNA was
fragmented using a combination of uracil DNA glycosylase (UDG) and apurinic/apyrimidinic
endonuclease 1 (APE 1) followed by a terminal labeling with biotin. 3.8 pg of fragmented and
labeled ss cDNAwere hybridized to Affymetrix Mouse Gene 2.1 ST Array Plates. For

hybridization, washing, staining and scanning an Affymetrix GeneTitan system, controlled by
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the Affymetrix GeneChip Command Console software v4.2, was used. Summarized probe set
signals inlog2 scale were calculated by using the Rilzarry, Hobbs et al. 2003)Igorithm

with the Affymetrix GeneChip Expression Console v1.4 Software and exported into Microsoft
Excel. Sample processing was performedraAffymetrix Service Provider and Core Facility,

AKFEenter of Excell ence for FIl uor ewsve.kflmt Bi oa

regensburg.de

2.2 4. cFosimmunohistochemistry

Mice were transcardigl perfused with paraformaldehyde under deep anaesthesia. Brains were
then removed and processed ébtosimmunoreactivity as previously describgingewald,
Salchner et al. 2003Briefly, cFosimmunoreactivity ér assessed using a polyclonal primary
antibody €Fos 1:4000; se52, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 12 hrs
and a biotinylated goat anthbbit secondary antibody (1:1500; Vector Laboratories,
Burlingame, CA, USA) for 90 min. An avidihiotin-horseradish peroxidase procedure
(Vectastain, ABCKit, Vector Laboratories) with 3,3diaminobenzidine (DAB) as the
chromogen was used to visualigBospositive neurons. Cells containing a nuclear brown
black reaction product were consideredRss-positive. The anatomical localisation of labelled
cells was aided by a stereotaxic atlas (Paxinos and Fran¥iedifion, 2001). The number of
cFospositive cells was counted bilaterally in 3 to 4 sections in a tissue area of 0.1 mmz2 by an
observer bhd to the experimental groups. The average of these cell counts was calculated for

each animal.

2.25. Immunofluorescence

a. Characterization of OXTHositive neuronsBrain sections of LS of OXTR reporter mice
(Yoshida, Takayanagi et al. 2008¢re cestained with a calbindin (GABA neuron marker)

specific antibodyZhao, Eisinger et al. 201.3%hortly,brain sections were incubated according
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to the similar staining protot with a cocktail of primary antibodies: chicken a@trP
(ab13970, Abcam, 1:10000) and rabbit amatibindin (CB38, Swant, 1:5000), and secondary

antibodies (Chicken Alexa488 and mouseCya3, VectorLabs, respectively).

b. Characterization of OXpositive neuronal fibers.The blocks containing the LS were
dissected from fixed mouse brains and Vibraturh(Leica) into 56um freefloating sections.

The sections representing 4 planes of restradal levels of the LS (Bregma: + 0.1, 0.3, 0.6
and 0.9 mm) werehosen for further OXdmmunolabeling.The freefloating sections were
blocked in 1% TritorPBS buffer containing 1% NGS, 0.2 % BSA for 1 hr at room temperature
(RT) and incubated with monoclonal aXT antibody (1:2000) (provided by Dr. Gainer,
(NIH)) in 1% TritonrPBS buffer for 24 hr at 4°C. After several wash steps in PBS they were
incubated for 1 hr at RT with goat amtiouse Alexa 488 (ThermoFisher) in 1% TritBBS
buffer. Images from mounted and cosipped sections were thecquired with a Lei@ TCS
SP52 confocal microscopd-iber densities were calculated using Fiji online software-A Z
transform of confocal scan stacks was applie
with a digital grid (available as a Fiji plugin). The number &f[Gpositive fiber crossings with

the grid bars was taken as a main parameter for fiber number estimation.

Protein Antibody Protocol
GFP ab13970, Abcam 1:10000
OXT Monoclonal antOXT (Prof. gainer) 1:2000

Calbindin CB-38, Swant 1:5000
cFos Sc52, SantaCruz Biotech. 1:4000

HDAC1 PA1-860, ThermoFisher scientific 1:333
NeuN MAB377, EMD millipore 1:333
GFAP (3893, Sigma&ldrich 1:400

Table 2.Immunofluorescence primary antibody detail

61



Materials and Methods

2.3 Statistical analysis

For statistical analysis GraphPadsi version 6.0 for windows (GraphPad software, San
Diego California USA, www.graphpad.com)wasudecht a wer e analttestsed by
oneway or tweway Analysis of Variance ANOVA) for repeated measure®sllowed by a

Bonf er r éhociaralgis vghensver appropriatStatistical significance was set at p<0.05.

Overall statistics have been stated for eaqberimentseparately in the results section.
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Results

3.1 Septal oxytocin signaling regulates sadifear in female mice.

3.1.1 Summary

| observed that aftesocial fear acquisitignactating mice did not express soder, when
presented with a conspecific during extinctibising advanced neuroanatomical techniques, |
then go on to show that tletate of lactation induces a plethora of changes in th®@X$%
system, which include increased Ox®sitive fibers and release within the [Eally, using
pharmacological, genetic amthiemogenetitools, | amply demonstrate that increased OXT
signaling wthin the LS caused by magnocellular OXTergic projections from the &ON
responsible for the regulation of social fear extinction in female nfioethe best of my
knowledge, this is the firgtudy providing evidence for exteanygdalar circuits regulaiy

social fear in female mice.
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3.1.2Behavioural characterization of lactating mice: general anxiety, sociagbreference,

and social fear conditioning

EPM: There wasno difference in general anxietglatedbehaviorand locomotor activity
betweeractating and virgin mice, as the percentage of time spent on the open arms of the EPM
(Fig 8A) and the number of entries into the closed arms (Fig 8B), respectively, were similar in

these groups.

SPT: Both lactating and virgin mice displayed a prolongegleration of the social stimulus
(cage withmice) compared with the exploration of the meocial stimulus (empty cage)
(p<0.001 vs. nontsocial stimulus; Fig 8C) indicating similar naturally occurring social

preferencéoehavior

SFC: During acquisition b social fear (day 1), lactating and virgin mice showed similar
investigation times of the nesocial stimulus (small empty cage; data not shown), confirming
the similar nonsocial anxietyrelated behavior. Moreover, Lac SF@nd Vir SFC mice
received a isnilar number of foot shocks during exploration of the social stimulas,a
conspecific in a small cage (2t40.4 foot shocks). During social fear extinction training (day
2), Vir SFC mice showed severely diminished social investigation, which sasuane of social
fear, in comparison to all other groups (p<0.05 vs. Vir SE@c SFC Lac SFC; Fig 8D). In
contrast, Lac SFCmice were not different in comparison to their Lac SE@trols already
during exposure to the"®social stimulus indicatingbolished social fear. During social fear
recall (day 3), Vir SFCmice showed an overall reduction in social investigation compared to
their unconditioned controls (p<0.05 vs. Vir SFElg 8E). Social investigation pattern of Lac
SFC mice during socialear extinction training on day 2 was not dependent on the presence of
pups i n the da mssocialiearmauisti@ngas noehavioraldifferenbesvas
found between dams of the Lac SHEups (separated 2 hr before extinctioahd Lac

SFC/pups (separated immediately pestquisition)groups (Fig 8F).
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Results

EPM (Lac mice vs Vir mice;
Studentdos T te
General anxiety (Fig 8A)
Locomotion (Fig 8B)

Social preference test (Lac mic
vs Vir mice; 2way ANOVA)
SPT (Fig 8C)

SFC (Status: Virvs.Lac mice;
2way ANOVA)

Social fear extinction (Fig 8D)
Social fear recall (Fig 8E)
Social fear extinction (Fig 8F)

Group effect (Status: Vir mice

vs.Lac mice)
T(11) = 0.2488, p = 0.808
T(11) =0.3105, p =0.762

Stimulus effect

(social vs. nomrsocial
stimulus)

F(1, 34) = 175.5, P < 0.05*

Group effect

(Group: status x SFC)

F(3, 44) =17.80, p < 0.05*
F(3, 43) =4.78, p = 0.05*
F(1, 13) =1.71, p = 0.997

Group x stimulus effect

F(1, 34) =2.709, P =0.109
Group x stimulus effect
F(24, 352) = 5.583, g 0.05*

F(15, 215) = 1.17, p = 0.297
F(8, 104) = 0.61, p = 0.764

Fig 8. Lactation has no effect on general anxistiated behavior (A) and locomotor activity (B) on the elevated plaze,
and on naturally occurring social preference behavior indbeial preference test (C), but counters expression ofiS@@ed
social fear (social fear extinction: D; recall: E) irrespective of the presence of pups after social fear acquisitionfé¢social
extinction, F).Lactating (Lac; red) and virgin (Virplue) mice(n = 117 14/ group)were social fear conditioned (SFCor

left unconditioned (SFEduring social fear acquisition (day 1), aride percentagef investigation of 3 noisocial (empty
cage) and 6 social (cage with a especific) stimuli was momited during social fear extinction (day 2; D, F) and social fear
extinction recall (day 3; E). Data represent mean + SEM. * p<0.05 vssnoial stimulus (C), Lac SFQD), Vir SFC (D),

and Lac SF@D).

65

















































































































































































































































































