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Chapter 1

General Introduction



General Introduction

While stress exposure in itself is not harmful, and can in fact be adaptive in most situatioosure

to severe forms of stress can lead to a variety oflasting maladaptive symptofsncluding

anxiety,negative mood, irritability and a plethora of physical responses due to continued activation of

the bodyds stress systems in susceptible individ
period of time and interfere with normal deyday life, thgr can pose a large burden to both

individuals and society as a whal®ften, the stress symptomatology can be traced back to a (series

of) traumatic event(s) in the past, which may lead to a diagnosis efrpostatic stress disorder

(PTSDY. Given the ubiquity of traumatic events, it is unsurprising that the incidence of PTSD is

rising, with an estimated 7.7 million European citizens currently being affected by the disorder,

|l eading to mamnealcosts9 bi |l |l i on i

PTSD, which is classified under the clinical category of StreRstated Disordefsis typically

caused by exposure to major traumatic events, like natural disasters, war and conflict, accidents and
serious health problems. Symptoms can arise after exposure to a single traumatic event, ket also aft
long-term exposure to severe daily stressoks a relevant exanig the recent COVIEL9 pandemic

has been shown to have caused a spike in PTSD symptomatology in the general pojjulEtisn
demonstrates that such a global emergency can cause significant psychological and physical distress,
leading to longlasting stresselated symptoms in a large group of affected people. As described in the
DSM-V¢, the main symptom clusters of PTSD include intrusion symptoms, avoidance of-trauma
related stimuli, negative alterations in cognition and mood, and increased arousal arehbimpity.

While the development of PTSD is, by definition, linked to a certain traumatic event or an
accumulation of stressful events, biological and psychosocial risk factors are increasingly considered
as predictors of symptom on&eEonsidering that over 80% of people are faced with one or multiple
traumatic experiences during their lifetith®, PTSD prevalence {50% across the general

populatiort?) is relatively low. This raises the question why some people are more vulnerable than

others when it comes to developing PTSD symptomatology after traumatic stress exposure. First of all,



it is not clear at what point in time resilience or vulnerabitityT SD can be distinguished.

Behavioral resilience may in part be innate, but may also arise due to a deviant response to the trauma.
In addition, it might be the case that all animals cope with trauma exposure in a similar way, yet
recover differently. Tis underlines the importance of longitudinal designs when studying animal
models of PTSD, in order to temporally pinpoint when potential alterations arise and how they
develop over tim&. While susceptibility is likely a dynamic state comprised ofedsting risk

factors and tramainduced sequaldg it is especially interesting to identify targets for early
intervention and treatment and to assehether prevention in vulnerable individuals might be
possible. Elucidating the biological basis of this interindividual variability in PTSD susceptibility will
be critical for understanding PTSD psychopathology, and may hold unique insights foyidgntif
vulnerable individuals and optimizing preventibrAs current medication is only effective for fewer
than half of the piéents®, it becomes even more important to understand this apparent heterogeneity

across traumaxposed individuals in order to optimize treatment options.

Animal models for PTSD

Using human patients to research human diseasesadside an effective way to learn. However, the
acquisition of PTSD in humans is incidental, and thus rarely observed-tmmealn addition, the

nature of the trauma, its remoteness, and treatment history are highly variable, and PTSD induction in
heathy volunteers is obviously not ethically viable. These factors complicate using human subjects to
identify the factors that are related to brain mechanisms involved in the development of PTSD after
trauma exposuté Recent years have seen a growing number of rodent models being used for
studying the neurobiology of maladaptive stress copingPai®D specifically??. This is pivotal, as

these models allow us to simulate the induction of PliE®symptomatology, test causal factors in
longitudinal designs, and invasively study the naat@ffects of stress in a controlled maniher

Crucially for the study of PTSD, the neurocircuitry involved in fear and anxiety is highly conserved

throughout evolution, which makes these models particularly refévant



However, these models also come with downsides. PTSD remains a complex phenotype that is
difficult to model in rodents. Despite the major scientific efforts over the past years, the gained
knowledge from these animal models is still largely lacking translatability, and has therefore not yet
led to better treatment options. Understandably, this hde nesearchers propose important

adaptations to these models in order to overcome current shortcomings and improve overall
translational valug. Crucially, preclinical studies on PTSD have often disregarded the fact that only a
small proportion of stressxposed individuals later develops a ldagting maladaptive phenotype.
Typically, a group of stressed animale@itrasted directly to a group of netressed animals,

neglecting potential interindividual differences among individuals in the stressed group and ignoring
potential adaptive effects of stress expo&uikhis asks for a paradigm shift in the use of the animal
model s, in which stressed individuals are furthe
based on their behavioral phenot$o®ata from stress vulnerability studies have ofteown that

only individuals vulnerable to the stressful experience show the characteristia et

symptomatology, while resilient individuals are behaviorally much more comparable to ¢bftrols

This supports the idea that it would be an oversimplification to consider all stressed individuals as one
homogenousm@up when studying underlying biological variation across stressed arstresaed

groups, and potentially vital information is lost by grouping maladaptive and adaptive stress
responses. Specifically studying PT-&&ilient individuals may teach us whiptocesses underly
successful stress recovery; processes that might be mimicked as a method for intervention with

disease.

Throughout this line of research, we employed a mouse model in which we behaviorally tested

animals for PTSBike symptoms followingrauma exposure (foot shock), to dissociate susceptible

from resilient mice and distinguish maladaptive from adaptive trauma éagdiige were classified

as susceptible or resilient to PT8ke symptomatology based on a compound score comprising

multiple behavioral PTSHlike symptoms (i.e., risk assessment, anxieypervigilance, prgulse
inhibition and activity during the inactive phas

reactivityod evP,uatheréhan sindle behaivioral BB&Wes. This classification largely
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resembles the situation in patieftsvhich are also diagnosed with PTSD once they meet several
criteria. Furthermore, substantial la@foral heterogeneity is seen among susceptible traaxpased
animalg®28 similarly to what is observed in the clificAs such, this model allowed us to study the
effects of traumatic stress in a controlled sgttind to do invasive brain measurements related to

susceptibility to PTSBike symptoms.

Circulating theories for the emergence of PTSD

Various theories have been proposed to explain the development and perpetuation of PTSD.
Classically, PTSD has beenderstood in light of classical conditioning and learning theory, yielding

a model where the trauma is regarded as an unconditioned stimulus, which involuntarily evokes a
reaction of distre$% Overconsolidation of the traumatic memory occurs, leading to conditioned fear
responses during+exposure to stimuli that remind the individual of the trauma. Over time, learning
theory has evolved with the incorporation of more cognitive aspects. For example, the dual
representation theolproposes the existence of two distinct types of memory, that occur ireparall
verbally accessible memory (VAM), which can easily be recalled, and situationally accessible memory
(SAM), which cannot be deliberately accessed. The theory states that trauma exposure leads to
impairment of the VAM, because conscious attention isomdyrdrawn to threatelated information.

This leads to pathobiological chronic emotional processing, where the trelated memory is

heavily focused on the fear response. On the other hand, the cognitivé'robB&ISD focuses more

on the i1 dea that exposure to tr auméetnad tireatsyent s
viewing them with excessive negativity. This would lead to misinterpretation of situations and a
constant sense of current threat. While all slightly different, what all these theories have in common is
that they point to aberrant memomopessing as the key underlying factor for development of PTSD
pathophysiology. Still, it is unclear whether aberrant memory processing is caused by deviating
memory acquisition or consolidation, and to what degree it is influenced &xigteng

neurobidogical vulnerability factorg3



It is often argued that that the scope of functional abnormalities shown in PTSD (and other psychiatric
disorders for that matter) cannot be captured by referring to abnormalities in singular neuronal
processes or brain regions. Instead, a broader integagtreach is necessary to capture the

complexity of such disorde¥s As such, another theory has gained substantigidragver the past

few years, especially among neuroimaging researchers. Evidence suggests that the brain can be
organized into functionally distinct brain networks with high intrinsic functional connegétivitys

thought that an imbalance or other disruptions in these networks may underlie the complex
pathophymlogy of PTSD. In this thesis, both theories of memory and triple network dysfunction are

explored in more detail.

Memory deviations in PTSD

Even though the symptoms of PTSD are relatively-deflned, there is a large heterogeneity in the
clinical profile of PTSD patient$, which has led researchers to define multiple subtypes (e.g.,
externalizing/internalizing PTSD, and dissociativeAuissociative PTSD) of the disorder

Interestingly however, over 90% of all patients face intrusive memories, including flashbacks and
nightmare®’, making these hallmark symptoms of PTSD. In fact, these alterations in memory are very
specific to PTSD and specifically distinguish PTSD from othvessstelated disorders. Not

unsurprisingly, the therapeutic strategies that are regularly used to treat patients with PTSD are also
generally based on facing the traumatic memories, in order to better cope with them, suppressing
involuntary memorie®, and making trauma memories less emotionally salient (in the case of Eye
Movement Desensitization and Reprocessing thetapydwever, despite their centrality to the

disorder, the basic cognitive and neural mechanisms underlying these involuntary memories in PTSD
are not well understodtl As suchjncreasing interest has gone out to understand the specific memory
trace that is created upon trauma exposure, hypothesizing that it is the lasting memory of a traumatic
event, rather than exposure to the event itself, that determines PTSD syfaBoritding on this, it

is important to understand how such maladaptive trauma memory differs from an adaptive trauma

memory.



Normal adaptive trauma memory allows individuals to learn from dangerous situations and prevent
them in the futurg. Maladaptive memories in PTSD, on the other hand, are characterized by
excessive fear expression, and a continuous state of readiness, likely related to uncontrollable, vivid
recollections of traumaelated images in ordinary, safe situatiBnghe latter reflects an impairment

of the important disémination between safe and dangerous #fésThis increased generalization has
been found to correlate with the severity cEseriencing symptomia war veterans with PTSE In
addition, while memories of a traumatic event are often perceived as vivid and full of perceptual
detail, theytend to be disorganized and full of g&#8 Memory for central aspects of the event is

often retained quite explicitly for a long period of time, but the details are remetniéh less

accuracy’, lacking tempordf and factual conte$t The combination of these observations leads to

the seemingly paradoxical conclusion that PTSD is characterized by emotional hypétitiresite
amplification of emotional and sensory content of the traumatic memory) and contextual hyptimnesia
(i.e., the relative reduction of pearauma contextual memory). This has made clinicians postulate the
dual memory representation theory of PFSDhis theory distinguishes normal episodic trauma
memory from flashbacks. Normal episodic trauma is supported by flexible, contextualized
representations that are proposedly adaptive, as they ensure restricted rectaihoftatic memory

only if the context requires. In contrast, flashbacks are supported by representations that are inflexible
and lack conteff, making that this maladaptive trauma memory escapes voluntary control as it is
automatically reactivated, in whatever context, by the sole presence of salient cues somewhat related
to the traumatic evet#t Importantly, therapeutic success is associated with the integration of sensory
memory traces into structured, contextual narratfyasguably altering the maladaptive trauma

memory trace into an adaptive 6H€. Yet, this recontextualization process is still poorly understood
mechanistically, making that enhanced insight into the underpinnings of maladaptive memories in

PTSD absolutely critical.
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A role for the hippocampus and amygdala in PTSD

Given their involvement in memory processing and emotional regulgttbe hippocampus and
amygdala, among other brain regions, have long been implicated in the pathophysiology ¥f PTSD
Morphologically, atrophy of the hippocampti¥, as well aglecreased amygdalar voluthe®, have

been consistently reported in PTSD patePreclinical and clinical studies have furthermore shown
dysfunction of these limbic brain regions in the memory alterations regularly seen in PTSD
patient8>®° The hippocampus, a brain area involved in declarative and episodic memory, is sensitive
to theeffects of stress. Chronic psychosocial stress in animals has been associated with damage to
neurons in the dentate gyrus (DG) and cornu Ammonis 1 and 3 (CA1 and CA3) regions of the
hippocampu$8, as well as inhibition of neurogenééi€. Animal studies have furthermore shown

deficits in hippocampabased memory function (a reduction in lelegm potentiatia and memory
performance), alterations in hippocampal morphdthgnd altered functional connectivity between

the hippocampal subregidigollowing traumatic stress exposure. Although it is still debated which
mechanisms lead to these alterations, one popular theory is that the hippocampus is particularly
affected by elevated levels of glucocorticoids releakethg stres¥¢’, which have also been

associated with deficits in new learntféf. The idea that PTSD patits are particularly vulnerable to

this stressnduced rise in glucocorticoid level may be partially explained by the observation that
animal models of PTSD have increased expression of the glucocorticoid receptor in the hippocampus
poststres$®’?, while PTSD patients show enhanced glucocorticoid receptor senéitifFitythermore,
PTSD has earlier been associated with lower basabgorticoid level&:’>, potentially contributing to

glucocorticoid system sensitivity to straasluced fluctuations.

Studies have specifically implicated impaired pattern separation and completion in the hippocampus as
an underlying rachanism associated with risk for PTSD psychopathology through increased fear
generalizatioff. These processes enable the hippocampus to differentiate between new, incoming
stimuli, and old, known memories, for example in order to distinguish betvatentially threatening

and safe situations, based on prior experi€hcesPTSD, it is hypothesized that there is a bias

11



towards pattern completion in the face of a partial threat cue, and difficulty in absorbing contextual
nuances necessary for proper pattern sepafétiinis suggests potential abnormalities in the
information stream from the DG to the CA3 subregion, which underlies the process of pattern
separation and completion, as well as in the CA1 subregion, whickpised in contextspecific

memory retrieval and fear extinctiSnThese findings support the idea that hippocampal abnormalities

may underlie the contextual hypomnesia that is so oftserved in PTSH.

At the same time, fMRI studies in PTSD patients have observed hyperactivity of the amygdala in
response taaumaspecific stimulf®®*83 correlating with symptom severity Activity of specific
amygdalar subregions (i.e., the basolateral (BLA) and central (CeA) nucleus) is required for
responding to fearful stimuli, as well as to predictors of conditioneéfféariowever, hyperactivity

of these regions may lead to exaggerated fear responses, attentional bias for negative stimuli and
dysfunction in regulating responses to negative emotions dVétalllany studies have implded

poor topdown control of the amygdala from the anterior cingulate and ventromedial prefrontal cortex
as part of the fear neurocircuitry underlying this amygdalar hyperactivity and thereby PTSD
symptomatolog$f. As suchthese amygdalar abnormalities seem to, at least partially, underly the
characteristic emotional hypermnesia that is observed in TS, several cases of PTSD have
been reported where the amygdala fails to activate in response to emotional stimuli, leading to
emotional disengagement and numBinghis trait amygdalar hypoactivity is associated with a more
dissociative subtype of PTSD. Interestingly, individuals may present both-layygehyporeactivity of

the amygdaladepending on which emotional stimuli are presented to*#m

Taken together, the current literature on hippocampal functional impairments and amygdalar

hyperactivity support a model of cognitive imbalance between the two memory systems, in favor of
amygdalabased emotional hypermneSiarherapeutic strategies may restore this imbalance by

enabling hippocampud e p e n d-eomextuafizated of t he traumatic experie
contextualized r@xposure to traumeelated cues within the appropriate context in the absence of

threat, thereby aiming to-+establish normal fear memory expression. To test the theory of

12



hippocampal/amygdalar imlzaice, it is important to observe brain activity specifically during trauma
memory formation, and to focus on how the specific memory trace is stored and recalled at a later

stage. Hence, this is a key aim underlying the experiments described in this thesis

The memory engram of trauma

During trauma processing, the complex configuration of traxefeed information triggers the

activity of neural ensembles that communicate through neuronal synapses, which are subsequently
strengthened and stabilized throwgymaptic plasticity on the neuronal and circuit |&/&hese neural
ensemblesin which the memory is physically storedre referred to as the memory engtzih

Although many dempts have been made to localize engrams in the brain, they have remained largely
elusive, partly because of the dynamic nature of memory representations. Furthermore, studies in
PTSD patients lack the possibility of accessing the actual physical menmoeyof a certain traumatic

experience.

However, excitingly, recent advances in the field of neurobiology have enabled the identification,
long-term labeling, and manipulation of trauma memory engram neurons in transgeii® frildes

allows researchers to identifxactly which neurons are active at the time of trauma exposure (i.e.,
during learning), as well as during recall of the originally formed memory, making them very likely
involved in the storage of that specific memory trace. Furthermore, it enablestudyt@nimals in a
longitudinal fashion and assess neuronal activity at multiple time points in the same animals without
the need to sacrifice them, e.g., directly after stress. Most of these techniques are based on labeling of
cells that express certaimmediate early genes (IEGs). IEGs are genes which are expressed
transiently and rapidly in response to cellular activation, thereby activating asieam cascade of
subsequent o601 at e r%lIsmeorons, thié may eventuallg Igag to sysaptic 0 n
changes which are necessary for memory formatks such, measuring IEG expression in the brain

may serve as a proxy for neuronal actitfty

In this thesis, neurons that were activecific time points before, during or after the trauma were

labelled and later identified in a Targeted Recombination in Active Populations (TRAP) transgenic
13



mouse liné”. This genetic construct (Figure 1) expresses the tamed#pandent recombinase

CreER?in an activitydependent manner from the locus of the immediate earlyAyendctive (i.e.,
Arc-expressing) neurons undergo recombination in the presence of the compound tamoxifen, allowing
these cells to be permanently labeled by the fluorescentptdieamatd® This construct dérs

much more flexibility in assessing specific brain activity at several time points during a longitudinal
animal experiment, as there is no need to prematurely sacrifice the animals (i.e., prior to behavioral
characterization). This has previously alwdyeen necessary to measure IEG expression specifically
related to neuronal activity during a short period prior to sacrifice. While previously impossible, the
TRAP mice allowed us to label neuronal activity at specific time points surrounding the tvetifea,

also allowing for extensive behavioral testing and classification before eventually harvesting the brain
material. This crucially allowed us to not only identify neuronal activity differences between

susceptible and resilient animals, but also tegint when these differences occur.

Activity
Cytoplasm (No

IEG Promoter CreER™

}@} tdTomato

\©

CreER™
>@> tdTomato \

Activity

@ CAG
i \ } tdTomato

IEG Promoter CreER™

Figure 1. Targeted Recombination in Active Populations (TRAPY2 TRAP makes use of two transgenes:

one that expresses CreERT2 upativation of the IEG (i.eArc) promoter; and one that expresses the effector
gene tdTomato in a Giegependent manner. CreERT2 is retained in the cytoplasm, but can readily relocate to the
nucleus in the presence of tamoxifen (TM). In such d@s=E-RT2 recombination can occur, which induces

expression of the fluorescent tdTomato protein specifically in activated cells.
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Moving towards a brain-wide understanding of PTSD

Together, the hippocampus and amygdala are crucial for controlling thes efferhotion and arousal

on memory consolidation, especially of memories that include spatial and contextual infoffhation
Using the edier mentioned labeling and tagging technologies, researchers have been able to identify
specific memory engrams localized to the hippocadipttéand amygdalfd’, which are preferentially
reactivated during the recall of that ev&nitlence, it is no surprise that there is a large and

continuously growing body of literature studying potential abnormalities in these areas with regards to
PTSD and abnormal fear memory in general. However, it is also important to broaden our view and do
exploratory research into other areas of the brain that may potentially be involved in PTSD, especially
as we are trying to elucidate small interindividual differences that make some individuals slightly
more vulnerable to developing PTSD after a trauraa tithers. Supporting this is the growing idea
mainly within the neuroimaging fieldthat psychiatric disorders, including PTSD, may also be
understood as a disorder of circuits, rather than of single brain r&gi§&<. Still, preclinical work

has largely remained its focus on the earlier discusseekm@in regions of intest.

A good starting point to unbiasedly study potential neuronal abnormalities underlying PTSD is to
assess braiwide activity, for example by mapping expression of the 8E@sin preclinical animal

models for PTSD. Recently, Azevedo and colleatffid&l exactly that in a mouse model afigie

prolonged stress, and they found stiiesliced activity in a wide variety of brain regions, including

the amygdala, pallidum, bed nucleus of the stria terminalis, paraventricular hypothalamus, thalamus,
periaqueductal gray, habenula, and cuneiforeiaus. In a related study, researchers studied activity
induced by remote fear memory attenuation in 16 brain regions, identifying the amygdala, nucleus
reuniens and ventral hippocampal CAl and CAS3 as targets that were specifically activated by recall of

afearful memory*4.

The triple network model

PTSD symptoms have previously been successfully mapped to activity and functional connectivity of

a variety of cortical and subcortical regions, yielding a model that could predict PTSD symptom score
15



with significantly higher accuracy than chatéeAltogether, these and other studies give considerable
evidence that the heterogenqasenotypes in PTSD may potentially be explained by laogde

network dysfunctio#f. The vast majority of evidence has fallen under one of three networks: the
default mode (DMN), executive control (ECN) and salience (SN) networks. The theory that
disruptions in these three networks may underlie PTSD hasdoééed the triple network mod#l
(Figure 2). GenerallPTSD may be characterized by a weakly interconnected and hypoactive
DMN7118 putatively destabilizey an overactive and hyperconnected®MN? The latter appears

to have a low threshold for saliency, and to be incapable of efficient-BRIN modulation.

Abnormdities within the ECN may underlie some of the cognitive, executive, and emaotional
regulatory dysfunctions in PTSHB22 An enhanced ECN to DMN connectivit§; which has been

linked to treatment response, may be an acquired resilience or bypass mechanism by whieh trauma

exposed individuals adapt to/overcome a specifaudior nodal aberrancy.

Salience network

[ dACC, amygdala, insula }

T activity and intrinsic

A connectivity "
+ Heightened threat-detection
v (hyperarousal) <
+ Impaired DMN and CEN
modulation
Executive control network Default mode network
/l\j, - Iy ““7
L At L
( dIPFC, precuneus ] ( vmPFC, PGC, MTL ]
1 activity and intrinsic 1 activity and intrinsic
connectivity connectivity
« Cognitive deficits » Disrupted internal mentation
+ Loss of top-down SN (intrusive symptoms, re-
regulation experiencing)

« Altered sense of selffreality
(dissociation)

» Fear generalization
(avoidance)
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Figure 2. Triple network model of PTSB** Shown here are the cortical representations of the salience network
(SN; orange), executive contnoétwork (ECN; blue) and default mode network (DMN; red). The triple network
theory of PTSD proposes that the SN is hyperconnected and hyperactive, and is incapable of sufficiently
modulating DMN and ECN activity. Contrarily, the ECN and DMN are supposeehkly interconnected and
hypoactive, resulting in impaired cognition and-giggvn SN regulation (in case of the ECN) and intrusive,

dissociative and avoidance symptoms (in case of the DMN). * Altered betvat@nrk connectivity.

Brain-wide exploratory studies in rodents

Exploratory studies into braiwide activity, especially in the context of the SN, DMN and ECN
networks, are necessary to advance our understanding of the neurobiological underpinnings of PTSD
at the neural network level. Hewer, these approaches are scarce in current literature, in part by
technical limitations. Recent advances in the field of whole brain staining, embedding, and clearing,
combined with the imaging of intact brain tissue, have now provided us with théaawisiasedly

study protein expression throughout the rodent B&ifi. In this thesis, we employed a novel

technique, called iDISCO+, to clear and fluorescently label entire mouse brain hemispheres and
capture 3D image stacks using a ligheet miroscop&?. This allowed us to get activity

measurements throughout the entire hemisphere and specifically study the actegtipd within

the SN, DMN and ECN networks.

Epigenetic regulation

A metaanalysis published in 2019, based on over 30,000 PTSD cases and 170,000 controls,
concluded that the phenotypic variation observed in PTSD could be explaine?d0f®s By genetic
differences, varying by sé®. This heritability figure is very similar to that for major depres%on
and is consistent witearlier findings from twin studi€$'3t However, that means that over 80% of
PTSD variability is unaccounted for by genetics. As we know that gene expression is extremely
sensitive to stress and trauiffaepigenetic alterations have received growing attention, forming an
important mechanism by which environmental experiences can inductakiimg changes in the
brain. Epigenetics confer transcriptional memory of exposure to environmental strdigpng33134

17



regulate memory formatid# and shape lonterm behavioral adaptatiori&!*8 As such, tey may
contribute to the development and persistence of PTSD symptoms, especially as they reflect both
genetic and environmental influent¥€sSeveral studies have showhat early life stress can induce
epigenetic changes in various genes, such as those coding for the glucocorticoid recefftor (GR)
brain-derived neurotrophic factor (BDN®} and vasopressif?, leading to different maladaptive
behavioral alterations in adulthood, including increased stress reactivity and vulnerability to stress
related neuropsychiatric diseases. This suggests that epigenetic alterationscendsy tacematic

stress susceptibility and confer individual susceptibility to negative outcomes after a trauma.

Chromosome
__— Chromatin

Epigenetic Factor -

)
" Histone Traiils

) " Methyl Group

Figure 3. Epigenetic chang€'$®. Epigenetic modifications include methyl tags that attach to DNA bases, and
alterations to the histone proteins that DNA wraps arounddiapaction DNA methylation is what occurs

when methyl groups tag DNA and activate or repress genes. Histones are proteins around which DNA can wind
for compaction and gene regulation. Histone modification occurs when the binding of epigenetic factors to
histone tails alters the extent to which DNA is wrapped around histones, influencing the availability of genes in
the DNA to be activated. Furthermore, other epigenetic factors, like 1Rigis, may bind to DNA or histones

to influence DNA accessibility anekpression.
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At the same time, evidence is growing that traumatic stress exposure itself may also induce long
lasting epigenetic changes that may underlie PTSD psychopathology. A longitudinal study in US
military service members has for example reportedeimsed DNA methylation of immuimelated

genes prevs. postdeployment in individuals later diagnosed with PF8[5ome excellent review

articles have described the current body of evidence for epigenetic alterations itt*PaSDell as

how these alterations may influence fear learning and méffioiese processes include not only

DNA methylation, but also histone modifications (e.g., acetylation, methylation, and phosphorylation),
and micoRNAs. Histone acetylation is most robustly associated with memory forrfatiorthe
hippocampus, chronic strelsas been found to downregulate histone deacetylase (HDAG)NA

increase the expression of genes that are required for synaptic plasticity atethomgemory
formatiort*>15¢ Interestingly, lower hippocampal HDAC?2 expression afteogic stress was found to

be related to stress resiliefteStress exposure also seemshange DNA methylation stdté with

both increased expression of several hippocampal DNA methyl tresedet&*and lower

hippocampal DNA methylatidfP being observed following stressh§droxymethylcytosine (5hmC),
another oxidative product within the DNA methylation pathway, is not only a key intermediate in
cytosine demethylation, but also a stable epigenetic modifiézftiomodulating gene transcription
independently from Bnethylcytosine (5mCY’. The abundance of 5hmC specifically in the

mammalian brain, its high interindividual variability, and its upregulation by $tfesmke it an

interesting candidate for involvementstressrelated memory engrams. Specifically relevant to the
concept of resilience, a study from 2010 showed a correlation between hippocampal methylation of the
Disks LargeAssociated Protein (Dlgap2) gene and behavioral stress responses after traunna expos

in rat$®%. However, despite the growing body of literature, this important contrast between PTSD
vulnerable and PTSiBesilient individuals in a traurm@xposed group is largely lacking within

preclinical studies of epigenetics in PTSD. Hericwill be interesting to further study potential
epigenetic alterations in neurons involved in trauma memory processing that differentiate susceptible

from resilient animals.
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Outline of the thesis

This thesis aims to elucidate differences@uronal (engram) activity and epigenetic regulation in

mice vulnerable and resilient to PTSD.

In Chapter 2, | provide further background into current literature describing the epigenetic changes

that may occur in response to adult life stress, like atatia experience. The focus lies on specific
epigenetic alterations wit hi n-pituitarg adiemaldiP@)saxisst r e s s
In addition, we discuss the implications of this knowledge for the identification and treatment of

stressrelated psychiatric disorders.

In Chapter 3, | tested the hypothesis that susceptible mice display alterations in the relative size and
composition of traumaelated hippocampal engrams in susceptible compared to resilient mice. |
studied activity of the diérent hippocampal subregions during trauma, but also during recall of the
trigger context three weeks after initial exposure. Furthermore, levels of the epigenetic markers
HDAC2, 5mC and 5hmC were determined in hippocampal tissue as a whole, but afsapéc

the engram cells. Lastly, parvalbunpnositive hippocampal interneuron presence and repaktific

activity were assessed, as these are potentially important regulators of the trauma memory engram.

In Chapter 4, | investigated neuronal actiyitvithin the different amygdalar subregions before,

during, and after exposure to the traumatic event. | aimed to address whether susceptible and resilient
animals could be contrasted based on altered amygdalar activity either before trauma exposyre, durin
trauma, or postrauma. In addition, | assessed amygdalar activity in response to three different
traumarelated contexts to investigate its reactivity to different travenginders. Lastly, | assessed

the amygdalar presence of somatostpbieitive inteneurons, as well as their relative activity during
trauma context rexposure, as the somatostatin system plays a crucial role in the acquisition and

expression of contextual fear memory.

The aim ofChapter 5was to move beyond the candidaised apprades, and test the hypothesis

that brainwide traumarelated neuronal activity is different between susceptible and resilient animals.
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As in the previous chapter, | assessed neuronal activity before, during, and after trauma exposure to
temporally define ptential activity differences and identify risk factors and potential targets for early
intervention and treatment. By employing iDISCO+, | cleared and fluorescently labeled entire mouse
brain hemispheres, which allowed me to obtain activity measurenheotghout the entire

hemisphere and study network activity and correlations of multiple areas of the brain.

All study findings are summarized and discusse@hapter 6.
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Chapter 2

Epigenetic programming of the neuroendocrine

stress response by adtlife stress

B.C.J. Dirven, J.R. Homberg, T. Kozicz, M.J.A.G. Henckens

Published in Journal of Molecular Endocrinology, 2017 Jul;59(1)fRBIL. doi: 10.1530/JME7-

0019. Epub 2017 Apr 11. PMID: 28400482.
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ABSTRACT

The hypothalamipituitary adrenal (HPA) axis is critically involved in the neuroendocrine regulation of
stress adaptation, and the restoration of homeostasis following stress exposure. Dysregulation of this axis
is associated with stresslated pathologs like major depressive disorder, pmatimatic stress disorder,

panic disorder, and chronic anxiety. It has long been understood that stress during early life can have a
significant lasting influence on the development of the neuroendocrine systeta aedral regulators,
partially by modifying epigenetic regulation of gene expression, with implications for health and well
being in later life. Evidence is accumulating that epigenetic plasticity also extends to adulthood, proposing
it as a mechanism lwhich psychological trauma later in life can lelagtingly affect HPAaxis function,

brain plasticity, neuronal function, arakhavioraladaptation to neuropsychological stress. Further
corroborating this claim is the phenomenon that these epigenetigeshanrrelate with thibehavioral
consequences of trauma exposure. Thereby, epigenetic modifications provide a putative molecular
mechanism by which thbehavioralphenotype and transcriptional / translational potential of genes
involved in HPAaxis reguléion can change drastically in response to environmental challenges, and
appear an important target for treatment of strelsdéed disorders. However, improved insight is required

to increase their therapeutic (drug) potential. Here, we provide an avenVithe growing body of
literature describing the epigenetic modulation of the (primarily neuroendocrine) stress response as a
consequence of adult life stress and interpret the implicationarfidrthe challenges involved in applying

this knowledge te the identification and treatment of strestated psychiatric disorders.
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GLOSSARY

Restraint stress: A stress paradigm in which the animal is restrained in a confined space for a certain period
of time, during which it is unable to move.

Social defeatA stress paradigm that entails {inepeated) exposure of an animal to losing a confrontation
with a dominant cospecific. It is most commonly established by the resiggniderparadigm, in which

the animal (the intruder) is repeateglaced in the @@ of a dominant animal (the resident) in a manner

that allows for nodethal contact.

Chronic variable mild stress (CVMS): A paradigm in which the animal is exposed to various mild stressors
for a prolonged period of time (usually twice daily for 14 contige days). Stressors include relatively

mild sessions of social isolation, cold swim, cold isolation, wet bedding, food and water deprivation,
overnight illumination, alteration of lightark cycle, and restraint stress. All stressors are applietkeda f

order and only repeated twice, to avoid habituation to the stressor.

Chronic variable stress (CVS): A paradigm in which the animal is exposed to various moderate stressors
for a prolonged period of time (usually twice daily for 14 consecutive dagsps8rs include social
isolation, social crowding, warm swim, cold swim, cold isolation, and cage rotation. All stressors are
applied in a sermiandomized manner and only repeated twice, to avoid habituation to the stressor.
Chronicunpredictable stress (CUS): A paradigm in which the animal is exposed to various stressors for
an extended period of time (usually once a day for 28 consecutive days). Stressors include cold swim,
thermal environment, wet bedding, food and water deprivatige tilting, noise, overnight illumination,

and alteration of lightlark cycle. All stressors are applied in a sesamidomized manner and only repeated

twice, to avoid habituation to the stressor.
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1. INTRODUCTION
Adequate responding to stress and restoration of homeaostgsiesa widespread activation of different
response systems in the body. Crucial to the stress response is the neuroendocrine system, which tightly
regulates adapte processes following stress expo&ireThe primary endocrine effectors of the
neuroendocrine response are located in the paraventricular ngeMN$ of the hypothalamus, the
anterior pituitary, and the adrenal gland. This collection of structures, called the hypotiadanaic-
adrenal (HPA) axis, is critically involved in the regulation of a variety of body processes, including the
immune sygem, energy storage and expenditure, digestion, mood, and emotional responsivity'tb stress
The neuroendocrine stress response shoudddguate for coping with the specific stressor and should be
of limited duration to prevent hyperactivity after stress cessation. Dysregulation of thexitPis
associated with stresslated pathologies like major depressive disorder (MDD) -fpasinaic stress
disorder (PTSD), panic disorder, and chronic an¥&tyVhile depression pathology is linked to basal
hyperactivation fithe HPAaxist%3164and impaired negative feedback of the H&ds'®°, PTSD is thought
to be characterized by increased sensitivity of glucocorticoid receptors (GRs), moderating enhanced
negative feedback and overall decreased cortisol [%/dlkis endocrine dysregulation might be mediated
by lasting neurobiological alterations caused by extremepaated stress exposure; especially in the case
of PTSD, where trauma exposure is directly linked to disease development.

Recent advances in stress research have implicated epigenetic modifications in the central nervous

system as mechanisms by which eonmental stimuli (such as stress) can induce-lasting alterations
in neurobiological systertfs, including the neuroendocrine syst&n The term depigenet
reversible chemical modifications the chromatin structure that alter gene transcription without altering
the DNA sequence. These include DNA methylation, DNA hydroxymethylation, and histone
modifications (i.e., methylation, acetylation, and phosphorylation). Other important epigerilators
that influence protein expression are microRNAs (miRNAs), which act as translational repressors (see
Table 1). While miRNAs do not alter chromatin structure and therefore technically do not follow the
classical definition of epigenetics, they amegre often than not, considered important players in the

epigenetic control of posttranscriptional gene expression. Altogether, these epigenetic modifications
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constitute important mechanisms by which transient environmental stimuli can induce petsistgas c
in gene expression and ultimately behavitSurHowever, the exact consequences of epigenetic
modifications for gene transcription are not that strdighward, but seem to be conted¢pendent and
determined by both the location and the nature of the modification. For exadgureasing the
accessibility of a gene regulatory element by DNA methylation could either decrease or increase nearby
gene transcription, depending on whether a repressor or activator binds at'fRat site

It has long been understood that stress during early life can have a significant lasting influence on
the development of neural and neuroendocrine systems, with implications for healtielHpeing in
later life!™*174, Alterations in epigenetic regulation have been suggested to contribute toréaséa risk
on neuropsychiatric disease by aberrant gene expression and cell differentiation during early
developmental stag€8'’¢ Early in development, each cell in the body starts placing epigenetic marks
during differentiation under the influence of perinatal environmental cues, with the goal of establishing an
adaptive longerm phenotype thameets the probable demands later in'/lifeThis process, i.e.,
transdifferentiatioh’® or epigenetic reprogrammitid may last for weeks, months, and even years,
depending on the cell or tissue type. Altered environmental cues (e.g., stress) may therefore greatly affect
brain development, as well as regional gerpression throughw life, in an attempt to meet
environmental demands. In later life, these epigenetic changes can proof either adaptive or maladaptive,
protecting from or increasing risk on mental disease depending on the later life envitéhfidanhile
it is thus clear that the is a window of sensitivity for environmentally induced epigenetic changes during
perinatal development, influencing risk on psychopathology, evidence is accumulating that epigenetic
plasticity also extends into adulthd®d®. It has been shown that psychological trauma during adulthood
can induce epigenetic changes that affect brain plasticity, neuronal functidoghavibraldaptation to
neuropsychological streé§&'®” Hence, thesepigenetic changes may provide a molecular mechanism for
the phenotypical development observed e.g., after trauma exposure in PTSD, explaining how phenotype
and transcriptional potential can change drastically and-lastogly in response to environmenta
challenges, even when experienced in adulthood. As such, more recent advancements in the fields of

epigenetics have focused on the presence of stredmted epigenetic modifications in adulthood. The
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ability of stressful events to affect epigenetiastation in the brain has been illustrated in fear conditioning
and extinction paradigms in rodents, where contextual fear learning induced altered methylation patterns
in memory and plasticityrelated gené®183 Altered hippocampal DNA methylation levelave also
been observed in rodent models for PT3£” These modifications of DNA transcription were shown to
be persisteft® and even transmissible across generaftdt§ underlining their importance as mediators
of the imprinting of stressor experience on brain babdavior Enhancing our understanding of the
epigenetic mechanisms that occur followstgess exposure has f&aching clinical potential. Stress
exposure in adulthood not only contributes to the development of-stfatesi mental disorders, it can
also precipitate or perpetuate other psychiatric disorders (e.g. addiction, dementhizamheenia) and
can negatively affect the course of qasychiatric conditions like cancer and cardiovascular dis€ase
As such, being ablto improve the ability to treat neuropsychiatric disorders, would not only decrease
world-wide stresselated disability, but would also significantly reduce the -@verneasing healticare
costs.

Here, we provide a review of recent studies in humads@ients on epigenetic modulation of
the (primarily neuroendocrine) stress response as a consequence of adult life stress. We first summarize
evidence for the global changes in epigenetic markers as a consequence of stress exposure in adulthood in
rodentsand humans. Although (chronic) stress exposure has been clearly linked to increased risk on
MDD, studies in depressed patients were left out of consideration here, as prior stress exposure is no
prerequisite for MDD diagnosis, and resulting paiggl can therefore not be causally linked to the
experience of (adult) life stress (as is the case for PTSD). We then offer an overview of scientific evidence
for stressnduced epigenetic alterations in HR&is function and in streselated neurotransnbér
systems. Finally, we discuss the implications of these data for and the challenges of applying this

knowledge to the identification and treatment of streketed psychiatric disorders.
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2. STRESSRELATED GENERAL EPIGENETIC CHANGES

2.1 HUMAN STUDIES

Blood samples of PTSD patients constitute the primary evidence feldstigy epigenetic modifications

due to (adult) stress exposure in humans. Studies have indicated that PTSD patients display increased
levels of trimethylation in histone 3 iye 4 (H3K4), H3K9, and H3K36 in peripheral blood mononuclear
cells*®? suggesting altered activity of histone methyl transferases (HMTs) and demethylases (HDMTS),
which most likely affects the expression of a plethora of genes. Moreover, a global increase in DNA
methylation at thousand$é DNA CpG sites was found to be associated with P¥SThese changes were
independent of age, ethnicity and, most importantly, early life stress, suggesting that stress during
adulthood can alter global DNA methylation patis, likely through differential regulation of DNA methyl
transferases (DNMTS).

Whereas the aforementioned studies relied on retrospective data and thus were unable to
demonstrate a causal relationship between stress exposure and the observed gpaféestia recent
longitudinal study bySipahi, et al*®** actually did indicate such a causal link. elgore and postrauma
DNA methylation profiles were compared in PTSD patients ane ggeder, and trauma exposure
matched controls. Traurexposure was found to be associated with increased DNA methylation at
multiple CpG loci inDNMT1, DNMT3A andDNMT3B genes. However, remarkably, these epigenetic
responses to trauma did not differ between healthy subjects and patients, except for the Dididaded
methylation, which was only observed in patients, suggesting that the majority of these epigamgtis ch
occurred in response to stress regardless of evdyghal/ioralsymptoms. Moreover, pigauma DNA
methylation was higher in the patients compared to controls at a BINYE 3BCpG site, reflecting a
pre-existing risk factor for the development®TSD in response to trauma. This finding highlights the
importance of longitudinal studies for the identification of (epigenetic) risk markers for PTSD, and to
distinguish these from pathologglated epigenetic changes that should be targeted in evidased

interventions (Box 1).
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Besides these welinown alterations in gene methylation patterns, recent studies of the epigenetic
regulation of the stress response have increasingly implicated miRNAs as important mediators of
environmentallyinduced altertions in gene expression. miRNA expression levels in rodents and human
cells have been found to be altered in response to various environmental factors, such as light, sound,
nutrients, drugs, and stré¥s Preliminary results have demonstrated upregulation of several serum
miRNAs directly after an aceitsocial stress task in healthy participtthtnd have associated transiently
altered expression of serum miRNAs with chronic acadstrés$”. Abnormalities in miRNA expression
have also been implicated in PTSD, with several miRNAs being significantly downreguld@@&In
cases vs. agmatched healthy contré® Lower expression of DICER1, an enzyme that contributes to
the generation of mature miRNAs, has been proposed as a molecular mechanism for this decrease in global
miRNA level$®. Expression of DICER1 and other DICHIRe proteins themselves might also be
epigenetically regulated, as is suggested by multiple stinsiestigating RNAdirected DNA methylation
in plantg°%-201

While examination of DNA extracted from peripheraldddrom patients has provided us with
important indications of epigenetic changes induced by stressful life eventsredttess disorders are
disorders of the brain. Interindividual variation in whole blood is not a strong predictor of interindividual
variation in the braiff? and epigenetic patterns vary substantially across functionaliyafitrain
regions®, making thablood- or salivabased epigenetic studies provide only limited information on the
actual pathological neural processes. Therefore, additional research in brain tissue is important for
assessing the epigenetic plasticity of neural cells as a consequadut life stress. Human pestortem
studies are most suitable in this respect, but data available is limited as these studies face multiple practical
issues in the collection of tissue from a sufficient amount to appropriate subjects, together wilkda deta
subject history of SLEs, stresslated pathology, and use of medication. Longitudinal stti¢jies well
as increased storage and application of humanrpogem data in ibbank tissue repositories, like the
U.S.A. National Institutes of Health Neurobiob&Akare necessary to increase insight in the brain region
specific epigenetic profiles associated with stretsted psychopatholgg

2.2 ANIMAL STUDIES
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A useful remedy to study the epigenetic effects of stress exposure associated with the pathology of stress
related mental disorders in brain tissue is the use of animal models. Animal models provide us with a
means to study stressdrganisms that i) have a homogeneous genetic and environmental background, ii)
can be exposed to standardized stress paradigms in a controlled fashion, iii) can easily be longitudinally
studied and iv) allow for more invasive (direct) measurements oftissire rather than peripheral blood.
Therefore, animal studies allow for the investigation of the causal relationship between stress exposure
and changes in the epigenome and thereby to dissect whether epigenetic patterns reflect psychological
states (aa consequence of stress) that contribute to psychopathology (Box 2). When studying the stress
response in rodents, multiple brain regions are of importance. First of all, the regions involved in-the HPA
axis are relevant. These include the paraventricwleleus (PVN) of the hypothalamus, which contains
neuroendocrine neurons that synthesize and secrete corticotrlgaising hormone (CRH) and
vasopressin, and the pituitary, which secretes adrenocorticotropic hormone {&Cinpic structures

of the forebrain, like the amygdala, hippocampus, and prefrontal cortex (PFC) contribute to the regulation
of the HPAaxis, by mediatingglucocorticoidinduced activation and inhibition of the HR¥is,
respectivel§e. As the neuronal populations in these regions also form the respective anatomical substrates
for emotional responding, memory formation, and emotion regulation, they may serve as a link between
thestress system and the emotional and cognitive abnormalities observed in neuropsychiatrictlisorders
Besides these 6classical d regul ator s, an emergin
nucleus accumbens (NAc), where CRH facilitates-aligited motivation and social bonding through
dopaminergic transmissi#fi Chronic stress has been reported to induce drastic neurochemical alterations

in the NAc, leading to a depressive phenot§fpe

2.2.1 GENERAL EPIGENETIC EFFECTS OF ACUTE STRESS EXPOSURE

Research in rodents has indicated that epigenetic modulatiorccairesponding changes in gene
expression as a consequence of stress exposure critically depend on the frequency of thé stoessor
example, differential histone methylatipatterns in rat hippocampus were observed resulting from either

1 day (acute), 7 days (subchronic), or 21 days (chronic) of restraint'®trét3K9 and H3K27
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trimethylation, associated with transcriptional silen€iht}2 were increased by both acute and subchronic
stress, but decreased by chronic str€ssiversely, H3K4 trimethylation, a known activator of gene
transcriptiol!?, was unaffected by acute and subchronic stress, but significantly increased after chronic
exposure. It could be hypothesized that general transcriptional silencing in response to acute stress
exposure may avoid the brain from overreactimghe stimulus, whereas activating specific genes in
response to chronic stress may allow the brain to properly adapt to the new stressful environment.
However, ndbehavioratlata were collected in this study, leaving the functional fefiaviora) relevance

of these alterations open for future investigation. Interestingly, repetition of the acute stressor seems to
increase its potential to evoke epigenetic alterations. Four consecutiviaut® sessions of social defeat

stress on one day, but not asiagle 15minute session, increased hippocampal H3 acetylation in a rat
model of social defeat, accompanied by increased deprdigsilehaviout'®. However, H3 acetylation

in the defeated animals returned to baseline levels 72 hours after the stress episode, even though the
depresive behaviorremained present for at least 6 weeks. While this might argue against the histone
modification as a potential underlying mechanism fortbieaviorabrofile, transient changes in histone
acetylation have previously been proposed to induogtErm changes in gene actiity?'®> and
behavour?*®by inducing transcription of genes that influence the transcription of other downstream targets
that are more lontasting. This emphasizes that their modulation, atbemsiently, can have lordgsting
consequences. In line with this modulatory role for stressor frequeeaghal, et al?'’ showed that a

single 10 minute session of social defeat stress was insufficient to alter levels of the histone deacetylases
(HDACs) 1, 2, 3, 4, 5, and @ the NAc of adult mice, but that a -Hay repetition of the paradigm
downregulated HDACS in the NAc by almost 25%. This regulation of HDAC5 expression likely
contributed to théehavioraktonsequences of the stressor, as in this same study it wasHatuRdiACS

knockout mice developed more severe social avoidance and anhedonia in response to the stress paradigm
than wildtype littermate controls. Interestingly, knockout and w§ipe mice did not differ in their
behavioralresponses to an acute defeptsode, indicating that HDACS is involved in the epigenetic
regulation ofbehavioraladaptations to chronic, but not acute, stress. These findings suggest that the

regul atory systems involved in the brainds inna:
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exposure. This is especially interesting for understanding vulnerabikfy$D, as both acute (e.g., violent
personal assault and severe car accidents) and chronic stress (e.g., war and child neglect) exposure can
precipitate PTSEassociated psychopatholdgy

The effectiveness of acute stress to induce epigenetic changes seems to not only depend on stressor
frequency, but also on stressor dimension and severity, as 15 minutes of forced swimming and 30 minutes
of predator exposure, but rdiminutes of ethevaporexposure or 4 hours of cold exposure, were found
to increase H3 phosphorylation in the rat dentate gyrus?(®@ne hour of acute restraint stress also
appeared to be sufficient to significgntiecrease global DNA methylation levels in rat hippocampus,
medial prefrontal cortex (MPFC), and periaqueductal ‘gfreyPossibly, stressors with a strong
psychological component (@ as restraint and predator exposure) might be more effective at inducing
epigenetic changes than primarily physical stressors (such as coldpmmexposure).

Epigenetic involvement in the persisté@havioralconsequences induced by acute stressors is
also apparent in the formation of lelagting, recurring traumatic memories, characteristic for PaSD
Animal models have identified a critical contribution of epigenetic modifications in the hippocampus and
amygdala to the encoding and expression of fear méfméyDNMT inhibition in the rat hippocampal
CA1 regiort??and lateral amygdai& following fear conditioning was shown to disrupt the consolidation
of contextual and cued fear, respectively. This indicates an important role of DNA methylation in trauma
memory formation. Moreover, histone acetylation, especially in hippocamp®Bladd H4%% as well as
amygdalar histone trimethylation of H3%2 have been found to also promote fear encoding. Extensive
reviews describing the involvement of epigenetiechanisms in fear memory formation have been

performed byRoth, et al??, Zovkic, et al.1%°, Kwapis and Wood*’, Rudenko and Ts&f®, andBlouin, et

al 229

2.2.2 GENERAL EPIGENETIC EFFECTS OF CHRONIC STRESS EXPOSURE
The epigenetic effects of chronic stress have been more elaborately studied. At the histone level, many
changes in methylation and acetylation status have been found following repeated stress exposure.

Wilkinson, et al*°observed increased accumbal H3K9 and H3K27 dimethylation in rats exposed to either
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10 days of social isolation or social daf stress compared to controls, which was associated with
depressivdike avoidancebehavior As animals that werbehaviorallyresilient to the social avoidant
phenotype displayed histone methylation levels resembling those of control animals, thesetiepig
effects seem to be directly related tollebavioratonsequences of this chronic stressor. Both the increase
in histone dimethylation and the avoidant phenotype remained stable 28 days pogtratiration,
indicating that the changes are ratlanglasting. Moreover, the increases in methylation level were
significant even after averaging across the entire genome, lending credence to the idea that widespread
stressinduced epigenetic changes in the NAc occur throughout the entire genometréstctn the
increasedhistone methylation in the NAc, iday socially defeated animals were shown to display
decreasedylobal DNA methylation levels in the mPEE which were accompanied by an anxious
phenotype. This reduction in global methylation levels was associated with an increasssiaxofe
mPFC DNMT3A. Further confirming the regi@pecific nature of the epigenetic changes in the brain,
DNMT3A was upregulated in the central nucleus of the amygdala (CeA), while DNMT3B levels, which
were not altered in the mPFC, were downregulatethiim region. Other studies have reported that
DNMT3A is upregulated in the NA& and downregulated in the hippocamitisf defeated vs. control

mice. Additionally, DNMT3B was found to be reduced in the paraventricular nucleus (PVN) of the
hypothalamu®? of vulnerable vs. resilient mice after chronic social defeat. Chronically stressed animals
also show differential histone acetylation patterns when compared to copéiidsd and Schradét*
reported on decreased rat hippocampal H3K9 and H4K12 aimtydata consequence ofddy chronic
variable stress (CVS). Application of HDAC inhibitors to hippocampal slices induced a stronger increase
in histone acetylation in the CVS animals compared to the controls, implying higher HDAC activity as a
consequere of chronic stress. Similar decreases in hippocampal H3K9 and H4K12 acetylation were
observed in rats following 28 days of chronic unpredictable stress fE&W@)ich was accompanied with

a significant increase in HDACS5 in hippocampal tissue. Interestingly, HDAC5 was found to be
downregulated in the amygd&aas well as the NA¢'in chronically stressed rats, again pointing towards
regionspecific epigenetic modulations. Lastly, HDAC2 was found to be downregulatedday Hocial

defeat stress in the NAc of defeated vs. control mice, coinciding with increased accumbal H3K14

33



acetyation in the NA@%*" and in the PVN of social avoidant vulnerable compared to resilient¥{®ee
Table 2 for an overview of laleported regiorspecific stresenduced epigenetic changes).

Rodent models have also demonstrated altered regierific miRNA levels in response to both
acuté®24and chronic stressaf$?*4 Moreover, altered miRNA expression levels have been observed as
a consequence of a model for PFBDuction in rat&*and have been proposed as mediators of resilience
to chronic streg€?4’ Yet, determining the role of miRNAs in regulatory processes remains a major
challenge, as RNAs often have a wide range of direct molecular targets and might indirectly influence
the expression of even more genes by altering the levels of transcription’fadit®ece, identifying

important target genes for miRNAs often reliesrosilico targetprediction.
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3. STRESSINDUCED EPIGENETIC MODIFICATION OF THE HPA -AXIS
While it is clear that there is a myriad of epigenetic modifications occurring after estpassure, those
occurring in genes involved in the regulation of the KBS are of particular importance. As mentioned
before, stresselated psychopathology is associated with HE#&s dysfunctiotf? which has clarclinical
relevance; elevated basal cortisol has for example been shown predictive of the risk for depressive
episode¥®, whereas successful antidepressant treatment is associated with the resolution of the impaired
HPA-axis negative feedbat® by restoring corticosteroid receptor expression in the Btawhich also
predicts t hterm dircaliolecont®® Ia PTISD, tow cortisol levels following trauma have
been shown predictive of subsequent PTSD symptomatétégywhereas elevating these levels reduced
PTSD incidenc®&%?° Corticosteroid administration pri to trauma was shown to reduce PTSD
symptom&®261 whereaspreliminary work indicated that chronic corticosteroid treatment of PTSD
patients reduces symptomatolé@y In this section, we will discuss how strésduced epigenetic
alterations in adult life can mediate changes in HR& function through affecting CRH and

glucocaticoid signaling mainly in the hypothalamic PVN, hippocampus, and PFC.

3.1 CORTICOTROPIN-RELEASING HORMONE SIGNALLING

CRH expression in the PVN, amygdala and bed nucleus of the stria terminalis is related to a wide range of
stressadaptive responses, including the autonomic, immunebahalvioraldomairt®, Stress exposure
generally increases PVEIRHMRNA and petide levels, peaking at 30 minutes psisess and slowly
declining thereaftét*. Increased stressducedCRH transcriptional responses have been linked to both
early and adult life trauma expost#é®, and epigenetic mechanisms may underlie these changes.
Sterrenburg, et aP*® reported on demethylation of tiérh promoter region and subsequent CRH
upregulation in the PVN of stressed rats compared to controls as a consequertayaftitdnic variable

mild stress. Similar alterationsvebeen observed in the mouse PVN following chronic social defeat stress
in vulnerable vs. resilient anim&l% demonstrating a direct link between the epigenetic alterations and the
observed social avoidant phenotype. DNMT3B and HDAC2 in the PVN were decreased and the

demethylatiomromoting factor GADD45 was substantially upregulated 1 hour aftéaghsocial defeat
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session in defeated vs. control animals, suggesting their involventenitdemethylation. The increased
CRH levels, demethylation @irh, and the decrease in HDAC2 remained present for at least 2 weeks after
the end of social defeatRE is thought to exert its overall anxiogenic effects by binding to CRH receptor
1 (CRHR1%7. A recent study showed that 21 days of CUS decreased hypothalamic H3K9 trimethylation
in the rat, which was correlated with elevated levels of local CRHR1 expression and avoidance
behaviout’t. Moreover Sotnikov, et al?’? showed that amygdalar CRHR1 expression was regulated by
Crhrl methylation and correlated with trait anxiety, substantiating the link between epigenetic regulation
of the CRHCRHR1 system and the anxious phenotype induced by stress. A growing bodyeotevi
demonstrates that also miRNAs can regulate the expression caki®related target genelaramati,
et al.?*! reported on decreased levels of amygdalar-84R following acute social defeat, which was
found to targeCrhrlvi a a compl ementary site on the 386 untr
Overexpressiorof miR-34c appeared to reduce cell responsiveness to CRH by inhibiting CRHR1
expression and induce an anxiolytic phenotype. Among the predicted targets of {Bécnfalrily were
also other stres®lated proteins, including braderived neurotrophic faot (BDNF) and SHT and
glutamate receptors. These data suggest thaBaiRlays a role in regulating multiple amygdalar genes
that collectively modulate tHeehaviorakesponse to stress.

An important modulator of CRH expression is the BDNF. BDNF is able to induce expression of
CRH in the PVN by binding to hypothalamic tropomyosin receptor kinase B (TrkB) receptors. TrkB
activation induces expression of CAMP response elebinding proteinwhich binds to th€rh promoter
region and acts as a transcriptional actif&tdBDNF in the rat PVN has been found to be upregulated by
chronic restraint stress, concurrent with elevatdd mRNA level$’ Upregulation of PVN BDNF by
stressinduced epigenetic modifications could therefore contribute to the increased CRH expression and
the HPAaxis dysfunction that is observed in rodeiallowing chronic stress in adulthddthnd in human
stresgrelated patholody? In contrast, both acute and chronic stress have been found to reduce BDNF
expression in the mouse and rat hippocampus, wive associated with increased local H3K27
methylatior’s, decreased H3 acetylati®h and enhancednfpromoter methylatiol§”-?’” Furthermore,

hippocampal expression levels of TrkB were reduced following forced swim stress, which increased
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methylation of Trkk?”’. Decreased hippocam@@DNF has been hypothesized to underlie hippocampal
dysfunction in response to traumatic stfé€$® as BDNF is an important neurotrophic factor that
enhances lonterm potentiation and other forms ofnaptic plasticity in the hippocampts Indeed,
overexpression of hippocampal BDNF has been found to mewsihterioralresilience to chronic mild
stress in raf8'. Despite evidence for alter@tinf methylation levels in rodent PVN and hippocampus,
plasma BDNF levels anBDNF methylation status were not found to be altered after acute psychosocial

stress in healthy human subjééts

3.2 CORTICOSTERONE SIGNALLING

3.2.1 GLUCOCORTICOID RECEPTOR

Many of thebehavioraleffects of stresghduced corticosteroid release are thought to be mediated by
activation of GR¥324 Moreover, corticosteroid binding to GRs contributes to the negative feedback
inhibition of the HPAaxis, which is important in theermination of the stress response. This negative
feedback loop is disrupted in PTSD, thought to be mediated by increased GR expression levels in the PFC
and hippocampd@®. This implies that altered regulation of GR transcription by epigenetic modifications
serves as a potential underlying mechanism. DemethylatiddR8fC1 the gene coding for GR, was
observed in blood andaliva from PTSD patients vs. trawmmatched healthy contréf§2e8, NR3C1
methylation levels even inversely correlated with PTSD symptom severity, emphasizing its relevance to
psychopathology. Although these patient studies do not provide egifi@na causal role of trauma
exposure to these differences, rodent work has reported on increased DNA hydroxymethytetia) (5

of the Nr3c1 promoter in mouse hippocampus after acute stress expds8irce sShmC is associated

with active gene transcriptiél, these data suggest that the observed incredsexC5s likely associated

with elevated local GR expression. This would be in line with previous findings that acuteirstress
adulthood increases hippocampiaBc1mRNA levels in micC. The study by, et al.**® did not detect

a stresselated change in total methylation levels (i.em® + 5hmC), suggesting that the increase-in 5

hmC was paralleled by a decrease imG, which collectively induced the strastated NR3C1
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upregulation. Stress exposure may additionally induce alterations in the epigenetic regulation of FKBP5,
a known regulator of GR sensitivit§; as corticosterone administration during adulthood was shown to
increase anxietlike behaviorand elevate mouse hippocampal FKBP5 expression (and thus potentiate
GR-sensitivity) by decreasing DNA meflation at the~kbp5locug®2 These findings collectively suggest
that disrupted negative glucocorticoid feedback, as observed in PTSD, is characterized by elevated
hippocampal and PFC GR levels, meglibby epigenetic mechanisms on the DNA and RNA level.

In contrastUchida, et al®® reportedon the downregulation of GR expression by miRNAs in the
rat PVN following repeated restraint stress, a paradigm commonly used to induce a delikessive
phenotyp&+2% Protein, but not mRNA levels of PVN GR, were found to be significantiyeddn
repeatedly stressed vs. control rats, suggesting the involvement of regulatory mechanisms at the post
transcriptional level. Indeed, mR 8 a , targeting two siteN3cbahd t he 3
downregulating gene expression, was foursetapregulated in the PVN. The finding that GR expression
is elevated by acute stressors, but decreased by repeated stressors, might reflect earlier observations that

GR expression (and thereby negative feedback regulation) is oppositely affected imiIBIDS3%.

3.2.2MINERALOCORTICOID RECEPTOR

Whereas the role of GR in stress response reactivity and regulation has been extensively studied, the
mineralocorticoid receptor (MR), has received less attention. While the GR is associated with regulation
of HPA negative feedlo& and termination of the stress response, the MR, which in humans is encoded by
theNR3C2gene, is thought to be involved in the appraisal process and onset of the stress response upon
binding of glucocorticoid’. Co-localizationof both receptors is found in the hippocampus of almost all
specie®® The receptors collectivelychestrate the stress response as an altered GR/MR balance has been
implicated in persistent dysregulation of the H&4s*°. Recently, the possibility of dynamic regulation

of MR expression in response to stress was demonstrated in a preclinical study showing an increase in rat
hippocampal MR density after a forced swimming ¥¥skvhich served to restrain the HRis.
HippocampalNr3c2 mRNA levels were however found to be decreased by almost 20% due #,CUS

whereas local MR (but not GR) protein levels were reduced following the chronic administration of
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corticosteron&?, which was accompanied by depresdike symptomatology. These results indicate that

MR expression is highly responsive to stress exposure, which likely has important consequences for
neuroendocrine control of the stress respoR&B8C2is also subjecta epigenetic regulation, but, in
contrast to the case BR3C1 only few studies have investigated titerroud, et af* reported on lower
methylation of several CpGs located withiniHiR3C2promoter in traum&xposed women. While plasma

MR levels were significantly elevated in these same individuals, no significant correlation was found with
the alterediR3C2methylation status. Recent findings in rod&ftsave also implicated miRNAs (miR

135a and miRL24) as potential regulators (i.e., suppressors) of NR3C2 pretgiression. An
independent study Hylannironi, et al?*® showed that these miRNAs were downregulated in the mouse

amygdad following acute restraint stress, which increased amygdalar MR expression.
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4. STRESSRELATED EPIGENETIC MODIFICATION OF STRESS -RELATED
NEUROTRANSMITTERS

Besides modulating the neuroendocrine response to stress, epigenetic modifications may alter
neurotrangiitter release ansignalingin brain circuits that orchestrate the stress response and are known
to be altered in PTS®. Alterations in dopamine (DAY, norepinephrine (NEY, and serotonin ¢sT)3%
transmission are thought to contribute to the symptoms commonly observed in PTSD patients, including
hypervigilance, impulsivity, exaggerated startle, and depressed mood, and swdjelot to epigenetic
regulation. For example, levels of the enzymes tyrosine hydroxylase (TH) and tryptophan hydroxylase
(TPH), responsible for creating precursor metabolites for the production of DA, epinephrine, NE, and 5
HT, were found to be significtlg decreased in the hippocampus of chronically stresse@ratsis
decreaed TH and TPH expression was blunted by the administration of an HDACS inhibitor, implicating
epigenetic mechanisms in mediating these effects. Direct evidence for altered epigenetic regulation of
stressrelated neurotransmitters as a consequence of lfdusitress exposure primarily exists for the
serotonergic system. The serotonin transportétTh), which in humans is encoded B C6A4 is an
integral membrane protein in the central and peripheral nervous system that traAdpdoeck from the
synaptic cleft into the prsynaptic neuron, thereby waning serotonergic transmission. Reduced expression
of this transporter incites high basaH3 levels, which has been associated with enhanced vulnerability
to chronic stres®’ and increased risk for life time depressi@rResilience to clinical depression under
chronic high stress conditions was however found to be associated with reduced methylation of the
SLC6A4promoteft’, which is expected to increasdH3 T expressioft? Increased reuptake oftbT by
5-HTT and subsequent basalHF decrease might therefore be a mechanism of stress adaptation,
contributing to chronic stress resilience. Chronic stress was also found to induce-lastiogg
upregulation ob-HtlaRNA and 5HT1A protein levels in the ouse mPFC and dorsal raphe nud€us
corroborating the evidence of altered epigenetic regulation of serotonergic transmission as a consequence
of adult life stress exposure. This stregfuced increase BrHt1lamRNA was paralleled by the increased
methylation of a uniquely conserved Cpi@ &1 5-Htlathat serves as a binding site for the transcriptional

repressor Sp4, explaining the observed upregulation in expression. Yet, it is unknown how these changes
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in 5HT1A expression affect serotonergic transmission, as they may upregil@te®sin different cell
(interneurons vs. pyramidal cells) and receptor types-§yostptic receptors vs. autoreceptors) which
regulate serotonergic network activity in an opposite manner.

Findings from human studies have indicated that epigenetic modifisgtiesides having a direct
modulatory effect, can also interact with the genotype to shape the stress response. DNA methylation
profiles withinSCL6A4were found to moderate the association of thél'd linked polymorphic region
(5-HTTLPR) and stress capif’*3!° High serumSCL6A4methylation was associated with an increased
risk of unresolved responses to loss or other trauma in carriers of the usually proteffivePR long
allelic variant, while lowévels of methylate® CL6A4predicted unresolved loss or trauma in short allele

carriers.
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5. CONCLUSION AND FUTURE DIRECTIONS
In this review, we have provided a comprehensive overview of several lines of evidence suggesting that
epigenetic modifications forran important link between stress exposure in adult life and the resulting
persistent changes in gene expressionbahdviorassociated with stresslated psychopathology. This
epigenetic regulation can be found at the level of many mediators of the r&isesnse, including
neuroendocrine components of the H&®As and stresselated neurotransmitter system. Epigenetic
mechanisms have been shown to underlie the strégsed alterations in the HP#xis that are observed
in PTSD patients and rodent maglef acute and chronic stress. This includes increased CRH expression
in the PVN, decreased hippocampal CRH and MR levels, and elevated hippocampal and prefrontal GR
expression. This knowledge can be of critical importance to treat-sttates] symptomatogy.

While the reviewed rodent studies provide valuable insights into the relativelytesimort
epigenetic response to adult life stress, a thorough assessment of persistent changes over prolonged periods
of time is required to better model the lastemyd intrusive nature of stress and tratgrposure on
neuroendocrine function and the associated neuropsychiatric symptomatology. All studies into acute and
chronic stress investigated epigenetic marks relatively shor8@ (lays) after the last stressibmvould,
however, be interesting to test for the involvement of epigenetic mechanisms in tlastomgipehavioral
effects of transient stress exposure. This type of longitudinal research is already being performed to study
the epigenetic consequences of early life stress during adulthood, for examBplekbyhl, et al*®and
Pusalkar, et af*’, who followed up rats and mice for 6 and 15 months after perinatal stress, respectively.
Following up adult rodents for several months after stress induction could yield valuable information about
the epigenetic processes andrks that play a role in the induction of letegm depressive and anxious
phenotypes.

While evidence is accumulating for a crucial role of epigenetic modifications in the pathology of
stressrelated disorders, the next step should be to apply thisl&dgesto prevent and treat these disorders
by targeted interventions. Once we have an overview of the maladaptive epigenetic changes that occur

after stress exposure that are linked to neuropathology; is it possible to revert these changes and to remodel
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the stressulnerable brain to a stresssilient brain? Preliminary findings have focused on five possible

intervention / treatment strategies:

i) Antidepressants. The tricyclic antidepressant imipramine and the selective serotonin reuptake inhibitor
fluoxetine have been shown to revert stieskiced histone demethylatiéhand methylatiofi,
demethylation ofCrh?%®, methylation & Bdnf*® and 5-Ht1a*® and decreased levels of HDAZS
which all reduced depressive and anxlikg behaviolinduced by the respective stress protocols.

i) HDAC inhibitors. TheHDAC inhibitors sodium valproate and M5 have been shown to reduce
depressive and anxielike behaviorby reverting stresgduced increases in HDAC2 and HDACS5
and subsequent histone acetylation marks on H3K9, H3K14 and PRR12

iii) DNMT inhibitors. The DNMT inhibitor RG108 has been shown to reduce depressive and-fikaiety
behaviormy reverting stressmduced increases in DNMT3A

iv) miRNAs. The amygdalar miRN:&4 has been identified as a repressor of sinesxed anxief§f™.

As such, miRNA34 and other stregglated miRNAs pose potential novel targets for treatment of
stressrelated disorders.

v) Exercise. Physical exercise has been shown to improve cognitive responses to psychosacial stress and
rescue rats from social deféatluced anxietyike behaviorand memory impairmefif. This
beneficial effect might potentially be mediated by epigenetic mechanisms, including exehotss
H3 acetylation and modulation of methylation in the hippocafpus

However, it is currently mechanistically unclear whether libbaviorally beneficial effects of these

treatments are mediated directly through an effect on the epigenome, ghtanmther external mediator

affecting bothbehaviorand epigenetic markers independently. Because these treatment strategies all have

a broad scope and potentially affect a wide range of processes in the body, higher precision DNA editing

might be necessato specifically target epigenetic marks in the brain and enable personalized medicine.

Still, these preliminary results show that it possible to attend tbehavioralconsequences of stress

exposure by pharmacological and therapeutic interventioystitag epigenetic profiles.
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FIGURES AND BOXES
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Fig 1. Animal models of stress. (ABtressed vs. control contrast: half of the animals from a genetically
homogeneous group undergoes a certain stress procedure, while the other half receives a sham procedure.
(B) Vulnerable vs. resilient contrast: all animals from a group undergo thesti@s® procedure and are

tested on stregglated symptomatology afterwards. Hehaviorallymost resilient animals are compared

to thebehaviorallymost vulnerable animals.
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Box 1.Epigenetic contributions to individual stress vulnerability

Stressfulife events (SLES), caused by environmental, psychological, or social situations, are important
risk factors for the development of neuropsychiatric disorders, including MDD, PTSD, and anxiety
disorders?. While an estimated 90% of individuals in the general population are faced with one or
multiple SLEs at somgoint in their lives, only a small percentage of these individuals ultimately
develop psychiatric symptoms. This implicates interindividual differences in the underlying
mechanisms constituting (natural) vulnerability or resilience to stiedaced pathabgy??. Influential
studies on monozygotic twins have demonstrated that stress vulnerability can be explained partially
(30-70%) by genetic variation, majninediated by single nucleotide polymorphisis?? In addition,
epigenetic patterns, either inherited or resulting from the cumulative environmentatyced
alterations that occurred throughoutfé, can shape vulnerability (i.e., the induction of pathological
processes following stressor exposure) and resilience (i.e., the absence of psychiatric symptoms
despite stressor exposure) to the development of psychopathology following future str&8séis

such, neuropsychiatric disorders which develop during adulthood are most likely caused by a
combination of preexisting genetic and epggetic vulnerability factors and alterations that are caused

as a consequence of adult life stress exposure #gls suggested by the diathesisess model for
psychiatric illnessé® and the threehit concept of vulnerability to streselated mental disorderg®,

In line with this idea of differential (prexisting) epigenetic patterns reflecting vulnerability, DNA
methylation of SKA2and BDNFprior to trauma exposure was found taedict suicidabehaviorand

PTSD symptomatologf/®2°, while methylaion of SLC6A#° and GRIN#?, which encodes subunit
zeta'l of theN-methylD-aspartate (NMDA) glutamate receptor, predicted depression. Furthermore,
other human studies have linked the basal state of the DNA methylome to substance®*3buse

aggressiofts, anddepressive behaviotit*.
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Box 2. Epigenetic contributions to a stresselated phenotype
When investigating t he -relgted gisorders to onpraved teeatrkentpinie 6 o f
important to consider the causal relationship between the epigenetic signature and the lodisavicrdl
phenotype. Yet, it is difficult to establishwhich epigenetic marks are directly linked to a certain stressful
event (or instead reflect inborn differences (see Box 1)) and ii) which epigenetic marks directly contribute
to pathology, by mengosthoccomparisons in human studies. However, rodentegtuén be specifically
designed to yield information about the exact factors contributing to a-sttaesi phenotype. Two
important contrasts are studied (Fig. 1):
i) Stressed vs. control. Half of the animals from a genetically homogeneous group undergna
stress procedure, while the other animals receive a sham procedure. Afterwards, differences in
epigenetic regulation between the two groups are assessed. Notably, the observed differences reflect
epigenetic changes that can be directly linkedr&ss exposure, and are likely reflective of the mean
behavioraHifferences between the stressed and control animals, but not necessarily directly related to
any stressnduced phenotype.
ii) Resilient vs. vulnerable. All animals from a group undergo the stess procedure and are tested
on stresgelated symptomatology afterwards. THehaviorally(most) resilient animals are compared
to the behaviorally(most) vulnerable animals to distinguish potential adaptive from maladaptive
epigenetic changes as ansequence of stress exposure. More so than in the stressed vs. control
contrast, this contrast links epigenetic signature directly to beavioral phenotype (i.e.,
psychopathology). However, the observed epigenetic signature is not necessarily lirdksd to
alterations induced by the stress procedure in
already been distinct before the procedure (and reflect innate susceptibility (Box 1)). Still, studying
which epigenetic marks underlie thehaviordly adaptive responses of the resilient animals that
distinguish them from théehaviorallymaladaptive ones, may provide useful starting points for

treating stresselated disorders.
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Box 3. Mechanisms for stresénduced epigenetic alterations

While it hasbeen known for quite some years that stress exposure can induce epigenetic modifications in
a variety of genes and brain regions, it is still largely unclear by which molecular pathways these effects
are exactly established. Recent studies have howevidsto elucidate these mechanisms by implicating

a novel, norgenomic mechanism by which glucocorticoids act to (amongst others) facilitate consolidation
of memories associated with a specific adverse event through epigenetic paBwti@ysezMecinas, et

al. 3% observed that binding of glucocorticoids to GRs in rat hippocampal DG granule neurons activated
the extracellular signal related kinase (ERK) / mitegetivated protein kinase (MAPK3ignaling
pathway. Downstream kinases of this pathway induced serjptgosphorylation and lysine 14 acetylation

at histone H3 (H3S10K14ac) via recruitment of histone acetsdnsferasé®. This epigenetic mark has

been associated with the activation of silent genes, possibly through chn@maideling making them
accessible for transption®73% This glucocorticoinduced H3S10#K14ac could longadingly

activate genes that were silent before stress exposure, thereby offering a possible mechanism by which
stress could induce stable epigenetic and (eventlhgvioraklterations. Indeed, the interaction of the
H3S10pK14ac mark with the promoteegion of the immediatearly genes (IEGg)}FosandEgr-1 was

found to facilitate the induction of these gefiesnjection of a GRoccupying dose of corticosterone in

rat hippocampus was however ineffective to form H3840gac and induce IE@xpression, suggesting

the required involvement of another molecular pathway in mediating these*&fétis NMDA receptor

was later identified as a @xtivator of the MAPK pathway, whosgnchronizedactivation is necessary

for formation of H3S10fK14ac and IEG inductidf’. For an extensive review describing this

glucocorticoid control over epigenetic modifications, Reell, et al3%.
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ABSTRACT

While the majority of the population is ever exposed to a traumatic event during their lifetime, only a
small fraction of them develops pdstumatic stress disorder (PTSD). Previous work has implicated
disrupted trauma memory processing as a core factor underlying of PTSD symptomatology. Here, we
used transgenic Targeted Recombination in Active Populations (TRAP) mice to investigatéjpo
alterations in traumeelated hippocampal memory engrams beiagociated with the development of
PTSDlike symptomatology. Mice werxposed to a stregmhanced fear learning paradigm, in which

prior exposure to a stressor (severe, unpredictable foot shock) affects the learning of a subsequent fearful
event (contetual fear conditioning using mild, predictable foot shocks), during which neuronal activity
was labeled. One week later, mice were behaviorally phenotyped and classified into subgroups of
resilient and susceptible to developing PH8® symptomatology. firee weeks podéearning, the mice

were reexposed to the conditioning context to induce memory recall, and-imegdatled neuronal

activity in the hippocampus was analyzed. While no differences in the size of the hippocampal neural
ensemble activated dag fear learning were observed between the groups, susceptible animals were
characterized by a smaller ensemble activated upon remote fear memory recall in the ventral CAl, as
well as higher regional hippocampal P¥euronal density and a relatively lowectivity of PV
interneurons upon remote memory recall. Investigation of potential epigenetic regulators of the engram,
revealed rather generic, instead of engspacific differences between groups, with susceptible mice
displaying lower hippocampal histe deacetylase 2 expression, as well as higher methylation and
hydroxymethylation levels. Altogether, these finding implicate variation in epigenetic regulation within
the hippocampus, as well as reduced regional hippocampal activity during remote feay neeadl in

interindividual differences in susceptibility to traumatic stress.
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INTRODUCTION

Posttraumatic stress disorder (PTSD) is a debilitating disorder one can develop after exposure to a
traumatic event. One of the hallmark features of PTSEhésreexperiencing of the trauma by
flashbacks, spontaneous recollections, and recurrent nightmares of the trauma, which affect over 90%
of patient§3*1 Behavioral treatment strategies in which the trauma memoaygstedare among the

most effective clinical treatments for PTSB* implicating disrupted trauma memory processing in
PTSD. Interestingly, whereas the majority of the population is ever exposed to a traumatic event during
their lifetime, only a small fraction of them develops P¥8DNe hypothesize that resilience may be
characterized by adaptive traammemory processing, which turns maladaptive in susceptible
individuals. During trauma processing, the complex configuration of traalated information triggers

the activity of neural ensembles that communicate through neuronal synapses, which grestipse
strengthened and stabilized through synaptic plasticity at the neuronal and circtfit Tdede neural
ensembles in which the memory is physically stored are referred to as the memory*&tigidm
development of new genetic tools provides current, unprecedented opportunities to capture and study
these engranis Here, we make use of Targeted Recombination in Active Populations (TRAP) to
investigate whether PTSIike symptomatology is associated with an aberrant hippocampal trauma

memory engram.

Decades of work have implicated the hippocampus as an important site for memory engrams, through
its role in contextual memory processifig* and its modulation by the amygdala in case of
emotionally salient everfts**:34¢ Neuroimaging studies have observed smaller hippocampal v8fume

and impaired functioti* in PTSD patients, while animal models for PTSD have shown increased
hippocampal apoptosi, reduced levels of braiderived neurotrophic factt# and increased
glucocorticoid receptor expressién implicating aberrant hippocampal function in PTSD
pathophysiology. Furtherore, reduced hippocampal activity during exposure to traehaged stimuli

has been positively correlated with PTSD sevéfignd traumaelated memory distortions in PTSD

affected combat veterali$ Yet, it remains unclear how these rather generic hippocampal abnormalities

51



relate to potential deviations in theemory engram for the traumatic event itself. Here, we investigated
whether deviations in the hippocampal trauma memory engram code vulnerability to thHeriong
conseqguences of trauma exposure in terms of FIk&Bymptomatology in mice, dissociatingnieal

from dorsal hippocampéfé3s4 as well as hippocampal subregion (i.e., dentate gyrus (DG), Cornu

Ammonis areas 1 (CA1) and 3 (CA%Y)

As potential modulators of the engram, we investigated parvalbumin positiVeiiYneurons, which
innervate large numbers of hippocampal pyramidal neurons and are spatialyositttined to
coordinate neuronal ensemble actitity Moreover, PV neurons are vulnerable to the effects of
prolonged stre$¥3%8 and their activity in the CA1 has been shown required for tigligation of
hippocampal connectivity networks upon learning of a novel expeff@nokdditionally, we
investigated epigenetic regulation, which confers transcriptional memory of exposure to environmental
stress conditiort$*134 regulates memory formatiéti and shapes lontgrm behavioral adaptatiori$

138 Histone acetylation is mosbbustly associated with memory formafihand the expression of
particularly hippocampal histone deacetylase (HDAC) 2 is negatively related to memory performance
and hippocampal plasticit}?**® Prior reports have shown that chronic stress downregulates
hippocampal HDAC?2 levels, causing depresdike symptomatology in mi¢é®. Yet, others reported

on a stress protective effect HDAC2 reductidhSimilarly, stress exposure chan@@$A methylation

staté®?, with both stressnduced increasés*>*and reduction'$® in hippocampal DNA methylation

being observed.. Also-Bydroxymethylcytosine (5hmC) lew&la stable epigenetic modificatiéh
modulating gene transcription independently from %t®ave been shown to be modulated by prior

stress exposuté.

We here used a mouse model to test our hypothesis that alterations in-reedatsth hippocampal
engrams are associated with the development of HikBDsymptomatology, and investigated
aforementioned key engram regulators potentially at the core of these alterations. The PTSD mouse

model used is based on the phenomenon of strésanced fear learning (SERESY, with prior stress
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exposure altering fear learning and memory. Mice wereetbie first exposed to a stressor (severe,
uncontrollable, unpredictable foot shocks), followed by contextual fear conditioning (mild foot shock)
the next day. Critically, in this PTSD model, mice were behaviorally tested for RR&Eymptoms to
dissocate susceptible from resilient mt€&°2*6%and delineate distinct fear memory formation and recall

in these subgroups, respectively. Engram neurons activated during the encoding of SEFL were identified
by using the TRAP transgenic mouse méglvhereas engram neurons supporting remote fear memory
recall were identified by coritibning context reexposure three weeks later by immunohistochemistry.

PV* interneuron presence and activity, as well as HDAC2, 5mC and 5hmC expression levels in both

engram and neengram neurons were assessed by immunohistochemistry as well.
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MATERIALS & METHODS

Animals.

Two founder mouse lines, ArcCreER(B6.129(Cg)Arc™-1C¢/ERT2LY)) and conditional tdTomato
(B6.Cg-Gt(ROSA)26S§pCAcTomaoMzey ' 007909), were purchased from The Jackson Laboratory and
bred as described beféteto generate heterozygote ArcCreBEROSA offspring, referred to as
ArcTRAP. This genetic construct allowsrc-expressing (i.e., active) neurons to be labeled by the
fluorescent protein tdTomato in a 36 hour time window aftectiga with the compound tamoxifen.
Because the PTSD mod&i®?has only been validated in males, experiments were restricted to male
mice. Mice were group housed-43mice per cage) in individually ventilated cages on a reverse 12 h
light/dark cycle (090 - 21:00 h) at the Central Animal Facility of the Radboud University Nijmegen,

The Netherlands, according to institutional guidelines. Food and water were pragiligitlim Unless
otherwise stated, behavioral testing was performed duringtheé mal 6 s acti ve phase
between 13.0018.00 h. The experimental protocols were in line with international guidelines, the Care
and Use of Mammals in Neuroscience and Behavioral Research (National Research Council 2003), the
principles of &boratory animal care, as well as the Dutch law concerning animal welfare and approved

by the Central Committee for Animal Experiments, Den Haag, The Netherlands.

General procedure.

44 ArcTRAP mice were injected with tamoxifen to induce fluorescent tadpel all Arc-expressing
neurons and subsequently exposed to a PTSD mouse model as describéfBéFogare 1A). The
model is basedn stressenhanced fear learning (SEFL), which builds on the clinical observation that
prior stress exposungrecipitates PTSt*32 In SEFL, prior stress exposure is observed to affect the
learning of future aversive events, creating traurdédte&e memories characterized by exaggerated fear
responses and resistance to extinéféii 36367 Importantly, the SEFL paradigm induces persistent
behavioral symptoms in a subset of Mic€?33 resembling observations in PTSDtipats, while also
recapitulating the hypothalampituitary-adrenal (HPAJaxis abnormalities as observed in subgroups

of PTSD patients (i.e., reduced glucocorticoid release upon cheft®nig susceptible mice. These
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consequences are not observed if mice are only exposed to the initial &ressphasizing aberrant

fear learning to be at the core of the development of symptomatology.

To induce a PTSHike phenotype in susceptible mice, all mice were exposed foitial stressor,
followed by fear learning (contextual fear conditioning) the next day. After a week, mice were subjected
to a subset of behavioral tests over the course of two weeks to assesBkesymptomatology. One

week after the final behaviortdst, mice were rexposed to the conditioning context for 10 minutes to

induce fear memory recall and sacrificed by perfugixation 90 minutes later.

Tamoxifen

Tamoxifen was dissolved in a 10% ethanol / corn oil solution at a concentration of 1Q fmg/m
overnight sonication and stored-20°C until further use. Solutions were heated to body temperature
and intraperitoneally injected at a dosage of 150 mg/kg to induce actepgndent neuronal labeling.

Mice were injected with tamoxifen on the miomp of day 1- seven hours before the stresstarinduce
SEFL-dependent active neuronal labeling. Fear learning was conducted 21 hotssgqessir. This
allowed both the stressor and fear learning to fall within thdéd@6 labeling window, capturing
neuronal activation during both events. To reduce labeling of neuronal activity that w&ERbn

related, mice were kept in their home cage without external disturbances during the rest of the labeling

period.

PTSD protocal

Seven hours after the tamoxifenjection, mice were individually placed @ontext Aboxes, in which

they received 14 1 second 1.0 mA shocks (i.e., the stressor) over 85 minutes in variable intervals. Mice
were first moved to the dark experimental room in groups of two to three animddrk carton boxes

before being placed in the feemnditioning boxes, which were connected to a shock generator
(Campden Instruments}ontext Aconsisted of a black, triangular shaped Plexiglas box with a steel grid
and metal tray. The boxes were amd with 1% acetic acid, not illuminated, and 70 dB background

noise was presented.
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On the second day, 28 hours after the tamoxifen injection, mice were individually pldcedt@xt B

boxes, in which they received 5 1 second shocks of 0.7 mA oveioa péffive minutes (i.e., the fear
learning), presented over fixed intervals. For this trigger session, mice were moved to the 70 lux
illuminated experimental room in s@i@ough cages in groups of two to three animals. Chetext B

boxes contained curdewhite walls and a steel grid with a white tray underneath. The boxes were
furthermore cleaned with 70% ethanol and during the session the house lights in the boxes were turned
on. No background noise was presented.

Mice were allowed to recover for a weelfter which their behavioral response to trauma was assessed

by testing for PTSBike behavior: impaired risk assessment (dagkt transfer test), increased anxiety
(marble burying), hypervigilance (acoustic startle), impaired sensorimotor gaitifguliseeinhibition),

and disturbed circadian rhythm (locomotor activity during the light pfase)

Behavioral testing.

Dark-light transfer testOn day 8 of the protocol, mice were tested in the-tighk transfer test. The

test was executed in a box that was divided into a dark compartment (DC, 29 x 14 cm) and brightly
illuminated (ca. 1100 lux) compartment (LC, 29 x 29 cm), connected by a retractable door. The mice
were individually placed in the DC, and the door was opened to initiatenmuie test session.
Movement of the mice was recorded and scored automatically withVEtbn XT (Noldus). An
additional area of 6 x 3 cm surrounding the opening of the LC was programmed into the software
tracking measurements. Time spent in theadC as
measured. Percentage risk assessmasioalculated as the amount of time spent in the risk assessment
Zone as a percentage of total time spent in the LC.

Marble burying On day 10, mice were individually placed in a 10 illuminated black open box (30

X 28 cm), containing a 5 cm deep layer of corn cobs, on top of which 20 marbles were centrally arranged
in a 4 x 5 grid formation. Each mouse was placed in the corner of the box to initiate the task. Mice were
videotaped for25 minutes. Videos were scored by assessing the number of buried marbles after 25

minutes.
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Startle response and pyaulse inhibition On day 12, mice were moved to the experimental room in
their home cage and individually placed in small,-tbeeugh Pleiglas constrainers mounted on a
vibration-sensitive platform inside a ventilated cabinet that contained twefféghency loudspeakers
(SR-LAB, San Diego Instruments). Movements of the mice were measured with a sensor inside of the
platform. The prepulseinhibition test (PPI) started with an acclimatization period of 5 minutes, in which

a background noise of 70 dB was presented, which was maintained throughout the entire 30 minute
session. Thirtytwo startle cues of 120 dB, 40 ms in duration and witmdamn varying ITI (1230 s),

were presented with another 36 startle cues preceded by a 20-masgref either 75 dB, 80 dB or 85

dB. Sessions were scored by assessing the latency to peak startle amplitude of the 12 middle startle
trials, and the prpulse inhibition; i.e., the percentage of startle inhibition response to the different pre
pulse stimuli [1- (mean prepulse startle response / mean startle response withepti[m®) x 100].
Homecage locomotiodmmediately after the prpulse inhibition &st, mice were individually housed

in phenotyper cages (45 x 45 cm, Noldus) for 72 hours while their locomotion was being recorded by
an infraredbased automated system (EthoVision XT, Noldus). The first 24 hours were considered
habituation time and dataene discarded. Total locomotion time during the subsequent two light phases

(21:00- 09:00 h) was assessed.

Behavioral categorization.

In order to categorize mice as either susceptible or resilient, one compound measure was generated based
on the five behvioral outcome scores. Mouse behavior on each of the tests was sorted, and the 20% of
mice that had the lowest values were attributed 3 points for percentage risk assessment, 3 points for
latency to peak startle amplitude, and 2 points for percentag&iaiarly, the 20% of mice showing

the highest values were attributed 1 point for light locomotor activity and marble biityRajnts for

each test were determined by factor analysis in which tests were clustered in three separate groups: (1)
latency to peak startle amplitude and percent@ieassessment, (2) percentage PPI, and (3) marble
burying and total light activiff. Ties in the marble burying test were resolved by also assessing the

number of marbles buried aft&5 minutes, and assigning points to the mice that buried most marbles
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then. The points per animal were tallied to generate and overall-RH&SEymptom score. Mice that
had a total of four or more points (necessitating extreme behavior in multiple wests termed
susceptible. Only mice that had zero points (indicating no abnormal behavior within any of the tests)

were termed resilient.

Reexposure and sacrifice

On the final day of the experiment, day 23, mice werexpsed to th€ontext Bbox (i.e., the fear

conditioning context) for 10 minutes to induce fear memory recall, following the exact same procedures

as during the fear conditioning session. Howeverstmocks were administered during this context re

exposure session. Mice were sacrificed 90 min postxpesure under anesthesia (5% isoflurane
inhal ation followed by intraperitoneal i njectior
bufferedsaline (PBS) followed by 4%araformaldehydsolution (PFA). The brains were surgically

removed and posdixed for 24 hours in 4% PFA, after which they were transferred to 0.1 M PBS with

0.01% sodium azide and stored at 4°C.

Freezing behavior

Mice werevideotaped during fear conditioning (day 2) and thexgosure to the conditioning context

(day 23) to assess fear memory encoding and remote recall. Freezing behavior was manually scored by
an observer blinded to the experimental condition using The r@dssXT12 software (Noldus).
Consistent with previous literature, mice were considered to freeze when they were immobile for more

than two consecutive secoRtfs™

Immunofluorescence.

Right hemispheres of susceptible (n = 10) and resilient (n = 12) animals were sliced at 30 um thickness
using a freezing sliding microtome (Microm HM440E, GMI Inc., Ramsey, MN, USA) and stored in
PBS with 0.01% sodium azide. Floating sections were usednforunohistochemistry of the

hippocampus. For each animal6 4ections were collected between antepiasterior coordinated.46
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mm and-1.94 mm relative to Bregma for the dorsal hippocampus, and bet&8@mm and3.52 mm

relative to Bregma for theentral hippocampus. tdTomato, as a proxy for the immediate early gene Arc,
was used to measure neuronal activity during SEFL, while cFos immunofluorescence was assessed to
measure recallelated activity. We used cbs rather than Arc, because Arc labglirs primarily
dendritic in some hippocampal subregithsand loth cFos and Arc expression haveieabeen found

to strongly overlap in neuro#i$3"3- and specifically in the hippocampi’s®”® - in response to a
challenge.

Immunolabeling ofFos and parvalbumin (PV) or histone deacetylase (HDAGEg2tions were washed

three times in 1x PBS and blocked in PBE (1x PBS with 0.3% Triton XLO0O and 1% bovine serum
albumin) for 30 minutes at room temperature (RT). Incubation of the primarpdia#owvas performed
overnight (guinea pig antiFos, 1:750, 226004, Synaptic Systems; rabbitRMiti 1:1000, ab11427,

ITK; or rabbit antiHDAC2, 3 ug/uL, AB_2533908, Thermo Fisher) in PBS for 18 hours at RT.

Then, sections were washed three times iRBS$, and incubated with the secondary antibodies (Alexa
647-conjugated donkey angjuinea pig, 1:200, AP193SA6, Merck Chemicals; Alexa-d@gjugated
donkey antirabbit, 1:200, A21206, Thermo Fisher) in PBST for 3 hours at RT. Lastly, slices were
washel three times in 1x PBS, mounted on gelatiated slides using FluorSaVereagent (345789,

Merck Chemicals) and cover slipped. The slices were stor@DdE until image acquisition and cell
counting.

Immunolabeling of cFos-Bethylcytosine (5mC) andrbethylhydroxycytosine (5hm@ections were
washed three times in 1x PBS and permeabilized in 1x PBS with 0.1% Trit®@ ¥or 5 minutes at

RT. Then, slices were incubated in 1 M HCI for 2 hours, washed three times in 1x PBS and blocked in
PBSNT (1x PBSwith 0.3% Triton X100 and 8% normal goat serum) for 50 minutes, all at RT. Because
this process bleaches endogenous fluorescdmee the tdTomato fluorescent sign#iiese slices had

to be immunolabeled for red fluorescent protein (RFP) in additiche other markers. After again
washing the slices three times in 1x PBS, incubation of the primary antibodies was performed overnight
(guinea pig antcFos, 1:750, 226004, Synaptic Systems; ratRR#, 1:1000, 5f8, Chromotek; mouse

anti5mcC, 1:500, GWBBD5190, GenWay Biotech; rabbit as8hmC, 1:1000, AB_10013602, Active
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Motif) in PBS-NT for 18 hours at 4°C. Then, sections were washed three times in 1x PBS, and incubated
with the secondary antibodies (Alexa 6gdhjugated donkey angjuinea pig, 1:2000P193SA6, Merck
Chemicals; Alexa 558onjugated donkey antat, 1:200, ab150154, Abcam; Alexa 4@jugated

goat antimouse, 1:200, A11001, Thermo Fisher; Alexa-406jugated antiabbit, ab175651, Abcam)

in PBSNT for 2 hours at RT. Lastly, slices wemashed three times in 1x PBS, mounted on gelatin
coated slides using FluorSa¥eeagent (345789, Merck Chemicals) and cover slipped. The slices were

stored at20°C until image acquisition and cell counting.

Image acquisition and cell counting

Imagesof the tdTomato/cFos/PV and tdTomato/cFos/HDAC2 signals were captured through a light
microscope (Axio Imager 2, Zeiss) using a 10x (for tdTomato/cFos/PV) or 40x (for
tdTomato/cFos/HDAC?2) objective lens and a LED module (Colibri 2, Zeiss). Images of the
tdTomato/cFos/5mC/5hmC staining were captured through a confocal microscope (LSM900, Zeiss)
using a 40x objective lens. For the tdTomato/cFos/PV signal, as well as the tdTomato/cFos/HDAC?2
signal, whole hippocampi were photographed. For the tdTomato/cFo$bmC/staining, the entire

DG was photographed, while for the CA1 and CAS3 regions three representative photos each were taken,
with locations being consistent across slices and animals (Figure S1). Separate photos were stitched and
cFos, tdTomatd and PV cells were manually counted per region in Fiji softw&igy an experimenter

blinded to the experimental group. Hippocampal surface areas in each slice were assessed and corrected
for to obtain standardized measures of cell density. Normalized cell counts were averaged per
hippocampal subregion per animal andbjeated to statistical testing. Note that the CA2 and CAl

regions were segmented together. This combined r

Fluorescent signal intensity analysis
Expression levels of HDAC2, 5mC and ShmC per cell were asskgsadasuring signal intensity, and
four cell clusters were identified by masks per hippocampal subregion péslipall tdTomatécFos

cells, 2) all cFo¥dTomato cells, 3) all tdTomattwFos cells, and 4) all tdTomatFos DAPI* cells.
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Furthermore, a mask was generated for the background signal, which was obtained by inverting the
DAPI™ mask. Within mask -4, the mean signal intensity of HDAC2, 5mC and 5hmC was assessed.
Here, masks-B define the fear memory engram cells, while mask 4 defines themgram cells. In

the background mask, the mean of the signal intensity of HDAC2, 5mC and 5hmC was assessed to
exclude potential inteslice differences in background intensity. These backgreahees were very
consistent across slices, hippocampal axis, and subregion and did not show any group differences.
Specifically, lackground HDAC2 signal did not show any effect of group (main eff€t;19.324) =

.007,p = .936, all group interactionpfs > .508) hippocampal axisH(1,46.241) = 1.113 = .297), or
subregionf(2,42.178) = .698) = .503. Similarly, the 5mC and 5hmC signals did not show any group
differences§mcC;F(1,72) = .311p=.610, 5hmCF(1,72) = .428p = .898). Hence, fluoseent signals

were not backgroundorrected.

Statistical Analyses

Data were analyzed using IBM SPSS Statistics 23. Normality was checked using the-@Bfil&giet.

For normally distributed data, data points deviating more than two standard deviations from the mean
were considered outliers and removed from further aiglpand statistical testing was performed by
independent-tests or onavay ANOVAs. Freezing behavior over time was analyzed by repeated
measures ANOVA (with time as withisubjects factor, and group as betwseabjects factor), whereas
immunohistochemisy data was analyzed using linear mixed modelling implementing the restricted
maximum likelihood estimation. In the latter, the factors axis (dorsal, ventral) and region (DG, CA3,
CAl) were included as withisubjects variables, and group as betwsdnjeds variable. For the
epigenetic data, the factor engram type (eagram (tdTomatoFos), encoding (tdTomat®, recall
(cFos), reactivated (tdTomatoFos) engram) was additionally included as witlsimbjects variable.

For nonparametric data, the Manivhitney U test or Kruska¥Vallis testwasused. Differences were

considered statistically significantpf< 0.05. Figures show mean * standard of the mean (SEM).

61



RESULTS

Behavioral differences between susceptible and resilient animals

To assess potential differences in hippocampal trawhaded engram activity associated with
differential susceptibility to PTSIke symptoms, a cohort of 44 ArcTRAP mice was exposed to the
PTSD induction protocol. Following a week of recovery, mice wassessed on PTSbe
symptomatology to yield a group of susceptible (n = 10) and resilient animals (n = 12), which
significantly differed on their overall PTSIlike symptom scorel = 120,p < .001) (Figure 1B).
Symptomatology was rather heterogeneous across susceptible animals (Figure 1C), sharing some
symptoms (percentage risk assessmgh®) = 4.280p < .001) and reaction time to peak start(&§)

= 2.110,p = .025)), yet differing orothers (marble burying(@0) = .739,p = .234), percentage pre

pulse inhibition ((17) = 1.210p = .121) and locomotor activity in the light phagd4.633) = .864p

= .201). Thus, resembling observations in PTSD patients, individual symptom prafilesss
susceptible mice differed.

Behavior during stress exposure was checked by assessing beam break data. Susceptible and resilient
mice did not differ in their overall locomotor activity during the stresB(it,(4) = .041p = .843, nor

in its reductim over time (main effect of timd%(9.490, 132.857) = 25.68p,< .001, group X time
interaction: F(9.490, 132.857) = 1.0273 = .427), indicating no gross differences in stress coping
behaviors. During the subsequent fear learning session, no overalldifi@iences were observed in
freezing ratesH(1,18) = .629p = .438), yet the increase in freezing behavior over tiR{d,72) =
13.534 p < .001) significantly differed across groupg4,72) = 3.172p = .019) (Figure 1D). Freezing
levels tended totart lower in resilient mice, but also seemed to plateau soBast hodests revealed

only significant differences in the third minute of the fear learning session, when resilient mice displayed
higher freezing levels than susceptible mig@8) = 2.8D, pcor = .05). Freezing behavior upon-re
exposure to the fearful contexto induce fear memory recallvas not different between resilient and

susceptible animals (Figure 1E). Neither overall freezing le¥ls X9) = 1.308p = .267), nor the
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obsened reduction in freezing over time(B.542,67.297) = 3.32% = .019) differed between groups

(group x time interactiorf(3.542,67.297) = .70% = .576).

Susceptible animals show a smaller activated neuronal ensemble within the CA1 upon fear
memory reaall, but not during encoding

In the ArcTRAP mice, the neuronal ensemble active during SEFL, i.e., those neurons expressing the
immediate early genarc, was permanently labelled by the reporter gdiiemato(Figure 2ABC) No
significant differences in the total number of activatggbbcampal neurons during SEFL were observed
between susceptible and resilient mie€l( 33.255) = .715p = .404), nor was there any interaction
effect between group and axiB({,40.938) = .880p = .354), group and hippocampal subregion
(F(2,30.033) =295,p = .747) or group x axis x subregion interacti®i(2,30.033) = .255p = .776),
suggesting that hippocampal activity between groups was not different during initial memory formation.
Neuronal activity associated with fear memory recall was meabyriedmunolabelling cFdaneurons
(Figure 2ABD); cells that were active during remote fear memory recall induceddsyposure to the
conditioning context. For the number of hippocampal neurons active upon recall, detend
significant main effect ofyroup was foundK(1, 4.034) = 4.100p = .051), as well as a group X
hippocampal subregion interactidf(2,20.586) = 5.055) = .016), whereas all other group interaction
effects failed to reach significance (pfl s > TheSeteffelts were causedlboywer neuronal activity
during memory recall in the CA1 of susceptible vs. resilient aninkdlls 14.693) = 5.298 = .036),

most notably within the vCA1 (vCAT1 = .013, dCAlp = .100).

Susceptible and resilient animals show no difference in hippocarapfear memory reactivation

To investigate which encodirglated (i.e., tdTomatd cells eventually remained incorporated in the
hippocampal memory engram for the fearful experience, overlap between the tdTanthit-05

neurons was assessed. These overlapping signals represent neurons that were active both during trauma

encoding and recall, and therefore reflect the stable memory trace. Neuronal reactivation is expressed
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as the Reactivation Rate (RR), which is calculabgddividing the number of cFaslTomatd
overlapping neurons by the number of tdTorhaturong” 378

An average of 4.2% of hippocampal tdTonfateurons were reactivated during the trigger context re
exposure, with RRs in theffitrent subregions ranging between 1% (dDG) to 12% (vCALl). Reactivation
rates were not statistically different between the groups, and did not show any significant interactions

between group, subregion, and/or axisfgalls = (FigureD2&))

Susceptible animals show an increased number of vCAL1 PYieurons that is recruited relatively

less during fear memory recall

Given the influence of PMnterneuronal activity on the excitability and firing behavior of surrounding
neurons, wenvestigated dnsities of P¥neurons, as well as its relative activity during fear memory

recall. The latter was calculated by assessieghumber of PYEF0S overlapping neurons divided by

the numberof PY/neur ons . This number, henatddrt ARalil £da
express which percentage of the total interneurondl ptyulation was active during remote fear

memory recall. In line with prior work indicating that Aexpression in restricted to glutamatergic
neurond’®, the population of tdTomatoabel ed (6 TRAPpedd6) neurons was
which prevented us from also investigating relative activity of mdurons during SHE

The overall number of hippocampal PReurons was not found to be significantly affected by group
(F(1,35.978) = 1.533p = .224, but revealed a tredével significant group x hippocampal axis
interaction F(1,32.529) = 3.160p = .089, caused by @&ndency towards higher P\ensity in the

ventral hippocampus of susceptible vs. resilient aningats .059) (Figure 2F)an effect that seemed

driven by higher densities in the vCAL1 (vCAds .026, vDG;p = .227, vCA3;p = .993). Additionally,

a signifcant main effect of groupF(1,35.454) = 8.613p = .006), together with a group x axis
(F(1,35.681) = 9.045 = .005), group x subregiofr(2,33.512) = 4.728) = .016, andgroup X axis X

subregion [£(2,33.512) = 5.172 = .011) interaction effects we found for the PV ARFigure 2G)

Follow up tests revealed no significant group effects in the dorsal hippocapipss ( > . 54 3) , b

significant main effect of groupF(1,18.823) = 14.541p = .001) as well as a group x subregion
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interaction F(2,15.804 = 7.056p = .006) in the ventral hippocampus. This interaction effect was driven

by significantly reduced PV activation of susceptible mice in the vgA% (001), but not other
hippocampal subregions (bgtb s > . 340) . Thus, sudceptbibtytd RTEEkeé ngs s u
symptoms postrauma is associated with an increase iri Rarons in the vCA1, of which a relatively

smaller part is active during remote fear memory recall.

Susceptible mice display altered HDAC?2 expression patterns in the ventral hippocampus

The intensity of HDAC2 fluorescence in engram and-engram cells was measured to quantify

HDAC2 expression within these neurons (Figure 38B$: HDAC2 expression was dependent on
hippocampal axisH(1,207.453) = 159.497,< .001), subregionH(2,145.718) = 41.92 < .001) and

engram typeHK(3,142.060) = 28.68f < .001), but did not reveal a significant main effect of group
(F(1,18.223) = 2.496p = .131) (Figure 3C). Pair wise comparisons reweé#tat engram type effects

were caused by significantly higher HDAC2 expression in memory encoding (tdTomato001),

recall (cFos, p <.001) and reactivated (tdTomatéos; p < .001) neurons, compared to remgram

cells, whereas the engram typesoagst each other did not show overall differences in HDAC2
expression(abbs > . 320) (Figure 3CDE), suggesting hist
engramrelated cells compared to nengram cells.

Critically, we observed a significant gqou hippocampal axis x subregion interaction in HDAC2 levels
(F(2,145.718) = 3.46'h = .034). Follow up tests revealed no significant effects of group in the dorsal
hippocampus (app s > . 227), but a significant(F@Q8.420)p x hi
= 3.368,p = .039) in the ventral hippocampus. This interaction seemed to be caused by a tendency
towards reduced HDAC?2 levels in the vCAl~.057) in susceptible compared to resilient mice, in the
absence of differences in the vD@<X .169 and vCA3 p = .382). Noteworthy, HDAC?2 levels in the

vCAL appeared modulated by an engram x group interad&i@2@.337) = 3.254p = .041), which

appeared caused by lower HDAC2 expression in engram neurons specificalgn@gram;p = .202,

encodingp = .059, recallp = .080, reactivatedy = .033).
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Susceptible animals show rather generic increases in hippocampal 5mC and 5hmC levels

The intensity of 5mC and 5hmC fluorescence in engram aneemgram cells was measured to
determine the DNAmethylation status of these neur$g®? (Figure 4AB). 5mC levels appeared
modulated by hippocampal subregidi(4,96.738) = 3.116p = .049), engram type~(3,46.479) =

27.426,p < .001) and groupH(1,14.271) = 5.324) = .037), without a main effect of hippocampal axis

(p = .567) (Figure 4C). Moreover, a significant group X engram type interaction was observed
(F(3,46.479) = 3.38%9 = .026), whereas the group x subregié(2(96.738) = 2.430p = .093) and

group x axisF(1,103.217) = 3.573 = .062) interactions failed to reach significance. All higher order
interactions with group were nagignificant (allpé s .589). Pair wise comparisons revealed significant
differences in 5mC levels between all types of engram cells, with memory encoding and reactivation
cells displaying higher 5mC levels than remgram cellsg < .001 and = .004, respectively), whereas

memory recall cells displayed significantly lower 5mC levels compared t@ngram cellsg{= .005).

Follow up tests on the group x engram type interaction revealed significant upregulation of 5mcC levels

of susceptible mice in memory encodiqpy=.019), ecall f = .015) and noengram cellsg = .029),

without significant differences in reactivated cefls=(.107).

5hmC levels depended on engram typ@(97.708) = 24.77( < .001) and groud(1,16.006) = 6.837,

p = .019), without a main effect of tppcampal axisg = .457) or subregionp(= .431) (Figure 4D).

Moreover, a significant group x axis interaction was obser#i,183.505) = 28.105 < .001),

whereas the group x subregion interacti®ij2(139.631) = 2.822p = .063) just failed to reach
significance. All other interactions with group were msignificant (all p6 s > .369). Pai
comparisons revealed significantly lower 5hmC levels in all types of engram cells compared to non
engram cells (alpps < . 001) , wh er e asgram bells (etdodinf,erecallrabd t y p e
reactivation) did not differ from eachother@s > . 425). Foll ow up tests f
axis interaction revealed that susceptible displayed significantly higher 5hmC levels in in the ventral
hippocampuspecifically £(1,14.694) = 8.41% = .011), whereas this effect failed to reach significance

in the dorsal hippocampuB(L,14.190) = 3.295 = .091).
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While 5mC and 5hmC levels have been linked to decreased and increased gene expression
respectively®**%4 t he 5hmC/ 5mC ratio might actually be mo
expression profile, wit high ratios coding increased gene expres&ionherefore, 5hmC/5mC ratios

were calculated as wdlFigure S2) 5hmC/5mC ratio data revealed a significant effect of engram type
(F(3,71.552) =65.954,p < .001), without any effects of hippocampal axis=(.194), subregionp(=

.540) or group § = .210). Moreover, a significant group x engram type interaction was found
(F(3,71.552) = 6.833% < .001). Pair wise comparisons®fmC/5mC ratios revealed sifjcantly lower

ratio in engram vs. neangram cells (encoding;< .001, recallp = .010, reactivationp < .001), with
encoding and reactivati onpdcsel<l s. 0dOils pcloanypianrge dl o we si
suggests that engram neunsare transcriptionally less active than neurons that are not incorporated into

the engram, which is in line with previous studies marking increased DNA methylation in engram cells

as a key mechanism in stabilizing memory engrams during memory consofitiakiollow up analyses

on the group x engram type interaction however failed to indicate clear differences between susceptible

and resilient mice, as group comparisons per engram type revealed tendencies tedurdd
5hmC/5mCratios in susceptible mice, but these failed to reach significanceefrgmam;p = .195,

encodingp = .523, recallp = .249, reactivatiorp = .963). Paired comparisons of group effects across

engram types revealed group x engram typeractions for all engram type comparisons.
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DISCUSSION

Here, we tested the hypothesis that susceptibility to traumatic stress is characterized by interindividual
differences in hippocampal activation upon fear memory encoding and recall aepigenetic
regulation. We examined potential alterations in the hippocampal memory engram forargteessed

fear memory in mice that were susceptible and resilient to developing-FESBymptoms as a
conseguence of it. While no differences in the sizthe engram activated during trauma encoding were
observed between the groups, susceptible mice displayed a smaller engram activated in the vCA1 upon
fear memory recall, as well as higher*®iuronal density and a relatively lower activity of Pidurons

in the vCAL upon memory recall. Epigenetic data revealed rather generic instead of-gpecidin
differences across groups, with susceptible animals displaying generally lower hippoc&®z2 H

expression, as well as higher 5mC and 5hmC signal.

Mice were classified as susceptible or resilient based on a compound score comprising multiple
behavioral PTSBike symptoms (i.e., impaired risk assessment, increased anxiety, hypervigilance,
impaired prepulse inhibition and higher activity during the inactive phase, potentially linking to sleep
disturbances), rather than single behavioral features. This classification more closely resembles the
situation in PTSD patients which are also diagnosed based on a compound score of symptomatology.
Behaviorally, no differences were observed in how susceptible and resilient mice behaved during the
encoding and recall of the fear memory, reflected by sinrégzing levels over time. Earlier work has
indicated that susceptible mice show extinctiesistant fear memory and generalization in a stress
enhanced cued fear learning paradiymeading us to expect altered freezing behavior upon fear
memory recall. This fits observations of emotional hypermnesia in PTSD patients, as well as context
nonspecific recall of the trauma memory by sensory cues. Yet, fik&mDemoryimpairments not only
comprise emotional hypermnesia, but also contextual anth&igmportantly, we here implemented
stres-enhanced contextual fear learriygather than cued fear learning. Therefore, one could speculate

that impaired contextual fear memory retrieval, combined with excessive fear upon recall, cancel each
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other out in susceptible mice, yet futstadies need to confirm this by dissociating both aspects of fear
memory.

Despite the absence of differences in freezing behavior, we did find a significant reduction in vCA1
engram size and a relative decrease if €\ activation during remote memorgcall in susceptible
animals. Previous work has implicated the vCALl in contextual fear meémBrFE® and the
subsequent contextual modulation of fear recall and expré¥sitnVentral CA1 neurons have been
shown to convey contextual information through monosynaptic projections to the basolateral
amygdads8 389393394 Ag gych, the reduction in vCAL engram smight reflect impaired functionality

in the recall of contextual information, which may lie at the core of the contardpecific recall of
trauma memories as observed in PT38’. Moreover, it is in line with contextual amnesia as reported

for PTSD®. As we did not find any differences angram size during fear memory encoding (and
reactivation), data suggests that initial memory encoding is not different between groups, but it is rather
the (systems) consolidation process during which differences arise. The memory engram is not static,
but rather dynamic over time, reorganizing both within and across brain r&§iSfsultimately
resulting in different storage sites of the memory following its consolid4fi$1°2. This is especially
relevant as we employed a remote recall paradigm, whereas most previous studiesdiocusesl

recent memory recall.

Parvalbuminergic network plasticity has been shown critical in the regulation of I€&tnivith PV*
interneurms contributing to memory consolidation by stabilizing functional connectivity patterns
among CA1l neurod® and mediating @herent hippocampaleocortical communicatidff. We
observed a higher number of PReurons in the vCA1 of susceptible animals as well as a relatively
smaller portion of these being activated during memory recall. Although not consistently réptited
prior research has indicated a loss of R®urons following chronicteess®®4% which might contradict

our findings in the mosistresssusceptible mice. Yet, notably, previous studies have ignored
interindividual differences, posing the possibility that this observed reduction ind@\sity may

actually reflect an adaptive phenomenon. Alternatively, the differences betweeniblesaeptresilient

69



mice may have been present already before PTSD induction, and as such do not reflect a differential
effect of trauma itself. The lower recruitment of these neurons in susceptible mice may reflect a
compensatory effect, resulting in siarlabsolute activity levels of the total Ppopulation in both
susceptible and resilient animals. Regardless, these alterations*imtBvieuron presence and
recruitment might relate to disrupted consolidation of the traumatic memory in?PTj@Dposing it as

a target for dedicated future studies.

Hippocampal HDAC2 expression was higher in engram compared tengoam cells, and reduced in
susceptible compared to resilient animals. Histone acetylation is most robustly associated with
promoting memory formation. It is increased following neuronal activity, and promotes a chromatin
structure permissive to gene trarigtion, necessary for synaptic plastiéty HDACs, in particular
HDAC2, induce the removal of acetyl groups, and their pharmacological or genetic inhibition was found
to facilitate learning and memdfy and improve extinction learnifff. Our finding of increased
HDAC2 levels in engram vs. neengram cells seems to be at odds with these reports. Yet, one could
speculate that plasticity should be suppressed once a memory is formed, with fredatedygene
silendng serving to stabilize the memory engf&inThis interpretation is supported by our findings in
terms of DNA methylation patterns, with engram cells having overall highets of 5mC and lower

levels of 5hmC, decreasing 5hmC/5mC ratio, suggesting an overall decrease in transcriptional activity
within the engram. Prior reports implicating DNA methylation in stabilizing engrams during
consolidation and aiding successful meyncecall support this notid#f. Reduced HDAC?2 levelas
observed in susceptible mice may also indicate a less $tabea memory engram. Moreover, it is in

line with prior reports on HDAC2 downregulation following acute stress being related to increased stress
susceptibility!® and a stronger fear meméty In terms of methylation, we found susceptible animals

to be characterized by overall higher hippocampal levels of 5mC and lower levels of 5hmC, both in
engram and neengram cells. As thesearkers are inversely related to gene expression, we conclude
that both groups, despite the slight differences in hippocampal methylation profile, do likely not differ

in terms of overall gene expression. This is supported by the observation that thé&rbidnatio-
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mo st informative with r egar3-wasonotastatistieallyldiffesentg e n e
between susceptible and resilient individuals. This limits the group differences to the observed reduction
of HDAC2 levels in susceptible mic€onsidering HDAC2 expssion is negatively related to the
expression of cFa&¥, it might seem contradictory that susceptible animals show both lower HDAC2
levels and a reduced number of cFos expressing Eflisever, the temporal dynamics of HDAC2 and

cFos are likely differedt?#13(i.e., recallinduced HDAC?2 alterations will oac at a later timescale than

cFos expression) which means it is hard to correlate both markers within 90 minutes after the context
re-exposure. Furthermore, HDAC?2 is of course only one of the many regulators of the epigenetic profile,
and other regulatorgathways may influence cFos expression as well. One of these might be HDACS5,
which has been previously found to be upregulated-fpasima in the bed nucleus stria terminalis of
susceptible animals in this same mouse nf@délture studies should assess such alternative regulators

of the engram.

Some limitations should be noted. Firstlssessment of the memory engram related to memory
encoding was restricted to glutamatergic neurons in the ArcTRAPfiEkus, the role of GABAergic
neurons in the engram and their role in traumatic stresestilsility still needs to be elucidated. We
preferred ArcTRAP mice over the available FOSTRAP mice based on superior labeling sensitivity in the
hippocampal CA3 and CAl, which are typically devoid of labeled cells in the FosSTRAP mouse
lines®2414 Yet, the ArcTRAP line has substantial background labeling (i.e., fluorescent tagging of
neurons in the absence of tamoxifen) in the hippocampat?D@&hich may explain why we did not
recapitulate prior findings of petiauma DG activation being pigtive of fear memory generalization

and stress susceptibility in genétaf'> Furthermore, the tamoxifénduced labeling window in our
TRAP mice comprised ~ 36 hours, capturing both the traumaiggdrtexperiences. We opted for this
approach as it is currently unknown whether the interindividual differences in SEFL and 4tertong
consequences originate from differential responding to the first stressor or from later fear learning. We
hypothested the latter, as the behavioral consequences of this-BI08BI are not observed to a similar

degree if mice are only exposed to the initial stré§semphasizing aberrant fear learning to be at the
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core of the development of symptomatology. However, others have shown thafliRg &i2mories

can also be induced by stress exposurelgashing®3®’, leaving ths issue unresolved. Moreover, while

we assume that the tdTomatmged and cFesbelled neurons represent the trauma memory, it will
require experimental manipulation of these populations to show that their activity is necessary and/or
sufficient for memoy expression.

Finally, while immunofluorescence of epigenetic markers is more often used to draw preliminary
conclusions about changes in transcriptional proc#84€sit is not possible to draw a om@one
relationship between the observed differences in HDAC2, 5mC and 5hmC levels and actual alterations
in histone acetylation, DNA methylation and gene expression. Different studies have shown
transcriptional alteratins in response to stré$sand in PTSD specificatty®42% but it would require

future studies to causally link such changethtoalterations in histone acetylation, DNA methylation

and hydroxymethylation that have been observed.

Concluding, we have shown PTSiRe symptomatology to be related to alterations in remote fear
recallspecific engram size and PWterneuronal activity as well as overall P\iensity- in the ventral

CALl. These findings propose an important role faerednt memory recall, resulting from an altered
(systems) consolidation process, in mediating traumatic stress susceptibility. Epigenetically, we found
marked differences in HDAC2 expression and DNA methylation and hydroxymethylation between
susceptible vsresilient mice, suggestive of overall higher hippocampal transcriptional activity. These
changes were however not restricted to neurons involved in the memory engram, indicating epigenetic
changes throughout the entire hippocampus as an important fargktrther research into the
pathophysiology of PTSD. These overall alterations could potentially contribute to deviations in
memory consolidation by destabilizing hippocampal memory representations, although future research

is needed to determine suclusal relationship.
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Figure 1. Experimental schedule and behavioral assessments. Mice were exposed to a stressor and then
subjected to contextual fear conditioning (FC). PTI&B symptomatology was assessed in a set of
behavioral tests, mice were-exposed to the conditioning context and then sacrifié@édSusceptible

mice were defined by PTSIike symptom scores >=4 (necessitating extreme behavior in multiple tests),
whereas resilient mice did not show any aberrant behavior (scoreB¥. @uEeptible mice displayed
significantly reduced risk assessment behavior and shorter latencies to peak startle compared to resilient
animals at the group level. No group differences were observed in marble buryipglsgrénhibition

or locomotor activityduring the light phase). Increases in freezing behavior during contextual FC
differed across groups (shock administration at 1, 2, 3, 4 and 5 Djinyvbereas no differences in

freezing levels were observed upon later FC conteskposure (no shock§ly). Data are presented as
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mean + SEM. ###:p < .001, #p < .05, main effect of time; $1 < .05, group x time interaction; ***:

p <.001, *:p < .05 effect of group
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Figure 2. Hippocampal activity during fear memory encoding (marked by tdTomatcesipn),
remote fear memory recall (marked by cFos expression), as well as parvalbumin (PV) interneuron
density were assessed by immunohistochemistry. Arrows indicate tdToR@dodoublepositive

cells. AB). No group differences were observed in Hige of the engram recruited during stress
enhanced fear learningC). However, susceptible animals displayed a smaller population of ventral
hippocampal neurons active during remote fear memory rdgplMm{ithout any group differences in
neuronal reactition rate ). Lastly, susceptible animals showed a significantly increasédi&\sity

in (mainly the ventral) CA1K), yet a decrease in ventral hippocampal activity of R&urons
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specifically during remote memory recaB); Data represent mean--8BM. **: p< .01, *:p< .05, $:
p < .05, main effect of group, & < .005, group x subregion interaction, #ox .05, group x axis

interaction
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Figure 3. Hippocampal HDAC?2 fluorescence in cells active during fear memory encoding (marked by
tdTomato exprssion) and remote fear memory recall (marked by cFos expression) were assessed by
immunohistochemistryAB). Neurons involved in memory encoding (tdTonmaand recall (cFd3, as

well as reactivated (tdTomdtd~0S) neurons, were characterized by overall higher HDAC2
fluorescence than neengram cells. HDAC2 levels in the ventral hippocampus were modulated by a
subregion x group interaction, which seemed to be caused by a tendency towards lower HDAC2 levels
in the \CAL in susceptible animal(€DE). Data represent mean--8EM. %: p < .001, main effect of

axis, $:p < .001, main effect of subregion, &:<.001, main effect of engram type,p& .05, group x

axis x subregion interaction, @< .05 group x subregiointeraction, *:p < .05, effect of group
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Figure 4. Hippocampal 5mC and 5hmC fluorescence in cells active during fear memory encoding
(marked by tdTomato expression), remote fear memory recall (marked by cFos expression) and both
were assessed by immunistochemistry and compared to remgram cells (tdTomato and cFos
negative cells)AB). 5mC levels were higher in encoding and recall cells compared tengvam cells.

In contrast, reactivated cells displayed lower 5mC levels tharengram cellsimportantly, susceptible

mice displayed higher 5mC levels in memory encoding, recall, angemgmram cells, compared to
resilient mice, without significant differences in reactivated c€ls 5hmC levels were lower in all

types of engram cellsompared to noengram cells, and susceptible mice displayed higher 5hmC levels

in in the ventral hippocampuB). Data represent mean-8EM. $: p < .05, main effect of subregion,

&: p <.001, main effect of engram type,p'< .05, main effect of groug: p < .05,group X engram

type, 8:p < .001, group x axis interaction, @x .05, main effect of group
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SUPPLEMENTARY FIGURES

Figure S1.Hippocampal HDAC2 fluorescence was assessed in 40x microscopic frames. For the DG,
multiple frames werestitched to obtain a photo of the entire structure. For the CA3 and CA1, three

representative photos each were taken in locations consistent across slices and animals.
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Figure S2.Hippocampal 5hmC/5mC fluorescence ratio in cells active during fear mesnopding
(marked by tdTomato expression) and remote fear memory recall (marked by cFos expression) as
assessed by immunohistochemistry. All types of engram neurons displayed lower ratio thagraam

cells, with encodingctivated (tdTomatd and readvated (dTomatdcFos) neurons displaying lowest
5hmC/5mC ratios, indicative of a relative decrease in gene transcripitairepresent mean--8EM.

@:p<.001, main effect of engram type,@ .001, group x engram type interaction
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ABSTRACT

Resilience to consequences of trauma exposure contains relevant information about the processes that
contribute to the maintenance of mental health in the face of adversity; information that is essential to
improve treatment success of stresisited mentadiseases. Prior literatufeas implicated aberrant
amygdala (re)activity as potential factor contributing to traumatic stress susceptibility. However, it
remains to be resolved which amygdalar subregions and neuronal subclasses are involved, and when
i.e., pre, pert or posttrauma exposureand under what conditions changes in amygdala (re)activity
manifest themselves. Here, we implemented a preclinical rodent model for PTSD that entailed exposure
to a traumatic event (severe, unpredictable footlghfadlowed by a trigger (mild, predictable foot
shock). Using behavioral phenotyping, trauma susceptible vs. resilient mice were identified-and pre
peri or posttrauma amygdala activity was compared. Neuronal activity was tagged in living mice by
the wse of the ArcTRAP transgenic mouse line, labeling all activatedAreexpressing) neurons by

a systemic injection of tamoxifen. Furthermore, we assessed amygdala responses during fear memory
recall, induced by either (exposure to the trauma, trigig or a novel, yet similar context, and analyzed
behavioral fear responses under these conditions, as well as basal anxiety in the mice. Results revealed
no major differences dissociating susceptible vs. resilient mice prior to trauma exposure, buateaggge
activity in specifically the basolateral amygdala (BLA) geauma that predicted susceptibility to later
PTSDlike symptoms. Podrauma, susceptible mice did not display altered resting amygdala activity,

but BLA hyperreactivity in response todger context rexposure, and BLA hyporesponsivity in
response to the trauma context. Exposure to the novel, similar context evoked a differential temporal
pattern of freezing behavior in susceptible mice and an increased activity of amygdalar somatostatin
expressing neurons specifically. As such, these results for the first time show that deviant BLA activity
during fear learning predicts susceptibility to its ldegm consequences and that aberrant subsequent

BLA responses to stressful contexts depentherexact context.
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1. INTRODUCTION
Posttraumatic stress disorder (PTSD) is a debilitating disorder one can develop after exposure to a
traumatic evenimportantly,whereas the majority of the population is ever exposed to a traumatic event
during theirlifetime, only a small fraction of them develops PT8DThis observed natural resiliency
likely contains important information on PTSD etiology and can be key to generate new leads for
improved PTSD diagnostics and tm@ant?l. However, what dissociates vulnerable vs. resilient
individuals, under what circumstances these diffeeensurface, and when they develop, is largely
unknown.
One important factor associated with PTSD is the function of the amygdala. The amygdala is a key
coordinator involved imesponding to threat and subsequent trateteted behavioral alteratioffs In
line with their symptoms of hyperarousal and anxiety, PTSD patiespdagli exaggerated amygdala
responses to threatening stinitdf, a response that correlates with symptom sev&ritvioreover, this
amygdala hyperreactivity predicts poor treatment resp&nsehereas symptom attenuation is
associated with a suppression of its reacti¥ityiowever, due to the retrospective nature of the majority
of studies in PTSD patients, it is currently unclear whether this amygdala hyperreactavipras
existing risk factor for PTSD, or a consequence of acquired pattiélojoreover, it is currently
unknown how the distinct amygdalar subnuclei and neuronal subpopulations contribute to this response,
as patient studies lack the respd spatial resolution and specificity. Sensory information primarily
flows through the lateral amygdala (LA) into the basolateral amygdala (BLA), whereeiong
potentiation key to associative fear learning takes place, after which the signal is caovbgezéntral
amygdala (CeA) that regulates the output of fear beh&¥idrhe LA and BLA primarily exist of
glutamatergic pyramidal neurons (86%Y26, but within the CeA fear output is regulated mainly by an
intrinsic network ofGABAergic inhibitory neurorf§’, which are classified based on the expression of
specific neuroctmical marker¥842% Of these, particularly somatosta@rpressing CeA neurons have
been assciated with the generation of a fear respétigé!
Preclinical animal models for PTSD allow one to study amygdala function in a subragibceltype

specific manner over time. To improve validity of current models for PTSD, and hence enhance
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translational value of insights obtained, acknowledging nitexindividual variability in susceptibility

to develop PTSD has been argued to be'’kéyherefore, we here longitudinally investigated the
differences in amygdalar subregional activity between vulnerable mice and those resilient to the
development of PTSIke symptoms following trauma exposure (i.e., electrical foot shocks). To
investigateamygdala neuronal activity in living animals, we used the ArcTRAP mouse line crossed with
a reporter line in which the injection of tamoxifen induces the indelible fluorescent labeling of activated
(i.e., Arc-expressing) neuroH&. Specifically, we wanted to assesswhich amygdalar subregions and

cell types trauma susceptible and resilient animals show differential activity and, if so, at what point in
time these arise and under which conditions these differences become apparent. To answer these
guestions, we compadl neuronal activity in the major subregions of the amygdala between groups i)
pretrauma, ii) pertrauma, and iii) postrauma. Three weeks after the trauma, animals wesgpesed

to three different traumeelated contexts to assess amygdala activitind fear recall.
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2. MATERIALS & METHODS
2.1. Animals.
This study consisted of three separate experiments: cohort 1 (n = 48) to assess amygdalar neuronal
activity under resting (i.e., home cage) conditions before trauma, cohort 2 (n = 44) to assess amygdalar
neuronal activity during trauma, and cohort 3 (n8} b assess amygdalar neuronal activity under
resting conditions after trauma (Figure 1A). ArcTRAP mice (see Supplementary Material for details)
were used to label activated (i.&rc-expressing) neurons upon tamoxifen injectiénSince the
implemented PTSD model has only been validated in males, experiments were restricted to male mice.
Mice were group housed-{8mice per cage) in individually ventilated cagesa reverse 12 h light/dark
cycle (09:00- 21:00 h) at the Central Animal Facility of the Radboud University Nijmegen, The
Netherlands, according to institutional guidelines. Food and water were praddémdtum Unless
otherwise stated, behaviorakt¢ i ng was performed during the anir
between 13.0018.00 h. The experimental protocols were in line with international guidelines, the Care
and Use of Mammals in Neuroscience and Behavioral Research (National Reseaih2D63), the
principles of laboratory animal care, as well as the Dutch law concerning animal welfare and approved

by the Central Committee for Animal Experiments, Den Haag, The Netherlands.

2.2. General procedure.

All mice were exposed to a PTSBouse model as described befété*? (Figure 1A). To induce a

PTSDlike phenotype, mice were exposed to a traumatient (severe, unpredictable foot shocks)

followed by a less severe trigger event (mild, predictable foot shocks) the next day. This model is based

on stressenhanced fear learning, which builds on the clinical observation that prior skmgssure

precipitates PTS®*3* Int hi s model , prior sOt)r eisss oelxspeorswede t(a
| earning of future aversive -likevneemariss cliatadteeizeddbly r i g g e
exaggerated fear responses and resistance to extffétioh®¢’ Importantly, the stressnhanced fear

learning paradigm induces persistent behavioral symptoms in a subset &P t#ié¢&resembling

observations in PTSD patients, while also recapitulating the hypothatatmitarry-adrenal (HPAJaxis
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abnormalities ashserved in subgroups of PTSD patients (i.e., reduced glucocorticoid release upon
challengé®) in susceptible ngie. These consequences are not observed if mice are only exposed to the
initial stressof®?, emphasizing aberrant fear learning to be at the core of the development of
symptomatology. After a week of recovery, mice were subjected to a subset of behavioral tests over the
course of two weeks to assd3§SDlike symptomatology. One week after the final behavioral test,
mice were reexposed to a traurm@lated context for 10 minutes to trigger fear memory recall and

sacrificed by perfusiofixation 90 minutes later.

2.3. Tamoxifen

All mice were intraperitoneally injected with tamoxifen to induce fluorescent labeling &rell
expressing neurons. Tamoxifen was dissolved in a 10% ethanol / corn oil solution at a concentration of
10 mg/mL by overnight sonication and stored28°C uriil further use. Solutions were heated to body
temperature and i.p. injected at a dosage of 150 mg/kg to induce agépigndent neuronal labeling.

Mice in cohorts 1 and 3 were injected with tamoxifen under homecage conditions eittraupra or
posttrauma exposure (Figure 1). Mice in cohort 2 were injected on the morning of-seyeh hours

before the trauma sessidn induce traumaependent active neuronal labeling.

2.4. PTSD protocol and behavioral testing

Mice were individually placed itrauma contexboxes, in which they received 14 1 second 1.0 mA
shocks (the é6traumad) over 85 minutes at wvariabl
room in groups of two to three animals in dark carton boxes before being placed in-tuatoning

boxes, which were connected to a shock generator (Campden Instruments). The trauma context
consisted of a black, triangular shaped Plexiglas box with a steel grid and metal tray. The boxes were
sprayed with 1% acetic acid, not illuminated aBddB background noise was presented. On the second

day, mice were individually placed in trigger context boxes, in which they received 5 1 second shocks

of 0.7 mA over a period of five minutes (ashe O6tr

created by placing curved white walls in the box and a steel grid with a white tray underneath. The boxes
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were furthermore cleaned with 70% ethanol and during the session the house lights in the boxes were
turned on. No background noise was presentedtHis trigger session, mice were moved to the 70 lux
illuminated experimental room in séirough cages in groups of two to three animals.

Mice were allowed to recover for a week, after which their behavioral phenotype was assessed by testing
for PTSDlike behavior: impaired risk assessment (in the-tighit transfer test), increased anxiety (by
marble burying), hypervigilance (by acoustic startle), impaired sensorimotor gaiting @pylpee
inhibition (PPI)), and disturbed circadian rhythm (by locomdaotivity during the light phase). In
addition to the behavioral testing to assess RIil&Dsymptomatology, mice in cohort 1 were tested in

the open field and elevated plus maze for assessiAgagum@a anxiety. Details on all behavioral tests

can be foud in the Supplementary Material.

2.5. Behavioral categorization.

In order to categorize mice as either trauma susceptible or resilient, one compound measure was
generated based on the five behavioral outcome scores. Mouse behavior on each of the $estsdy

and the 20% of mice that had the lowest values were attributed 3 points for percentage risk assessment,
3 points for latency to peak startle amplitude, and 2 points for percentage PPI. Similarly, the 20% of
mice showing the highest values wetttrilbuted 1 point for light locomotor activity and marble
burying®2 The points per animal were tallied to generate an overall RIKEBymptom score. Me

that had a total of four or more points (necessitating extreme behavior in multiple tests) were termed
susceptible. Only mice that had zero points (indicating no extreme behavior within any of the tests) were

termed resilient.

2.6. Reexposure and saiice.

On the final day of the experiment, day 23, mice werexposed to a traurm@lated context for 10
minutes to induce fear memory recall. No shocks were administered during this comepbsare
session. Mice in cohort 3 were-egposed to the duma context, following the exact same procedures
as during the trauma session. Mice in cohort 2 weexpesed to the trigger context, following the

exact same procedures as during the trigger session. Mice in cohort 1 were exposed to a novel context,
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which was similar, yet distinct, from the two other contexts. The novel context consisted of a Plexiglas
box with triangular white walls and a steel grid with a white tray underneath. The boxes were sprayed
with 1% lactic acid, there was an 80 dB 10 kHz gardus tone, and during the session the house lights

in the boxes were turned on.

Mice were videotaped during the {rexposure to assess fear memory recall. Freezing behavior for
cohort 1 was automatically scored using Bftsion software (Noldus), wheas freezing for cohorts 2

and 3 was manually scored by an observer blinded to the experimental condition using The Observer
XT12 software (Noldus), since the quality of several videos in these cohorts did not comply to the
standards needed for automatiorsty. Mice were considered to freeze when they were immobile for
more than two consecutive seconds. Manual and automatic scorings were compared for a subset of the
videos, and were highly correlataql(5) = .89,p = .012).

Mice were sacrificed 90 min pbee-exposure under anesthesia (5% isoflurane inhalation followed by
intraperitoneal injection of 200 eL pentobarbit
followed by 4%paraformaldehydsolution(PFA). The brains were surgically removed and {iasd

for 24 hours in 4% PFA, after which they were transferred to 0.1 M PBS with 0.01% sodium azide and

stored at 4°C.

2.7. Immunofluorescence and microscopy.

Right hemispheres of susceptible and restlianimals of each cohort were sliced at 30 um thickness
using a freezing sliding microtome (Microm HM440E, GMI Inc.) and stored in PBS with 0.01% sodium
azide. Left hemispheres were used for whwnigin assessments beyond the scope of this manuscript.
Based on earlier reports on hemispheric asymmetry in amygdala deviations in PTSD (e.g., Kaouane et
al., 201287 Mutluer et al., 20189, we chose not to counterbalance hemisphere selectiossacro
animals, but select the hemisphere with the most consistently reported aberrancies iIBai81g.
sections were used for immunohistochemistry of the amygdala, which was stained for cFos and
somatostatin (SOM) expression (see Supplementary Matarfartber details). Images of the cFos and

SOM stainings and tdTomato signal were captured through a light microscope (Axio Imager 2, Zeiss)
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using a 10x objective lens and a LED module (Colibri 2, Zeiss), and cells counted manually by an
experimenter blined to the experimental group. Amygdalar subregion surface areas in each slice were
assessed and corrected for to obtain standardized measures of cell density in each cohort. Normalized
cell counts were averaged per subregion per animal and subjecteibtmaitaesting. Amygdala data
acquisition was successfully completed for 8 resilient and 10 susceptible mice of cohort 1, 10 resilient

and 9 susceptible mice of cohort 2, and 11 resilient and 7 susceptible mice of cohort 3.

2.8. Statisticahnalyses

Data were analyzed using IBM SPSS Statistics 23. Data points deviating more than thpeaititer

ranges from the median were considered outliers and removed from further analysis. Additionally,
tdTomatd cell counts of 2 mice (1x susceptiplex resilient) in cohort 1 were excluded, because of
exceptionally low neuronal labelling, potentially due to suboptimal tamoxifen injection. Normality was
checked using the Shapiwilk test. For normally distributed data, independdetsts were carréeout,

while for nonparametric data, the Manvhitney U test was used. Analyses of normally distributed

data which also included intsubject variablese(g.,time or amygdalar subregion) were performed

using linear mixed modelling. Significant interacth s wer e f ol | owepbsthogestby Fi sh
An overview of all statistical tests and their results can be found in Supplementary TabteaS$ess
correlations, bivariate Pearson or Spearman correlation coefficients were computed, depending on
compliance to normal distribution. Differences were considered statistically signifigaqt.d5. Data

are depicted as bars reflecting medians together with single data points, as well as line graphs depicting

means * standard error of the mean (SEMatex@in GraphPad Prism (version 9.3.1).
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3. RESULTS
3.1. Behavioral differences between susceptible and resilient mice
To assess potential differences in amygdalar activity associated with differential susceptibility to PTSD
like symptoms following traumn, three cohorts of 448 mice were exposed to the PTSD induction
protocol and, following a week of recovery, assessed on HikB[Bymptomatologyo yield groups of
susceptible (n =12, n = 10, n = 8, for cohorts 1, 2, and 3, respectively) and resilient (n=12,n=12,n =
11, for cohorts 1, 2, and 3, respectively) animals. Resilient and susceptible groups within each cohort
significantly differedon their overall PTSHike symptom score @hort = U = 144,p < .001,cohort2:
U = 120,p < .001), cohort3: U = 88, p < .001, Figure 1B)Results from the separate behavioral

assessments are plotted in Supplementary Figure S1 as well as describedlipglementary results.

3.2. Pretrauma anxiety measures did not predict traumatic stress susceptibility

To test whether prrauma trait anxiety predicted later PTSD development and correlated with resting
amygdala activity, all animals of cohort 1 weested for anxietlike behavior prior to trauma exposure.
Animals later categorized as trauma susceptible did not display different behavior in the open field test
prior to trauma exposure compared to resilient animals (Figure 2A). The total distaabedi(21) <
1,p=.827), the time spent in the center£ 78,p = .729),and the humber of visits to the centar<

74.5,p = .887)were not different between groups. Also, behavior on the elevated plus maze did not
differ significantly between groups, with susceptible mice traveling similar distance on the maze
(t(17.439) < 1p = .430), spending similar amount of time on the open athrs 45,p = .128; Figure

2B), and visiting the open arms as frequert{{®2) = .980p = .338) as rakent mice.

3.3. Increased pertrauma BLA activity codes susceptibility to traumainduced PTSDlike
symptomatology

Neuronal activity either before, during or after the trauma, as reflected by expression of the immediate
early geneArc, was permanentliabelled in three independent cohorts by expression of the reporter

genetdTomato(Figure 3A) As Arc-expression is largely restricted to glutamatergic nedfotise
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number of neurons eexpressing tdTomato and the GABAergic subclass marker somatostatin, was
negligible, and therefore not included into analyses.

Resting neuronal asfty pretrauma was not different between groups (main effect of group:
F(1,13.576) = .764p = .397; group X subregion interactidf(2,25.997) = 2.484) = .103; Figure 3B).
However, amygdalactivity during trauma and trigger exposure did significardiffer between
susceptible and resilient mice in a subreggpacific manner (group x subregion interaction:
F(2,32.921) = 4.14( = .025; Figure 3C)Post hodests revealed that neuronal activity was increased
in susceptible vs. resilient animals spieeailly in the BLA { = .020, in which activity also correlated

with PTSDlike symptom score}(18) = .495,p = .037). No differences were observed for the other
amygdalasubregions(bggth s > . 537). Levels of amygdaraumaact i vi
were however again not different between groups (main effect of grgli:5.996) = .004p = .95Q

group x subregion interactiofR(2,31.248) = .07% = .924; Figure 3D).

3.4. Fear recall in susceptible and resilient mice

To study the conditions under which memory recall for the foot shock experiences is provoked, as well
as the behavioral respossand amygdala activity associated with it, mice were eithekpesed to a

novel context they had not seen before, but whésembled the traumal/trigger contexts in a number of
featuresthe trigger context, or the trauma context

3.4.1. Exposure to movel context, similar to the trauma/trigger context.

When exposed to a novel context resembling the trauma/trigger context in a number of features, both
susceptible and resilient mice showed substantial freezing behavior, yet differential freezimg patter
over time(group x time interactiorf:(1,171) = 2.452p = .012), in the absence of a main effect of group
(F(1,19) = 1.082p = .311;Figure 4A. Remarkably, whereas resilient mice did not show significant
alterations in freezing behavior over tintk§4.969,29.693) = 1.94 = .144), susceptible mice reduced
their freezing behavior as time passe®(81) = 4.970p < .001).These data suggest that both groups

of animals initially fear the novel (yet alike to trauma) context to a similar extent, diwgubceptible

animals reduce their fear response faster than resilient ones.
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This subtle difference in behavioral responding was however not related to differential overall neural
activity in the amygdala evoked by the novel context between groups éffesti F(1,15) = .967p =

.341, group x subregion interactioR(2,30) = .440,p = .648; Figure 4B) Yet, the recruitment of
amygdalar somatostatin neurons during the exposure to this novel, similar context (assessed by cFos
somatostatin cexpressionSupplementary Figure S2A) was significantly increased in susceptible mice
(main effect of group(1,42) = 8.244p = .006; group x subregion interactidf(2,42) = .080p = .923;
Supplementary Figure S2B).

3.4.2. Trigger context rexposure.

When reexposed to the trigger context, total freezing behavior was not different in resilient vs.
susceptible animals (Figure 5A). Neither overall freezing le¥l 163.690) = .15Q = .699) nor the
observed reduction in freezing over tinfg9,167.649) = 4.18, p < .001) differed between groups
(group x time interactiorf=(9,167.649) = .60 = .794). Neuronal activity induced by trigger context
re-exposure however revealed a trdadel significant group x amygdalar subregion interaction
(F(2,32.473) = 2.75 = .079, in the absence of a main effect of grdt(f,(16,926) = 1.741p = .205)),

which was further explored usimpst hoctests. These exploratory analyses unfolded a significantly
higher reexposurenduced neuronal activity in specifically the BLA of susceptible vs. resilient animals
(p = .003), which strongly correlated with overall PT8k® symptom score}(17) = .627p = .007).

No group differences were observed in the other amygdalar subregiong {L413; CeAp = .198;

Figure 5B) Interestingly, BLA activity during trigger fexposure strongly correlated with BLA activity
observed during the initial trauma/triggeocessing in these micg(16) =.700p = .003). The relative
activation of somatostatiexpressing neurons in response to trigger contegkpesure did not differ
between groups (main effect of grodgl,17) = .057p = .814; group x subregion intction:F(2,34)
=1.535,p = .230; Supplementary Figure S2C).

3.4.3. Trauma context fexposure.

Re-exposure to the trauma context initiated equally strong freezing behavior across groups. There was
no difference in overall times spent freezing betwemsteaptible and resilient animals({,16) = .052,

p = .824),nor inreduction of freezing behavior over time (main effect tiF@,144) = 3.210p = .001;
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group x time interactiorF(9,144) = .623p = .776, Figure 6A). Tauma context rexposure did also

not evoke overall distinct amygdala activation (as assessed by cFos immunohistochemistry; Figure 6B)
between groups (main effect of groug(l,15.898) = 3.112p = .097), but revealed a treftevel
significant group x subregion interactioR(2,27.066) =3.288,p = .053; Figure 4C). Surprisingly,
exploratorypost hodests revealed significantly reduced regatluced activity in the BLAf = .027),
whereas no significant differences were observed in A 0.057) and CeAp(= .812) neuronal
activity. The recruitment of somatostagmpressingneurons didnot significantly differ between
susceptible and resilient mice (main effect of grde(d; 14.739) = 3.635) = .076; group X subregion

interaction:F(2,28.968) = 1.955 = .160; Supplementary Figure S2D).
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4. DISCUSSION

Here, in three independent experiments, we set out to longitudinally assess amygdala activity in mice
susceptible and resilient to the letegm behavioral consequences of trauma exposure. Results revealed
no major differences in either trait anxiety oryadala activity dissociating susceptible vs. resilient
mice prior to trauma exposure, but exaggerated activity in specifically the basolateral amygdala (BLA)
peritrauma that predicted susceptibility to later PTIig@ symptoms. Podrauma, susceptible g

did not display altered resting amygdala activity, but PTi8® symptomatology was associated with

BLA hyperreactivity in response to trigger contexesgosure, and BLA hyporesponsivity in response

to the trauma context, in the absence of altered\betal manifestation of fear (i.e., freezing). Exposure

to a novel, similar context evoked a differential temporal pattern of freezing behavior in susceptible

mice and an increased activity of amygdalar somatostapnessing neurons specifically.

To refine pathophysiological models of PTSD, it is crucial to distinguish between adaptive vs.
maladaptive responses to trauma, as well as betweaxigtang factors conferring mere risk for PTSD

vs. neurobiological markers of psychopathology. Thereforaejsed a mouse model to longitudinally
investigate amygdala neuronal activity coding differential susceptibility to trauma exposure. To enhance
translational value, we dissociated mice resilient to the behavioral consequences of trauma exposure
from those ssceptible. This dissociation was based on a compound score comprising multiple
behavioral PTSBike symptoms, rather than single behavioral features. As such, this classification
resembles the situation in patiefitsvhich can be diagnosed with PTSD based on 20 criteria across four
distinct symptom categories, resulting in a highly heterogeneous patient populationMPSM
Similarly, mice coined susceptible in this mouse model can display a complete different set of behavioral
symptoms. Whereas this may arguablyéase variance within the susceptible group (hence, the large
spread as observed in some of our outcomes), this approach aims at common mechanisms for the diverse
set of PTSBlike traits that may be more predictive for clinical practice. Using this mouskelmwe

assessed prexisting risk factors indicative of traumatic stress susceptibility, focusing on trait anxiety
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and resting amygdala activity pp@uma. Trait anxiety in humans has been found predictive of PTSD
risk and symptom severif{#3*¢and associated with heightened amygdala responsivity to emotional
stimuli*®’, which might mediate increased risk for PTS9Bterestingly, previous animal work has
indicatedthat preexisting susceptibility only becomes evident in increased anxiety following exposure
to a mild stressor, not at basefiffe Accordingly, prior work has found no association between stress
susceptibility and BLA activity under resting conditiéfisr in response to a novel environnféht

matching our findings.

In contrast, mice susceptible for the leiegm behavioral consequences of trauma displayed exaggerated
neuronal activity in thé&LA during trauma and trigger processing. Prior animal studies have already
implicated hyperactivity of the amygdala during fear memory encoding and consolidation into processes
of fear generalizatidh* and deviant fear memory quafi#y In humans, neural processing of actual
trauma exposure is typically inaccessible, restricting studies inteérpama predictors of PTSD to
(mostly retrospective) questionnaire data. These studies have howevieatietptlifferences in peri
trauma psychological (emotional) processing as strongly predictive of P 8Mh elevated arousal

soon afer trauma being predictive of later symptom sevéfityAs amygdala reactivity has been
implicated in states of hypervigilance and aroti$ahese observations match our findings. Moreover,
amygdala reactivity to fearful faces relatively soon after trauma exposure, was found positively
associated with PTSD and predicted symptoms 1 yeaf‘fatéthereas the latter findings were not
directly related to fear memory encoding, studies in healthy volunteersnézegted that besides pest
encoding anxiet§®, elevated amygdala activity at the time of aversive memory encétimmgdicts the
ocaurrence ofintrusive memories. Our data are in line with this by implicating exaggerated amygdala
activity during trauma processing into increased susceptibility to the development ofets!
behavioral consequences of trauma exposfisesuch, we also provide first evidence for models
suggesting emotional hypermnesia in PTSD, proposedly centered around the amygdala and associated

with perceptionally driven, situationally accessiblahea than verbally accessible) trauma merfféry
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The PTSD model implemented here is based on str@ssnced fear learning,hich builds on the

clinical observation that prior stress exposure precipitates #3 $ithese rodent models, prior stress
exposures observed to affect the learning of future aversive events, creating tralikeatiemories
characterized by exaggerated fear responses and resistance to exiti¢t®imilar to other mouse
model s for PTSD, umedl td indpde ebertaht ifetr sme@mBaf¥. &Vhereas ghe
tamoxifeninduced labeling did not allow for the association between amygdala activity observed during
theinitial stressor and later trigger, we could dissociate later amygdala responses to these two events
upon memory retrieval. Interestingly, we obserirerteasedcFos expression in the BLA in response

to reexposure to the trigger context to be associatddRT SDlike symptomatology. This corresponds

with a previous report modelling PTSD by initial stress exposure and later fear conditioning, showing
increased BLA activity upon remote fear memory retrieval in stress susceptibRé’mit@reover, it

seems in line with increased excitatory activity in the BLA upon a contextual remindederwater

trauma in rats that developed an anxious phenotype as a consequence of it, in contrast to those
unaffected”. It also fits observations of increased amygdala responses to (iralatesl and-
unrelated) emotional stimuli in PTSD patiéhf$4® Whereas others have suggested that this
hyperreactivity is related to trauma exposure per se rather than PTSD symptom#faagyesults of
exaggerated BLA reactivity being related to PFH8®@ symptoms in animals with identical stress
exposure links this feature to symptomatology. In contrast, we observed no alterations in amygdala
response to the novelm@xt, anchypoactivityof the BLA in response to fexposure to the initial stress
context. This suggests that the BLA response in affected individuals greatly depends on the exact
stimulus/context, rather than that it is characterized by generally estegjéear responses or increased
attentional bias for negative stimfilf*® Also human work has reported on suppressed amygdala
responses in PTSPand has explained this by emotional numbing or dissocfatidtotentially related

to this, others have reported on a bidirectionalngrof amygdala responsivity in PTSD, displaying
hypekrreactivity to lowarousing stimuli and hypreactivity during highly arousing statésn terms of

resting amygdala activity pestauma, we did not observe differences between susceptible and resilient

groups, which seems to correspond to other reports on no overall differences in BLA layditadi
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rat model for PTSE}3 Altogether, these findings suggest that PTSD is not simply characterized by
increased sensitivity of the amygdala towards emotional stimuli, but indicate complex deviations that

depend on the exact context and stimulus to which it is assessed.

Noteworty, the observed deviations in amygdala function were specific to the BLA, implicating
aberrant fear memory acquisition and recall in traumatic stress susceftitilisgead of generally
exaggerated feaand arousatelated amygdala output. Yet, these deviations did not clearlydtartsl
differential behavioral profiles of fear (encoding or recall) in response to the fear contexts. This is in
contrast with prior reports on exaggerated, extinetasistant, and generalized fear memarPTSD
susceptiblanice®®’ in studies implementing stresshanced cued fear learnit@pnsidering that PTSD

has been linked tompairments in hippocampal context proces¥ihgnd memors?’, it is tempting to
speculate that impaired contextual fear memory retrieamhbined with excessive fear upon recall in
susceptible mice, might cancel each other out on the behaviorallietgin, the BLA hyperreactivity

during fear encoding and recall may reflect a featbeessed representation of context as introduced by
theoretical models of Rudy and Fansefé#°3 in which the BLA integrates sensory information to
generate a repsentation of the context. Here, we set out to assess potential deviations in the quality of
context processing by measuring fear responses to a novel context. Interestingly, freezing behavior over
time in the novel context differed between groups, buiged over time in susceptible mice, whereas
resilient mice showed no such decline in fear. This altered temporal pattern of freezing behavior was
not associated with differences in overall amygdala activity, but susceptible mice displayed higher
activity o amygdalar somatostatexpressing neurons. Whereas somatostatin neurons in the BLA have
been shown to inhibit local pyramidal neurons and modulate fear learning and resfgritizigexact

contribution to fear recall requires further investigation.

Some limitations to the work also need to be mentiomddomato expression in ArcTRAP mice is

restricted to glutamatergic cell§ making that the contribution of GABAergic interneurons to resting



activity pre and postrauma, as well as petiauma responses, and their role in traumatic stress
susceptibility was not assessed. Whereas amygdala responses related to fear regalVeldaoih
glutamatergic and GABAergic subpopulations (cFos is expressed in both), we only dissociated
somatostatirexpressing cells. This choice was based on thellrestablished role within the CeA in
mediating fear learnirtd® and expressidi, as well as prior reports implicating alterations in CeA
somatostatin neuronal activity in stress susceptififityFuture work should also investigate the
involvement of the other amygdala neuronal populations in traumatic stress susceptibility. Moreover, it
is increasingly acknowledged that even within the currently defameggdalar subregions (i.e., LA,

BLA and CeA), even smaller functional subregions exist which seem to serve different functions by
projecting to distinct brain sit&8. Here we aimed at targeting subregions in the most consistent manner,
yet subtle variation inlise selection may have led to slight differences in regional assessments,
potentially contributing to the observed data spread. Future work should target these specialized
subregions in dedicated studies. Also, we only included the study of the righti@mybaterality

effects in emotional processing in the amygttadknd its association with PTSlike symptom&7 have

been reported before, so future work should assess whether similar associations can be found in the left
amygdalaFurthermore, we only tested male mice here. Future stuthesdsassess whether susceptible
females share similar deviations in BLA activity, by using PTSD models validated in females and
implementing relevanPTSDlike symptomatologies, as these differ across $e&ka#dso, we did not

include norshock exposed control groupspplying the TRAP method in control mice would have
been of particular interest for the péituma cohort, to investigate whether activity in the amygdala is
increased under resting conditions doethe PTSBinduction protocol. Yet, since susceptible and
resilient mice do not differ in amygdala activity postuma, control mice are not essential for the
interpretation of our datd.astly, our results may be influenced by the PTSD model usednOdel,
focusing on impaired risk assessment, high anxiety, hypervigilance, attention disturbances and
insomniajsst rongly basecl|lan etdhardtusadmand reactivity:
the DSMV®. While assessing multiple symptoms, it likely does not capture the full, complex human

PTSDsymptomatology, and other models may be better suited to study the other symptom clusters.
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Concluding, this study revealed differences in BLA responses during trauma processing, as well as its
subsequent recall in trauma susceptible vs. resilient mice. Our findings indicate that excessive trauma
related BLA activity predicts the development of lat&SP-like symptoms, proposing it as an early
biomarker for intervention (secondary prevention). Following trauma exposure, BLA activity is
modulated bidirectionally as a function of traumatic stress susceptibility, displaying -hgpd
hyperactivity deperidg on the exact context. Together, these findings provide first evidence for
differential trauma memory encoding, followed by deviations in fear memory recall in trauma

susceptible individuals, and further highlight the central role for the BLA in thresegses.
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Figure 1. Timeline of the behavioral protocols as implemented for cohe&gAl). In cohort 1, pre

trauma resting amygdala activity and response to a novel context (similar to the trauma and trigger
context) were assessed. In cohorinPegrated amygdala responses to the trauma and trigger session
were measured to capture neuronal activity during Rif@Dction. Furthermore, amygdala responses
during trigger memory recall were assessed in this cohort. Cohort 3 was used to measgre restin
amygdala activity posrauma, as well as activity induced by trauma memory recall. Behavioral test
results were combined to generate overall PTig® symptom scores, used to define susceptible
(PTSDlike symptom score >= 4) and resilient (PT-8k& synptom score = 0) miceB|). D, day; EPM,
elevated plus maze; OF, open field; Red blocks indicated time windows during which neuronal activity
was labeled by tamoxifen injections, which took place on either3jalay 1 or day 19.
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Figure 2. Pretrauma aniety-like behavior did not predict traumatic stress susceptibility. Susceptible
and resilient mice did not behave any differently in the open field Agstr(elevated plus maz®&)

prior to trauma exposurereflient= 12, Rusceptible= 12
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Figure 3. Amygdalar neuronal activity mapped by tdTomatgression triggered brc transcription

LA BLA CeA

in ArcTRAPxtdTomato miceA). Neuronal activity pre(Nresiient= 7, MNusceptibie= 9; B) and post (Nresilient

=11, nusceptibie= 7; D) trauma was not tierent between resilient and susceptible mice. Susceptible mice
however tended to display increased neuronal activity in the basolateral amygdala (BLA) during
trauma-+trigger exposured&ien:= 10, Ruscepiibie= 9; C). CeA, central amygdala; LA, lateral amygdala.

*. p< .05, effect of group.
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Figure 4. Behavioral fear responses and amygdalar neuronal activity inducegekgasure to a novel
context, similar to the trauma and trigger context in susceptible vs. resilient mice. Groups displayed no
difference in overall freezing levels averaged over th#eegession, but differential dynamics of the
freezing response over time, with only susceptible mice displaying alépendent reductiomdsiient

= 11, nuscepibie= 10; A). Amygdalar neuronal activity as assessed by cFos expre&ioreyealedo
differences in amygdalar neuronal activity in response to the similar cofri@if:= 8, Nusceptibie= 9;

C). BLA, basolateral amygdala; CeA, central amygdala; LA, lateral amygdal@. ##01, effect of

time; $:p < .05, group x time interactio
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Figure 5. Behavioral fear responses and amygdalar neuronal activity inducedelxpasure to the
trigger context revealed similar freezing responses in susceptible vs. resilient mice, which overall
decreased over time&ient= 12, Ruscepibie= 9; A), but sgnificantly increased neuronal activity within

the basolateral amygdala (BLA)ddlent= 10, Rusceptibie= 9; B) of susceptible mice compared to those
resilient to trauma. CeA, central amygdala; LA, lateral amygdala.p###.001, effect of time; **p

< .01, effect of group.
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Figure 6. Behavioral fear responses induced byexeosure to the trauma context, revealed similar
freezing behavior in susceptible vs. resilient mice, which overall decreased over tinea fnll,
Nsusceptible= 7; A). Neuronal activity in the basolateral amygdala (BLA) in response to the trauma context
tended to be reduced in susceptible mice, without differences in the lateral amygdala (LA), and the
central amygdala (CeA) iient= 11, Ruscegivie = 7; B). ##:p < .01, effect of time; *p < .05, effect

of group.
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SUPPLEMENTARY MATERIALS

Supplementary methods

Labeling of neuronal activity in living mice.

Two founder mouse lines, ArcCreER(B6.129(Cg)Arc™*-1CeERT2LY)) and conditional tdTomato
(B6.Cg-Gt(ROSA)26S§pCAcTomaoMzey ' 007909), were purchased from The Jackson Laboratory and
bred to generate heterozygote ArcCré&ROSA offspring, referred to as ArcTRAP. In these miice,
tamoxifenrdependent recombinase ERF? is expressed in an activigependent manner from the locus

of the immediate early gemec. Active cells that express CreERan undergo recombination, and
express the fluorescent marker tdTomato, only when tamoxifen is present. This allows for the
fluorescent labeling ddictivated neurons in a 36 hour time window after injection with the compound
tamoxifert®?2. ArcTRAP mice were preferred over FOSTRAP mice because of their increased labeling
sensitivity®2as well as high selectivity of labeling within the amygdala. Tamoxifen was chosen over its
active derivate 4ydroxytamoxifen (inducing instant labeling over a shorter temporal wittgote
prevent potentially confounding effects of injection stress in labeling, and because there was no need

for high temporal specificity in labeling.

Behavioral testing for PTSlke behaviors.

Dark-light transfer testOn day 8 of the protocol, mice were tested in the-tight transfer test. The

test was executed in a box that was divided into a dark compartment (DC, 29 x 14 cm) and brightly
illuminated (ca. 1100 lux) compartment (LC, 29 x@f), connected by a retractable door. The mice
were individually placed in the DC, and the door was opened to initiate a 5 minute test session.
Movement of the mice was recorded and scored automatically with/istbn XT (Noldus). An
additional area of & 3 cm surrounding the opening of the LC was programmed into the software
tracking measurements. Time spent in theadC as
measured. Percentage risk assessment was calculated as the amount of timéhgpesit assessment

Zone as a percentage of total time spent in the LC.
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Marble burying On day 10, mice were individually placed in a 10 lux illuminated black open box (30

X 28 cm), containing a 5 cm deep layer of corn cobs, on top of which 20 marbbesantrally arranged

in a 4 x 5 grid formation. Each mouse was placed in the corner of the box to initiate the task. Mice were
videotaped for 25 minutes. Videos were scored by assessing the number of buried marbles after 25
minutes.

Startle response andgpulse inhibition On day 12, mice were moved to the experimental room in
their home cage and individually placed in small,-tteeugh Plexiglas constrainers mounted on a
vibration-sensitive platform inside a ventilated cabinet that contained tweftégliency loudspeakers
(SR-LAB, San Diego Instruments). Movements of the mice were measured with a sensor inside of the
platform. The prepulse inhibition test (PPI) started with an acclimatization period of 5 minutes, in which

a background noise of 70 dBaw presented, which was maintained throughout the entire 30 minute
session. Following acclimatization, 6 startle cues of 120 dB were presented, 40 ms in duration and with
a random varying ITI (130 s). Then, a block of 12 120 dB startle cues were praseritieout pre

pulse, 12 preceded by a 20 ms-puase of either 75 dB, 12 with 80 dB gpelse, and 12 with 85 dB
pre-pulse in random order. The session ended with another 6 startle cues of 120 dB witpoilgepre
Sessions were scored by assessing thady to peak startle amplitude of the 12 middle 120 dB startle
trials, and the averaged ppelse inhibition observed for the 36 gralse trials; i.e., the percentage of
startle inhibition response to the different4prdse stimuli [1- (mean prepulsestartle response / mean
startle response without ppailse) x 100].

Homecage locomotiodimmediately after the prpulse inhibition test, mice were individually housed

in phenotyper cages (45 x 45 cm, Noldus) for 72 hours while their locomotion was éainded by

an infraredbased automated system (Bifision XT, Noldus). The first 24 hours were considered as
habituation period and data were discarded. Total locomotion time during the subsequent two light

phases (21:0009:00 h) was assessed.

Pre-trauma anxiety tests.
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The open field apparatus consisted of a 120 lux illuminated white Plexiglas box (50 x 50 x 40 cm). Each
mouse was placed in the corner of the apparatus to initiate a 10 min test session. Time spent in the center
(the inner 25 x 25 cm), sits paid to the center, and total distance traveled, were captured using a camera
mounted above the apparatus and analyzed byisiom software (Noldus).

As a second test for pteauma anxiety, the slightly more aversive elevated plus maze was beel. T

lux illuminated elevated plus maze comprised a central part (5 X 5 cm), two opposing open arms (30.5
x 5 cm), and two opposing Plexiglas closed arms (30.5 x 5 x 15 cm), elevated at a height of 53.5 cm.
Mice were placed in one of the closed arms fatliegcenter to initiate a 5 min test session. The number

of visits to the open arms, time spent in the open arms, as well as total distance traveled were captured

using a camera mounted above the apparatus and analyzed YisEthcoftware (Noldus).

Immunohistochemistry.

For each animal, -6 sections including the amygdala were selected between afgesi@rior
coordinates1.25 mm andl1.75 mm relative to Bregma. Sections were washed three times in 1x PBS
and blocked in PBBT (1x PBS with 0.3% TritoiX-100 and 1% bovine serum albumin) for 30 minutes

at room temperature (RT). Incubation of the primary antibodies was performed overnight (guinea pig
anticFos, 1:750, 226004, Synaptic Systems; rat-sotiatostatin (SOM), 1:200, MAB354, Merck
Chemicals) m PBSBT for 18 hours at RT. Then, sections were washed three times in 1x PBS, and
incubated with the secondary antibodies (Alexa-édifjugated donkey angjuinea pig, 1:200,
AP193SA6, Merck Chemicals; Alexa 488njugated donkey antat, 1:200, A21206,Thermo Fisher)

in PBSBT for 3 hours at RT. Lastly, slices were washed three times in 1x PBS, mounted on gelatin
coated slides using FluorSa¥eeagent (345789, Merck Chemicals) and cover slipped. The slices were

stored at20°C until image acquisition and cell counting.

Image acquisition and cell counting
Images of the cFos/SOM stainings and tdTomato signal were captured through a lightap&(édsio

Imager 2, Zeiss) using a 10x objective lens and a LED module (Colibri 2, Zeiss). Separate photos were
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stitched and cFéstdTomatd and SOM cells were manually counted per region in Fiji softw#téy

an experimenter blinded tbe experimental group.
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Supplementary results

PTSD-like symptomatology

Cohort I Susceptible mice were characterized by significantly higher RIk8Bymptom scores than
resilient mice (J = 144,p < .001). In terms of isolated behaviors for each individual test for FTk8D
symptomatology (Figure S1A), we observed that susceptible mice displayed significantly lower risk
assessment)(= 0,p < .001), and reduced ppailse inhibition U = 41,p = .039), as well as trenkbvel
significant higher marble burying behavia(2) = 1.667,p = .055). Reaction times to peak startle
(t(19.608) = 1.245p = .114) and locomotor activity in the light pha&e< 61,p = 1.00) were overall

not significantly affected in this cohort.

Cohort 2 PTSDlike symptom scores were significantly higher in susceptible vs. resilient lise (
120,p < .001). Susceptible mice displayed strongly reduced risk assessment befi20)ier 8.221,p
=.002). Overall differences in the other isolated behaviors did not reach significapfegall > . 05)
Figure S1B and Table S1 for all statistical results).

Cohort 3 Susceptible mice displayed significantly higher PTIE&B symptom scores than resilient mice

(U = 88,p < .001). In terms of specific PTSlike symptoms (Figure S1C), susceptible mice showed
lower risk assessment behavit§i{) = 3.261p = .003), a shorter reaction time to peak stattlel(604)
=5.901,p < .001), reduced prpulse inhibition {(17) = 2.811p = .006), as well as higher locomotor
activity in the light phaset(l7) = 2.067 p = .027) compared to resilient ones. Only marble burying

behavior was not different between groups=(28.5,p = .103).
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Supplementary figures
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Cohort 1

(nresilient= 12, Rusceptible= 12;A), Cohort 2 ﬂresilient: 12, Rusceptible= 10; B)! Cohort 3 ﬂresilient: 11, Rusceptible
8;C)). ~1p<.10, *:p<.05, *: p< .01, *** p<.001

Supplementary Figure S1.Behavioral assessment of separate behavioral traits reflecting
symptomatology over the three behavioral cohorts (See SupplemBesuiisand Figure 1;
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Supplementary Figure S2.Relative activity of somatostatin neurons in the amygdala. Activated
somatostatin neurons upon feaemory recall were identified by @xpression of somatostatin and
cFos Q). Susceptible mice showed increased relative activity of somatostatin (SOM+) neurons upon
exposure to a novel, yet similar cont@xtdjient= 8, Nusceptivie= 10;B) compared toesilient ones. Groups

did not differ in activity of somatostatin neurons upo@xposure to the traumadsiient= 10, Rusceptible

= 9;C) and trigger resiien: = 11, Rusceptivie= 9; D) contexts. BLA, basolateral amygdazeA, central

amygdalalA, lateral amygdala®*: p < .01, main effect of group.
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Supplementary tables

Readout Statistical test Outcome P value
PTSD-ike behaviors
Cohort 1
PTSDlike symptom score | MannWhitney U U=144 p<.00F
% Risk assessment Mann-Whitney U u=o0 p<.00F¥
# Marbles buried Independent sampleddst | t(22) = 1.667 p=.055%
Reaction time to peak start| Independent sampleddst | t(19.608) = 1.245 p=.114
% Prepulse inhibition Mann-Whitney U u=41 p=.039
Light phase locomotion Mann-Whitney U U=61 p=1.00
Cohort 2
PTSDlike symptom score | MannWhitney U U=120 p<.00F
% Risk assessment Independent sampleddst | t(20) = 3.221 p=.002
# Marbles buried Independent sampleddst | t(20) <1 =.234
Reaction time to peak start| Independent samplegddst | t(19) = 1.246 =.114
% Prepulse inhibition Independent sampleédest | t(19) <1 p = .456
Light phase locomotion Independent sampleddst | t(14.633) < 1 p=.20F
Cohort 3
PTSDlike symptom score | MannWhitney U U=288 p<.00F¥
% Risk assessment Independent samplegdst | t(17) = 3.261 p=.003
# Marbles buried MannWhitney U U=285 =.10%
Reaction time to peak start| Independent samplegdst | t(14.604) = 5.901 p<.00¥
% Prepulse inhibition Independent samplegdst | t(17) = 2.811 p =.006
Light phase locomotion Independent sampleddst | t(17) = 2.067 p=.027
Pre-trauma anxiety
Open field test
Total distance moved Independent sampleddst | t(21) <1 p=.827
Time spent in center MannWhitney U u=78 =.729
# Visits to center Mann-Whitney U U=745 p=.887
Elevated plus maze
Total distance moved Independent sampleddst | t(17.439) <1 p=.430
Time spent on open arms | MannWhitney U U=45 p=.128
# Visits to open arms Independent sampleddst | t(22) =.980 p=.338
Freezing behavior
Freezing per minute in Linear mixed model Main effect time:
similar, novel context F(9,171) = 3.091 p=.002
(cohort J) Main effect group:
F(1,19) = 1.082 p=.311
Time x group:
F(1,171) = 2.452 p=.012
Freezing per minute in Linear mixed model Main effect time:
trigger context¢ohort 2 F(9,167.649) 4.194 | p< .001

Main effect group:
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F(1,163.690) < 1 p=.699
Time x group:
F(9,167.649) < 1 p=.794
Freezing per minute in Linear mixed model Main effect time:
trauma contextdohort 3 F(9,144) = 3.210 p=.001
Main effect group:
F(1,16) <1 p=.824
Time x group:
F(9,144)< 1 p=.776
Tdtomato labeling (TRAP)
Pretrauma restinggohort 1) Linear mixed model Main effect group:
F(1,13.576) <1 p=.397
Group x subregion:
F(2,25.997) = 2.484| p=.103
Peritrauma ¢€ohort 2 Linear mixed model Main effect group:
F(1,17.278) =2.131 | p=.162
Group x subregion:
F(2,32.921) =4.140 | p=.025
Posthod=i sher 6s|-LA p=.881
- BLA =.020
-CeA p=.537
Posttrauma restingdohort 3 | Linear mixed model Main effect group:
F(1,15.996) <1 p=.950
Group x subregion:
F(2,31.248) <1 p=.924
cFos induced by reexposure
Similar context ¢ohort 1) Linear mixed model Main effect group:
F(1,15) = .967 p=.341
Group x subregion:
F(2,30) =.440 p=.648
Trigger context¢ohort 2 Linear mixed model Main effect group:
F(1,16,926) = 1.741 | p=.205
Group x subregion:
F(2,32.473) =2.752 | p=.079
Posthod-i sher 6ds|-LA p=.413
-BLA =.003
-CeA p=.198
Trauma contextgohort 3 Linear mixed model Main effect group:
F(1,15.898) =3.112 | p=.097
Group x subregion:
F(2,27.066) = 3.288 | p=.053
Posthod=i sher 6s|-LA =.057
-BLA p=.027
-CeA p=.812

SOM+ neuron activation
rates
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Similar context ¢ohort J) Linear mixed model Main effect group:
F(1,42) = 8.244 p=.006
Group x subregion:
F(2,42) <1 p=.923
Trigger contextgohort 2 Linear mixed model Main effect group:
F(1,17) = .057 p=.814
Group xsubregion:
F(2,34) = 1.535 p=.230
Trauma contextgohort 3 Linear mixed model Main effect group:
F(1,14.739) = 3.635 | p=.076
Group x subregion:
F(2,28.968) =1.955 | p=.160

Supplementary Table S1Statistical tests andutcomesNormality was checked using the Shapiro
Wilk test. In case of single dependent variables, indepeneestst were carried out for normally
distributed data, while for neparametric data, the MasWWh i t ney U t est was used.
equaity of variances was carried out to determine equal variances across groups. In case of repeated
within-subject measurements (e.g., freezing levels over time, or neuronal activity over amygdalar
subregions) linear mixed models were used to estimate beameewithin subject effects. Groups x
subregion interactions were followed upgysthod=i s her 6 s LSD test s.

#: Based on our clear hypotheses on group differences in R&Bymptoms, these data were tested

using onetailed instead ofwo-tailed tests.
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Chapter 5

Susceptibility to stress: Temporally specific changes
In brain-wide neuronal activity and functional

network connectivity at cellular resolution

Bart C.J. Dirven, Moritz Negwer, Hariharan Murali Mahadevan ,NReas, Lennart van Melis, Sanne
Merjenburgh, Rebecca van Rijn, Andriana Botan, Joanes Grandjean, Judith R. Homberg, Tamas Kozicz,

Marloes J.A.G. Henckens

This chapter is in preparation for publication
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ABSTRACT

Understanding the biological basis safsceptibility to traumatic stress is key to improve insight into
stressrelated psychopathology like pesaumatic stress disorder (PTSD). As a result of decades of
clinical research, PTSD is recognized as a disordeirthalves aberrant activity andtra and inter
network connectivity of largscale functional brain networks; i.e., the salience (SN), default mode
(DMN) and executive control (ECN) network. Yet, it is unclear whea., pre, peri or posttrauma
exposure and how these changes iralm activity and connectivity are exactly manifested. Preclinical
research offers the unique possibility to study
susceptibility profiles at different time points surrounding trauma exposure, butgheajarity of
preclinical studies has been restricted to single time point assessments of the traditional brain regions of
interest (the prefrontal cortex, hippocampus and amygddéag, we implemented a preclinical rodent
model for PTSD that entails pasure to a traumatic event (severe, unpredictable foot shock) followed
by a trigger (mild, predictable foot shock). Using behavioral phenotyping for BK&RBymptoms,
traumatic stress susceptible vs. resilient mice were identified angereand pat-trauma brairwide

activity was comparedin three independent cohortby tagging neuronal activity in living mice using

the ArcTRAP transgenic mouse linearhunolabelingenabled threglimensional imaging of solvent
cleared organs (iDISCO+) was usedunbiasedly identify brains regions that displayed differential
activity in mice identified as either susceptible or resilient to the-teng behavioral consequences of
trauma exposurdresults implicated increased resting activity of the (lateral}afrbintal cortex both

post and pretrauma in susceptible mice, indicating it as a potential driver of susceptibility. Susceptible
mice showed increased activity of the retrosplenial cortex aed postrauma, reflecting an acquired
alteration. Furtherore, susceptibility was associated with increasedtpmuima activity of sensory

and memoryrelated regions, including the somatosensory, visual, and auditory cortex, as well as the
subiculum. Functional neural network connectivity within groups wasoappated by assessing irtra

and internetwork crosssubject correlations in regional activifpcusing on the SN, DMN and lateral
cortical networks (LCN, the rodent homologue of the EC8l)sceptible mice showed increased

correlations in neuronal actiyibetween the DMN and LCN prand peritrauma, increased DMISN
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correlations periand postrauma, and increased SN intratwork correlations pogtauma, the latter
recapitulating observations in PTSD patients. We used-stdbe-art fluorescent labmg and 3D
imaging techniques, combined with sophisticated individual behavioral profiling in male mice and
report on aberrariirge-scale tinctional networlactivity and connectivity preand peritrauma. We

also show that these alterations could predietr PTSDlike symptom development and that specific

connectivity patterns are associated with susceptibility to stress.
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1. INTRODUCTION
Every individual has to cope with stressful situations, trauma, and adversity during their lifetime. In
cases ofsevere acute or chronic stress, this may lead to the development of fear, anxiety, or mood
disorder$®®49 Still, most people are able to successfully adapt in the face of stress and are resilient to
its longterm deleterious effed842 Whi |l e effects of acute and chr
physiology and behavior have been studied in detail, much less is known about the biological basis of
interindividual dfferences in stress respon¥ésinformation that may be key for gaining improved
insight into stresselated disorders and generating new leads for their improved detection, prevention
and treatment.
Human neuroimaging work over the past decades has indicated that the brain is drga@izet of
large-scale finctional networks, which are reciprocally connected and carry out specialized fuffittions
Psychopathology is characterized by defidgiisaccess, engagement and disgegaent of these
networks!®, This is encapsulated in theoretical models, notahly triple network modelof
psychopathologi?®. This modelposits thaaberranfunction of the salience network (SN), executive
control network (ECN), and default mode network (DMN) and their dynamésaetwork interactions
encode a wide range of psychopathological mechanisms, and thus could explain differences in brain
function between susceptible and resilient individuals. Specifically, in patients suffering from post
traumatic stress disorder (PTSD)eakintrinsic intranetwork connectivity within the DMN117and
ECN!234%5 and a hyperactive and strongly int@nnected SN®!?!have bem observed, as well as
increased intenetwork connectivity between the SN and DMN netwbtksThese network
connectivity changes are thought to contribute to a relative dominance ofdhesdéed anémotional
selfreflective processing in PTSD.
However, it is currently unknowwhenthese deviations in network activity and connectivity become
apparent, as differences could either exist as a risk factor before trauma exposure, emerge as aberrant
respons to trauma exposure, or originate from inadequate trauma recovery. Discerning these distinct

scenarios is essential, as they each carry unique implications for prevention, early intervention, and
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treatment of PTSD. Moreover, the neurobiological underpgsbf the network imbalance, as well as

the detailed dissection of the network deviations, still need to be elucidated to be able to intervene.

Animal models offer the unique opportunity to fill these knowledge gaps as they allow for more invasive
measuements and manipulations to identify biological determinants of resilience vs. susceptibility in
controlled, prospective studies. These models increasingly acknowledge the relevance of incorporating
interindividual differences in stress resilience/susbdiiyi to enhance the translational value of the
results derived from the animals and have begun to identify neural circuits and molecular pathways that
mediate these distinct phenotyf§é4°¢-4¢” Traditionally, these models have, however, strongly focused

on the prefrontal cortex, hippocampus and amygdala as core implicated brain structures, because of their
estdlished role in emotional processing and merfide lagging behind on advancing clinical
insights®. Excitingly, newdevelopment of transgenic constructs in mice now also allow for the
identification of active neurons across the whole brain in living anthtdlsffering the unpecedented
opportunity to elucidate the neuronal populations active at specific time points before and after, but
critically also during traumatic stress in mice resilient or susceptible to developing-IKESD
symptoms. In combination with brain clearingddightsheet microscopy technologies, this allows for

the brainwide assessment of neuronal activity and approximated connectivity throughout the various
stages of PTSD development. Importantly, the DMN and SN have also been identified in the rodent
brain*¢®470 as well as a lateral cortical network (LCN whi c h 6 a&areldted withythei s an:
DMN#69471.472 gnd thereby resembles the human ECN. This allows for more invasive research on these
networks, which should add trslational value to current insights based on neuroimaging studies in

PTSD patients.

In this study, we combined fluorescent labeling of active neurons and immunoladxedibigd three
dimensional imaging of solvewteared organs (iDISCO¥f with a preclinical mouse model for PTSD
to assess braiwide neuronal activity at cellular resolution peds well as during rest prandpost

trauma exposure. Using this powerful approach, we aimed to unbiasedly identify brain regions that
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display differential activity and investigate network connectivity in mice identified as either susceptible
or resilient to the longerm behavioral corsjuences of trauma exposure. We did so by a) making-voxel
wise comparisons of activity heatmaps, b) comparing labelled active cell counts in 92 anatomically
defined brain regions of the mouse brain, and c) exploring-amigsal activity correlations betwa

brain regions that are part of the DMN, SN and LCN in resilient and susceptible groups as a proxy for
network functional connectivify®. The findings contribute to a better understanding obtaa+wide

spatial and temporal profile by which aberrant neuronal activity and network connectivity encode stress
resilience or susceptibility and pave the way towards future mechanistic investigations of the

neurobiological mechanisms underlying theseiations.
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2. MATERIALS & METHODS
2.1 Animals.
This study builds on a previous study that assessed amygdalar neuronal activity in animals susceptible
to PTSDlike symptomatology/% While the current study has a broader aim and employs different
techniques, the biological samples that have been analyzed were obtained from the same animals as
were used in that study targeting the detafissessment of neuronal activity in amygdalar subregions.
The animal cohorts were part of three separate experiments: cohort 1 (n = 48) to assegddirain
neuronal activity under resting (home cage) conditiongrarena, cohort 2 (n = 44) to assess neako
activity during (peri) trauma exposure, and cohort 3 (n = 48) to assess neuronal activity under resting
(home cage) conditions pesauma. Heterozygote ArcCreE-RROSA offspring, referred to as
ArcTRAP mice, were generated from crossing two foundensadines: ArcCreER (B6.129(Cg)
Arc™-1CreERTILY)  and conditional tdTomato (B6.GBEH(ROSA)26SEre(CActdTomaozey = 007909).
These were purchased from The Jackson Laboratory and bred as describétf.bef@eA\rcTRAP
genetic construct allosvArc-expressing (i.e., active) neurons to be labeled by the fluorescent protein
tdTomato in a 4our time window after injection with the compound tamoxifen. Only male mice were
used for this study, as this PTSD mdéi&has only been validated in males. Mice were group housed
(3-4 mice per cage) in individually ventilated cages on a reverse 12 h light/dark cycle {@2:00 h)
at the Central Animal Facility of the Radboud University Nijmegen, The Netherlands, according to
institutional guidelines. Food and water were providddibitum. Unless otherwise stated, behavioral
testing was performed during the anil®@lhdThe acti v
experimental protocols were in line with international guidelines, the Care and Use of Mammals in
Neuroscience ahBehavioral Research (National Research Council 2003), the principles of laboratory
animal care, as well as the Dutch law concerning animal welfare and approved by the Central Committee

for Animal Experiments, Den Haag, The Netherlands.

2.2.General procedure.
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All mice were exposed to a PTSD paradigm (Figure 1A) as described®étot& To induce a PTSD

like phenotype, mice were exposed to a traumatic event (severe, unpredictable foot shocks) followed by
a less severe trigger event (mild, predictable foot shocks) the next dayrigdes event is necessary

for causing the longerm behavioral phenotype that is observed in this mouse fhotiet premise that

this relatively mild event can trigger PTSiRe symptomatology after earlier exposure to a trauma is
clinically relevant, as it is comparable to how exposure to stressors and previous traumas predispose
individuals to showing abnormal stress responses to later expetiénbies trauma can therefore be
seen as O6openi ng -likesyanpton dewtlopmént, With the tiydeBd3 the second hit
that eventually leads to the development of PTi8® symptom&’S. this model has been used in the

light of studying the phenomenon of stresdhanced fear learning, in which initial stress exposure
enhances memory for subsequent mild,-fearnirg experienc®. After the PTSD induction and a week

of recovery, mice were subjected to a set of behavioral tests over the course of two weeks to assess
PTSDlike symptomatology. One week after the final behavioral test, mice wesg@used to a traurma

related context for 10 minutes and sacrificed by perfuii@iion 90 minutes later (data not included

here).

2.3. Tamoxifen

All mice were injected with tapnxifen to induce fluorescent labeling of Alic-expressing neurons at
different time points during the protocol. Mice in cohort 1 were injected with tamoxifen 63 déyur

days before the trauma sessido label pretrauma active neurons under hooage conditions. Mice

in cohort 2 were injected on the morning of dayséven hours before the trauma sessiorinduce
peritrauma active neuronal labeling. Mice in cohort 3 were injected on dagi@Bteen days after the
trauma and four days beforacsifice- to label postrauma active neurons under home cage conditions.
Tamoxifen was dissolved in a 10% ethanol / corn oil solution at a concentration of 10 mg/mL by
overnight sonication and stored-20°C until further use. Solutions were heated to body temperature

and intraperitoneally injected at a dosage of 150 mg/kudace activitydependent neuronal labeling.
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2.4.PTSD protocal

Mice were individually placed i€ontext Aboxes, in which they received 14 1 second 1.0 mA shocks

(the oO0traumad) over 85 minutes in varlheadbrk e i nt
experimental room in groups of two to three animals in dark carton boxes before being placed in the
fearconditioning boxes, which were connected to a shock generator (Campden InstruDoeTiesit A

consisted of a black, triangular shaped Plexsiglax with a steel grid and metal tray. The boxes were

sprayed with 1% acetic acid, not illuminated and 70 dB background noise was presented.

On the second day, mice were individually place@antext Booxes, in which they received 5 1 second
shockso0 . 7 mA over a period of five minutes (the &
trigger session, mice were moved to the 70 lux illuminated experimental roonithreegh cages in

groups of two to three animals. T@entext Booxes contair curved white walls and a steel grid with

a white tray underneath. The boxes were furthermore cleaned with 70% ethanol and during the session

the house lights in the boxes were turned on. No background noise was presented.

Mice were allowed to recover farweek, after which their behavioral response to trauma was assessed

by testing for PTSBike behavior: impaired risk assessment (in the dighk transfer test), increased

anxiety (by marble burying), hypervigilance (by acoustic startle), impairedremosor gaiting (by pre

pulse inhibition), and disturbed circadian rhythm (by locomotor activity during the light ghase)

2.5.Behavioral categorization.

In order to categorize mice as either susceptible or resilient, one compound measure was generated based
on the five behavioral outcome scores. Mouse behawi each of the tests was sorted, and the 20% of

mice that had the lowest values were attributed 3 points for percentage risk assessment, 3 points for
latency to peak startle amplitude, and 2 points for percentage PPI. Similarly, the 20% of mice showing
the highest values were attributed 1 point for light locomotor activity and marble biityRajnts for

each test were determined by factor analysis in which tests were clustered in three separate groups: (1)
latency to peak startle amplitude and percentage risk assessment, (2) percentage PPI, and (3) marble

burying and total light activify. Ties in the marble burying test were resolved by also assessing the

126



number of marbles buried after 15 minutes. The points per animal were tallied to generate an overall
PTSDlike symptom score. Mice thaat a total of four or more points (necessitating extreme behavior

in multiple tests) were coined susceptible. Only mice that had zero points (indicating no abnormal
behavior within any of the tests) were coined resilient. Notably, this approach allodifdcential

symptom profiles across susceptible mice.

2.6.Reexposure and sacrifice.

On the final day of the experiment, day 23, mice werexposed to a traurmalated context for 10

minutes to induce fear memory recall (data not included in raguscript). No shocks were
administered during this context-exposure session. Mice were sacrificed 90 min peskpesure

under anesthesi a (5% isoflurane i nhal ati on f ol
pentobarbital) by perfusion with phdsgge buffered saline (PBS) followed by 4%
paraformaldehydsolution (PFA). The brains were surgically removed and-fixet for 24 hours in

4% PFA, after which they were transferred to 0.1 M PBS with 0.01% sodium azide and stored at 4°C.

2.7.Wholebrain immunostaining and clearing.

Left hemispheres of susceptible and resilient animals of each cohort were processed following the
iDISCO+ protocol for adult braif® (Figure 1B). While most steps were followed in accordance with

the existing protocol, two notable exceptions were made. First of all, no heparin was added to the PTwH
buffer, as initial testing did not show any qualitetdifferences in clearing or staining upon addition or
omission of this chemical. Furthermore, the samples were not incubated in 66% DCM / 33% methanol
after the first dehydration series, as this was deemed unnecessary for proper delipidation of, the brain
shortening the protocol by one day. In summary, the hemispheres were dehydrated using a methanol
gradient, bleached in 5% .8, in methanol at 4°C overnight and subsequently rehydrated. As
endogenous fluorescence was bleached during these steps, thphkeesihad to be relabeled for
tdTomato. Additionally, cFoegpositive cells were labelled to assess neuronal activity during trauma

related context rexposure (data not reported here). To do so, the hemispheres were permeabilized for
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5 days at RT, blockefibr 4 days at 37°C and then incubated with primary antibodies (rabbRER]
1:750, 608401-379, Rockland; guinea pig asdios, 1:2.500, 226004, Synaptic Systems) for 6 days at
37AC. Subsequently, brains wer encubatedtfor ddays with 1 h

secondary antibodies (goat ardgbbit Alexa555, 1:200, A27039, Therntéisher; donkey anjuinea

pig, Alexa647, 1:400, 70&051 4 8 , Jackson | mmunoResearch) at
h + 1 I overnight wdehydratedgn aanethaRTgradiensandghereirscubated 2 e
x 1 h in 100% methanol, followed by 3 h in 66%

Finally, the hemispheres were cleared in 100% dibenzyl ether (DBE, Sigma) in airtight glass vials.

Brains werdaypically transparent within 2 h, and completely cleared overnight.

2.8.Wholebrain imaging.

The cleared hemispheres were imaged on a LaVision Ultramicroscope ikhigét microscope,

equipped with a NTK Photonics whilight laser and filter sefer 488 nm and 568 nm, imaged through
alongwor ki ng di stance objective (LaVision) at 1.1
recorded with an Andor Neo 5.5 cooled sCMOS camera. Imaging was performed at 647 nm for capturing

the cFos signal and 865 nm to record the tdTomato signal. The emission light consisted of a triple
light-sheet from the dorsal side of the brain at 0.54 NA, scanning at 2.95/2.95/3 um x/y/z resolution (3
pmzst eps) with the Ahor i-k18 bonizorstal fook stapsl Ihe sameld iee d a n «
imaged submerged in DBE in sagittal configuration, and the entire cerebrum fit inside a single field of

view (x/vy), with a t ypanesa Bumbeaca.i n producing ~ 160

2.9.Image preprocessing.

The resulting image stackaere downsampled with a customized version of ClearM3p 1
Subsequently, each downsampled image stack was manually alignedtesitiplate brain from the

Allen Brain Atlas using the Bigwarp tool in FIJI, a landmédsed tool for deformable image alignment,

by matching ca. 200 landmarks between each sample brain and the template brain. The experimenter

was blinded to the experimentoup. The tdTomato signal yielded sufficient spatial information for

128



aligning the brains to the atlas, obviating the need for also capturing autofluorescence signal during
imaging. See Figure S1 for a higksolution image of the tdTomato signal in ohéhe sagittal sections

from a representative image stack. A warped version of the atlas was exported for each hemisphere, and
overlain with the downsampled image stack of that particular brain for visual inspection of the quality

of the alignment. Cell ggnentation was performed in Arivis Vision4D software (Arivis GmbH,
https://www. arivis.com) using the fAMachine Learn
only the tdTomatocells were considered. Cell coordinates and landmark coordinateseu@ported

to ClearMap for mapping of the cells to the atlas and calculating cell counts per brain region. To
guarantee that potential differences in cell counts would not be caused fanintef variation in signal

guality, a brain mask was constredtthat contained only areas of the brain covered by all image

volumes and analysis was only performed therein (Figure S2).

2.10.Data analyses and statistics.

Preprocessing of the image stacks in ClearMap yielded two main outputs per anirealmap of
tdTomatd cell density across the brain; and a dataset with raw tdTérelt@ounts, allocated to 1241

brain regions as defined by the Allen Brain Atlas. Total cell counts across animals and across cohorts
differed (effect of cohortF(2,44) =12.377,p < .001), due to slight variations in staining, clearing and

i maging quality (cohorts were analyzed in separa
found that total cell counts in the pr@nd pertrauma cohorts differed from the in the postrauma

cohort (pre vs. posp < .001, 90% CI = [0.60, 1.77], peri vs. pgsk .001, 90% CI =[0.68, 1.83]), but

not from each other (pre vs. papi= .96, 95% CI ={0.60, 0.46]). However, average total cell counts
across groups within each cohort were similar (effect of grie(ip44) = .016p = .899, cohort x group
interaction:F(2,44) = .509p = .605, pretrauma:Xsesiient = 1,902,730, Skksiient = 343,825 Xsusceptible=
2,152,472, SBscepiibie= 297,040, pertrauma: Xesiient = 2,186,506, Sksiient = 499,202, Xsusceptible =
1,933,022, SBsceptivie = 744,623, postrauma: Xwsiient = 775,338, SRsiient = 273,459, Xsusceptivle =
863,989, SRiscepibie= 341,145), with susceptible animals having on average 113.1%, 88.4% and 111.4%

of the cell count of the resilient animals in the three cohorts respectively (Figure S3).
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Unfortunately, not all brain samples were cleared and/or stanecessfully, meaning that some
animals had to be excluded from further analysis. This exclusion encompassed 8 animals in the pre
trauma cohort (2 resilient, 6 susceptible) and 8 animals in thetrpasta cohort (5 resilient, 3

susceptible).

Theheatmpas from al | remaining ani mals per group wer
signals were corrected for the total signal strength in the sample (i.e., total cell count, to account for
differences in cell detection caused by variance in elgaguality), after which spatial smoothing was
applied wi t-widtahal2raimum kernél to lkerlhance sigitalnoise ratio and to account

for small misr e gi strations. Heat maps were | oaded into
betweens scepti bl e and resilient animals was esti mat
voxel. This is motivated by a) the mass univariate nature of the tests which are prone to false positives
withpval ue based i nf er en aésdterindicata ovbrotheHsaddardifed effect b e i n
size indicators for group with n < 20.

Cell counts for each segregated region were corrected for the total cell count within the sample, and
clustered into 92 larger anatomical regions (Table S4), to peospdtial accuracy and functional
relevance. Then, Hedgebs g values were calcul at e
animals. Effects were considered of relevance if the 90% confidence interval did not contain O itself.

Lastly, the DM (7 regions), SN (13 regions), or LCN (11 regions) were defined (Table S5) based on
previous viral tracer studies targeting these netv#ét&s, injecting vius in their core region (i.e., the

anterior cingulate area, anterior insular area, and primary motor area, respectively) and assessing labels

in projection regions. Brain regions identified as (i.e., labeled by) part of multiple brain networks (i.e.,

the claustrum, orbital area, prelimbic area, agranular insular area, frontal pole of the cerebral cortex,
mediodorsal nucleus of the thalamus, substantia nigra compact part, central medial nucleus of the
thalamus, caudoputamen, ventral medial nucleus of gtantus, paracentral nucleus, secondary motor

area, and gustatory areas) were assigned to the network to which they most strongly contributed (i.e.,

correlated with). Bivariate Pearson correlation coefficients were computed between the cell counts for
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theseregions in susceptible and resilient animals separately and plotted as correlation heatmaps (Figure
S9) . Hedgeds g values were estimated using the |
statistical unit. Correlations between entire netwakks r e det er mi ned by averag

values between the regions comprising those networks.

2.11.Data and code availability.
The preprocessed data, consisting of cell counts per ROIs aliich@nsional cell heat maps, as well as
the code to repratte the analyses, is available freely here: https://gitlab.socsci.ru.nl/preelinical

neuroimaging/stat_bart
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3. RESULTS
3.1. Interindividual differences in traumatic stress susceptibility
To assess potential differences in braide neuronalactivity associated with susceptibility to
developing PTSBike symptoms following trauma exposure, three cohorts ef8ihice were exposed
to the PTSD induction protocol. Susceptible and resilient mice differed in their display ofIRESD
symptoms ,as evidenced by significant differences in their PF8{@ symptom scoréé (Figure

S6,S7).

3.2. Neuronal activity differencedistinguish susceptible from resilient individuals

Neuronal activity pre pert and pattrauma was assessed by calculating bvade tdTomato cell

counts in the three different mouse cohorts.

Neuronal activity counts of 92 anatomically defined regions revealed théttaprea (FResiient = 10,
Nsusceptible= 6, Figure 2), susceptible animals showed higher activity in specifically the lateral orbital
cortex (g = 1.26, 90% CI = [0.35, 2.13]), ventral striatum (g = 0.88 [0.02, 1.72]) and medial pallidum (g
=1.11[0.22, 1.96]), as well as lower activity in thentral anterior cingulate cortex (g-6.86 F1.70,

0.00]), ventral retrosplenial area (g-8:96 [1.80,-0.09]), dorsal hippocampal CA2 (g-6.87 F1.70,

0.00]) and ventral group of the dorsal thalamus {#.£7 F2.04,-0.27]), compared to resilieahimals.
Peritrauma (Resiient = 9, MNusceptibe= 8, Figure 3), susceptible animals showed more activity in several
regions in the somatosensory cortex (lower limb area: g = 1.20 [0.32, 2.04], trunk area: g = 0.93 [0.08,
1.74]), auditory cortex (dorsaluditory area: g = 1.12 [0.25, 1.95], ventral auditory area: g = 0.87 [0.03,
1.68]), visual cortex (anterolateral visual area: g = 1.45 [0.53, 2.33], lateral visual area: g = 1.06 [0.20,
1.88], primary visual area: g = 1.28 [0.39, 2.13], posterolatesaiaViarea: g = 1.17 [0.30, 2.00],
posteromedial visual area: g = 0.86 [0.03, 1.67]), retrosplenial cortex (lateral agranular retrosplenial
area: g = 1.55 [0.61, 2.44], and dorsal retrosplenial area: g = 1.71 [0.74, 2.62]), subiculum
(postsubiculum: g = 019[0.07, 1.72], presubiculum: g = 1.41 [0.50, 2.28]) and temporal association
areas (g = 0.85 [0.01, 1.65]). Contrarily, the olfactory region (anterior olfactory nucleusl (§3+

1.97,-0.26]), taenia tecta (g .89 F1.70,-0.05]), dorsal peduncularea (g =1.02 [1.84,-0.16]),
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ventral agranular insular area (@89 [1.70,-0.05]) and dorsal striatum (g-8.85 F1.66,-0.02])
showed relatively lower activity in susceptible compared to resilient animalsqama.

Posttrauma (Resiient= 7, Nsusceptible= 5, Figure 4), susceptible animals showed higher activity in the orbital
cortex (lateral orbital area: g = 1.02 [0.04, 1.97], ventral orbital area: g = 1.09 [0.09, 2.03]), taenia tecta
(g=1.12[0.12, 2.07]), dorsal retrosplenial area (g37 [0.32, 2.36]) and the parasubiculum (g = 1.31

[0.27, 2.29]) than their resilient counterparts. Results on all cohorts are summarized in Table S8.

3.3.Neuronal activity correlation differences reflect altered neural network connectivity

Next, we irvestigated potential differences between susceptible and resilient mice in terms of functional
connectivity between and within the DMN, SN, and LCN by comparing sualsigct correlations in
regional activity. This revealed increased correlations betwedDMN and LCN regions in susceptible

vs. resilient animals both prég = 0.50 [0.18, 0.82]) and perauma exposure (g = 0.65 [0.32, 0.97]).
Intriguingly, this difference was caused by overall negative correlations in the resilient animals (pre: r
=-0.55,p = .10, peri: r =0.62,p = .08), while the susceptible animals on average showed a positive
correlation between these networks (pre: r = 0p68,.21, peri: r = 0.76p = .03, Figure S10). Peri
trauma, susceptible animals furthermore showed strarmgeelations between the DMN and SN brain
regions than their resilient counterparts (g = 0-B[L, 0.57]). This finding was also replicated in the
posttrauma cohort (g = 0.43 [0.14, 0.73]). Rostuma, stronger correlations were also observed

betwea regions within the SN (g = 0.34 [0.02, 0.65]) in susceptible vs. resilient animals.
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4. DISCUSSION

Here, we implemented a preclinical rodent model for PTSD where mice were behaviorally phenotyped
on PTSDIlike symptomatology after exposure tdaraumatic event (severe, unpredictable foot shock)
followed by a trigger (mild, predictable foot shock), and classified as either trawsoaptible or
resilient. Brainwide neuronal activity differences between these groups were compared under resting
(i.e., home cage) conditions grauma, perirauma, and under resting conditions postima, by
tagging neuronal activity in living mice using the ArcTRAP transgenic mouse line. Results implicated
increased activity of the lateral orbitofrontal cortexytval striatum and medial pallidum, and reduced
activity of the ventral anterior cingulate area, ventral retrosplenial area, dorsal CA2 and ventral group
of the dorsal thalamus pteauma under home cage conditions in forecasting later RK8D
symptomattogy. During trauma exposure, increased activity of sensory and megiatgd regions,
including the retrosplenial cortex and subiculum, was observed in susceptible vs. resilient mice, as well
as reduced activity of olfactory areas, the ventral agraiusata and dorsal striatum. The relative
increase in activity of the retrosplenial cortex in susceptible mice remained present under home cage
conditions after trauma, accompanied by increased orbitofrontal activation, similar to-theupra
condition. Furthermore, susceptible mice showed increased correlations between DMN and LCN
activity pre and peritrauma, increased DMISN activity correlations periand postrauma, and

increased correlations within the SN ptusiuma.

To elucidate theneurobiological underpinnings of PTSD pathophysiology, it is crucial to distinguish
between adaptive vs. maladaptive trauma responses, as well as betwedstimg factors conferring

mere risk for PTSD vs. neurobiological underpinnings of psychopathalag could be targeted in
treatment. In this study, we employed a PTSD mouse model to investigatavisl@ineuronal activity

coding differential susceptibility to trauma exposure in three different timepoints surrounding trauma
exposure. To specificglistudytraumaticstress susceptibility, and to enhance translational value, we
classified mice as either resilient or susceptible to the behavioral consequences of trauma exposure. This

stratification was based on a compound behavioral outcome scoreisioqpf multiple behavioral
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PTSDlike symptoms, rather than a single behavioral feature. As such, this classification resembles the
situation in patienté, which can be diagnosed with PTSD based on 20 ieritaross four distinct
symptom categories, resulting in a highly heterogeneous patient pogulidtos, we report on altered

activity of several kain regions in susceptible vs. resilient animals either, pexi, or posttrauma.

Notably, several findings were replicated across cohorts, suggesting shared neural correlates even across
behaviorally heterogeneous groups. In this discussion, we atillliscuss every finding individually,

but rather focus on the more robust findings and those that parallel human literature on PTSD.

Firstly, we observed increased activation of the ventrolateral orbital cortex in susceptible mice both prior
to trauma egosure and podtauma.The orbitofrontal cortex is involved in learning, processing sensory
input related to reward, regulating emotions, and reversing of stimeihfercement associatiofig4é:
Interestingly, structural and functional alterations in the orbitofrontal cortex have been reported before
in PTSD¥, most notably in relation to altered mood symptomatdfdgatient studies have reported

on reductions in orbitofrontal cortex activity uporengosure to traumeelated and emotionally valent
stimuli®24°0484 and emotional memory tasks whereas increased recruitment of the oftwtatal cortex

during unpredictable stress was found associated with increased risk for affective df§o@ars
findings propose resting ventrolateral orbital activation as a predisposing factor for PTSHif&arly
stress, whiclis a major risk factor for PTSD development later irfffiehas been shown to negatively
impact orbitofrontal volumé¥'. Furthermore, increased resting activity of the region may reflect deficits

in reward processing, which have long been posed as risk factors for substanemdbused disorders

like PTSD¥® This is particularly interesting, as we observed a similar effegtretrauma activity of

the ventral striatum, an area that is also strongly linked to reward processing and whose dysfunction has
been implicated in PTSE.

We also observed increased activity of the retrosplenial cortextrposta in susceptible mice. The
retrosplenial cortex is known for its role in cortieed memory, acting as a hub that integrates and
coordinates the activity of distinct brain regions to mediate acquisition andniitependent retrieval

of contextual memorié®. Futhermore, it has been linked to sedflection and is especially implicated
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in the retrieval of episodic memd#¥. In line with this, stimulation of neural ensembles activated in the
retrosplenial cortex with contextual learning has been found to be sufficient to inducearsar
memory retrievdf® There is evidence showing increased activation of the retrosplenial cortex and
precuneus in response ti@umarelated stimuli in PTSD patients vs. traweposed controt8® 49!
Interestingly, increased activity of the dal retrosplenial area in susceptible vs. resilient animals was
also observed during trauma exposure itself. This is in line with prior work showing that increased
retrosplenial activation in response to traumatic film imagery predicted later develognmnision
symptom&®2 These findings collectively suggest that alterations in activity of the retrosplenial cortex

may be acquired through the trauma and persistvedirds.

In addition to these po$tauma observations, we were able to perform unprecedented assessments of
peritrauma neuronal activity, a timepoint which is typically inaccessible in humans. Substantial
alterations were found in the activity of thensatosensory, visual, and auditory areas, with susceptible
animals having a notably higher activation of these regions. One hallmark feature of PTSD is that
patients exhibit intrinsic sensory hyperactivity, and are prone to sensory overload followingfttaum
These hallmarks may in part underlie the exaggerated response to traumafié, saresgould even

relate to intrusion symptorf#. Yet, sensory hyperactivation could also be a direct consequence of an
exaggerated stress response, which, tiiraworadrenaline modulation, can potentiate early perception

of visual cue®%4%7 and possibly othesensory modalities. The current findings support the idea that
aberrant sensory processing during trauma exposure, potentially due to an abnormally strong stress
response, may relate to later development of Ril&Dsymptoms.

During and after trauma, wésa observed increased activity in different subregions of the subiculum

in susceptible vs. resilient animals. The subiculum is part of the hippocampal formation and is the main
hub for hippocampal afferents from the neocortex, specifically conferringpgigatal information. As

such, it plays an important role in different memory procé¥s¥% such as rapid memory updating and
retrievatdriven instinctive fear respons$#&s Roles for the subiculum, particularly the ventral subiculum,

in the response to fear, stress and anxiety are however largely elusigebitidum exerts a dynamic
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and inhibitory influence on the HPA axis, and thereby orchestrates the endocrine stress*fésfionse
disruption of interneuronal regulation of the ventral subiculum is proposed to lead to an overdrive of the
dopamine sytem, rendering the system in a constant hypervigilant®$talteis possible that a similar
process drives hypervigilant behavior seen in drug abuse andrslatss disorders like PTSE,

which fits the current observation of increased subiculum activation specifically in susceptible animals.
While we observed increased pend postrauma activation in all subiculum subregions in susceptible

vs. resilient animals, the pdarauma diferences were greatest in the-@ed postsubiculum, while the
parasubiculum was specifically more active after trauma. Although these subregions may have slightly
different functiong3%%, they are often considered togethespecially the preand postsubiculupf -

, making it difficult to substantiatthe implications for the current findings.

When correlating regional activation across animals, we observed increasattinterk correlations
between the DMN and SN, as well as increased-imdtevork correlations within the SN pesauma in
suscepble vs. resilient animals. Prioestingstate functional neuroimaging studies already reported on
ahyperactive and strongly int@onnected SM°%lin PTSD patients, as well as increased intework
connectivity between the SN and DMN netwdfksmatching our work. It is hypothesized that these
disruptions in network balance may lead to exaggerated attention to exstimali, thereby
contributing to the hyperarousal and hypervigilance symptomatology of PT$merestingly, the
increase in DMNSN correlations was also observed fisguma, suggesting that it might be an acquired
alteration that surfaces during trauma, and persists after the trauma.

We also observed increased correlations between regions of the DMN and LCN in susceptible vs.
resilient animals, both preand pertrauma exposure. The DMN and ECN are typically -anti
correlated®®>%” as are the DMN and LCN in anim&fs*’® Interestingly, such negive correlations

were only observed in the resilient animals, while the susceptible animals on average showed a positive
correlation between networks. It has been proposed that disruptedEBNNcoupling is associated

with episodic memory deficits and wld form the basis for intrusive trauma memory recolleétion

While we did not find evidence of altered DMMCN coupling postrauma, our study does suggest that
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pretrauma abnormalities in this circuitry may play a role during trauma exposure dalating

subsequent memory processing.

Our findings indicate that several neurobiological factors, including increased orbitofrontal activity and
DMN-LCN correlation, may predict susceptibility to the development of RM&Dsymptoms. Yet,

these are stikarly findings in a relatively new field of stress research, and they will need to be followed
up by further mechanistic animal studies, as well as prospective longitudinal studies in humans, which
- although challengingare feasible with current techlogies®:. It is important to note thahé pre and
posttrauma neuronal activity measurements were performed under home cage conditions. This was
done to compare our findings to restistate studies of PTSD patients that have been reported in
literature, as well as to specifically study basal brain function. For future research, it will be interesting
to instead expose the animals to a streksted challenge, agqvious animal work haindicated that
pre-existing susceptibility becomes primarily evident in increased anxiety following exposure to a mild
stressor, not at baselitié%#°% This would make potential resultsit least those acquired pasauma

- more comparable to most studies that are currently being performed in human PTSD, patanats

patients and traurrexposed controls are often exposed to travehated imagery or sount$>©

Some limitations to the current work need to be ndtedt, the current approach is not optimally fit for
dissecting very small regions, like the basolateral amygdala or nucleus reuniens. This is mainly due to
a lack of proper tols to align each downsampled image stack to a template brain. This registration was
now performed manually, based on ca. 200 anatomical landmarks throughout the brain. However, it is
possible that small regiongspecially those not close to any cleardimarks- get slightly misaligned

during image warping. Hence, the current study design is not (yet) a replacement for dedicated studies
into regions of interest, but is rather a valuable addition to them. Furthermore, with regards to the
activation corration data, it should be noted that we inferred network connectivity from calculating
crosssubject activity correlatioR8>*3 rather than construing connectivftom correlating changes in

signal strength across time within individual animals. This is unfortunately a given shortcoming when
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being limited to one measurement in time, unlike with fMRI. And finally, while the human ECN and
rodent LCN networks seenmsilar in terms of their correlations to other networks, it is not entirely clear

to what extent they can be functionally compared.

Regardless, the current study shows that sthtee-art fluorescent labeling and 3D clearing and
staining technigues cd®e used to do fundamental research on brain activity at very specific timepoints
and in response to various challenges, including traumatic stress. This approach has yielded an
unprecedented assessment of prel especially petrauma neuronal activityypically inaccessible in
humans. Not only did this braimide approach lead to the identification of new brain region targets, but

it also allowed us to replicate observations from human PTSD patients in an animal model. Replicating
the activity and netwilt observations that have been reported in human studies, like the triple network
theory, will not only increase the translational value of rodent models of PTSD, but facilitate future

mechanistic studies aiming at their neurobiological underpinnings.
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FIGURE AND TABLE S
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Figure 1. Timeline of the behavioral protocols as implemented for the three cohorts. TAM, tamoxifen
injection (A). Overview of the labeling, staining and clearing procedBjyeTAM, tamoxifen

injection
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Figure 6. Correlations of neuronal activity in susceptible vs. resilient animals, based coriPear
correlation coefficients between regions in the default mode network (7 regions), salience network (13
regions), and lateral cortical network (11 regions). Correlations showing susceptible vs. resilient
differences are shown préd), peri (B), andposttrauma C) . Further more, Hedgeds
and internetwork correlation differences between susceptible and resilient animals are shown for each
time point DEF). Opaque orange and blue bars indicate all correlations where the 90% confidence

interval does not cross 0.
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SUPPLEMENTARY FIGURES AND TABLES

Figure S1.High-resolution image of tdTomato signal in a sagittal section from a representative 3D

image stack.
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Figure S2.Mask of included brain regions.
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Cell count (x 1,000,000)

Figure S3.Total cell counts in the three cohorts.
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Parent region Subregion Region # | Region

Frontal pole, cerebral cortex

Primary motor area
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Primary somatosensory area, nose
Primary somatosensory area, barrel field
Primary somatosensory area, lower limb
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Dorsal auditory area

Primary auditory area

Ventral auditory area

Anterolateral visual area

Anteromedial visual area

Lateral visual area

Primaryvisual area

Posterolateral visual area
posteromedial visual area
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51

Ventral CA1

52

Ventral CA2

53

Ventral CA3

54

Dorsal DG

55

Ventral DG

56

Lateral entorhinal cortex

57

Medial entorhinal cortex

58

Ventralentorhinal cortex

59

Parasubiculum

60

Postsubiculum

61

Presubiculum

62

Subiculum

Cortical subplate

63

Cortical subplate

64

Amygdala

Striatum

65

Dorsal striatum

66

Ventral striatum

67

Lateral septum complex

68

Striatumlike amygdalar nuclei

Pallidum

69

Dorsal pallidum

70

Ventral pallidum

71

Medial pallidum

72

Caudal pallidum

Thalamus

73

Ventral group of the dorsal thalamus

74

Geniculate group of the dorsal thalamus

75

Lateral thalamus

76

Anterior thalamus

77

Medial thalamus

78

Interlaminar thalamus

79

Geniculate thalamus

Hypothalamus

80

Periventricular zone

81

Periventricular region

82

Medial hypothalamus

83

Lateral hypothalamus

Midbrain

84

Midbrain, sensory

85

Midbrain, motor

86

Periaqueductal gray

87

Pretectal area

88

Midbrain, behavioral state

Pons

89

Pons, sensory

90

Pons, motor

91

Pons, behavioral state

Medulla

92

Medulla

Table S4.List of clustered regions.
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Network Region # | Region Abbreviation
1 Central lateral nucleus of the thalamus CL
2 Anterior group of the dorsal thalamus ATL
3 Anterior cingulate area ACA
Defaultmode network 4 Infralimbic area ILA
5 Retrosplenial area RSP
6 Anteromedial visual area VISam
7 Pons, behavioral statelated P-sat
8 Anterior amygdalar area AAA
9 Hypothalamic lateral zone LZ
10 Medial group of the dorsal thalamus MED
11 Basolateral amygdalar nucleus, anterior part | BLAa
12 Pallidum, ventral region PALv
13 Agranularinsular area Al
Salience network 14 Visceral area VISC
15 Orbital area ORB
16 Gustatory areas GU
17 Striatum ventral region STRv
18 Frontal pole, cerebral cortex FRP
19 Prelimbic area PL
20 Claustrum CLA
21 Intralaminar nuclei ofthe dorsal thalamus ILM
22 Posterior complex of the thalamus PO
23 Midbrain, motor related Mbmot
24 Ventral group of the dorsal thalamus VENT
25 Caudoputamen CP
Lateral cortical network | 26 Pallidum, dorsal region PALd
27 Pontine gray PG
28 Primarysomatosensory area, mouth SSpm
29 Supplemental somatosensory area SSs
30 Primary motor area MOp
31 Secondary motor area MOs

Table Sb5.List of network regions.
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zero points (indicating no abnormal behavior within any of éses) were termed resilient.
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Mean SD Mean SD
resilient | resilient | susceptible |resilient | Significance
Time to peak startle (ms) 16.42 0.99 15.79 1.43
% Prepulse inhibition 51.99 13.58 38.51 23.61
Pre-trauma |# Marbles buried 13.00 2.95 15.00 2.92
Locomotion in light phase (km 17.68 7.22 21.25 13.56
% Risk assessment 9.88 6.25 2.39 0.85 Frx
Time to peak startle (ms) 16.49 0.64 16.08 0.84
% Prepulse inhibition 35.25 13.88 35.99 16.30
Peri-trauma |# Marbles buried 10.33 1.72 11.00 2.49
Locomoaotion in light phase (km 27.49 5.12 30.05 8.13
% Risk assessment 40.55 12.07 22.05 1491 **
Time to peak startle (ms) 13.63 1.17 11.28 0.52 il
% Prepulse inhibition 55.06 10.22 37.78 16.61
Posttrauma |# Marbles buried 9.00 5.74 11.63 4.34
Locomotion in light phase (km 20.62 6.76 26.64 5.50
% Risk assessment 170.30 ]101.65 |80.10 48.45 **

Table S7.Behavioral assessment of separate behavioral traits reflecting-FKES§&ymptomatology

over the three behavioral cohorts (See Figure 1). For normally distributed data, indeptastentére

carried out, while for noparametric data, the MasWhitney Utest was used. P < .05, **: p< .01,

*k%k

. p<.001, effect of group
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Parent region | Subregion Pre-trauma Peri-trauma Posttrauma
Primary somatosensory area, lower limb
Primary somatosensory area, trunk
Dorsal auditory area

Ventral auditory area

Anterolateral visual area

Lateral visual area

Primary visual area

Posterolateral visual area

Isocortex posteromedial visual area

Anterior cingulate area, ventral part
Orbital area, lateral part

Orbital areayentral part

Agranular insular area, ventral part
Retrosplenial area, lateral agranular part
Retrosplenial area, dorsal part
Retrosplenial area, ventral part
Temporal association areas

Anterior olfactory nucleus

Olfactory bulb | Taenia tecta

Dorsalpeduncular area

Field CA2
Hippocampal | Parasubiculum
formation Postsubiculum

Presubiculum
Striatum dorsal region

riatum - -
Striatu Striatum ventral region
Palidum Pallidum, medial region
Thalamus Ventral group of the dorsal thalamus

Table S8.Neuronal activity differences preperi and postrauma between susceptible and resilient
ani mal s. Hedgedés g values and 90% confidence i

confidence interval of the effect size did not contain 0.
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DMN Pre-trauma resilient DMN r Pre-trauma susceptible

LCN LCN

DMN Peri-trauma resilient
SN
LCN
DMN SN LCN
DMN Post-trauma resilient
SN
LCN

DMN SN LCN

Pearson correlation coetfficient
Figure S9.Correlations of neuronal activity in susceptible vs. resilient animals, based on Pearson

correlation coefficients between regions in the default mode network (7 regions), salience network (13
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regions), and lateral cortical network (11 regions). €ations for resilient and susceptible animals

are shown prérauma AB), peritrauma CD) and postrauma EF).
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Summary of the chapters
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1. Summary of the chapters

Stressrelated disorders, like pestaumatic stress disorder (PTSD), constitute an increasing burden on
society®, but current treatment strategies anly effective in fewer than half of the patiéhté
Interestingly, only ca.-40% of the general population develops PTSBven though the majoy
experiences at least one traumatic experience during lifé'fitnapparently, some individuals are

more vulnerable than others. Elucidating the biological basis of this interindividual variability in
PTSD susceptibility and resilience will be critical for understanding PTSD psychopathology, as it
dissociates responsesntabuting to disease from those maintaining health. As such, it may hold
unique insights for identifying vulnerable individuals and optimizing prevention, early intervention
and treatment strategies in PT'Srherefore, in this thesis, we studied how interindividual behavioral
heterogeneity in the loragrm consequences of stress exposure is reflected in multiple neurobiologica
factors, including neuronal activity, connectivity and epigenetic regulation across multiple brain

regions.

While studies of PTSD patients have come a long way in providing evidence for alterations in the
activity and functional connectivity of certaimdin regions, human studies lack the possibilities for
invasive research and tests for causality. This is, however, crucial to elucidate the complex
neurobiological effects of stress, and to mechanistically explore the effects that trauma exposure exerts
on brain structure and functitt?!4 in order to be able to intervene with thes¢aoget these in

treatment. Furthermore, there is still a relative lack of longitudinal studies into the effects of
(traumatic) stress exposure, making it hard to pinpoint the origin of potential deviations in patients and
determine whether they represeskifactors or acquired anomalfié®® To his end, we exposed male
ArcTRAP mice to a PTSD induction paradigm, in which they were exposed to a traumatic event,
followed by a less severe trigger event the next®d8y making use of the ArcTRAP genetic

construct®”, we were able to label active neusamder resting (i.e., home cage) conditions before,
during, and under resting conditions after trauma exposure. As such, we aimed to show at what point

in time neuronal alterations, that give rise to susceptibility to Rli&Dbehavioral symptoms, arise.
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Pretrauma, we did not observe any differences in amygdalaaygter 4) or hippocampal

(unpublished findings) neuronal activity, showing that alterations in resting activity of these regions do
not contribute taraumaticstress susceptibility. Petfiauma, we found that exaggerated activity in
specifically the basolateral amygdala (BLA) predicted susceptibility to later AKSEBymptoms

(Chapter 4), while no group differences were observed in hippocampal acti¥itgdter 3). The

differences in BLA actiity were not present after trauma, nor did we observe group differences in

activity of any of the other amygdalar subregio@bgpter 4).

In addition, we aimed to study neuronal activity in response to contextual recall of the traumatic
memory and assessntext specificity of memory recall as assessed by freezing behavior- We re
exposed mice to one of three different contexts, three weeks after the initial trauma; either the trauma
context, trigger context, or a novel context (resembling the triggerdantly in some aspects). We
demonstrated that mice displaying P& symptomatology activated fewer neurons in the
hippocampal CA1 regiorChapter 3), yet showed BLA hyperreactivitfChapter 4) when reexposed

to the trigger context. This was accomgahby higher numbers of hippocampal parvalbumin (PV)
positive neurons and a relatively lower activity of RMerneurons during rexposure Chapter 3).

Exposure to the trauma context, on the other hand, evoked BLA hyporesponsivity. Neitkposere

to the trigger or trauma context evoked differential freezing responses between groups. Yet, exposure
to the novel context evoked a differential temporal pattern of freezing behavior in susceptible mice and
an increased activity of BLA somatostagrpressig neurons specifically, in the absence of overall
differences in BLA activity Chapter 4). These findings suggest that traumatic stress susceptibility is
specifically characterized by aberrant BLA fear memory encoding, as well as alteredpecdit

adivity in the hippocampal CA1 and BLA. The exact BLA responses to the stressful contexts,

however, depend on the exact context in which they are assessed.

Epigenetic modulation has received growing attention in explaining differential stress susce@bility
well as for being a mechanism by which stress may lead tetésngbiological and behavioral
alteration$®. In Chapter 3, we performed immunohistochemical stainings for epigenetic markers, to
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study the epigenetic profile of hippocampal neurons that were activiqueria (i.e., during memory
encoding) and/or during trigger contextexposure (i.e., during remote memorga#). Specifically,

we investigated the epigenetic markers histone deacetylase 2 (HDA@2}h$lcytosine (5mC) and
5-hydroxymethylcytosine (5hmC), whose relation to stress research is discu€saptar 2.

Susceptible animals displayed significantykr hippocampal HDAC2 expression, as well as higher
5mC and 5hmC signal, suggestive of overall higher hippocampal transcriptional activity. However, the
epigenetic differences were independent of whether the hippocampal neurons were active during

initial memory encoding, remote recall or neither.

It is often argued that the scope of functional abnormalities shown in PTSD (and other psychiatric
disorders for that matter) cannot be captured by abnormalities in singular neuronal processes or brain
regions, ke the typical regions of interest, the hippocampus and amygdala. Instead, a broader
integrative approach is necessary to capture the complexity of such di¥oiieese is growing

evidence mainly within the neuroimaging fieldthat psychiatric disorders, including PTSD, may be
better understood as disorders otuits, rather than of single brain regié§2!'2 In Chapter 5, as

in Chapter 4, we assessed neuronal activity before, during, and after trauma exposure to temporally
define potential activity differences and identify risk factors, as well as potential targets for early
intervention and eventual treatment. Here, we empltyedDISCO+ techniqué®to label and clear

entire brain hemispheres, thereby moving our analyses beyond singular regionesf. WWe report

on altered activity in a multitude of brain regions either,greri or posttrauma, related to

susceptibility to PTSBike symptomatology. Most notably, we observed increased resting activity of
the orbitofrontal cortex (OFC) both prand posttrauma, identifying this as a potential risk factor.
Furthermore, both during and after trauma exposure, the retrosplenial cortex (RSP) was substantially
more active in susceptible animals, which may reflect an acquired alteration in neuralipgoyss
organizing our regions into neural networks, we were also able to analyze correlations within and
between the three most wsliudied brain networks: the salience (SN), default mode (DMN) and

lateral cortical (LCN, the rodent homologue of the exgewcontrol network) networks, as a proxy for
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their functional connectivity. Susceptible mice showed increased correlations in heuronal activity
between the DMN and LCN prand peritrauma, as well as increased resting DI8N correlations

peri and postrauma. Furthermore, the SN was substantially more-aatreelated postrauma in
susceptible vs. resilient animals, recapitulating observations in PTSD patients. These results pose
increased OFC activity and DMNCN functional connectivity as prgaumarisk factors, while
highlighting increased RSP activity and DMBWN functional connectivity as acquired maladaptive

pathologies that arise during trauma.

Considering these results, we observed that stress resilience and susceptibility are influenced by
alterations in neuronal activity, epigenetic regulation and iraad intranetwork correlations, that

may present themselves either before trauma (i.e., risk factors), during trauma or after trauma (i.e.,
acquired factors). The current chapter aims at fuitiiegrating and discussing these results, as well

as to their limitations, followed by some suggestions for future research.

2. A rodent model of PTSD- Individual profiling for enhanced translational value

Using human patients to study PTSD comes withr digtdtations. The acquisition of PTSD in

humans is incidental, and thus never observed irtireal Furthermore, controlled exposure to

trauma is ethically unviable, and invasive measurements can only be performetpest®. The

latter are crucial to obtain a better mechanistic understanding of the neurobiological alterations that
occur in respose to trauma, and that affect brain structure and function at the microscale level.
Thereforejn vivoanimal models are still of great importance for studying the brain mechanisms
involved in the development of PTS®Blated symptomatolody:®?¢ insights that are essential to

optimize both pharmacotherapy and psychotherapy approaches, which generally lack empirical
support®>551¢ Rodent models for stresslated disorders offer unprecedented opportunities to

elucidate the mechanisms and underlying sources for interindividual variance in stress susceptibility in

human psychopathologff*”.
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It has long been a challenge to design a PTSmammodel that is both effective and translationally

valid. Not only is there a large overlap with other disorders, like mood disorders, anxiety disorders and
drug abus&®°t® but the definition and diagnosis of PTSD (like all other psychopathologies) in

humans is based on behavioral symptoms andegadfrts, without any (neuro)biological parameters

Here, we employed a mouse model based on the principle ofstieasced fear learning (SEFY,)
implementing electricgbot shocks, given on two separate days and in two different contexts. The

mice are exposed to a set of unpredictable shocks on day 1, which leads ttaatloggion

associative sensitization. This in turn results in increased fear learning to andldaning regiment,

i.e., exposure to a set of predictable and relatively mild shocks in a different context on day 2.
Inappropriately strong fear responses to relatively mild stressors form a key component of PTSD
symptomatolog’?®, and a subset of mice subjected to the SEBdel develop several PTSRe

symptoms, including hypervigilance, heightened startle response, reduced risk assessment, and
insomnia®>. These symptoms are mainly in |ine with the
E) of the DSMV®. Moreover, the model recapitulates the neuroendocrine abnormalities observed in
PTSD, like attenuated corticosterone levels in response to stress (i.e., hypocorti&sléria)is a

great strength of this model over other PTSD models, using e.g.,-piafmged stress, foot shock

stress or predator scent stfés$

Yet, we here did not directly observe evidence of behavioral display for an aberrant trauma memory
(indexed by deviant freezing behavior upon contexd@xgosure), ascouldbeexg t ed fr om PTSD
intrusion symptoms and avoidancgh@pters 3 and 4, which would have been in line with the
O6physical reactivity after exposure to traumatic
DSM-V criteria for PTSD. This seeming lack of behavioral outcome is discussed in more detail later

(Section 3).

A major current trend in stress research is to consider the spectrum of respatiffiesdny
individuals to the same stressful stimulus or environment. The motivation for such an approach is to
dissociate the adaptive vs. maladaptive responses to stress e¥pdsuneman studies, PTSD
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patients are often contrasted to stresgosed healthy controls, in order to assess pathology rather than
effects of life hstory. Most animal models of PTSD, however, homogenize all traaxpased

animals as having the same maladaptive phen®t43eThis is thought to be one of the main reasons

for low construct and predictive validity of these models, which hinders thaslational valug>. It

is imperative to consider that individual animals, even in inbred strains, may be more or less
susceptible to experimental manipulations. Rather than viewing this as a limitation of preclinical
research, it should be seen as ppastunity to better understand interindividual differences in stress
susceptibility. Over the last decade, multiple PTSD models have been developed that classify
susceptible and resilient individuals on the basis of specific behavioral readouts, likar tygpei>*,

anxiety and riskaking behavior (e.g., open field and elevated plus r@zsdcial interactiott®, or

freezing behavidf®. Used as the only behavioral readout, however, these behaviors do not tapture
full complexity of PTSD, but rather capture excessive fear instead of PTSD. This underlines the need
for a model that incorporates multiple behavioral readouts to generate a translationally valid model of

a complex disorder like PTSE>27

The SEFL model, that we employed in this thesis, camsbd to study the effects of stress itself, but
also to assess differences in the consequences of stress exposure between individuals vulnerable to the
behavioral symptoms and those that are resifieht do so, factor analyses were implemented to
yield a behavioral compound score for each animal, based on the five behavioral read®&®B of

like symptoms mentioned earlier. This allows animals with a high FiKeXymptom score to be
contrasted to animals with a low PTdike symptom score, which resembles the classification of
PTSD patients, who are also stratified based on a comsmane of symptomatology In this thesis,
we performed this PTSD paradigm on three cohorts of ca. 50 @laplers 3, 4 and 5, to label
neuronal activity at different timepoints (i.e., firauma, pertrauma or postrauma). It should be

noted that the behavioral profile of the mice across these experiments was slightly different. Even
though the compound score was basedwandeparate behavioral outcomes, contrasting the resilient

and susceptible groups pasassification did not always yield significant differences in all of
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outcomes. In addition, statistical differences in a certain behavioral test in one cohort were no
guarantee for similar differences in that same test in the other two cohorts. For example, the difference
in startle response across phenotypes is much stronger in titeaposa cohort than in prand per

trauma cohorts. Still, we believe that exacklistobserved variability in behavioral symptom profiles
underlines the strength of this PTSD model, as the behavioral profile of PTSD of patients is similarly
heterogeneod$ As such, we would indeed expeetriation not only within, but also across cohorts,

with not all behavioral outcomes being equally affected.

3. The hippocampal and amygdalar memory engram of trauma

The dual memory representation theory of PTSD

The hallmark feature of PTSD is theaggperiening symptom cluster, i.e., intrusive memories,
nightmares, flashbacks and emotional distress upon trauma rerfiindgch affects >90% of

patients. This implicates alterations in fear memory in PTSD, which may distinguish PTSD from other
stressrelated disorde?$ It is important to note that maladaptive, intrusive memories observed in
PTSD qualitatively differ from normal, adaptive trauma memory, which allows individuals to learn
from dangerous situations and prevent them in the ftiturbe high prevalence of intrusions, together
with the fact that current thapies most effective in treating PTSD (i.e., exposure therapy and Eye
Movement Desensitization and Reprocessing) are aimed at modifying this &tttomas made
researchers postulate that an aberrant trauma memory lies at the core of the disease. Traditionally, the
hippocampus and amygdala haeeeived particular attention with regards to the pathophysiology of
PTSD¥* for their known role in memory processing and emotional regulation of mé&mohe
hippocampus is sensitive to stress, and its dysfunction has been proposed to partially underlie the
contextual hypmnesia often observed in PT8DThat is, PTSD patients display fear memory recall

that is little contextlependent, fragmenteshd contains memory gaps, and is triggered by trauma
related sensory cu8°? The observation of this contextual hypomnesia, in conjunction with
emotional hypermnesiathe intensification of the emotional and sensory content of the traumatic

memory, which isnodulated by the amygdatfé - has made clinicians postulate the dual memory
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representation theory of PT&DThis theory distinguishes normgpisodic trauma memory and

flashbacks, with the former being supported by flexible, contextualized representations that are
proposedly adaptive, as they ensure restricted recall of the traumatic memory only if the context
requires. In contrast, flashbacke supported by representations that are inflexible and lack ddntext
making that these maladaptive trauma memories escape voluomdnyl @s they are automatically
reactivated, in whatever context, by the sole presence of salient cues somewhat related to the traumatic

event®, However, convincing experimental evidence in patients for this theory is currently lacking.

Evidence for hippocampal and amygdalar alterations

Our observations suggest that hippocampal activity during trauma exposure is not per se different
betwee resilient and vulnerable individual€l{apter 3). However, during remote memory recall, the
CA1 area (mainly the ventral part) was significantly less active in susceptible vs. resilient animals.
CA1 alterations in PTSD patients, like lower CA1 subfiedlme?>1532 have been reported before,

and the area itself has been known to be necessary for retrieval of contextual fearfiemory
Pharmacological disruaipn of the CA1 has also been demonstrated to ameliorate fiR&behaviors

in mice®*535 while activation of the same region was found to restore adaptive contextual fear
memory?. These findigs support the idea that, at least at the hippocampal level, it is specifically the
memory consolidation process which seems affected in vulnerable individuals, which may play a role
in the contextual hypomnesia posited by the dual memory representatboy. tin our experiments,

we also observed that susceptible animals had mor@&\ons in the ventral hippocampus, again
mainly in the CA1, than their resilient counterparts. As we performed these measurements under
resting conditions pogtauma, it isnot clear if these differences were already present before trauma
exposure. In contrast to this overall increase ir @nsity, a relatively lower proportion of trigger
recallactivated neurons consisted of Méurons. This might in fact be a compensatoechanism

for the increased overall P\ensity, as activated PVieuron counts were similar across groups.
However, the higher P\bensity remains interesting, as it is seemingly in conflict with earlier
findings®™#4% which report decreased numbers of hippocampalfeurons in tree shrews exposed to
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five weeks of psychosocial conflictress®®, and no changes at all in rats exposed to 8 weeks of

chronic mild stres$>5% In both cases, differences may be explained by thefufesent animal

models and stress paradigms, especially as chronic stress might influ€rdiéfdPdhtly than the

SEFL paradigm that we employed. This is in line with the observation that acute stress is not sufficient
to induce changes in rat hippogaah PV expressich’>3” Additionally, we only show a relative

difference in PV density between susceptible and vulnerable individuals, but were not able to relate
these to trauma exposure per se, as the experiments lackeduroa exposed control grougsis

shortcoming is discussed later in more detail (Section 6).

In Chapter 4, we reported on amygdalar (BLA) hyperactivity specifically during trauma exposure, but
not under resting conditions prer posttrauma. This is in line with prior animal studignplicating
exaggerated activity of the amygdala during fear memory encoding and consolidation in the
development of fear generalizatféh aberrant fear memory quafityand intrusive memorié¥. In

addition, we observed increased amygdala activation in susceptible vs. resilient animals when re
exposing them to the trigger context. In humans, similar amygdalar hyperactivity has been observed
when exposing PTS patients to traumapecific stimulf®®*33, Our findings were specific to the BLA,
which isinvolved in associative fear learnitdgy This suggests that susceptible animals suffer from
aberrant fear memory acquisition and recall, rather than from generally exaggerataddeapusal
related amygdala output (which would have likely involved the central amygdala (CeA) aghisll).
overall increase in involvement of the amygdala in both fear learning and recall, specifically in
susceptible animals, may connect to the emotional hypermnesia that is observed in PTSD patients.
Together, the findings from the hippocampus and amyggsis¢m to fit within the context of the dual
memory representation theory, proposing adaptive episodic trauma memories in resilient vs.

maladaptive memories in susceptible mice (Figure 1).
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Adaptive (resilient)

Fear memory

- Context-specific
- No emotional overload

Figure 1. Visual representation of the distinction between agtend maladaptive memories. Maladaptive
memories are characterized by contextual hypomnesia, which is reflected by a reduction in vCA1 activity upon
traumatic context rexposure, as well as emotional hypermnesia, which is underlain by increased Blit4 activ

both during trauma and during fear memory recall. Together, these phenomena induce fear generalization.

Tracer studies have shown that the BLA has prominent reciprocal projections to and from the ventral
CA1389538 This hippocampahmygdalar pathway has been implicated in the retrieval of contextual
fear memory, and it has been shown that activity in ventral CA1 (vCA1) projections to the basal
amygdala contributes to the encoding of conditioned¥edrevious research has highlighted an
essential role for BLA input to the hippocampus for adequate contextual fear learning, including the
BLA as both the main integrator of sensory representations andl mioelclator of hippocampal

function by sending the integrated information B&tiMoreover, the BLA is known to modulate the
consolidation of the context representation in the hippocal¥¥3ds+, with high BLA actvity being
proposed to inhibit the hippocampus, causing a shift in the locus of memory consolidation away from
the hippocampus to the amygdaft? The fact that we found recapecific alterations in both vCA1

and BLA activity in susceptible vs. resilient animals supphesddea that the trauma memory is
differentially processed/stored in susceptible vs. resilient mice. Interestingly, additional analyses on
our data revealed that vCA1 and BLA activity upon trigger contegkpmsure were significantly

negatively correlatd (r =-.533,p = .009), as were correlations between BLA activity during trauma
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encoding and vCA1 activity upon trigger contexesgosure (r =.602,p = .002), all independent of

group. This lends support to the idea that both regions should be considered together when examining
PTSD susceptibility, and that functional connectivity might be affected in susceptible individuals.
Future studies should dotty address vCABLA projections, and how these are activated during

trauma memory recall in susceptible vs. resilient individuals. For example, TRAP may be combined
with rabies virusbased genetically targeted transsynaptic tracing methistfsto identify neurons

that connect td RAPpedcells. This would be especially useful,iwould enable us to visualize

direct anatomical connections between engram cells in the vCAl and BLA, and further investigate the
theory that maladaptive fear memory may be caused by alterations in BLA modulation of hippocampal

fear memory consolidation.

Shortcomings

Despite finding evidence for reduced CA1 and increased BLA activity during trigger context re
exposure, these deviations did not clearly translate to differential behavioral profiles (i.e., altered
freezing behavior). Freezirmphavior is mainly regulated through output of the Z2Avhich sends
direct projections to the periaqueductal §f&yAlthough we found no differences in CeA activity
during fear recall, the CA1 and BLA activity alterations were indicative of altered fear memory
processing, which could result in altered freezing behavior. Importantly, the fact thfierendes in
freezing were observed whenegposing the mice to the trigger context does not necessarily mean
that their memory is not affected. Both resilient and susceptible animals may have similar memory
strength for the trigger context, but diffetiahquality of the memory. This theory is supported by
literature showing that stress does not only influence memory strength, but also impacts the quality
and accuracy of memdiyp47:548 The latter might be direntially affected in susceptible and resilient
individuals. We set out to test this hypothesis bgxposing another cohort of mice to a novel,
unfamiliar context, which resembled the trigger context only in some as@etgtér 4). However,

this did not induce substantial differential freezing behavior between susceptible and resilient mice.
Yet, the dynamics of the freezing response over time were different, accompanied by increased
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activity of somatostatin (SOM) positive cellthe fact that overall freezing strength was not affected,
may be explained by the presence of some relatively salient contextual cues (e.g., a tight space, the
presence of a shock grid, etc.) in both contékts? Alternatively, it could be that the mouse model
does not optimally model PTSIike fear memory aggivations, because, as mentioned earlier, the
behavioral classification is mainly based on hyperarousairaadtivity symptom?®. As such, we
encourage additional research to better describe the behavioral rmefated alterations present in

this mouse model.

One final observation with regards to the memory engram is that oelgtevely low percentage of
tdTomatoetagged hippocampal (4.2% on average) and amygdalar (6.1% on average) neurons was
reactivated upon trigger contextegposure Chapters 3 and 4. These low percentages are in line

with previous rodent captua@ndtag sudies in the same ArcCreERanimal model’, but also in

models employing TeTT&gY. Engram contractiona reduction in engram size upon encoding and
subsequent consolidatieris a possible explanation for the low oveffdp®2 Another explanation

could be that, because only glutamatergic neurons were tagged with tafgx@amBAergic engram

cells were missed, reducing theeohap with the cFdscells, which did encompass both glutamatergic
and GABAergic cells. Memory engrams have traditionally been defined as neuronal ensembles that
are activated during learning and that, when reactivated, lead to recall of the stored memory
trace®97:9% However, the term is also more loosely used to mean all neurons that form the physical
substrate of a memory in the br&it¥¢. By this definition, neurons involved in memory encoding do

not necessarily have to be reactivated upon fear recall before being considered part of the engram.
Indeed, the engm is not static, and the representation of a memory may shift from regions supporting
recent memories (e.g., the hippocampus and amygdala) to the neocortex over time during systems
consolidatiof*™%, We also chose to term all neurons that were active during trauma encoding, during
memory recall upon context-exposure, or during both, as engram céllsgpter 3). However, it

should be noted that experimental stimulation oftéHe@mate or cFoslabeled cells, e.g., using

optogenetics, would be necessary to determine if their activation is sufficient to induce memory recall.
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4. Epigenetic regulation underlying stress susceptibility

As we found evidence for altered activity of thpgocampus in susceptible vs. resilient animals upon
trigger memory recall, our next goal was to identify factors that could explain this interindividual
variability. Considering the animals all originated from an inbred mouse line, they can be coined
geneically identical. However, as mentioned before, that is not to say that gene expression is
unaltered, as we, and others, have found clear differences in local gene expression between resilient
and susceptible mié¥€*°2 Noteworthy, the animals may still differ in their epigenetic makeup.
Especially in the study of PTS&usceptibility, which is estimated to be onh2@% heritabl&?®,

epigenetic modulation has received growing attention in explaining differential stress susceptibility, as
well as for being a mechanism by which stresg/ lead to londerm biological and behavioral
alteration$®. In Chapter 3, we measured HDAC2, 5mC and 5hmC immunofluorescence within
engram and neangram cells infte hippocampus. Engram cells, compared tearmgram cells,

generally contained higher levels of HDAC2 and 5mC, and lower levels of 5hmC, suggesting reduced
histone acetylation and increased DNA methylation related to memory. These factors are both
indicaive of a relative reduction in getnscriptiori”. Memory encoding has been linked to

increased gene transcription and chromatin modifications, resulting in a substantially altered
epigenomic and transcriptomic profile of engram newfdriEhis in turn drives synaptic plasticity,

which is necessary for lorigrm memory formatiofi*®S Yet, previous studies have indicated

increased hippocampal DNA methylation as a key mechanism in stabilizing memory engrams during
memory consolidation, supporting successful memory retf@valatching our findings. Retrieval of

fear memory has also been associated with increases in histone acetylation in the hippocampal
CA1%56:67and lateral amygda®, thereby transiently inaiing transcriptional activity. This is

necessary to allow for the reconsolidation of the memory, but it also opens up a window for potential
intervention and restructuring of the engpP&a’® Importantly, we here assessed these epigenetic
markers in neurons that were either initially recruited during memory encoding, but oniyefery

consolidation had taken place, or in neurons that supported memory recall, but at a timepoint too early
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for these reconsolidation mechanisms to be detected. Based on previous work, as well as our current
findings, we hypothesize that trauma exposnay lead to an immediate and initial increase in gene
transcription in neurons that become part of the engram. During consolidatiotedongnd

persistent synaptic and transcriptional changes &écwhich guarantee successful letegm

memory formation. During the consolidation process, epigenetic mechanisms are induced, which
stabilize the neuronal memory representaffdnsupporting successful memory retrieval. It is only

during memory recall that the memory may become destabilized and open for reconsolidation. This

hypothesis is depicted in Figur& 2

Interestingly, we observed that susceptible animals showed lower HDAC2, but higher 5mC and 5hmC
fluorescence in the hippocampus. These findings were not limited to the engram cells, but were
independent of whether the cells were active during either mesnanding, memory recall, or

neither. As such, we speculate that these differences do not reflect eetated alterations per se.

The implications in terms of transcription levels are also unclear, especially as 5mC and 5hmC are
theoretically inverselyelated to gene express#iré4 Furthermore, HDAC2 is only one of the many
regulators of histone markers, let alone therertllular epigenetic profile, and other regulatory
pathways may play a rolBurely looking at the observed differences in 5mC and HDAC2 levels in
susceptible vs. resilient animals, one might hypothesize that consolidated hippocampal engram cells
are traascriptionally more active in susceptible than in resilient animals after trauma memory
consolidation (Figure 2B). As such, the memory that these engram cells represent may be relatively

unstable, allowing for memory generalizafiGrand involuntary memory expressfén
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Figure 2. Hypothetical timeline of how transcriptional activity might develop withippocampamemory

engram cells shortly after trauma exposure, upon consolidatirigatima memory, and once the memory is

fully consolidated Shortly after trauma exposure, HDAC?2 is downregulated and 5mC is upregulated, leading to
increased methylation and acetylation of DNA in engram cells. This in turn leads to increased transcriptional
activity, necessary for synaptic plasticity and successfutHerrg memory formation. In resilient animaks)(

in time, 5mC and HDAC?2 levels decrease and increase, respectively, leading to demethylation and deacetylation
of the engram neuronal DNA. Thiis turn reduces transcriptional activity, leading to a stable consolidated

memory representation. We hypothesize that this reversion of 5mC and HDAC2 levels upon memory
consolidation does not happen to a similar degree in susceptible aripnaéayingthe DNA in those engram

cells methylated and acetylated to a higher degree and rendering the cells transcriptionally more active.

In Chapter 2, we described a wide body of evidence showing epigenetic changes following stress
exposure. However, as mentiohthere, evidence describing specific changes in stiesseptible vs.
resilient animals is still lacking. A previous study has correlated reduced resting hippocampal HDAC2
expression with resilience to chronic unpredictable stress, whereas experine@adipressing

HDAC?2 would increase depressilike behaviot>’. However, because of the differences in stress

paradigm, it is hard to connect these findings to our current results. Furthermore, as we did not include
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naive unstressed groups in our experiments, we cannot exclude the possibility that the diffetences tha
we observed between resilient and susceptible animals originated already before trauma exposure and
memory formation in the first place. And lastly, we should realize that, although we currently only
investigated global changes in levels of HDAC2, 5m@ &mmC, there are many more regulators of

the epigenome. It would therefore be too simplistic to draw eanee relationship between the

observed levels of these markers and gene expression in general, nor can we be sure which exact
genesd e xudbealtesed dmms waukd require more sophisticated approaches, like bisulfite

sequencing or methylated DNA immunoprecipitation.

Despite all this, it is interesting to speculate about when differing epigenetic profiles develop. As
mentioned earlier, theice used in these studies were genetically similar, yet they showed clearly
different behavioral profiles in response to traumatic stress, as well as different protein expression in
their brains. While we assume that epigenetics may play an importam exglaining the observed
behavioral variation, this does not yet explain when these epigenetic differences emerge in the first
place. Monozygotic twin studies in humans have shown that, even though twins are epigenetically
indistinguishable during theady years of life, remarkable differences in content and genomic
distribution of 5mC and histone acetylation arise later in°’lf&€’4 Furthermore, epigenetic markers

are more distinct in twsiwho are older, have different lifestyles, and/or have spent less of their lives
togethe?’® This suggests that the environment in which one is brought ugeis determining factor

in shaping the epigenome. In laboratory animals, environmental factors are kept as uniform as possible
across different individuals and litters. However, as is apparent in our study, substantial differences in
behavioral profiles armanifested. Differences in maternal care have been shown to shape epigenetic
profiles, and are a source of interindividual variattb?’> However, differences may also already

arisein uterg and even already during maturation of the parental gertfflides such, it is in the end

not surprising to find behavioral differences between individuals, even in controlled laboratory
settings. In the end, the fact that the animals from an inbred line are genetically similar makes them

idealto study the specific effects of epigenetic variatiotranmaticstress susceptibility; hence why
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we chose to study these animals over animals from an outbred line, which would more likely result

into studying genetic contributions to risk.

5. Brain-wide adivity alterations underlying stress susceptibility

For the past few decades, countless human neuroimaging studies have been performed to study the
neural underpinnings of psychiatric disorders. In the case of PTSD, the majority of studies have
focused on measuring restistate and taskased brain activity in PTSD patients vs. either trauma
exposed or noexposed controls, aiming to identify aberrant activity in specific regions orlrdé
networks in the PTS@ffected braiff’. Still, there is a continued need for longitudinal studies, to not
only assess PTSEelated alterationpost hog but also identify potential risk factors and alterations
occurring at the momeiwof trauma exposure to be able to target prevention and early intervention in
the development of PTSD. Additionally, most follayp animal studies have been restricted to the

study of candidate brain regions, and would benefit from adoptingwidendesjns similar to those

in human neuroimaging. The latter is necessary to further our understanding of potential network level
aberrations in the pathophysiology of PTSD. To overcome both challenges, we employed iDISCO+ in
the three cohorts discussed earlierstudy susceptibilityelated differences in braiwide neuronal
activation before, during, and after traur@épter 5). We identified a number of brain regions that
were differentially activated between susceptible and resilient animals, with theotmesit

differences being found at the time surrounding trauma exposure. Interestingly, we not only
corroborated prior literature on areas that have been implicated in the pathology of PTSD, like the
retrosplenial cortex (RSY491:578 orbitofrontal cortex (OFC§#°0:48982:484gnd sensory

regiong®34944%6.497h 1t we also highlighted regions that have not been extensively studied before in
relation to stressusceptibility, like the subiculum and pallidum. In addition, we also identified regions
that have been previously linked to disorders that are often comorbid withPBT&®,, the striatum,

whose activity has previously been linked to major depressive dis8ridéand addictiopf2

It is now increasingly recognized that the analysis of brain networks, rathesinigarer regions, can

help to explain the complex neurobiological mechanisms underlying psychiatric dis6rdérOur
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work shows increased SN intcannectivity, as well as increased irbannectivity between the SN

and DMN in susceptible vs. resilient animals giogtima. Tis is in line with restingstate

neuroimaging studies contrasting PTSD patients to traexpased controt$®121:584 Abnormal

functional communication between the SN and DMN has also been attributed to the pathophysiology
of other disorders, like schizophretifabipolar disordef®, mani&®® and obsessiveompulsive

disorde?®. Interestingly, the altered SBIMN connectivity was already observed during trauma,
suggesting that the trauma may induce a #agging shift in network balance that leads to ficsima
hypervigilance andarousal symptomatology'?t A stronger connection between the DMN, which is
involved inself-referential mental activif{®*¢” and the SN, which integrates emotional and sensory
stimul.i and mediates a i $¥mayinduce a med sadfeeenced he DMN
reading of the environment and setfnscious processing of potential arousal sttefpparently,

this represents a maladaptive strategy to react to trauma and makes an individual susceptible to

negative behavioral outcomes.

We also observed a nesignificant positive correlation between DMN and LCN actigipecifically
in susceptible animals, both pand peritrauma exposure. This is remarkable, as the DMN and ECN
are typically anticorrelated in activity in huma?$-°°7 as are the DMN and LCN in rodetifs'’® The
DMN, involving regions that activate in the absence of external task detfeitlis known to be
associated Wi internallydirected cognitive proces$&s>% whereas the ECN is mainly engaged in
the cognitive processes that involve externdlhgcted attentioti*>% The anticorrelation between
both networks reflects a switching balance between internally and externally directed ct§fition
Disruption of this anticorrelation, as obsetvin the susceptible animals, has previously been
associated with episodic memory defititsand as such could form the basis for intrusive trauma
memory recollectionA summary of the observed alterations in network connectivity between
susceptible and resilient animals is shown in Figureshduld be noted that, while wiéscuss our
findings in terms of connectivity differences, we were atile to infer network connectivity from

calculating crossubject activity correlatiof$°23, This is obviously not an optimal assessment of
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functional connectivity, which could be better estimated from correlatingges in signal strength
across time within individual animals. Still, other approaches would have come with their own
downsides toe e.g., confounds of anesthesia (in the case of fMRI), or being limited to the study of a

small number of regions (in¢hcase of electrophysiology)hence why we opted for this approach.

Pre-trauma Peri-trauma Post-trauma

Altered network connectivity in susceptible vs. resilient individuals
pDMN-LCN DMN-LCN SNSN 4
DMN-SN B DMN-SN 4

Hypothesized consequences

- Imbalance between rest - Self-referenced reading - Hypervigilance
and focused attention of the environment - Hyperarousal
- Intrusive trauma memory - Excessive focus on external
encoding environmental contents

Figure 3. Alterations in network connectivity, as observed in susceptible vs. resilient animalgerreand
posttrauma. Potential functional consequences of these changewmiark balance are shown underneath.
Figure adapted from Mandino et al. (2021)DMN: default mode network, SN: Salience network, LCN: lateral

cortical network

Noteworthy, we were not able to replicate findings of BLA hyperactivity durengma exposure
(Chapter 4) in the iDISCO+ experiments. One potential explanation is that differences may exist
between the activity and function of corresponding regions in the left and right hemisphere, with the
right hemispheres being used for immunwsteys, and left hemispheres for the iDISCO+

experiments. Especially the amygdala has been known to be affected by later&lizatiand

specifically the structure and function of the right amygdala has been associated vid@mes i
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hyperarousal and +&xperiencing symptoms in PTSD related to childhood dfieed aberrant fear
memory in micé’. Another explanation is that the current approach for mapping signal to the brain
atlas was not yteoptimized for dissecting very small regions, like the BLA, as was already noted in
Chapter 5. In general, we should remark that the iDISCO+ technique, as well as the successive data
analysis, can still be optimized to better deal with small regionsekssvfor correcting for variations

in signal strength throughout the braian unavoidable consequence of differences in antibody
penetration between cortical and core brain regions. All in all though, combining the iDISCO+ and
TRAP methods has proven be a significant development in enabling braide neuronal activity

assessments in rodents.

6. Limitations and future directions

The results of these chapters have to be interpreted with some limitations. Below, | will highlight a

few of thesdimitations and give some ideas for future studies that could help address these matters.

Resilience as an active process

The PTSD animal model that we usé&hépters 3, 4 and % has many benefits. It allows for

behavioral classification agfusceptible and resilient individuals, rather than considering all-stress
exposed animals as a single homogeneous group. Although we were able to pinpoint several
neurobiological differences between both groups, it remains unclear whether these wesdttbé re
maladaptive processes in the susceptible animals, or rather of adaptive processes as a consequence of
stress exposure in the resilient animals. Resilience is often defined as the absence of behavioral
symptoms in a subset of stremsgposed animalsyhich suggests that it is a passive process whereby

the lack of a maladaptive response is actually adaptive. There is increasing evidence that stress
resilience arises from active adaptations and coping strategies, both at the biomolecular and behavioral
leveP®. To make this distinction, one should contrastseptible and resilient animals to a control

group, which is not exposed to stress, to determine a baseline control cétdRiature studies in

this mouse model should consider adding these control groups to clarify how altered behavior and

178



neurdiology differ from nonrstress baseline and distinguish adaptive from maladaptive adaptations to

stress exposure.

Neuronal activity labeling using TRAP

In the current study, we employed targeted recombination in active populations (TRAP) to label active
neurons at specific time points (i.e., prperi and postraumaj®®. Activity-dependent expression of
immediate early genes (IEGs), likEosandArc, has been exploited in numerous methods for

studying neural circuit8® % TRAP adds to thee methods by introducing an inducible CreERTP
construct, which can be transiently activated by administering tamoxifen to the animal. However, as
already noted ilChapters 3, 4 and 5the technique still has some shortcomings, that should be
consideed. The transgene that we employed labeled neurons upon the expression ofAhe IEG

which is implicated in various forms of synaptic plastfftyand is necessary for memory
consolidatiof’>%%4 Howe\er, Arc is expressed mainly in glutamatergic célswhich hindered the
identification and analysis of GABAergic cells in our experiments. FurtherrAocés widely

expressed within the hippocampal dentate gyrus {©@)hich caused substantial background

labeling in this sulgion. This might have affected labeling specificity, which may in turn be the
reason that we did not replicate earlier findings of increased dorsal DG activity upon trauma exposure
in mice susceptible to PTSlike symptomatolog§#*. We decided to use the ArcTRAP over the

FosTRAP construct, as FoOSTRAP mice, despite showing highemglsglecificity, had very low

overall labeling sensitivity. Recently, a new construct, FOSTRAP2, has been developed, which has
remedied the above drawbat®slt promises high specificity (96%), as well as efficiency (65%), and
does not show the relatively high background labeling that is obserdedTRAP mice. Hence, we

would recommend future studies to consider this model, to overcome the limitations that we faced.

TRAP constructs can be induced by injecting the animal with tamoxifen, or its downstream metabolite
4-hydroxytamoxifen (4OHT)!%2 While both show similar results terms of labeling, the temporal
window in which these compounds work is different. Tamoxifen leads to neuronal labeling from 6

hours prior to injection until 36 hours after injection, with maximal TRIAG being observed 24
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hours after injection. For-@HT, the time window only stretches from 6 hours before injection until 6
hours after injection, as this compound is metabolized much faster by tH&’bobig would put
forward4-OHT as the preferable option (reducing the temporal window during which potentially
unwanted neuronal background activity may be captured), we opted to use tamoxifen in our
experiments for two reasons. First, as none of the animals were subjecteitiuatipalto handling

prior to the experiments, we did not want neuronal activity induced by injection stress to confound our
readouts (which would be captured in case-@HIT injection). Secondly, as it is currently unclear

how SEFL is exactly manifestegle wanted to capture both the trauma and trigger events within the
labeling window. As these were 21 hours apart, we needed the extended labeling window provided by
tamoxifen. Still, for future research, it is interesting to isolate these two eventpexifically study
neuronal activation during either the trauma or trigger event, which would require the vO&ldf 4

As injections would need to occur within ca. 2 hours of the trauma, we would advise to conduct pilot
experiments to rule out any poteaitnegative influences on behavior and neuronal activity during the

trauma session.

Sex differences in PTSD susceptibility

One caveat of the current study is that we only used male s@%j€€tJ his limitation holds for the
majority of preclinical research into stresdated disordef&’. This is particularly unfortunate as
females are generally more prone to develop stress and anxiety di¥grofmisding PTSD!2613
Females, compared to males, show different HPA axis gtalucocorticoid feedback and emotional
reactivity, and tend to react differently both physiologically and behaviorally to biological or
psychological stress. This may explain sex bias in disease preVatéH® Additionally, the female
estrous cycle has been observed to affect acquisition and expression of fear corfdftfdhifigis
confound complicates their inclusion in behavioral paradigms established in males, such as the model
usedby us. To ensure that new insights and potential treatment are applicable to both sexes, it is
important to extend the current research to also include female mice. In the current study, we only
used male mice, mainly because both the behavioral prétceehvell as the ArcTRAP constrifét
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were only validated in males. To adapt thedel for inclusion of females, the rationale underlying
behavioral categorization would need to be changed, as females behaviorally react differently to
stres8!861° are sensitive to different types of stres¥§rand present different symptoftf?t With

regards to TRAP, it was mainly uncertain whether tamoxifen injection would differentially aidéet

and female mice, especially as tamoxifen is an estrogen receptor antdg&@dsauseéamoxifen is

widely used to induce CreERA@XP transgenic mouse constructs, and because of the increasing
efforts to include both sexes in biomedical studies, multiple studies have since been undertaken to
unravel potential segpecific effect&®. Accordingly, no longlasting or sexdivergent effects of

tamoxifen were found in the brain epigenome and transcrigtdmer in adult neurogenesis, learning
and anxiet{?% Moving forward, ArcTRAP study designs should therefore not be hindered anymore in
including both sexes. However, behaviorally, dedicateddigmes and readouts should still be

designed for the proper study of females, as most current models have been validated in males only.
With regards to our PTSD model, we know through personal communication that the model
implemented here is not successfuinducing longterm behavioral symptoms in female mice.

Hence, the model would have to be adapted to include readouts that are validated for both sexes.

Manipulations and pharmacological interventions

The observational data described in this thesis altbus to infer correlations between patima

behavior and neurobiological alterations. Crucially, however, it will require experimental

manipulations to prove a causal link between the two. This is especially relevant if we want to
translate our finding/to novel pharmacological interventions for the treatment of PTSD. Here, we
would like to shortly propose two different avenues of further research. Firstlggnamay be
chemogenetically inhibited or activated, e.g., by the use of designer receptors exclusively activated by
designer drugs (DREADDPY. This has allowed researchers to manipulate the memory engram, for
example by enforcing or preventing memory rééaif® changing the information encoded in an
endogenous memd#}, or stimulating extinction neurons to suppress fear féé&l These techniques

could also be used to study the behavioral consequences of inhibiting BLA activity in trauma memory
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engram cells durinfear memory encodindt would be interesting to see ifishwoulddecrease

heterogeneity across individuAT SDlike symptom profiles pogirauma.

In this thesis, we show that susceptible animals are characterized by reduced hippocampal levels of
HDAC2, and increased levels B C and 5hmC podgtauma Chapter 3), suggesting that persistent
changes in epigenetic profiles may underlie PTSD symptomatology. Emerging evidence shows that
drugs that target epigenetic processes could improve extinction of traumatic memories and prevent
potential relapse. For example naidistration of HDAC inhibitors has been shown to enhance
extinction of conditioned fe# 626627 This fits with our findings that engram cells in general have
higher HDACZ2levels than nomengram cells, potentially making them transcriptionally less active and
more stable. Making these cells transcriptionally more aetdyeadministering HDAC inhibitors

would indeed possibly open a window for extinction of the memorgdtiorthose cells. Combining
pharmacological intervention with controlledegposure to traumeelated stimuli might also be an
interesting therapeutic avertéfe Hypothetically, inducing memory reconsolidation might open a
window of opporturty where the memory representation is flexible and amenable to intervention.
DNA methylation could be therapeutically targeted in a similar manner, for example by administering
DNA methyltransferase inhibitors, like zebulafitteWe encourage actively studying these and other
interventions, as this will be key to trartgig insights from animal research into improved treatment

strategies for streselated disorders like PTSD.

7. Concluding remarks

Overall, in this thesis, we have demonstratedttaimaticstress susceptibility is characterized by
interindividual differences in neuronal activity, connectivity, and epigenetic regulation across multiple
brain regions. By implementing longitudinal study designs, combined withddtéte artin vivo

neuronal &beling techniques, we have shown some of these differences to be already present prior to
trauma exposure (i.e., representing risk factors), while others arise during, or as a consequence of the
trauma. Crucially, however, we have demonstrated that thele® phenotype of PTSD cannot be

explained by only considering deviations in a handful of fpigifile regions, like the amygdala and
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hippocampus. Instead, we have provided a proof of concept to show thawlalaiclearing and

labeling techniques may lised to identify large scale brain networks, whose aberrant activity pre
perk, or posttrauma may play a role in shaping stress susceptibility. Additional research, however,
will be necessary to show their causal involvement in the development of $figidomatology.

Still, studies like these are of utmost importance to enhance understanding of the biological basis of
interindividual variability in PTSD susceptibility and resilience and will be critical for identifying

vulnerable individuals and optimigy prevention, early intervention and treatment strategies.
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