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ABBREVIATIONS

#
5-HT: 5-hydroxytryptamine / serotonin

A

AAV: adeno-associated virus

ACC: anterior cingulate cortex

ACM: adaptive calibration model

ACTH: secretion of adrenocorticotropic
hormone

AMG: amygdala

AMPA: a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor

AVP: arginine vasopressin hormone
AW: active wake

B

BAC: bed nucleus of the anterior
commissure

BG: basal ganglia

BL: basal amygdala

BLA: basolateral amygdala

BNST: bed nucleus of stria terminalis

C

CA1: cornus ammonis 1
CA2: cornus ammonis 2
CA3: cornus ammonis 3
CaMKIl: calcium-kinase
dependent protein Il
cAMP: cyclic adenosine monophosphate
CeA: central nucleus of the amygdala
CNO: clozapine-N-oxide

CORT: corticosterone

CRH: corticotropin-releasing hormone
CS: conditioned stimulus

CSD: current source density

CW: quiet (calm) wake

calmodulin

D
DA: dopamine
DAPI: 4',6-diamidino-2-phenylindol

DBB: diagonal band of Broca

DDCS: dorsal diencephalic conduction
system

DG: dentate gyrus

dHPC: dorsal hippocampus

DLC: DeepLabCut

dPFC: dorsal prefrontal cortex

DPM: disruption propagation model
DREADD: Designer Receptor Especially
Activated by Designer Drug

E

EEG: electroencephalogram
EMG: electromyogram

Ent: entorhinal cortex

EPM: Elevated Plus Maze
EP: entopeduncular nucleus,
exAMG: extended amygdala

F
FA: factorial analysis

FFT: fast Fourier transform

fMRI: function magnetic resonance
imaging

FR: fasciculus retroflexus

G

GABA: gamma-Aminobutyric acid

GAS: General Adaptation Syndrome
GC: glucocorticoid

GPCR: G-protein coupled receptors
GPi: internal portion of the globus
pallidus

GR: glucocorticoid receptor

H

Hb: habenula

hM3Dq: human muscarinic receptor 3
coupled to Gq protein

hM4Di: human muscarinic receptor 4
coupled to Gi protein



HPA: hypothalamic—pituitary—adrenal
HPC: hippocampus

HPLC: high  performance  liquid
chromatography

|

ICM: intercalated cell masses
IEG: immediate-early gene
IL: infralimbic cortex

L

LA: lateral amygdala

LC: locus coeruleus

LDT: laterodorsal tegmental nucleus
LFP: local field potential

LH: lateral hypothalamus

LHb: lateral habenula

LHbL: lateral part of the lateral habenula
LHbM: medial part of the lateral habenula
LO: lateral orbitofrontal cortex

LS: lateral septal nuclei

LTD: long term depression

LTP: long term potentiation

M

MCC: midcingulate cortex

MD: dorso-medial nucleus of the
thalamus

MeA: medial amygdala

MHb: medial habenula

MO: medial orbitofrontal cortex

mPFC: medial prefrontal cortex

MR: mineralocorticoid receptor

MS: medial septum

N

NA: noradrenaline

NAc: accumbens nucleus

NMDA: N-methyl-D-aspartate receptor
NREM: non-REM

NTS: nucleus of solitary tract

(0

OFC: orbitofrontal cortex

P
PAG: periaqueductal grey

PBS: phosphate buffered saline

PCA: principal component analysis

PFA: paraformaldehyde

PFC: prefrontal cortex

PRh: perirhinal cortex

PRL.: prelimbic cortex

PVH: paraventricular nucleus of the
hypothalamus

R

RD: dorsal raphe

Re: reuniens nucleus

REM: rapid eye movement

rLHb: rostral part of the lateral habenula
RM: median raphe

RMTg: rostromedial tegmental nucleus

S

SAM: sympathoadrenal medullary
SCN: suprachiasmatic nucleus

SM: stria medularis

SNc: substantia nigra pars compacta
SRM: Selected Reaction Monitoring
SUB: subiculum

SuMM: supramammillary nucleus of the
hypothalamus

SWR: sharp-wave ripples

SWS: slow wave sleep

T

TS: triangularis septi
tVTA: tail of the ventral tegmental area

U

US: unconditioned stimulus

\'}

VvHPC: ventral hippocampus
VO: ventral orbitofrontal cortex
VP: ventral pallidum

VPFC: ventral prefrontal cortex
VTA: ventral tegmental area
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FOREWORD - Research Overview on my PhD Subject

I. Research Overview on my PhD Subject

The physiological mechanisms underlying behavioral adaptation to a stressful situation have
been studied from a long time. Since Cannon’s. work at the beginning of the last century, it has
been established that behavioral adaptation to threat depends in particular on the modulating
effect of glucocorticoids and adrenaline on brain activity. Different behaviors have been described
in stressful situations and a complex brain network has been associated with them. However more
than 100 years later, the processes underlying the selection of behaviors adapted to the stressful
situation are still not fully understood.

The LHb is a small epithalamic brain structure highly conserved across the evolution. It receives
numerous afferences from the limbic system and from the pallidal structures and projects mainly
on monoaminergic structures or structures regulating their activity. Given this connectivity, for a
long time the LHb was considered as a simple relay of information from the forebrain to the
mesencephalic structures.

Recently, research on this structure have highlighted a more important role of the LHb. Thus, the
LHb acted more as an integrator of information from the forebrain, modulating the monoaminergic
transmission. From there, the number of studies on LHb has increased significantly and has
revealed its involvement in many cognitive and emotional processes. In general, the LHb has been
shown to be a key structure for adapting the individual’s behavior to the environment, and in
particular, to a threat. However, how the LHb is integrated into the extensive network supporting

the stress response is not yet fully understood.

. Goals & Study Conduct

The main objective of my PhD was to study the implication of the LHb in the behavioral adaptation
to threat. Many previous studies have shown its involvement in the stress response and memory
processes associated with a stressful experience. However, the role of the LHb in this adaptive

response still needs to be explored.

Our first study aimed to investigate the role of the LHb in fear conditioning, which is a paradigm
used to study memory processes associated with stressor exposure. Knowing the interaction,
described in the literature, of the LHb with the medial prefrontal cortex (mPFC) and the
hippocampus (HPC), we used a type of conditioning engaging these two structures. Knowing the
interaction, described in the literature, of the LHb with the median PFC and the HPC, we used a
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type of conditioning engaging both structures (i.e., trace conditioning, in which a delay separates
the to be associated stimuli, a tone cue and a footshock in our experiments), and studied their
functional interaction with the LHb. In a first experiment, we investigated the expression of the c-
Fos protein (cellular activity marker) across several regions (i.e., median prefrontal cortex [MPFC],
HPC, amygdala [AMG] and LHb), in a trace fear conditioning paradigm. We found that the median
part LHb was preferentially displaying c-Fos+ cells. Additionally, using a factorial analysis (FA),
we have highlighted a functional interaction between the evaluated structures, suggesting that
regions of the LHb may be preferentially involved in distinct sub-processes of fear memory
formation (e.g., onset of fear response or associative processes). In a second experiment, we
inactivated the LHb using a chemogenetic approach (DREADD; Designer Receptor Especially
Activated by Designer Drug) during the learning phase of the trace fear conditioning paradigm.
Then, we evaluated the fear response of the animal to the cue and to the conditioning context and
found that LHb silencing induced a contextual memory deficit and enhanced cued fear. Together,
these results demonstrate the involvement of the LHb in fear memory formation and suggests that
different parts of the LHb could be involved in distinct processes supporting the formation of
memory. associated with an aversive, stressful situation.

Next, we investigated the functional network engaged by an acute stress exposure and particularly
the place of the LHb in this network. Following a restrain stress of 10 min, we evaluated c-Fos
expression across 56 brain regions including the limbic structures primarily implicated in the stress
response (i.e., mPFC, HPC, AMG). The correlation between c-Fos activation in these structures
allowed us to model a functional network engaged in the stress response, based on Graph Theory.
The functional interactions across the network revealed several modules (communities),
suggesting that the architecture of this functional network allows complex processing. Moreover,
we found that the highest LHb correlations were with the main structures involved in the stress
response (e.g., mPFC, AMG, HPC and several monoaminergic structures). In addition, we studied
the modules of the network, resulting in grouping the LHb with several structures necessary for
the management of the behavioral stress response. To demonstrate the necessity of LHb to
maintain the integrity of this functional network, we inactivated the LHb using DREADD.
Surprisingly, the animals only treated with the “specific” ligand of the DREADD receptor, display
a completely reshaped functional network during the restrain stress, unfortunately, shading the
effect of the inactivation of LHb on the network. These last results did not help us to further
understand the role of the LHb in the functional network of interest but provide important insights
on the weakness of DREADD approach.

Based on the results of our previous approaches., the interaction of the LHb with the principal

limbic structures in the stress response (MPFC, HPC and AMG) suggests its role in the transfer
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and integration of information from these structures. However, with c-Fos as a marker of the
activated structures, we could not investigate the dynamic of these interactions. Therefore, in our
third study we decided to investigate the synchronization of these structures on a temporal scale,
using local flied recordings during and after an immobilization. We added a second immobilization
three hours after the first one to evaluate the adaptation of the network at the stressful situation
re-exposure. We first evaluated the occurrence of spontaneous behaviors such as stereotypies,
which generally appear in rodents upon stress. We focused our analyses on the different sleep-
wake stages to address several mechanisms related to the stress response, whether it is the
modulation of vigilance or offline processes occurring during sleep. Behaviorally, we observed a
lower activation following the second immobilization, in comparison with the first one, suggesting
that rats habituated after the first exposure. This was accompanied, after analyses of
electrophysiology signals, by a decrease of the time spent in active wake (AW) and an increase
of the time spend in slow wave sleep (SWS) and rapid eye movement (REM) sleep. After clustering
the rats in two categories based on the intensity of their response to the first immobilization stress,
into high responders and low responders, we found that these groups displayed differential LHb
theta synchronization during AW and SWS periods following the second immobilization stress. In
addition, a high LHb-dHPC coherence was found during AW and REM sleep episodes. These
preliminary results suggest an implication of LHb synchronization in coping with stress exposure,
as well as a strong collaboration between the LHb and the dHPC likely during the various

processes taking place during the stress response.

lll. Thesis Content

This manuscript, based on the format of scientific articles, is organized as followed.

The introduction is divided in four parts. The first part reviews the literature on the stress response,
beginning with the first definition of “stress”, passing through behavioral then physiological
responses and their impact on memory. Still in this, the neurobiology of the stress response is
described, and an overview of its network is proposed. The second part describes the habenula
(Hb), its anatomy, anatomic pathways and functional connections; it also includes a review wrote
during my PhD (currently unpublished) on LHb functions and more particularly on its implication
in the response to a threatening environment. The third part is a short chapter resuming our
working hypotheses. The last part presents the approaches and the advanced analyses that |
used during the PhD.
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Following, the materials and methods of all the experiments performed during the PhD are
described in more detail than in the materials and methods of the studies included in the

manuscript.

The results are present in published format for study 1, complete draft for study 2. The study 3 is

also presented on this format but because the analysis is still ongoing, the draft is not complete.

The discussion and perspective part summarizes and discusses the main results. Furthermore, a
global hypothesis based on the obtained results is proposed and some perspectives of future work

are developed.

A supplemental information part is added at the end of the manuscript, providing some additional
information and very preliminary results. In this part, there is also a section on the validation of the

accuracy of the video tracking algorithm used.
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INTRODUCTION - Behavioral adaptation to stressful environment

I. Behavioral adaptation to stressful environment

1. Stress and related concepts

In physiology, the concept of stress emerged from the work of Claude Bernard at the end of the
19th century. Then Walter Bradfort Cannon, at the beginning of the next century, introduced the
notion of homeostasis, defined as the ability of living organisms to maintain a stable internal state
in a changing environment. This concept was mainly developed, in the middle of the last century,
by Hans Selye who defined stress as “the nonspecific response of the body to any demand”
(Selye, 1976), in the context of the still used today General Adaptation Syndrome (GAS; see
Johnson et al., 1992; Godoy et al., 2018 for reviews). This syndrome comprises 3 steps (Selye,
1946, 1950; Johnson et al., 1992; Tonhajzerova and Mestanik, 2017; Godoy et al., 2018): 1)
Alarm reaction, which is the earliest response to a stressor (“that which produced stress”, Selye,
1976) and defined by a sympathoadrenal medullary (SAM) discharge (i.e., secretion of adrenaline)
and the activation of the hypothalamic—pituitary—adrenal (HPA) axis. Its consequences, at the
peripheral level, are mainly an increase of muscular tonus, an increase of blood pressure, and
tachycardia. At this step of the response, the fight or flight response is engaged. 2) Resistance,
when the body tries to overcome the changes that occurred during the alarm reaction; the body
tries to cope with the stressor in order to go back the initial homeostatic state. 3) Exhaustion,
when the body’s energy resources are so depleted that physical responses are no longer possible.
If reached, this last stage may lead to several stress-related pathologies such as anxiety disorders,
post-traumatic stress disorder, or depression. The body can also come to a recovery stage instead
of exhaustion, i.e., stage 3 is never reached.

Other stress-related concepts have emerged after the GAS model. In 1988, Sterling and Eyer
introduced the concept of allostasis (Sterling and Eyer, 1988). Allostasis refers to the
maintenance of homeostasis through active responses to daily events (i.e., allostasis means:
“achieve stability through changes”). Few years later, the concepts of allostasis load and
allostasis overload were introduced (McEwen, 2007). The allostasis load refers to cumulative
allostasis process against a stressor, i.e., the cumulated energy spent to reach homeostasis again,
whereas its overload refers to the physical or psychological damages resulting from exposure to
either acute high intensity, or long duration stressors; it can also result from an ineffective
management of allostasis (i.e., prolonged response even if it is not necessary). Allostasis overload

results in pathophysiological states (see McEwen, 2007; Tonhajzerova and Mestanik, 2017 for
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review). Thus, if stress is essential for survival, it can also precipitate psychiatric disorders such
as anxiety-related disorders, depression, and post-traumatic stress disorder (see reviews: Heim
et al., 2008; Martin et al., 2009; Walsh, 2011; Saveanu and Nemeroff, 2012; Nemeroff, 2016;
Godoy et al., 2018).

Actually, the concept of stress system is used to provide an integrated view of all physiological
responses to stressors and their interactions to produce a behavioral outcome adapted to the
situation (see review, Tonhajzerova and Mestanik, 2017; several models have included
itin @ more complex framework. For example, the model introduced by Del Guidice and colleagues
in 2011, the Adaptive Calibration Model (ACM; Del Giudice et al.,, 2011), is based on
evolutionary and developmental theories, highlighting individual differences in the functioning of
the stress system. The ACM includes the memory of past experiences, the origin and type of
stressors, as well as gender, providing an integrated model for future research. According to the

authors, the stress response system is central in the adaptation to the context. It takes into account
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2. The Stress Response

a. The behavioral stress response

The first description of the behavioral response to environmental stressors (i.e., the exposure to a
predator) was the “fight or flight response” by Walter Bradfort Cannon (see Cannon, 1915 for the
initial description). Later, other defensive behaviors were described: freeze, a human state of
hypervigilance, and fright, also called tonic immobility (i.e., playing dead). The whole sequence of
the behavioral response to a threat is often described in the literature as follows: the first response
is freezing (being in alert, on guard, with no movement except respiratory ones), a state that can
eventually last and become a successful defense mechanism by promoting threat avoidance (for
example, freezing can prevent capture by a predator). Freezing, firstly identified as “crouching”
(Blanchard and Blanchard, 1969), is the behavior that rodents engage in when exposed to cues
previously associated with aversive stimuli, and is often used as an index of fear. If this behavior
does not stop the threat, it can be followed by flight or fight behaviors. Flight, when possible, is the
more frequently observed behavior in rats (Blanchard and Blanchard, 1989). But, if the predator
enters in physical contact, the more likely response is “fright” (see Bracha, 2004 for review on the
sequence of the stress response). Several other stress responses have been described in the
literature. Thus, Taylor and collaborators, suggest that the behavioral stress response depends
on the sex of the individual exposed to stress, and is oriented on “tend and befriend” pattern in
females: “Tend” indicates the nurturing activities designed to protect the offspring; “Befriend” is
the creation and the maintenance of a social network, which could help to get protection (Taylor
et al., 2000).
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b. The physiological stress response
The paraventricular nucleus of the hypothalamus (PVH) plays a key role in triggering the
physiological response to a stressor by directly activating the SAM and HPA axes (Herman et al.,
2003; Ulrich-Lai and Herman, 2009). The limbic structures, such as the PFC, AMG and HPC, are
indirectly, through GABAergic (GABA; gamma-Aminobutyric acid) cells groups, connected to the
PVH by the bed nucleus of the stria terminalis (BNST) and other subfields of the hypothalamus
(Crestani et al., 2013). In addition, the nucleus accumbens (NAc) seems to also participate in the
modulation of the HPA axis through the PVH (Noh et al., 2012). In general, activation of the SAM
axis is rapid and has short-term effects, whereas activation of the HPA axis is slower and has both
short-term and long-term effects. The HPA axis modulates blood levels of glucocorticoids (GCs)

that may act in many brain regions during the stress response (de Kloet et al., 2005; de Kloet,

Circadian rhythms are periodic variations over approximately 24h in many biological and physiological
processes. In mammalian, the suprachiasmatic nucleus (SNC, hypothalamic nucleus) is the principal
pacemaker of the circadian rhythm. The rhythmic activity of the clock is endogenous with a period close
to 24h and this rhythmic activity is synchronized with the light/dark cycle which has a period of exactly
24h. The internal clock generates a circadian rhythm that synchronizes multiple biological functions in
order to anticipate the periodic changes of the external environment. Many physiological functions and
parameters have a circadian rhythm, including the sleep/wake cycle and plasma glucocorticoid level.
There is a phase relationship between these two rhythms. Glucocorticoid level is highest at the end of
the inactivity period (in the morning for diurnal species such as humans, in the evening for nocturnal
species such as rats and mice). This increase in glucocorticoid level at this time anticipates the energy
needs of the moment of awakening by mobilizing the energy substrates necessary for this period.
Glucocorticoid level then decreases progressively throughout the activity phase until it reaches its
lowest value during sleep, when the body's energy requirements are lower (see Reppert, 1998; Dunlap,
1999; Gachon et al., 2004; Okamura, 2004; Chung et al., 2011 for more information on the circadian
clock).

2013; Joéls, 2018), and may also modulate circadian rhythm (see ) and sleep (see ;
Friess et al., 1995; Cleare, 2004; Gamble et al., 2014), or learning and memory (Lupien and
Lepage, 2001; Joéls et al., 2006). Adrenaline secreted by the SAM axis is also involved in the

modulation of the stress response (Kopin et al., 1988; Musselman et al., 1997) along with others
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monoamines such as noradrenaline (NA), dopamine (DA) and serotonin (5-HT; 5-

hydroxytryptamine; Flligge et al., 2004).

Box 2: Sleep

Sleep can be defined as a periodic and reversible physiological state characterized by a decrease in
consciousness and a limitation of perceptual processes. Sleep is divided in two vigilance states: the
rapid eye movement (REM) sleep and the non-REM (NREM) sleep. REM sleep is characterized by the
presence of rapid eye movement and muscular atonia. During REM, the electroencephalogram (EEG)
shows low amplitude and fast activity in the theta range. During non-REM sleep, the EEG is dominated
by high amplitude low frequency delta oscillation, and NREM is for this reason also called slow wave
sleep (SWS). In humans, non-REM sleep is separated in 4 stages (see Figure 2) with light (S1 and S2)
and deep sleep (S3 and S4), whereas in rats, distinction is only made between REM and non-REM
sleep (Genzel et al., 2014). During the period of sleep, NREM and REM alternate in a cyclic manner
(see Figure 3) with NREM always preceding REM. However, if sleep in humans is monophasic, sleep
in rats and mice is polyphasic with very short NREM-REM cycles, which are interspersed with periods
of awakening. In both species, sleep functions are numerous and includes brain and body restoration,
energy conversion, learning and memory consolidation (see theses reviews: Crick and Mitchison, 1983;
Eiser, 2005; Brown et al., 2012; Krueger et al., 2016; Bulkeley, 2017, for more information on sleep
functions and control of the sleep and wakefulness states).

(A) Human EEG Trace Hypnogram
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Figure 2: Electroencephalogram and hypnogram of sleep stages
Form Genzel et al., 2014.
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INTRODUCTION - Behavioral adaptation to stressful environment

Glucocorticoids and the HPA axis

The synthesis of GCs is regulated by the HPA axis activity (see ). Two families of receptors
are activated by this hormone: the mineralocorticoid receptors (MRs) and the glucocorticoid
receptors (GRs). The higher density of GRs is found is the PVH (Miklés and Kovacs, 2002;
Herman et al., 2003). The GRs and MRs are expressed in nhumerous limbic structures including
the HPC (Reul and de Kloet, 1985; Herman et al., 1989; Han et al., 2005), the AMG (Han et al.,
2014) and the lateral septal nucleus (LS; Reul and de Kloet, 1985). Note that the distribution of
GRs is more widespread than this of MRs (Reul and de Kloet, 1985). The GCs can modulate the
HPA axis directly through the PVH and the anterior pituitary, or indirectly through limbic structures
(de Kloet et al., 2005; de Kloet, 2013; Godoy et al., 2018).

The activity of the HPA axis is modulated by the circadian rhythm and stress. The stimulation of the
hypothalamus, particularly the PVH (referred to as PVN in figure 3), induces the release of corticotropin-
releasing hormone (CRH) and of arginine vasopressin hormone (AVP) which stimulate the secretion of
adrenocorticotropic hormone (ACTH) by the anterior pituitary. This hormone stimulates the cortex of the
adrenal gland which produces GCs (mainly cortisol in humans, and corticosterone in rodents). The GCs
secreted have multiple functions in the body and exert a negative feedback control on the HPA axis
(Chung et al., 2011; see )-

Circadian Stress
rhythm
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Immune &
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5 ; Cognition
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INTRODUCTION - Behavioral adaptation to stressful environment

The GCs also influence memory, and more particularly memory consolidation (McGaugh and
Roozendaal, 2002). Small increases of GCs levels are associated, in the HPC, with induction of
long term potentiation (LTP; Diamond et al., 1992), whereas high GCs levels have been shown to
decrease LTP and increase long term depression (LTD; Pavlides et al., 1996; Xu et al., 1998; Kim
and Diamond, 2002). Therefore, whatever the task in rodents, an elevation of corticosterone
(CORT) levels seems to be necessary for consolation processes (Oitzl and de Kloet, 1992;
Quirarte et al., 1997; Sandi et al., 1997). In addition, the activation of GRs might promote LTP in
the basolateral amygdala (BLA) (Vouimba et al., 2004).

It has been suggested that, under stressful conditions, MR and GR have a complementary role
(de Kloet, 2013). Through MRs, CORT has a rapid action that promotes the processing of new
information and leads to the selection of the appropriate behavior to cope with the stressor. In
contrast, through the GRs, CORT may prevent an “overshooting” of these initial reactions,

promoting the formation or consolidation of the memory for its later potential use. In addition,

activation of MRs or GRs Stress
8 p————
appears to play an g g NG
B / N
important role in the time g ~
J . =
course of CORT effects S ___Time ‘.
+ Rapid ! Slow ! Lviels of
(see ), which is "rd__r,uchangesichanges '""‘L-—-______H changes
essential for an adaptive  ~  [Rapid changes through | | |Slow changes through corticosterone _
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response to stress (de CRH/AVP, | : -
neurosteroids, ' Partially overlapping Molecular
corticosterone (MR ' gene expression pattermns
Kloet et al., 2005). l il i through MRs and GRs
Mostly increased E Maintenance of structure Cellular
excitability ' and excitability by MRs;
suppression/normalization
by GRs
From de Kloet et al., 2005.
Vigilance, alertness, ] Appraisal by MRs; consolidation, Behavioural
arousal, attention 4 normalization and preparation
! for the future through GRs

Adrenaline, Noradrenaline and the SAM axis

The stimulation of the SAM axis leads to the release of adrenaline from the adrenal gland (Cannon,
1915; de Kloet et al., 2005; Joéls and Baram, 2009; Tank and Lee Wong, 2015), and NA from
either the sympathetic nerves (Kvetnansky et al., 2009; Tank and Lee Wong, 2015) or the locus
coeruleus (LC). The activation of SAM axis affects the autonomic nervous system and modulates
vegetative functions (e.g., respiratory, cardiac, metabolic). The LC is involved in numerous circuits
including limbic structures implicated in the stress response such as the PFC, the AMG and the
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HPC. The LC, through its NA projections, is involved in the response to an acute stress, acting as
an “alarm system” (Myers, 2017). More particularly, these projections are implicated in attention,
arousal, and defensive response against a stressor (Cassens et al., 1981; Valentino and Van
Bockstaele, 2008). The LC also projects directly onto the PVH (Cunningham and Sawchenko,
1988) to participates to the modulation of the HPA axis (Armario et al., 2012).

One interesting aspect of the stress response is that its actors are engaged in the memorization
of stressful events, to favor further coping. For example, in the BLA, the concomitant input of NA
and CRH seems crucial for this memory consolidation (Quirarte et al., 1997).

c. Stress and Memory
To be able to adapt ones’ response to a threat is crucial for survival. By extend, forging a memory
of cues which can be approached and cues which need to be avoided is crucial and relies on
associative memory processes underpinned by an evolutionary-conversed neural circuit.
Associative memory builds an enduring relationship between two events. To study biological
mechanisms supporting associative memory two paradigms are generally used: classical
conditioning (or Pavlovian conditioning; defined by Pavlov in 1927), where the two events are
external stimuli and which is established independently of the subject's behavior; instrumental
conditioning (defined by Thorndike in 1911), in which the subject's behavior is one of two events,
the other one being a stimulus (see Wasserman and Miller, 1997; Kandel and Pittenger, 1999;
Wang and Cui, 2018 for review). In this manuscript, | have mainly focused on classical conditioning
and more particularly on that sustained by a stressor, an aversive stimulus, i.e., fear (or threat)
conditioning. The main paradigms developed to study memory using such conditioning are

presented and the neurobiological substrate involved will be detailed in
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Box 4: Fear conditioning a model to study stress-related memory

Fear conditioning consists of exposing animal to an inescapable stress in a conditioning box (the
context) with or without discrete cues predicting the stressor. The contextual fear conditioning occurs
when animals are exposed to the context in which an unconditioned stimulus (US; often an electrical
shock) is delivered. Animals learn that the context predicts the US. This learning can be tested by
replacing the animals in the same context (i.e., conditioning context). If animals have learnt the context-
US association, then they will display a freezing behavior. In the cued fear conditioning, either delay or
trace, a cue (the conditioned stimulus, CS; often a tone) is also delivered. In the delay paradigm, the
US is delivered just after the CS, whereas, in the trace paradigm, the US is delivered several seconds
after the CS, creating a gap (i.e., trace) between both stimuli. In cued fear conditioning, animals also
associate the conditioning context with the US especially when the cue is not predictive enough of the
US delivery. Cued fear memory is assessed by quantifying the freezing behavior induced by re-
exposure to the cue, usually in a new context. Context- and cued-conditioned fear can be
attenuated/suppressed with an extinction procedure i.e., repeated exposure of the animal to the context
and/or sound, without US delivery.

Cued delay fear conditioning Contextual fear conditioning
cs —1 s — R
us Y

Cued trace fear conditioning
Trace

s ——
- L=
[/ us A

Figure 5: Schematization of the fear conditioning paradigms.
Abbreviation: CS, conditioned stimulus; US, unconditioned stimulus.

In addition to their role in the formation of fear memory, stressors can affect other cognitive
processes, with facilitatory or impairing effects depending on the characteristics of the stressors
(i.e., intensity, duration, predictability, controllability, and chronicity; see Lupien et al., 2007;
Finsterwald and Alberini, 2014; Schwabe, 2016 for review), mainly through their impact on the
HPA axis (see part Glucocorticoids and the HPA axis page 6 for more information). For
example, in rats, exposure to an acute strong stressor induced spatial memory impairments (de
Quervain et al., 1998; Diamond et al., 1999). Chronic stress, such as chronic restraint,
unpredictable randomized stressors or repetitive social stress, led to memory deficits (Luine et al.,
1994; Liu et al.,, 2012; Yuen et al., 2012). The stress intensity determines its beneficial or
deleterious impact on memory and cognitive processing according to an inverted U-shaped curve
(see Figure 6). Stress will enhance cognitive performances until an optimal ‘point’ is reached. The

allostasis load will continue to increase beyond this "optimal point", generating an allostasis
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overload, which may impair memory, and, depending on inter-individual resistance and resilience,

may lead to stress-related disorders.

Optimal arousal

; Simple task

Complex task

Cognitive / memory performance

MR occlupancy
'

Arousal / stress intensity

3. Neurobiology of the stress response

Relative receptor occupancy

Figure 6: effects of stress intensity on GRs
occupancy and cognitive performances
This plot represents the inverted U shape
relationship between cognitive performances and
stress intensity. Occupancy of GRs and MRs is
dependent on the stress intensity. Too high
occupancy will decrease memory performances for
complex tasks. From Finsterwald and Alberini,
2014.

The stress response system recruits a vast network of brain structures, neurotransmitter and

hormonal systems, all working in coordination to restore the homeostasis disrupted by physical

(e.g., hemorrhage) or psychological (e.g., threat perception or anticipation) stressors. Both kinds

of stressors engage two different networks although some structures can be found in both (Figure

7). A growing number of studies focus their research trying to understand networks, in order to

take into account interactions between structures. | will first present the main data supporting the

involvement of some key structures (because they are particularly relevant to the study of the

implication of Hb; see below) in the stress response (restricted to its physiological component)

and fear memory, before focusing on studies addressing this response at the network level.
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Figure 7:Main structures implicated in the
stress response in the Human and Rat brain
Representation of the neuroanatomy of the
stress response against a physical stressor
(pink) or psychological stressor (blue) in
humans (A) and in rodents (B). The
neuroanatomical substrate may overlap
between both types of stressors (grey).
Adapted from Godoy et al., 2018. Abbreviation:
AMY, amygdala; BLA, basolateral nucleus of Lc
the amygdala; Hippo, hippocampus; LC, locus

coeruleus; NAc, accumbens nucleus; NTS,

nucleus of the solitary tract; PFC, prefrontal NTS
cortex; PVH, paraventricular nucleus of the !
hypothalamus; VTA, ventral tegmental area.

a. Main structures
The Prefrontal Cortex

Anatomy

The involvement of the PFC in the stress response has been extensively studied; however, due
to the lack of homogeneity of PFC subregions across species it remains difficult to obtain a clear
view of its exact role (Vogt and Paxinos, 2014; Laubach et al., 2018). The first topological
description of the PFC in primates was by Brodmann (Brodmann, 1909). He described a granular
layer IV, which is absent (or poorly developed) in non-primate mammals (Carlén, 2017). Currently,
another organization is also used in primates, based on the functional implication of its different
subregions (see Figure 8A). In rodents, most studies have used a functional nomenclature to
describe PFC areas (see Figure 8B). The rodent PFC has been divided in two main subareas:
the mPFC and the orbitofrontal cortex (OFC). The mPFC is subdivided as follows: anterior
cingulate cortex (ACC), prelimbic cortex (PRL), and infralimbic cortex (IL). The OFC is subdivided
in three main parts: medial orbitofrontal cortex (MO), lateral orbitofrontal cortex (LO), and ventral

orbitofrontal cortex (VO). However, the names used for primate brain areas do not correspond to
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rodent brain areas (Van De Werd and Uylings, 2014), making it difficult to transfer knowledge

between species.

A HUMAN PREFRONTAL CORTEX . B MOUSE PREFRONTAL CORTEX Figure 8: Functional PFC
areas in humans and rodents
Representation of the PFC
functional divisions in humans
(A) and mice (B). Adapted from
Carlén, 2017. Abbreviations:
ACA, anterior cingulate area;
Al, agranular insular area;
dIPFC, dorsolateral prefrontal
cortex; dmPFC, dorsomedial
prefrontal cortex; ILA,
infralimbic area; MOs,
secondary motor area; OFC,
orbital frontal cortex; ORB,
orbital area; PL, prelimbic area;
VIPFC, ventrolateral prefrontal
cortex; vmPFC, ventromedia
prefrontal cortex.

@®MOs ACA @PL @ILA ©ORB @Al

Therefore, Vogt and Paxinos proposed a new nomenclature for the rodent mPFC based on
cytoarchitectonic analogies with human nomenclature (Vogt and Paxinos, 2014). If some studies
begin to use this new nomenclature (Fillinger et al., 2017a, 2017b; Cerpa et al., 2019), most of
them, including ours, still refer the previous nomenclature likely because of its extended functional
description, still referring to rodent ACC, PRL and IL. However, it is always useful to have an
approximate correspondence with the Vogt nomenclature (see Laubach et al., 2018 for
comparison of both nomenclatures); the ACC in the Vogt and Paxinos nomenclature refers to the
anterior part of the PFC, whereas the posterior part of the PFC is the midcingulate cortex (MCC).
In our study, ACC is considered an equivalent of area 32 (dorsal part) and 24b, the PRL is
considered an equivalent of area 32 (ventral part) and the 24a, the IL is considered an equivalent
of area 25 (except the extreme anterior part represents the MO); however, because their
implication in various functions differ we used the MCC such as the Vogt nomenclature has
proposed (areas 24b’ and 24a’) instead of considering the posterior extension of the ACC such as

in the previous nomenclature; see Figure 9)

12|Page



INTRODUCTION - Behavioral adaptation to stressful environment

ACC ., MCC RSC
514 3.2 110 -1-2-3-4-5-6-7-8
B}'egma P |l S e

A Paxinos & Watson, 4th Paxinos & Watson, 7th

s o2ep

=
S,

244

Y
&
. &

N - - - = -

|

|

|

|

|

|

|

|

; . ) . |
- . |
! |

|

|

|

|

|

|

|

|

00 - - -UEEERE | |

+2.5 AP +0.20 AP +0.72 AP

Figure 9: Comparison of the two nomenclatures of the PFC

Abbreviations: ACC, anterior cingulate cortex area; Cg1 & Cg2, anterior cingulate cortex, DLO, dorsolateral
orbital cortex; DP, dorsal peduncular cortex; LO, lateral orbital cortex; M1 & M2, motor cortex; MCC, mid
cingulate cortex; MO, medial orbital cortex; PrL, prelimbic cortex; RSC, retrosplenial cortex; VO, ventral
orbital cortex. Adapted from (A-B-C) Laubach et al., 2018; (top left) Vogt and Paxinos, 2014.

In rats, projections to the mPFC arise in numerous brain regions including several other cortical
areas, the basal forebrain, the thalamus, the AMG, the hypothalamus and brainstem structures
(see Hoover and Vertes, 2007 for the details). Interestingly, the diversity and density of those
projections depend on the subregion targeted (i.e., ACC, PRL or IL), which supports differential
roles of those subregions in the stress response. Projections from the mPFC are also numerous
(for example, striatum, BLA, lateral hypothalamus [LH], periaqueductal gray [PAG], septum,
ventral tegmental area [VTA], dorsal raphe [RD]) and depend on the subregion they arise from
(Heidbreder and Groenewegen, 2003; Gabbott et al., 2005).

Role in the stress response

The mPFC is particularly involved in the modulation of the HPA axis (Herman et al., 2003). The
mPFC displays a high c-Fos response (c-fos is an early gene, often used as a marker of activation;
see part Wide Scale Network Analysis (study 1 and 2) page 50 for more information) following
exposure to various stressors, including restraint (Cullinan et al., 1995). Interestingly, in rats a

lesion of the whole mPFC decreased the plasmatic CORT level before acute restraint (20 min)
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whereas no difference was found after stress (Sullivan and Gratton, 1999). In the same study, the
mPFC lesion was also found to decrease circulating CORT level after a chronic restraint (20 min
by day for 5 days), when the lesion was bilateral or only on the right hemisphere, but not when
only on the left hemisphere; these results suggest a lateralization of mMPFC modulation of the HPA
axis, which could be explained by a left/right asymmetry of the mesocortical DA system in normal
condition and during the stress response (Carlson et al., 1993; Sullivan and Szechtman, 1994;
Sullivan and Gratton, 1999). There is also a lateralization of the engagement of the mPFC in rats
during chronic social defeat paradigm, as control rats display a higher proliferation of new-born
cells in the mPFC in the left hemisphere whereas, in rats exposed to chronic stress, higher levels
are found in the right hemisphere (Czéh et al., 2007, 2008).
The implication of the mPFC in the stress response also depends on its subdivisions. For example,
bilateral lesion of the PRL, in rats, increases plasmatic CORT concentration and c-Fos expression
into the PVH (Diorio et al., 1993; Figueiredo et al., 2003), whereas IL bilateral lesion induces a
decrease of plasmatic CORT levels (Sullivan and Gratton, 1999). Also, lesion of the dorsal part of
the PFC (dPFC; including the dorsal PRL and the ACC) has anxiogenic effects whereas lesion of
the ventral PFC (vPFC; ventral PRL and IL) has anxiolytic effects (Sullivan and Gratton, 2002),
suggesting an opposite role of the PRL (at least its dorsal part) and of the IL in the stress response.
Anxiogenic effects following dPFC lesion may come from the fact that it indirectly inhibits PVH
activity, whereas anxiolytic effects after vPFC lesion might potentially be the consequence of the
indirect stimulation of the PVH by the IL (Herman et al., 2003; Radley et al., 2006; Jones et al.,
2011). The mPFC innervates several predominantly GABAergic projections onto the PVH
including from the BNST, the LH , the dorso-medial nucleus of the thalamus (MD) or the nucleus
of the solitary tract (Terreberry and Neafsey, 1987; Hurley et al., 1991; Heidbreder and
Groenewegen, 2003). Moreover, the IL and the PRL send projections to the AMG and the raphe
nuclei (Hurley et al., 1991; Heidbreder and Groenewegen, 2003; Gabbott et al., 2005) which may
in turn participate to the modulation of the HPA axis (see below and

)- Finally, the mPFC innervates the paraventricular nucleus of the thalamus
(PVT; Hurley et al., 1991; Heidbreder and Groenewegen, 2003) which facilitates HPA activation
during the stress response (Bhatnagar and Dallman, 1998).
Unlike the mPFC, the implication of the OFC in the stress response has not been extensively
studied. Shiba and collaborators reviewed studies done in animals (rodents and monkeys)
concerning the implication of the OFC in fear and anxiety regulation (Shiba et al., 2016). They
propose that the OFC contributes to the regulation of emotion through its involvement in outcome

prediction.
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Role in fear memory

There is a bidirectional modulation of the mPFC on conditioned cued fear expression (Vidal-
Gonzalez et al., 2006; Sierra-Mercado et al., 2011). For example, in rodents, in extinction learning
(i.e., learning that the CS no longer predicts the US), the vPFC seems necessary for learning the
new rule whereas the dPFC seems to promote the expression of the learnt fear (Morgan et al.,
1993; Quirk et al., 2006). It can be noticed that studies converge towards the same complementary
functional implication of dPFC vs vPFC on the stress response and on the modulation of anxiety.
The involvement of mPFC in extinction has been demonstrated in numerous lesion or inactivation
studies (Sierra-Mercado et al., 2006; Corcoran and Quirk, 2007; Gilmartin and Helmstetter, 2010),
supporting its role in cued-fear extinction learning rather than in cued-fear learning. However,
some studies showed that the learning-related associative fear memory is supported by the
plasticity of a distributed network (Helmstetter et al., 2008), and Gilmartin and collaborators
hypothesized that the PFC may play a role in the plasticity of this network (Gilmartin et al., 2014),
although its inactivation or lesion does not impair learning.

In contextual fear learning (see ), the mPFC does not seem to participate, at least when the
context is the only reliable predictor of the shock (i.e., “foreground” contextual learning; Corcoran
and Quirk, 2007; Gilmartin and Helmstetter, 2010). In contrary, when the context is not the only
predictor of the shock (i.e., “background” contextual learning), the mPFC is required. Inactivation
of the PRL or the ACC prior to cued fear learning impairs the memory of the training context (Zhao
et al., 2005; Gilmartin and Helmstetter, 2010) whereas lesion of the vPFC may promote contextual
fear memory (Morgan and LeDoux, 1995). The PFC is known to play a role in contextual fear
extinction. For example, the PFC is required (in collaboration with the HPC) for the expression of
an appropriate fear response in a new context but not in a safe context or in the conditioning
context (Orsini et al., 2011).

The PFC seems to be required in learning processes during more demanding variants of fear
conditioning. For example, the insertion of a “gap” between the CS and US (i.e., trace fear
conditioning; see ) makes the learning dependent on the PFC (Gilmartin and Helmstetter,
2010; Guimarais et al., 2011; Gilmartin et al., 2013, 2013). In this paradigm, the association
between CS and US cannot be solely supported by the convergence of information in the AMG
as is assumed in delay fear conditioning. Additional brain structures such as the PFC, HPC,
entorhinal cortex (Ent), and perirhinal cortex (PRh) are required to appropriately associate the CS
and US when several seconds separate them (Gilmartin and Helmstetter, 2010; Guimarais et al.,
2011; Czerniawski et al., 2012; Gilmartin et al., 2012). The PFC would maintain the CS

representation, allowing its association with the US. In vivo recording of PFC neurons have shown
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that many of them maintain their firing during the trace interval (Baeg et al., 2001; Gilmartin and
McEchron, 2005). These particular cells, called “bridging cells”, are observed in the ACC and the
PRL but not in the IL (Gilmartin and McEchron, 2005; Takehara-Nishiuchi and McNaughton, 2008)
Gilmartin and collaborators also showed that optogenetic silencing of PRL neurons during the
trace interval impaired learning of the CS-US association. Interestingly, silencing of these PRL
neurons during re-exposure to the CS did not impairs cued fear memory expression (Gilmartin et
al., 2013). The activity of these ACC and PRL neurons may reflect the local temporary storage of
CS information (i.e., short term memory) required for trace conditioning, and/or the maintenance

of attentional resources during the trace interval.
The Hippocampus

Anatomy

The HPC consists of the ammonic fields (CA1, CA2 and CA3) and the dentate gyrus (DG). It is
subdivided into two main subregions with distinct functional properties, namely the dorsal
subregion (dorsal HPC, dHPC) and the ventral subregion (ventral HPC, vHPC). The dHPC is
mainly involved in learning and memory processes, while the vHPC is mainly involved in emotional
responses and motivation (Fanselow and Dong, 2010).

The HPC is an allocortical structure (4 layers except for CA3 [5 layers]). The intra-HPC circuit is
often modelled as a tri-synaptic circuit, each synapse representing a particular type of information
transfer: DG granule cells send projections to CA3 pyramidal cells which send projections to CA1
pyramidal cells (Amaral and Witter, 1989; Andersen et al., 2000). A secondary tri-synaptic circuit
passing through CA2 has also been described ( Kohara et al., 2014). However, the hippocampal
circuit is more complex that the tri-synaptic model (see van Strien et al., 2009; Llorens-Martin et

al., 2014 for review).

Most of the information reaching the DG arise in the Ent through the perforant path (Witter, 2007).
The Ent receives projections from several cortical areas (such as the piriform and insular cortices),
from sub-cortical area (including the claustrum, the AMG, several thalamic and hypothalamic
areas and from the HPC itself (mainly CA1 and subiculum [SUB]; see Kerr et al., 2007).

The main output regions of HPC is CA1. Its pyramidal neurons send excitatory projections to SUB,
mPFC regions such as the PRL and the IL (Herman and Mueller, 2006), hypothalamic nuclei, the
PVT, the BNST (Herman and Mueller, 2006), and the BLA, the later sending projection back to
the HPC (Herman and Mueller, 2006; Godsil et al., 2013).
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Role in the stress response

The HPC appears essential to respond to stressful situations (McEwen, 1968; Smotherman et al.,
1981). Stimulation of the dHPC leads to a phasic increase of CORT levels in rats (Casady and
Taylor, 1976). It is hypothesized that the HPC regulates the “ending” of the stress response, as
feedback control to bring down GC levels (i.e., when the glucocorticoids return to basal levels).
Indeed, in rats, HPC lesion prolongs stress-induced GC release in restrain stress (Sapolsky et al.,
1986; Herman et al.,, 1995). Tts role seems to depend on the nature of the stressor, as the
prolongation of GCs release is observed following restraint (Sapolsky et al., 1986; Herman et al.,
1995), during contextual fear conditioning (Kant et al., 1984), and during open field exposure
(Herman et al., 1998), whereas it is not observed in, for instance, hypoxia (Bradbury et al., 1993).
Interestingly, HPC outputs are indirectly connected with the PVH and this indirect pathway is
inhibitory (Barbas and Blatt, 1995; Herman and Mueller, 2006), suggesting a modulation of the
stress response, and more precisely, of the HPA axis using a negative feedback (Jacobson and
Sapolsky, 1991; Herman et al., 1996). The inhibition of the HPA axis by the HPC seems to be
mediated by the vHPC through its ventral SUB projections; lesion of this area enhances the
responsiveness to an open field exposure and restraint (Herman et al., 1995, 1998). The SUB
projects onto the BNST, some hypothalamic area (Cullinan et al., 1993), making these regions
potential targets to support the negative modulation of the HPC on the PVH. As reviewed by
Herman (Herman et al., 2003), the role in negative feedback over the activity of the HPA axis is
mediated by GCs acting directly in the HPC which includes a high density of GCs receptors
(McEwen et al., 1968; Reul and de Kloet, 1985). Also, direct GC injection into the vHPC flattens
the circadian rhythm of glucocorticoid secretion (Slusher, 1966), and that injection of CORT into
the dHPC decreases glucocorticoid release in adrenalectomized rats (Sarkar et al., 2002). The
response of the HPC to glucocorticoids is very large and support the idea that GRs in the HPC
are crucial for the adaptation of the stress response. In CA3, a loss of apical dendrites but an
increased basal dendritic tree can be observed after a single stressor exposition (Kole et al.,
2004). The GRs have also been shown to be important for the neurogenesis in the DG (Garcia et
al., 2004). GCs have been shown to modulate synaptic plasticity phenomenon, i.e., LTP and LTD
in the HPC (Diamond et al., 1992; Martin et al., 2000).

Role in fear memory

Overall, the HPC seems to be involved only when contextual representation are required (either
temporal or spatial; O’Keefe and Dostrovsky, 1971; Fanselow, 2000; Wiltgen et al., 2006; Maren
et al., 2013). In delay conditioning, HPC lesion impairs freezing to the context but not to the CS

(Kim and Fanselow, 1992; Fanselow, 2000 but see Quinn et al., 2008). The current hypothesis
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regarding the precise involvement of HPC in contextual memory is that it participates to the
integration of contextual features and not directly in the association between context and US
(Fanselow, 2000; Gilmartin et al., 2014). When animals with HPC lesions receive a shock as soon
as they are placed in the conditioning context, so with no time to scan the environment, they
present learning deficits (i.e., deficit of context encoding), suggesting less efficient contextual
encoding (Wiltgen et al., 2006; Fanselow, 2010).

In trace fear conditioning, the HPC is required to cued conditioning (Knight et al., 2004; Gilmartin
and Helmstetter, 2010; Guimarais et al., 2011), and may participate to bridging of the stimuli (i.e.,
maintaining the CS representation during the trace interval to allow its possible association with
the US) (Wallenstein et al., 1998; Rodriguez and Levy, 2001). However, the firing pattern of CA1
or DG are not consistent with this role (Gilmartin and McEchron, 2005), and the discussion about

the exact role of the HPC in trace conditioning is still ongoing.
The extended Amygdala

Anatomy

The extended AMG (exAMG) includes the BNST (separated in subregions; see Dong et al., 2001
for detail on their anatomy), and the AMG itself, which consists of: the Central Nucleus (CeA), the
Basal nucleus (BL), the Lateral nucleus (LA), and the Medial nucleus (MeA). However, in the
literature, the nomenclature used for AMG nuclei is not always clear. Some authors indicated the
Basolateral Amygdala (including BL and LA) by using the abbreviation BLA (this is what we chose
to do in our first paper and throughout the manuscript) whereas some other studies use BLA for
the BL, which brings confusion into the nomenclature of these subregions.

The intrinsic circuitry of the AMG has been very well described (see ). The LA projects
to the CeA either directly, or indirectly through the BL through glutamatergic projections. The BL
send also glutamatergic projection to the CeA. The LA and BL send also indirect projections to
the CeA through the intercalated cell masses (ICM) which innervate the CeA with GABAergic
projections (Duvarci and Pare, 2014). The AMG receives projections from numerous brain areas
(see ), the LA from sensory cortices, thalamus and PRh, the BL from the
hypothalamus, the PFC and the HPC. The LA sends projections to the PFC, such as does the
BLA, which also projects to the striatum. The CeA is often considered the output of the AMG (but
see Janak and Tye, 2015). It is innervating the BNST, the hypothalamus, the midbrain, the pons,
and the brainstem including the PAG (Sah et al., 2003 for an exhaustive review of AMG anatomical

connections).
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Figure 10: Intrinsic and extrinsic connections of the AMG.

(A) Schematic representation of the intrinsic connections in the amygdala adapted by Duvarci and Pare,
2014. (B) Diagram representing the extrinsic pathways and their functional implications adapted by
Roozendaal et al., 2009.

Role in the stress response

The AMG nuclei are involved in different aspects of the stress response (Roozendaal et al., 2009).
The BLA is an essential structure for psychological stressors processing (Janak and Tye, 2015).
It is activated by the anticipation of the stressor (Cullinan et al., 1995). The BLA has reciprocal
connections with the PFC (Gabbott et al., 2005; McGarry and Carter, 2016), projections which are
crucial for aversive learning, fear-related response, anxiety behavior and social interactions (Felix-
Ortiz et al., 2016; Burgos-Robles et al., 2017). The implication of the BLA in stress response is
not only restricted to its projections to and from the PFC. Some studies suggest that BLA mediates
the stress response also by an indirect pathway to the PVH (Prewitt and Herman, 1998). However,
the lesion of the BLA is ineffective to increase or decrease glucocorticoids levels (Seggie, 1987;
McGregor and Herbert, 1992; Feldman et al., 1994). The BLA would play a more complex role in
the regulation of the stress response, for instance by mediating the effect of glucocorticoids on

aversive memory (Roozendaal et al., 2009).
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The AMG participates to the regulation of the HPA axis (Herman et al., 2003) and, contrary to the
HPC, its stimulation increases GCs release (Kawakami et al., 1968; Saito et al., 1989), a regulation
mediated by the output AMG nuclei, the CeA and MeA, both of them sending projection to the
BNST which directly innervates the PVH (Prewitt and Herman, 1998).

Even if the CeA is known to be a central hub in the management of fear response, it is also
considered as key structure in the stress response (Ulrich-Lai and Herman, 2009). Lesion of the
CeA increase GCs release after restraint or fear conditioning, (Beaulieu et al., 1986; Van de Kar
et al., 1991). Hoverer, other studies have failed to show an increase of GCs or c-Fos activation in
the PVH after restraint (Prewitt and Herman, 1998; Dayas et al., 1999). Herman (2003) evokes
the following hypothesis to reconcile the results. He proposes that the CeA is involved in a
"reactive" response, depending on the nature of the stress. This proposal could be supported by
the c-Fos activation observed in CeA after internal body related-stressors (Sawchenko et al., 1996;
Thrivikraman et al., 1997), whereas external stressors lead to a minimal c-Fos response (Cullinan
et al., 1995; Emmert and Herman, 1999; Thrivikraman et al., 2000). CeA direct projection to the
periaqueductal gray (PAG) are essential to the organization of the response to a threat (LeDoux,
2012).

In contrast to CeA, injury to MeA reduces c-Fos activation in the PVH after restraint in rats (Dayas
et al., 1999). Moreover, MeA lesion decreases GCs release after exposure to a stressor (Feldman
et al., 1994; Dayas et al., 1999). The MeA appears to be more responsive to external stressors
(Cullinan et al., 1995; Emmert and Herman, 1999; Dayas et al., 2001) than to internal stressors
(Sawchenko et al., 1996; Thrivikraman et al., 1997; Emmert and Herman, 1999).

As previously mentioned, the BNST plays an important role in the modulation of the HPA axis
(Zhu et al., 2001; Choi et al., 2007). It is mostly implicated in the transfer of information from limbic
structures (PFC, HPC, AMG) to the PVH.

An interesting fact is that several study in human have shown that the AMG is lateralized over
stress effects or emotional processing (Phelps et al., 2001; Baas et al., 2004; Allen et al., 2021).
In animal, the lateralization of AMG function is less clear, but has been suggested (see Wilson et
al., 2015; Allen et al., 2021 for more details).

Role in Fear Memory

The AMG is known to play a crucial role in formation and expression of CS-US association (Phillips
and LeDoux, 1992; LeDoux, 2003).

The BLA is a critical structure for aversive memory consolidation (Roozendaal et al., 2009). Its

inactivation impairs aversive memory consolidation (avoidance task in rats; Brioni et al., 1989). It
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is particularly implicated in contextual fear memory (Phillips and LeDoux, 1992) while it was
recently shown that its pharmacological inactivation leads to a specific deficit in contextual fear
(Calandreau et al., 2005). As mentioned previously, BLA receives a dense input from the HPC. It
has been proposed that the BLA relays contextual information to be associated with the US
(Phillips and LeDoux, 1992; Maren and Fanselow, 1996). Lesion of the BLA has also been shown
to impair conditioned fear extinction (Bouton and Bolles, 1979).

The AMG , especially the LA is a main site of convergence of sensory information allowing the
formation of the CS-US association during learning (Romanski et al., 1993; LeDoux, 2000),
whereas the CeA, which projects onto the PAG and the hypothalamus, is responsible for the
expression of fear behavior. Indeed, its lesion resulted in a generalized deficit in fear expression
(Gentile et al., 1986; Hitchcock and Davis, 1986; Campeau and Davis, 1995). However, the CeA
may have a more complex role in the CS- and context-US association, as it is also a place of
convergence of CS and US information (Turner and Herkenham, 1991; Linke et al., 2000),

suggesting its implication in fear learning (Paré et al., 2004; Wilensky et al., 20086).

Brainstem

Dopamine is a key neurotransmitter of the stress response as it is released in many structures
upon stress exposure. Main neurons that synthetize DA are located in the substantia nigra (pars
compacta [SNc]) and the VTA. For example, stressful experiences, such as restraint or
footshocks, increase DA release or DA turn over in the NAc shell (Herman et al.,, 1982;
Abercrombie et al., 1989; Copeland et al., 2005; Ling et al., 2009). The DA system received a
particular attention in its potential implication in the stress response, certainly due to its regulation
changes in several psychological pathologies. It has been shown that the mesocortical DA system
(i.e., liberation of DA in the PFC from the projecting neurons of the VTA) is sensitive to stress
(Horger and Roth, 1996). A study showed that a first restraint induced an increased DA release
in the PFC whereas a second one, 3 hours later, lead to a lower DA levels in the PFC that the first
exposition (Jackson and Moghaddam, 2004). These results suggests that the release of DA in the
PFC may modulate the stress response and might participate to the “habituation” to stress.

The VTA is a heterogeneous structure, and more precisely, it has been shown that they were
different subtype of the DA neurons, with different efference and afference, distinct anatomical,
electrophysiological, and molecular (Margolis et al., 2006, 2008; Ikemoto, 2007; Lammel et al.,
2008, 2011). There is a diversity of response of VTA DA neurons to stress so that its implication
remains obscure and controversial (Trainor, 2011; Lammel et al., 2014). The mesolimbic pathway

(VTA-NAc) is more responding to reward whereas the mesocortical pathway responds to
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punishment/aversive events (see ; Weele et al., 2019). A study in rats, has shown that, in
response to a footshock, neurons from the ventral part of the VTA increased their activity whereas

neurons of the dorsal part of the VTA were inhibited (Brischoux et al., 2009).

Mesolimbic Dopamine | Mesocortical Dopamine
Pathway (VTA-NAc) Pathway (VTA-PFC)
Density of Projection robust sparse From Weele et al., 2019.
Soma Location in VTA lateral medial
Ih Current yes no
Waveform conventional unconventional
Firing Rate low baseline, low bursting jhigh baseline, high bursting
Reuptake / Degradation fast slow
Presence of Autoreceptors yes no
Response to Reward +++ + or x
Response to Punishment + or - +++
Major Input(s) laterodorsal tegmentum lateral habenula
rostromedial tegmentum

The Locus Coeruleus (LC) is a brainstem nucleus containing most of the NA-expressing neurons
in the brain. The noradrenergic neurons of the LC (LC-NA) are activated by stressors such as
restraint, unpredictable shock and social stress (Wood and Valentino, 2017). The activation of LC-
NA occurs in parallel with PVH activation, supporting the cognitive processing needed during the
elaboration of the stress response engaging forebrain regions (Joels and Kloet, 1989; Wood and
Valentino, 2017). A study showed that the LC-NA system has a pivotal role in anxiety like
behaviors induced by stress by showing that the stimulation of LC activity induce anxiety like
behaviors in mice. In addition, its inactivation prevent anxiety like behaviors during stress (McCall
et al., 2015). Interestingly, the LC-NA system is indirectly modulated by CORT (Valentino and Van
Bockstaele, 2008), implicated in the emotional arousal settings state, the facilitating cognition and

promoting flexible behavioral responses to stress (Valentino and Van Bockstaele, 2008).

The raphe nuclei (RD and median raphe [RM] nucleus) are main structures containing neurons
expressing 5-HT. The serotonergic system is particularly linked to the stress response. In
particular, this system is essential to the selection of the coping strategy. In rat, during a social
defeat paradigm, animals who exhibited an active coping style (attack, flight, defensive posture)

also had lower 5-HT levels in PFC and AMG (Diamantopoulou et al., 2012). This is likely to occur
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in coordination with the HPA axis. A study showed that mice using a passive coping strategy
facing an acute stress had a hyperactivation of the HPA axis concomitantly to a reduced increase
of 5-HT metabolism in the brain in comparison to mice showing an active coping strategy
(Veenema et al., 2004). The interaction between 5-HT and CRH may be crucial to switch coping
strategy (Puglisi-Allegra and Andolina, 2015). Neurons afferences includes the LC, the
hypothalamus, PFC and BNST which play a feedback control over the 5-HT release (Jacobs and
Azmitia, 1992; Puglisi-Allegra and Andolina, 2015). In addition, the 5-HT neurons have been
implicated in the selection of the coping behavior following an exposition to a stressor (Puglisi-
Allegra and Andolina, 2015). The coping behavior can be divided in two main strategies: active
coping (attempt to act against the stressor) or passive coping (no attempt to act against the
stressor). The selection of the coping strategy depends on the controllability of the situation and
the individual resources. For example, during a controllable situation most of individuals use an
active coping to remove the stressor, whereas during an uncontrollable situation, they have the
tendency to use passive coping in order to save energy and resources (Vitaliano et al., 1990;
Austenfeld and Stanton, 2004).

The PAG is essential to the modulation of the behavioral output upon confrontation to a stressor
(LeDoux, 2012). The dorsal part of the PAG is responsive of an unconditioned threat exposition
whereas the ventral part is related to conditioned threats. For example, the lesion of the dorsal
PAG increase freezing behavior and the lesion of the ventral PAG decrease the freezing response
(De Oca et al., 1998; LeDoux, 2012).

b. Networks
In this part of the thesis, | will summarize and assemble the anatomic knowledge we gathered until
now, to review the main anatomic networks involve in the stress response and afterwards focus
on the fear conditioning networks. We will also discuss about the functional network approach and

its contribution to the knowledge of stress response processes and the fear conditioning.

In the stress response

The anatomy of the stress response modulation is very broad. The model proposed by Ulrich-Lai
and Herman in 2009, divides the system in three main anatomical “management” (see ):
the top-down regulation system, including limbic forebrain structures which process the stress
signal depending on the individual experience or innate factors; the “middle management”,
including the BNST and hypothalamus, with modulate the homeostasis and are directly connected

to the outputs (i.e., HPA or SAM axis); the stress response trigger including the brainstem and
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hypothalamus, modulated by stress signals such as homeostasis imbalance, pain or inflammation,

and can also activate the outputs systems.

From Ulrich-Lai and Herman,
2009. Abbreviations: ANS,
autonomic nervous system;
BST, bed nucleus of the stria
terminalis; CVO,
circumventricular organ;
HPA, hypothalamic-pituitary-
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If we focus on the limbic system (see for limbic system overview) management, we can see
that each structure or subregion has a modulatory effect on the stress response by regulating,
indirectly, the HPA and SAM axes (see
has an inhibitory effect on the HPA axis through the hypothalamus, BNST, LS, or mPFC. The

AMG has an indirect excitatory effect on HPA and also, for the CeA, on SAM axis. Moreover, the

). The vHPC, more particularly the ventral SUB,

mPFC exercises also a “bimodal” modulatory role. The PRL in implicated in an inhibitory regulation
of the HPA et SAM axis whereas the IL stimulates both axes.

The concept of the limbic system was introduced in 1952 by MacLean (Maclean, 1952). It was initially
defined in humans by a circuit associating the limbic lobe (defined by Broca as cortical border separating
the cortex and the sub-cortical areas; Pessoa and Hof, 2015) with several sub-cortical areas implicated in
emotional and motivational processes (see Morgane et al., 2005; Roxo et al., 2011). However, today, the
limbic system function and neuroanatomy are still controversial, and depend on the authors (see Kétter
and Meyer, 1992; Roxo et al., 2011). In general, this term is associated with the HPC, the cingulate cortex
(in humans), the AMG and the NAc. Other brain regions considered as included in the limbic system
are the OF, the piriform cortex, the Ent, the fornix, the septal nuclei, the hypothalamus, especially the
mammillary nucleus) and the anterior nuclei of the thalamus (see Koétter and Meyer, 1992; Morgane et al.,
2005; Rajmohan and Mohandas, 2007; Roxo et al., 2011). Stressful situations can modulate plasticity
mechanisms within the limbic system, which makes this system central in the understanding of the
stress response (Sapolsky, 2003).
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a Limbic site Neurocircuits Primary action

MPOA, amBST, pmBST, ——s [VHPA axis
DMH, pPVN, PL, ILand LS | {psychogenic stress)

> avBST, DMH and NTS —— | TANS and HPA axis
(systemic stress)

MPOA and BST ————— | THPA axis
{psychogenic stress)

BST, CeA and MeA ——— [T1iPA axis
{modality undefined)

DRN, PVT, pPYN ——> LANS and HPA axis
and BLA (psychogenic stress)

BST NTS. Cop ——» | TANS and HPA axis
MeA and BLA (psychogenic stress)

The blue circles represent excitatory neurons, and the red circles represent inhibitory neurons. From Ulrich-
Lai and Herman, 2009. Abbreviation: amBST, anteromedial BST; avBST, anteroventral BST; BLA,
basolateral amygdala; BST, bed nucleus of the stria terminalis; CeA, central amygdala; DMH, dorsomedial
hypothalamus; DRN, dorsal raphe nucleus; IL, infralimbic cortex; LS, lateral septum; MeA, medial amygdala;
mPOA, medial preoptic area; NTS, nucleus of the solitary tract; PL, prelimbic cortex; pmBST, posteromedial
BST; pPVN, peri-PVN; PVN, paraventricular nucleus of the hypothalamus; PVT, paraventricular nucleus of
the thalamus; vSUB, The ventral subiculum.

The regulation of the stress response is managed by cross-limbic modulations (i.e.,
communication between limbic structures). As an example, it has been shown that the projections
from the HPC to the PFC and the BLA plays a crucial role in memory and in the regulation of the
stress response (see ; Godsil et al., 2013). The
PFC seems to modulate the HPC-BLA system and by extent the stress response, using a top-
down control, (McDonald et al., 1999; Janak and Tye, 2015; Radley et al., 2015). During an intense
psychological stress, the connection between the HPC and the mPFC become functionally
disrupted (Zheng and Zhang, 2015). During this type of intense emotional experience, the activity
of PFC is suppressed and the HPC-BLA pathway activates synaptic plasticity related to memory
consolidation (Diamond et al., 2007). On top of that, chronic stress induces many structural
changes in the limbic system leading to changes in the responsiveness of the structures and

affecting the behavioral outputs. However, the effect of chronic stress in the stress network and
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especially in the limbic system depends on the structures considered (see Figure 13; Roozendaal
et al., 2009). The structural change in the AMG leads to a hyperresponsiveness to stressors and
is positively correlated to the severity of chronic stress-induced symptoms. In comparison, the

structural changes in the HPC and the mPFC are negatively correlated to the severity of these

« Hyper-responsive « Reduced volume
« Correlated with » Inversely correlated
symptom severity with symptom severity|

symptoms.

Figure 13: Structural changes occurring with
repeated stress in interconnected brain
regions

From Roozendaal et al., 2009.

« Reversible dendritic atrophy
« Reversible spine loss

» Hyporesponsive
= Inversely correlated with symptom severity

Medial prefrontal
cortex

As discussed previously, brainstem structures, more precisely the monoaminergic structures, are
implicated in the modulation of the stress response with extraordinarily complex and interactive
system. For instance, the stimulation of the RD by GCs leads to the modulation of 5-HT in the
mPFC which, by feedback on the RD, regulates 5-HT release in the BLA; this modulation of 5-HT
release regulate the effect of DA in the NAc (see Figure 14; Puglisi-Allegra and Andolina, 2015).
All these complex interactions modulate the selection of the coping behavior during stressor

exposure.
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Model proposed by Puglisi-Allegra and Andolina, 2015. Abbreviation: DRN, dorsal raphe nuclei; CRFR,
corticotropin releasing factor receptor; BLA, basolateral amygdala; NAc, nucleus accumbens ; VTA, ventral
tegmental area; mpFC, medial prefrontal cortex.

However, the stress response network is more complex than these models. For exploring the
stress response at the brain level, researchers have studied functional connectivity through the
whole brain in response to acute or chronic exposure to a stressor, trying to better understand
how all structures coordinate (Schwabe, 2016; Sousa, 2016). The functional connectivity
represents a measure of inter-dependence or synchronization between two brain structures. This
interaction is known to represent a support of information processing between these two structures
(see part for more details on the
functional connectivity). This type of study is often conducted with fMRI (function magnetic
resonance imaging) or EEG data in humans. However, this approach is currently growing in rodent
studies too (Grandjean et al., 2017, 2019).

In humans, a stressful stimulus reproductively activates a set of brain regions (Herman et al.,
2003; Dedovic et al., 2009; Ulrich-Lai and Herman, 2009; Sousa, 2016), among which the
principal structures of the response such as PFC, HPC, AMG, BNST or PVH (Herman et al., 2003;
Dedovic et al., 2009; Ulrich-Lai and Herman, 2009; Sousa, 2016; Godoy et al., 2018). Most of the
studies in humans use this approach to find patterns of activation in order to predict pathology
development (Franklin et al.,, 2012; Sousa, 2016). In rodents, few studies used functional
connectivity approach to study the stress response and they often focused on chronic stress. In
rats, using fMRI, dynamic changes through time following chronic restraint were found. In addition,
this study divided the rats in two groups, low responsive and high responsive to chronic stress, to
understand the heterogeneity of individual response against a stressor. They found difference in

the functional connectome of both group before any restrain stress, providing potentially a
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biomarker to predict individual’'s resilience or vulnerability to chronic exposition to stressful
conditions (Magalhaes et al., 2018). In another study, also using fMRI, they showed that the
default mode network in rat was affected by chronic restraint and more particularly, that the
connectivity strength in the default mode network was increased in the stressed animals compared
to control (Henckens et al., 2015). These results indicate an alteration of functional connectivity
by a chronic restrain stress.

In fear conditioning

As mentioned before the main actors for the expression of fear and fear extinction are the PFC,
the HPC and the AMG (see ; Sierra-Mercado et al., 2011). For fear expression, the PRL
exchanges information directly with the BLA. The vHPC send information to the PRL and the BLA.
The BLA processes the inputs and send the information to the CeA which, by its connection to the
brainstem, generate fear expression. During extinction, the IL plays the main role in the PFC. IL
receives information from the vHPC and the BLA. The IL and the BLA project to the IMC

(GABAergic neurons) which projects to the CeA, decreasing the CeA activity and by extend fear
expression.

a Fear Expression b Extinction Memory
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Extinction-related plasticity

Gilmartin, in 2014, proposed a model related to the functions of the connections between the
main regions involved in trace fear conditioning (Gilmartin et al., 2014). In this model (see

), the ACC modulates attention and US expectancy processing, and the PRL maintains the CS
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representation, allowing it association to the US. In this proposed model, the dPFC exchanges
information with the AMG and the HPC about cues salience and predictive values (AMG), temporal
and spatial context (HPC) and the associative value (rhinal cortices). The thalamus projection to
the dPFC is implicated in the USC expectancy information. The connection between AMG, HPC

and rhinal cortices is involved in the storage of the memory associated with the experience.

Dorsal mPFC

Attention
[ACC UCS expectancy J
3 [ PL Persistent firing ] €

Working memory

From Gilmartin et al., 2014.
Abbreviations: ACC, anterior cingulate
cortex; mPFC, medial prefrontal cortex;
PL, prelimbic cortex.
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However, one should not forget that fear memory consolidation, or consolidation of fear extinction,
are is partly done during sleep (Totty et al., 2017; Tempesta et al., 2018), which integrate more

potential network interaction to the “basic” model evoked here.

In addition, fear conditioning networks have also been studied with functional connectivity
approaches to reach a better understanding of the global network interaction. Studies in rodents
are very few but bring interesting insights for future studies. Frankland’s group (Wheeler et al.,
2013) did a functional connectome study based on the correlation of c-Fos density through many
structures during contextual fear conditioning. They showed that the network supporting fear
memory changed with time. The functional network needed to retrieve the memory at 31 days was
associated with stronger functional connections over the brain but more particularly between the
PFC and the thalamus and between the cortex and the HPC. They also identified several
structur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>