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ABSTRACT

Research in humans and animals have shown that individual differences
and controllability over stress are critical factors to determine its main
outcomes. Thus, exposure to controllable stress (CoS) buffers part of the
detrimental effects of exposure to the same amount of uncontrollable
stress (UnS). This buffering effect includes a protection
(“immunization”) from the consequences of future exposure to UnS,
highlighting the potential of prior experience with CoS as a therapeutic

approach to treat stress-related disorders.

In the present work, adult rats were exposed to 2 or 5 sessions of an active
avoidance (TWAA) task in a shuttle-box using footshock as the aversive
stimulus. This group had the possibility of control over stress, whereas
an additional group received the same amount of shocks regardless of its
behavior (yoked, UnS). A stress-naive group was also included. We
studied: (i) whether 2 or 5 sessions of UnS is sufficient to induce long-
lasting behavioral effects on activity, arousal and anxiety-like behaviors;
(ii) whether exposure to the same amount of CoS buffers the negative
long-term impact observed after exposure to UnS; (iii) whether
individual differences in the performance in the TWAA task or more
prolonged experience with it is necessary to better observe the benefits
of controllability; and (iv) the possible contribution of the changes in the
expression of genes related to synaptic plasticity and epigenetic
regulation in brain areas critically involved in stress (e.g. prefrontal
cortex, amygdala and hippocampal formation).

Two phenotypes arose in the TWAA task: some animals exhibited high
levels of avoidance after 2 or 5 days, whereas others showed marked
deficits in acquiring the avoidance response from the first day and did
not rescue this deficit despite repeated experience with the task. These
phenotypes differed in their latency to escape from the first trials,

suggesting that how individuals confront and respond initially to the



aversive stimuli could determine how avoidance is acquired and

performed.

Exposure to CoS or UnS did not induce a clear behavioral profile,
although UnS decreased activity in new environments and enhanced fear
conditioning during exposure to the shock context. Importantly,
exposure to the same amount of CoS buffered both effects. Moreover,
only animals showing high avoidance rates during prolonged exposure
to the TWAA task showed this beneficial effect, suggesting that actual
rather than potential control over stress is a critical factor. Results from
a behavioral profiling identifying “affected” and “non-affected”
subpopulations based on key parameters related to activity, anxiety-like
and associative behaviors indicated that prolonged exposure to CoS
reduced drastically the proportion of animals identified as “affected”, an

effect not shown by exposure to UnS.

When gene expression (two experiments) was assessed between 2 and 13
days after stress, a decrease was observed in BDNF gene expression in
CALl. Other changes, including TrkB or histone deacetylases were not
consistent or complex depending on controllability, the brain area and
the time elapse since stress. Therefore, we were unable to observe any
clear and consistent biochemical signature of exposure to stress and the

degree of control over stress.

In conclusion, the present results clearly indicate that, within the
frameworks of studies about the influence of controllability in the
consequences of stress, the characterization of individual differences in
the performance in an active avoidance tasks can contribute to
distinguish between the possibility of control and the actual control over
stress. Such a distinction can help to better understand the differences in
the behavioral and biochemical consequences of exposure to CoS versus

UnS and the role of actual controllability.
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INTRODUCTION

Stress is one of the key determinant factors affecting global health. Even
though it was selected through evolution to equip living organisms with
tools to survive in face of a danger, the way of life of modern society has
turned this evolutionary asset into a dangerous weapon if not used under

control by our own body.

Epidemiological studies warn about the unstoppable spread of mental
disorders worldwide. Research on their etiology agree without a doubt to
consider stress as a primary risk factor for their development (Caspi et
al., 2003; Greenberg et al., 2014; McEwen, 2017; McEwen & Stellar, 1993;
Pittenger & Duman, 2008).

Mental disorders are among the most prevalent classes of chronic
diseases in the general population, with a lifetime prevalence in the 25-
50% range of the population and with a 12-month prevalence in the
range of 15-25% depending on case definitions and instruments used for
the study (Baxter et al., 2013; Alonso et al., 2004; Kessler et al., 1994;
Narrow et al., 2002; Steel et al., 2014). Mental disorders are among the
most impairing of all chronic diseases (Kessler, et al., 2001; Wang et al.,
2003). Furthermore, they present much earlier ages of onset ranging
from the early teens to mid-twenties depending on the mental disorder
(Kessler et al., 2005). Importantly, only a minority of those who meet
criteria for a mental disorder report that they have received treatment
(Alegria et al., 2000).

A call to action for global mental health is being predicated on the
evidence of increasing prevalence and disability in mental disorders
(Alonso et al., 2004; Baxter et al., 2013; Horton, 2007; Sayers, 2001; Steel
et al., 2014; Whiteford et al., 2013). In a time in which people’s health is
no longer exclusively judged in terms of mortality rates, disability plays
a central role in determining the health status of a population. Health

systems need to respond to this rising burden by implementing effective
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prevention and treatment strategies, and for that aim it will be critical to
support research to understand what stress is nowadays and how it

contributes to the development of human psychopathologies.

The concept of stress

The concept of stress as it is known today has been under considerable
debate from the first appearance of this concept in physiological and
biomedical research by Hans Selye in the 1930s (Selye, 1936, 1950). “Stress”
was first defined as the non-specific physiological response aiming at

regaining homeostasis after being perturbed by an external change.

The term “homeostasis”, which means steady state (from Greek dpotog,
hémoios, "similar” and otdog, stasis, "standing still"), was first coined by the
American physiologist Walter Cannon in 1932. Cannon’s work was based
on the concept developed earlier in the 1860s by Claude Bernard in which
he defined what he called the “milieu intérieur” (Holmes, 1986):

“There are two general conditions necessary for knowledge of the mechanism
of life: 1. The milieu; 2. The organism. Life does not inhere in the one or the
other, it is in the reunion of the one and the other...Suppress the milieu or
suppress the organism, and life will cease... The seat of life is in the living

organism, in the living molecule”.

Walter Cannon deepened the idea of the importance for life endurance to
maintain this “milieu” under a certain stability and described homeostasis
as the physiological mechanisms that enable the organism to confront
perturbations of these internal fluids by changes in the environment. He
highlighted the importance of the sympatho-adrenal medullary system
(SAM) as a main actor and described what is known as the “Fight or Flight”
response as the behavioural expression of the mechanisms activated to
maintain homeostasis in response to external threats (Goldstein & Kopin,
2007).
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While Bernard and Cannon were building the foundations of regulatory
physiology and adaptation, Selye was drawn to study the context of
“maladaptation” or pathology. In 1936, Selye publishes in a short note what
he calls the “General Adaptation Syndrome” (GAS) (Selye, 1936), a
biological syndrome with three phases. First, an alarm reaction is activated
comprising congestion of the adrenals, stomach ulcers, shrinkage of the
thymus and lymphatic nodes. In a second stage if the threat continues, an
adaptation process of resistance. This adaptation mechanisms include
increased granules secretion in adrenal cortex, hemodilution,
hyperchloremia, anabolism, etc. And lastly if strains continue, exhaustion.
“Stress” is described as the non-specific body response to any external

demand and the nature of the aversive event becomes largely irrelevant.

Cannon’s and Selye’s concepts of homeostasis and stress led to a
misapprehension in the definition of the terms due to a lack of specificity
with regard to its meaning referring to the internal state or the mechanisms

involved in maintaining that internal state. Selye’s wrote in his book, Stress
of Life:

“This lack of distinction between cause and effect was, I suppose, fostered
by the fact that when I introduced the word stress into medicine in its
present meaning, my English was not yet good enough for me to distinguish
between the words stress and strain. It was not until several years later that
the British Medical Journal called my attention to this fact, by the some-
what sarcastic remark that according to Selye stress is its own cause.
Actually, I should have called my phenomenon the strain reaction and that
which causes it ‘stress,” which would parallel the use of these terms in
physics. However, by the time that this came to my attention, biological
stress in my sense of the word was so generally accepted in various languages
that I could not have redefined it. Hence, I was forced to create a neologism
and introduce the word stressor, for the causative agent, into the English

language, retaining stress for the resulting condition” (Selye, 1974).

Furthermore, an additional paradox occurred. In the next decades,

numerous studies showed a dual and contrasting reality of stress. While
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exposure to acute stress induces the activation of adaptive mechanisms able
to restore homeostasis, exposure to persistent chronic stress leads to the
development of pathologies and damaging outcomes (Brindley & Rolland,
1989). A general term that comprehend both meanings under the same
concept seemed thus too unspecific. Intended to supplement and clarify the
meanings of these terms, McEwen recently introduced the concept of
“Allostasis” and “Allostatic load” (McEwen, 2000). Briefly, McEwen defines
“Allostasis” as the process of adaptation to acute stress, involving the release
of stress hormones to restore homeostasis in the fact of a challenge. On the
other hand, “allostatic load” is described as “the price the body pays for
being forced to adapt to adverse psychosocial or physical situations, and it
represents either the presence of too much stress or the inefficient operation
of the stress hormone response system, which must be turned on and then

off again after the stressful situation is over” (McEwen, 2000).

The lack of specificity of the stress response has been a key matter to
physiologists. It has been argued (Armario, 2006, 2015; Chrousos et al.,
1988) that two kinds of physiological responses are elicited when
homeostasis is challenged by a systemic stressor: (i) a specific response, not
related to its stressful properties; and (ii) a non-specific response, common
to all stressful stimuli (the stress response). Hence, the specific physiological
response able to restore normal variation in homeostatic values should be
distinguished from the non-specific emergency mechanisms activated

when normal mechanisms fail to restore homeostatic valence.

Activation of the hypothalamic-pituitary-adrenal (HPA) and SAM are the
two prototypical stress responses in all vertebrates. Adrenocorticotrophic
hormone (ACTH; in the pituitary gland) and glucocorticoids (GCs; in the
adrenal cortex) are released in response to the activation of the HPA axis by
corticotropine-release hormone (CRH) neurons in the paraventricular
nucleus (PVN). The main GCs are cortisol in most mammals and
corticosterone in rodents (including rats and mice). On the other hand,
activation of the SAM axis results in the increase of plasma levels of
catecholamines (noradrenaline and adrenaline) as well as in cardiovascular

and other vegetative changes.
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Despite the long-standing acceptance of the interpretation of stress in terms
of a threat to homeostasis in general, several authors have emphasized the
ambiguity of this definition arguing that virtually all activities are directly or
indirectly linked to the defense of homeostasis (Day, 2005; Levine, 2005;
McEwen, 1998; Romero et al., 2009). A proper definition of stress is still a
challenge for researchers. However, from our point of view, one of the most
accurate definitions is the one proposed by Vigas (Vigas, 1980): “Stress is
the response of the organism, evolved in the course of the phylogeny, to

agents actually or symbolically endangering its integrity”.

Although initial studies by Selye were mostly centered on agents directly
compromising homeostasis (physical stressors) (Selye, 1936), later authors
like Levine and Vigas have emphasized the importance of psychological
stressors (Levine, 1985, 2000). A psychological stressor is understood as a
potential but not actual threat for the organism (i.e. predator odor). Indeed,
several studies have shown that psychological factors like novelty,
withholding a reward or the anticipation of punishment (rather than the
punishment itself) lead to the most potent activation of the HPA and
autonomic nervous system (ANS) (Bliss et al., 1956; Euler et al., 1959;
Mason, 1975). A third category is comprised by stressors of mixed nature,
physical and emotional (i.e. electric-shock, forced swim, immobilization).
They share physiological characteristics from both type of stressors
(Herman et al., 2003) but have a pattern of central nervous system (CNS)
activation which strongly suggests that they are predominantly emotional
(Pacak & Palkovits, 2001).

Activation of the HPA axis through the activation of CRH neurons in the
PVN is the convergent point of the different pathways activated by stressful
stimuli of different nature in the CNS (Herman et al., 2003). Areas with
direct inputs to this region are in charge of relaying sensory information (i.e.
visceral afferences, nociceptors and circumventricular organs).
Corticosteroid responses are thus activated in response to homeostatic
challenges through these direct inputs in a reactive manner. In contrast,
indirect inputs coming from limbic areas are capable of activating CRH

neurons in response to “anticipatory” signals predicting a physical challenge
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but in the absence of an actual threat to homeostatic imbalance. The nucleus
of the solitary tract (NTS), a major catecholamine source of the PVN,
appears to be a common site for integration of HPA responses. While
several studies indicate c-fos activation of this area in response to sensory
and visceral inputs (e.g. visceral illness induced by lithium chloride,
inflammatory challenge, hypoxia) (Lacroix & Rivest, 1997; Lamprecht &
Dudai, 1995; Teppema et al., 1997), the N'TS has been shown to be activated
as well by numerous stressors of mixed reactive and anticipatory nature
(Cullinan et al., 1995; Sawchenko et al., 2000). Hence, a comparison
between internally generated and peripheral inputs with several limbic
sources occur, which in turn regulate the release of corticosteroids from the

adrenal cortex in a finely tuned manner.

HPA axis

The PVN is the initial point of activation of the HPA axis (figure 1). It is
comprised of the magnocellular (mPVN) and parvocellular (pPVN)
divisions (Herman et al., 2003). Afferences from the periventricular and
medial dorsal regions of the pPVN innervate the median eminence (ME)
which is connected in turn to the anterior pituitary gland. CRH and
arginine-vasopressin (AVP) are synthesized by the pPVN neurons in the
medial dorsal division, transported via axons to the ME and finally released
in the anterior pituitary gland. Other neuropeptides such are thyrotropin-
releasing hormone (TRH), somatostatin or growth-hormone releasing
hormone (GHRH) are synthesized in this region and regulate the release of
other anterior pituitary hormones like the growth hormone, thyrotropin

and prolactin (Swanson et al., 1986).
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Figure 1. HPA axis (left) and PVN subdivisions (left) (adapted from Armario,
2006b, 2015).
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CRH act on the corticotrope cells of the anterior pituitary activating the
synthesis and release of ACTH. ACTH is a peptide comprised by 39
aminoacids who’s synthesis derives from the cleavage of its precursor
protein, the pro-opiomelanocortin (POMC). Once released in the
bloodstream, ACTH acts binding to the type 2-melanocortin receptor
(MC2-R) in the zona fasciculata of the adrenal cortex, activating in turn the
synthesis and release of GCs (Adan & Gispen, 2000).
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GCs act at multiple levels in the body with the aim of reorganizing and
optimizing energy expenditure in response to an immediate challenge.
These effects include activation of glycogenolysis in the liver to release
glucose in the bloodstream, proteo- and lipolysis, vasoconstriction,
immunosuppression, inhibition of muscle and bone growth and
suppression of the reproductive function (McEwen & Stellar, 1993; Munck
et al., 1984; Sapolsky et al., 2000).

The molecular role that GCs play in inducing long-lasting behavioral
changes appears to be highly complex. It involves genomic and non-
genomic mechanisms (Reul & Kloet, 1985). First studies on GC
described a mechanism of slow genomic modulation. The lipophilic
nature of GCs enables them to freely cross the membrane and bind to
two types of cytosolic receptors: mineralocorticoid receptor (MR;
encoded by the gene Nr3c2) and glucocorticoid receptor (GR; encoded
by the gene Nr3cI). Binding of the ligand induces the dimerization of the
receptor and translocation to the nucleus, where it binds to transcription
factors activating or inhibiting gene transcription by interacting with
GC-response elements (GREs) located throughout the genome
(Hollenberg et al., 1987; Mifsud & Reul, 2016). The non-genomic action
of GCs was demonstrated much more recently. They involve the
membrane-bound MRs and GRs, resulting in neurophysiological
changes (Groeneweg et al., 2012), and the interaction of GRs with
intracellular cascades such as the extracellular signal-regulated kinase
mitogen-activated protein kinase (ERK/MAPK) pathway in the
hippocampus, resulting in behavioral adaption through epigenetic and
genomic changes (Gutierrez-Mecinas et al., 2011; Saunderson et al,
2016).

One of the main roles of GC is to regulate their own levels by means of
retroinhibitory mechanisms (de Kloet et al., 1998; Sapolsky et al., 2000).
Autoregulation of the GC release is mediated by their action upon several
brain regions including the PVN and anterior pituitary gland, together with
suprahypothalamic regions such as the medial prefrontal cortex (mPFC)

and the hippocampal formation (HF).
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Two mechanisms of GC autoregulation occur: (1) The “proactive” mode, in
charge of maintaining basal levels of HPA activity and thus determining the
threshold for activating the stress response. This process involves the
function of the MR localized in higher brain regions; and (2) The “reactive”
mode, which function is to suppress ACTH and GClevels induced by stress.
In this case the mechanism is deployed by the action of the lower affinity
GRs placed in parvocellullar neurons of the PVN and the pituitary gland.
Due to this lower affinity, GRs but not MRs are capable of modulating its
occupancy depending on the GCs released under a stressful event (de
Kloet, 1993). GRs are also located in cortical regions, HF and ascending
aminergic pathways, through which they exert as well modulatory influence
on the activity of the HPA axis (de Kloet et al., 1998).

At the molecular level, negative feedback suppression by GCs occurs by
inhibiting the expression of the pituitary POMC gene. Specifically, this gene
presents a negative glucocorticoid response element (nGRE) to which three
GRs bind (one dimer and one monomer), interfering with the binding on
adjacent sites of transcription factors that activate POMC expression
(Drouin et al., 1993).

Decades of research have gathered compelling evidence linking exposure to
a history of stress to the dysfunction in the mechanisms regulating the CRH
system and the HPA axis (Arborelius et al., 1999; Holsboer & Ising, 2008;
Sanders & Nemeroff, 2016; Strohle & Holsboer, 2003). This inability of the
organism to adjust homeostasis in the face of stressful events seems to be at
the core of the development of human psychopathology (de Carvalho
Tofoli et al., 2011; Juster et al., 2010; McEwen, 1998a). Furthermore,
evidence has shown that the development of psychopathology by exposure
to stress depends on several characteristics of the stressor such as the specific
type of the stressor (physical, emotional or mixed) (Armario et al., 2012;
Daviu et al, 2012a) and the duration of the exposure (acute or chronic)
(McEwen, 2004), as well as on situational factors such as the time in the
development when it is suffered (childhood, adolescence or
adulthood)(Masten & Garmezy, 1985; Salmon & Bryant, 2002) or the
gender of the individual (Hankin & Abramson, 2001).
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Long-term effects of acute stress

Post-traumatic stress disorder ¢ Clinical Studies

Based on the solid evidence linking chronic exposure to stress to the
development of anxiety and depression, the majority of studies on
psychiatric disorders have been based on animal models of chronic
stress. Nevertheless, interest in the study of the negative consequences of
exposure to an acute stressful event has grown in the last decades. This
new wave of interest comes to a great extent from an increased concern
in understanding the etiology of Post-Traumatic Stress Disorder
(PTSD), a psychopathology developed in humans after experiencing a
traumatic event such as combat-exposure, sexual abuse or a natural

disaster.

While acute symptoms of distress normally follow life-threatening
circumstances, it is the endurance of the symptoms that typifies PTSD.
PTSD was first included as a mental disorder in 1980 (American
Psychiatric Association, 1980). It was first considered as an anxiety
disorder until a recent reclassification as a “Trauma- and Stress
Disorder” (American Psychiatric Association, 2013). Criteria for
diagnostic of PTSD include the experience of a traumatic event,
considered as so an experience of threat to death, serious injury or sexual
assault. Its symptoms are grouped under four clusters: intrusion,
avoidance, negative cognition and mood and arousal (table 1). In order
to be diagnosed of PTSD, the subject has to experience the
symptomatology for a minimum of a month and suffer a clear

impairment in normal life.

Impairment in everyday life is caused by the re-experiencing of the
trauma through intrusive memories about the event, flashbacks and
recurrent nightmares. Subjects exhibit avoidance of places, sounds or

any environmental reminder of the trauma, as well as a lack of interest in
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social activities and deficits in declarative-memory related to key aspects
of the event. Finally, arousal symptoms are marked by aggressive,
reckless and self-destructive behaviors, sleep disturbances and

hypervigilance.

Traumatic events are commonly experienced in the general population
but most of these experiences do not lead to PTSD. Depending on the
particular population studied and the methodology, PTSD lifetime
prevalence has been shown to range from 1 to 14%. In the same manner,
studies show that the subset of population developing PTSD after a
traumatic experience variate between 20-30% (Cohen et al., 2004; Frans
et al., 2005; Kessler et al., 1995). However, a common pattern found in
the majority of studies is a 2:1 women to men ratio in PTSD rate,
suggesting a higher vulnerability of women to develop the

psychopathology (Frans et al., 2005; Perkonigg et al., 2000).
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DSM-5 criteria for PTSD

Trauma exposure
Trauma Actual or threatened violent death, serious injury or accident, or sexual violence
A. Exposure Via any of the following:

1. Directly exposed to trauma

2. Eyewitness (in person) to others directly exposed to trauma

3. Learning of direct exposure to trauma of a close family member or close friend

4. Repeated or extreme exposure to aversive details of traumatic event (eg, trauma
workers viewing human remains or repeatedly exposed to details of child abuse), in
person or via work-related electronic media

Symptom groups B to E (symptoms beginning or worsening after the traumatic event)

B. Intrusion >1 intrusion symptoms:
1. Recurrent, involuntary, distressing trauma memories
2. Recurrent, distressing trauma-related dreams
3. Dissociative reactions/flashbacks related to trauma
4. Intense or prolonged psychological distress to trauma reminders
5. Marked physiological reactions to trauma reminders

C. Avoidance >1 avoidance symptoms:
1. Avoidance/efforts to avoid distressing internal trauma reminders (memories,
thoughts, feelings)
2. Avoidance or efforts to avoid distressing external trauma reminders (people,
places, activities)

D. Negative =2 negative cognition/mood symptoms:

cognition 1. Amnesia for important parts of trauma exposure

and mood 2. Persistent, exaggerated negative beliefs about self, others, or the world
3. Persistent, distorted trauma-related cognitions leading to inappropriate blame
of self/others
4. Persistent negative emotional state (eg, fear, horror, anger, guilt, shame)
5. Loss of interest or participation in significant activities
6. Detached/estranged feelings from others
7. Persistent loss of positive emotions (eg, happiness, satisfaction, love)

E. Hyperarousal =2 marked alterations in trauma-related arousal and reactivity:
1. Imtability and angry outbursts with little/no provocation (eg, verbal/physical
aggression toward people/objects)
2. Reckless or self-destructive behavior
3. Hypervigilance
4. Exaggerated startle
5. Concentration problems
6. Sleep disturbance (eg, difficulty falling or staying asleep, restless sleep)

Additional criteria

F. Duration >1 month

G. Distress/ Clinically significant distress; social/occupational/other important functioning
impairment impairment

H. Not Independent of physiological effects of a substance (eg, medication, alcohol) or
attributable another medical condition
to another
disorder

Table 1. PTSD criteria from DSM-V.

Symptoms of PTSD are hypothesized to be the behavioral expression of
stress-induced changes in brain structure and function. Stress results in

acute and chronic functional and structural changes in specific brain
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regions, which result in long-term changes in brain circuits. Functional
Magnetic Resonance Imaging (fMRI) or Positron Emission Tomography
(PET) studies of PTSD patients have shown that PTSD may arise from a
dysfunction in the neural circuits of fear, reward and emotion regulation.
Concretely, these studies point to the PFC, the amygdala and the
hippocampus as the regions mainly involved (Feder et al., 2009). Several
meta-analysis of functional imaging studies (Etkin & Wager, 2007; Patel
et al., 2012; Sartory et al., 2013; Shin et al., 2006) have shown that PTSD
patients exhibit a heightened amygdala response during negative
emotional processing as well as during the processing of emotional
information unrelated to the trauma. On the contrary, the hippocampus
and the PFC appears to be hypo-responsive in such situations.
Functional as well as structural differences in these regions have been

found when compared to healthy patients.

Several MRI studies have found evidences indicating that PTSD patients
show a smaller PFC and hippocampus (Bremner, 2007; O’Doherty et al.,
2015). These alterations in structure and connectivity would be at the
base of the exaggerated acquisition of fear associations and fear
expression (amygdala-related), deficits in extinction (i.e. learning a
previously aversive stimulus is no longer a threat) and the capacity to
inhibit response to trauma reminders (PFC-related), as well as mediating
the deficits in evaluation of safe contexts and explicit memory
(hippocampus-related) (Rauch et al., 2006). Importantly, activity of these
regions in response to trauma-unrelated stressful images have been
shown to be positively (in the amygdala) and negatively (in the PFC)
correlated with PTSD symptom severity (Dahlgren et al., 2018; Shin et
al., 2006). These results are in line with neurocircuitry models of PTSD,
which posit that reduced top-down control of the amygdala by the
vmPFC is implicated in the symptoms observed in PTSD patients, with
increased attentional bias toward threat, increased fear response, and
deficits in the extinction of traumatic memories (Pitman et al., 2012;
Rauch et al., 2006).
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A key component of PTSD is the persistence of certain aspects of the
acute stress response. It is thus reasonable to assume possible
disfunctions in the main neuroendocrine system in stress, the HPA axis.
Indeed, studies have shown that PTSD patients show increased
concentrations of CRF in the cerebrospinal fluid (Baker et al., 1999;
Bremner et al., 1997; Sautter et al., 2003), as well as decreased levels of
ACTH when PTSD is comorbid with mayor depressive disorder (MDD)
(de Kloet et al., 2008). With respect to cortisol levels, although evidence
has been inconsistent for many years due to differences in the subjects
included (type of control groups, gender, type of trauma, time elapsed
since the trauma or MDD comorbidity), recent meta-analysis seem to
favor the hypothesis that PTSD patients show decreased cortisol levels
under basal conditions, which could be a marker of traumatic exposure
or a potential risk factor for PTSD (Lindley et al., 2004; Meewisse et al.,
2007; Morris et al., 2012; Stoppelbein et al., 2012; Yehuda, 2006). In
contrast to basal conditions, epidemiological studies have shown an
increased reactivity to stress induced by previous experiences of
childhood adversity (Carr et al., 2013; Hammen et al., 2000; Heim &
Binder, 2012; Kendler et al., 2004), pointing to a dysregulation of the
HPA axis induced by these early life events of stress. This suggests that
HPA disfunction and the consequent increase in stress reactivity could
be associated, not only to PTSD, but to other psychiatric disorders such
as major depression and schizophrenia (Heim et al., 1997; Juruena, 2014;
Scheller-Gilkey et al., 2004; Yehuda et al., 2010). Based on this evidence,
some authors have hypothesized that PTSD in subjects with a history of
childhood adversity may arise due to a failure to recover in the aftermath
of trauma caused by a disfunction in the dynamic regulation of CRF
release and the sympathetic activity originated during childhood
(Meaney et al., 2018).

Research on PTSD has also focused on studying dysfunctions of the
mechanisms regulating fear and arousal. The leading experimental
model for the study of fear acquisition is “classical fear conditioning”. In

this paradigm, a neutral conditioned stimulus (CS; usually a tone or a
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light) is paired with an aversive unconditioned stimulus (US), usually an
electric shock. After repetitive pairings, presentation of the CS alone
come to elicit fear responses (for more details see “Coping, Active
Avoidance & Controllability” bellow)(LeDoux, 2000). Evidence
supporting a dysfunction of these mechanisms in PTSD patients have
been found. However, results are inconclusive on whether individuals
with PTSD present an enhanced fear acquisition, expression or both
(Fani et al., 2012; Orr et al., 2000). Clear evidence has been found
indicating that PTSD patients are deficient at extinguishing a fear
response, in other words, learning that a certain stimulus previously
associated with an aversive outcome no longer poses a threat (Blechert et
al., 2007; Fani et al.,, 2012; Norrholm et al.,, 2011). Importantly, it is not
clearly stablished if extinction deficits are a consequence of trauma-
exposure or a pre-exposure risk factor for developing the disease
(Kremen, et al., 2012; Lommen et al., 2013; Orr et al., 2012). Nevertheless,
studies with identical twins discordant for combat exposure found that
only PTSD-affected twins showed defective fear extinction as measured
by conditioned skin conductance response (Milad et al., 2008). Similarly,
studies on sensitization as measured by heart-rate responses to loud tone
stimuli, strongly suggest that heightened heart-rate reactivity in PTSD-
affected twins is an acquired feature of the disorder (Orr et al., 2003).
While these studies did not exclude a role for genetic predisposition (or
previous life events) in PTSD, they showed that the environmental
stimulation has a primary role in this disease. On the other hand, other
human studies showed that individual differences in some of these
parameters before trauma exposure may be predictors of severity of
PTSD symptoms after trauma (Metzger et al., 2008; Orr et al., 2012).

With regards to arousal, PTSD patients react showing an exaggerated
startle response upon presentation of arousing stimuli. Symptoms of
hyperarousal have been interpreted as reflecting a general sensitization
phenomenon (Horn et al, 2016; Pitman et al, 2012). Evidence
suggesting the involvement of other processes such as fear generalization

and an attentional bias towards trauma-related stimuli have been shown
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as well (Acheson et al., 2015; Butler et al., 1990; Fani et al., 2012; Grillon
& Morgan, 1999; Morgan et al., 1996). This enhanced fear generalization
has been associated with an impaired contextual modulation of
memories in part caused by an incapacity to discriminate between safety
and dangerous signals in the environment (Garfinkel et al., 2014;
Jovanovic et al., 2012; Lissek, 2012; Lissek et al., 2008).

The expression of avoidance occurs at several domains, from cognitive
and emotional to behavioral strategies, all comprised under the term
“experiencial avoidance”. Experiential avoidance is defined as “the
phenomenon that occurs when a person is unwilling to remain in contact
with particular private experiences (e.g., bodily sensations, emotions,
thoughts, memories, behavioral predispositions) and takes steps to alter
the form or frequency of these events and the contexts that occasion
them” (Hayes et al., 1996). Cognitive avoidance includes strategies such
as not willing to, or not being able to, think about the event. Behavioral
avoidance involves avoiding places, people or any stimulus related with
the trauma, while emotional avoidance refers to efforts to avoid
associated feelings (e.g., anger, guilt, sadness) when the subject is
reminded of the traumatic event (Boeschen et al., 2001). Theories predict
that such strategies, although beneficial in the aftermath of trauma,
become maladaptive if they persist in the long-term (Horowitz, 1986; S.
Roth & Cohen, 1986). Several studies performed on adults who were
victims of child sexual abuse or rape found avoidance behaviors observed
one year post-trauma to predict psychological distress (Coffey et al.,
1996; Ullman, 1996; Ullman et al., 2007). In another study in women
with PTSD after a sexual assault, researchers found that those who
presented higher reactivity and avoidance behaviors after one month,
scored higher in PTSD severity three months later (Pineles et al., 2011).
This suggests that subjects highly reliant on avoidance coping may be at

a greater risk of maintaining or increasing PTSD symptoms.
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Animal models of PTSD

Clinical studies have yielded important findings regarding the etiology
of PTSD. Nevertheless, due to the ethical limitations associated with
human research, animal models are needed in order to decipher the
specific neural mechanisms underlying the symptoms of this

psychopathology.

The validity of animal models is assessed using a combination of criteria
including: (1) Construct validity—is it accurate measuring what it
intends to measure? (e.g. EPM as a measure of anxiety) (2) Face
validity—does the model reproduce symptoms associated with the
human syndrome? (i.e. analogy of symptoms) (3) Predictive validity— is
the model thorough predicting features of its cure in human? (i.e.
similarity in its treatment) (4) Discriminant validity—does the model
differentiate between those with and without PTSD? (Belzung &
Lemoine, 2011; Siegmund & Wotjak, 2006).

The peculiar nature of PTSD (i.e. that it is mostly triggered by a single
traumatic event) has led researchers to suggest some essential criteria for
a model of PTSD to have good translational value (Flandreau & Toth,
2017; Musazzi et al.,, 2017; Siegmund & Wotjak, 2006): (i) the stressor
must be of severe intensity; (ii) a short duration of the protocol should
be sufficient to induce PTSD-like symptoms; (iii) the intensity of the
trauma should be positively correlated with the severity of the outcome;
and (iv) significant interindividual variability should be observed in the

outcomes.

Some of the most common animal models of PTSD include: inescapable
shocks, immobilization, exposure to predator or its scent (i.e. cat),
under-water trauma or single-prolonged stress (SPS) (e.g. serial exposure
to multiple intense stressors). In order to demonstrate face validity, a
series of behavioral tests measuring anxiety-like behaviors, arousal and

deficits in fear memory are usually conducted several days post-stress.
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With respect to its construct and predictive validity, measures of basal

levels of hormones or in response to drugs are usually taken.

It is important to note that no particular model can individually be
related to a single pathology, as no animal model can reproduce the
entire psychopathology of a specific human disease (Armario et al., 2008;
Bennett et al.,, 2016; Slattery & Cryan, 2017). In that manner, the
objective in the use of animal models should be, not to model a specific
human psychopathology, but to identify specific brain circuits
subservient of specific features of the disease (i.e. ahnehodia, avoidance,
deficits in explicit memory or cognitive impairment), features that may
be common to other mental disorders (Hariri & Holmes, 2015; Insel et
al., 2010).

Recent studies using models that fulfill the criteria mentioned above have
shown that exposure to acute stressors can induce not only immediate,
but also persistent changes in synaptic function, neuroarchitecture
(dendritic morphology, synaptic spines), and behavior (cognitive and
emotional functions). There is evidence from clinical studies pointing
towards these changes as potential factors in the development of PTSD
in humans, supporting the relevance of these animal models as a valid
approximation to the study of PTSD. Of note, we refer as long-term
effects as those that persist 3 or more days post-stress (Armario et al.,
2008). This is an important remark as the majority of research on stress
before the last decade described changes that vanish within 24-48h after
stress termination, thus invalidating the protocol as an animal model of
PTSD.
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Figure 2. Animal models of PTSD (from Deslauriers, 2018).

Acute exposure to electric-shocks

Decades of research on fear learning have given solid evidence on the
similarity of the neural circuits regulating fear in animals and humans
(Phelps & LeDoux, 2005). This has led researchers to use the most
common animal model for studying fear learning, the classical fear
conditioning paradigm, as a tool to investigate deficits in fear learning
that may underlie PTSD symptoms. Different phases of fear learning
studied using this paradigm include: fear acquisition, consolidation,
recall, extinction, reinstatement and renewal of fear memories (Quirk et
al., 2010).

Electric shock is a complex stressor which includes both physical and
emotional components. It remains the most widely used stimulus for
stress protocols due to its experimental advantage of control over
intensity and duration. The two main arguments in support of
conditioned fear as a models of PTSD are: (i) a single shock session
induces a fear response with strong associative memory; and (ii) PTSD
patients show altered fear conditioning characteristics including

enhanced fear acquisition, deficits in extinction and increased
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probability of relapse (Acheson et al., 2015; Norrholm et al., 2011). Most
studies use unpredictable inescapable shocks. Exposure ranges from 1 to
10 shocks of 0.3-3 mA and 1 or 2 seconds in a session of 5 to 30 minutes

duration. Specific CS, when used, are commonly a sound, light or odor.

Persistent changes at the behavioral level can include: hypoactivity in
novel environments (Armario et al., 2008; Daviu et al., 2010; Van Dijken
et al., 1992), enhanced startle response (Milde et al., 2003), avoidance,
sleep disturbances (Philbert et al., 2011) and angioxenic effects measured
in the open field (OF), light-dark test or elevated-plus maze (EPM),
together with a decrease in social interaction (Bruijnzeel et al., 2001;
Louvart et al., 2005). A recent study (Balazsfi et al., 2018) has shown
anxiogenic and fear-generalization effects to last more than two weeks
post-stress. Moreover, increased HPA reactivity was found in response
to shock-exposure and the behavioral tests in accordance with previous
studies (Daviu et al., 2012).

Restraint/Immobilization (IMO)

Both restraint and immobilization protocols involve limiting the free
movement of the animal. While restraint is typically done by placing the
animal in a plastic tube, IMO involves placing the animal on a board with
its paws attached to guides with a plastic tape. Both have a duration

ranging usually from 30 to 120 min but that can last until 6h.

The relevance of IMO as a PTSD model arises from the evidence showing
that detrimental effects after exposure to IMO are among the most severe
and persistent in rodent models (Armario et al., 1990; Garcia et al., 2000;
Marquez et al., 2002; Marti et al., 1994). Its effects on the HPA axis
regulation have been extensively studied. Studies have shown that IMO
induces a long-term desensitization of the HPA axis activity when
repeatedly exposed to the same stressor (homotypic stressor).In contrast,

sensitization occurs when subsequent exposures are with a novel stressor
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(heterotypic stressor)(Armario et al., 2008; Armario et al., 2004; Belda et
al, 2012; Belda et al., 2008). At the behavioral level it has been shown to
induce long-term avoidance, enhanced startle, depression-like behaviors
together with deficits in declarative memory in the Morris Water Maze
(MWM) and fear extinction (Andero et al., 2013; Andero et al., 2012;
Belda et al., 2008; Belda et al., 2004; Fuentes et al., 2014; Sawamura et al.,
2016).

Studies using restraint as a stressor have reported an increase in anxiety-
like behaviors in the EPM, depressive-like behaviors in the forced swim
(ES) test as well as a decrease in glucose intake as long as 35 days post-
stress. Deficits in fear extinction were also shown (Chauveau et al., 2012;
Chu et al,, 2016; Mitra et al., 2005). Extinction deficits are a consistent
phenotype of PTSD and a construct with proven translation across

animal and human studies.

Underwater trauma (UT)

Richter-Levin’s laboratory developed this model which consists of 40 s
of forced swimming followed by a 20 s forced immersion with a metal
net in a water maze (Richter-Levin, 1998). They highlight the additional
ethological value of this model in comparison to electric-shocks, since
the threat of drowning is a real threat in rodents’ life. They found that
underwater stress caused an immediate and persistent anxiogenic-like
effects in the EPM in comparison to rats that swim without submersion.
This data was further confirmed and extended by other groups (Cohen
etal.,, 2004). UT resulted in enhanced anxiety-like behaviors in the EPM
and startle response 1, 7 and 30-day post-stress. Moreover, a long-term
decrease in basal corticosterone levels was found when performed in
adolescent rats (Moore et al., 2012). Additionally, enhanced contextual
fear memory (CFC) together with anhedonic behaviors and altered
limbic activity were detected one month after trauma (Ritov et al., 2016).

Learning in the MWM was impaired three weeks after UT, results in line
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with the evidence pointing to a detrimental effect of stress on cognitive
tasks and deficits shown by PTSD patients (Richter-Levin, 1998).

Predator psychosocial stress (PPS)

In this model, animals are exposed to brief periods of immobility while
confined in close proximity to a cat, in addition to daily social instability
for a period of a month. This rat model of PTSD is based on the exposure
to the animal to a situation of threat to survival, a lack of control,
intrusive reminder of the traumatic experience and a lack of social

support, which are also factors in PTSD in humans.

Three weeks after the second cat exposure, animals show heightened
anxiety, exaggerated startle, impaired cognition and increased
cardiovascular reactivity, all of which are commonly observed in people
with PTSD (Roth et al., 2011; Zoladz, et al., 2008; Zoladz et al., 2012).
Recent results have shown that these PTSD-like symptoms may persist

as long as 4 months post-cat exposure (Zoladz et al., 2015).

Predator-scent stress (PSS)

In contrast to the PPS, in this model rats are exposed to the scent of the
predator by placing the rat in a well-soiled cat litter for 10 min. Control
rats are exposed to unused litter for the same amount of time (Cohen and
Zohar, 2004; Cohen et al., 2007).

Using this protocol, results show anxiogenic and hyperarousal effects
one-week post-stress. Furthermore, changes in the sympathetic-
adrenomedullary system are as well observed. Concretely an increase in
heart rate and a decrease in heart-rate variability was found in animals
exhibiting severe behavioral effects after stress-exposure (Koresh et al.,
2016).
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One of the features that Cohen highlights about this model is the
variability in the responses of the rats to this experience. While some
animals show extreme (PTSD-like) behavioral responses, others show
minimal responses (resilient). This is related to the feature of PTSD that

only a subset of the people exposed to the traumatic event will develop
PTSD.

Single-prolonged stress (SPS)

In this model, rats are exposed to three consecutive stressors: (1) 2 h of
restraint; (2) 20 min of forced swim; and (3): 15 min post-forced swim,
ether until anesthetized. Some modifications may include cold
temperature (instead of 24°C) (Hofford et al., 2018) or foot-shock
instead of ether (Rice et al., 2018).

Persistent changes (at least one week post-stress) include: (i) exaggerated
acoustic startle (Khan & Liberzon, 2004), anxiogenic effects and
avoidance of trauma-related cues (Toledano & Gisquet-Verrier, 2014);
(ii) enhanced negative feedback of the HPA axis (Liberzon et al., 1997;
Liberzon et al., 1999) and (iii) deficits in extinction memories (Dayan
Knox et al., 2012) and fear generalization to trauma-unrelated cues
(Toledano & Gisquet-Verrier, 2014). All features observed in PTSD
(Kohda et al., 2007; Quirk et al., 2006; Yehuda et al., 1993). Importantly,
a recent study demonstrated a reduction of PTSD-like symptoms and
extinction deficits when rats received vagal-nerve stimulation paired
with the CS during extinction trials (Noble et al., 2017).

Other models

Even though it is typically considered a model of depression (Huhman,
2006; Huhman et al., 1992), Social Defeat stress (SDS) has been
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interpreted by some authors as a model of PTSD. This is in view of the
long-term anxiogenic effects caused by a single defeat session. The
protocol consists on placing an “intruder” inside the homecage of a
“resident” dominant animal, thus inducing the attack of the intruder.
The number of daily encounters range from one to ten days. This
protocol was shown to persistently cause in the intruder: decreased social
exploration, anhedonia, enhanced startle response and anxiety-like
behaviors on the EPM (Berton et al., 2006; Narayanan et al., 2011;
Pulliam et al., 2010). Although most of the SDS models violate de criteria
of a single traumatic exposure, authors argue that it may be a valid model
for socially-induced or combat-related PTSD which typically involve
several exposures. Moreover, SDS may be relevant for its comorbidity
with depression-like behaviors which is in line with PTSD and

depression comorbidity in humans.

Finally, mention that another interesting approach concerns the use of
genetic models to study the neural mechanisms underlying putatively
PTSD-symptoms. These models include rat or mouse strains that have
been selected for high trait anxiety or marked extinction deficits (Holmes
& Singewald, 2013; Landgraf & Wigger, 2002; Neumann et al., 2011).

For a more extensive review on the symptoms induced in animal models
of PTSD view Flandreau (Flandreau & Toth, 2017).

Long-term Molecular & Cellular changes induced by acute-

stress

The large majority of evidence linking stress to the development of
psychiatric disorders comes from animal models of chronic stress. These
studies have yielded a large body of evidence illustrating structural and
functional changes induced by chronic stress. Changes in volume,
density of dentrites and/or spines, as well as synaptic connectivity mainly

in the PFC, amygdala and hippocampus have been characterized in
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animal models of chronic stress (Duman & Aghajanian, 2012; McEwen
etal., 2015; Popoli et al., 2011).

Only a few studies have investigated the effects of acute stress on
neuroarchitecture. Interestingly, these studies have found that a single
stressful event is also able to induce rapid morphological changes in the
brain. A protocol of learned helplessness (LH) consisting of two sessions
of foot-shocks showed a loss of synaptic spines in the hippocampus 1 and
7 days later (Hajszan et al., 2009). Another study showed that two acute
social defeat episodes was sufficient to induce a decrease in CA3 apical
dendrites and impairment of LTP 21 days after stress-exposure (Kole et
al., 2004). In the PFC, exposure to one or three sessions of forced-swim
(20-min/session) induce a retraction of apical branches in infralimbic
(IL) dendrites concomitant to a deficit in fear extinction (Izquierdo et al.,
2006).

Researchers have argued that these structural changes in neural
morphology may be a consequence of a sustained increase in excitatory
activity. Studies using acute inescapable footshocks found an increase in
glutamate release measured from synaptosomes freshly purified from
PFC immediately after the stress exposure. Moreover, this increase in
glutamate release was found to be dependent on GC release and binding
to its receptors, as treatment with MR or GR antagonists hindered this
increase (Musazzi et al., 2010). The effect of GR/MR appears to involve
rapid enhancement of the trafficking of glutamate synaptic vesicles into
the readily releasable pool (RRP) (Treccani et al., 2014). Using the same
stress protocol, researchers showed that acute stress not only enhances
glutamate release, but also stimulates the formation of new excitatory
synapsis, an effect that was blocked by treatment with desipramine (an

antidepressant targetic the glutamatergic system) (Nava et al., 2015).
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Figure 3. Long-term structural changes induced by acute foot-shock stress in PL.
Stress-induced increase in the number of the synapses (up) and dendrite
remodeling (down) (from Musazzi, 2017).

Recently, it has been shown that significant atrophy and/or retraction of
apical dendrites after acute foot-shock stress appears only 24h post-stress
and are still present 2 weeks later (Nava et al.,, 2017). The authors
hypothesize that dendritic remodeling may be initially a physiological
adaptive change in response to transient hyperexcitation and that, if
hyperexcitation is sustained (as in the aftermath of acute stress), this
structural change may become more stable affecting the connectivity and
function of the area for a longer period of time (Duman & Aghajanian,
2012; McEwen et al., 2015; Musazzi et al., 2013), a hypothesis proposed
for the hippocampus as well (Joca et al., 2007).

Inescapable shocks alter functional connectivity in PFC, amygdala and
hippocampus (regions known to be affected in PTSD patients ) in a
temporal-dependent manner (Diamond et al., 2007; Krugers et al., 2010).
While in the hippocampus and amygdala, acute stress initially
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potentiates LTP to later inhibit it for a longer period of time, in the PFC
there is an immediate impairment of LTP that progressively recovered
(figure 4). It has been hypothesized that in PTSD patients this recovery
of LTP in PFC may be hindered, diminishing the inhibitory action of this
region to the amygdala, thus explaining the enhancement in fear
conditioning and deficits in extinction observed among PTSD patients.
At the molecular level, although long-term changes were not evaluated,
recent studies have shown time-dependent changes in glutamatergic
receptor subunits in the PFC after acute stress (Bonini et al., 2016). Early
and transient enhancement of AMPA-mediated currents occur, followed
by a transient activation of NMDA receptors, processes that could be
linked to subsequent functional changes in synapsis. Stress-induced
changes in LTP has also been described in the hippocampus. Studies
using SPS exposure have showed reduced synaptic plasticity in the
hippocampus (Kohda et al., 2007). Studies have suggested that the SPS-
induced deficits in extinction may be induced by an upregulation in GR
expression in the hippocampus and PFC (Knox et al., 2012), as well as by
a decrease in glutamate and glutamine levels (Knox et al., 2010).

39



Flashbulb memory

contextual fear memory Hippocampus
enhanced LTP NMD/,\ receptor Flashbulb memory contextual/cue Asvirdala
l / i fear conditioning enhanced LTP Y8
e @ @ NMDA receptor g ‘L
2 E desensitization/rundown 2 EJ Impaired LTP
£% + impaired LTP £ 8 * emotional memory
% 2 (memory consolidation) <3 consolidation
g2 J’ gd /
SE - i
© 2 L]
= Stress a Stress
— —>
Seconds-minutes Minutes-hours Hours-days Seconds-minutes Minutes-hours Hours-days
(a) (b)

S Impaired LTP, Prefrontal cortex

8 2 divided attention

g and multitasking

%8

82 | \

- \

= 2 PTSD

Stress
——
Seconds-minutes Minutes-hours Hours-days

(c)

Figure 4. Temporal dynamic model of stress effects on functional synaptic
plasticity of the amygdala, hippocampus and prefrontal cortex (from
Diamond2007).

A more radical effect involving apoptosis and inhibition of cell
proliferation is produced in the hippocampus after exposure to acute and
chronic stress. Studies in rodents, tree shrew and monkeys have shown
that acute stress inhibits cell proliferation in the DG (Gould et al., 1998;
Gould et al., 1997; Mirescu & Gould, 2006; Tanapat et al., 2001). These
changes may be induced by a sustained increase in GC release,
responsible as well for the induction of LTP and memory impairments
(McEwen, 2008). Moreover, apoptosis has been also reported in the DG
one week after exposure to SPS (Li et al., 2010).

In contrast to the loss of dendritic branches and spines observed in the
hippocampus and PFC after exposure to stress, the opposite
phenomenon is induced by stress in the amygdala. Chronic stress has
been shown to increase dendritic branching and dendritic spine number
within the amygdala together with a facilitation of LTP, changes shown
to be more persistent than those observed in the hippocampus
(Manzanares, 2005; Vyas et al, 2004; Vyas et al., 2006). Studies
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comparing the effects of acute vs. chronic stress found that while chronic
immobilization stress elicited an increase in spinogenesis one day post-
stress in the basolateral amygdala (BLA), acute immobilization stress did
not (Mitra et al., 2005). Strikingly, exposure to acute stress increased the
number of spines 10 days later. Moreover, this gradual increase in
dendritic spines was concomitant with a development of anxiety-like
behaviors in the EPM 10 days post-stress. These results suggest that acute
stress may induce long-term effects that are not evident in the aftermath

of the exposure and require a maturation process.

Regarding excitatory activity induced by stress in the amygdala, studies
have shown that exposure to acute stress, as in the PFC and the
hippocampus, is capable of inducing an increase in glutamate release,
although the temporal dynamic in BLA and CeA are different (Reznikov
et al.,, 2007). Furthermore, treatment with the antidepressant tianeptine
abolished the stress-induced increase in glutamate release in BLA but not
in CeA. Interestingly, this antidepressant was also shown to inhibit
stress-induced dendritic hypertrophy in BLA but not CeA, suggesting a
region-specific action on neuroarchitecture of some antidepressants
(McEwen & Chattarji, 2004).

Results on the influence of stress in glutamate levels have favored a major
shift in the conceptual framework investigating neuropsychiatric
disorders, from a monoamine-oriented hypothesis (which dominated
pharmacological research for over half a century) to a neuroplasticity
hypothesis, which posits that structural and functional changes in brain
circuitry (largely in the glutamate system) mediate psychopathology and
also therapeutic action. Although further studies on the characterization
of long-term molecular and cellular changes induced by acute stress need
to be undertaken, the results show that stress exposure restricted to
minutes or hours are sufficient to induce long-term structural, functional
and behavioral consequences that may contribute to explain how
exposure to acute traumatic stress in humans results in

psychopathologies such as PTSD.
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Individual differences in psychopathology

Differential response to trauma & Biological risk factors

A core characteristic in the etiology of PTSD is that only a fraction of the
subjects exposed to the same traumatic event will develop the disease.
Epidemiological studies have estimated that the incidence of PTSD after
a traumatic experience variate between 20-30% of the exposed
population (Breslau et al., 1991; Cohen et al., 2004; Frans et al., 2005;
Kessler et al., 1995). This fact suggests the existence of pre-trauma factors
such as the genetic background or early-life stress experiences that
contribute to inducing a vulnerable or resilient phenotype which may
critically determine if the psychopathology is developed in the aftermath
of trauma (Charney, 2004; Feder et al., 2009; Horn et al., 2016; Musazzi
etal., 2017; Yehuda & LeDoux, 2007).

Studies using identical twins have estimated the heritability component
of PTSD to be 25-35% (Kremen et al., 2012; Tambs etal., 2009). Although
research aimed at identifying specific genes associated with PTSD has
been inconclusive, several potential candidates have emerged. Some of
the most compelling studies show a link between a gene variant and
PTSD prevalence and fear extinction. One example is the gene encoding
for the serotonin transporter, SLC6A4, associated with increased PTSD
in high-trauma populations (Wang et al., 2011) and impaired extinction
in healthy subjects (Hartley et al., 2012). Importantly, deleting this gene
in mice reproduced impairments in extinction and neuromorphic
changes in PFC and amygdala dendrites, giving translational validity to
this model (Wellman et al., 2007). Another example of cross-species
translational evidence is the case of ADCYAPI and ADCYAPRI, genes
encoding the neuropeptide pituitary adenylate cyclase-activating
polypeptide (PACAP) and its receptor. They have been associated with
fear learning and PTSD prevalence in women and an increase of the

receptor mRNA in amygdala in fear learning in mice (Ressler et al.,
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2011). Another relevant example of genetic influence are studies showing
an association between certain genetic variants of CRF and CRF
receptors and PTSD (Amstadter et al., 2011; Sanders & Nemeroff, 2016;
S. White et al., 2013). Of note, some of them were shown to be specific
for predicting PTSD among women (Wolf et al., 2013). A special
attention has been given to FKBP5. This is a chaperone that takes part of
the molecular complex that binds to GR and acts inhibiting the capacity
for GR to access DNA binding sites. FKBP5 expression is reduced in
PTSD, which could be linked to an increase in GR signaling, consistent
with the idea of a heightened negative-feedback suppression of the HPA
activity in PTSD. Multiple FKBP5 SNPs are associated with increased
risk for PTSD (Boscarino et al., 2012; Koenen et al., 2005). Moreover, a
genetic variation of FKBP5 in conjunction with childhood abuse has
been shown to confer risk for adult PTSD (Binder et al., 2008; Koenen et
al., 2005). NR3C1 gene codes for GR. A variant of the NR3CI gene has
been shown to be associated with HPA function and the risk of PTSD
and the severity of symptoms (Hauer et al., 2011). Taken together, these
findings suggest that alterations in GR signaling and HPA activity
influence risk for PTSD.

Other pathways such as the one involving dopamine metabolism has also
been shown to be involved. In particular, a polymorphism is which the
aminoacid Val is substituted for a Met in the gene COMT coding for the
enzyme cathecol-O-methyltransferase has been shown to be a risk factor
of PTSD. COMT is the primary enzyme in charge of metabolizing
dopamine in the PFC. The substitution of the aminoacid decreases its
effectiveness, thus increasing the levels of dopamine in this region which
has been linked to a variety of emotional and behavioral dysfunctions
(Clark et al., 2013; Kolassa et al., 2010; Valente et al., 2011).

Mixed results have been reported on whether other parameters known
to related to PTSD such as reduced hippocampal volume (Bonne et al.,
2001; Gilbertson et al., 2002; Logue et al., 2018; McEwen et al., 2016), low
cortisol levels and certain brain activity patterns are a pre-trauma risk

factor for the development of PTSD or a consequence of trauma
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exposure (Milad et al., 2009; Shin et al., 2011; Yehuda, 2006). A more
direct link with the risk for PTSD has been found in GR. GR density in
peripheral blood mononuclear cells prior to deployment was shown to
be higher among participants with high level of post-deployment PTSD
symptoms (van Zuiden et al., 2011; Van Zuiden et al, 2012).
Furthermore, several studies including survivors of the 9/11 attacks and
soldiers showed lower levels of FKBP5 mRNA in subjects with PTSD
than those without PTSD (Sarapas et al., 2011; Yehuda et al., 2009).

On the contrary, evidence is clear on the association between childhood
adversity and enhanced reactivity (Hammen et al.,, 2000; Kendler et al.,
2004) with a the subsequent risk for PTSD (Bremner et al., 1993; Spatz
Widom, 1999; Yehuda et al., 2001). Extensive research have pointed to
dysregulation of the HPA axis as a possible mechanism implicated in this
process, as exposure to early-life stress has been linked to altered HPA
function (Carpenter et al., 2007; Heim et al., 2008). A wealth of studies
have shown early-life stress to strongly shape responses to stress not only
at the endocrine level, but at the neural and immune level as well,
defining vulnerability to psychopathology (Nemeroff, 2016). The
underlying mechanism has been suggested to be a process of stress
sensitization in which individuals with a history of early-life adversity
overreact to moderate stressful circumstances resulting in an increased
risk for mood and anxiety disorders such as depression or PTSD (Breslau
et al., 2008; Brewin et al., 2000; Hammen et al., 2000b; Heim et al., 2001;
Kendler et al., 2004).

Modelling variability associated to PTSD in animal models

Clinical studies of PTSD employ stringent inclusion-criteria to identify
PTSD patients, yet animal studies have included the entire exposed
population as the study population for years. In view of these

discrepancy, recent studies in animal models of PTSD have sought to use
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individual variability in response to acute stress as a means to identify

neurobiological risk factors in the development of psychopathology.

One of the first studies aiming to specifically study stress-outcome
variability in animal models of PTSD was done by Cohen and colleagues
(Cohen et al., 2004; Cohen et al., 2006; Cohen et al., 2005; Cohen et al.,
2012). Using predator exposure as the stressor, response magnitude in
behavioral tests conducted one week later (usually EPM and acoustic-
startle response; ASR) was used to group animals into “maladapted” and
“well adapted”. A cut-off behavioral criterion was stablished based on the
behavior of the control group (percentiles or standard deviation
depending of the study) and those animals scoring above or below those
thresholds were assigned to “extreme behavioral response” or EBR (i.e.
vulnerable phenotype) and “minimal behavioral response” or MBR (i.e.
resilient phenotype). To maximize effect size, animals between EBR and
MBR considered as “partial behavioral response” were not investigated.
Using this method, studies have shown EBR rates in Sprague-Dawley rats
as high as 90% one day post-stress, but as in human, acute-anxiety
symptoms drops drastically in the following days and settles at around
25% (Cohen et al., 2003), which is in accordance with human
epidemiological data (Kessler et al., 1995). Importantly, these symptoms
last as long as 3 weeks post-stress giving face validity to the model (Cohen
et al., 2004). Of note, EBR rates vary significantly between rat and mice
strains, being 10 and 50% in Lewis and Fisher rats respectively (Cohen et
al., 2006; Cohen et al., 2006; Goswami et al., 2010), and from 6 to 55% in
the most widely used mice strains DBA/2] and C57Bl/6], respectively
(Cohen et al., 2008).

Using this criteria studies have reported EBR animals to show enhanced
reactivity as measured by increased heart rate and sympathetic activity
together with higher GC and ACTH levels (Cohen et al., 2003, 2005). At
the molecular level, EBR exhibited reduced expression of hippocampal
BDNF, synaptophysin and ERK pathway factors and elevated GR
expression and PSD95 protein, all linked to plasticity processes.

Interestingly, animals exhibiting extreme behavioral disruption ,but not
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those with a resilient phenotype, presented extensive neuronal retraction
in the hippocampus and dendrite proliferation in the amygdala (Cohen
et al., 2014; Kozlovsky et al., 2007; Matar et al., 2013).

Stress-response variability has been reproduced in other stress
procedures. Using underwater trauma, results have shown EBR animals
to exhibit long-term anxiety and hyperarousal (Cohen et al., 2004). In
another study, a procedure involving two days of unpredictable shocks
was shown to induce symptoms of hyperarousal, hypervigilance,
impairment in attention, engagement in risky behaviors and difficulty
sleeping. Those classified as “PTSD-like phenotype” based on their
response in the behavioral battery, showed attenuated stress-induced GC
levels as well as increased levels of Crfr2 mRNA in the BNST.
Interestingly, knocking-down the expression of Crfr2 through viral
injections in this region attenuated susceptibility to PTSD-like behaviors
(Lebow et al., 2012).

The environmental epigenetics hypothesis

PTSD has some particularities with respect to the rest of mental disorders
(Kessler et al., 1995; Weiss, 1992): (i) characteristics of the stressors
inducing the disease is clearly defined (i.e. type, duration, time of
exposure), and yet, not all individuals exposed in the same conditions
develop the psychopathology; and (ii) a single stress-exposure of short
duration may be sufficient to induce life-time PTSD. These raises two
main questions: (a) what differentiates the maladaptive stress response
of some individuals from the pro-adaptive response of the majority?; and
(b) how can a single, although traumatic, stressful event induce a disease
that can last for years or decades? The answer to both questions may
arise from the same regulating process: epigenetics. Epigenetic
mechanisms refer to chemical modifications of DNA (without change in
nucleotide sequence), histone proteins and RNA molecules that bind to

DNA, which regulate transcription. The last decade has yielded a vast
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number of studies pointing to the involvement of this regulating
mechanism in the development of psychiatric disorders including PTSD
(Bagot et al., 2014; McEwen et al., 2012; Meaney & Yehuda, 2018; Raabe
& Spengler, 2013; Reul et al., 2015; Zovkic & Sweatt, 2013). These studies
show that environmental factors such as parental care, a history of
childhood adversity or exposure to traumatic events may embed
persistently in the DNA through epigenetic modifications of genes
mainly related to fear memory and HPA-activity regulation inducing
vulnerability to psychopathology (Bock et al., 2014; Franklin et al., 2012;
McEwen et al,, 2015; Radley et al., 2011; Singh-Taylor et al., 2015). Three
main epigenetic mechanisms have been extensively studied: DNA
methylation, post-translational modification of histone tails and
microRNAs (for more details see section “Epigenetic regulation of long-
term effects” below). Here, I will focus on the first question: what defines

the individual variability in stress susceptibility?

The first evidence of the influence of environmental factors on stress
reactivity came from work in the lab of Michael Meaney, focusing on the
influence of maternal care on the development of individual differences
in stress reactivity in the rat. These experiments showed that rodents
exposed to different levels of maternal care show behavioral alterations
in the fear and endocrine response to novel environments in adulthood
(Meaney, 2001). These studies showed persistent alterations in the
expression of genes related to HPA function such as GR in brain areas
regulating anxiety and HPA activity such as the PFC, hippocampus and
hypothalamus. Depending on the level of maternal care of the pups,
rodents in adulthood varied in life-long epigenetic alterations (DNA
methylation and H3K9 acetylation) presented in the promoter regions of
Gad67 in the PFC and GR in the hippocampus (Weaver et al., 2004; T.-
Y. Zhang et al., 2010). Other groups studying the effects of early-life
stress on adulthood have shown that other genes such as Avp in the
hypothalamus and Bdnf in the PFC and hippocampus, are epigenetically
regulated as well (Murgatroyd et al., 2009; Roth et al, 2009).

Interestingly, recent studies have shown that changes may emerge long
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after childhood. In a study where pups were subjected to either
maltreatment or nurturing maternal during the first post-natal week,
sex-specific differences in the Bdnf DNA methylation in the mPFC
emerged during adolescence and adulthood in animals that had been
exposed to maltreatment. In the case of Reelin, differences in its DNA
methylation state showed a transient change in maltreated females, while
the rest of the groups showed differences in Reelin methylation by
adulthood. These data suggest that epigenetic changes may be in a large
degree tissue-, loci-, and in some cases sex-specific, and that the temporal
relationship between environmental adversity and epigenetic

modulation may be more complex than firstly assumed.

In view of these results, attempts to study epigenetic regulation in
humans have been conducted. However, the cell-type specificity of
epigenetic modulation has limited to a high extent the possibility of
analysis of relevant neural epigenetic markers. Nevertheless, some
studies have been performed assessing epigenetic changes of tissue
samples from suicide subjects. A study analyzing DNA methylation of a
promoter region of Nr3cl from suicide completers with and without a
history of childhood abuse, found that those who had suffered childhood
abuse presented higher levels of DNA methylation in this region, than
those with no history of childhood adversity. Hypermethylation was
associated with increased GR mRNA levels, and in-vitro analysis
indicated that this increase in expression was associated with an
inhibition of the binding of the transcription factor of Egrl (i.e. NGFI-A,
Zif268) (Labonte et al., 2012; McGowan et al., 2009).

Another way of studying epigenetic regulation in humans is to use
peripheral tissues, mainly blood cells. Lymphocytes are well-known
targets of glucocorticoids and immune profiles are known to be sensitive
to alterations in GR abundance (Baschant & Tuckermann, 2010). One
study found increased DNA methylation of several sites within the Gr1f
promoter region in lymphocytes of adult subjects that had a history of
childhood adversity (parental loss, childhood maltreatment, and lack of
parental care) (Tyrka et al., 2012). These results highlight that epigenetic
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alterations as a result of childhood adversity persist in peripheral tissues
and can be detectable in mixed lymphocyte cell populations. A recent
investigation using whole blood found that only individuals subjected to
childhood abuse and a determined polymorphism of Fkbp5, showed
lower levels of DNA methylation in an intronic region of the gene. These
data demonstrate that epigenetic modifications take place in response to
psychosocial environment early in life and persist throughout life even

in cells with continuous cycles of cell division.

Studies analyzing the methylation state of DNA of the whole genome
from hippocampi from suicide victims found clusters of hundreds of
genes that were hyper- and hypo-methylated in those that had suffered
childhood abuse compared to those who did not. Interestingly, enriched
candidate pathways included neuroplasticity-related genes (Labonté et
al., 2012). Similar results were found in a study of PTSD patients with
and without a history of childhood adversity (Mehta et al., 2013). Other
studies have shown similar epigenetic changes in the GR promoter
region in the hippocampus between animal models of childhood
maltreatment and suicide victims who had suffered from child abuse
(McGowan et al., 2011; Suderman et al., 2012). Interestingly, a cluster of
cell-adhesion molecules named protocadherin (PCDH) known to be
involved in the regulation of neuronal morphology and synaptic
plasticity has been found to present altered epigenetic modifications in
response to early-life maltreatment in rodents and childhood adversity
in humans (Suderman et al., 2012). It remains to be determined whether
epigenetic changes in these genes are linked to the changes in
neuroplasticity observed in response to differences in maternal care
(Bagot et al., 2009).

One of the major caveats of these studies is the lack of cell-specificity in
the analysis. Most of the studies analyse epigenetic changes from mixed
cell populations potentially masking epigenetic differences in
determined cell populations or group differences. A potential solution is
the technique of cell sorting by fluorescence markers FACS. However,

cell specificity determined by these markers is not absolute making it
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difficult to ascertain if the necessary levels of specificity are attained. The
ENCODE (Encyclopedia of DNA Elements) project is another helpful
approach, in that it contains epigenetic and functional genomic
signatures from a large number of cell types, offering a tool to
bioinformatically distinguish different cell types from a mixed tissue
population. Moreover, epigenetically invariant genomic regions can also
be identified reducing the complexity in genome-wide analysis
(Consortium, 2012; Houseman et al., 2012).

Despite evidence showing the link between early-life stress, PTSD and
epigenetic modifications, critical questions need to be addressed
including when precisely during development do epigenetic changes
related to early adversity emerge, in what contexts, brain areas, and in

which cell types.

Influence of cognitive and emotional regulation on vulnerability

Despite the extensive study on the biological and sociological risk factors
in the development of PTSD, the sum of explained variability
considering these factors is low. Two often cited meta-analysis indicate
this explained variability to be lower than 20% (Brewin et al., 2000; Ozer
et al, 2003). Thus, an important deal of the variance remains

unexplained and additional predictive variables need to be identified.

Importantly, the results from Ozer’s group indicate that peritraumatic
psychological processes, and not prior characteristics, are the strongest
predictors of PSTD. Considering that the implication of psychological
attributes in the development of PTSD has often been neglected,
examination of the influence of such factors in predicting individual
differences represents a potential way of increasing explained variability
in PTSD disease. Among the few studies that have been conducted on
this regard, coping style and controllability (or “locus of control”) are the

factors that have gathered most of the attention.
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Coping style is defined as the cognitive and behavioral efforts applied by
an individual to manage internal or external demands (Folkman et al,,
1986). Coping is a multi-dimensional concept in which different coping
strategies have been conceived depending on the context of study (e.g.
active, passive, avoidant, emotional). In the context of human
psychology, two coping typologies conceived by Lazarus and Folkman
are well-stablished (Folkman et al., 1986): (i) a problem-focused coping
strategy that tries to solve the external source originating the stress
response; and (ii) an emotion-focused strategy aimed at reducing
internal distress. Whereas the problem-focused strategy focuses at
reducing an external factor, the emotion-focused coping style aims to
reduce the internal experienced distress through various mechanisms
including reappraisal, selective attention, and avoidance (Karstoft et al.,
2015). Studies have shown that whereas avoidance coping (an emotion-
focused coping strategy) is related to higher levels of PTSD (Bryant &
Harvey, 1995; Chang et al., 2003; Feder et al., 2016; Ménard & Arter,
2014; Mikulincer & Solomon, 1989), coping strategies centered on
solving the problem are linked to lower risk of developing PTSD
(Mikulincer & Solomon, 1989).

Locus of control (LOC) or controllability refers to the extent to which
individuals feel they control events that affect them (Rotter, 1966). In
other words, it assesses the degree to which individuals believe that
events are controllable by their actions (internal LOC) or on the
contrary, they depend on factors that are beyond their control (external
LOC). Studies have shown that individuals that believe stressful events
are not under their control have higher level of PTSD-symptoms (Casella
& Motta, 1990; Kushner et al., 1993; McKeever et al., 2006; Solomon et
al., 1988; Zhang et al, 2014). Internal LOC is thus expected to be a
protective factor against PTSD, while an external LOC is a risk factor for
the development of PTSD. However, it is not known whether the degree
of controllability predicts the persistence of the symptoms (Olff et al.,
2005).
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Taken together, these results suggest that individual differences in the
development of psychopathology may arise from the expression of
different coping strategies to deal with stress and the degree to which
individuals believe that events are controllable by their actions.
Prospective studies on the predictive value of controllability and coping
style in the aftermath of a severe stressful event may therefore yield
potentially relevant results, and yet studies on this matter remain largely
unexplored.

Coping, Active Avoidance & Controllability

The stress response can be viewed as a functional defense system that
deploys a repertoire of innate behavioral responses crucial for survival of
the individual and the species. Usually, this repertoire has been defined
as the series of animal behaviors induced when facing a predator and
include: flight, defensive fight, freezing, immobility, submissive posture,

hypoalgesia, as well as autonomic reactions.

Importantly, when facing a threatening situation, it is the cognitive
appraisal induced what determines the aversive character of a certain
stimulus and not its physical characteristics per se (Olff et al., 1993;
Weiss, 1968). Cognitive appraisal depends to a high extent on the ability
of the organism to cope with the situation (Folkman et al., 1986). Thus,
the coping strategy deployed in a certain situation will substantially

determine the aversive impact of the stressor.

Coping Strategies

Studies in the taxonomy of behavior have defined four main categories:
reflexes, reactions and actions and habits (Balleine & Dickinson, 1998;
Lang & Davis, 2006; Yin & Knowlton, 2006). Reflexes are stimulus-
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evoked behaviors genetically inherited that require the engagement of
simple motor mechanisms (e.g. withdrawal of a paw when painful
stimuli are applied). Reactions and reflexes share the characteristic of
being unlearned innate responses (what ethologists call “innate
patterns). Reactions however, require the involvement of a more
generalized net of muscles and the processing of information in the CNS
outside of the strictly sensory pathways (e.g. freezing) (Blanchard &
Blanchard, 1971). While these reactions do not require a previous
encounter with the inducing stimuli to be acquired, they can become
under the control of previously neutral stimuli through a process of
associative learning. In this case, responses are denominated as
conditioned or conditional responses (Blanchard & Blanchard, 1969;
Bolles, 1972; Fanselow, 1980). In contrast to reactions, actions are
complex and flexible behaviors performed in order to obtain a goal or a
reward. Furthermore, they are not elicited by the presentation of a
stimulus, but a combination of external and internal stimuli including
factors such as motivation and arousal (Balleine & Dickinson, 1998;
Estes, 1948; P. F. Lovibond, 1983; Niv, Joel, & Dayan, 2006; Rescorla,
1968; Skinner, 1938). In this case the associative learning is created
between a response (R) and an outcome (O). Actions can become
inflexible and conducted in an automatic manner when it has been
performed repeatedly for a long period of time. In this case, we say the
action has become a habit (Hull, 1943; Killcross, 2014; Skinner, 1938;
Thorndike, 1898). In contrast to actions that are driven by the outcome
elicited by the response, habits are a next stage where the same action,
with extensive training, becomes independent of the outcome produced.
Distinction between one and the other can be evidenced by their
sensitivity to outcome devaluation (Yin et al., 2004). While performance
of a goal-directed action will decrease if the value of the reward is
diminished (e.g. lever-pressing to access food if access to food is ad-
libitum in homecage), after extended training the habitual behavior will
still persist in conditions where outcome value has been reduced. When

performed as a habit, a behavior becomes dependent on the stimuli
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present around the response instead of the outcome and is thus referred

as a stimulus-response (S-R) habit.

Based on this taxonomic definition of behavior, it has been described two
distinct patterns of reaction to stressful situations or coping styles:
proactive and reactive (Koolhaas et al., 1999). While reactive coping
involves the engagement of reflexes and reactions, proactive coping is
characterized by the implementation of complex actions and habits to

obtain a determined goal or reward.

Reactions are behaviors genetically encoded in an organism’s repertoire
of defensive behaviors (Hirsch & Bolles, 1980). In 1970, Bolles defined
what he called “Species-specific defense reactions” (SSDRs) as a series
of innate responses that are elicited by an organism when any sudden or
new stimulus appears in the environment. He highlighted that these
reflexive innate behaviors (e.g. running or flying away, freezing or
tighting) are the main determinants of the survival of the individual, and
minimized the importance of reinforcement learning in nature (Bolles,
1970).

Fear conditioning and Active Avoidance

During the last decades, research on instrumental learning has been
mainly focused on the study of appetitive motivation (i.e. food, drugs or
sex). However, first studies on instrumental behavior were focused on

aversively motivated actions.

Such learning processes were originally studied by Pavlov who defined
in 1927 what he called “defensive conditioning” (Pavlov, 1927). The
paradigm used in his studies consisted on the presentation of a neutral
(to be conditioned) stimulus (CS; e.g. light, tone, context), repeatedly
paired with an innately-aversive unconditioned stimulus (US), usually
an electric shock. With repeated pairings, the initial neutral stimulus

turns to elicit a conditioned fear response (CR), thus becoming a

54



conditioned stimulus. This model, referred to as “Pavlovian fear
conditioning”, has been since then extensively studied in rodents. In the
latter case, the innate fear responses induced by conditioning are
characterized by a series of behaviors including cessation of all body
movements except those needed for breathing (freezing), emission of
ultrasonic distress calls and avoidance of the CS potentiated startle in
response to an arousing stimuli, increased breathing frequency and
blood pressure (Blanchard & Blanchard, 1969; Bolles & Fanselow, 1980).
It was precisely the study of the expression of avoidance what gathered

most of the interest during the first studies on aversive motivation.

Avoidance is a natural and adaptive response to danger. People will
avoid a dog that have tried to bite them or a place where they have been
robbed, and this reflects a natural process of learning in order to avoid a
potential harm. However, if expressed excessively or in situations with
lack of a real threat, it can severely impair individuals’ quality of life
(Barlow, 2002; Lazarus, 1966; Marks, 1987). Maladaptive avoidance is in
fact a core symptom of a wide variety of mental disorders such as PTSD,
Obsessive Compulsive Disorder (OCD) and phobias (American
Psychiatric Association, 2013).

In laboratory studies, avoidance is defined as a conditioning procedure
in which subjects learn to prevent or diminish exposure to an aversive
stimulus when a certain cue is presented (usually an auditory or
contextual cue). The type of learning implicated is designated as
“negative reinforcement”, as it consists of the strengthening of a certain
behavior through removal, prevention or postponement of an aversive
stimulus (Bolles, 1970; Herrnstein & Hineline, 1966; Hineline & Rosales-
Ruiz, 2013). The distinction between removal and prevention of the US
gives rise to two types of avoidance learning: escape and avoidance
conditioning. While escape conditioning involves the execution of a
certain action to terminate the aversive stimulus, avoidance
conditioning requires the execution or withholding of an instrumental
behavior to prevent the aversive stimulus. When a certain action is

withheld to avoid the US, the coping strategy is defined as passive
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avoidance. For example, in rats, a standard passive avoidance procedure
consists of placing the animals in the illuminated area of a two-
compartment box with a brightly-lit and a dark compartment. Because
of the rodent natural instinct to go to dark places, once the door opens,
animals will move to the dark compartment where they immediately
receive a shock. In future occasions, animals will stay in the bright area
exhibiting conditioned avoidance of the dark compartment (Jarvik &
Kopp, 1967). In contrast, in active avoidance harm is prevented by the
performance of an instrumental behavior. Responses typically measured
in active avoidance paradigms include shutting between two

compartments, turning a wheel or pressing a lever.
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Figure 1. The discriminated avoidance paradigm. Top: No re-
sponse. At the start of each trial, a warning stimulus (often called a
CS) is presented and remains on. If the animal does not perform a
predetermined response (e.g., crossing to the other side of a shuttle
box), after a predetermined period of time an aversive US (e.g., a
shock) comes on. If the animal still does not perform the response,
the CS and US stay on for a predetermined period of time, after
which they both terminate. Middle: Escape response. If the animal
performs the response after the US comes on, both the CS and
the US are immediately terminated. Such trials are called escape
trials, because by performing the response the animal escapes the
US. Bottom: Avoidance response, If the animal responds after the
CS comes on but before the US starts, the CS is terminated and the
US is not presented. Such trials are called avoidance trials, because
by performing the response the animal avoids the US,

Figure 5. Escape vs. Avoidance conditioning (from Maia 2010)

In the initial studies at the beginning of the century, learned avoidance
was considered an example of pavlovian conditioned reflex. As soon as
in 1913 Bekhterev, a Russian physiologist contemporary of Pavlov, was
studying adaptive learning using motor, instead of salivary,
conditioning. Dogs were exposed to a series of shocks in the paws
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preceded by the presentation of a neutral stimulus. After repeated
pairings, dogs would “have the reflex” to avoid the shock by lifting the
forepaw (Bekhterev, 1907, 1913; Herrnstein, 1969). What apparently
seemed like a minor difference (muscular instead of glandular response)
soon began to be seen as a different learning mechanism. Because leg
flexion occurred in the presence of the antecedent stimulus and before
shock exposure, the acquired response was considered a pavlovian
conditioned response. However, two procedural differences pointed to
the involvement of a different kind of learning. First in contrast to
Pavlov’s experiment were responses were involuntary innate reflexes (i.e.
salivation), in Bekhterev’s paradigm the response consisted on a
voluntary action. Second, the execution of the action led to the
cancelation of the US exposure, making US exposure dependent on the
subject’s behavior (Hull, 1943; Skinner, 1938) which is not the case in
pavlovian conditioning (i.e. food was presented regardless of the
salivation or lack of salivation of the animals). Although still with a
strong pavlovian perspective, Hulls, using an adapted procedure from
Bekhterev paradigm, began to study avoidance from an instrumental
point of view (Hull, 1929, 1934). This raised the question on the origin
of reinforcement in avoidance conditioning. The answer was offered by
the formulation of the “two-factor theory” postulated by the American
psychologist Orval H Mowrer (Mowrer, 1939, 1947, 1951; Mowrer &
Lamoreaux, 1946). He hypothesized that avoidance conditioning
consisted of the conjunction of two mechanisms. First, some stimuli
become associated with the shock through classical Pavlovian
conditioning, and in a second stage, instrumental responses are
performed to escape from or avoid the aversive outcome (instrumental
conditioning). He hypothesized that the avoidance response was
conducted even in the absence of the shock because the avoidance
response reduced the fear induced by the previously conditioned
stimulus (Hull, 1943; Mowrer & Lamoreaux, 1946).

Mowrer’s animal studies on aversion pursued to elucidate the

mechanisms of fear and anxiety in humans. As postulated by Sigmund
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Freud (Freud, 1936), he accepted the idea that fear and anxiety were
learned states. However, Mowrer studied and tried to explain the
underlying mechanisms involved from the behaviorist stimulus-
response principles. Mowrer thought that the Pavlovian CS induced a
fearful state and that, if an instrumental behavior reduced exposure to
this CS, this action would diminish CS-elicited fear. Thus, two links were

stablished: CS-fear and fear-avoidance associations.

For the next decades, Mowrer’s ideas, together with the work of his
colleague Miller (Miller, 1941, 1948), would not only define laboratory
studies on avoidance behavior and its underlaying neural mechanisms,
but also influence on the ideas about the nature and treatment of fear and
anxiety in humans (Dollard & Miller, 1950; Stampfl & Levis, 1967).

Despite the success of the two-factor theory during the first decades,
criticisms began to arouse due to experimental inconsistencies regarding
the reinforcing value of fear reduction and the instrumentality of the
behavior (i.e. actions were motivated by their consequences). One of the
main arguments against the first point was extinction. Extinction
involves the reduction of fear elicited by the CS when CS-US contingency
is no longer present. As avoidance conditioning is acquired, exposure to
the US diminishes. This implied that with learning, fear levels were
hypothesized to be reduced. Hence, if the two-factor theory was correct,
avoidance responses should cease. On the contrary, avoidance responses
persisted and were resistant to extinction (Mineka, 1979). Present
authors such as LeDoux have claimed that the two-factor theory could
not be proven because it was based on a subjective state (fear) in rodents
impossible to measure objectively (Ledoux et al., 2016). Furthermore, in
humans, where it is possible to measure subjective states of fear together
with behavioral and physiological parameters, poor correlations have
been found (Lang, 1968; Zinbarg, 1998). To solve this problem, attempts
were made to try to explain the phenomenon in terms other that fear
reduction. One example is the “aversion theory”. This theory
hypothesized that in view of the animal’s attempts to remove the CS, CS

should be considered aversive. In that manner, CS inactivation would act
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as the negative reinforcer and not fear reduction. However, the field was
driven to a fear-based explanation and tried to measure fear as a
psychological or physiological variable leading to inconclusive
explanations  (Bolles & Fanselow, 1980; Fanselow, 1994). These
discrepancies regarding the identification of the reinforcer and the
instrumentality of the paradigm, together with the lack of a clear picture
of the neural circuits involved despite decades of research, led the study

of avoidance conditioning to fell out of favor for decades.

Thanks to advances in the techniques for tracing neural circuits and
identifying specific cellular populations, tremendous advances have been
achieved independently in the field of pavlovian fear conditioning and
instrumental learning. Improved knowledge about the neural circuits
involved in each of the processes justifies the reemergence of interest in
avoidance conditioning and new theories have been proposed. LeDoux
has defined avoidance learning as a process involving three different
types of learning that are sequentially acquired (Ledoux et al., 2016): (i)
Pavlovian conditioning leading to the expression of defensive reactions,
understood as species-specific behaviors (e.g. freezing); (ii) Defensive
actions, which are flexible responses learned by the outcomes they
produce (avoidance responses); and (iii) Defensive habits, inflexible
responses acquired after extensive training. As commented above, habits
are highly persistent and outcome insensitive, explaining the resistance

to extinction, the main past criticism about the two-factor theory.

Other recent theories include informational factors such as expectancies
and predictions to explain avoidance learning in associative terms. One
example of this is the “negative occasion setter account” (De Houwer,
2009; De Houwer et al., 2005) which posits that avoidance responses act
as a signal predicting that a CS is not going to be followed by an aversive
event. Another example of a theory including informational factors is the
“expectancy model” (Lovibond, 2006), which assumes that avoidance
learning is acquired by the accumulation of explicit knowledge through

higher-order processing of the stimulus contingencies. Lastly, some
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authors still argue that pavlovian conditioning is sufficient to evoke

avoidance responses (Krypotos, 2015; Krypotos et al., 2014).

Controllability and Learned Helplessness

Based on the previous studies in the field of avoidance, Solomon together
with his students Maier and Seligman, performed a series of experiments
in the early 1960s with the aim of understanding how acquisition of
Pavlovian fear conditioning could interfere with the acquisition of a
subsequent instrumental response. For that purpose, they performed a
series of studies with dogs. While restrained in a hammock, dogs were
first conditioned to an auditory cue that signaled the presentation of
electric-shocks delivered through the paws. The next day, dogs were
placed on a shuttle box with two compartments separated by a fence, in
which they received shocks from an electrified ground floor. Animals
had the possibility to escape from the shocks by shuttling to the adjacent
chamber. They realized that animals that had been previously exposed to
electric shocks exhibited a deficit of shuttlings in comparison to those
animals exposed directly to the shuttle box, a phenomenon that they
defined as “Learned Helpnessness” (LH) (Maier & Seligman, 1976). They
postulated the idea that animals learned the absence of a response-
positive outcome contingency (i.e. avoidance of the US) and thus, coped
passively with the situation withholding any kind of active response. This
state of helplessness generalized and was exhibited not only in situations
with a lack of control over the occurrence of the stressor, but also in

situations where subjects did have control (Maier, 1984).

Although the first studies were performed using dogs, soon works shifted
to the use of rats as experimental subjects (Weiss, 1968). The most
extensively used paradigm consisted of the “triadic design™: (i) Master
group, in which animals have the possibility to escape from the shocks
and represents the “controllable stress” group. Shocks, delivered in an

unpredictable manner, can be stopped if a specific instrumental action is
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performed; (ii) Yoked group, in which animals are exposed to
inescapable shocks in that shock delivered is determined by the
performance of the Master group and not by their own actions.
Therefore, the total shock received is equal in number, duration and
intensity in both groups, being the possibility of exerting control the only
difference between the two groups; and (iii) Control or Naive group,
usually exposed to the same context for the same duration as the master
and yoked group. However, in some studies control animals are kept in

their homecages.

Two instrumental actions have been mainly used for the study of
controllability. Most studies have been conducted in small cages were
animals were slightly restrained while a wire delivering the shock was
connected to their tail. The instrumental action determining the end of
the shocks in the Master group consisted of turning with the nose a wheel
placed in the front part of the cage. However, other studies on
controllability have been conducted using the Two-Way Active
Avoidance task (TWAA) where the instrumental response to escape or
avoid a shock consits on shutting to the adjacent chamber in a two-sided
box (see below for details). A thrid less common action involves the

avoidance of the US by pressing a lever in a certain ratio.

Although research on the mechanisms underlying active avoidance
conditioning continued contemporarly, Maier and Seligman focused
their work on the specific role of controllability in the negative
consequences of exposure to stress (Maier & Seligman, 2016). Their work
with the “triadic design” yielded a fruitful amount of evidence indicating
that exposure to inescapable shocks, but not the same amount of
escapable shocks, induced a series of behavioral changes including
deficits in active avoidance of shocks in a TWAA task (Amat et al., 2008;
Short & Maier, 1993), enhanced fear conditioning to new stressors
(Baratta et al., 2008; Short & Maier, 1993), decreased social interaction
(Christianson et al., 2008; Christianson et al., 2009; Short & Maier, 1993)
and a decreased expression of dominant behaviors (Amat et al., 2010;
Rapaport & Maier, 1978; Williams, 1982). In contrast, other parameters
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such as the reduction of food-intake and body weight gain (Dess, Minor,
& Brewer, 1989), anxiety measured in the EPM (Grahn et al,, 1995) or
sucrose comsumption (Christianson et al., 2008) were not sensitive to
controllabillity and were affected equally in the groups exposed to
shocks.

Importantly, the duration of the effects variate in function of the way the
shocks are delivered. Studies where shocks were delivered through the
tail showed a decrease in the LH symptoms usually around 72h post-
stress. These symptoms were maintained until 22 days post-stress if
animals were repeatedly exposed to the context where they received the
inescapable shocks (8 times, one every 48h)(Maier, 2001). In contrast to
these short-term effects, effects such as the shuttling deficits in the
TWAA task were shown to last for days and even weeks after a single
session of inescapable shocks delivered through the paws (Martin,
Soubrie, & Simon, 1986; Murua & Molina, 1991; Valentine, 2008). It is
important to note that a critical change in both paradigms is that, when
the shock was delivered in the paws, the context of induction and test of
the LH was the same. In contrast when the shocks were delivered through
the tail, the context of LH induction differed from the one where
deficiencies in avoidance were tested. Therefore, it is reasonable to think
that differences in the duration of the symptoms were due to contextual
fear conditioning. In effect, there are studies showing that bilateral
lesions of the BLA before re-exposure to the TWAA context disrupted
not only contextual fear conditioning but also rescued the deficits in
active avoidance, suggesting the existence of a link between both

phenomena (Greenwood et al., 2010).

Although some of the most remarkable negative consequences of
exposure to uncontrollable stress included deficits at the associative,
motivational and emotional level, some theories pointed at non-
cognitive mechanisms to try to explain this phenomenon. Concretely,
Weiss performed a series of experiments where he attributed the
biochemical and behavioral consequences observed to changes in

noradrenergic activity (Weiss et al., 1975).
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The LH phenomena can be explained from an objective as well as a
subjective perspective. LH can be objectively assigned to situations where
the probability of occurrence of an aversive event is equal whether an
action takes place or not. However, Maier and Seligman also pointed out
that LH has a subjective component in the way that a lack of action
contingency is “detected” by the animal, and that this lack of action
contingency is “expected” to be present in future aversive situations
(Maier & Seligman, 2016).

The studies of Seligman and Maier described not only negative
consequences of exposure to uncontrollable stress, but also described
positive effects of exposure to controllable stress. They showed that dogs
exposed to controllable stress in the TWAA task showed less negative
consequences of a later session of inescapable shocks (Seligman & Maier,
1967), a phenomenon they defined as “immunization”. This
phenomenon was later reproduced in experiments with rats (Maier,
2015). Some of the buffering effects of previous exposure to controllable
stress included diminished levels of freezing and latency to escape when
exposed to the TWAA (Amat et al,, 2008; Baratta et al., 2008) and an
increase in social interaction (Christianson et al., 2008).

Regarding the neural mechanisms, the dorsal raphe nucleus (DRN) has
been identified as a central area driving the negative consequences of
exposure to inescapable shocks (Maier et al., 2006). Studies measuring
local release of 5-HT as well as neural activation (through measures of c-
fos expression) has shown a stronger activation of DRN serotoninergic
neurons in animals exposed to inescapable compared escapable shocks
(Grahn et al, 1999; Maswood et al, 1998). Furthermore,
pharmacological inactivation of this area before exposure to inescapable
shocks prevented the induction of the negative behavioral outcomes

normally derived from such an exposure (Maier et al., 1994).

The mPFC has been identified as another key area in the regulation of
the consequences of exposure to stress. Several studies have shown the

influence of this area over the activity of the DRN through direct and
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indirect neural pathways. Specifically, it has been shown that the
prelimbic area (PL) of the mPFC inhibits the serotoninergic DRN
activity if a contingency between a determined action and the end of the
US (in other words, exerting control over the stressor) is detected. This
inhibition is conducted through the activation of GABAergic
interneurons in the DRN (Amat et al., 2005; Christianson et al., 2009;
Maier et al., 2006). Studies in which PL is inactivated with muscimol
have shown that this area has to be activated during the exposure to
escapable shocks to exert the buffering effects on the negative

consequences of exposure to inescapable shocks.

Other studies have shown that the striatum also play a fundamental role
in the detection of control. More precisely, using c-fos expression as a
marker of activity and NMDA receptor antagonists to inactivate the area,
evidence was gathered indicating that: (i) escapable shocks but not
inescapable shocks activated the dorsomedial striatum (DMS); (ii)
inactivation of the DMS before exposure to escapable shocks led the
animals to behave in a social interaction test as if they had been exposed
to inescapable shocks; and (iii) Blockade of DMS activity prevented the
inhibition of 5-HT release normally induced by exposure to escapable
shocks. The striatum has been extensively studied in the context of
instrumental-reward learning. Decades of research, mainly by Balleine,
have identified the functional specificity of this region in action
execution (Balleine & Dickinson, 1998; Griffiths et al., 2014; Yin et al.,
2004). Studies indicate that while PL-DMS circuits are involved in
learning of a goal-directed behavior, an action that is performed in a
habitual manner is mediated by the dorsolateral striatum (DLS). While
the goal-directed behaviors are sensitive to response-outcome
contingency, the habits are not and are instead driven by a stimulus-
response contingency. Taken together these data suggest that in both
scenarios (appetitive and aversive learning) the PL-DMS may mediate
the detection of response-outcome contingencies. Importantly, PL
neurons that project to the DRN and DMS are located in different
regions of the PL (Gabbott et al., 2005) suggesting that the neuronal
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population in charge of detecting the presence of control and the one in
charge of using this information to inhibit reactions to the stressor may
be distinct populations in PL.

Two-Way Avoidance Task

In this paradigm animals are placed in a box with two compartments
called shuttle box. The response dictating the end of shocks is the
“shuttling” or “intercrossing” of the animal from one side of the chamber
to the other through a door communicating both compartments.
Importantly, animals under controllable stress (master) have the
possibility to exert control over the stressor performing two different
instrumental responses: (i) Escape responses, in which the animals stops
the US shuttling to the adjacent chamber during US presentation (i.e.
once it has received shock to some extent); and (ii) Avoidance responses,
when the animal shuttles during CS presentation and thus avoids any
exposure to the shock. When the animal does not perform any response
and receives the full amount of shock (usually a maximum of 10

seconds), the response is counted as a null response.
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Threat Conditioning (CS + US)
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US Escape/Avoidance Learning (CS + US)

Avoidance Performance (CS alone)

Figure 1. Active avoidance: the shuttlebox learning paradigm. Top
panel: initially, subjects undergo Pavlovian threat conditioning, in
which a conditioned stimulus (CS; tone) is paired with an aversive
unconditioned stimulus (US; shock). Middle panel: once the CS-US
association is acquired, subjects learn that the US can be inactivated
by shuttling—this is an escape response. On subsequent trials,
subjects learn that shuttling during the CS causes the inactivation of
the CS and the omission of the US—this is an avoidance response.
Bottom panel: once behavior becomes well-trained, the behavior is
preformed in the presence of the CS, even though the US does not
result. With continued training the behavior persists habitually in
spite of the fact that US is no longer predicted by the CS.

Figure 6. Two-way active avoidance task (from LeDoux2016)

In the One-Way Avoidance task (conducted in the same shuttle box),
animals learn to avoid a fixed compartment where a shock is presented
preceded by a signaling cue. Thus, a specific side is designated as
“aversive” and the other as “safe”. In this case the safe compartment acts
as a positive reinforcer of the response, which consists of avoiding the
aversive compartment (Candido et al., 2002; Torres et al., 2005). In
contrast to the one-way avoidance task, learning in the TWAA is more
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complex because the animal do not learn that a certain context is aversive
but instead have to learn that a certain action has to be performed

regardless of the context.

As described by the studies on avoidance conditioning, animals first
reaction is to immediately express innate defense reactions such as
freezing, first to the US, and after conditioning, freezing in response to
the CS (Wilcock & Fulker, 1973). Importantly, a conflict occurs during
the first trials in which the innate defensive reaction (i.e. freezing) is at
odds with the action required to successfully avoid the US (i.e. shuttling).
In this regard, studies have shown that a critical factor determining the
acquisition of the avoidance response is the coping behavior shown
during the first exposures to the shocks (Vicens-Costa et al., 2011). These
studies showed a negative correlation between context-fear conditioning
during the first trials and two-way avoidance acquisition, indicating that
animals exhibiting higher levels of freezing during the first trials had
more difficulties in acquiring the avoidance task. Furthermore, a
relationship with unconditioned anxiety levels previous to TWAA
exposure was found. This suggests that anxiety-prone phenotypes may
exhibit an exaggerated contextual fear conditioning that hinders
avoidance acquisition. Moreover, data from our group and others, have
shown that despite prolonged exposure to the task, some animals are
unable to acquire the avoidance response, and most of them respond in
a permanent manner performing escape responses, while a small
proportion of animals show a complete absence of any response

(receiving the full length of the shocks).

Studies showing a negative link between anxiety and avoidance are well
stablished. Some are based on the evidence that anxiolityc drugs
ameliorates the acquisition of active avoidance in the TWAA task in a
dose-response manner (Fernandez-Teruel et al., 1991). On the contrary,
anxiogenic agents have been shown to hinder avoidance learning
(Escorihuela et al., 1993). Further evidence of a negative anxiety-

avoidance link has been found in studies using rat strains genetically
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selected to show high and low anxiety-like phenotypes (Brush, 2003;
Steimer & Driscoll, 2003).

Neural circuits of avoidance

Active avoidance comprises a complex learning process that involves
both Pavlovian and instrumental components for regulating fear. Several
decades of research using pharmacological drug infusions and lesion
manipulations, as well as more recent optogenetic and transgenic
technologies studies, have clearly identified the amygdala as the key site
where CS-US associations are formed during fear conditioning, as well
as a necessary site for the induction of the defensive reactions elicited by
the CS (see for review LeDoux, 2003; Maren & Quirk, 2004; Tovote et al.,
2015). Specifically, in the case of auditory fear conditioning, sensory
information is received from the auditory cortex and thalamus through
inputs to the lateral amygdala (LA), whereas in contextual fear
conditioning information about the context enters the amygdala through
the basal (B) and accesory basal (AB) nuclei (also known as basolateral
and basomedial nuclei) from the ventral hippocampus. Information
about the US and CS is integrated to form associative memories through
processes involving hebbian plasticity in which cell firing in LA neurons

is potentiated upon arrival of sensory information about the CS.

In addition to receiving and integrating sensory information, LA is in
charge of controlling defensive reactions via direct and indirect (via
BLA) connections to CeA, the major output of the amygdala. CeA then
controls the behavioral and autonomic responses through long-range
projections to the brainstem periaqueductal gray (PAG) and
hypothalamus, respectively. Studies have shown that processes of
synaptic plasticity also take place in CeA, and recent advances in genetic
manipulation of concrete pathways have allowed to dissect the
microcircuits within CeA and the efferents that control defensive

behaviors (see for review Liithi & Liischer, 2014).
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During avoidance acquisition, a conflict arises between the expression of
these defensive reactions evoked by the CS and the instrumental
response that need to be conducted to escape from and later on avoid the
US. Hence, inhibitory inputs must reach the CeA to overcome the
freezing response and execute the shuttling response. Indeed, several
studies have shown that while lesioning LA and BA induces deficits in
avoidance acquisition and increase the latency to avoid, lesions of the
CeA had no effect or even recovered avoidance performance in animals
showing deficits in avoidance acquisition (Choi et al., 2010; Lazaro-
Muiioz et al., 2010). While LA-CeA circuits are involved in mediating
fear reactions, LA-BA mediate fear-motivated actions (Amorapanth et
al., 2000). Concretely, the role of BA have been suggested to be to use this
CS-US association stored in LA for guiding actions through projections
to the striatum (Robbins et al., 1989). Moreover, several studies have
pointed at different subpopulations within CeA that may be critical for
suppressing threat reactions (Ciocchi et al., 2010; Haubensak et al,,
2010). A study showed that inhibition of a subpopulation of these
neurons was involved in switching behavioral responses to the fear
stimulus from passive to active responses, active responses understood
as an increase in CS-induced exploratory activity (Gozzi et al., 2010).
Although these studies did not assess for the role of these circuits in an
active avoidance task, they suggest that activation of these inhibitory
neurons in CeA could be driving the switch from escape responses to

avoidance responses.

Some studies have shown a role of the PFC in the acquisition and
execution of avoidance (Moscarello & LeDoux, 2013). In this study, in
addition to replicating the lesioning effect of CeA on avoidance, the
authors show that lesions of the IL but not PL in the PFC impaired active
avoidance acquisition, enhanced freezing levels during the task and
increased c-fos activation in CeA in response to the CS, pointing to an
inhibitory role of IL towards CeA. These results, together with the
evidence gathered from studies on fear extinction pointing at IL as the
region in charge of inhibiting CS-induced outputs of CeA (Likhtik et al.,
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2005; Likhtik et al., 2008; Milad & Quirk, 2002; Quirk et al., 2003),
suggest that IL could be the input driving the difference in activation
between these inhibitory CeA neurons, hence driving the differences
between reactive (i.e. escapes) and active (i.e. avoidances) responses to
threat. The excitatory nature of cortical neurons suggests that IL-CeA
connections may be indirect in order to exert an inhibitory action on
CeA. A group of GABAergic cells called intercalated cells (ITCs) placed
between the BLA and CeA have been shown to be a candidate. They have
been shown to be innervated by the IL and in turn to innervate CeA thus
inhibiting CeA output (Amir et al, 2011; Pinard et al, 2012).
Furthermore, they have been implicated in the regulation of fear
responses and specifically fear extinction through the engagement of
distinct subpopulations within ITCs (Busti et al., 2011). Recently, it has
been shown that ITCs function not only as a relay from the PFC to CeA,
but that they may play a critical role in regulating BLA information
towards CeA as well, placing ITCs in a unique position to regulate fear-
related responses (Asede et al., 2015). Interestingly, a recent study
showed a possible direct connection between the PFC and the BA
through long-range GABAergic neurons (Lee at al., 2014). Although the
functional role of these direct PFC-BA projections remains to be
determined, the same direct inhibitory connections were shown to
innervate the NAcc eliciting aversive behaviors, suggesting these
neurons as a potential pathway for direct top-down regulation of
amygdala outputs and action selection from the PFC (Bravo-Rivera et al.,
2015).

Upon arrival of the IL inputs into the amygdala, what is the pathway in
charge of switching behavior from freezing to action when exposed to
the CS? Evidence has pointed to a change in the balance of amygdala
output from a predominant CeA-brainstem and hypothalamus output
inducing freezing, to a BLA-AccSh output favoring the instrumental
response (Ramirez et al., 2015). After three days of TWAA, those animals
that had reached an 80% of avoidance responses showed increased c-fos

activated neurons in the AccSh and decreased freezing levels compared
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to yoked animals when exposed to a US-free session in the TWAA one
day later. Furthermore, pharmacological inactivation of the AccSh or
BA-AccSh circuit impaired avoidance performance and increased
freezing levels, suggesting that this pathway may be necessary for the
execution of the instrumental response in detriment of CeA outputs.
Evidence showing that post-training BA lesions and inactivation
attenuate CS-induced freezing in pavlovian as well as in active avoidance
conditioning (Amano et al., 2011; Anglada-Figueroa & Quirk, 2005;
Choietal., 2010; Lazaro-Muioz et al., 2010), the knowledge that BA send
robust projections to both Cea and the NAcc (Pitkdnen, Jolkkonen, &
Kemppainen, 2000) and that several BLA subpopulations are engaged to
regulate fear responses (Krabbe et al, 2018) put BA as a plausible
candidate as the point of divergence between CS-evoked actions and
reactions (Campese et al., 2015). Very interestingly, it has been shown
that different subpopulations within BA target the PL or IL regions
regulating fear conditioning and extinction respectively (Senn et al.,
2014), indicating the presence of a down-top flow of information from

the amygdala towards the PFC as well.

Besides this direct BA-PFC connection, studies suggest a possible
indirect connection between the amygdala and the PFC through the
striatum. Studies using electrolytic lesions showed that lesioning the
caudate as well as the substancia nigra impaired avoidance acquisition
(Mitcham & Thomas, 1972). Using more precise lesions within the
striatum, Wendler et al. (Wendler et al., 2014) show that while
neurotoxic lesions of the NAc-core and DSL delayed avoidance learning,
animals with lesions on the DMS show impaired performance after more
extensive training (from the forth session). This suggest that while the
NAc and the DLS may play a role in avoidance acquisition, DMS may be
necessary for avoidance expression once avoidance learning is
consolidated. These results are in agreement with previous studies
(Lazaro-Muifioz et al., 2010; Poremba & Gabriel, 1999) showing that
execution of active avoidance becomes amygdala-independent with

overtraining (understanding as such, 15 sessions of TWAA, 7 sessions
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after reaching asymptotic performance) suggesting the involvement of
other brain areas when the action is performed in a habitual manner.
Darvas et. al (Darvas et al., 2011) show that whereas dopamine (DA)
signaling in the amygdala and the striatum are necessary for acquisition
and execution of active avoidance, DA signaling is only required in the
striatum after extensive TWAA exposure (9 days 100 trials/day). This
study is in line with previous studies showing the relevance of the
dopaminergic system in avoidance conditioning (Boschen et al., 2011;
Wietzikoski et al., 2012). Concretely these studies show that thereisa DA
release during the first training sessions of TWAA in the NAc, and that
infusions of D1 or D2 dopamine receptors antagonist into the NAc
impaired avoidance performance. Furthermore, it has been shown that
the realease of DA in the striatum occur during the first sessions in trials
where animals do not receive an expected shock (outcome better than
expected), changes that did not occur in animals exposed to the same
aversive stimuli in an unpredictable and inescapable manner, thus
suggesting that DA release may function as a signal of positive prediction
error reinforcing the acquisition of avoidance responses (Dombrowski
et al,, 2013). Interestingly, learning correlated with the level of DA
release, and partial lesions of dopaminergic neurons from the substancia
nigra impaired avoidance acquisition. These results are in line with
another study showing an increase in DA in the NAc-core during the
period previous to an avoidance response (Oleson et al., 2012).
Importantly, previous to escape responses or during fear conditioning
trials, a decrease in DA in this region was observed. This data suggests
that whereas increased cue-evoked DA release in this region may induce
active avoidance of aversive stimuli, reduced DA release may promote
passive defensive behaviors when the aversive stimuli is unavoidable. In
line with this hypothesis, studies have shown that stimulation of the VTA
(Ilango et al., 2011), one of the main sources of DA, as well as optogenetic
activation of DA neurons from this region facilitate avoidance
acquisition, whereas inhibiting these neurons impaired it (Wenzel et al.,
2018). However, manipulation of these neurons after overtraining had

no effect, suggesting that while the dopaminergic system may play a key
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role in avoidance acquisition its regulating role may vanish with

prolonged exposure as the instrumental action is performed as a habit.

The majority of studies excluded “poor performers” making it difficult
to know if the results obtained about the consequences of active
avoidance apply as well to escape responses. However, some studies
including this group have pointed towards a differential role of the
dopaminergic system in mediating escape vs. avoidance responses.
Darvas et al. showed that during acquisition escape responses, as
avoidance responses, were performed only if DA signaling was intact in
the amygdala and the striatum, suggesting that not only avoidance but
also escape responses depend on both structures during acquisition
(Darvas et al., 2011). These results are in line with studies using
electrolytic lesions showing that lesioning the striatum impaired both,
escape and avoidance responses (Kirkby & Kimble, 1968). Furthermore,
the study from Oleson et al. showed that in contrast to the DA increase
observed in NAcc core previous to an avoidance response, a decrease in
DA is observed previous to the execution of an escape response (Oleson
etal,, 2012). These results suggest that the dopaminergic system may play
a critical role in determining the final output from the amygdala between
the BA-NAc pathway to promote defensive actions, or the Cea-

Brainstem/Hypothalamus pathway to express defensive reactions.

Human studies on controllability

Animal studies on extinction have shown that animals learn to inhibit
fear responses to previously fear-eliciting stimuli upon repeated
exposure of this conditioned stimuli without the co-occurrence of the
US. Based on these findings, during the last decades the most common
treatment for PTSD and other anxiety disorders such as phobias and
OCD, has been its homologous treatment in humans, exposure therapy.
Despite its relative success in alleviating part of the symptoms in these

pathologies, an important pitfall of exposure therapy (already observed
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after extinction paradigms in animals) derives from the context-
dependence of its effects to diminish fear responses. Indeed, phenomena
such as the return of the extinguished threat response with the mere
passage of time (“spontaneous recovery”) or the re-appearance of the
symptoms outside of the context where the therapy is conducted
(“renewal”), have highlighted the importance of identifying new

treatments that induce more enduring means of fear-attenuation.

In this regard, animal studies suggest that exposure to aversive stimuli
that can be behaviorally controlled by executing an instrumental
response can persistently diminish learned threat responses (Cain &
Ledoux, 2007; Ledoux et al., 2016; Maier, 2015). Importantly, fear
responses are diminished even in new contexts where a new conditioned
stimuli is presented and avoidance is no longer possible (Baratta et al.,
2007; Cain & Ledoux, 2007), suggesting that control over aversive stimuli
may have potential to promote resilience not only over previously

acquired fear-responses but over new ones.

Although translation of these findings to humans has been scarce, a few
studies have shown that the protective effects of aversive control
observed in animal studies are also found in humans (Boeke et al., 2017;
Hartley et al., 2014). Furthermore, it has been shown that, as in animal
models, striatal and prefrontal regions may be implicated in mediating
these effects (Boeke et al., 2017; Collins, Mendelsohn, Cain, & Schiller,
2014). Therapy based on training how to deal with stress through pro-
active coping strategies and/or exposure to moderate levels of
controllable stress have been proposed as plausible alternatives to
exposure therapy (Diehl et al., 2010; Southwick et al., 2005). A study in
humans showed that, as in animal models, two phenotypes arise
depending on the ability to acquire the avoidance response (Collins et al.,
2014). Furthermore, the study found individual differences in achieving
successful avoidance depended on the functional synchronization of the
PFC, the amygdala and the striatum. This suggests that, as in animal
models, individual differences in neural connectivity of these regions

may determine if an individual may be able to conduct active coping
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strategies in stressful situations and thus benefit from therapies based on

exposure to controllable stress.

Neuroimaging studies in humans have also supported a role of the
striatum in learning to avoid aversive outcomes. Reduced fear arousal
and amygdala activity was linked to increased activity in the striatum in
participants who learned to avoid a US by terminating the presence of a

fear-associated CS pressing a button (Delgado, 2009).

Epigenetic regulation of long-term effects

In the last decade, it has become increasingly clear that epigenetic
regulation through changes in DNA methylation, chromatin structure
and miRNA, play a central role in the induction of stable long-term
behavioral changes. As mentioned above, epigenetic mechanisms in the
context of PTSD have been suggested: (i) as a mechanism explaining
vulnerability and resilience to stress (for more details see “The
environmental epigenetics hypothesis”); and (ii) as a mechanism for
explaining PTSD symptoms perdurance. Here I will focus on the second

point.

One of the most relevant discoveries in the field of learning and memory
in the past two decades is the evidence showing that changes in gene
expression are necessary for experience to induce lasting functional and
behavioral changes (Agranoff et al., 1967). Parallel over the last decade,
epigenetic modifications have been shown to be a major actor in the
regulation of persistent changes in gene transcription in the CNS
(Borrelli et al., 2008b; Turner, 2002), and specifically in response to stress
and the consequent development of psychiatric disorders (Tsankova et
al., 2007).

One of the most extended hypothesis in the implication of epigenetics in
the development of psychiatric disorders, and specifically PTSD, is that

epigenetic molecular mechanisms underlie the formation and
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stabilization of context- and cue-triggered fear conditioning based in the
hippocampus and amygdala, as well as its extinction, highly dependent
on the influence of the prefrontal cortex in the amygdala. In view of the
dysfunction of these processes in the etiology of PTSD, it has been
proposed that an aberrant regulation of epigenetic modifications in these
processes may contribute to the development of the disease (Blouin et al.,
2016; Kim et al., 2018; Kwapis & Wood, 2014; Trollope et al., 2012;
Zovkic & Sweatt, 2013a). Moreover, pharmacological agents targeting
epigenetic modulators such as HDAC inhibitors have been proposed as
a new avenue of drug treatment for disorders involving cognitive and
memory impairments, as well as anxiety disorders and depression (Gréaff
et al., 2014; Guan et al., 2009; Heinrichs et al., 2013; Tardito et al., 2013;
Tsai & Graff, 2014; Whittle & Singewald, 2014a; Wilson et al., 2014).

Chromatin structure and post-translational modifications
(PTMs)

Gene expression regulation is executed through dynamic modifications
in the chromatin state, enabling or impeding access of the transcriptional
machinery to DNA.

The nucleosome is the fundamental unit of chromatin structure. It is
formed by 147 base pairs of DNA wrapped around an octamer composed
by two copies of each of the core histone variants: H2A, H2B, H3 and H4
(Luger, 1997). Consecutive nucleosomes are connected by linker
histones H1 and H5 to form the final block of chromatin (Ramakrishnan
et al., 1993; Wolffe & Hayes, 1999). This nucleosomal structure of
chromatin allows DNA to be tightly folded inside the nucleus (Felsenfeld
& Groudine, 2003).
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Figure 7. Nucleosome structure and chromatin remodeling dynamics (from
Whittle 2014)

N-terminal tails of the histones can suffer numerous types of covalent
changes such as acetylation, methylation, phosphorylation,
ubiquitination and SUMOylation (Jenuwein & Allis, 2001). All these
post-translational modifications influence gene transcription inducing
changes between a condensed chromatin (linked to gene repression)
named “heterochromatin” and a relaxed chromatin (linked to
transcriptional activation) named “euchromatin”. In general, acetylation
is linked to chromatin relaxation and thus facilitates transcription
(Hebbes et al., 1988), whereas DNA and histone methylation is
associated to gene repression through chromatin compaction and
binding of repressor proteins (N. Tsankova et al., 2007). While some
areas of DNA are highly repressed, other portions are in a permissive or
repressed state depending on the activation of transcription factors and
transcriptional co-activators, allowing for a high temporal and spatial
resolution of gene expression regulation.

At the beginning of the twentieth century the “histone code hypothesis”
was proposed (Jenuwein & Allis, 2001; Turner, 2002). The hypothesis
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predicted that covalent modifications on the histone tails function as a
“code” that provides specific binding sites for effector proteins leading to
the specific gene activation or repression of particular targets. Evidence
was found indicating that epigenetic modifications of chromatin
structure modulated functions such as imprinting phenomena, germ line
silencing and stem cell divisions, indicating that overall chromosome
stability, under epigenetic control, determined cell identity (Peters et al.,
2002; Y. Wei et al., 1999). Although once thought to be an irreversible
mechanism involved in stablishing cell fate, in the past decade a large
amount of work has shown that dynamic changes in epigenetic marks
plays a critical role in guiding behavior in response to different

environmental stimuli (Borrelli et al., 2008).

Until now, one of the best-characterized covalent modifications is lysine
acetylation. Lysine residues located at the N-terminal tail of histones are
acetylated and deacetylated by the action of Histone acetyl-transferases
(HATs) and Histone Deacetylases (HDACs) respectively. HATs and
HDACs act as part of multiple protein complexes to execute this function
(Hsieh & Gage, 2005). Apart from this chromatin-structure regulating
role, acetylation and deacetylation has been shown to be a critical post-
translational modification of non-histone proteins (Haggarty et al., 2003;
Vaghefi & Neet, 2004). In a similar manner, due to its central role in
transcription regulation of all kinds of proteins, aberrant regulation of
these acetyl marks has been shown to be at the core of multiple disease
states including cancer (Noonan et al, 2009; Witt et al., 2009),
cardiovascular disease (Cao et al., 2011; Ordovas & Smith, 2010; Pons et
al., 2009), asthma (North & Ellis, 2011; Su et al., 2009) and many others
(Haberland et al., 2009).
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Figure 8. HDAC's protein domains, lethality if knocked-out and phenotype
induced by its loss (from Haberland, 2009).

To date 18 HDACs isoforms have been identified and classified in 4
groups: (i) Class I: HDACI1, HDAC2, HDAC3 and HDACS; (ii) Class IIa:
HDAC4, HDAC5, HDAC7 and HDACY; (iii) Class IIb: HDAC6 and
HDACI10; and (iv) HDACI1. A fifth group is comprised of Class III
HDACs which correspond to sirtuins (SIRT1-7) (Michan & Sinclair,
2007). In contrast to HDACs who’s activity is zinc-dependent, sirtuins
depend on NAD+ for their enzymatic activity.

Other histone modifications include methylation at lysine or arginine
residues, which is mediated by histone methyltransferases (HMTs) and
histone demethylases (HDMs) and can be associated with transcriptional
activation or repression (Bernstein et al., 2002; Ringrose et al., 2004). In
general, even if modifications have been observed, histone methylation
seems to be a more stable mark (Lachner & Jenuwein, 2002; Shi et al.,
2004). Moreover, serine and threonine residues can be phosphorylated
by several nuclear kinases and phosphatases (Koshibu et al.,, 2011;
Levenson et al., 2004).
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DNA methylation involves the addition of a methyl group in cytosine
adjacent to guanine residues called “CpG islands” to form 5-
methylcytosine (5mC) (Klose & Bird, 2006). It is largely associated to
induction of gene repression as they interfere with the binding of
transcriptional factors to the DNA. DNA methylation is catalyzed by
DNA methyltransferases (DNMTs) which consist of two categories:
DNMT]1, which copies DNA methylation pattern from the parental
DNA strand to the new daughter strand during cell division (Santos et
al., 2005); and DNMT3a and DNMT3Db, in charge of adding novel
methylation marks (Day & Sweatt, 2010). Due to its central role in
embryonic and early-life development, germ line knockout animals die
early during development (Li et al., 1992). Hence, initial studies focused
on its role on disorders such as cancer and other developmental
disorders, and it was not until recently that it was shown its role in
transcription regulation, synaptic plasticity and memory formation in
the adult brain (Barrett et al., 2008; Feng et al., 2010). In addition to
impeding access to the transcriptional machinery, DNA methylation
binds to methyl-binding proteins (MBPs) which in turn interact with
repressor complexes such as HDACs to inhibit gene transcription (Nan
et al., 1998; Wade et al., 1999). Of note, a mutation in the MBP methyl-
CpG-binding protein 2 (MeCP2) is responsible for the Rett syndrome, a
progressive developmental disorder and one of the most common causes
of mental retardation in females (Amir et al., 1999). Recently a new
modification similar to DNA methylation which involves the
hydromethylation of cytosines to form 5-hydroxy-methylcytosine (5-
hmC) was discovered. It is highly present in neurons compared to other
tissues, it is not present in cancer cell lines, and in contrast to methylation
it is associated with transcriptional activation (Kriaucionis & Heintz,
2009; Sérandour et al., 2012; Tahiliani et al., 2009). Although 5-hmC is
known to be an intermediate step in DNA methylation (Guo et al., 2011)
some evidence indicate it may have an unknown biological role (Spruijt
etal., 2013).
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Other general mechanisms of chromatin remodeling include
nucleosome sliding, which involves the movement of the histone
octamer along DNA (Felsenfeld & Groudine, 2003), or histone
substitution and turnover, where canonical histones are changed with

other histone variants or new identical variants (Hake et al., 2004).

Epigenetic mechanisms in stress-related learning and memory

One of the most valuable skills for survival is the ability to learn from a
harmful situation. It is critical for the individual to store in the long-term
relevant information about cues in the environment to avoid, react faster
or improve how to cope with a threat in future encounters. Thus, it is not
surprising that studies during the last decades on learning and memory
have pointed at mechanisms activated by stress as strengthening actors
in the consolidation of memory (Buchanan & Lovallo, 2001; Roozendaal
etal., 2009), and epigenetic mechanisms as main actors in the regulation
of the changes in gene expression needed for these processes to take place
and persist in time (Fischer etal.,2007; Graff et al.,2011; Jarome & Lubin,
2014; Levenson & Sweatt, 2005a; Sahar & Sassone-Corsi, 2012). It should
be noted that studies on the field of learning and memory use behavioral
challenges such as the MWM, FS and fear conditioning that represent a
stressful situation for the rodent. Therefore, it is important to consider

the major stress component of these tests when interpreting the results.

Fear learning have been modeled in animal studies through the use of the
classical fear conditioning paradigm (Blumberger et al, 2018;
Deslauriers et al., 2018; Flandreau & Toth, 2017; Schoner et al., 2017;
Torok et al., 2018). The results yielded by these studies have shown that
gene expression changes in key regions in the regulation of the stress
response such as the amygdala, PFC and hippocampus play a central role
in the aberrant processes of structural and functional plasticity thought

to underlie PTSD symptoms and fear memory dysfunction (Adamec et
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al., 1998; Li et al., 2005; Mahan & Ressler, 2013). These results, together
with the evidence gathered from the molecular processes involved in
learning and memory, paved the way for the study of epigenetic
regulation of gene expression in the context of fear memory and stress-

related disorders.

While it is beyond the scope of the present work to provide a detailed
review on memory formation, I outline the different stages involved to
set the framework on fear memory and fear conditioning paradigms.
Formation of an aversive memory involves four stages (Abel & Lattal,
2001): (i) Acquisition, which occurs as the animal learns the association
between a context or a cue (CS) with an aversive stimulus (US); (ii)
Consolidation, which can last from minutes to hours, involves the
stabilization of the acquired memory and requires de novo synthesis of
proteins (Nader, 2000). Contextual information about the event is
processed in the hippocampus, while cue-associations are mainly
dependent on the amygdala (Maren, 2001; Maren et al., 2013). Whereas
recent contextual memories are transferred to the cortex for long-term
storage (Frankland et al., 2004), remote cued-fear associations remain
localized in the amygdala (Bergstrom, 2016); (iii) Retrieval, occurs when
the animal is put back in the context where conditioning took place and
involves the temporal destabilization of the memory trace; (iv)
Reconsolidation, is the process of re-stabilization of the fear memory
triggered by retrieval of the original memory. Importantly, studies have
shown it may function as a window of intervention, allowing the
incorporation of additional features to alter its fearful meaning (Lee,
2009; Nader, 2000; Nader & Hardt, 2009; Schiller et al., 2010).

A suppression of the consolidated memory can be obtained by a process
of fear extinction. Fear extinction involves the acquisition of a new
inhibitory learning through repeated presentation of the CS in the
absence of the US. In this conditions the animal learns that CS no longer
predicts the occurrence of the aversive stimulus and thus decreases the
magnitude of the conditioned response (Lee et al., 2013; Myers & Davis,
2007; Quirk et al., 2006). Evidence that extinction involves the formation
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of a new memory and not the erasure of the fear memory comes from
studies showing that the original fear memory can reappear after
extinction in three different conditions (Myers & Davis, 2007): (i)
Spontaneous recovery, refers to the reappearance of the conditioned
response (i.e. freezing) after extinction with the passage of time; (ii)
Renewal, which consists in the return of the fear response when CS is
presented outside of the extinction context; and (iii) Reinstatement,
where the animal is re-exposed to the US with the subsequent recovery

of the fear response.

One of the hallmark symptoms of PTSD is the perdurance of intense fear
memories related to the traumatic event in the form of intrusive
memories, flashbacks and nightmares. Moreover, recall of these fear
memories can be triggered not only by cues related to the traumatic
event, but also by non-threatening cues under safe conditions due to a
process of pathological fear generalization (Acheson et al., 2015; Morey
et al., 2015). These symptoms are hypothesized to reflect an over-
consolidation and reconsolidation of the initial fear memory together
with a dysfunction in fear extinction learning (Careaga et al., 2016).
Therefore, pharmacological treatments and therapies of PTSD patients
have focused on interfering with the reconsolidation of the memory to
weaken or change the original traumatic memory, and on strengthening
extinction learning (Koenigs & Grafman, 2009; Lattal & Wood, 2013;
Zovkic & Sweatt, 2013a).

Epigenetic of fear memory

The first evidence of dynamic changes in histone post-translational
modifications in response to neural stimulation was shown in studies in
Aplysia. The authors showed that neural stimulation induced a decrease
in gene expression associated with LTD caused by deacetylation of the
promoter regions of early-response genes in response to the recruitment
of HDACS5 (Guan et al., 2002). Since then, a clear link has been shown by
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numerous studies between the induction of LTD and LTP, memory
formation and changes in histone epigenetic markers in mammals (Guan
et al., 2002; Kerimoglu et al., 2013; Levenson et al., 2004; Levenson &
Sweatt, 2005a).

The first studies on mammals investigating the involvement of
epigenetic modifications in memory were focused on assessing if
chromatin structure was changed in the hippocampus in the early stages
of memory formation. In particular, Sweatt and colleagues showed that
a transient increase in global acetylation of histone H3 in CA1 occurred
1h post-CFC and returned to basal levels by 24h. Interestingly, if
acetylation levels were increased by injecting HDAC inhibitors memory
recall persisted 24h post-CFC (Levenson et al., 2004). Since then , not
only acetylation but methylation and phosphorylation of H3 and H4 in
the hippocampus have been associated to memory formation in CFC
(Chwang et al., 2007; Gupta et al., 2010; Kerimoglu et al., 2013; Levenson
et al., 2004; Peleg et al., 2010).

The same group reported that in response to CFC animals showed an
increase in the expression of de novo DNMTs 3a and 3b in CAl,
concomitant to an increase in the methylation and decreased expression
of the memory suppressor gene protein phosphatase 1 (PP1), as well as
demethylation and increased expression of the plasticity gene reelin
(Miller & Sweatt, 2007). Moreover, treatment with a DNMT inhibitor
after training impaired fear memory and blocked the decrease in PP1
expression. These results are in line with other studies from the group
suggesting that hippocampal DNA methylation together with histone
acetylation are required for memory consolidation (Levenson et al.,
2006; Lubin et al., 2008; Miller et al., 2008).

In addition to changes in the hippocampus during consolidation,
memory recall has also been associated with changes in histone PTMs in
CAl, changes that are hypothesized to be mediating the reconsolidation

of the previously consolidated memories (Lubin & Sweatt, 2007).
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As in the hippocampus, DNA methylation changes and histone PTMs
have also been shown in the amygdala after auditory fear conditioning
(Monsey et al.,, 2011). In particular, it was shown that auditory fear
conditioning induces the acetylation of histone H3 and DNMT3A
expression in an ERK-dependent manner in LA neurons. Moreover,
whereas inhibition of acetylation by administration of TSA (an HDAC
inhibitor; HDACi) enhanced fear memory 24h post-conditioning,
inhibition of DNA methylation by administration of an DNMT inhibitor
impaired it. However, the effect on fear memory was not present after
one week. In another study the same group showed transient increases
in the acetylation of H3 in the LA during retrieval of a fear memory.
Moreover, DNMT inhibitors administered into the LA impaired
memory reconsolidation, an effect that was reversed by pre-treatment
with HDACi immediately after recall (Maddox & Schafe, 2011),
suggesting that dynamic changes in epigenetic markers are necessary for
both consolidation and reconsolidation of fear memory. However, the
persistence of these epigenetic changes in the amygdala remains to be

determined.

An extensive body of studies using lesions of different regions in
different time-points after learning suggest that whereas short-term
memory seem to rely on the hippocampus, maintenance of remote
memory depend on cortical support (Frankland & Bontempi, 2005;
Walters & Zovkic, 2015). In line with this hypothesis, changes in
epigenetic modifications in the hippocampus have been shown to be
mainly transient, while changes in the PFC seem to be more stable. One
study showed persistent changes in cortical DNA methylation and
expression 7 days and 30 days post-conditioning (3 shocks 1 sec) (Miller
et al., 2010). Importantly, fear memory was impaired in animals by
pharmacological inhibition of DNA methylation in the mPFC at 30 days.

Results from a seminal study investigating genome-wide changes in CA1
and the anterior cingulate cortex (ACC) 1h and 4 weeks post-CFC seem
to favor this hypothesis (Halder et al., 2016). Although a robust increase
in differentially-methylated regions (DMRs) was found in CA1 1h post-
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CFC, almost no DNA methylation change could be detected at 4 weeks.
Interestingly, 6 times more DMRs were found in the ACC than in CA1l
1h post-CFC, among which a substantial part could still be detected in
cortical neurons at 4 weeks. More impressive, when changes restricted to
associative memory (animals exposed to the context vs. exposed to
context and shock) were analyzed, DMRs were almost exclusively
restricted to CA1 at 1h and the ACC at 4 weeks.

Importantly, the authors performed the analysis separating neuronal
from non-neuronal cells. Results indicated that non-neuronal cells
presented DMRs during memory consolidation in CA1 and ACC, but
not during maintenance. These results highlight the importance of
performing cell-specific analysis when studying epigenetic regulation.
Furthermore, the authors show that DMRs are mainly found in
intergenic (64%) and intronic (30%) regions, and that promoter regions
represented only 1% of DMRs. Additionally, results show an increase of
activity-related histone PTMs concomitant to a decrease of inactivity-
related histone PTMs in CAL1, results that would be masked in studies of
global changes in PTMs. These results emphasize the relevance of
genome-wide analysis as compared with restricted analysis of single-
target gene promoters, and add weight to the theory that histone PTMs
might not constitute a mnemonic substrate but instead may function as
a priming mark, sensitizing neurons and non-neuronal cells for future
activity (Edith et al., 2011; Halder et al., 2016; Lopez-Atalaya & Barco,
2014).

Interestingly, studies from our group are in agreement with this
hypothesis. Expression of c-fos, a IEG, has been widely used to identify
brain areas activated in response to stressors and drugs (Pacak &
Palkovits, 2001). However, studies quantifying activity by c-fos and other
IEGs expression are insensitive to the intensity of the stressor (Campeau
et al, 1997; Ons et al., 2004). Using acute exposure to a novel
environment (low intensity stressor) and 30 or 90 minutes of IMO (high
intensity stressor), the authors showed that only a restricted set of

activated neurons as measured by c-fos expressed pH3S10, a histone
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phosphorylation mark related to enhanced gene expression.
Furthermore, although changes in pH3S10 were not in general more
sensitive to the intensity of the stressor than c-fos, they were more
sensitive to discriminate the end of the stressor (Rotllant et al., 2013). In
order to express such epigenetic changes neurons may receive additional
or stronger synaptic signals as compared to those required for c-fos,
suggesting that, although transient, expression of pH3S10 may be a
molecular mark signaling those neurons most critically involved in the
long-term impact of the stress in comparison to c-fos activation that may

reflect to a high extent processes of general arousal.

Fear extinction has been shown to be largely dependent of the mPFC
(Myers & Davis, 2007; Quirk et al., 2006). Several studies have shown that
extinction learning is associated with increased levels of histone
acetylation, and that enhancement of these PTMs by administration of
HDACi promotes extinction of conditioned fear (Bredy et al., 2007;
Lattal et al., 2007; Stafford et al., 2012). Concretely, acetylation increased
in the hippocampus and PFC in response to extinction learning.
Moreover, treatment with HDACi systemically, in the hippocampus or
into the IL enhanced extinction learning for up to 14 days. In contrast,
HDACIi administered into the PL had no effect (Lattal et al., 2007;
Stafford et al., 2012). As discussed earlier, the study of the mechanisms
underlying extinction learning is of special interest in the context of
PTSD, as PTSD patients exhibit an impairment in extinction learning,
showing sustained levels of fear despite exposure to extinction training
(Blechert et al., 2007; Fani et al., 2012; Norrholm et al., 2011). In this
regard, administration of HDACi to treat PTSD have been suggested as
a potential therapy (Lattal & Wood, 2013; Tsai & Graff, 2014; Whittle &
Singewald, 2014b; Zovkic & Sweatt, 2013b).

Caution should be taken when administering HDACi as animals studies
have shown that doses of HDACi such as sodium butyrate (NaBu) in the
range used in experiments have been reported to increase the plasma
levels of stress markers without prior exposure to stress, indicating that

HDACi may act as pharmacological stressors (Gagliano et al., 2014).
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Of note, even if we have limited the discussion to fear learning and
memory, epigenetic regulation has been shown to be mediating learning
and memory in fear-unrelated tasks such as novel object recognition and
conditioned place preference (Featherstone & McDonald, 2004;
Federman et al., 2014; Graft & Tsai, 2013; Rogge et al., 2013).

Epigenetics of stress

Apart from studies focused on fear learning in CFC, other paradigms
such as the FS have been extensively used to study epigenetic changes on
pathways involved in adaptation to stress. As mentioned previously,
animals exposed to FS exhibit an immobility response that can be
observed 24h or even several weeks after the initial test. This response
has been shown to be dependent on the action of GCs in the DG of the
hippocampus (Kloet & Molendijk, 2016). The authors showed that an
increase in histone H3 phosphorylation (H3S10p) in combination with
the acetylation of lysinel4 (Kl4ac) is involved in activating gene
transcription in a net of sparsely distributed dentate granule neurons and
that this process depended on the action of GRs on NMDA-Rs
(Chandramohan et al., 2008; Chandramohan, Droste, & Reul, 2007;
Gutierrez-Mecinas et al., 2011; Reul, 2014). In the same study, the
authors found a decrease of DNA methylation in CpG islands of
immediate-early genes such as Fos and Ergl specifically in the dentate

granule neurons but not in CAL.

In a recent study it has been shown that in the same FS protocol, GR
expression itself is also decreased 15 minutes post-FS (Mifsud et al.,
2017). This decrease is concomitant to an increase in the DG of DNMT3a
expression and DNA methylation of Nr3cI promoter, together with an
increase in mirl24a, a microRNA known to inhibit GR mRNA

expression.
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Global changes in DNA methylation in the hippocampus have been
associated to PTSD-like phenotypes (7 days post-stress) in rats exposed
to 10 minutes of predator-scent odor (Chertkow-Deutsher et al., 2010).
Interestingly, methylation of a specific gene, Digpa2 (specific of the post-
synaptic density zone in post-synaptic neurons), and the subsequent
decrease in gene expression, was only found in animals showing anxiety-

like behaviors but not in resilient animals.

Using a modified model of predator-scent odor exposure, an association
was found in the amygdala between the methylation of Avp promoter,
levels of GC and progesterone, and the coping strategy shown in
response to the stressor (Bowen et al.,, 2014). In particular, only animals
showing active coping behaviors in response to the stressor showed
lower levels of GC and progesterone 3 days post-stress, as well as lower
expression levels of Avp corresponding to a diminished methylation of
its promoter. These results indicate that epigenetic regulation may be
linked to intergroup variability in rodents, which recapitulates the
variability in stress response observed in humans after exposure to a

traumatic event.

In a model of acute-restraint stress, recent genome-wide analysis of DNA
methylation reported global decreases in DNA methylation in the
hippocampus, cortex and periaqueductal grey 1h post-stress (Rodrigues
et al,, 2015). In line with these results, another study using the same
protocol found a global increase in gene expression but in this case

associated with increased levels of 5hmC in the hippocampus.

Other stress models such as chronic social stress have been shown to
induce prolonged anxiety-like behavior (measured in the light-dark and
EPM test 2 weeks post-stress) associated with a decrease in mRNA levels
of DNMT3A and global DNA methylation levels in the mPFC (Elliott et
al., 2016). Interestingly, knocking-down this gene in naive animals
reproduced enhanced anxiety-like behaviors similar to mice that had
undergone chronic social defeat stress, while DNMT3a over-expression

resulted in a reduction of anxiety-like levels.
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These results show that even brief exposure to stress are capable of
inducing global and region and time specific changes in gene expression
that may underlie the induction of molecular changes responsible for the

long-term behavioral consequences of acute-stress.

BDNF-TrkB: PTSD implications and epigenetic regulation

The capacity of neuronal circuits to undergo functional changes is a basic
requirement for learning and behavioral adaptation. The dynamic
remodeling underlying these changes depend on the capacity of
environmental factors to influence gene expression and protein

activation.

Brain-derived neurotrophin factor (BDNF) is the most studied
neurothrophin involved in synaptic plasticity processes necessary for
long-term learning and memory. BDNF protein is not only involved in
the modulation of synaptic strength, but its gene is as well subject to

experience-dependent epigenetic regulation.

BDNF is a member of the neurotrophins, a family of signaling proteins
including nerve-growth factor (NGF), neurotrophic factor 3 (NT3) and
NT4/5. Its major functions are its involvement in developmental
programming of neuronal differentiation and survival () and synaptic

and structural plasticity.

Rodent BDNF gene is formed by a minimum of nine 5 non-coding
exons each containing a unique promoter region, and a 3’- exon (IX),
coding for the BDNF prepropeptide (Musumeci & Minichiello 2011). It
is highly expressed in the amygdala, hippocampus and prefrontal cortex,
and its expression and release are activity-dependent. Cells known to
express BDNF are fibroblasts, astrocytes and different types of neurons.
BDNF acts through two distinct receptor systems, its high-affinity
tropomysin-related kinase B (TrkB) receptor and the low-affinity
receptor p75 shared for all neurotrophins. Binding of BDNF to its
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receptor induces its dimerization and leads to the activation of several
signaling cascades through the intracellular kinase-binding domain
including Ras/MAPK, PLC-g and PI3K/AKT pathways.

BDNF gene expression and activation of its high-affinity tropomyosin-
related kinase B (TrkB) receptor are necessary in the amygdala,
hippocampus and prefrontal cortex for the formation of emotional
memories, including fear memories. Several studies implicate BDNF
concretely in the enhancement of fear extinction. In view of the evidence
pointing to an altered processing of extinction in PTSD patients, new
lines of treatment target BDNF as a way to improve efficacy in anxiety
disorders such as PTSD.

BDNF exon I and IV were shown to increase in the amygdala during cue-
dependent fear conditioning (Rattiner etal. 2004b), while re-exposure to
the contextual fear conditioning box causes increased exon IV mRNA in
the hippocampus (Lubin etal. 2008). Interestingly, contextual fear
extinction elicits an increase in BDNF exon I and IV mRNA in the mPFC
(Bredy etal. 2007). Epigenetic regulation of BDNF has been reported to
be crucial in these changes in gene expression (Musumeci & Minichiello
2011). This epigenetic regulation includes dynamic changes in histone
acetylation state of the N-terminal lysine residues. Histone
acetyltransferases (HATSs) and histone deacetylases (HDACs) are in
charge of mediating these processes. Studies of fear memory have shown
that histone H3 acetylation and phosphoacetylation levels are increased
and histone H4 acetylation levels decreased in promoter 4 in the
hippocampus after contextual fear conditioning (Lubin etal. 2008; Takei
etal. 2011). Regional differences might explain an increase in H4
acetylation in the promoter 4 within the PFC after contextual fear
extinction (Bredy etal. 2007). In the lateral amygdala, levels of acetylated
H3 are increased in response to cued fear conditioning (Maddox &
Schafe 2011).

Very recently, a new DNA modification of adenosine, and not cytosine

residues as reported until now, has been shown to be implicated in the
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regulation of gene expression required for fear extinction (Xiang Li et al.,
2019). Concretely, N6-methyl-2’-deoxyadenosine (m6dA) modifications
were shown to be increased along promoter and coding regions of genes
in activated neurons in the PFC in response to fear extinction.
Interestingly, increases of this modification linked to expression
activation were found in the promoter region of Bdnf-IV, adding
evidence to the relevance of increases in the expression of this
neurotrophic factor for the induction and consolidation of fear memory

and specifically fear extinction.
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MATERIALS AND METHODS

1. ANIMALS AND GENERAL PROCEDURE

This project consists of 3 experiments. Experiment 1 and 2 were
conducted at the Universitat Autonoma of Barcelona, whereas
experiment 3 was performed at the University of Haifa (Israel) in
collaboration with Dr. Gal Richter-Levin’s group thanks to an FPI grant
of the Spanish Ministry of Science.

Same materials and methods were used in both locations unless stated
otherwise.

The aim of experiment 1 was to evaluate the behavioral effects of acute
exposure to controllable and uncontrollable stress. For that purpose,
animals were exposed to two sessions of TWAA in non-consecutive days.
An elevated-plus maze, an open-field and an acoustic startle test were
conducted two, five and seven days post-TWAA to assess for short and
long-term effects on activity, arousal and anxiety-like parameters.

The objective of experiment 2 was to ascertain if differences in changes
in mRNA levels of genes related to synaptic plasticity and epigenetic
regulation could be involved in the induction and persistence of the
different consequences of exposure to controllable vs. uncontrollable
stress. With that aim, the same behavioral procedure conducted in
experiment 1 was reproduced, this time performing gene expression
analysis of genes related to the Bdnf-TrkB pathway and HDACs, two and
five days post-TWAA in the main regions in charge of regulating the
stress response.

Finally, the aim of experiment 3 was to evaluate: (i) if it is necessary to
reach a certain level of controllability in order to obtain the stress
buffering effects of controllable stress; (ii) if prolonged exposure after
reaching this level of controllability is a critical factor for this learning to
consolidate and exert an emotional buffering effect; (iii) if prolonged
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exposures are necessary in order to detect long-term differences in the
consequences of controllable vs. uncontrollable stress; (iv) if
uncontrollable stress has a higher detrimental effect than short exposure
to uncontrollable stress; and finally (v), if changes in synaptic plasticity
and mRNA levels of the above-mentioned genes could be part of the
molecular mechanisms underlying these phenomena. To answer these
questions the experiment was designed as follows. Two groups of
animals were exposed to short (2 days) or prolonged (5 days) TWAA,
each group in turn divided into exposure to controllable stress (CoS),
uncontrollable stress (UnS) or the context (Naive). A behavioral battery
of tests consisting of an OF, a social-interaction test, an EPM and an
extinction test were conducted one-week post-TWAA to assess for the
long-term behavioral effects. Finally, gene expression analysis was
conducted in the hippocampus three days and one week respectively
after the extinction test to evaluate for possible molecular correlates.

1.1. ANIMALS

Experiment 1&2

50 and 44 male Sprague-Dawley rats provided by the breeding center of
the Universitat Autonoma de Barcelona were used in experiment 1 and
2, respectively. Animals were housed in pairs in 42.5 x 26.5 x 18 cm
plastic cages with sawdust bedding (Lignocel, Panlab S.L.U., Barcelona,
Spain) in standard conditions of temperature (21 + 1 °C) and a 12-h
light/12-h dark schedule (lights on at 08.00 h). Food (SAFE-diet A04,
Panlab S.L.U., Barcelona, Spain) and water were available ad libitum.
Animals were at PND60 at the time of experimental procedures. All

procedures were conducted during the light-phase (8:00-20:00).

The experimental protocol was approved by the Committee of Ethics of
the Universitat Autonoma de Barcelona and the Generalitat of

Catalunya, followed the “Principles of laboratory animal care” and was
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carried out in accordance with the European Communities Council
Directives (2010/63/EU) and the Spanish Legislation (RD 53/2013).

Experiment 3

112 male Sprague-Dawley rats were obtained from Harlan Laboratory
(Jerusalem, Israel) at an approximate age of 60 PND (weight 275-300 g)
in experiment 3. Animals were maintained in groups of 4 per cage
(75x55x15cm) in temperature-controlled (23 + 1°C) animal facilities on
a 12:12 light- dark cycle (lights on 07:00-19:00 hours) with food
(standard Purina rodent chow pellets) and water ad libitum. Animals
were at PND60-70 at the time of experimental procedures in experiment
3.

Experiments 3 were in accordance with the NIH guidelines for the care
and use of laboratory animals and were approved by the University of
Haifa ethical committee (Ethical No. 230/11).

1.2. GENERAL PROCEDURE

Upon arrival to the animal facility animals were let undisturbed until the
first handling session that began one day after and consisted of at least
three sessions. Each session consisted of a repetition of all the
transportation from the vivarium to the experimental room and the
handling procedures that would be performed the day of the experiment.
Specifically, animals were taken out of their homecages and put in
25x15x15 white individual plexiglass cages for transportation until the
experimental room. Two animals from the same homecage were moved
into two different cages. Once in the experimental room animals were let
undisturbed for 30 seconds, taken out of the cages, put back again and

moved to the adjacent room were blood samples are obtained. Once in
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this room, general handling procedures including gentle body and tail
massage while wrapped in a cloth were carried out. In the case of animals
in experiment 1, blood sampling was done in the last handling session by

the tail nick procedure (see below) to habituate animals to the procedure.

Animals were assigned semi-randomly to the different experimental
groups to balance for weight, mother and date of birth in experiment 1;
or weight in experiment 3 (no information about the mother and date of

birth was provided by Harlan, Jerusalem).

2. BLOOD SAMPLING PROCEDURE

Blood samples was obtained by “tail nick”. The “tail nick” procedure
consists of making a 2-mm incision at the end of the tail veins and
massaging the tail while collecting 300 pl of blood into ice-cold EDTA
capillary tubes (Sarsted, Granollers, Spain). All the procedure is
performed in a 2-minute period while the animal is gently wrapped with
a cloth. Samples were kept at -4°C until they were centrifuged for 25
minutes at 7100 rpm (Heraeus-Biofuge Primo Centrifuge, Thermo
Scientific, Germany). The plasma obtained was split in two aliquots and

stored at -20 °C until hormone analysis were done.

This procedure is extensively used in our group and other labs (Belda et
al., 2004; Vahl et al., 2005) because very actual basal levels of stress
hormones are obtained if the procedure is done adequately. Blood

sampling was done in a different room than the vivarium.
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3. STRESS PROCEDURE: TWO-WAY
SHUTTLE AVOIDANCE TASK.

In active avoidance paradigms subjects learn to avoid an aversive
stimulus (e.g. foot-shock) by initiating a specific locomotor response.
The active avoidance task used in the present study was the Two-way
active-avoidance task (TWAA). This task belongs to the paradigms used
for the study of the “Learned Helplessness” phenomenon which consists
of a triadic experimental design: Controllable stress, Uncontrollable
stress and Naive (for more details see “Coping, Active Avoidance and
Controllability” in the introduction section). In the TWAA the specific
locomotor response required by the animal to avoid the aversive
stimulus consists of shuttling to an adjacent chamber in a shuttle-box.

Concretely, the three experimental groups are:

1. Controllable-stress group (CoS). Animals assigned to this group

have the possibility to exert control over the stressor conducting
two different behaviors: (1) Escape response — shuttling to the
adjacent chamber during the US (e.g. shock), stopping it and thus
reducing US duration; and (2) Avoidance response - shuttling
to the other compartment during the presentation of a
conditioned stimulus (e.g. light and/or tone), thus avoiding
completely any exposure to the US. If the animal does not exhibit
any of the previous responses, it will receive the full length of the
US and would be accounted as a Null response.

2. Uncontrollable-stress group (UnS). Animals in this group are

exposed to the same stimuli (CS and US) as the CoS group but no
instrumental behavior of the animal is contingent with shock
avoidance or termination. Two setting configurations are
possible: Yoked and Averaged CoS protocol. See details bellow.
3. Naive group. Animals in this group are exposed to the shuttle-
box for the same duration as CoS and UnS groups, but with no

US or CS presentation.
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3.1. Apparatus and TWAA set-up

All experiments were done using shuttle-boxes provided by Panlab
(LE916, Panlab S.L.U., Barcelona, Spain). These boxes (Fig. 9) consist of
two equally sized compartments (25 x 25 x 25 cm) with two independent
grid floors separated by a metallic wall with an 8 x 10 cm aperture
between them. The cage contains a general sound generator and a visual
stimulus (light) for each compartment. The shuttle-box is inside a dimly-
lit, ventilated, sound-attenuating cage to avoid any external noise during
the task.

Illustration I. Shuttle-box

Figure 9. Illustration of the shuttle-box apparatus used for the Two-way shuttle
avoidance task.

Information about the position of the rat is transmitted through weight-
sensitive electrifiable grids. Grids are connected to a shocker (LE100-26,
Panlab S.L.U., Barcelona, Spain) and a controller device (LE900, Panlab
S.L.U,, Barcelona, Spain) which are in turn under the control of Packwin
v1.2.23 or Shutavoid 1.8.02 software (Panlab S.L.U., Barcelona, Spain).

In experiment 1 and 2 the general set-up consisted of six shuttle-boxes.
Two animals from each experimental group and from the same

homecage were put per round. Stress procedure consisted of two TWAA
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sessions on non-consecutive days. This number of sessions was chosen
as a compromise between two factors: (1) duration (the shortest possible
to be considered acute); and (2) reaching sufficient learning of the task

to set a difference between controllable and uncontrollable stress.

In experiment 3, the TWAA set-up consisted of eight shuttle-boxes.
Rounds of 3 to 6 animals from the same experimental group were
conducted. Daily sessions during two or five consecutive days were
administered depending on the group. Animals were never let alone in
homecages before TWAA sessions to minimize possible distress before

sessions.

3.2. Procedure

Sessions were conducted during the morning (9:00 AM-13:00 PM) to
reduce the influence of the circadian rhythm of stress hormones in the
results. Every session began with 5 minutes of habituation. No stimuli
were delivered during this period. Once finished, animals were exposed

to 50 trials per session.

Controllable stress protocol

Every trial consisted on:

1. Presentation of the conditioned stimuli (CS): A light (7W)
concomitant with a tone (2400 Hz, 80 dB) 10 seconds (shorter if
an avoidance response was performed).

2. Presentation of the unconditioned stimuli (US) if no avoidance
response had been performed: 0.7 mA electric-shock for a
maximum of 10 seconds (shorter if an escape response was
performed). There was no delay between CS termination and US
initiation.

3. Inter-trial interval (ITI): A random ITI was set, ranging from 5 to

55 seconds, with an average of 30 seconds.
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Additional trials were added in the first session if animals in the CoS
group performed an “avoidance” response during the first trials without
being firstly exposed to the US (“False avoidance”). Trials with shock
deficiencies due to system failures were also compensated so that all

animals received 50 shocks per session.

Cages were thoroughly cleaned at the before the first session, between
sessions as well as at the end of the last session of the day (ethanol 70%

in experiment 1 and 2; water with soap in experiment 3).

Uncontrollable stress protocol

Two different protocols were used: “Yoked” in experiment 1 and 2, and

“Average CoS” protocol in experiment 3.

- “Yoked” configuration: In these setting conditions, a shuttle-
box configured as “master” (CoS) is yoked to a second “slave”
shuttle-box (UnS). Information of the performance of the master
is sent to the slave shuttle-box in a manner that both cages deliver
simultaneously the CS and US with a duration determined by the
performance of the master animal. That way both animals,
master and its respective yoked animal, receive the exact same
amount of physical stressor but whereas the master group has
control over the exposure and duration of the US, the yoked
group does not. Slave animals were paired to the same master in

both sessions.

- “Average CoS” protocol: It consists of a protocol based on the
average performance of CoS animals in previous studies. Blocks
were designed so the duration of CS, US as well as the number of
US presentations decreased with time reflecting what occurs as
CoS animals learn the task. The exact protocol employed in

experiment 3 is shown in table 2. Importantly, all UnS animals
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were exposed to the same protocol, therefore receiving equal

amount of shocks.
Total shock exposure per session was analyzed in CoS animals of
the present study to verify that CoS received comparable

amounts of shock than UnS under this protocol (Fig. 10).

Table 2. Averaged Uncontrollable Stress protocol

D1 -5' Exploration & 50 Trials
num.
DAY Block | cycle | Tone (sec) S(?:cc)k ITI
s

1 4 7,8 0,9 30

2 6 8,7 1,6 30

3 1 8,7 2,4 30

4 9 8,7 1,2 30

1 5 6 7,8 0,9 30
6 4 7,0 0,5 30

7 2 7,7 0,8 30

8 10 7,0 0,7 30

9 8 6,3 0,5 30

1 3 8,3 2,1 30

2 6 8,3 0,6 30

3 1 7,5 1,3 30

4 4 8,2 0,9 30

5 1 8,7 1,4 30

6 9 7,7 0,7 30

7 1 5,7 1,2 30

8 7 6,2 0,4 30

2

9 1 5,3 0,0 30

10 1 7,1 0,4 30

11 2 4,8 0,0 30

12 4 5,7 0,4 30

13 1 5,6 0,0 30

14 2 6,0 0,4 30

15 2 5,5 0,0 30

16 5 6,9 0,5 30
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1 5 8,2 0,8 30
2 4 7,8 1,3 30
3 5 7,0 0,5 30
4 1 5,1 0,0 30
5 6 6,2 0,6 30
6 4 53 0,2 30
7 2 4,4 0,0 30
8 4 6,3 0,4 30
9 4 4,2 0,0 30
10 1 4,7 1,7 30
11 3 5,1 0,0 30
12 2 5,1 2,0 30
13 4 4,8 0,0 30
14 4 6,0 0,3 30
15 1 5,8 0,0 30
1 3 7,8 1,7 30
2 8 7,7 0,7 30
3 1 54 0,0 30
4 2 7,4 0,9 30
5 1 6,0 0,0 30
6 3 6,5 1,2 30
7 1 5,2 0,0 30
8 2 6,1 0,6 30
9 1 5,8 0,0 30
10 1 6,8 0,9 30
11 5 6,3 0,4 30
12 1 4,9 0,0 30
13 1 8,0 1,7 30
14 2 6,6 0,8 30
15 3 4,4 0,0 30
16 3 6,0 0,5 30
17 1 5,0 0,0 30
18 3 4,6 0,3 30
19 6 3,9 0,0 30
20 2 6,1 0,4 30
1 4 7,9 0,7 30
2 1 8,7 1,6 30
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3 5 8,4 0,6 30
4 1 7,1 1,7 30
5 15 6,9 0,4 30
6 4 5,6 0,0 30
7 3 6,6 0,3 30
8 2 5,0 0,0 30
9 5 6,3 0,2 30
10 3 6,1 0,0 30
11 1 6,5 0,3 30
12 3 53 0,0 30
13 3 7,0 0,5 30

The protocol derives from the average performance of animals exposed to

controllable stress in the same conditions in previous studies.

i Total shock in UnS

=1 |Mean shock exposure in CnS
TOTAL SHOCK RECEIVED
150;
& 100 *
(¢))
£
= 50
0

Day 3 Day 4 Day 5

Figure 10. Total time of shock received by CoS and UnS animals in
experiment 3. UnS group (red solid line) received the same amount of shock

as the average in CoS animals (green line).
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3.3. Video-recording

Performance of the animal was videotaped using cameras (KPC-S500P3,
KT&C co.) placed 20 cm above the grid floor on the front door of the
isolation chamber, one in each compartment of the shuttle box. Cameras
were in turn connected to a video-recorder located outside of the

isolation chamber.

3.4. Data analysis

All variables measured during the habituation period of the TWAA were
measured manually and in blind conditions, with no information about
the experimental group of the animal. These variables included: time of
freezing, scanning or grooming and number of intercrossings and
rearings. The number of intercrossings was also measured automatically
during the whole session using the Packwin v1.2.23 or the Shutavoid
1.8.02 software (Panlab S.L.U., Barcelona, Spain).

Freezing involved the absence of all movement, except for respiratory-
related movements, while the animal was in the stereotyped crouching
posture (Blanchard & Blanchard, 1969). Freezing is readily distinguished
from resting by the crouching posture and by the fact that rats never lie

down when they are freezing.

The time the animal performed lateral head scanning movements was

measured and defined as scanning behavior.

Grooming was defined as a rapid wiping of the head usually with both
forepaws. It involves a conjunction of licking, scratching and face-
washing behaviors (Bolles, 1960).

Rearing behavior consists of the position where animals stand on both
hind paws in a vertical upright posture. It is considered an orienting

response, a means of sampling or scanning the environment or a marker
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of environmental novelty, all related to exploratory behaviors (Lever et
al., 2006; van Abeelen, 1970).

The number of times an animal moved from one compartment of the
shuttle box to the contiguous one was counted and registered as the
number of intercrossings. When measured manually, the detection of a
change in the location a subject was counted when the four paws of the
animal were placed in the adjacent chamber. Automatic measures with
Packwin and Shutavoid software depend on detecting the weight of the
animal in the adjacent chamber. No intercrossing was detected
automatically unless all the body of the animal was on the other
compartment of the TWAA, making automatic and manual measures

equivalent.

4. BEHAVIORAL TESTS

4.1.0PEN FIELD

The open field task (OF) is a commonly used test developed by Calvin S.
Hall to measure general activity and exploratory behavior in rodents
(Hall & Ballachey, 1932). It approaches the conflict between the innate
fear of rodents to open brightly areas versus their desire to explore new
environments. It assesses both quantity (length) and quality (center vs.
wall areas) of the exploratory behavior (Fig. 11). When anxious, the
natural tendency of rodents is to stay close to the walls (thigmotaxis). In
this context, the OF task has also been used to assess anxiety-like
behaviors by measuring the degree to which the animal avoids the center
area of the OF. However, the extent to which behavior in the open field

measures anxiety is controversial (Ennaceur & Chazot, 2016).
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Ouvuter Edge Center

Figure 11. Arena settings for the open-field task (OF). Two different
areas are set (center vs. periphery). Time, entries and distance in each of
the areas are measured as indicators of exploratory and anxiety-like
behaviors.

In experiment 1, the OF arena was squared grey plastic cages measuring
56x36.5x31 cm. The center area measured 38x18.5 cm. Animals from the
same cage performed simultaneously the test in two adjacent cages
placed at a 50 cm height. Animals were put facing one of the corners of
the arena to subsequently videotape their behavior for 5 minutes. The
cages were thoroughly cleaned between trials with soap water and dried
with absorbent paper. The experiment was performed in an empty room
with plain black walls illuminated with white 25W bulbs placed 1,5
meters above the apparatus.

In experiment 3, a black wooden open-field arena measuring 87x87x51
cm was used, center area measuring 41x41 cm. Animals were brought
one by one from the animal vivarium in an individual cage and let in a
corner of the experimental room for three minutes of habituation before
the beginning of the test. After this, animals were put facing one of the
corners and their behavior was recorded for five minutes. OF arena was
cleaned with ethanol 30% between trials. The experimental room was
empty except for the behavioral apparatus. Walls were painted in black
and a dim-light coming from the side of the room illuminated the

apparatus.
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Behavior was videotaped using a Sony SSC-M388 CE, BW video camera
situated 150 cm above the center of the apparatus and connected to a TV
monitor and a digital video recorder (JVC VR-716; 8,3 frames/s) outside

of the testing room.

All variables in this test as well as in the rest of the tests were measured
blindly with no information about the experimental group of the animal.
The variables measured in the OF consisted of entries, time and distance

in the center and periphery areas.

4.2. SOCIAL INTERACTION TEST

Social interaction test (SI) was conducted in the same arena as the OF
(experiment 3) incorporating some modifications (Fig. 12). These
modifications included the insertion of two cylindrical cages (12 cm
diameter), one empty and one with an unknown adult male rat, in
opposing corners of the arena. The animal inside the cage was changed
every 4 trials. The walls of the cages consisted of vertical metallic bars
separated 1.5 cm from each other, enabling direct contact between the
encaged animal and the animal being tested. The cages were placed at a
certain distance from the OF wall allowing tested animal to explore 360°
around the cage. Animals to be tested were brought from the vivarium
individually in a home-cage with clean bedding and let for habituation
in a corner of the experimental room for one minute before proceeding
with the test. After this, animals were put facing one of the empty corners
and let to freely explore the arena for 5 minutes. Two exploration areas
(41x41 cm) around both cages (17x17 cm) were set for analysis of the
exploratory behavior: “Animal area” (red area in fig. 3) and “Empty area”
(green area in fig. 3). Room and conditions were as indicated for the OF

(see above).
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Figure 12. Arena configuration used for the Social interaction test in

experiment 3.

The variables measured consisted of entries, time and distance in the area
surrounding the empty and animal cage (Empty and Animal area).
Percentage of time and distance in the animal area were calculated as

follows:
(Time Animal area/ (Time in Animal area + Time in Empty area)) x 100

(Distance Animal area/ (Distance in Animal area + Distance in Empty
area)) x 100

4.3. ELEVATED-PLUS MAZE

Adapted from Pellow and File (Pellow et al., 1985; Pellow & File, 1986),
the elevated plus maze (EPM) is commonly used to assess anxiety-like
behavior in rodents. As in the OF, it is based in the conflict of two
opposed innate tendencies: exploring a novel environment versus
avoiding elevated open spaces. The apparatus consists of four black arms

at right angles to each other, two open (stressfull) and two enclosed
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(protecting) connected to a central square (10x10 cm) to form the shape
of a plus sign (Fig. 13). The prototypical measures include time, distance
and entries in the center area, closed and open arms, as well as distance
travelled in the whole arena. The percentage of time spent in the open
arms is considered as an indicator of anxiety-like behavior. Animals are
considered as “anxious” when they spend most of the time in the
protected areas of the enclosed arms, whereas animals spending most of
the time in the open unprotected arms are considered non-anxious.
Nevertheless, as in the case of the OF, the interpretation of the results in
the EPM as reflective of anxiety-like behaviors is controversial (Armario
& Nadal, 2013).

Figure 13. Illustration of the elevated-plus maze (EPM).

All the apparatus was elevated 50 cm (in experiment 1 and 2) or 70 cm
(in experiment 3) above the floor. Each arm was 46 cm long and 10 cm
wide. The two opposite enclosed arms had walls of 43 cm of height,
whereas the other two open arms had a 0.7 cm ridge to provide an
additional grip. Animals were positioned in the center area facing one of
the closed arms to begin the test. Behavior was recorded for a period of

5 minutes and the apparatus was cleaned using a solution of soap water
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(in experiment 1 and 2) or ethanol 30% (experiment 3) between trials.
The EPM test was performed and behavior was videotaped in the same

room and conditions as the OF.

The variables measured consisted of the number of entries, time and
distance in the center, open (OA) and closed arms (CA) areas.

Percentage of time in the open arms was calculated as follows:

(Time OA/ (Time OA + Time CA)) x 100

Position tracking system

Data from the OF, SI and EPM was collected using two automatic video
tracking systems (Smart 2.5.19, Panlab in experiment 1; EthoVision XT38

video tracking system, Noldus in experiment 3).

Smart software tracks the animal position using a unique reference point
based on three possible locations: nose, center and tail base. The tail-base
reference point was used for analysis in this project. This option was
chosen as this location yielded correlation values higher than 0.8 when
compared with results obtained by manual measurement. Manual
measures of change of area were counted if all paws crossed to the other

area.

In the case of EthoVision, two reference points are employed. One
located in the middle part of the body, and a second one in the posterior
area of the body (beginning of the tail). A change of area was detected if

both points crossed to the adjacent area.

In both cases a smoothing algorithm is applied to eliminate the noise of
the tracks from the small movements of the animal (body wobble). The
selected algorithm smoothed tracks by calculating the averaged path
between two position points of the animal detected with a 1 second

interval.
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4.4. ACOUSTIC STARTLE TEST

The acoustic startle response (ASR) is a rapid sensorimotor response
elicited by a sudden and intense auditory stimulus. It can be modulated
by a variety of changes in the perceptual or emotional state of the
organism and can be enhanced by conditioned and unconditioned
aversive events, making it useful for the study of anxiety-related
behaviors (Koch, 1999).

Two identical San Diego Instruments standard startle chambers (SR-
LAB) were used to measure ASR (figure 14). Each startle chamber was
placed inside a sound-attenuating ventilated box (33x35x33 cm). A
white light and a constant 60 dB background white noise was provided
by a fan placed inside each chamber during the entire session. Every
chamber had a stabilimeter consisting on a clear Plexiglas tube
(10.2x20.5 cm) connected to an accelerometer converting any movement
from the tube to a resultant voltage proportional to the velocity of the
tube displacement. The analog output of the accelerometer was

amplified, digitized and interfaced to a Windows computer.

Behavior was videotaped with a camera (KPC-S500P3, KT&C co.).
Cameras were positioned 5 cm in front of the stabilimeter. In both cases,
cameras were connected to a recorder and a TV monitor outside of the

isolation chamber.

Startle responses were evoked by 50-ms bursts of white-noise at various
intensities generated by a noise generator and delivered through high
frequency speakers located 5 cm from the front of each stabilimeter
containing the animal. Stimulus presentation and signal recording (1000
Hz) was controlled by the software package SR-Lab (San Diego
Instruments, San Diego, CA, US) under the control of a Windows
computer. Sound level measurements were made with a Briiel & Kjaer
model 2240 sound-level meter with the microphone located in the front
of the stabilimeter, which approximates the distance of the rat’s ear from

the speaker during testing. The chambers were calibrated before the
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beginning of each session with a standardization unit provided by San

Diego Instruments.

Figure 14. Acoustic Startle-Response (ASR) set-up.

An adaptation of the protocol from Meloni and Davis (Meloni & Davis,
2004) was followed. Animals from the same home-cage were put
simultaneously to perform the test. Each session consisted of a 5-minutes
habituation period (with no stimulus except for the background noise)
followed by the presentation of five habituating startle stimuli (5-ms
immediate rise/fall white noise, 95 dB, 30-s inter-stimulus interval; ISI).
Rats were then presented with 45 startle stimuli of five different
intensities (5-ms immediate rise/fall; 80, 85, 90, 95 and 100 dB) in a
S.E.M.irandom order with a 30-s ISI. Each session lasted 20 minutes. The

chambers were cleaned between animals using a solution of soap water.
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Startle amplitude was defined as the peak accelerometer voltage that
occurred during the first 200 ms after onset of the startle stimulus. In
addition to startle measurements, baseline activity measurements were
made by sampling cage movement (200 ms duration) 15 s after the onset

of each startle stimulus.

4.5. FEAR EXTINCTION TEST

In experiment 3, a fear extinction protocol was conducted 10 days after
the end of the TWAA. It consisted of a re-exposure to the TWAA context
with three different phases:

- Pre-tone interval: Three minutes in the TWAA shuttle boxes
with no additional stimuli. This period allows the measure of
contextual fear memory as no auditory cue is presented during
this phase.

- Extinction interval: 10 tones of 10 seconds with a 30 seconds ITL.

- Post-tone interval: Three minutes with no additional stimuli to

assess the recovery response from the extinction test.

Time of freezing and grooming as well as the number of intercrossings
and rearings were analyzed in each of the phases (for a detailed

description on the behaviors see TWAA “Data analysis” above).

4.6. BEHAVIOR ANALYSIS

4.6.1. Assessment of overall behavioral effect

Overall effects were analyzed as a first approximation to behavioral

characterization. Mean, standard deviation (SD) and standard error of
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the mean (S.E.M.) of the parameters previously indicated were calculated

for each experimental group.

4.6.2. Behavioral profiling

A behavioral profiling approach was employed in experiment 3 to
characterize individual differences in response to the stressor.
Specifically, the aim was to characterize subjects “affected” by the stress
exposure from those “not affected” from it. For that purpose, the
behavioral profiling was conducted selecting, based on previous studies,
a series of key behavioral parameters indicators of activity and anxiety-
like behaviors. “Affected” and “Not-affected” cut-off values were
established based on the normal distribution of those parameters in the
naive group. This method was first proposed by Cohen et al. (Cohen et
al., 2003) and further developed by the group of Richter-Levin (Ardi et
al., 2016; Ariel et al., 2017; Cohen et al., 2004; Horovitz et al., 2014; Ritov
etal., 2016).

Specifically, cut-off thresholds for each parameter were determined
based on the 20™-80™ percentile of the values shown by the stress-naive
group. A list of the selected variables and its respective thresholds is
shown in table 3. A subject was identified as “Affected” if values in at
least 5 out of the 8 selected variables were out of this “normal behavior

window” defined by the behavior shown in naive group (see Fig.15).
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Table 3. Selected variables for behavioral profiling

CONTROL GROUP PERCENTILE
TEST PARAMETER MEAN SD S.EM. 20 80
TOTAL
OF 3042,5 463,5 81,9 <2559,6 3433,9
DISTANCE
TOTAL
1418,4 473 83,6 <1061,2 1839
DISTANCE
EPM
TIME IN OPEN
40,8 36,1 6,4 <73 75,4
ARMS
Extinction
IC DURING ITI 5,4 3,5 0,6 <2,6 8,4
test
IC DURING
3,4 2,2 0,4 <1 6
TONES
FREEZING 10th
3,4 7,5 1,3 0 >4,5
Extinction TONE
test
FREEZING 3th min
33 7.7 1,4 0 >3,1
POST-TONE
FECES 0,1 0,6 0,1 0 >0

Table showing the parameters selected and its respective
threshold values (in bold) to score as “Affected”
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Figure 15. Behavioral profiling methodology. A: Cut-off criteria
application in a specific variable. Red dash line delineates the threshold for that
parameter. Subjects under this threshold (light-red shadow) score as “affected”
for that particular parameter. B: Example of the total score of a specific
“Affected” individual. Green values are inside the normal distribution shown
by naive animals. Red values are outside of the cut-off values delimiting normal
distribution in naive group. 6 out of the 8 parameters are outside of this
normality window and therefore this subject is classified as “affected” (adapted
from Ariel et al, 2017).
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5. ENDOCRINE ANALYSIS

5.1. RADIOIMMUNO ASSAY

A blood sample was obtained after the end of the ASR test to assess for
possible long-term changes in the reactivity of the HPA response.
Double-antibody radioimmunoassays (RIA) were performed to

determine ACTH and corticosterone plasma levels.

Levels of ACTH were assessed using the protocol kindly provided by Dr.
W.C. Engeland (Department of Surgery, University of Minnesota,
Minneapolis) and modified in our lab (Garcia et al., 2000). Buffer
consisted on 50 mM dibasic sodium phosphate (pH 7.2) containing 25
mM disodium EDTA, 0.1% Triton X-100 and 0.25% bovine albumin in
MilliQ water. All procedures were done at 4°C to avoid ACTH
degradation. ACTH levels were determined wusing I-ACTH
(PerkinElmer Life Science, Boston, US) as the tracer, rat synthetic ACTH
1-39 (Sigma, Barcelona, Spain) as the standard and an antibody raised
against rat ACTH (Ab Rb 7) kindly provided by Dr. W.C. Engeland. To
separate free fraction from the one bound, a second antibody was used
(goat anti-rabbit IgG, Chemicon) diluted 1:32, containing non-
immunized rabbit serum at 0.3% and polyethylene glycol 9%. After
incubation samples were centrifuged at 4700 rpm (Sigma-Laboratory
Centrifuges 6K15) for 30 minutes at 4°C. The sensitivity was of 1 pg/tube

in approximately 10 pl of blood volume depending on the concentration.

Corticosterone RIA was conducted using the protocol kindly provided
by Dr. G.B. Makara (Institute of Experimental Medicine, Budapest,
Hungria) where plasma corticosteroid binding globulin is inactivated by
low pH. The buffer employed consisted on 0.2 M sodium phosphate (pH
7.4) dissolved in MilliQ water. Samples were incubated for 2 hours in
0.IM citric acid to release corticosterone from its transporter, the

corticosteroid-binding globulin (CBG). Corticosterone levels were

118



determined using '*I-corticosteronecarboxi-methyloxime-tyrosine-
methyl ester (MPBiomedicals, Irvine, CA, US) as the tracer, synthetic
corticosterone (Sigma, Barcelona, Spain) as the standard, and an
antibody raised in rabbits against corticosterone in buffer with 0.15%
non-immunized rabbit serum kindly provided by Dr. G. Makara. The
free-fraction was separated by means of a secondary antibody (goat anti-
rabbit IgG, Chemicon) diluted 1:48 in buffer with polyethylene glycon at
7.5% in MilliQ water and 10 pl/tube of cow serum, followed by 30
minutes of centrifugation at 4700 rpm (4°C).

All samples to be statistically compared were run in the same assay to
avoid inter-assay variability. The intra-assay coefficient of variation was
less than 8 % for ACTH and 6 % for corticosterone. The sensitivity was

1 ng/ml using 2 pl of sample.

The radioactivity present in the pellets was measured with a gamma

counter (Wallac 1272 Clinigamma).

6. MOLECULAR ANALYSIS: g-PCR

6.1. EUTHANASIA AND BRAIN MICROPUNCH
PROCEDURE

Animals from the same homecage were euthanized simultaneously to
minimize distress before obtaining the brain samples. Brains from
animals assigned to perform gene expression analysis were extracted
after direct decapitation (2 and 7 days after TWAA in experiment 2; 3
days after extinction test in experiment 3). In experiment 2 decapitation
was performed without anesthesia, whereas in experiment 3 a fast
isofluorane anesthesia was induced before decapitation. Briefly, in this
case animals were put in a camera saturated with isofluorane and as soon

as the first signs of anesthesia appeared (eyes closed and loss of leg reflex
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in approximately in less than 30 seconds) animals were decapitated using
a guillotine. Recent studies have shown neither of these euthanizing
procedures to affect stress-hormones levels nor the mRNA levels of
stress-related genes (Bekhbat et al., 2016; Wu et al., 2015).

Animals that had undergone electrophysiological assays were euthanized
at the end of the procedure by trans-cardiac perfusion under the

urethane anesthesia from the electrophysiological intervention.

6.1.1. Brain micropunch procedure

For gene expression analysis, brains were immediately extracted after
decapitation, transferred to dry-ice cold isopentane (-40/-50°C) and let
to freeze for 10 seconds. All procedure lasted a maximum of 4 minutes.

Brains were stored at -80°C until processing the brain slices of interest.

Samples from the regions of interest were obtained using the micro-
punch procedure (Palkovits, 1985). 300 pm coronal brain slices were
obtained using a cryostat (Leica CM3050-S, Germany). A 12-centimeter
sterile and disposable blade (ThermoScientific, Rochester, USA) was
used for sectioning. Sample and chamber temperature were set to -10°C
and -15°C respectively. Brains were let to temper in the chamber for 30
minutes before beginning the brain sectioning. Once cut, brain slices
were collected in glass slides (KnittelGlass, Braunschweig, Germany) at
room temperature and refrozen immediately by means of direct contact
of the glass slide with dry ice. Labeled glass slides were placed in dry-ice
cold slide boxes and stored at -80°C until microdissection of the regions

of interest.

Microdissection needles and surgical material in contact with the brain
samples were sterile and treated with RNaseZAP (Sigma, Barcelona, Spain)
to avoid RNAse contamination and mRNA degradation. Metallic surgical
equipment was baked overnight at 230°C and let to chill before the

procedure. Plastic material was autoclaved, and working area was
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thoroughly cleaned with ethanol 70% in DEPC water and finally treated
with RNaseZAP (Sigma, Barcelona, Spain).

Micro-punches were obtained by means of a 0.8 or 1 mm-diameter
microdissection needle depending on the brain region to be collected
(table 4). The rat brain atlas (Paxinos & Watson, 1986) was used to
identify the landmarks and location of the region to be extracted (figure
16). Brain slides were tempered in the cryostate chamber at -20°C for 20
minutes before extracting the micro-punches.

Once tempered, slides were put over a homemade thermoelectric peltier
cooler kindly provided by the Physics department of the Universitat
Autonoma de Barcelona. Briefly, a voltage is applied across two joined
conductors to create an electric current. The flow of the current through
the junctions removes heat at one junction (top of the module where the
slides are placed) while heating the other (base of the module). This
creates a working area of -20°C outside of the cryostate chamber
facilitating the microdissection procedure. Microdissection needles were
constantly kept on dry ice and were removed only to rapidly extract the
region of interest so that brain samples were maintained frozen through
the whole extraction procedure. Once removed, brain micro-punches
were placed in dry-ice cold RNAse-free microcentrifuge tubes
(Eppendorf, Hamburg, Germany) and stored at -80°C until RNA
extraction procedure.

Table 4. Brain coordinates, number and size of microdisections per

region.

BREGMA Micropunch
AREA EXPERIMENT | COORDINATES | diameter

Number of
micropunches

(mm) (um)
PL Exp.2-3 3.24 1 p
3.00 1 2
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IL Exp.2-3 3.24 0.7 2
3.00 0.7 2
AccSh Exp. 2 1.68 0.7 2
1.44 0.7 2
VS Exp. 3 1.68 N.S. N.S.
1.44 N.S. N.S.
PVN Exp.2-3 -1.56 0.7 1
BLA Exp.2-3 -2.04 0.7 2
-2.28 1 2
CEA Exp.2-3 -2.04 1 2
-2.28 1 2
dCA1l Exp.2-3 -3.12 0.7 4
-3.36 0.7 4
-3.72 0.7 4
dCA3 Exp.2 -3 -3.12 0.7 2
-3.36 0.7 2
-3.72 0.7 2
dDG Exp.2 -3 -3.12 0.7 2
-3.36 0.7 2
-3.72 0.7 2
VH Exp. 3 -4.36 N.S. N.S.
-4.68 N.S. N.S.
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Figure 16. Micropunches and microdisection location per region.
Examples of micropunches and microdisected areas

6.2. RNA EXTRACTION and QUANTIFICATION

Tissue homogenization was done using a bead mill homogenizer
(Retsch, Hann, Germany). Tubes with the micro-punches were put on
ice. Rapidly, 200 pl of chilled homogenization buffer from the kit
Maxwell RSC simplyRNA tissue (Promega, Madison, WI, US) were
added together with two RN Ase-free ceramic beads per tube. 16 samples
per round were placed in cold-holders. Cycles consisted on 2 minutes at
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30 Hz with 1 minute of rest between rounds. Usually one cycle was

sufficient to yield a homogenous solution.

RNA was extracted using the automated Maxwell RSC Instrument
(Promega, Madison, WI, US). RNA is extracted using paramagnetic
particles which provide a mobile solid phase to optimize sample capture,
washing and purification of nucleid acids. The samples are automatically
processed through a series of washes until nucleic acids are eluted

yielding samples of high purification.

A series of samples were selected to assess RNA integrity prior to the
qPCR. RNA integrity was verified using Experion Eukaryote Total RNA
StdSens Assay (BioRad, Hercules, CA, USA). RNA quality index (RQ]I, 1
being the most degraded RNA profile, 10 being the most intact RNA)
ranged between 8.6 and 9.6, thus validating the maintenance of the RNA

structure through the extraction procedure.

Once extracted, RNA was quantified by fluorimetry using the
Quantifluor RNA system (Promega, Madison, W1, US).

6.3. ONE-STEP QUANTITATIVE-PCR (gPCR)

One-step quantitative-PCR for mRNA analysis was performed using the
iTaq Universal One-step RT-qPCR kit (Biorad, Hercules, CA, USA), a
SYBR green-based protocol where retrotranscription of the RNA and
amplification of the resulting cDNA occur directly in the qPCR plate.

Instructions supplied by the manufacturer were thoroughly followed.

6.3.1. Primer design and validation

Oligos were designed using the Primer3 algorithm (Taylor et al., 2010)
and the Primer-blast tool (https://www.ncbi.nlm.nih.gov/tools/primer-

124



blast/) provided by the NCBI (National Center for Biotechnology
Information). A standard PCR using cDNA from whole brain RNA was
done to assess the specificity of the primers designed. Size of the PCR
amplicon was checked to verify it matched the expected size. Optimal
temperature was chosen by means of a qPCR with an annealing
temperature gradient ranging from 55 to 65°C. An additional qPCR with
a standard curve for each primer set was done to evaluate their efficiency
prior to its use for the experiment. Only primers whose efficiency was
between 90 and 110 percent and R* > 0.99 were validated. Final primer

sequences are listed in table 5.

Table 5. Primer sequences for gene expression analysis

Amplic
Gene Forward sequence (5'-> 3') Reverse sequence (5'-> 3') on Size
(bp)
B-actin TTGCTGATCCACATCTGCTGG ATTGCCGACAGGATGCAGAA 152
Ppia TTTGGGAAGGTGAAAGAAGGC ACAGAAGGAATGGTTTGATGGG 157
Tbp CTAACCACAGCACCATTG TTACAGCCAAGATTCACG 152
Pgk1 ACAACCAGATAACGAATAAC CTTCAAGAACAGAACATCC 200
Hprt CCTTGACTATAATGAGCAGTTC GCCACATCAACAGGACTC 126
TrkB  CGGATGTTGCTGACCAAACC ACCCATCCAGGGGGATCTTA 174
Bdnf  AAGGCTGCAGGGGCATAGAC TGAACCGCCAGCCAATTCTC 111
Bdnf-1 CCAGCATCTGTTGGGGAG GCCTTGTCCGTGGACGTTT 175
Bdnf-
v TCTCACTGAAGGCGTGCGAGTATT TGGTGGCCGATATGTACTCCTGTT 98
Hdacl GTTCTTGCGTTCTATTCGCC TGTCCGTCTGCTGCTTATTG 170
Hdac2 GCTGCTTCAACCTAACTG CTCATACGTCCAACATCG 131
Hdac3 ATCCGCCAGACCATCTTTGA TCTGGCCTGCTGTAGTTCTC 152
Hdac4 AGTAGCTGAGAGACGGAGCA AATGCCATTCTCGGTGCTGA 172
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Hdac5 GGAGGACTGCATTCAGGTCAA TCATCAGGACCACTCTCGCC 51

Mecp2 CCGGGGACCTATGTATGATG GGTGTCTCCCACCTTTTCAA 175
Crh CTTGAATTTCTTGCAGCCGGAG GACTTCTGTTGAGGTTCCCCAG 101
Nr3cl GAAAAGCCATCGTCAAAAGGG TGGAAGCAGTAGGTAAGGAGA 121

Grin2b  ATGCAAGCGAGAAGAGGACCCTGG CTTCAGCTAGTCGGCTCTCTTGGT 105

Rela ACGATCTGTTTCCCCTCATCT TGCTTCTCTCCCCAGGAATA 150

Ppia, peptidylprolyl isomerase A; TrkB, tyrosine kinase receptor type 2; Bdnf, brain-derived
neurotrophic factor; Hdac, histone deacetylase; Mecp2, methyl CpG binding protein 2; Crh,
corticotropine releasing hormone; Nr3cl, nuclear receptor subfamily 3, group C, member 1 (also
known as GR); Grin2b, glutamate ionotropic receptor NMDA 2b; Rela, RELA proto-oncofene, NF-kB
subunit.

6.3.2. Housekeeping genes

Since the gene expression change is expected to be rather moderate, the
reference frame is of significant interest to ensure reliable results
(Bonefeld et al., 2008). For this reason, a stability analysis was conducted
to select the most stable housekeeping genes (HKGs) to conduct gene

expression normalization in our experimental conditions.

Briefly, 29 Sprague-Dawley rats (Naive: N = 9; CoS: N = 10; UnS = 10)
were exposed at PND60 to 2 days of TWAA task following the same
experimental conditions as previously described. Animals were
euthanized one week later and RNA from regions of interest was
obtained and quantified as previously. The candidate HKGs analyzed
were: (1) P-actin, (2) TATA-box binding protein (TBP), (3)
phosphoglycerate kinase 1 (PGK1), (4) hypoxanthine guanine
phosphoribosyl transferase (HPRT) and (5) peptidylprolyl isomerase A
(PPIA). Commonly known HKG glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was not selected as data from a previous

experiment in our group showed unstable expression of this gene in our
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experimental paradigm. For primer sequences see table 1 (in ‘Primer

design and validation’).

NormFinder software was used to perform the analysis (Andersen et al.,
2004). Combined estimates of intra- and intergroup values are used by
the software to calculate a stability value. NormFinder determines the
optimal reference gene among the HKGs and additionally suggests the
best combination of two HKGs, where the geometric average between

these may be used for normalization.

Results of the analysis revealed B-actin to be the most stable HKG
(stability value: 0.14), whereas the best combination of HKGs was for p-
actin and PPIA (stability value: 0.11). Expression data from the
experiment was thus obtained normalizing with both HKGs, B-actin and
PPIA.

6.3.3. Samples, controls and gPCR plate

Briefly, 384-well plates were designed containing: (1) All samples from
the region to be analyzed; (2) 4-points stardard curve ranging from 100
to 0.1 ng of RNA; (3) Non-template controls (NTC), which controls for
RNA contamination of the reagents and consists of wells where all
reagents are added except for the RNA sample whose volume is replaced
by nuclease-free water; (4) Non-retrostranscription controls (NRT),
which serves as a control for possible DNA contamination of the
samples. All reagents except for the retrotranscriptase are added; and (5)
an inter-plate control (IP-CTR), a sample to be used as a general control
of amplification in case repetitions of some samples should be made in a
different plate. All samples were run in triplicates. The details of the PCR

reactions are shown in table 6.

127



Table 6. qPCR reactions

Volume (pl)
iTaq mix 5
Retrotranscriptase mix 0.125

Forward primer (10 uM) 0.3

Reverse primer (10 uM) 0.3

Nuclease-free water 2.275
RNA (0.5 ng/pl) 2
Total 10

RNA concentrations were diluted with nuclease-free water to 0.5 ng/pl.
2 ul of RNA were added in each well giving a total of 1 ng of RNA per
well. Standard curve and IP-CTR was done using RNA extracted from

whole hippocampus of naive animals.

6.3.4. Protocol

qPCRs were run in a CFX384 thermocycler (Bio-Rad, Hercules, CA,
USA). The qPCR protocol consisted on 5 stages: (1) Retrotranscription,
(2) initial denaturalization, (3) denaturalization, (4) annealing and
extension and (5) melting curve (as a control for the specificity of the
amplicons obtained). 40 cycles of amplification were applied. For details

on time and temperature see figure 17.
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Figure 17. qPCR protocol: (1) Retrotranscription, (2) initial
denaturalization, (3) denaturalization, (4) annealing and extension, (5)
Repetition of steps 3 and 4 (40 cycles) and (6) melting curve.

6.3.5. Data analysis

Raw data was obtained by means of the Bio-Rad CFX Manager 3.1 (Bio-
Rad, Hercules, CA, USA). qPCR quantification was done using the
standard curve Pfaffl method (Pfaffl, 2001). With this method actual
efficiencies are incorporated and determined by a standard curve
analysis. C, is defined as the number of cycles to reach detectable levels
of fluorescence as determined by a fixed threshold. C, for each target
gene were determined for the 4 points of the standard curve and plotted
against the concentration on a logarithmic scale. Starting quantity (SQ)
of the target was automatically calculated by the software plotting C,
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values of the unknown samples against the concentration on the
corresponding standard curve. SQs are normalized by two factors: (i)
HKG factor, which corrects for the small margin of error in measures of
concentration and inherent deviation in volume pipetting; and (ii) by the
expression of the control group, giving the difference in expression levels

attributed to the experimental treatment.

7. STATISTICAL ANALYSIS

Between-subject factors analysed include:

Effect of PHENOTYPE- refers to: (i) Among animals exposed to
controllable stress, the effects derived from differences in the level of
avoidance conditioning acquired and/or the different amount of total
shock received due to this difference in learning (HA vs. LA); (ii) Among
subjects exposed to uncontrollable stress in the yoked configuration
(UnS-HA vs. UnS-LA), the effects derived from differences in the total

shock received.

Effect of CONTROLLABILITY- refers to differences arising from
exposure to controllable (HA-LA) vs. uncontrollable stress (UnS-HA vs.
UnS-LA).

Effect of TIME POINT- refers to differences between values observed at
2 days vs. 7 days post-TWAA.

Effect of GROUP- refers to differences when comparing Naive, HA, LA
and UnS in experiment 3 where all animals exposed to uncontrollable
stress receive the same amount of shock (equivalent to the averaged

shock duration received by CoS subjects).

Effect of NUMBER OF SESSIONS (N.Sessions)- refers to differences
observed when comparing animals exposed to 2-days vs. 5-days of
TWAA.
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Intra-subject factors include:

Effect of BLOCK- It refers to: (i) differences when comparing blocks of
10 trials in the TWAA; (ii) differences when comparing blocks of one

minute in the extinction test.
Effect of DAYS- differences observed between values in different days.

Statistical analysis was done using the Statistical Package for Social
Science software (IBM SPSS version 18 for Windows. Armonk, NY: IBM
Corp.). Variance homogeneity by means of Levene’s (in single-point
analysis) or Box’s T test (in repeated measures) was verified in all cases.
If true, one or two-way analysis of variances (ANOVA) depending on the
number of factors, were conducted. In case of non-fulfilment of variance
homogeneity, a generalized linear model (GENLIN) was used for one-
single point analysis (Mcculloch and Searle, 2001), whereas a generalized
estimating equations model (GEE) was used to analyze repeated
measures (Hardin and Hilbe, 2003). Maximum likelihood (ML) was used
as the method of estimation. Within and between-subject factors used
are indicated in each experiment. Pairwise comparisons were made when
statistical interactions were found by means of post-hoc sequential
Bonferroni corrections. Significant effects were determined by the Wald
chi-square statistic. In all tests significance was established at p < 0.05,
although 0.05 < p < 0.06 were indicated as a tendency, and interactions

where 0.05 < p < 0.08 were validated for conducting pairwise comparisons.

GENLIN and GEE models were chosen as the general statistical tools
because of its higher flexibility compared to general linear models. The
former models offer three main advantages: (1) they allow statistical
analysis without homogeneity of variance, (2) missing data does not
preclude the analysis and (3) you can choose between several types of
distribution of your data (normal, binomial, Poisson, gamma or inverse-

Gaussian).

Graphs were plotted using Graph-Pad Prism (version 5 for Windows,
GraphPad Software, La Jolla, California, EEUU).
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RESULTS

CHAPTER ONE: Long-term effects of acute
exposure to TWAA
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EXPERIMENT 1. SHORT AND LONG-TERM
BEHAVIORAL EFFECTS OF ACUTE EXPOSURE
TO CONTROLLABLE OR UNCONTROLLABLE
STRESS

The aim of this study was to characterize the short and long-term
behavioral consequences of acute exposure to controllable (CoS) or
uncontrollable stress (UnS) in the context of a two-way active
avoidance task in a shuttle box (TWAA). To this end, animals (n: naive
= 12; controllable stress or CoS = 16; yoked-uncontrollable stress or UnS
= 16) went through an EPM, OF and an ASR test 2, 5 and 7 days
respectively after the end of two sessions of TWAA (Fig. 18).

Animals in the CoS group could avoid or escape from the shock by
shuttling to the adjacent chamber during the CS or US respectively. On
the other hand, UnS animals were yoked to a CoS animal whose
performance dictated the termination of the shock for both animals. The
performance of the yoked animal did not determine in any way the
appearance or termination of the shocks. Therefore, both groups
received the same amount of physical stressor (e.g. electricfoot-shock),
the perception of control being the only difference between both groups.
Naive animals were exposed to the TWAA chamber during the same

time as CoS and UnS animals but with no shock presentation.

Stress Behavioral Tests
exposure ‘

\ EPM OF Startle + Blood sample
N O I A A B

Figure 18. General design of the experiment. Animals were exposed to two
non-consecutive days of TWAA of 50 trials per session. A battery of behavioral
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tests consisting on an EPM, OF and an ASR test were conducted 2, 5 and 7 days
respectively after the end of the TWAA task. A blood sample was taken at the
end of ASR test to measure corticosterone and ACTH in response to this test.

Active avoidance acquisition: High and Low avoiders

Acquisition of active avoidance conditioning was analyzed in the CoS
group. The number of avoidance, escape and failure responses was
measured in blocks of 10 trials (Fig. 19). Results were analyzed by a
repeated measures ANOVA with two within-subjects factors: Day and
Block.

Escape responses was found in the 85.6 + 14.6% of the trials from the first
block. In the same block avoidance responses represented 4.4 + 6.3% and
increased until reaching 9.4 + 13.4% at the end of the first session. By the
end of the final session both responses reached similar levels (Escapes:
46.3%; Avoidances: 41.9%) with a SD of 40% in both parameters.

With respect to avoidance responses, results showed a significant effect
of Day (F(1,15) = 13.4 p = 0.002), Block (F(4,60) = 5.4 p = 0.001) and
Day x Block interaction (F(4,60) = 3.5 p = 0.012). No effect of Block was
present on day 1 (F(4,60) = 1.2 p = 0.336), but it was found on day 2
(F(4,60) =5.5p =0.001).

Regarding escape responses, analysis revealed a significant effect of Block
(F(4,60) = 6.1 p=0.000) and Day x Block interaction (F(4,60) = 4.6 p =
0.003). Effect of Block was present on day 2 (F(4,60) = 8.32 p = 0.000),
but not on day 1 (F(4,60) = 0.4 p = 0.838).
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Figure 19. TWAA learning curve. CoS animals learn to escape from the
first trials. Avoidance learning is acquired progressively over longer periods of
training. A decrease in escape responses is concomitant to an increase in the
number of avoidances as subjects learn the task and avoid exposure to the US.
Mean and S.E.M. are represented. *** p < 0.001 Effect of Block in the number
of avoidances and in the number of escapes.

In the last block of the second day, avoidance responses represented
41,1% of the trials, with a SD of 39,9%. This elevated SD illustrates the
high variability observed after two days of training.

To try to characterize individual differences in learning acquisition, a k-
means clustering analysis was conducted based on the performance in
the last 25 trials (k = 2; Fig. 20). The analysis (2 iterations) identified two
groups of subjects with an averaged percentage of avoidance responses
of 14 (n=10) and 75 (n=6), whom we called Low Avoiders (LA) and
High Avoiders (HA) respectively. As expected t-test indicated
significant difference in the final learning acquired between the two
clusters (F(1,14) = 60,4 p = 0.000).
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Figure 20. Percentage of avoidances performed by high and low avoiders in
the last 25 trials. CoS animals showed marked individual differences in the
final avoidance conditioning acquired after 2 days of TWAA. A k-means
cluster identified two subgroups: (1) LA (n = 10), with a mean performance of
14% of avoidance responses in the last 25 trials (left) and (2) HA (n = 6), with a
mean of 75% of avoidance responses. Mean and SD are represented.

In view of the differences observed in the final performance, we sought
to identify the time-course of group differences in learning acquisition
to know whether these differences arouse progressively during training
or, on the contrary, they emerged from the very outset. For that purpose,

we reanalyzed the learning curves of HA and LA separately (Fig. 21).

A repeated measures ANOVA of the avoidance responses indicated
significant effects of Day (F(1,14) = 59.3 p = 0.000), Block (F(4,56) = 8.9
p = 0.000), Phenotype (F(1,14) = 45.26 p = 0.000) and the interactions
Day x Block (F(4,56) = 4.7 p = 0.003), Day x Phenotype (F(1,14) =33.0 p
=0.000) and Block x Phenotype (F(4,56) = 4.62 p = 0.003). Details on the
significant differences between groups per block is shown in figure 21.
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Figure 21. Difference in TWAA acquisition between HA and LA. HA and LA
show significant differences on avoidance acquisition from the first session.
Mean and S.E.M. are represented. * p < 0.05; ** p < 0.01 ***; p < 0.001: Effect of
Phenotype.

The same analysis was performed for the number of escape responses
(Fig. 22). Results indicated effects of Day (F(1,4) = 10.0 p = 0.007), Block
(F(4,56) = 6.7 p = 0.000) , Phenotype (F(1,14) = 6.4 p = 0.024), Day x
Block (F(4,56) = 4.8 p = 0.002) and Day x Phenotype (F(1,14) = 10.52 p
= 0.006). Further analysis revealed that difference in the number of
escape responses between HA and LA emerged on day 2 (F(1,14) =7.8 p
=0.014).
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Figure 22. Escape responses during TWAA acquisition. No difference in the
number of escape responses are found on session 1. Differences arise from day
2 due to a decrease in the number of escape responses shown by HA. Mean and
S.E.M. are represented. $ p<0.05: Effect of Phenotype.

The latency to escape and the total shock received during the first three
blocks on day 1 was analyzed by a repeated measures ANOVA (Fig. 23).
We wanted to analyze if differences in the acquisition of the task could
emerged from the very first trials due to a differing response upon first

presentations of the US.

Analysis of the latency to escape revealed significant effect of Block
(F(2,28) = 8.9 p = 0.001), Phenotype (F(1,14) = 6.1 p = 0.027) and Block
x Phenotype (F(2,28) =9.1 p = 0.001). Bonferroni post-hoc comparisons
indicated a tendency of HA and LA to differ in the latency to escape in
block 2 (p = 0.057) and a significant difference in block 3 (p=0.003).
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Figure 23. Latency to escape and shuttle to the other compartment (left) and
cumulated time of shock during the first three blocks on day 1 (right). HA
respond rapidly shortening their latency to shuttle whereas LA did not. The
longer time LA subjects take to escape from the shock leads to a significant
higher amount of cumulated shock received by this group compared to HA
from the third block. Mean and S.E.M. are represented. * p<0.05; ** p<0.01
Effect of Phenotype.

The longer latency to escape of LA resulted in a significantly higher
amount of shock received from the third block. A repeated measures
ANOVA indicated an effect of Block (F(1.1, 15.4) = 136.6 p = 0.000), a
tendency of a Phenotype effect (F(1,14) = 3.1 p = 0.099) and a significant
Block x Phenotype interaction (F(1.1 , 15.4) = 4.8 p = 0.041). Results
show a tendency of HA to differ from LA in the cumulated shock
received in block 2 (F(1,14) = 3.9 p = 0.068). By block 3 the cumulated
shock received by LA is significantly higher than the one received by HA
(F(1,14) = 5.4 p = 0.035).
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Contextual fear memory is affected by controllability

Contextual fear memory (CFC) was assessed by measuring the freezing
levels and the number of intercrossings (IC) shown during the

habituation period of the second session (Fig 24).

Due to the yoked-protocol employed for the experiment and in view of
the difference observed in the total-shock received by HA and LA,
animals in the UnS group were also split into “UnS-HA” (U-HA; UnS
animals yoked to HA) and “UnS-LA” animals (U-LA; UnS animals
yoked paired with LA) accordingly.

Freezing levels during the habituation period of the second session day
were analyzed by a two-way ANOVA with two main factors:
Controllability (CoS vs. UnS) and Phenotype (HA/U-HA vs. LA/U-LA).
Results indicated an effect of Controllability (F(1,28) = 6.3 p = 0.018),
Phenotype (F(1,28) = 11.3 p = 0.002) and a tendency to an interaction
(F(1,28) = 3.8 p = 0.062). Sequential bonferroni analysis showed a
significant difference in contextual fear memory between HA and all the
other groups (LA: p =0.001; U-HA: p = 0.009; U-LA: p = 0.000).

The same pattern was observed when measuring the number of IC
performed during the habituation period on day 2. GzLM results
revealed a significant effect of Controllability (x2(1) =9.2 p = 0.002) and
Phenotype (x2(1) =10.2 p=0.001). A tendency to an interaction was also
found (x2(1) = 2.8 p = 0.096), therefore post-hoc analysis were
conducted. Pairwise comparisons indicated significant differences
between HA and all remaining groups (LA: p = 0.001; U-HA: p = 0.003;
U-LA: p = 0.000).
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Figure 24. Contextual fear memory. Time freezing and number of IC
shown during the habituation period on the second session. HA, but not LA,
show decreased levels of contextual fear memory as indicated by a decreased
freezing time. The same pattern is found in the number of IC performed. Mean
and S.E.M. are represented. Grid line indicates levels shown by the stress-naive
group. * p<0.05; ** p<0.01; **p<0.001 vs. HA.

Analysis of the grooming behavior during the habituation period of the
second session found no effect of Controllability or Phenotype. However,
all shocked groups showed less time grooming when compared to stress-
naive animals (Effect of Stress: F(4,39) = 10.6 p=0.000; Post-hoc
comparisons vs. Naive: HA: p=0.007; LA: p= 0.000; U-HA: p= 0.003; U-
LA: 0.000; Not shown).
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During inter-trial intervals (ITIs), the analysis of the number of IC was
restricted to CoS animals due to a limitation in the Packwin software
employed in the procedure, which prevented the appropriate acquisition
of this variable in UnS animals. Analysis of the CoS groups by a repeated
measures ANOVA (Fig. 25) indicated an effect of Day (F(1,14) = 12.2 p
=0.004), Phenotype and Day x Phenotype interaction (F(1,14) =9.5p =
0.008). While the number of IC was the same in the two groups on day 1
(p =0.525), HA showed a higher IC than LA on day 2 (p = 0.012).
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Figure 25. Number of intercrossings performed during ITIs. Differences
between HA and LA in the number of IC performed during ITIs emerge on day
2. Mean and S.E.M. are represented. * p<0.05 Effect of Phenotype.

The criteria for assessing individual differences in CoS subjects was based
on the final learning acquired (i.e. last 25 trials of the last day), and
differences on avoidance learning were only significant in the 4™ block
of the first day. Therefore, differences in contextual fear memory
observed during the habituation period on the second day could be a
consequence of the differing learning on day 1, but also a causal factor
for the learning differences shown during the second (final) session. A
significant negative correlation was found between the freezing shown

during the habituation period on day 2 and the number of avoidance
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responses performed in the last 25 trials on day 2 (r = -0.66 p = 0.005;
Fig. 26), suggesting that reduced tendency to freeze in the context where
subjects received the aversive US may facilitate the acquisition of the
subsequent avoidance response. Moreover, freezing levels during the
habituation period on day 2 correlated significantly with the latency to
escape in most of the blocks on that session, the forth block showing the
highest correlation (r = 0.712 p = 0.002; Fig. 26 right).
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Figure 26. Correlation between CFC during the habituation period on day 2
and the number of avoidances performed at the end that session (last 25
trials) (left); and latency to escape (4™ block of session 2) (right). Animals
that showed elevated levels of freezing during the habituation period on day 2
performed less avoidance responses at the end of the session and took
significantly longer to escape from the shocks during the 3" and 4" block of the

session.

Effects of controllability on anxiety-like behaviors and activity

In order to evaluate if controllability (CoS vs. UnS) and/or the phenotype
(i.e. Level of avoidance conditioning and shock duration in CoS, or shock
duration in UnS) exert a long-term effect on anxiety-like behaviors and

general activity, rat’s behavior was assessed by means of an elevated-plus
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maze (EPM) and an open-field test (OF) 2 and 5 days respectively after
the end of the TWAA task.

A two-way ANOVA with Controllability (CoS vs. UnS) and Phenotype
(HA/U-HA vs. LA/U-LA) as main factors was run to analyze the EPM
(Fig. 27). Regarding the percentage of time spent in the open arms,
results revealed a significant effect of Phenotype (F(1,28) = 6.1 p = 0.020)
but not of Controllability (F(1,28) = 1.8 p=0.186). A similar pattern was
found regarding the distance run on the open arms: significant effect of
Phenotype (F(1,28) = 10.4 p = 0.003) but not of Controllability (F(1,28)
=2.2 p=0.149). In the case of the distance traveled on the closed arms,
results indicated a tendency of a Phenotype effect (F(1,28) = 4.1 p =
0.052) but no effect of Controllability or interaction (Not shown).
Finally, analysis of the total distance traveled during the test revealed an
effect of the Phenotype (F(1,28) = 11.2 p = 0.002) but not of the
controllability of the stressor (F(1,28) =2.15 p =0.154). In sum, the main
parameters analyzed in EPM showed an effect of Phenotype but not of
Controllability, suggesting a relationship to the amount of shock

received.
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Figure 27. EPM performed 2 days after the end of TWAA task. Analysis of
the percentage of time and distance in the open arms, as well as the total
distance traveled revealed a significant effect of Phenotype but not
Controllability. Mean and S.E.M. are represented. Grid line and grey shade
represent the mean and S.E.M. values of the stress-naive group. $p<0.05;
$$p<0.01 Effect of Phenotype (HA/U-HA vs. LA/U-LA).

An OF test was conducted 5 days after the end of the TWAA (Fig. 28).
Time and distance in the center area as well as the total distance run in
the arena were analyzed. Results indicate no significant effect regarding
the time spent in the center area. However, a significant effect of

Controllability was found with regard to the distance run in the center
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area (F(1,28) = 6.6 p = 0.016) and the total distance (F(1,28) = 10.8 p =
0.003) with lower levels in UnS.
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Figure 28. Open-field test performed 5 days after the end of TWAA task. No
difference was found respecting the putative anxiety-like parameters of time

spent in the center area. However, results indicated a significant effect of

Controllability in the distance run in the center and the whole arena. Mean and

S.E.M. are represented. Grid line and grey shade represent the mean and S.E.M.
values of the naive group. # p<0.05; ## p<0.01: Effect of Controllability (CoS vs.

UnS).

146



Startle response: Effects of controllability on arousal

A repeated measures ANOVA was conducted to analyze the maximum
(Vmax) and average voltage evoked (V..) during the ASR test performed
one week after the end of the TWAA (Fig. 29). The stress-naive groups
are included in figures as reference, but were not included in the

statistical analysis.

Results showed a significant effect of Noise intensity (Vma: F(2.3, 65.1) =
67.7 p = 0.000; V. F(2.1, 58.6) = 35.2 p = 0.000) and Controllability x
Phenotype interaction (Vma: F(1,28) = 4.2 p = 0.050; V., F(1,28) = 4.70
p =0.039) on both parameters. Further analysis revealed that HA showed
higher ASR than LA and that both UnS groups behaved like LA (see fig.
29).
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Figure 29. Startle test conducted 7 days after the end of the TWAA. Average
(up) and maximum (down) voltage evoked during the ASR test. An effect of
Noise intensity was present in both parameters. An effect of Phenotype was
found in CoS animals (HA vs. LA) in both parameters. In the case of Va,, an
additional effect of Controllability was found in HA/U-HA. Mean and S.E.M.
are represented. * p<0.05 vs. HA.

We further analyzed the results to see whether a difference emerged in
the first 5 startle stimuli of 95 dB (Fig. 30). Regarding V., results
showed an effect of Phenotype (F(1,28)=4.80 p = 0.037) and a Phenotype
x Controllability interaction close to significance (F(1,28) = 4.0 p =
0.055). An effect of Phenotype was found in CoS animals (F(1,28) = 8.8
p = 0.006). With respect to V., results revealed an effect of Phenotype
(F(1,28) = 6.7 p = 0.015) and a Phenotype x Controllability interaction
(F(1,28) = 6.7 p = 0.015). Analysis of the interaction indicated an effect
of Controllability in HA/U-HA (F(1,28) = 4.9 p = 0.036) and a Phenotype
effect in CoS groups (F(1,28) = 13.4 p = 0.001).
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Figure 30. Response to the first habituating stimuli. Startle test began with 5
habituating stimuli of 95 dB. HA showed an increased maximum voltage
evoked with respect to LA. In the case of the average voltage evoked, HA
showed significantly higher responses than LA and U-HA animals. Mean and
S.E.M. are represented. * p<0.05; *** p<0.001: vs. HA. Dashed line and gray
shadowed area represent mean and S.E.M of naive animals respectively.
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Effects of controllability on the HPA axis reactivity in response

to startle stimuli

A blood sample was obtained after the end of the ASR test with the aim
of studying whether exposure to a controllable stressor may have a
differing long-term impact on HPA axis reactivity to arousing stimuli

than the same exposure to uncontrollable stress.

Neither ACTH nor corticosterone levels released in response to the ASR
were found to be differentially modulated by controllability or the
phenotype (Fig. 31).

These results suggest that response of the HPA axis upon exposure to an
arousing stimulus is not affected in the long-term by the controllability

of the stressor.
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Figure 31. HPA axis reactivity to startle stimuli. No significant differences
were found among groups in the ACTH and corticosterone levels after the ASR
test conducted 7 days after shock-exposure. Grid lines: ACTH and

corticosterone levels shown by Naive animals.
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EXPERIMENT 2: SHORT AND LONG-TERM
CHANGES IN GENE EXPRESSION AFTER ACUTE
EXPOSURE TO TWAA TASK

The rationale for animal models of PTSD is that a single exposure to
certain stressors may be enough to induce long-lasting behavioral
changes reminiscent of PTSD (e.g. enhanced anxiety and fear
conditioning)(H Cohen et al., 2004). Several studies have identified the
Bdnf-TrkB pathway as a major actor in the induction and maintenance
of the synaptic and structural changes shown to be at the origin of these
changes in anxiety-like behaviors and fear memory processing
mechanisms (Bennett & Lagopoulos, 2014; Leal et al., 2014; Amy et al,,
2013; Andero et al., 2012; Vigers et al., 2012). More specifically,
epigenetic changes in the Bdnf-TrkB pathway have been proposed as a
molecular mechanism by which acute stressful events may induce long-
term effects on fear memory (Lubin et al., 2008; Mahan et al., 2012).

The aim of this study was to assess if the different behavioral outcomes
of exposure to controllable vs. uncontrollable stress could be in part
explained by differences in the expression of genes related to the Bdnf-
TrkB pathway and/or epigenetic enzymes that could be modulating in
turn the epigenetic state of these genes. In addition, classical markers of

stress were also included.

With that aim, we performed a second experiment where 50 male rats
were exposed to the same stress procedure as in the previous experiment
(e.g 2 days of TWAA) to consequently collect brain samples 2 and 7 days
later for gene expression analysis (fig. 32). Thus, the experiment
included five experimental groups: Naive (n=10), CoS 2-days (C-2d;
n=10), UnS 2-days (U-2d; n=10), CoS 7-days (C-7d; n=10) and UnS 7-
days (U-7d; n=10). Regions of interest were obtained using the
micropunch technique and mRNA levels were quantified by single-step
quantitative PCR. The list of micropunch locations and genes analyzed
is in table 7.
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Figure 32. General design of the experiment 2. Animals were exposed to
two non-consecutive days of TWAA of 50 trials per session. Micropunches
were obtained 2 and 7 days after the end of the TWAA task.

Table 7. Brain regions and target genes

BRAIN REGIONS TARGET GENES
Prelimbic cortex Bdnf, Bdnf-1, Bdnf-1V
Infralimbic cortex TrkB
Accumbens Shell Crh

Hyphothalamic
Paraventricular nucleus
Basolateral amygdala
Central amygdala
dCA1l
dCA3
dDG

Hdac1, Hdac2, Hdac3,
Hdac4, Hdac5
MeCP2
Nr3c1
Grin2b

TWAA acquisition: High and Low avoiders

As in the previous experiment, two differing phenotypes emerged based
on the final learning acquired. A k-means clustering based on the

151



percentage of avoidance responses in the last 25 trials identified two
groups: high avoiders (n=11) and low avoiders (n=9) with a final cluster
center of 77,8 and 17,8 percentage of avoidance responses respectively
(Fig. 33). No differences were found in the progression of their learning

curves when compared to the corresponding group in the previous

experiment.
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Figure 33. Clustering (up) and comparison of HA and LA learning curves
(down) in experiment 1 and 2. Mean and S.E.M. are represented.

With respect to their behavior in response to the first aversive stimuli,
escape latencies in the first 3 blocks were analyzed in LA vs HA as in

experiment 1 (Figure 34). Results showed a significant effect of Block
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(F(2,36) = 8.5 p =0.001) and Phenotype (F(1,18) = 6.0 p = 0.025) but not

a significant interaction.
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Figure 34. Latency to escape during the first 3 blocks (10 trials each). LA
showed longer latencies to shuttle to the adjacent compartment when exposed
to the first aversive stimuli compared to HA. Mean and S.E.M. are represented.
$ p<0.05: Group effect.

Previous studies from our lab have shown that the number of IC and
freezing time show a marked negative correlation. Hence, the number of
IC during the habituation period of the second day was analyzed as an
approximation to measure contextual fear memory (Fig. 35). In contrast
to the previous experiment, no significant differences were found
regarding contextual fear memory based on the controllability or the
phenotype.
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Figure 35. Number of intercrossings performed during habituation. No

group differences were observed in either session. Mean and S.E.M. are

represented.

As for the number of IC during ITIs, significant differences were already

found between HA and LA on day 1 but they were greater on day 2(Fig.
36). Results showed an effect of Day (F(1,18) = 6.92 p = 0.017),
Phenotype (F(1,18) = 71.08 p = 0.000) and Day x Phenotype interaction
(F(1,18) = 4.38 p = 0.049). HA performed more IC during ITIs than LA
on day 1 (Day 1: F(1,18) = 12.9 p = .002 and day 2: F(1,18)= 46.2 p =
0.000).
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Figure 36. Number of intercrossings performed during inter-trial intervals.
HA perform a more intercrossings than LA on day 1 and day 2. **p<0.01 and
0 p<0.001 vs LA.

These results show that overall performance of the animals in the TWAA
from both experiments are similar and that biochemical and behavioral

results therefore may be compared.

Short and long-term gene expression modulation by

controllability

Given the limited number of animals used in the experiment, gene
analysis was performed using Controllability (controllable vs.
uncontrollable stress) and Time-points (2 vs. 7 days) as main factors.
Therefore, the effect of differences in the final avoidance rate (High
avoiders vs. Low avoiders) or Phenotype and shock duration (HA/UnS-
HA vs. LA/UnS-LA) was not evaluated.

Consequently, experimental groups were as follows: Naive (N=10), CoS-
2d (N=10), UnS-2d (N=10), CoS-7d (N=10) and UnS-2d (N=10).
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Results from the areas and genes analyzed are summarized on table 8

and the significant effects found are shown on table 9. Significant results

are further presented in the following figures.

Of note, Crh mRNA expression was evaluated in the PVN but due to the
limited mRNA extracted, concentrations yielded Ct above 32 leading to

results of a variability that impeded a valid analysis. The limited sample

from where PVN mRNA was extracted prevented GR expression to be

analyzed in this region despite its interest.

Table 8. Fold change in mRNA expression

Mean  S.E.M. 2 DAYS 7 DAYS

GENE | AREA NAIVE CoS UnS CoS UnS
Trkb PL 1,00+ 0,05 1,11+£0,05 1,09+£0,05| 1,12+0,03 0,94 +0,11
IL 1,00+0,18 1,24+0,21 1,03£0,08| 0,80+0,16 1,02+0,19
AccSh 1,00 + 0,04 0,98+0,04 098+0,04]| 0,98+0,04 0,99+0,04
DG 1,00+ 0,03 0,96 +0,04 1,09+0,05]| 1,01+£0,03 0,98 +0,04
CA3 1,00+ 0,08 091+0,06 1,04+0,10] 1,15+0,10 1,01+0,09
CA1 1,00+ 0,08 157+0,25 1,73+£0,42| 1,60+0,21 1,26+0,19
BLA 1,00+ 0,05 0,99+0,04 095+0,02]| 0,98+0,03 0,99+0,04
CeA 1,00 + 0,04 1,01+£0,03 0,97+0,03| 1,01+0,04 0,98+0,03
PVN 1,00 + 0,04 0,98+0,07 096+0,09]| 1,12+0,06 1,07 +£0,06
Bdnf4 PL 1,00 + 0,04 0,89+0,05 0,92+0,05]| 0,90+0,04 0,86+0,03
IL 1,00+ 0,16 1,17+0,17 1,06+0,12| 0,81+0,11 1,09+0,16
AccSh 1,00+ 0,14 0,94+0,10 0,87+0,12] 1,06+0,18 0,99+0,16
DG 1,00 + 0,06 1,01+0,06 1,03+0,07| 0,94+0,06 0,97 +0,05
CA1 1,00+ 0,08 0,96+0,08 0,67+0,05| 0,90+0,06 0,83+0,06
CA3 1,00 + 0,04 1,00+ 0,05 1,04+0,04| 0,98+0,04 0,96+0,05
BLA 1,00 + 0,06 1,11+0,10 1,14+£0,10| 1,15+0,14 1,02+0,08
CeA 1,00+ 0,29 1,21+0,51 1,72+0,55| 1,26+0,47 1,30+ 0,51
PVN 1,00+ 0,14 0,85+0,08 0,90+0,08]| 0,88+0,08 0,86+0,05
Bdnf CA1 1,00+ 0,09 1,15+0,11 0,73+£0,04| 0,90+0,12 0,98+ 0,08
CeA 1,00+ 0,25 1,01+0,39 1,41+£045| 1,01+0,28 1,10+0,38
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Hdac1| PVN 1,00+ 0,07 0,98+0,05 0,99+0,03] 1,13+0,07 0,98 +0,05
Hdac2 PL 1,00 £ 0,02 1,01+£0,02 0,97+0,02| 1,01+0,03 0,98+ 0,01
IL 1,00+ 0,09 1,13+0,02 1,01+£0,07| 1,10+0,07 1,28+0,10

AccSh 1,00+ 0,05 1,02+ 0,03 0,95+0,04| 0,90+0,03 0,93+0,04

DG 1,00+ 0,03 1,00+ 0,02 0,96+0,03| 0,80+0,05 0,90+0,02

CA1 1,00+ 0,08 1,02+ 0,05 0,83+0,04| 0,91+0,05 0,93+0,06

CA3 1,00 £ 0,02 0,97+0,02 0,96+0,02] 0,97+0,02 0,94+0,01

BLA 1,00+ 0,05 0,87+0,02 091+0,03] 0,91+0,02 0,95+0,03

CeA 1,00+ 0,03 1,010,038 0,91+0,02| 0,95+0,02 0,96 0,01

Hdac3 PL 1,00 £ 0,02 1,06+0,03 1,11+£0,02| 1,12+0,03 1,05+0,02
IL 1,00+ 0,14 148+0,23 1,11+£0,17]| 0,95+0,11 1,06+0,13

AccSh 1,00+ 0,03 1,05+0,04 1,16+0,04| 1,01+0,04 1,10+0,05

DG 1,00 £ 0,02 1,21+0,04 1,16+0,05| 1,06+0,04 1,06+0,03

CA1 1,00+ 0,12 0,66+0,05 0,82+0,06| 0,74+0,03 0,75+0,10

CA3 1,00+ 0,03 0,99+0,04 1,06+0,03]| 1,10+0,03 1,09+0,04

BLA 1,00+ 0,03 1,02+0,04 1,01+£0,02]| 1,05+0,04 0,94 +0,06

CeA 1,00+ 0,05 1,06+0,04 097+0,03]| 1,05+0,02 1,12+0,04

Crh CeA 1,00+ 0,17 090+0,12 1,19+£0,20]| 0,89+0,14 1,11£0,23
Nr3c1 IL 1,00+ 0,16 1,57+0,22 1,11+£0,18| 0,98+0,13 1,19+0,13
CA1 1,00+ 0,05 0,99+0,05 0,92+0,04]| 0,97+0,03 0,90+0,05

CeA 1,00 + 0,04 1,07+0,02 1,04+0,03| 1,03+0,02 1,03+0,03

Grin2b| CA1 1,00+ 0,11 0,87+0,04 0,84+0,07] 096+0,05 1,04+0,18

Two and 7 days post-TWAA from areas and genes analyzed. Genes where a
significant change was found are highlighted in green. Genes where a tendency
was found are highlighted in orange. Mean and S.E.M are presented.

Table 9. Main effects found in mRNA expression

EFFECT POST-HOC
(p-value)
GENE AREA TIME-POINT CONTROLLABILITY INTERACTION p-value
BDNF  CAl (0,052) 0,004 CoS/Unsat2d 0,001
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BDNF-IV  CA1 0,071 CoS/Unsat2d 0,001
TRKB DG 0,045
PVN (0,061)
GR IL 0,040 2d/7dinCoS 0,011
HDAC2  CAl (0,068) 0,022 CoS/UnSat2d 0,004
CEA 0,032 0,017 CoS/Unsat2d 0,001
DG 0,000 0,016 2d/7dinCoS 0,000
IL 0,033 2d/7dinUnS 0,006
PL 0,042
Accsh  (0,053)
BLA (0,070) (0,062)
HDAC3  PL 0,025
IL (0,068)
AccSh 0,010
CEA 0,024 0,008 2d/7dinUns 0,001
CA3 0,029
DG 0,000

Two and 7 days post-TWAA from areas and genes analyzed using a Two-

way ANOVA with Time-points and Controllability as main factors. P-values <

0.05 are represented. Values between parenthesis are marginally significant

(0.05 < p < 0.07). Factors with interactions but empty cells in Post-hoc analysis

mean that no significant interaction was found after correcting p values for

repeated comparisons.
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Bdnf expression is affected by controllability of the stressor in CA1

A two-way ANOVA of the levels of Bdnf mRNA with Controllability
(CoS vs. UnS) and Time-points (2 days vs. 7 days) as main factors
revealed no effect of Time-Points (x2(1) = 0.000 p = 0.995), a tendency
for a Controllability effect (x2(1) = 3.79 p = 0.052) and a significant
Controllability x Time-points interaction (x2(1) = 8.22 p = 0.004).
Sequential bonferroni post-hoc adjustments indicated that animals
under UnS showed decreased levels of Bdnfin CA1 2 days after the stress
exposure compared to animals under the same of amount of CoS (CoS-
2d vs. UnS-2d: p=0.001)(table 37).

The same analysis of Bdnf-IV levels revealed a lack of effect of Time-
Points (x2(1) = 0.586 p = 0.444), an effect of Controllability (x2(1) = 8.98
p = 0.003) and a marginal Controllability x Time-points interaction
effect (x2(1) = 3.27 p = 0.071). Post-hoc analysis indicated differences
between CoS and UnS animals at 2 but not 7 days (CoS-2d vs. UnS-2d:
p=0.001)(table 37).

[ cos-2d (n=10)
CoS-7d (n=10)
O uns-2d (n=10)
Uns-7d  (n=10)

0.5

Fold change mRNA expression

2[057 2UnS7 (Days)

2CoS7

Figure 37. Fold change in Bdnf and Bdnf-IV mRNA expression in
CALl. Both transcripts presented a decrease in its expression levels 2 days after
exposure to UnS but not CoS and returned to control levels 7 days after the end
of the TWAA. Mean and S.E.M are represented. *** < 0.001: vs. CoS-2d. Dotted

lines represent stress naive (control) levels.
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Hdac’s modulation by controllability

The same statistical analysis was performed for evaluating the effects on
Hdac’s expression levels. Main results regarding Hdac3 and Hdac2
mRNA expression are shown in figures 38 and 39 respectively. Very
specific changes were observed depending on the gene and region
studied, not finding a generalized effect on Hdac expression based on

Controllability nor on the time-point after stress-exposure studied.
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Figure 38. Fold change in Hdac3 mRNA expression. Mean and S.E.M are
represented. ## < 0.01: Effect of Controllability; @ < 0.05 @@@ < 0.001: Effect
of Time-point; *** < 0.001 vs. 2d-UnS.
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Figure 39. Fold change in Hdac2 mRNA expression. Mean and S.E.M are

represented. ** < 0.01; *** < 0.001.
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CHAPTER TWO: Dynamics In the
acquisition of control and behavioral and
biochemical long-term effects

INTRODUCTION

Several studies have shown that exerting control over a stressor is a
crucial factor in buffering some of the detrimental behavioral effects of
stress. However, to our knowledge no study to date have examined the
temporal dynamics involved in the acquisition of control. Furthermore,
in view of the limited effect on anxiety-like behaviors observed in our
experiment after acute exposure to controllable stress, we hypothesized
that the buffering effects of controllability may depend on reaching a
certain controllability level under which the detrimental effects of
exposure to the stressor would be overweighed by the beneficial effects
of control (a level not reached by acute exposure to a controllable
stressor). If this was the case, the variability present in the acquisition of
control would in part explain the variability observed in the behavioral
outcomes of exposure to the same stressful event in our studies and in

the literature.

In this regard, our working hypothesis is that despite being exposed for
longer periods of time to a stressful event, prolonged exposure to a foot-
shock active-avoidance task which involves control will enhance
buffering the negative effects of stress compared to shorter or
uncontrollable shock-exposure. On the other hand, because subjects
under uncontrollable stress do not benefit from any advantage from
prolonged exposures, individuals exposed for longer periods of time
should show the detrimental effects of stress to a higher degree.
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EXPERIMENT 3: RESULTS AND EXPERIMENTAL
DESIGN

To test the stated hypothesis, we designed an experiment comparing the
long-term outcome of controllability in a battery of behavioral tests 7
days after a short (2 days) or prolonged (5 days) exposure to the TWAA
task (figure 40). Each of these groups was further divided into
“Controllable Stress” (CoS), “Uncontrollable Stress” (UnS) and Naive
animals depending on the type of control over the stressor they had
during the task. Thus, the experiment consisted of six experimental
groups: 2 Days-Naive (2-N; n=16), 2 Days-CoS (2-CoS; n=24), 2 Days-
UnS (2-UnS; n=16), 5 Days-Naive (5-N; n=16), 5 Days-CoS (5-CoS;
n=24) and 5 Days-UnS (5-UnS; n=16). The behavioral battery began 7
days after the end of the TWAA and consisted of open-field and social
interaction tests on the first day, elevated-plus maze on the second day,

and an extinction test on the third day.

Importantly, responses to trauma are very diverse. Even in the case of
pathologies like PTSD where the characteristics of the stressor are well
defined in nature and its temporal onset, epidemiological studies
indicate that only about 20-30% of individuals exposed to the same
stressful event will develop PTSD (Kessler et al., 1995). Despite clinical
studies being based on stringent criteria for inclusion in the study
population, animal models are largely based on the comparison of
exposed vs. non-exposed animals regardless of individual variation in
response. To overcome this methodological discrepancy, we mimicked
the methodology used in human studies by conducting an individual
profiling approach in which “affected” and “not-affected” animals were
identified by measuring their response in a series of key behavioral
variables compared to the response shown by the naive group. This
behavioral profiling was based on the methodology suggested in previous
works (Ardi et al., 2016; Cohen et al., 2004). Specifically, animals were

classified as “affected” when their performance in 5 out of 8 behavioral
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variables were outside of the normal behavior in the naive group as
indicated by the 20" and 80" percentiles (see Methods for a detailed
description of the selected variables and thresholds).

Finally, two procedures were conducted with the aim of analyzing part
of the possible molecular mechanisms underlying the long-term
differences observed after exposure to controllable vs. uncontrollable
stress. Brain samples were collected from part of the subjects three days

after the end of the behavioral tests to perform gene expression analysis.
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Figure 40. Experimental design of experiment 3. A behavioral battery of
tests was conducted one week after exposure to 2 or 5 days of TWAA: open-
field and a social interaction test (first day), elevated-plus maze (second day)
and extinction test (third day). Three days after the end on the behavioral
battery brain samples from part of the animals were collected for expression
analysis, while electrophysiological recordings were conducted on the rest of
the animals one week after the extinction test.

High and Low avoiders: Differences in first reactions to US

exposure

The number of avoidance responses was measured throughout the
sessions. As a first approach, we wanted to assess: (a) whether pre-
TWAA factors may influence how subjects react to the first US
presentations; and (b) whether differing levels of avoidance conditioning
and/or the controllability over the stressor may affect the long-term

consequences of stress-exposure.
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To answer the first question (and to do so following the same
methodology as in experiment 1 and 2) all CoS animals, regardless of the
total number of TWAA sessions received, were classified by a k-means
clustering approach into HA and LA, based on the percentage of
avoidance responses performed during the last 25 trials of the second day
(Clustering-2D; Fig. 41). 24 animals were classified as HA (82 + 17% of
mean avoidance responses) and 24 as LA (16 + 16% mean avoidance

responses).

To avoid confusion regarding the factors being studied, from now on,
“Day” factor refers to the intra-subject factor of time and “Number of
sessions” (N.Sessions) refers to the between-subject factor studying
differences between animals exposed to 2 days vs. those exposed to 5
days.

n -

o 100

o

c

©

.-9 80'

(@)

>

© 60+ .o
Es) oo
(O]

(e0]

©

i)

c

(O]

o

| -

O]

o

LOW AVOIDER HIGH AVOIDER

Figure 41. Clustering based on final performance on day 2. Mean and
S.E.M. are represented by a solid line.

Analysis of the performance on session 1 and 2 (Fig. 42) revealed an
effect of Day (x2(1) = 129.3 p = 0.000), Group (x2(1) = 87.8 p = 0.000)
and Day x Group interaction (x2(1) = 69.8 p = 0.000). Both Groups
groups differed in the number of avoidances shown on day 2 with respect
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to day 1 (p = 0.000). Moreover, HA differed from LA on both sessions (p

=0.000).
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Figure 42. Differences in Avoidance Acquisition between HA and LA

in the first 2 sessions. Mean per group is represented by a solid line. ***
p<0.001 vs LA. &&& p<0.001 vs Day 1.

In view of the differences observed in the number of avoidance responses

on day 1, the latency to escape was evaluated in the first 3 blocks as in the

previous experiments (Fig. 43).
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Figure 43. Latency to escape during the first 3 blocks. LA showed longer
latencies to escape than HA from the second block. Mean and S.E.M. are
represented. *** p<0.001 ** p<0.01 vs HA.

A repeated-measures ANOVA was conducted. Results indicated an
effect of Block (F(1.7;76) = 12.5 p = 0.000), Group (F(1,46) = 11.9 p =
0.001) and a marginally significant Block x Group interaction (F(1.7;76)
=3.0 p=0.066). LA showed longer latencies to escape than HA in block
2 (p =0.003) and increased such difference in block 3 (p = 0.000).

Deficits in avoidance are not rescued by prolonged exposure to
the task

The second and main objective of the experiment was to study the long-
term effects of controllability at three different levels: (i) whether
acquisition of elevated rates of avoidance conditioning has a bigger
impact on the long-term “stress-buffering effect” than lower avoidance
rates (HA vs. LA); (ii) whether prolonged exposure to controllable stress
may buffer to a higher degree the negative consequences of stress
exposure than shorter exposures (2d-CoS vs. 5d-CoS); and (iii) whether
longer exposure to UnS has a higher detrimental effect that shorter
exposure (2d-UnS vs. 5d-UnS).

For that aim we proceeded characterizing the subjects based avoidance
conditioning acquired on the final session. A k-clustering analysis was
conducted based on the percentage of avoidance responses in the last 25
trials of this last session (session 2 and 5 depending on the group; Fig.
44). In this case 12 HA and 12 LA were identified in the group exposed
to 2 days of TWAA (“2H” and “2L” respectively), while 15 subjects were
considered as HA and 9 as LA in the group exposed to 5 days (“5H” and
“5L” respectively).
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Statistical analysis of avoidance rates under this grouping criteria
revealed an effect of Group (x2(1) = 202.0 p = 0.000) but no effect of
N.Sessions (x2(1) = 0.05 p = 0.826). N.sessions x Group interaction
approached significance (x2(1) = 3.6 p = 0.057). Post-hoc analysis
showed an effect of Group on animals exposed to 2 (p = 0.000) and 5
sessions (p = 0.000).
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Figure 44. Clustering based on the final avoidance conditioning
acquired. The cluster was conducted considering the percentage of avoidance
responses shown in the last 25 trials of TWAA exposure (session 2 in 2-CoS and
5 in 5-CoS). A third column (right) is represented showing the performance
shown by those animals exposed to 5 sessions on day 2 (data not considered for
the clustering analysis). Mean per group is represented by a dash line. $$$
p<0.001 Effect of Group.

Learning curves of the respective HA and LA groups were analyzed (Fig.

45). Analysis restricted to session 1 and 2 (common for all groups)
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revealed an effect of Day (x2(1) = 106.1 p = 0.000) and Group (x2(1) =
36.2 p = 0.000), but not N.Sessions (x2(1) = 2.05 p = 0.152). Significant
N.Sessions x Day (x2(1) = 19.2 p = 0.000) and Group x Day interactions
were found (x2(1) = 37.5 p = 0.000). N.Sessions x Group x Day
interaction approached significance (x2(1) = 3.18 p = 0.075). Significant
differences are indicated in figure 45.

HA and LA differed in the number of avoidance responses on day 1 (p=
0.000). Importantly, this deficit shown by LA from day 1 is not rescued
despite prolonged exposure to the task.

- 2 DAYS-HIGH AVOIDER (n=12)
2 DAYS-LOW AVOIDER (n=12)

& 5 DAYS-HIGH AVOIDER (n=15)
5 DAYS-LOW AVOIDER (n=9)

AVOIDANCES
50;
40
30
20+
10
Day 1 Day 2 Day 3 Day 4 Day 5

Figure 45. Active avoidance learning curves. Differences in avoidance
acquisition arise from the first session and are still present after 5 days of
exposure to the task. Comparison between HA and LA on day 5 revealed a
significant difference. Mean and S.E.M are represented. *** p < 0.001 vs LA; &
p<0.001 vs day 1.

A Generalized Estimating Equations analysis (GEE) was conducted to

analyse the IC during habituation and ITIs. Only groups exposed to five
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days were included in order to analyse the full period of exposure. The
factors studied included Day (intra-subject factor) and Group
(HA/LA/UnS).

With respect to the number of IC performed during the habituation (Fig.
46), a significant effect of Day (x2(4) = 264.05 p = 0.000), Group (x2(2)
=36.5 p = 0.000) and Day x Group interaction (x2(8) = 66.26 p = 0.000)
were found. Sequential bonferroni post-hoc analysis revealed significant
differences in the number of IC between HA and UnS from the third
session. LA differed from UnS only in the fourth session. Finally, a
tendency of a difference on day 5 (p = 0.028 discarded after post-hoc

corrections) was found between HA and LA.

Regarding the number of IC during ITIs (Fig. 46), the analysis revealed
a significant effect of Day (x2(4) = 17.93 p = 0.001), Group (x2(2) = 47.28
p = 0.000) and Day x Group interaction (x2(8) = 78.46 p = 0.000). UnS
performed a significantly higher number of IC during ITIs than HA and
LA on day 1 (p = 0.000). On day 2, HA increased the number of IC to
UnS levels, thus showing both groups significantly higher number of IC
than LA. From the third until the fifth session, UnS dropped the number
of IC approaching to LA levels so that both groups a significantly lower
number of IC than HA (p-values are shown on figure 46).
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Figure 46. Intercrossings during avoidance conditioning acquisition.
A: Number of IC during the habituation period before each session. B: Number
of IC performed during ITIs. UnS animals perform fewer IC during the
habituation period than CoS animals from the third session. UnS animals
perform more IC during ITIs than CoS on day 1. In contrast to HA, LA do not
increase the number of IC during ITIs with prolonged exposure to the TWAA
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task. Mean and S.E.M are represented. *** p < 0.001: HA vs. LA; && p < 0.01
&& p < 0.001: HA or LA vs. UnS.

Long-term behavioral effects of exposure to controllable vs.

uncontrollable stress

One week after the end of the TWAA exposure, animals went through a
behavioral battery of tests consisting of an OF and a social interaction
test on the first day, an EPM on the second day and an extinction test on
the third day. The aim was to assess not only whether exerting control
over the stressor affects the long-term behavioral consequences of the
stress exposure but also whether they may differ depending on the level

of avoidance conditioning acquired.

A two-ANOVA of total distance in the OF (Fig. 47) indicated an effect
of N.Sessions (x2(1) = 4.73 p = 0.030) and Group (x2(3) = 2240 p =
0.000), but not interaction. Post-hoc analysis revealed that UnS, but not
CoS animals, show a significant long-term decrease in their exploratory
behavior compared to naive animals (p= 0.000). In the case of the
number of entries in the center area, again an effect of Group was found
(F(3,104) = 3.11 p = 0.030). In that, only HA increased significantly the
number of entries in the center area compared to naive animals (p =
0.003). Analysis of the latency to enter the center area indicated an effect
of Group (F(3,104) = 4.3 p = 0.007), HA taking significantly less time
than naive animals to enter the center area (p = 0.002). Lastly, an effect
of Group was also found in the velocity shown in the periphery (x2(3) =
24.13 p = 0.000; Not shown), in this case UnS exhibiting a decreased
velocity while exploring the periphery than naive animals (p= 0.000).
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Figure 47. Open field test. Total distance (up), number of entries (bottom-
left) and latency to enter the center area (bottom right) during the OF test
performed 7 days after the end of the stress exposure. Only the UnS group
showed a significant hypoactivity compared to naive animals. Moreover, HA
but not LA showed an increased number of entries and a decreased latency to
enter the center area compared to naive group. Mean and S.EM are
represented. ** p < 0.01; *** p < 0.001 vs. Naive group; @ p< 0.05 Effect of
N.sessions.

On the same day a social interaction test was conducted on the same OF
introducing two cages in opposing corners of the arena, one with an
animal inside and one empty. Prolonged TWAA exposure (5 vs 2 days)
increased the total distance run on the arena regardless of the type of
stress-exposure (Effect of N.Sessions: x2(3) = 5.79 p=0.017). Animals
spent most of the time in the area surrounding the animal cage, those

exposed to 5 instead of 2 days of TWAA showing a general decrease in
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its exploration time (Fig. 48; Effect of N.Sessions: x2(3) = 7.51 p=0.006).
Regarding the distance run in the animal zone, results found an effect of
N.Sessions (F(1,104) = 12,19 p = 0.001), Group (F(3,104) = 0.56 p =
0.641) and N.Sessions x Group interaction (F(3,112) = 3.35 p = 0.022).
Post-hoc analysis revealed that HA exposed to 5 days of TWAA (5H) ran
a shorter distance in the animal area compared to HA exposed to 2 days
(2H) (p=0.000).
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Figure 48. Social Interaction test ran 7 days after the end of the TWAA and
after the OF test. HA exposed to 5 days of controllable stress spent less time
exploring the animal ring area compared to HA exposed to 2 days. 5 days of
TWAA exposure decreased the time in animal zone and increased the total
distance ran compared to 2-days exposure. @ p< 0.05 @@ p<0.01 Effect of
N.Sessions; *** p< 0.001 vs. 2H.

An EPM was conducted 8 days after the end of the TWAA task (one day
after the OF and SI tests)(Fig. 49). Analysis of variances of the total
distance indicate an effect of N.Sessions (F(1,104) = 10.24 p = 0.002) but
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not Group. With respect to the variables related to “anxiety-like”
behavior (i.e. Percentage of time and distance in the open arms) a
significant effect of Group was found. In the case of the percentage of
distance travelled in the OA (x2(3) = 16.6 p = 0.001), UnS animals ran a
longer distance than naive animals (Naive vs. UnS: p = 0.000). The same
pattern was found for the percentage of time spent in the OA (x2(3) =
13.4 p = 0.004; Naive vs. UnS: p= 0.000).
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Figure 49. EPM test. Total distance (up), percentage of distance in OA
(bottom-left) and percentage of time in OA (bottom-right). Animals exposed
to five days of TWAA increased the total distance ran in the EPM in
comparison to animals exposed to two days. Moreover, UnS animals spent
more time and ran a longer distance in the open arms compared to naive
animals. @@ p<0.01 Effect of N.Sessions; *** p < 0.001 vs. Naive group.
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Additionally, in the center of the EPM, robust differences were found
between naive animals and the rest of the groups, all stressed groups
spending more time and running longer distance in this area than

control animals (Table 10).

Variables putatively representative of activity and “anxiety-like”

behaviors not shown in graphs are presented in table 10.

Controllable stress induces a long-lasting decrease in contextual

and auditory fear conditioning

On the third day, an extinction test was conducted consisting on three
minutes habituation, the presentation of ten tones (without US) and

three minutes of post-tone recovery with no stimuli.

Analysis of the time spent freezing during the whole habituation period
(Fig. 50) showed a significant effect of Group (F(2, 74) = 3.66 p = 0.030),
HA but not LA showing significantly lower levels of freezing than UnS
animals (p=0.009). A repeated measures ANOVA of the data per blocks
of one minute, indicates a significant effect of Block (x2(2) = 69.08 p =
0.000), Group (x2(2) = 10.2 p = 0.006), Block x Group (x2(4) = 10.8 p =
0.028) and Block x N.Sessions x Group (x2(4) = 11.1 p = 0.026). Post-hoc
comparisons revealed that HA exposed to five days of TWAA showed
significantly lower levels of freezing on the third and last minute of
habituation than HA exposed to two days (2H vs. 5H: p = 0.005).
Furthermore, UnS exposed to two or five days of TWAA showed
significantly higher levels of freezing than 5H in the third block (5H vs.
2U: p = 0.000; 5H vs. 5U: p = 0.000).

Regarding the number of IC performed during the habituation, an effect
of Group was found (x2(3) = 62.5 p = 0.000). Concretely, CoS groups
performed fewer IC than naive animals (Naive vs. HA: p = 0.009; Naive
vs. LA: p = 0.000), whereas UnS animals performed fewer IC than naive
animals (p=0.000), HA (p=0.000) and LA (p=0.006).
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Results of the Pearson correlation indicated a significant negative
correlation between the time exhibiting freezing behavior and the
number of IC performed during the habituation (r(112)=-0.638 p =
0.000).
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Figure 50. Long-lasting contextual fear conditioning. Time freezing per
blocks of one minute (A), total time freezing (B) and intercrossings (C)
performed in the habituation period before the extinction test conducted 9 days
post-TWAA. UnS induced a long-lasting increase in CFC. Exposure to CoS
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blocked this effect induced by UnS in HA but not LA. Mean and S.E.M are
represented. **p<0.01, *** p<0.001. Although not indicated in the graphs, all
groups were statistically different from stress naive animals.

Analysis of the freezing shown during the whole tone-interval (Fig. 51)
revealed a significant effect of Group (x2(2) = 6.63 p=0.036) and
N.sessions x Group interaction (x2(2) = 7.47 p=0.024). Post-hoc
Sequential bonferroni indicated HA exposed to 5 days freezed
significantly less time than 5L (p= 0.002), 5S (p=0.002), 2H (p=0.001), 2L
(p=0.010) and 2S (p=0.000).
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Figure 51. Extinction test. Significantly lower freezing levels are shown by
HA exposed to 5 days compared to the rest of the groups. Mean and S.E.M are
represented. *p<0.05 5H vs 2L, ** p < 0.01 5H vs 5L, 5S and 2H; *** p < 0.001
5H vs 2L.

178



Analysis of the number of intercrossings (IC) during tone interval (Fig.
52) indicated an effect of N. Sessions (x2(1) = 9.25 p=0.002), Group
(x2(3) = 76.07 p=0.000) and a significant N.Sessions x Group interaction
(x2(3) = 28.04 p=0.000). Post-hoc analysis revealed an effect of
N.Sessions only in HA (2H vs. 5H: p = 0.000). As compared with stress
naive rats, all groups except 5H were significantly different with lower

levels of IC (see Fig. 52 for specific comparisons).

Results of the Pearson correlation indicated a significant negative
correlation between the time exhibiting freezing behavior and the
number of intercrossings performed during extinction (r(112)=-0.760 p
=0.000).

No significant group differences were found during the post-tone
interval on freezing (not shown). However, differences were present on
the number of IC performed (not shown), in that all groups increased
the number of IC when exposed to 5 days compared to 2 days of TWAA
(Effect of N.Sessions: x2(1) = 4.23 p=0.040). Moreover, an effect of
Group was found (x2(3) = 11.02 p=0.012) indicating UnS performed
fewer IC than Naive animals (p=0.005) and HA (p=0.010), but not LA
animals. Group differences were also found with respect to number of
rearings during the recovery (x2(3) = 11.17 p=0.011). Specifically, LA
(p=0.005) and UnS (p=0.004), but not HA, performed fewer rearings

than Naive animals (not shown).

The number of feces was counted at the end of the test (Fig. 52). Analysis
of variances indicated an effect of Group (x2(3) = 108.97 p=0.000), all
groups defecating more than Naive animals (p = 0.000). Moreover, UnS
animals defecated significantly more than HA (p = 0.001) but not LA.

A table with the main variables of the extinction test other than freezing
is shown in table 11.
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Figure 52. Number of intercrossings during tone interval (left) and
number of feces at the end of the extinction test (right). All groups
exposed to 2 days of TWAA performed a significantly lower number of IC than
Naive animals during the tone interval. In contrast, when exposed to 5 days, all
groups except HA performed fewer IC than Naive group. For the sake of clarity
the statistical differences in intercrossings between naive and stressed animals
are not highlighted in the figure. At the end of the test UnS animals had
defecated signigicantly more than HA but not LA. *** p < 0.001.
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GROUP NAIVE HIGH AVOIDER LOW AVOIDER UNCONTROLLABLE STRESS
Number of
Area Parameter TWAA Mean S.E.M. Mean S.E.M. Mean S.E.M. Mean S.E.M.
sessions
2 87,5 12,7 170,1 37,6 155,6 67,8 189,2 37,7
Distance (cm) 5 121,0 242 209,4 34,5 146,2 46,9 141,8 30,9
2 4,9 9 10,8 3,0 11,4 4,7 12,5 2,7
Center Time (s)
Open Field 5 7,6 2,2 15,5 5,0 8,1 2,7 9,9 2,1
Test | 2 19,0 16 20,9 30 16,2 24 19,0 28
Velocity (cm/s) 5 20,0 2.1 20,3 23 20,4 2,7 14,7 1,2
2 10,3 4 7,3 9 8,1 1.1 6,9 *** 7
Periphery | Velocity (cm/s) . 10,0 y 9.9 5 9.3 9 76 K
2 331,7 38,5 406,3 61,8 446,8 61,9 495,6 51,1
Social Center | Distance (cm) 5 320,2 38,5 588,9 ~ 35,4 504,3 69.6 383,755 49,1
Interaction > 377.9 48,0 274,0 38,6 370,7 53,6 364,4 49,6
Test Empty area | Distance (cm) 5 4486 395 588,90 #H 30.0 528,8 67.6 365,26 % 46,3
2 260,7 64,1 293,5 83,4 230,8 58,9 437,4 ** 51,2
Distance (cm) 5 200,5 467 15,2 80,1 335,3 467 350,0 409
Open arms ) 45,6 20,8 99,9 34,1 72,2 32,0 10,1 2.9
Latency (s) 5 89,2 32.3 21,2 8,5 45,0 24,7 38 15,7
2 184,7 33,5 192,2 39,5 218,4 27,8 278,6 21,8
Elevated- Distance (em) 5 146,9 222 301,1 *** i 26,2 310,3 *** 32,2 281,3 =+ 18,2
Plus Maze . 2 33,2 7.4 43,0 ** 10,2 62,7 *** 11,0 63,7 *** 6.5
Time (s) 5 273 50 61,0~ 70 68,0~ 10,2 65,7 = 72
Center > 17,4 66 20,8 25.0 68~ 26 2,37 73
Latency (s) 5 47,6 24.7 6,0 14 6,8 2.7 4,7 = 16
2 7,3 8 5,5 ,6 4,2 *** 5 4,6 *** 3
Velocity (cm/s) 5 6.3 6 53 p 4,9 3 4,7 3

Table 10. Main variables of the OF, SI and EPM performed 7 days after the end of the stress exposure not shown in graphs. * p < 0.05 ** p < 0.01 *** p < 0.001 vs. Naive;” p < 0.05 * p <
p Y P grap p p p P P
0.01 #* p < 0.001 vs. 2 Days; * p < 0.05 % p < 0.01 ** p < 0.001 vs. HA. Grey shadow indicates values corresponding to a global effect not dependent on the number of sessions.
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Table 11. Main variables of the extinction test other than levels of freezing

GROUP NAIVE (*) HIGH AVOIDER ($) LOW AVOIDER (@) N RO ABLE
Number
TIME VARIABLE of TWAA Mean S.E.M Mean S.E.M. Mean S.E.M. Mean S.E.M.
sessions
2 8,1 ,8 5,3 1,3 4,5 *** $8% 1,3 2,3 %+ %@ ,6
INTERCROSSINGS
5 9,4 5 8,2 1,5 43 w5k $$$ 1,8 1,4 *xk $$$ @ 5
2 12,2 1,2 2,4 ,8 2,7 1,2 2,5 ,6
HABITUATION REARING
5 19,3 1,6 5,5 1,1 2,0 & 7 1,1 88&& 5
2 9,9 1,8 ,8 ,6 A8 1 5 4
GROOMING
5 11,2 2,2 3,9 1,5 29 2 1,0 9
Im 2 4,1 ,8 ,3 2 1,3 ** ,6 It Rl 1
INTERCROSSINGS 5 6,8 #H ’9 4,1 *% HHE 1’0 ,7 *%k &&& ,6 ,1 *%k &&& ’1
TONE 2 3,9 7 ,3 2 1,3 ** 9 It Rl 1
INTERCROSSINGS 5 3,0 4 4,3 i 1,0 |2 1 |3 #xx K
TONE INTERVAL
2 11,9 1,5 1 1 7 ,6 ,0 ,0
REARING
5 15,1 1,6 1,4 # ,6 1 1 ,1 &8&& 1
2 21,6 4,2 ,6 ,6 ,0 ,0 1 1
GROOMING
5 26,0 6,3 1 1 ,0 ,0 ,0 ,0
2 2,1 4 1,8 ,8 2,5 1,0 ,4 ** 8% 3
INTERCROSSINGS
5 3,2% 4 3,4% 7 2,8% 1,8 1,4 $5# 5
2 3,4 ,6 2,2 1,1 2,1* 1,1 ,8 ** 3
RECOVERY REARING
5 4,8 7 3,4 1,0 1,3 ** ,6 3,1* 1,0
2 7,4 3,3 1,3 *** 7 2,0 ** 1,0 3,2 1,9
GROOMING
5 11,2 3,1 3,7 *** 1,3 3,3 ** 1,8 5,7 1,9
2 ,3 2 4,6 *** ,6 4,6 *** 9 5,3 *** 83 ,8
TOTAL TEST FECES
5 ,0 ,0 2,4 *** 5 4,0 *** ,6 5,3 *** 83 ,6

*vs. control: ** p < 0.01; *** p < 0.001; * vs. 2 days: * p < 0.01; $ vs. HA: * p < 0.01; ** p < 0.001; @ vs LA: © p < 0.05; & vs 5H: *¢ p < 0.01. Grey shading indicates values corresponding to a

global effect not dependent on the number of sessions. Blue shading indicate a global effect of number of sessions not dependent on the group.




Prolonged exposure to controllable stress induces a long-term
increase in TrkB mRNA levels.

Brain samples were extracted from 58 animals three days after the end of
the behavioral test battery to assess long-term changes in the expression
of genes related to the Bdnf-TrkB pathway and/or epigenetic modulators
in the hippocampus. These changes could in part explain the different
long-term behavioral consequences of exposure to controllable vs.

uncontrollable stress.

Expression analysis was conducted from microdisected samples from the
dorsal CA1l brain area by means of a one-step quantitative-PCR (for
more details see “Materials & Methods). The number of animals per
group was as follows: 2N = 9; 2-CoS = 12; 2-UnS = 8; 5N = 7; 5-CoS = 15;
5-UnS = 6. Results are shown in figure 36 and 37.

No significant changes were found in Bdnf-IV expression (Fig. 53). In
contrast, expression of total Bdnf decreased in the long-term in those
exposed to 5 but not 2 days of TWAA exposure regardless of the type of
stress condition (F(1,51) = 5.27 p = 0.026). With respect to Trkb a
significant decrease was observed in CoS and UnS subjects compared to
Naive animals in those exposed to 2 days of TWAA (Effect of
Controllability: x*(2) = 5.98 p = 0.05; Controllability x N.Sessions: x*(2)
=17.07 p=0.000; 2N vs. 2-CoS: p = 0.003; 2N vs. 2-UnS: p = 0.001). With
more prolonged TWAA exposure, Trkb levels in 5-CoS animals showed
a significantly higher amount of Trkb expression compared to naive (5-
CoS vs. 5N: p = 0.004) and 2-CoS (5-CoS vs. 2-CoS: p = 0.000), whereas
UnS subjects return to levels equivalent to those in naive animals. Nr3c1
(gen than codes for GR) expression was found to be decreased in all
groups except 2-UnS compared to 2N (Effect of Controllability: x*(2) =
5.10 p = 0.078; Effect of N.Sessions: x*(1) = 1422 p = 0.000;
Controllability x N.Sessions: x*(2) = 8.39 p = 0.015; 2N vs. all: p = 0.000).
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Figure 53. Long-term changes in mRNA expression in CA1 of dorsal
hippocampus 13 days after the end of the TWAA. Short stress exposure
decreased Trkb expression in CAl in the long-term. Longer exposures to
TWAA increased TrkB levels in those animals exposed to controllable but not
uncontrollable stress. Mean and S.E.M. are represented. @ p< 0.05: effect of
number of sessions; ** p < 0.01; *** p < 0.001.

Stress induces a transient decrease in dCA1 HDAC3 mRNA

levels

Specific changes were found in Hdac’s expression. In the case of Hdac2
lower levels were found in those animals exposed for 5 days to the TWAA
with respect to those exposed to 2 days (Fig. 54); Effect of N.Sessions:
F(1,51) = 4.10 p = 0.048), regardless of stress. With respect to Hdac3 a
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transient decrease in its expression was observed in animals exposed to
controllable and uncontrollable stress during 2 days (Effect of
Controllability: F(2,51) = 6.48 p=0.003; Effect of N.Sessions: F(1,51) =
4.38 p = 0.041; Interaction: F(2,51) = 6.89 p = 0.002; 2N vs. 2-CoS or 2-
UnS: p = 0.000). However, when exposed for 5 days CoS but not UnS
animals increased its Hdac3 mRNA levels (2-CoS vs. 5-CoS: p = 0.003).
In the case of Hdac4 all groups showed lower levels of mRNA expression
compared to naive animals exposed to 2 days of TWAA (Effect of
Controllability: x*(2) = 8.76 p = 0.013; Effect of N.Sessions: x*(1) = 2.65 p
= 0.103; Interaction: x*(2) = 12.87 p = 0.002; 2N vs. 2-CoS: p = 0.000; 2N
vs. 2-UnS: p = 0.001; 2N vs. 5N: p = 0.001; 2N vs. 5-CoS: p = 0.004; 2N
vs. 5-UnS: p = 0.000). Finally, results show persistent lower levels of
Hdac5 expression in animas exposed to 2 days of controllable stress and
5 days of uncontrollable stress (Effect of Controllability: x*(2) =5.74 p =
0.057; Effect of N.Sessions: x*(1) = 2.43 p = 0.119; Interaction: ¥*(2) =
6.28 p = 0.043; 2N vs. 2-CoS: p = 0.001; 2N vs. 5-UnS: p = 0.004).
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Figure 54. Fold change in Hdac’s mRNA levels in dCA1 13 days after the
end of the TWAA and 3 days after the end of the behavioral battery. Specific
changes were observed depending on the Hdac analysed. In general, all changes
observed pointed towards a decrease in Hdac expression induced by exposure
to stress except for an increase in Hdac3 expression found in animals exposed
to 5 days of controllable stress. Mean and S.E.M. are represented. @ p<0.05:
effect of number of sessions; ** p < 0.01 *** p < 0.001.
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Prolonged exposure to controllable stress decreases the incidence

of affected-phenotypes.

Clinical studies of stress disorders generally use stringent criteria for
inclusion of an individual as part of the affected population in a certain
disorder. However, in animal studies analysis is largely based on the
comparison of exposed vs. non-exposed population. In this part we
wanted to deep into the characterization of the long-term consequences
of exposure to controllable and uncontrollable stress by specifically
identifying the prevalence of affected individuals after each treatment.
Subjects affected by the stress-exposure were defined mimicking the
methodology followed in human studies. More precisely, we selected 8
key behavioral variables putatively related to anxiety-like and
exploratory behaviors and established a cut-off threshold based on the
behavior shown by the naive population (see Methods for more details).
If a certain subject fulfilled the criteria for inclusion in 5 out of these 8

selected variables it would be classified as an “affected individual”.

Pearson x* analysis of the results revealed significant differences in the
distribution of affected individuals depending on the treatment received
(Fig. 55; x* likelihood ratio (5) = 30.92 p = 0.000). Specific comparisons
between groups using Pearson X2 analysis revealed no significant
difference in the prevalence of affected animals when comparing 2 days
of exposure to controllable or uncontrollable stress (x> likelihood ratio
(1) = 0.150 p = 0.698). On the contrary, a significantly increased
prevalence of affected animals was observed between animals exposed to
uncontrollable and controllable stress for five days (x? likelihood ratio (1)
= 9.40 p = 0.002). No differences were observed between two and five
days of uncontrollable stress (x* likelihood ratio (1) = 0.000 p = 1.000).
However, differences were found between two and five days of exposure
to controllable stress, 5 days of controllable stress decreasing
significantly the prevalence of affected animals (x* likelihood ratio (1) =
12.77 p = 0.000).
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Figure 55. Assessment of the prevalence of affected population by a
behavioral profiling approach. 5 days of exposure to controllable stress
significantly decreased the prevalence of affected individuals compared to 2
days of exposure. No difference was found in the proportion of affected subjects
between 2 and 5 days of exposure to uncontrollable stress. Values are the
percentages of affected and unaffected individuals in each group. ** p < 0.01 vs.
5-UnS; ¥ p < 0.01 vs. 2-CoS.

Affected-phenotypes show a long-term decrease in TrkB and
Hdac3 in CAI

The results of the behavioral profiling showed a heterogeneous
individual response in subjects with-in each specific group. This fact may
mask significant effects when performing biochemical analysis using
group average. In this regard, expression analysis data obtained from
dorsal CA1 was reanalyzed using the behavioral profiles in order to
identify putative changes in gene expression reflective of the different
phenotypes arising in response to the stress-exposure.
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Univariate analysis of variances revealed no differences in the expression
levels of Bdnf-IV or Bdnf, neither of Nr3cl levels when comparing
affected vs. non-affected animals (Fig. 56. Bdnf-IV: x*(1) = 1.61 p =
0.205; Bdnf: F(1,55) = 0.041 p = 0.840; Nr3cl: F(1,55) = 0.653 p = 0.422).
In contrast, differences were found in the levels of TrkB expression
between affected and non-affected subjects, affected individuals showing
a decreased TrkB mRNA expression (F(1,55) = 8.00 p = 0.007). With
respect to the expression of Hdac’s, results indicated no differences in
Hdac2 and Hdac5 levels (Hdac2: F(1,55) = 0.238 p = 0.628; Hdac5:
F(1,55) = 1.74 p = 0.193), a tendency of lower Hdac4 levels in the affected
population (x*(1) = 3.51 p = 0.061) and finally, a significant decrease of
Hdac3 mRNA levels in the individuals with the affected-phenotype after

stress-exposure.
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Figure 56. Fold change in mRNA expression levels shown by affected
and non-affected phenotypes obtained in the behavioral profiling analysis.
Affected individuals show a long-term decreased expression of TrkB and Hdac3
genes in dorsal CA1. **p<0.01 vs not affected group of animals.
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DISCUSSION

The rationale for animal models of PTSD is that a punctual exposure to
a stressor of elevated intensity may be sufficient to induce long-lasting
behavioral sequelae reminiscent of the symptoms observed in PTSD
patients (i.e. dysfunction in fear memory processing, anxiety regulation,
maladaptive avoidance and hyperarousal). While the vast majority
recover within the following month, 20-30% of the population exposed
to the same stressful event will progress to develop PTSD, a variability
reflected in some animal models of PTSD. Importantly, while factors
such as determined genetic polymorphisms or a history of childhood
adversity have been shown to partially explain this variability in humans
in response to trauma, an extensive margin of variance remains
unexplained even in studies controlling for these factors, suggesting the
existence of further determinants contributing to the development of
psychopathology after a traumatic experience. In this regard, several
human and animal studies have pointed at psychological factors such as
the controllability of the stressor as a critical component in determining
the outcome of exposure to stress, concretely, exerting control over the
stressor buffering part of the detrimental effects of exposure to the same
amount of uncontrollable stress. Furthermore, even if exposed to the
same traumatic experience, individual differences arise in the aftermath

of trauma.

Within this framework, the present project was developed to: (i)
determine whether acute exposure to uncontrollable stress in the context
of an active avoidance task is sufficient to induce long-lasting behavioral
effects on activity, arousal and anxiety-like behaviors; (ii) ascertain
whether exposure to the same amount of controllable stress buffers the
negative long-term impact observed after exposure to uncontrollable
stress; (iii) determine if a certain level of experience of controllability is
necessary to obtain the benefits of controllability to overcome the
negative impact of exposure to stress and; and (iv) evaluate whether
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changes in the expression of genes related to synaptic plasticity and
epigenetic regulation in the main regions in charge of regulating the
stress response (i.e PFC, amygdala and hippocampus) may be part of the
molecular mechanisms driving the individual difference in the
behavioral outcomes of exposure to controllable vs. uncontrollable
stress.

Two-way Active Avoidance: Individual differences &
Effects on fear-conditioning

Individual differences in avoidance acquisition

In our study animals were exposed to two or five days of an active
avoidance task depending on the experiment and group. In all cases
marked differences in the final avoidance learning were observed in CoS
animals at the end of two days of TWAA and also after prolonged TWAA
exposure. Two groups were clearly defined characterized by high
avoidance rates (High Avoiders) or low avoidance rates (Low Avoiders)
by the end of the task.

Individual differences in active avoidance acquisition have been
consistently observed in past studies. While the majority of studies
excluded animals not reaching a certain threshold of avoidance
responses by the end of the task, a few have taken advantage of these
differences to study differences in the neural circuitry regulating
avoidance acquisition (Choi et al., 2010; Galatzer-Levy et al.,, 2014;
Martinez et al., 2013). In our study, when possible, subpopulations based
on the final rate of avoidance conditioning were identified and studied
separately with the aim of avoiding masking the possible effects of
controllability on the behavioral and biochemical consequences of stress-
exposure due to the variability in the level of performance of the animals
in the TWAA task. Notably, while most of the studies characterize two
groups, Galatzer-Levy et al. (2014) identified under the same task (five
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days of TWAA) four populations with different learning trajectories.
This suggests that variability in avoidance acquisition may be even higher
than that our study was able to characterize. Interestingly, high
variability in avoidance acquisition has also been found in human
studies, linked to differences in the neural activity of the same regions
found to be implicated in avoidance conditioning in rodents (Collins et
al., 2014).

When searching for the time-course of the appearance of individual
differences, we found that differences between HA and LA emerge from
the very first exposure to the aversive stimuli, and significant differences
are found not only in the number of avoidance responses during the first
day but also in the latency to escape during the first blocks. These data
indicate that whereas HA responded to the first exposures to the US in a
proactive way shortening rapidly their latency to shuttle, LA responded
more passively exhibiting longer latencies to shuttle and escape from the
US. Moreover, even at the end of the fifth session, LA keep performing
mostly escape responses showing a profound deficit in avoidance
acquisition. This suggests that the differing way in which individuals
confront and respond to the first aversive stimuli determine the way the
task is acquired and performed even after repeated experience with the

situation.

Studies on the neurocircuitry implicated in regulating defense responses
to threat have pointed towards the involvement of different pathways in
the execution of defense reactions (escape) vs. defense actions
(avoidance) (Campese et al., 2015). Importantly, in the process of
acquiring avoidance conditioning, there is an initial phase in which
defensive reactions evoked by the CS (i.e. freezing) are in direct conflict
with the instrumental action needed to be executed to terminate (escape)
or post-pone (avoidance) the US. Thus, in order to execute the motor
action needed to escape or avoid the US (i.e. shuttling), inhibitory inputs
must reach CeA in order to inhibit the defensive freezing reaction elicited
by the CS. LeDoux’s lab have shown that while electrolytic and

excitotoxic lesions of LA and BA nuclei performed after having learned
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the task (5 days of TWAA) hindered avoidance conditioned responses
and increased avoidance latency, the same lesions in CeA had no effect
(Choietal., 2010). In another study the authors showed that pre-TWAA
lesions of LA and BA, but not CeA, impaired active avoidance
acquisition as well (Lazaro-Mufoz, et al. 2010). Importantly, these
lesions were performed in animals having reached more than 80% of
avoidance responses in at least 7 days of training (corresponding to the
average 80% of avoidance performance of HA in our study). Moreover,
animals not reaching 20% of avoidance responses after 3 days of TWAA
were designated as “poor performers” (in agreement with the average
20% of avoidance responses shown by LA in our study). Notably, in both
studies electrolytic lesions of CeA in poor performers increased
drastically the rate of avoidance until reaching close to 80% of avoidance
responses after 5 days of TWAA.

Based on the knowledge about the neurocircuitry implicated in
Pavlovian conditioning, and the role of this process as a first stage in
acquisition of avoidance conditioning, the results suggest that lesions of
LA may impede access to the associative CS-US learning stored in this
region required for reinforcing and motivating the instrumental action
of avoidance. In the other hand, BA would play an important role in the
use of these LA-based CS-US association for producing actions through
projection to striatal regions (Robbins et al. 1989), in line with previous
studies showing that whereas LA and CeA mediate fear reactions, LA and
BA mediate fear-motivated actions (Amorapanth et al. 2000).
Furthermore, in agreement with our results showing a higher latency to
escape in low avoiders from the first blocks, negative correlation rates
were found in previous studies between freezing levels during the first
five inter-trial intervals and avoidance performance during the session
using different subtypes of genetically heterogeneous rats (Vicens-Costa
et al. 2011). These results, together with evidence from our work of
persistent deficits in avoidance performance in low avoiders even after
prolonged exposure to the task, suggest that excessive CeA activity in low

avoiders could interfere with acquisition and expression of avoidance,
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and that, as shown by Lazaro-Muioz et. al. (2010), lesions of this area
would rescue this deficit by inhibiting the expression of freezing.
Furthermore, our results showing a correlation between high freezing
level during the habituation period and poor avoidance learning at the
end of the session add weight to the hypothesis that phenotypes with a
high tendency to freeze in response to contextual fear conditioning show
deficits in avoidance acquisition that are not rescued despite prolonged
exposure to the task. Based on studies pointing to an inhibitory role of IL
towards CeA (Moscarello & LeDoux 2013), and in view of the differences
observed from the first exposures to the US, another possibility is that
differences in avoidance acquisition could derive from differences in IL-
CeA connectivity due to pre-TWAA factors.

Contextual fear conditioning modulation by controllability

Contextual fear conditioning (CFC) is expressed by animals when they
are placed in a context where they have previously been exposed to an
aversive stimulus such as electric foot-shocks. Studies have shown that
exposure to a single foot-shock is sufficient to induce CFC when the
shock is delivered after a time of exploration that enables the animal to
form a cognitive representation of such context (Daviu et al. 2010;
Fanselow 1980; Landeira-Fernandez et al. 2006).

In our study, CFC was measured 48h after exposure to the first TWAA
(experiment 1 and 2), and 9 days post-TWAA (long-lasting CFC;
experiment 3). The parameters analyzed as a measure of CFC included
the time exhibiting freezing behavior, as well as the number of IC

performed.

Regarding the definition of short vs. long-term effects of shock exposure,
no consensus is found on the literature. While studies in the field of
learning and memory consider short-term changes those lasting from

minutes to hours and long-term changes those observed at 24h and
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beyond (Goelet et al. 1986), studies on the field of stress usually refer to
short-term effects those observed immediately after the last session of
stress or in the following 24-48h, while long-term effects are considered
those observed at least three days post-stress exposure (Armario et al.
2008). Within the context of the present work we will consider the latter
timing definition of short and long-term changes, when referring to

behaviors not directly related to fear conditioning.

Contextual Fear Conditioning

Results from experiment 1 show that all groups except HA exhibit
elevated levels of fear conditioning when exposed to the TWAA context
at 48h. These results point to two main conclusions: (i) exerting control
over the stressor induces a buffering effect on CFC (CoS vs. Uns); and
(ii) in order for the possibility of control to buffer the negative impact of
stress a certain level of controllability must be acquired (HA vs. LA).
Results from experiment 2 are less clear. No significant effects on CFC
conditioning were found due to controllability or to the different rate of
avoidance conditioning acquired. Although they may seem to contradict
results of the experiment 1, differences in the latency to escape and the
number of avoidance responses in the last block on day 1 between HA
and LA on both experiments may explain this difference. In experiment
2, HA and LA show less difference in their latency to escape between HA
and LA than in experiment 1 (LA are not so slow to shuttle once they
receive the shock as LA in experiment 1). This suggests that they may
differ to a lesser extent in their tendency to freeze in response to aversive
stimuli, a factor shown to critically influence avoidance acquisition
(Vicens-Costa et al. 2011). In fact, smaller differences are also found
between HA and LA in the avoidance responses at the end of session 1,
which in turn may explain a more homogeneous response with respect
to CFC 48h later in this experiment.
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Our results showing a significant correlation between freezing during the
habituation on day 2 and avoidance responses on that session are also in
agreement with the results found by Vicens-Costa et al. (2011).
Furthermore, they are in line with the hypothesis supported by the
literature stating that an initial passive response (due to conditioned
freezing) runs against the appearance of active escape/avoidance
responses (Choi et al. 2010; Fadok et al. 2017; Lazaro-Muiioz et al. 2010;
Martinez et al. 2013). The impact of CFC on avoidance acquisition is well
stablished. Weiss et al. (1968) showed that exposure to eight foot-shocks
induced marked deficits in later avoidance acquisition, and that
decreasing freezing levels by extinction procedures previous to
avoidance training rescued these deficits in poor performers, supporting
the critical role of fear conditioning in the appropriate acquisition of

avoidance.

With respect to the effects of controllable vs. uncontrollable stress,
previous studies have shown how exerting control over the stressor
buffers associative deficits shown by animals that have been exposed to
the same amount of uncontrollable stress (Baratta et al. 2007; 2008).
Results from experiment 1 are in line with these studies, as UnS groups
show an enhanced CFC compared to HA 48h post-stress exposure. Due
to the yoked procedure, latencies to escape in CoS group determine the
total time of shock received by the UnS group. As with the differences in
avoidance conditioning, the fact that HA and LA in experiment 2 show
similar latencies to escape than HA in experiment 1, indicate that UnS
animals in experiment 2 received similar amounts of shock than HA in
experiment 1 (i.e. less than LA in experiment 1). This difference in the
total time of shock could underlie the lack of a controllability effect in
the second experiment. However, other studies using the same task
showed a lack of effect of controllability 24h after a first TWAA session
(Ilin et al. 2009) suggesting that further studies need to be undertaken to
confirm the results from experiment 1 showing a differential short-term

effect of controllability on fear conditioning.
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Effect of prolonged TWAA exposure on fear conditioning

In experiment 3 we wanted to know how more prolonged exposure to
controllable and uncontrollable shocks would affect the overall
behavioral impact (see later) and fear conditioning. Our hypothesis was
that the possible beneficial effects of controllability will increase with
more prolonged experience of control in the TWAA task (2 versus 5
days). Two additional questions were posed with respect to fear
conditioning: (i) how CFC is modified by more sessions of exposure to
controllable stress; (ii) if the number of stress sessions differentially affect
fear conditioning when assessed 10 days post-stress. ; and (iii), if yes,
uncontrollable stress does induce a long-lasting increase in CFC, if
exposure to the same amount of controllable stress is able to buffer this
effect.

CFC was evaluated by the number of IC during the habituation period
corresponding to each session. Although ICis an indirect measure of fear
conditioning, negative correlations rates higher than 0.7 between the
number of IC performed and the freezing time were found in our lab in
previous experiments, validating the number of IC as an approximation
to measure fear conditioning levels. However, measures of freezing
during these periods would be valuable to confirm these results. Analysis
of the IC performed during the habituation period indicate that
differences associated with the controllability of the stressor emerged
from the third session. In the case of differences between HA and LA, no
significant differences were found even on session 5. Nevertheless, a
tendency to lower fear conditioning levels in HA was present, suggesting
that a more prolonged exposure to the task could eventually lead to

significant differences in CFC between HA and LA as well.

These results are in line with previous studies (Lazaro-Mufoz et al. 2010;
Martinez et al. 2013) where they show that CFC differences between HA
and LA arise after prolonged exposure to the task (10" and 7™ session

respectively) due to a decrease in the freezing levels shown by HA that
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does not occur in LA. This suggest that although LA exert a certain level
of control by escaping from the US, this instrumental response in not
sufficient to acquire the stress-buffering effects of controllability induced

by the opportunity of voidance.

Differences in the engagement of the BA-NAc circuits could underlie
such differences in CFC. While data suggest that HA are able to engage
this pathway (Ramirez et al. 2015), in LA rats, the persistence of exposure
to the US despite the execution of an instrumental response to escape
from the shock may hinder the engagement of this pathway. In this study
LA were removed so this remains to be elucidated. Importantly,
inhibiting the NAcSh affected fear conditioning to the context of TWAA
but not in the classical pavlovian fear conditioning paradigm, suggesting
a concrete role of this region in regulating the freezing response based on
the execution of instrumental responses. Another possibility that has
been proposed (Cain & LeDoux 2008; Dombrowski et al. 2013) is that
HA may have enhanced motivational control of actions and/or enhanced
reward processing perhaps due to more efficient neural interactions

between the amygdala and the NAc.

With respect to the impact of controllability on CFC, our results show
that whereas animals exposed to controllable stress start reducing fear
conditioning from the third session, animals exposed to uncontrollable
stress keep exhibiting high levels of fear conditioning to the context after

tive TWAA sessions. Therefore, controllability is clearly mitigating CFC.

The need for repeated experience with the controllable stressor to exert
buffering effects on the consequences of exposure to an aversive stimulus
such as shock is in line with previous studies (Ilin & Richter-levin 2009).
Results from Richter-Levin’s lab has shown that animals require
prolonged exposures to controllable stress (usually six sessions) to
decrease the negative consequences on fear conditioning, anxiety- and
depression-like behaviors observed after exposure to the same amount
of uncontrollable stress. Based on these results he has postulated the

concept of “Operational vs. Emotional Control”. He argues that the

198



acquisition of control when exposed to a controllable stressor involves
two separate phases. In a first step animals acquire the motor skills and
learn the cognitive elements necessary to perform the instrumental
response. After this phase, the animal would have acquired what he calls
“Operational Control”, in which the animal knows how to perform the
specific instrumental response needed to avoid the aversive stimuli, but
because the training has been short, this action is not executed with ease
and the animal still suffers from the negative consequences of the
stressful situation. However, if the subject is repeatedly exposed to the
controllable stressor, he argues that the animal will end up performing
proficiently the instrumental action needed to stop the aversive stimulus,
a phase in which this excellence in the performance would enable the
animal to gain what he calls “Emotional Control”. Once this is reached,
the animal is able to prevent the negative effects of the stressor associated
with mood regulation. This hypothesis is in line with our results. The
“operational control” phase would correspond to the first two sessions in
which the animals have learned to avoid but still exhibit elevated levels
of CFC. On the other hand, “emotional control” would appear from the
third and following sessions, in which animals under controllable stress

progressively decrease their levels of CFC.

Long-lasting Fear Conditioning

In addition to evaluating the progression of fear conditioning as
avoidance is progressively acquired, a second goal in experiment 3 was
to assess whether the buffering effects of prolonged exposure to
controllable versus uncontrollable stress on fear conditioning would
persist over time. Thus, long-lasting effects on fear memory were
assessed 10 days after stress-exposure in an extinction test. The test had
three phases: habituation, tone interval and post-tone recovery. Freezing
levels and the number of IC during the habituation were used as

indicators of long-lasting contextual fear memory, whereas freezing
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levels and the number of IC during the presentation of the tones were

considered as a measure of long-lasting auditory fear memory.

The analysis of freezing during the habituation period of the extinction
test performed 10 days after the last shock exposure indicated that
exposure to uncontrollable stress induced a persistent increase in
contextual fear memory, regardless of the number of sessions. Marked
differences were observed in HA as compared with LA. An analysis of
freezing time per blocks indicated that by the end of the last block
significant differences arouse between HA exposed for 2 days compared
to those exposed for 5 days, the latter exhibiting decreased freezing levels
compared to the former. In contrast, LA showed similar levels of freezing
as UnS, suggesting that reduced CFC after repeated experience of

controllability is only achieved when the actual levels of control are high.

When the number of IC performed during the habituation period
instead of the time spent freezing was considered, it was observed only a
partially similar pattern. All stressed rats showed lower levels of IC than
stress-naive rats and these levels progressively reduced from HA to LA
and then to UnS rats, which differ from both HA and LA rats. HA rats
exposed to 5 sessions tended to have higher levels of IC than HA rats
exposed to 2 sessions, whereas LA rats maintained the same level of IC
after 2 or 5 sessions.

The different sensitivity of freezing and IC to detect group differences
are not surprising as there is evidence for discrepancies between different
measures in other fear conditioning procedures (e.g. Antoniadis and
McDonald 1999; Gisquet-Verrier et al. 1999; Pisano et al. 2012). In
addition, it is likely that learning that crossing to the other compartment
reduced shock exposure might interfere with the purely reflection of IC

as a measure of activity.

Results of the freezing levels showed during the extinction test revealed
the same effect of controllability as during habituation. During exposure

to the tones, only high avoiders exposed to 5 sessions showed decreased
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freezing levels compared to all other groups, an effect further supported

by differences in the number of IC performed.

Interestingly, no differences were found between short vs. prolonged
exposure to uncontrollable stress, suggesting that prolonged exposures
to uncontrollable stress would not lead to enhanced fear conditioning. It
is likely that a plateau is soon reached in freezing to the uncontrollable
shock context. Data about the contribution of shock intensity to fear
conditioning are also controversial. Whereas some authors favor the idea
that there is a positive relationship between intensity of shocks and
conditioned freezing (Cordero et al. 1998), other studies have found that
an increase in shock intensity leads, not to an increase in fear
conditioning, but to enhanced fear generalization and fear sensitization
(Baldi et al. 2004; Kamprath and Wotjak 2004). These results suggest
that, in the case of inescapable shocks, the characteristics of the shock
rather than the number of sessions of stress exposure have a higher

influence on the long-lasting effects the stressor on CFC.

How prior exposure to incontrollable shocks affects further active escape
or avoidance learning has been extensively studied by exposure to
inescapable shocks previous to avoidance acquisition (Anisman &
Waller, 1972; Brush & Levine, 1966; Steven F Maier & Watkins, 2005;
Murua & Molina, 1991; Overmier & Seligman, 1967). Studies in which
the inescapable shocks were administered in the same context than the
avoidance test showed evidence of the induction of long-lasting escape
deficits even after 22 days (Anisman & Waller, 1972; Steven F Maier &
Watkins, 2005). In contrast to this, studies where these contexts were
different showed differences that were not evident after 72h, suggesting
a key role of context fear conditioning in the development of deficits in

avoidance learning.

In contrast to the well-studied impact of prior exposure to inescapable
shocks affects shock avoidance behavior, how prior experience of
avoidance affects fear conditioning has been far less studied. In this

regard, our results showing a long-lasting negative effect of exposure to
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uncontrollable stress on fear conditioning, as well as a long-lasting
positive effect of controllable stress, are in line with previous studies
showing that animals exposed to controllable stress exhibit decreased
levels of corticosterone and freezing in an extinction test performed two
weeks post-TWAA (Hadad-Ophir et al., 2017; Horovitz et al., 2017; Ilin
& Richter-levin, 2009). Our results are also in accordance with previous
data from our laboratory in adolescent rats repeatedly exposed to a
TWAA task or corresponding uncontrollable shocks, showing clearly
reduced levels of freezing when exposed again during adulthood to the
TWAA context (Sanchis et al., 2018). Beneficial effect of controllability
on exploratory behaviors in new environments after one month has also
been reported (Lucas et al., 2014).

Regarding the differential effect on fear conditioning of high and low
avoiders, several studies have suggested that enhanced freezing and
deficit in avoidance acquisition in the latter animals could be due to a
higher CS-induced CeA activity as compared to high avoiders (Choi et
al. 2010; Lazaro-Munoz et al. 2010; Moscarello & LeDoux, 2013).
However, results from a study by Martinez et al. (2013) are in contrast to
this hypothesis. Twenty-four hours after seven Sidman active avoidance
(Sidman-AA) sessions, neural activity was measured by c-fos expression
in several brain areas including some amygdala subnuclei and the PFC
when exposed to the context of avoidance conditioning 24h later. As
expected, the authors showed decreased levels of freezing and increased
number of shuttlings in high compared to low avoiders, together with
higher number of c-fos activated neurons in the IL and medial CeA of
high avoiders, in contrast to the stablished role of CeA in favoring CS-
induced freezing behavior after pavlovian conditioning. Interestingly,
several studies have point out to the existence of a different contribution
of lateral versus medial subdivisions of the CeA to conditioned fear that
could explain these results (Ciocchi et al. 2010; Haubensak et al. 2010).
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Effects of controllability on behavior and
HPA axis

Behavioral effects of exposure to controllable vs. uncontrollable stress
were evaluated in two different experiments. In experiment 1 after
exposure to 2 sessions of stress we evaluated behavior of rats in the EPM,
the OF and the ASR, 2 or 5 days after the last stress exposure. In
experiment 3, after 2,5 or 7 sessions of stress we evaluated animals in the
OF, the social interaction test and the EPM, on days 7 and 8 after the last

stress exposure.

When evaluating the influence of controllability and amount of shock
received on behavior in the EPM, the results of the first experiment
indicate that only the number of shocks affected behavior, regardless of
controllability. More precisely, greater total activity in the apparatus and
distance and time in the open arms was observed in those receiving less
shocks (HA, U-HA), although uncontrollable stress also tended to
reduce these variables. In fact when stress naive rats were considered as
the reference, only HA rats showed signs of reduced anxiety and greater
number of shocks caused certain levels of hypoactivity. However, in the
OF only the factor controllability was significant, UnS exposure resulting

in reduced overall activity of rats.

In the other experiment where behavior was studied (experiment 3), one
week was imposed between the last exposure to shock and testing. The
comparison of data from the two experiments lack consistency when
analyzed in detail. It is important to consider that the experiments were
done in different laboratories and the origin of the animals as well as the
conditions of the animal facilities were clearly different. Inconsistencies
were evident in the EPM in that all stressed rats tended to show signs of
reduced anxiety, the effect being significant after exposure to
uncontrollable shocks. In this sense, Hadad-Ophir et al. (2016) using a

similar design showed lower rates of anxiety-like behaviors in animals
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exposed to controllable stress compared to naive animals when tested in
an EPM 2 weeks after exposure to six days of TWAA.

Results in the literature regarding the effects of shock exposure on
behavior in the EPM are markedly controversial, with results showing
increased, decreased and no change in the time spent in the open arms
(e.g. Daviu et al,, 2010; Grahn et al. 1995; Radulovic et al. 1998;
Steenbergen et al. 1990; 1991). The reasons for the discrepancies are
unclear. Some other studies have shown stressed animals to spend more
time in the open arms than non-stressed animals. For instance, Dopfel et
al. (2019) showed that animals exposed to predator-scent stress spent
more time in the open arms of the EPM conducted one week post-stress,
in contrast to other previous results with the same type of stressor or after
direct exposure to predators (see Armario et al. 2008; Staples 2010 for

review).

Animals spending more time in the closed arms have been generally
interpreted by the literature as animals with high levels of anxiety-like
behaviors. This interpretation derives from the view that “anxious”
animals will prefer to stay protected in the closed arms than to take the
risk of exploring an open area despite its natural instinct of exploring
new environments. One possible explanation for the UnS group to spend
more time in the open arms could come from a process of fear
generalization due to the similarity of the context of the enclosed arms
to the dark compartment in the shuttle where the animals received the
shock. In fact, evidence for generalization of fear to other completely
contexts after exposure to foot-shocks has been shown by previous
studies (Daviu et al. 2010; Radulovic et al. 1998).

In the OF, uncontrollable but not controllable shocks caused
hypoactivity, whereas the experience of control over shocks exerted a
modest anxiolytic effect (distance and time spent in the center).
Therefore, it appears that exposure to UnS consistently caused
hypoactivity in OF and the effects of stress are mitigated by control. In

contrast to the behavior in the EPM, more consistent data are reported
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regarding activity in OF. Our results agree with results from previous
studies from our lab and others where it is shown that fear conditioning
is induced after exposure to even a single foot-shock and that this fear
conditioning is responsible for inducing hypoactivity when later exposed
to novel environments non-related to the original context of shock-
exposure (Daviu et al. 2010; 2014; Radulovic et al. 1998; Van Dijken et al.
1992). Interestingly, our lab has demonstrated that this phenomenon is
dependent on the development of fear conditioning (Daviu et al. 2010).
This phenomenon has been designated as “cognitive generalization” by
our lab to distinguish it from the generalization process that occur when
exposed to similar contexts than the one of the stress exposure (Daviu et
al. 2010; 2014). Thus, the increased fear conditioning levels shown by
UnS animals during the TWAA compared to CoS animals would give
weight to the hypothesis of a relation between increased fear
conditioning and the facilitation of processes of fear generalization to

other contexts.

The possible effect of shock exposure to cause hyperarousal was assessed
by an ASR performed one-week post-TWAA. Results indicate a
diminished response (as measured by the averaged voltage evoked) in LA
as well as in UnS animals yoked to HA as compared with HA. Results of
the maximum voltage evoked showed a diminished response in LA
compared to HA. The response of the naive animals suggests that this
significant difference derives from an increased response in HA. We can
speculate that during the TWAA, HA may have acquired a state of alert
and focused attention towards environmental stimuli in order to
respond quickly to the CS and avoid the US, and that this state of alert
may generalize to different contexts. Another interesting possibility is
that a pre-stress factor, such as a more sensitive startle response, is
facilitating avoidance acquisition. In this regard, Vicens-Costa et al.
(2011) observed a positive correlation between basal startle response
(pre-TWAA) and avoidance rates in the subsequent exposure to the
TWAA.

205



In the same rats tested for the ASR, the activation of the HPA axis was
studied to show whether or not stress caused sensitization of this stress
system. Prior stress did not alter the ACTH and corticosterone responses
to the ASR test as compared with shock-naive animals, and no influence
of the number of shocks or controllability was observed. It has been
previously reported that acute exposure to severe stressors, including
foot-shocks, consistently resulted in sensitization of the HPA response
to additional stressors (Belda et al., 2012; Belda et al., 2015; Belda et al.,
2008; Johnson, 2002; O’Connor et al., 2003), particularly when the
challenging stressor is of low intensity and short duration (Belda et al.,
2016). However, this phenomenon is transient and can disappear in less
than one week, although occasionally longer lasting sensitization has
been reported (O’Connor et al., 2003). As the animals were tested in the
ASR 7 days after shock exposure, it appears that under the present
conditions HPA sensitization had already vanished. In any case, control
over stress does not appear to affect the degree of sensitization of the
HPA axis (O’Connor et al., 2003).

Individual variability in fear response

Individuals exposed to a traumatic experience show marked
heterogeneity in their response (Galatzer-Levy & Bryant 2013; Yehuda &
LeDoux 2007). Whereas some react exhibiting resilience to stressful
situations, others show maladaptive behaviors and develop significant
symptomatology related to stress and mood regulation. Despite this
critical feature, animal models thought to give relevant information
about the course and etiology of stress psychopathologies (e.g. PTSD
models) typically use the mean response of the whole population, thus

masking the difference in fear response among subpopulations.

In order to avoid masking these subpopulations in our study, a

behavioral profiling was conducted in experiment 3. “Affected” and
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“non-affected” populations were identified by comparison with the
normal distribution of the behavior in naive animals. More precisely,
activity and anxiety-related parameters of the behavioral battery of tests

conducted one-week post-stress were used for this characterization.

The results of this profiling approach revealed that whereas with acute
exposure to the stressor the percentage of affected population was
around 50 percent in both CoS and UnS groups, when the exposure is
prolonged to five sessions a marked decrease in the affected population
occurred in CoS but not UnS, which remained with the same percentage
of affected individuals. These results give strong support to our working
hypothesis that exposure to prolonged controllable stress exert a
beneficial buffering effect over the consequences of exposure to
uncontrollable stress.

Importantly, in contrast to the poor results obtained when studying the
effect of controllability on single parameters in the behavioral tests, a
clear effect is obtained when taking into consideration a combination of
many of the factors involved. These results highlight the value of the
profiling approach to explore the existence of subpopulations and detect
effects that may be masked when studying mere mean values in the

population.

In fact, in the last decade, researchers have begun to adopt this approach
to characterize heterogeneous populations in animal studies yielding
fruitful results on the molecular mechanisms involved in these
differences. In the field of animal models of stress disorders, distinct
populations have been identified based on factors such as the ability and
rate to extinguish fear responses (Bush et al. 2007; Cowansage et al. 2013;
Galatzer-Levy et al. 2013) or their ability to learn an instrumental
response to avoid an aversive stimulus (Choi et al., 2010). Furthermore,
using the same behavioral profiling approach of our study in
underwater-trauma exposed rats, Ritov et al. (2016) identified three
distinct phenotypes of stress response (anxious, anhedonic or exposed-

unaffected), each of them characterized by the involvement of different
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limbic regions and distinct activity patterns. Hence, such an approach
shows promising value in the identification of neurobiological markers
involved in the development of adaptive vs. maladaptive responses to
stress exposure. Nevertheless, we still need more in deep characterization
of the factors involved in the behavior of animals in the different tests to

better distinguish between affected and not affected subjects.

Molecular mechanisms underlying the
effects of controllability

Decades of research have highlighted the key role for active changes in
neuronal connectivity as a controller of behavior and inductors of
behavioral change (Kandel, 1976; Willows, 1971), including behaviors
associated to threat responsivity (J.E. LeDoux & Phillips, 1992).
Processes such as changes in post-synaptic receptor density or synaptic
pruning together with dendrites remodeling have been shown to be
associated with activity-dependent neural changes in synaptic strength
and lately on behavior (Champagne et al. 2008; Lamprecht & LeDoux
2004; Schafe et al. 2001) . Regulation of gene transcription was found to
be a bridge between experience and behavioral change, and epigenetic
regulation a crucial mechanism in the induction of these changes in gene
transcription underlying learning, memory and experience-dependent
behavioral changes (J. J. Day & Sweatt, 2011; Levenson & Sweatt, 2005b;
N. M. Tsankova et al., 2006; Zovkic & Sweatt, 2013a).

In the second experiment we studied the impact of two sessions of stress
on a wide range of biochemical parameters in critical brain areas (PFC,
amygdala, dorsal HF and PVN) when measured 2 or 7 days after stress.
We focused on two main types of parameters: those related to BDNF and
those related to epigenetics, particularly HDACs. In the third
experiment, some variables were also measured 10 days after exposure to

short vs. extensive TWAA training. These factors has been extensively
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studied regarding stress and learning in the literature (Blugeot et al,,
2011; Gray et al., 2013; Penney & Tsai, 2014; White & Wood, 2014a).
However, despite the large number of studies showing a link between
BDNF function and the regulation of fear and memory processes in
animal models of stress and psychiatric disorders, and the evidence
showing that exposure to controllable stress induces buffering effects on
some of these processes occurring after exposure to uncontrollable stress,
to our knowledge, only a few studies to date have assessed the differential
effects of control over stress on BNDF-TrkB function and none has

studied the impact on HDAC expression.

Changes in BDNF expression has been associated with processes of stress
response regulation (Bath et al. 2013; Berton et al. 2006; Murakami et al.
2005), long-term memory (Radecki et al. 2005; Rosas-vidal et al. 2014;
Schaaf et al. 2000; Takei et al. 2011) and diseases associated with
malfunctions of memory and mood regulation (Andero & Ressler, 2012;
Calabrese et al. 2009; Martinowich et al. 2007; Naert et al. 2011; Takei et
al. 2011). The changes in BDNF associated with fear and memory
regulation have been linked to epigenetic modulation mainly through
changes in the methylation state of its promoter regions or post-
translational histone modifications (Lubin et al. 2008; Mitchelmore &
Gede, 2014; Regue-Guyon et al. 2018; Rodrigues et al. 2015; Tsankova et
al. 2004).

In most parameters, no effect of stress exposure was observed. However,
Bdnf and Bdnf-IV transcript decreased in CAl after 2 days of exposure
to UnS but not CoS, the effect disappearing after 7 days. No changes were
observed in the other regions of the HF or in other brain areas studied.
Similarly, expression of the TrkB receptor was not affected by stress. In
contrast, results from the third experiment showed that two sessions of
stress induced a long-lasting decrease in TrkB regardless of the
controllability of the stressor and that more prolonged stress exposure
persistently increased TrkB mRNA levels in CoS but not UnS animals
compared to stress-naive rats and CoS animals exposed only to two
TWAA sessions.
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Several studies have reported a stress-induced decrease in hippocampal
Bdnf expression after acute and chronic stress (Rasmusson et al., 2002;
Smith et al., 1995; Ueyama et al., 1997), and acute and chronic
corticosterone treatment (Schaaf et al., 1997; 1998; 2000; Smith et al,,
1995). Interestingly, a study reported specific changes in Bdnf expression
only in animals identified as affected after predator-odor stress, in which
a decrease in Bdnf mRNA levels was detected one week post-stress in DG
and CAl, associated with an increase in its receptor TrkB in the same
regions (Kozlovsky et al., 2007). Moreover, studies from the last decade
have shown decreased levels of hippocampal Bdnf linked to epigenetic
regulation. Tsankova et al. (2006) found that chronic social defeat
decreased total Bdnf and Bdnf-IV mRNA levels in the hippocampus,
concomitant to increases in the repressive histone methylation of its
promoters. In agreement with these results, Roth et al. (2011) also
reported a decrease in the expression of Bdnf-IV. mRNA levels in DG
and CAl and DG, whereas an increase was observed in CA3, and no
change in the PFC or amygdala. These results are at odds with previous
work from the same authors, who found no changes in the hippocampus
after early-life stress, but decreased levels of Bdnf-IV mRNA in the PFC
(Roth et al., 2009). Furthermore, other studies have reported an increase
in Bdnf expression in response to stress and fear-memory processes.
Stress-induced increases in hippocampal Bdnf-IV mRNA and protein
levels have also been reported in response to fear conditioning one-week
after an SPS protocol (Takei et al., 2011). Other studies have reported a
bidirectional change in Bdnf depending on the duration of the exposure:
short exposure (15 min) to immobilization stress increased Bdnf mRNA
levels in the hippocampus, whereas prolonged exposure (3h) decreased
them (Marmigere et al., 2003). Similarly, Pizarro et al. (2004) showed
decreased Bdnf mRNA in DG, CA3 and CA1 24 h after 10 min of social

defeat but not at shorter times.

Some studies have reported changes in Bdnf expression after exposure to
an avoidance task. Datta et al. (2008) showed increased levels of Bdnf

mRNA in the hippocampus and amygdala immediately after a session of
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TWAA. Interestingly, blocking PKA activity prevented this increase in
CA3 after a session of TWAA and hindered avoidance consolidation 24h
later (Datta et al. 2009). Moreover, studies analyzing hippocampal Bdnf
expression in rat strains genetically selected for its avoidance expression,
showed lower basal levels of Bdnfand TrkB in “Roman Low Avoidance”
rats compared to “Roman High Avoidance” rats (Serra et al. 2017). In
contrast, no differences in basal levels of Bdnflevels have been observed
in strains bred for learned helplessness and non-learned helplessness and
paradoxically, acute immobilization decreased expression only in the
latter rats (Vollmayr et al. 2001).

Using exposure to electric shocks, any effect of UnS on HF or PFC BDNF
protein was observed in mice either during the first 24 h or between 2
and 14 days later (Schulte-Herbruggen et al., 2006). In contrast, using
tail-shock decreased BDNF expression in the HF but not in the PFC was
observed in rats 24 and 72 h after exposure (Greenwood et al., 2007),
although the effects were independent of controllability (Bland et al.,
2007). Occasionally, decreased Bdnf gene expression or protein has been
found to be more persistent (7 days after inescapable foot-shock
exposure) in both the HF and the PFC (Li et al.,, 2010; Liu et al., 2012).
In some studies, the results are difficult to interpret because BDNF
expression was studied after exposure to inescapable shock combined
with testing for LH making it difficult to distinguish between the impact
of prior exposure to UnS and the impact of the escape tasks used to
evaluate LH (e.g. Song et al., 2006; Clark et al., 2014). A contribution of
individual differences in the consequences of inescapable shocks is
possible as decreased Bdnf gene expression has been observed in mPFC
and DG of rats which developed LH but not in those which were

resilience, as compared with stress-naive animals (Yang et al., 2015).

All these results illustrate the high variability observed in the modulation
of Bdnf expression, deriving to a high extent from the dependence of the
effects to the type of stressor, duration of exposure, time since stress
exposure and brain region. Nevertheless, our results agree with the

general trend showing a stress-induced decrease in hippocampal Bdnf
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expression. The absence of a transient decrease in Bdnf expression in CoS
animals may indicate the presence of a protective effect on the
detrimental effects of stress-induced changes on synaptic plasticity, in
part responsible for the behavioral consequences observed in animals
exposed to uncontrollable stress but not those exposed to controllable
stress. Specifically, in view of the known role of the BDNF-TrkB pathway
in the modulation of fear conditioning and memory, we can speculate
that the different fear conditioning levels observed in CoS compared to
UnS animals could be associated with a different regulation of those

genes linked to synaptic plasticity.

Effect of controllability on Hdac’s expression

During the last decade, a large amount of evidence has been gathered on
the involvement of aberrant chromatin-mediated neuroplasticity in the
development of psychopathologies (Bagot et al. 2014; Haggarty & Tsai
2011). Studies have shown epigenetic regulation to play a crucial role in
the regulation of learning, memory and fear conditioning processes that
could underlie their involvement in the development of anxiety and
stress disorders (Hemstedt et al. 2017; Kwapis & Wood 2014; Lattal &
Wood 2013; Levenson & Sweatt 2005; Zovkic & Sweatt 2013). In
particular HDACGCs, enzymes in charge of repressing gene expression by
removing acetyl groups from histones in specific promoter regions, have
been shown to be a central player in the regulation of these processes
(Bahari-Javan et al. 2012; McQuown et al. 2011; Morris et al. 2013;
Penney & Tsai 2014; White & Wood 2014). In line with this evidence, a
new therapeutic approach has been focused on the use of HDAC
inhibitors as a treatment for psychiatric disorders such as PTSD and
anxiety disorders (Fass et al. 2013; Kim et al. 2018; Matsumoto etal. 2013;
Whittle & Singewald 2014; Wilson et al. 2014).

In view of this evidence we wanted to explore the differential effects of

exposure to controllable vs. uncontrollable stress in the regulation of
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these enzymes. We focused on HDAC2 and HDACS3, as there are studies
showing the implication of HDAC3 on the molecular mechanisms
involved in promoting the consolidation of long-lasting changes in
memory (Janczura et al. 2018; Kwapis et al. 2017; McQuown et al. 2011;
Mcquown & Wood, 2011; Shu et al. 2018) and studies showing HDAC2
to be linked to cognitive dysfunction, memory formation and extinction
(Graff et al. 2014; Guan et al. 2009; Kramer, 2009; Moonat et al. 2013;
Morris et al. 2013; Mungenast & Tsai 2012; Schroeder et al. 2013; Singh
etal. 2015).

We observed a heterogeneous response to stress across brain areas that
was in some cases affected by controllability. For instance, UnS as
compared with CoS increased Hdac2 gene expression 7 days after stress
in IL, whereas 2 days after UnS stress resulted in a decrease in CA1 and
CeA with respect to CoS condition. In the DG a delayed decrease was
observed after 7 vs. 2 days of exposure, with no changes after UnS.
Changes in Hdac2 where not related to changes in Hdac3. In the latter
case, UnS increased the expression in the AcCSh whereas in the DG and
CA3 changes were independent of controllability, showing a modest
increase in the DG at 2 days after stress and in CA3 at 7 days after stress.
The pattern of expression of the two enzymes clearly indicate the critical
importance of following the time-course of the changes and the

differential impact on the different brain areas.

To our knowledge, there is only one previous study specifically dealing
with the influence of inescapable shocks on HDACs (Lebow et al., 2012)
and no studies comparing CoS and UnS. In this study the focus was in
the BNST and minor changes were observed. However, changes in the
expression of some of these enzymes have been reported after other stress
conditions. Chronic social defeat in mice did not alter the expression of
HDACGs (1, 2, 4, 5, 7 or 9) in the HF (Tsankova et al., 2006). However,
chronic unpredictable stress increased HDACS5 protein in the HF the day
after (Liu et al., 2014). Similarly, the procedure increased this enzyme in
PFC and HF although measurements were done after superimposing

acute swim (Li et al., 2017). In the NAc, chronic, but not acute social
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defeat, decreased Hdac5 (Renthal et al., 2007), whereas increases in
Hdac5 and Sirt2 were found in the PFC after the same chronic procedure
(Erburu et al., 2015). Repeated restraint stress increased Hdac2 but no
other HDAC:s in the PFC (Wei et al., 2016), whereas repeated exposure
to FS for 4 days resulted in enhanced expression of Hdacl, Hdac2, Hdac4
and Hdac7 (but not Hdac6) in the HF of mice when studied two weeks
after exposure (Sailaja et al., 2012), suggesting long-lasting

consequences.

Epigenetic modulation has a highly specific nature and target not only
specific neuronal and non-neuronal cell types (Halder et al., 2016), but
also specific cell populations among all activated cells in response to a
stimuli (Rotllant et al. 2013). Therefore, the technique used in the present
study to dissect the tissue and extract the mRNA lacked the level of
specificity necessary to evaluate changes in gene expression in specific
neuronal populations. It is then likely that possible changes occurring in
small cell population may be diluted by the lack of changes in the rest of
the cells. Techniques such as laser microdissection of smaller tissue
samples, as well as FACS, may be an alternative to perform this analysis

with a higher resolution.

Comments on the reproducibility of data

Whereas the results obtained in the present thesis regarding behavior of
animals in the TWAA tasks are reasonably consistent, the overall
behavioral impact of controllable or incontrollable shocks has been
inconsistent as it has been the impact on biochemical variables.
Therefore, it appears that there are important factors that can contribute
to reduce the replicability of experiments within and between
laboratories. Although this is well-recognized in most reviews about
specific topics, how we need to proceed to overcome this problem is

unclear.
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More obvious problems are related to the type of stressor and duration
of exposure to it as well as when brain tissue after the final exposure to
the stressors was obtained. Although all emotional or predominantly
emotional stressors share certain characteristics, qualitative aspects can
be important. Among them, the possibility of control over stress was a
critical aim of the present thesis, but only a few laboratories have
specifically approached to the influence of controllability in animal
models and much remains to be known about this topic, particularly
regarding repeated experience of controllability or uncontrollability.
That acute and chronic exposure to stressors might have different
consequences in a wide range of variables have been repeatedly reported
and this concern extent to epigenetic markers. Finally, only in a reduced
number of papers the time-course of the behavioral and biochemical
changes is addressed. To complicate the picture, in some studies
biochemical variables are studied after superimposing testing procedures

or acute stressors, which might per se affect the results.

In our view, it would be important to repeat experiments within the same
laboratory and conditions and then to engage collaborations with other
laboratories to compare results. We can be at least aware of which results
are consistent and which are not. Obviously, one source of variability is
related to the genetic characteristics of the animals (outbred or inbred
strains) and another with environmental factors related to the breeding
of animals, including weaning conditions and weaning age, maintenance
during adolescence and adulthood and details of the procedure. The
importance of these details is frequently underestimated and details are
not reported. The small size of the samples used is also an important
concern. Whereas there is a pressure to reduce the number of animals in
experimentation for ethical reasons and the cost of maintaining them in
the animal facilities, this approach strongly increase the possibility to
obtain non reproducible results. All the above concerns affects not only
behavioral measures but also biochemical variables. In addition,
biochemical results are very often difficult to compare because different

brain areas are studied, and the experimental evidence strongly indicate
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that biochemical and epigenetic changes are markedly different among

the different areas.

Translating findings on avoidance and
controllability to the clinic

Although there is clear evidence linking proactive coping in response to
stress to protective effects against the development of psychopathology,
inferences about the neural circuits and molecular mechanisms from
animal studies of avoidance and controllability to humans are difficult.
Animal studies of active avoidance have been used to study two markedly
different processes: (i) The positive effect of pro-active coping in the face
of a threat; and (ii) avoidance as a model to mimic the acquisition of
maladaptive avoidance developed in psychopathologies such as PTSD,
OCD or phobias. While in the first case, avoidance is considered as the
adequate and beneficial response, the same instrumental response is
studied as detrimental in the latter case. Moreover, in line with the first
point of view, animals that acquire rapidly an avoidance response in
response to a threat are considered “good performers” and animals that
fail to acquire the avoidance response are considered “bad performers”.
In contrast, in humans, those who respond pathologically to a traumatic
experience are those exhibiting persistent avoidance conditioning
promptly in the aftermath of trauma, while those who do not acquire
avoidance behaviors are considered resilient. This discrepancy makes it
difficult to deduce whether changes on neural activity or at the molecular
level that lead to enhanced avoidance in animal models are related to
advantageous phenotypes. That is, whether it implies to dealing
proactively with stress, or on the contrary, they are a biological marker
of a higher tendency to develop avoidance conditioning when exposed
to a stressful event, and thus should be considered as a maladaptive
condition that may be involved in facilitating the development of

psychopathology in humans.
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Few animal studies have explored the perspective of enhanced avoidance
acquisition as a vulnerability factor to the development of anxiety
disorders. Among them, several studies are focused on the study of the
role of the hippocampus on avoidance acquisition. Based on the evidence
showing that hippocampal damage results in facilitated avoidance
learning (Black et al. 1977; Olton 1973; Olton & Isaacson 1968), together
with the evidence from human studies linking a dysfunction of this
region with anxiety disorders and PTSD, authors such as Pang et al.
(2014) have argued that hippocampal dysfunction may enhance the rate
of avoidance acquisition and the development of persistent avoidant
responding, thereby resulting in a risk factor for the development of

these disorders.

Based on studies on instrumental learning using appetitive
reinforcement, some authors have argued that this discrepancy in the
outcome of the same action may be due to differences in the time of
exposure and level of proficiency in the execution of the instrumental
response (LeDoux et al. 2016). While avoidance is seen as beneficial if
acquired rapidly in response to threats and if performed in a goal-
directed manner, with overtraining the action turns to be executed in a
stimulus-response fashion where it becomes independent of the
outcome. In other words, with overtraining avoidance is performed as a
habit. The authors argue that the detrimental consequences of avoidance
conditioning derive from this last stage and that in consequence, insights
about the human molecular mechanisms potentially involved in
maladaptive avoidance should be inferred once animals have reached

this point.

Although it is true that this perspective on the study of avoidance has not
been explored and valuable information about the performance of
aversively-motivated behaviors in a habitual manner can be obtained, it
is less clear whether the study of the neural pathways and molecular
mechanisms involved in the performance of “habitual avoidance” in
animal models will be the same as those mediating the pathological

avoidance behaviors in humans or not. While the execution of avoidance
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in both cases may be driven by the same neural circuits, the temporal
dynamics in the development of “automatic avoidance” in animal studies
(meaning as such the execution of avoidance in a stimulus-response
manner, independent of the outcome) is at odds with the timing of its
appearance in humans after exposure to trauma. In humans the
execution of avoidance in a pathological automatic manner does not
require overtraining of the instrumental response as required in animals
models, and in some cases like in PTSD, it may be developed
immediately in the aftermath of trauma with no further exposure to the
fear-eliciting stimulus in any manner, suggesting that at least the
mechanisms involved in the appearance of maladaptive avoidance
cannot be the same in humans than in the mentioned animal models of

habitual avoidance.

Further studies need to be undertaken to study the mechanisms involved
in the execution of avoidance after extensive training and assess the
hypothetical change from positive to negative long-term consequences
of active avoidance as the action becomes habitual. If this was the case,
manipulation of the neural circuits involved with the aim of obtaining
the detrimental effects of avoidance on “good performers” without over-
training could give valuable information about the possible neural
pathways leading to maladaptive avoidance in humans. In this regard,
studies showing that Wistar-Kyoto rats acquire avoidance faster and to a
higher degree than Sprague-Dawley rats (Servatius et al. 2008), as well
as its higher avoidance persistence during extinction (Jiao et al. 2011)

suggest this rat strain as a valuable candidate to perform these studies.

Although the hypothesis of a dysfunction in the neural circuits mediating
the execution of instrumental actions as a habit in the development of
maladaptive avoidance remains to be tested, a study found that patients
with OCD showed an enhanced tendency to develop avoidance habits
using a shock-avoidance test (Gillan et al. 2014), suggesting that indeed,
changes in the neural pathways mediating the habit formation of
aversively-motivated actions may be related to the development of some

psychopathologies.
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General conclusions

1. First reactions to an aversive event are critical to avoidance
conditioning learning. Excessive or persistent expression of defensive

reactions hinder avoidance acquisition.

2. Deficits in avoidance acquisition are not rescued by prolonged

exposure to controllable stress.

3. Contextual fear memory is modulated by controllability. High rates
of avoidance do not induce the same level of fear conditioning
observed after exposure to the same amount of uncontrollable stress

or low avoidance rates.

4. Controllable stress buffers the long-lasting increase in fear
conditioning induced by uncontrollable stress. Repeated experience

of high rates of avoidance are required to exert this buffering effect.

5. Some differences in fear conditioning to the context were observed
not only on the basis of performance in the task in the controllable
groups, but also between low avoiders (that can escape from shocks)
and uncontrollable groups (that cannot escape), suggesting that
active escape versus active avoidance tasks might exert different

behavioral effects.

6. Exposure to uncontrollable stress, but not to controllable stress,

induces hypoactivity in novel environments.

7. Animals showing high rates of avoidance exhibit a higher startle

response than low avoiders.
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8.

10.

11.

12.

HPA axis reactivity is not sensitized in the long-term by exposure to
foot-shocks.

Prolonged exposure to controllable stress induced a decrease in the
proportion of animals with an affected phenotype in comparison to
the percentage shown when exposed to short or prolonged

uncontrollable stress.

Evidence was found suggesting the modulation of mRNA expression
of BDNF and TrkB expression by controllability.

When classifying the rats in affected and not affected on the basis of
behavioral outcomes, affected animals showed persistent decreased
levels of TrkB and HDAC3 gene expression in CAL.

No reliable and clear biochemical signatures of exposure to
controllable versus uncontrollable stress were observed. Whether
biochemical parameters can consistently reflect individual

differences remains to be elucidated.
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