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Abstract

Anxiety- and trauma-related disorders such as post-traumatic stress disorder (PTSD) are
characterized by pathological fear responses and impaired extinction of aversive memories. In both
umans and rodents, cafteine intake in moderate doses correlates negatively with anxiety behavior,
depression and cognitive dysfunction. These eftects of caffeine are now known to be mediated mainly
through the antagonism of adenosine Az receptors (A:4R) in regions of the forebrain. In addition, A;aR
in the hippocampus and in the amygdala were shown to modulate synaptic plasticity and control
contextual associated fear memory. However, the role of these receptors in the extinction of fear is still

unknown.

In the present work, it was implemented and characterized a model of contextual fear
conditioning and ‘retrieval-extinction’ paradigm. Next, the memory trace of contextual, fear and
extinction memories was searched through c-Fos immunohistochemistry on brain slices. Finally, it was
investigated whether fear and extinction memories altered basal transmission, long-term potentiation
(LTP) and depotentiation (metaplasticity) in the dorsal and ventral hippocampus and in the amygdala,
through extracellular recordings on brain slices. The role of A2aR on fear extinction was investigated by
injecting mice with the selective antagonist, SCH58261 (0.1mg/kg, intraperitoneal), 1 hour before each
extinction trial and evaluating the fear response to the conditioning chamber, 24 hours after the last
extinction trial. Moreover, it was also investigated if ex vivo blockade of A,xR modified basal transmission
and plasticity on hippocampal and amygdala slices of naive, fear conditioned and of mice that went

through fear extinction.

The results show that the global blockade of AxR accelerates the extinction of contextual fear.
Moreover, contextual fear conditioning increased activation of the hippocampus and of the amygdala
whereas fear recall was associated with activation of other brain regions that orchestrate fear responses,
namely the prelimbic area of the medial prefrontal cortex, the hypothalamus and the core region of the
nucleus accumbens. Furthermore, contextual fear conditioning caused a stable increase of the LTP in the
ventral hippocampus and of the basal excitability in the amygdala. Remarkably, ex vivo blockade of A;4R,
which had no effect in the ventral hippocampal slices from naive animals, in slices from fear conditioned
mice reversed the conditioned-induced exacerbation of the LTP. Moreover, fear extinction also only

reversed this effect of contextual fear conditioning in the ventral hippocampus.



These results suggest a gain of function of the A;R in the ventral hippocampus during the
acquisition of contextual fear memories, and provides neurobiological evidence of a role for AysR on fear
extinction reinforcing the view of antagonists of these receptors as novel candidate drugs to manage fear-

and anxiety-related disorders such as PTSD.

Key words: Fear, Ay receptor, extinction, memory, PTSD



Resumo

Patologias com sintomas de trauma e ansiedade, como por exemplo, stress pos-traumdtico
(PTSD), sao caraterizadas por respostas excessivas de medo e a incapacidade de extinguir memorias
aversivas. Tanto em humanos como em roedores, pequenas doses de cafeina tém demonstrado ter
efeitos benéficos em comportamentos de ansiedade, depressao e disfungao cognitiva. Ja foi demonstrado
que estes efeitos da cafeina sao mediados, maioritariamente, pelo antagonismo dos receptores de
adenosina A (AxR) em regides do prosencéfalo. Estes receptores modulam processos de plasticidade
sindptica no hipocampo e na amigdala subjacentes a aquisi¢io e expressio dememoérias de medo
condicionado. No entanto, nunca foi estudado o impacto destes receptores na extin¢ao de memorias de

medo.

No estudo que vai ser apresentado, comegou-se por implementar e caraterizar um modelo de
medo contextual condicionado, assim como, um paradigma de ‘recuperagao-extingao’ de memoérias de
medo. De seguida, caraterizou-se o padrao de ativa¢ao neuronal neste modelo por imuno-histoquimica
daproteina c-Fos. Por fim, através de registos eletrofisiologicos extracelulares, investigou-se de que forma
o medo e a extingao de memorias aversivas alterava a transmissao basal, a potenciagio de longa duragao
eadespotencia¢ao no hipocampo dorsal e ventral, e naamigdala. O papel dos receptores A foi estudado
através da inje¢ao intraperitoneal do antagonista seletivo destes receptores, SCH58261 (0,1mg/kg) 1
hora antes de cada teste de extingao. O efeito deste antagonista foi avaliado através da resposta de medo
a caixa de condicionamento, 24 horas depois do tdltimo teste de extin¢ao. Foi ainda avaliada se a
administra¢ao aguda ex-vivo do antagonista dos receptores Ay modificava a transmissao basal e os
processos de plasticidade em fatias de hipocampo e amigdala de animais control e animais submetidos

ao protocolo de medo condicionado e extingao.

Os resultados mostram que o bloqueio geral dos receptores A4 acelera a extingao do medo
condicionado ao contexto. O padrao de marcagao de c-Fos indica ainda que a aquisi¢ao do medo ao
contexto aumenta o recrutamento neuronal tanto no hipocampo como na amigdala, mas que aactivagao
dessa memoria recruta outras zonas cerebrais, nomeadamente a zona pre-limbica do cortex pre-frontal,
o hipotilamo e o nicleo accumbens. Os resultados de eletrofisiolofia mostram que o medo
condicionado ao contexto aumenta a amplitude da potenciagao de longa duracao no hipocampo ventral

e a a excitabilidade basal na amigdala. Notoriamente, tanto a extingdo como o bloqueio ex-vivo dos



receptores Ay normalizou a potenciagio de longa duracio no hipocampo ventral dos animais

condicionados.

Em conclusao, estes resultados sugerem que durante a aquisicio do medo condicionado ao
contexto existe um ganho de fungao dos receptores Azx no hipocampo ventral o que podera explicar o
efeito do seu bloqueio na facilitagio da extingao desse medo. Assim, antagonistas destes receptores

poderao vir a ter um papel no tratamento de doengas relacionadas com a ansiedade como o PTSD.

Palavras chaves: medo, receptores A2A, extin¢ao, meméria, PTSD
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INTRODUCTION

1.1 THE PURINERGIC SYSTEM

Purines and purine nucleotides are constituents of all living cells as part of the backbone of DNA
and pivotal for cell metabolism. Despite their fundamental role in the intracellular milieu, these
molecules are also released into the extracellular medium and take part in neurotransmission and in

neuromodulation (Dunwiddie and Masino, 2001; Cunha, 2016).

Thus, today it is well established that purines are released from virtually all types of cells, including
neurons and glial cells, producing widespread effects on multiple organs by binding to its purinergic
receptors located on the cell surface (Burnstock, 2014; Brady and Siegel, 2012). The two principal

ligands for the purinergic receptors are adenosine and ATP/ADP.

1.1.1 Adenosine S™-triphosphate (ATP)
Adenosine S-triphosphate (ATP) is composed by an adenine ring that is formed during the

purine biosynthesis, the ribose moiety, generated from the pentose phosphate pathway and the
triphosphate chain, which is synthesized by independent metabolic pathways. This molecule was first
discovered by Dr. Karl Lohamnann in 1929 in muscle and liver extracts. Then, it was described has the
key source of energy, since it has the ability to capture free energy from catabolic processes and transfer

it to reactions and mechanisms that require energy (Devlin ef al. 2010, Voet et al,2004).
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Later on, in 1959, Doctor Pamela Holton showed that upon stimulation of the rabbit ear nerve
there was release of ATP (Holton et al, 1959). Since then, using the luciferin-luciferase assay and the
reverse phase high performance liquid chromatography, combined with ultraviolet detection (HPLC-
UV) to measure the extracellular levels of ATP, many scientists reported that, indeed, ATP was released

from nerve terminals (reviewed in Sperldg and Vizi 1996).

Furthermore, in 1970, George Burnstock and his colleagues, while studying the non-
adrenernergic and non-cholinergic nerve transmission in the smooth muscle of the guinea pig taenia coli,
discovered the “purinergic neurons”. These neurons where named “purinergic” because ATP was their
principal neurotransmitter (Burnstock ef al, 1970; Burnstock, 1972). Later it was shown that ATP was a
co-transmitter in the parasympathetic and sympathetic nerves (Burnstock, 1976) and now it is well
established that ATP is a co-transmitter in all nerve cells both in the peripheral and in the central nervous

system (PNS and CNS, respectively) (Burnstock, 2007).

Extracellularly, ATP can act both as a neurotransmitter and as a neuromodulator, through the
activation of its receptors (the P2 receptors) and/or through its dephosphorylation to adenosine, which
acts on its own receptors (the P1 receptors). The extracellular catabolism of the ATP occurs mainly
through a two-step enzymatic reaction: first the ATP or ADP is converted to AMP by the ectonucleoside
triphosphate diphosphohydrolase 1 (ENTPDI, also known as CD39) and secondly, the AMP is
hydrolyzed to adenosine by the ecto-$-nucleotidase (NTSE, also known as CD73) (Burnstock ef al,
2008; Gomes et al,2010), Figure 1. Thus, both ATP and adenosine fulfill an important role in CNS
injury, neurodegenerative and neuropsychiatric disorders (Burnstock et al, 2008; Gomes et al, 2010;

Cunhaetal,2016)

1.1.2 Adenosine

Adenosine is one of the most studied purines. The earliest evidence for an extracellular role of
adenosine was reported in 1929 by Drury and Szent-Gyorgy where they showed that this molecule could
control the heartbeat (Drury and Szent-Gyorgy, 1929). Since then, extracellular adenosine has been
established has a major neuromodulator and has been the subject of much research in virtually all
biological areas. Adenosine can either be released from cells through mainly (bi-directional ) equilibrative
nucleoside transporters (ENTs) or, as previously mentioned, through the extracellular catabolism of

ATP by the activity of the enzymes CD39 and CD74 (Fredholm et al,2013)
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Intracellularly, adenosine levels are tightly coupled to cellular metabolism. In fact, adenosine is
the base of nucleic acids, is the backbone of ATP, the energetic currency of cells, and is necessary for the

synthesis of nicotinamide adenine dinucleotide (NAD), the major controller of the redox state of cells

(Cunha, 2016).

1.1.2.1 General role in the brain

Besides the aforementioned fundamental role in metabolism, adenosine is the prototypic
neuromodulator in the nervous system since it does not directly activate neurons but instead modulates
the activity of other neurotransmitters thereby controlling neuronal excitability (Sattin ef al, 1970). In
the brain, this adenosinergic neuromodulatory impact is more evident in excitatory rather than in
inhibitory synapses and mainly depends on the balance between the activation of the inhibitory

adenosine A; and the facilitatory Asareceptors (Cunha, 2008).

1.1.2.2 Receptors in the brain
There are four types of adenosine receptors: A, Ass, Ass and As. The distribution and relative

densities of adenosine receptors s similar in rodents and in humans (Fredholm et al, 2005). In the central
nervous system (CNS) the A; and Aux receptors are by far the most abundant and therefore the best
studied (Fredholm ef al, 2005). In fact, these adenosine receptors are pleiotropic and expressed in

virtually all cell types in the brain (Fredholm ef al, 2005; Cunha, 2016).

The A, receptors (AiR) are widely distributed in the CNS with the highest levels in the cerebral
cortex, hippocampus, brain stem, and spinal cord (Reppert etal, 1991).In neurons, these receptors were
shown to be predominantly in glutamatergic synapses in both the striatum and in the hippocampus
(Rebolaetal, 2003; Rebola et al, 2005a). Here, AiRs are classically coupled to the G; group of G proteins
that inhibit the adenylyl cyclase therefore the activation of these receptors results in the depression of the
excitatory transmission (Dunwiddie et al, 2001). Thus, the activation of these receptors at the
presynaptic level inhibits the release of neurotransmitters whereas at postsynaptic sites, A|R can activate
potassium channels leading to the hyperpolarization of the cells (Cunha, 2001). Overall, the inhibitory

tonus of adenosine in the brain is attributed to the activation of presynaptic A{R (Cunha, 2016).

The Aua receptors (AxR) are highly enriched in the striatum, mainly at postsynaptic sites at
encephalin containing striatopallidal GABAergic projection neurons, and at 20% lower density in the
hippocampus, cortex, amygdala and others brain areas, mainly at excitatory synapses (Fredholm et al,

2005). These receptors were shown to have a limited impact on the control of basal synaptic
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Figure 1 - Modulatory effect of the A1R in glutamatergic synapses. Upon high frequency stimulation the A).R
have the ability to enhance the release of glutamate and the function of the ionotropic glutamate receptors leading
to an increase of the synaptic strength. One of the sources of adenosine in the synaptic cleft is through the release of
ATP and its catabolism through an ecto-nucleotidase pathway (Gomes etal,2010; Cunha et al,2016)

transmission but a pivotal role in the control of synaptic plasticity (Gomes, et al, 2010). In the striatum,
AysR are coupled to the G group of G proteins and elsewhere they usually couple to Gs proteins. Thus,
typically, activation of these receptors increases the activity of adenylyl cyclase and increases cAMP
(Fredholm et al, 2005). Thus, AxR are considered facilitatory of neurotransmission: at the Presynaptic
level, AxR trigger the release of neurotransmitters such as glutamate and postsynaptically, they can
increase NMDA- and mGluRs-mediated currents (Rebola et al, 2008). Furthermore, these adenosine

receptors can form heterodimers with dopamine D2 receptors, NMDA receptors, metabotropic
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glutamate S receptors (mGlusR) and cannabinoid CB1 receptors, increasing its spectrum of action

(reviewed in Chen etal, 2014).

1.1.2.3 Adenosine receptors in memory

The ability of A;R and of A;4R to modulate the release of neurotransmitters, neuronal excitability
and synaptic plasticity has raised the possibility of these receptors having a crucial role in learning and

memory.

In fact, over the years, it has been established that AxsR critically impact learning and memory
processes and therefore are at the etiology of many cognitive-related disorders (Chen et al, 2014) For
instance, using a model of spontaneously hypertensive rats and of aged rats, Prediger and colleagues
showed that both cafteine and selective antagonists of AR, but not of AR, reversed deficits in social-
related memories (Prediger et al, 2005 ab). Moreover, mice lacking AxuR had improved spatial

recognition memory, confirming that AxsR have a role in short-term memory (Wang et al, 2006).

Furthermore, it was also shown that AxR have a crucial role in working memory (Chen ef
al,2014). There have been some controversies in the definition of working memory but it is now
accepted that it refers to the temporary storage and management of information required to plan and
carry out cognitive tasks such as learning, reasoning, and comprehension (Cowan et al,2008).
Impairment of this type of memory is at the core of many brain disorders such as Alzheimer’s disease and
schizophrenia (Chen et al,2014). Interestingly, in a model of early Alzheimer’s disease in rodents
antagonists of AR had a neuroprotective effect (Cunbha et al, 2008; Canas et al, 2009). On the other
hand, overexpression of AR caused deficits in spatial working memory (Gimenez-Lort et al, 2007)
while the genetic deletion of these receptors improved it (Zhou et al, 2009; Wei et al, 2011) and also

cognitive flexibility (Wei et al, 2011).

In humans it was also demonstrated that the consume of caffeine (a non-selective antagonist of
adenosine receptors, Hamilton et al,2004) improved cognitive performance (Haskell ef al,2005) and
memory performance (Hameleers ef al, 2000; van Boxtel ef al, 2003 ); reduced the risk of developing
Alzheirmer’s disease (Lindsay ef al, 2002) and correlated with less cognitive decline in women (Ritchie

etal,2007).

In animal models, the beneficial effects of caffeine on LTP and memory have been shown to be
due to its antagonism of adenosine AxxR (Costenla et al, 2010 and in Cunha and Agostinho, 2010). In

addition to working and social memories, adenosine levels and adenosine receptors were also shown to
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impact fear memory (Corodimas et al, 2001; Yee ef al, 2009; Wei et al, 2014, Simées et al,2016). The
formation and extinction of fear memories have been shown to be NMDA-dependent, since the blockad
of NMDA receptors impairs the extinction of fear (Baker ef al, 1996; Cox et al, 1994; Liu et al, 2009;
Orsini et al, 2012). Since A;1R are able to control NMDA receptors in brain regions of the fear circuitry

(Rebola et al, 2008), AxsR may also control plasticity phenomena underlying fear memory.

In fact, our group recently showed that the antagonism of AxR reduced LTP in the lateral
amygdala. Additionally, the selective downregulation of AxsR in the BLA decreased the acquisition of fear
behavior (Simdes et al, 2016). Interestingly, the deletion of these receptors in the hippocampus did not
interfere with fear conditioning; however, when the animals returned to the conditioning chamber one
day after training, they displayed low freezing levels (i.e. impaired contextual fear memory) but recalled
the sound cue associated with the US (Wei et al, 2013). These results suggest that hippocampal AxxR
may modulate the contextual aspects of fear while in the amygdala these receptors interfere with fear

learning,

On the other hand, A|R activation in the hippocampus was shown to interfere negatively with the
acquisition of contextual fear (Corodimas et al, 2001). However, the density of A|R in the amygdala was
unaltered after fear conditioning and its blockade did not show any effects on fear memory (Simées et al,

2016).

These pioneering studies highlight the involvement of AR in both hippocampal and amygdala
circuits to control fear learning and memory and underlying mechanisms (Wei et al, 2013; Simoes et al,
2016). However, there are no evidences for a role for these receptors in the extinction of fear memories,

which would be of a more translational value for the treatment of anxiety- and trauma- related disorders.

1.1.2.4 Adenosine receptors in mood-related disorders
Due to the previously exposed evidences and the ability of AR to integrate both glutamatergic

and dopaminergic transmission (Schiffmann et al, 2007), two key players in psychiatric disorders
(Schmidt et al,2005), we propose that these receptors may be a favorable target to manage emotion-

related disorders such as PTSD.

Indeed, in rats, overexpression of A;xR is associated with an increase in anhedonia, which is one of
the main symptoms of depression (Coelho et al, 2014) and also a symptom in PTSD (Novakovic et al,

2011). Contrarily, caffeine, A;sR antagonists and deletion of AxsR in neurons of the forebrain, were able
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to normalize aberrant synaptic plasticity and revert mood and memory alterations caused by chronic

unpredictable stress (CUS), Kaster et al, 2015.

Also, antagonists of AxxR were proposed to be anti-depressants in animal models since both the
pharmacological blockade and the genetic deletion of these receptors reduced immobility in the classical
paradigms to evaluate depressive behavior in rodents, the forced swim test (FST) and the tail suspension
test (TST) (El Yacoubi et al, 2001). Nevertheless, these results may be shaded by the doses used of the
AssR selective antagonist, 10mg/kg of SCH58261, which were previously showed to increase locomotor
activity in the open field (El Yacoubi et al, 2000). Nevertheless, administration of istradefylline (or KW-
6002), also a selective antagonist of A;sR and a medicine used for alleviating the motor symptoms of the
Parkinson’s disease, again reduced the immobility period in the FST and had a synergistic eftect with
other well-known antidepressants, paroxetine and fluoxetine (serotonin re-uptake inhibitors) and
deprenyl (MAO-Binhibitor) (Yamada et al, 2013). Data from our group also indicate an antidepressant
effect of SCH58261 (0.1 mg/kg, administrated intraperitoneally) since it was able to actually revert
CUS-induced behavior in the FST without affecting locomotion (Kaster ef al, 2015). Moreover, the
genetic deletion of AR from forebrain neurons in mice reduced anxiety-related behavior measured in
the elevated plus maze (EPM) and in the open-field (Wei ef al,2014). Noteworthy, these authors also
showed that the striatal-selective deletion of A;sR did not influence anxiety-related behavior and actually
increased fear conditioning, however when the deletion was extended to all the forebrain (including the
cortex, the hippocampus and the amygdala), mice had a less anxious behavior, suggesting that AR can

oppositely modulate anxiety and fear in a region-specific manner.

In contrast, AR knock-out (KO) mice display increased depressive-like behavior (Serchov et al,
2015), and pharmacological blockade of these receptors also increase anxiety (Maximino et al, 2011).
These reports suggest that activation of A|R has an anxiolytic and anti-depressant effect while the

activation of AxsR has an anxiogenic and depressive-like effect.

In humans, A21R have also been implied in mood and anxiety-related disorders. Overall, it has been
showed that higher doses of caffeine tend to increase (Loke et al, 1988; Green et al,1996) while low doses
tend to decrease anxiety levels (Stern et al, 1989; Haskell et al, 2005). Another line of evidence showed
that anxiety levels are associated with polymorphisms of the ADORAA2A locus (locus ofthe gene coding
for AxaR) in people suffering from panic disorders/anticipatory anxiety (Hamilton ef al, 2004; Lam et al,
2005).
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Overall, there is good evidence that AxiR have a role on the etiology and pathophysiology of anxiety-
and mood-related disorders, both in rodent models and in humans. However, the therapeutic potential
of these receptors is still unexplored in most of these models. In this work, we hypothesized that A;sR

may also have an impact on fear extinction and therefore constitute a target for the treatment of PTSD.
1.2 FEARLEARNING AND FEAR EXTINCTION

Fear is a set of innate responses (endocrine, autonomic, cognitive and behavioral) to threatening
stimuli. These physiological responses have been retained by natural selection to promote survival
(Duvarci et al, 2014). Each day, animals are faced with threatening situations that require defensive
behavior or the result might be harm or death. Learned or associative fear is crucial to learn by experience
that some stimuli or circumstances predict danger or safety (Mineka et al, 2002). Fear or defensive
behavior is known to cause three types of reactions known as flight, freeze or fight responses (Orsini et

al, 2012).

Although fear learning is evolutionary advantageous, irrational fear is a major impediment to
success, productivity and overall well-being and in extreme cases it can lead to suicide. Overgeneralized
fear is one of the main symptoms of anxiety-related disorders such as panic disorder, phobia, and
posttraumatic stress disorder (PTSD). However, amongst anxiety disorders, PTSD is the one caused by
traumatic events and is characterized by abnormal fear expression, fear generalization and deficient fear

extinction (Mahan ef al, 2011; Mahan et al, 2012).

Pavlovian fear conditioning has been widely used to investigate the neuronal mechanisms of fear
learning (Maren ef al, 2001). This paradigm consists in pairing an initial neutral stimulus (conditioned
stimulus, CS) such as a chamber, a tone or a light with a noxious unconditioned stimulus (US), usually
a foot shock, Figure 2A (Duvarci ef al, 2014). As a result of this training the CS acquires the aversive
properties of the US and its presentation alone elicit a fear response, which in rodents translates into
freezing behavior. There are 3 major types of the fear conditioning test: the cued (classical) fear
conditioning; the context fear conditioning and the trace conditioning (Curzon et al, 2009). The
difterence between the cued and the contextual fear conditioning is that in the first case the CS is usually
a tone whereas in the second case the CS is the context chamber (Curzon et al, 2009). The trace
conditioning also requires the association of a CS with an US but this association is separated in time,

which requires the formation of a temporal relationship between the two stimuli (Runyan et al, 2004).
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Figure 2 - Fear conditioning paradigm in rodents. This paradigm consists in associating a neutral stimulus
(CS),a chamber in the contextual fear conditioning (Aa) and a tone in the cued fear conditioning (Ab) with
afootshock. The extinction of the fear memory can be achieved using two types of protocols: the mass extinction
(Ba), which consists in exposing the animal to the CS, in the absence of the US, multiple times in the same day, or
the spaced extinction (Bb) which consists in exposing the animals to the CS alone one or two times per day, for

several days (usually 4) in a row.

This paradigm is a powerful tool to investigate the neuronal mechanisms of associative learning (Maren

etal,2001) and to correlate with the dysfunctions that happen in anxiety-related disorders.

Additionally, this paradigm is also useful to study the mechanisms underlying the extinction of
fear memories. Spontaneous extinction of conditioned memories was first documented by Pavlov in
1927. The mechanisms through which the brain extinguishes aversive memories have since received
particular attention because of their relevance to the treatment of anxiety-related disorders (Dias et al,

2013).

Extinction of associative fear, consist in repeatedly presenting the CS in the absence of the US
(LeDoux 2000; Maren 2001), Figure 2B. As a result, by the end of this procedure, the CS no longer elicits
fear (Bouton, 2004). In the classical rodent models of fear extinction animals are exposed within 24 hours
of the CS-US pairing (the period of memory consolidation) to the CS in the absence of the US, either in
multiple trials during one day (massive extinction) or in a single trial during several days (spaced

extinction) (Santos ef al, 2013 ),Figure 2 B. It is important to remember that extinction of fear is not the
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same as forgetting since forgetting implies the loss of a memory with the passage of time (Orsini and
Maren, 2012). In support of this, there are multiple evidences of the recover of conditioned responses
after extinction (Bouton ef al, 2004; Orsini et al, 2012; McConnel et al, 2015; Izquierdo et al, 2016).
Recovery from extinction refers to the re-emerging of the fear response to the CS. This effect includes
spontaneous recovering (recovery of the fear response to the CS with the passage of time), renewal
(recovery of the fear memory outside the context of extinction), and reinstatement (triggered by the
presentation of the US in a different context). These recovery phenomena suggest that extinction does
not erase the fear memory or makes the individual unlearn, instead it leads to the formation of a new

inhibitory memory that competes with the original one (Orsini and Maren, 2012).

Furthermore, another type of extinction paradigm has recently emerged with better results both
in animal models and in humans, the ‘retrieval-extinction” paradigm. (Agren et al, 2012; Schiller et al,
2013; Griff et al, 2014; Johnson and Casey, 2015). These consist in retrieving the fear memory by
exposing the subjects to the CS (or a close reminder) in the absence of the US, followed by another
exposure to the CS alone within few minutes-hours. Thus, this type of extinction paradigm consists in
two trials per day, with a small intertrial interval (ITI), during few successive days (Griffet al, 2014). The
success of this type of extinction paradigms relies on their ability to trigger reconsolidation of the fear
memory, a period where this memory is more labile and can potentially be erased (Bentz and Schiller,
2015). Thus within the reconsolidation window, previous acquired memories can be updated with new
information (Auber et al,2013; Graff et al,2014). Nevertheless, the mechanisms and the functioning of
the fear circuitry underlying extinction are still less clear then the mechanisms behind the acquisition of

conditioned fear memories.

In the following sections of this subchapter, it will be discussed the current knowledge about the

brain areas mediating fear learning and extinction.

1.2.1 The Fear Circuitry
In 1920, Walter Cannon and Philip Bard presented the hypothalamus and its projections as

mediators of emotional behavior. Later, in 1937, James Papez extended this emotional circuit to include
the structures of the temporal lobe, centered in the hippocampus. In 1949, Paul MacLean revised this
circuit to include the medial prefrontal cortex (mPFC) and the amygdala, naming this circuit as the

“limbic system” (Orsini et al, 2012). Nowadays, it is well established that these three brain areas
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Figure 3 - Intrinsic connectivity in the amygdala. Scheme of the coronal section of the amygdala and of its intranuclear
connectivity (green, glutamatergic connections; yellow, GABAergic connections).

(amygdala, hippocampus and mPFC) are the most affected by fear conditioning and stress-related

disorders such as PTSD. (Mahan et al, 2013).

1.2.1.1 Amygdala as a crucial player in the fear circuitry

The amygdala seems to play a critical role in the acquisition and extinction of fear memories both
in animal models and in humans (Ehrlich ef al,2009; Agren et al,2012; Orsini et al,2012; Duvarci et
al,2014; Lithari et al,2016). This brain area is an almond-shaped structure constituted by different
groups of nuclei located in the medial temporal lobe. Its structure and function are highly conserved
across species underlying their importance in the survival of species (Sah et al, 2003). The amygdala or
the amygdaloid complex can be divided morphologically and functionally into different subnuclei: the
basolateral (BLA), the cortical-like group (CO), the central nucleus (CeA) and the intercalated cell
masses (ICM). The groups that have been more studied in the fear circuitry are the BLA, CeA and the
ICMs (Figure 3).

The BLA is composed mainly by spine dense glutamatergic neurons (80%), and to a lesser extent
by small, stellate and spine sparse GABAergic neurons. The BLA can be divided into the lateral amygdala
(LA) and the basal-amygdala (BA) (Spampanato ef al, 2011). Moreover, in the BA there are three
different populations of excitatory neurons: the ‘fear neurons’, the ‘extinction’ neurons and the
‘extinction-resistant neurons’. This nomenclature was proposed since some of the neurons (the ‘fear
neurons’) increase their firing during the acquisition and expression of the fear response to the

conditioned stimulus (CS), whereas the ‘extinction neurons’ only fire during the extinction training and
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recall (Henry ef al, 2008), and the ‘extinction-resistant neurons’ fire during the acquisition of fear
response and continue to be CS responsive after the extinction training. These last cells are proposed to
be responsible for the maintenance of the CS-US after the extinction, and might be one of the causes of

spontaneous recovery and renewal (Duvarci ef al,2014).

The CeAis located in the rostral part of the amygdala boarded with the basolateral complex. This
structure consists primarily in GABAergic neurons and has four divisions: the capsular (CeC), the lateral
(CeL), the intermediate (Cel) and the medial subdivisions (CeM) (Sah et al, 2008). However,
morphologically it can be divided into 2 groups: the CeL neurons that have a smaller soma, multiple
primary dendrites that branch freely and have a high density of spines, similar to the medium spiny
neurons in the striatum, and the CeM neurons that have a larger soma with few dendritic spines that
branch sparsely (Hall et al, 1972). In the CeL two distinct subpopulation of inhibitory GABAergic
neurons were identified, the CeL ‘on’ (that express the protein kinase C delta, PKC-§) and the CeL
‘off (in which PKC-8 is absent). This differentiation was also based on their response to the fear
conditioning. The CeL receives glutamatergic input from various brain structures, while the CeM send

the outputs to initiate a fear response.

The ITCs are small densely packed GABAergic cell clusters that connect difterent neurons
according to their position within the amygdala. There are two major agglomerates: the external, in the
borders of the amygdala (in the external capsule) and the intermediate, between the BLA and the CeA

(Duvarci et al, 2014).

All of these nuclei have strong intranuclear connectivity which is essential to the operation of the
amygdala. For instance, the BLA excitatory projections run dorsoventrally and medial-laterally from the
LA to the BA and, from to the CeA. These projections between the BLA and the CeA are not reciprocal,
and, interestingly, the LA projects exclusively to the CeL while the BA projects to both CeL and CeM
(Krettek ef al, 1978). The CeL neurons do not project to the BLA, but send GABAergic projections to
the CeM, and the CeM reciprocally projects to the CeL, although in a weaker-manner (Ciocchio et al,
2010). Additionally, on their way to the CeA, the principal neurons of the BLA can excite the intercalated
cells (ITC) (Royer et al, 1999). This means that the BLA neurons can influence the CeA neurons in two
ways: via direct glutamatergic projections and via an indirect pathway that leads to the excitation of the

ITC, generating a feedforward inhibition in CeA neurons (Duvarci ef al, 2014),Figure 3.
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In the classical circuit of fear memory formation the LA nuclei are considered the primary input
station of the amygdala since it receives converging visceral and somatosensory projections that allow
the association between the conditioned stimulus and the unconditioned stimulus. On the other hand,
the CeM nuclei are considered the primary output station of the amygdala since it projects to effector
structures that coordinate the autonomic response to fear (such as the brain stem and the hypothalamus)
and to structures that coordinate the perception of emotion (such as the anterior cingulate cortex, the
orbitofrontal cortex and the prefrontal cortex) (Ciocchio ef al, 2010). Thus, the learned fear is regulated
by modifying the relative efficacy of the direct versus indirect pathways of this intramygdalar microcircuit
that either lead to the excitation/disinhibition of CeM, resulting in the expression of the fear response, or

to its inhibition, resulting in the suppression of the fear response.

Indeed, based on recent findings from in vivo studies showing a distinct pattern of neuronal firing
during associative fear learning and expression, it was hypothesized that auditory fear conditioning
excites the LA neurons (LeDoux et al, 1990; LeDoux et al, 2000) which then activate the ‘fear’ neurons
in the BA (Herry et al, 2008). Subsequently, the ‘fear’ neurons in the BA directly activate the CeL ‘on’
neurons that will inhibit the CeL ‘off leading to a disinhibition of the CeM (Ciocchio et al, 2010). The
inhibitory projections of CeM will release the inhibition of the brainstem and of the hypothalamus
thereby promoting the autonomic fear response (Flores et al, 2015).
1.2.1.2 Hippocampus and its role in the fear circuitry

Another important and widely investigated structure in the fear learning and extinction is the
hippocampus. The hippocampus is a c-shaped structure situated in the caudal part of the brain. This
brain region is subdivided into the dentate gyrus (DG), the Cornus Ammonis (CA1, CA2, CA3) and the
subiculum and it is surrounded by the entorhinal, parahippocampal and perirhinal cortices (Strien et al,

2009),Figure 4.

Functionally, the hippocampus is divided into dorsal (posterior in humans) and ventral (anterior
in humans) hippocampus. The dorsal hippocampus has been implicated in the spatial navigation and
memory formation, i.e it mediates cognitive function. On the other hand, the ventral hippocampus is
associated with emotional responses, such as anxiety-related behavior (reviewed in Fanselow et al,
2010). These different roles of the two poles of the hippocampus may be due to their different

electrophysiological properties, patterns of gene expression and connectivity with cortical and
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Figure 4 - Anatomy and physiology of the hippocampus. Scheme of the coronal section of the hippocampus. This
brain structure has three subregions: the dentate gyrus (DG), the hippocampus proper (CA3, CA2 and CAl) and the
subculicum. The cortex that forms the hippocampus can be divided into three layers: the deep layer (comprises a mixture of
afferent and efferent fibers and interneurons), the cell layer (composed of principal cells and interneurons), and the
superficial layer. The deep layer in the DG is called the hilus, while in the CA regions it is referred to as stratum oriens. The
cell layer in the DG is referred to as granule cell layer whereas in the CA regions and in the subculicum it is called the
pyramidal cell layer. Finally, the superficial layer is called the molecular layer (the stratum moleculare) in the DG and in the
subculicum, whereas in the CA regions this layer can be divided into 2 or 3 sublayers. In CA3 there are 3 sublayers: the
stratum lucidum (receives inputs from DG), the stratum radiatum (comprises apical dendrites from neurons of the stratum
pyramidale) and the stratum lacunosum-moleculare (comprise apical dendrites and tufts). The layers in CA1 and CA2 are
similar to the CA3, with the exception of the stratum lucidum which is missing (Strien et al, 2009).

subcortical areas (Strange ef al, 2014). For instance, the ventral part has denser connectivity with the
amygdala (Van Groen ef al, 1990) while the dorsal region connects strongly with the entorhinal and

retrosplenial cortex (Swasson ef al, 1977), Figure S.

The cognitive function of the hippocampus has two major inputs: the medial entorhinal cortex
and the lateral entorhinal cortex. The medial entorhinal cortex is thought to create and update spatial
representations (Savalli ef al, 2008) whereas the lateral entorhinal cortex does not show any robust
spatial firing properties but is fundamental to the recognition of objects (Hargreaves e al, 2005). The
classical view of how information is processed in the hippocampal circuit is unidirectional, i.e,, it starts
with a projection from the entorhinal cortex (layers Il and I1I) to the DG. The DG projects to the CA3
via mossy fibers and then CA3 schaffer collaterals transmit information to the CAl. The CAl will then
project to the subculicum, which finally projects back to the entorhinal cortex (layer IV). However,
several backprojections within this circuit were found. For instance, CA3 can also project to the hilus and
to the molecular layer of the DG (Lietal, 1994), and the CA1 can backproject to the CA3 and to the DG

(Cenquizca et al, 2007), Figure 4.
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Figure S - Extrinsic connectivities of the dorsal and ventral hippocampus. The dorsal hippocampus has been more
implicated in memory and spatial navigation manly due to its connections to the shell of the nucleus accumbens (NAc), the lateral
septum (LS) and subsenquently to the mammalian body (MB). The ventral hippocampus is more associated to emotional reponses
due to its connections to the amygdala (lateral (LA), basolateral (BLA), posterior basolateral (BLP), ventral basolateral (BLV),
basomedial (BMA), medial nucleus (ME), posterolateral cortical nucleus (PMCo), posteromedial cortical nucleus (PLCo)), to the
hypothalamus (medial preoptic nucleus (MPN) and hypothalamic periventricular zone (PVZ)) and to the core of the NAc. IC:
internal capsule, AHN: anterior hypothalamic nucleus; VHM: ventromedial hypothalamic nucleus; MFB: medial forebrain
bundle

Due to its characteristics, the hippocampus has shown to have an important role in fear
conditioning and memory. For instance, the direct connections between the CAl region of the ventral
hippocampus and the baso-amygdala (BA) BA demonstrated to be required to the contextual fear
memory (Xuetal,2016). Furthermore, lesions in the dorsal hippocampus one day after fear conditioning
led to a deficit in the contextual acquisition of fear memories, but spared the cued fear response (Phillips
etal, 1992; Kim et al, 1992). However if the lesions were performed 7-28 days after the fear conditioning,
the contextual fear memories were retained (Kim et al, 1992). Moreover, using optogenetics it was
possible to study the real-time contribution of the hippocampal CAl excitatory neurons in remote fear
memory. Using this tool it was found that contextual fear recall, even 9 weeks after contextual fear
conditioning, can be reversibly abolished by temporally precise optogenetic inhibition of CA1 neurons,
thus suggesting that the hippocampus has a permanent role in the storage of contextual fear memories

(Goshen etal, 2011). Overall, these results indicate that when the hippocampus is not available there are
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other brain structures that compensate for its loss; however, when the hippocampus is intact, it takes part

in the formation of that contextual memory engram and is required for its recall.

1.2.1.3 Medial prefrontal cortex (mPFC) in the fear circuitry
The prefrontal cortex (PFC) of the rat is divided into medial, orbital and lateral parts (Ongur and

Price 2000). The medial PFC (mPFC) consists of four main subdivisions: the medial agranular (AGm),
the anterior cingulate (AC), the prelimbic (PL) and the infralimbic (IL) cortices (Berendse and
Groenewegen 1991). For a long time, this structure has been associated with diverse brain functions
including attentional processes, visceromotor activity, decision making, goal directed behavior and
working memory (Neafsey 1990; Goldman-Rakic 1994; Petrides1998; Repovs and Baddeley 2006).

However, the contribution of the mPFC for aversive memories is a more recent subject.

One of the first studies to examine this role showed that damage to this region did not affect
defensive behavior (Divac et al, 1984). In contrast, other studies revealed that lesioning the mPFC
increases the reactivity to aversive stimuli (Holson, 1986); however it was also shown that lesions in this
brain region impaired fear acquisition (Bissiere ef al, 2008). These contradictory results may be due to
the specific site of the lesion. In fact, selective dorsal PL lesions increased fear acquisition (Morgan etal,
1995) while lesions in the ventral PL decreased the activation of the sympathetic-mediated fear response

(Frysztak et al, 1991, 1994).

Despite the contradictory data, which may be related with the different types of fear conditioning
and the site of the lesions, the current view on the role of the mPFC in fear memory is that during the
acquisition and consolidation of fear there is a heightened response of the excitatory circuit between the

PL and the BLA (Giustino et al, 2015).

1.2.1.4 The macrocircuit underlying fear memory formation and fear extinction

It is well established that the acquisition of fear memories requires synaptic plasticity within the

amygdala, the hippocampus and the mPFC.

Itis described that during the acquisition of cued-conditioned fear, somatosensorial thalamic and
cortical inputs conveying information about the CS and the US converge onto the same neurons in the
LA. Then, LA will send excitatory projections to the “fear” neurons in the BA and these will excite the “on”
GABAergic neurons in the CeL. This leads to the inhibition of the CeL “oft” neurons and therefore to the
disinhibition of the CeM. Alternatively, the BA neurons may directly excite the CeM. Both situations

result in the activation of downstream eftector structures, e.g. the brainstem and the hypothalamus, that
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Figure 6 - Circuitry of fear acquistion and extinction. The fear acquisition and extinction involve the neuronal circuitry
between the hippocampus, the amygdala and the medial prefrontal cortex (mPFC). The critical components in amygdala
to fear conditioningare the LA, the BLA, the ITC and the CeA. A) information about the CS-US from the thatlamic/cortical
input arrives in the LA and will activate the fear expression through the activation of the ‘fear neurons’ in the BLA a
subsequent disinhibition of the CeA. B) The mechanism of fear extinction is similar to the fear expression, however the LA
neurons will activate the ‘extinction’ neurons in the BLA that will activate the ITC. Adapted from Flores et al, 2015.

will coordinate the fear response. On the other hand, during fear acquisition, the excitatory and reciprocal
projections between the BA and the PL region of the mPFC are potentiated. Similarly, the
CA1/subculicum region of the hippocampus also exhibits robust excitatory projections to both the PL
and the BA, which may be important for the integration of contextual and spatial information during fear

conditioning (Orsini ef al, 2012; Duvarci et al, 2014; Flores et al, 2015; Giustino et al, 2015), Figure 6.

During extinction the exposition to the context without the aversive stimulus will activate the
‘extinction’ neurons in the BA. These neurons will activate the ITC that will inhibit the CeA (Paré and
Smith, 1993), leading to a decrease of the fear behavior. At the same time, these ‘extinction” neurons will
activate the IL area of the mPFC that will send projections reciprocally to the BA and, additionally will
excite the ITC, contributing to the inhibition of the CeA. Furthermore the hippocampus, will also have
reciprocal projections with both amygdala and the IL to control the context-specific expression of fear

extinction (Figure 6).

1.2.2 Mechanisms of fear learning and memory

The functioning of this neurocircuitry relies on synaptic plasticity phenomena that when
pathologically altered leads to an impaired or aberrant fear expression (Goosens ef al, 2003; Chapman

etal,2003).
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1.2.2.1 The plasticity and molecular processes of fear learning in the amygdala

The mechanism of synaptic plasticity that is thought to underlie the formation of memories is the
long term potentiation (LTP) (Purves et al, 2004). Accordingly, it was shown that during fear acquisition
and expression, the excitatory circuit in the amygdala is heightened and occurs a LTP of the synapses
from the afferent neurons carrying information about the CS and the US that terminate in principal

neurons of the BLA (Orsini ef al, 2010; Maren et al, 2014).

In the amygdala, LTP at excitatory synapses was shown to depend on both a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and on N-methyl-D-aspartate (NMDA) receptors. These
glutamate receptors are required for the depolarization of the postsynaptic membrane and for
implementing the synaptic adaptations required for LTP (Purves et al, 2004). During fear acquisition
the blockade of these receptors in the BLA prevented LTP and impaired both the acquisition and
expression of the fear behavior (Maren et al, 2005; Goosens et al, 2003; Walker et al, 2002). However,
Chapman et al. 2003, showed that the blockade of NMDA receptors do not completely abolish this L'TP,
possibly due to the existence of L-Type Voltage-Gated Calcium Channels (VGCCs) that
counterbalance the loss of NMDA receptor signaling. These results suggest that there are distinct forms
of LTP (NMDA-dependent and NMDA-independent) in the BLA in vitro and that a combination of
both contributes to the formation of fear memories in vivo. Furthermore, Rumpel et al, 2007, showed that
fear conditioning drives AMPA receptors to the synapses of the LA neurons, and the blockad of this

trafticking leads to impairments in the fear memory formation.

Among the molecules important for amygdala-dependent memory and LTP is the brain-derived
neurotrophic factor (BDNF). Thus, BDNF-mediated signaling is essential for the normal acquisition
and consolidation of associative fear memory and has been implicated in the pathophysiology of PTSD
(Mahan and Ressler, 2012). In rodents, BDNF gene expression and activation (phosphorylation) ofits
receptor TrkB increase in the amygdala after the pairing of CS-US and intra-amygdala injections of an

antagonist of TrkB disrupts fear acquisition (Rattiner ef al, 2004).

A downstream molecule to the BDNF pathway, and one that is activated in most synaptic
plasticity-related signaling cascades, is the ubiquitous transcription factor ‘CAMP response element-
binding protein” or CREB. In unstimulated cells, CREB is not phosphorylated and has little or no
transcriptional activity. However, phosphorylation (activation) of CREB is responsible for the regulation
of protein synthesis, required for LTP and long-term memory, and can be achieved via upstream

signaling cascades such as MAPK pathway, or through calcium that will interact with the nuclear
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calcium/camodulin-dependant Kinase IV (CAMKIV) (Orsini et al, 2012). The impact of the activation
of CREB in the functioning of the amygdala has been shown by Josselyn and colleagues: using herpes
simplexvirus type 1 vector-mediated gene transfer, these authors overexpressed CREB in the LA of mice
and observed an enhancement of the long term fear memory (Josselyn et al, 2001). On the other hand,
the blockade of protein synthesis or of CREB activation in the BLA disrupted the memory in a

conditioned taste aversion paradigm (Josselyn et al, 2004).

CREB is responsible for the transcription of immediate early genes (IEG) during fear
conditioning such as c-Fos (Miyashita et al, 2008). In resting cells, c-Fos is at a very low density but upon
neuronal activity there is an increase of its synthesis (Purves et al, 2004). For this reason, c-Fos expression
has been widely used to reveal memory engrams and traces (Henry et al, 2014; Knapska ef al, 2009;
Orsinietal,2011; Josselyn etal, 2015). The Fos protein has been reported to be increased in the rat brain
in response to stressful events (Melia et al, 1994) and, during the acquisition of an auditory fear
conditioning there is an increase in the Fos induction in the BLA and in the CeA (Harris ef al,2004;
Jimenez et al, 2009), but Sh after the conditioning the c-Fos levels returned to preconditioning baseline
levelsin the BLA (Harris et al,2004). Furthermore, it was demonstrated that the blockade of the synthesis
of c-Fos in the amygdala leads to an impairment in the acquisition of fear memories (Radulovic et al,

1998; Yasunobu et al, 2006).

Most studies have focused on the excitatory circuit of the amygdala as the most relevant to the
formation of fear memories. In fact, it was shown that the inhibitory system was downregulated in the
amygdala during the acquisition and expression of fear, ie. lower mRNA (Heldt ef al, 2007) and
extracellular levels of GABA (Stork et al, 2002), and on the other hand, facilitating GABAergic
transmission with benzodiazepines impaired the acquisition of fear memory and had an anxiolytic-eftect
(Dickinson-Anson et al, 1993; Harris and Westbrook, 1995; Pesold and Treit, 1995; Pain et al, 2002).
However, recent studies started to shed-light into the relevance of the inhibitory circuits in the amygdala
to the normal functioning of the fear circuitry (Ehrlich ef al,2009 and on Lee e al, 2013 ). These studies
demonstrate that the inhibitory drive is more than a simple brake of the excitatory transmission and
instead, represents a regulatory control over microcircuits that is pivotal for the normal consolidation,
expression and extinction of conditioned fear (Zhang et al, 2008; Makkar ef al, 2010; Lu ef al, 2014).
Overall, itis the balance between excitation and inhibition that determines the output from the amygdala

(Royer et al, 1999; Ehrlich et al, 2009; Cicchio et al 2010).
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1.2.2.2 Plasticity mechanism of fear learning in the hippocampus

Long-term potentiation has long been considered the primary mechanism for hippocampal-
dependent learning and memory (Anderson et al, 1967; Bliss et al, 1973; Bliss et al, 1993). As in
amygdala, an important molecule for the hippocampus-dependent contextual memory and LTP is the
BDNF. Indeed, the BDNF levels were showed to be increased in context fear conditioning but, not in
tone fear conditioning (Liu ef al, 2004; Takei et al, 2011), emphasizing specific role of the hippocampus

in the contextual aspect of fear.

On the other hand, Kim and collegues (1991) showed that intracerebroventricular (ICV)
infusions of APV to block the NMDA receptor prevented the acquisition of fear, however, if the animal
had already acquired the fear memory this blockade was no longer able to inhibit the expression of fear

(Kimetal, 1991).

Additionally, during LTP there is the trafficking of AMPA receptors to the plasma membrane. In
order for this exocytosis to occur it is necessary the activation of CREB, to activate the protein synthesis
needed to the synthesis and transport of AMPA receptors (Purves ef al, 2004). During fear conditioning,
there is a significant increase of the levels of pCREB in the hippocampus (Hwang et al, 2010), which
suggest that there is a higher recruitment of AMPA receptors to the membrane to strengthen the synaptic
transmission. Indeed, it was reported that fear conditioning enhances spontaneous AMPA receptor-
mediated synaptic transmission in the CAl area of the hippocampus (Zhou et al,2009) and that
trafticking of the GluR1 subunit of the AMPAR in the hippocampus is required for encoding contextual

fear memories (Mitsushima et al, 2011) .

Furthermore, BDNF and TrkB mRNA and protein levels increase in the hippocampus during the
consolidation period of contextual fear memory (Takei ef al, 2011). In humans, a single nucleotide
polymorphism in the BDNF gene (Val66Met) is associated with the incidence of various psychiatric
disorders, including depression, schizophrenia and PTSD (Zhang et al,2006; Gonul ef al,2011). In
particular, this mutation is thought to alter the stability and secretion of BONF and therefore interferes

with memory formation and retrieval (Mahan and Ressler, 2012).

1.2.2.3 The dualities of the medial prefrontal cortex in fear learning

Due to the contradictory outcomes obtained with lesion studies in the mPFC, to clarify these
results, eletrophysiological recordings were performed. It was observed that with the presentation of the

CS there is a boost of the neural activity in the PL (Burgos-Robles ef al, 2009), suggesting a role for this
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brain area in the acquisition of fear memories. More recently, it was shown a correlation between the
spontaneous firing rate of some neurons in the PL and in the IL with a high and a low-fear state,
respectively. Interestingly, the neuronal firing rate returned to basal levels, despite the ongoing freezing
behavior (Fitzgerald etal, 2015). Furthermore, it was demonstrated that the inactivation of the prefrontal
activity, either through the local application of a GABAA receptor agonist or of an NMDA receptor
antagonist, impaired the acquisition but not the expression of fear (Glimartin et al, 2010). Accordingly,
using optogenetic methods to explore the plasticity in prefrontal cortex projections, it was shown that
during fear learning there is strengthening of the PL excitatory synapses in the BLA which can be

attributed to a postsynaptic increase in AMPA-mediated currents (Arruda et al, 2014).

Furthermore, using detection of immediate early genes (IEGs) such as c-Fos, it was shown that
gene expression in the mPFC may be context-dependent due to its connections with the hippocampus
(Knaspka et al,2009). In line with this, PL and IL exhibited opposite patterns of Fos expression during
the renewal and the extinction training in the same context. For instance, PL showed a robust increase of
c-Fos during fear renewal while the IL had an increased c-Fos expression during the extinction in the
same context (Knaspka ef al,2009). These findings suggest that the mPFC may be essential for the
integration of contextual cues to process the meaning of the CS. However, it has been also shown that PL
and IL exhibit the same levels of c-Fos after the conditioning (Herry ef al,2004), suggesting that the PL

an IL can fluctuate similarly during the acquisition, extinction and expression of conditional fear.

1.2.3 Mechanisms of fear extinction

1.2.3.1 Amygdala: what is the mechanism to extinguish fear memories?

In the BLA, distinct groups of neurons fire during fear conditioning and fear extinction, thus, these
are termed “fear” and “extinction” neurons, respectively (Henry et al, 2008; Duvarci and Pare, 2014)..
During fear extinction and expression, the “extinction” neurons in the BA are thought to activate the ITC
causing feedforward inhibition of the CeA nuclei which result in a decrease of the fear response (Orsini
et al, 2012; Duvarci et al, 2014). However, unlike the formation of fear memories where it is well
established that LTP is the mechanism underlying the acquisition and expression of associative fear, the
exact synaptic mechanism associated with extinction learning and expression is not as well understood.
There are two major hypothesis that are not mutually exclusive: one defends that during extinction
learning and expression there is a weakening or depotentiation of the excitatory transmission within the

BLA and the other presumes that this weakening of the glutamatergic network is due to a potentiation
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of the inhibition onto the excitatory circuit that is promoting the fear response, (McConnell et al, 2015;

Maren, 2015).

The first possibility involves the depotentiation or long-term depression (LTD) of the synaptic
transmission in the cortico/thalamus excitatory synapses in the LA that was promoting the CS-US
association. In support of this hypothesis, Kim et al(2007) conducted ex vivo electrophysiological
studies in the LA of rats and observed that in animals that underwent fear extinction there was an
occlusion of the LTD. In addition, the authors found that the excitability of LA glutamatergic neurons
was decreased relative to fear conditioned rats and was equal to the naive and to the unpaired CS-US

groups (Kim ef al, 2007).

In support of the second hypothesis, Trouche et al. (2013) found that excitatory neurons in the
BA that were activated during contextual fear conditioning were less likely to be activated after fear
extinction and presented increased levels of perisomatic GAD67 and of parvalbumin, suggestive of
enhanced GABAergic transmission onto these neurons. However, there are also other possible
mechanisms such as the potentiation/disinhibition of the glutamatergic “extinction” neurons that will
lead to the inhibition of the amygdala output nuclei in CeA (reviewed in Duvarci and Pare, 2014 ) or that
extinction learning promotes LTP at the excitatory synapses between the afferent neurons carrying the
information about the CS and the cells mediating feedforward inhibition in the BA (Maran, 2015). This
last hypothesis involves the activation of the inhibitory ITC in the amygdala. In fact, ITC limit the
excitatory transmission between the BLA and the CeA, thereby suppressing the fear responses (Lin et al,
2003 ab) and the selective elimination of the ITC cells correlates positively with decreased fear
extinction (Likhtik et al, 2008). On the other hand, mechanisms of metaplasticity observed in the

amygdala might account for the return of the fear memory after extinction (discussed in Maren, 2015).

1.2.3.2 Hippocampus in the extinction of contextual fear memories

As in the acquisition of associative fear memories, the context is also important to the extinction
of such memories (Maren ef al, 2013). In this process, the hippocampus was shown to control the
context-specific learning and expression of extinction (Ji et al, 2007). Thus, inactivation of the rat dorsal
hippocampus before extinction training impaired extinction learning and memory and inactivation of
the hippocampus after extinction learning disrupted the retrieval of that memory (Corcoran et al, 2005).
Moreover, Corcoran et al. (2005) also showed that these rats had fear responses to the CS regardless of
the context in which it was presented, which indicates that the context-dependent expression of

extinction was also disrupted. Additionally, it has been shown that hippocampal place cells (principal
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neurons of the hippocampus) remap in response to fear learning (Moita ef al, 2004), and this novel
representation stabilizes with time (Wang et al, 2012). Likewise, there are hippocampal cells that remap
primarily during extinction to form new representations of the context, suggesting that extinction
represents new learning. However, at the same time, there are other cells remapping both during
conditioning and extinction, demonstrating that extinction may also modify pre-existing memories

(Wangetal, 2015).

Confirming these results, analysis of the expression of c-Fos during fear conditioning and
extinction showed that different populations of hippocampal principal neurons are activated (Tronson
et al, 2009). However, many cells are involved in forming contextual representations during both
learning processes (Wang et al, 2015). Future studies are needed to understand if these different
subpopulations of cells that appear to fire preferentially during acquisition of fear or during extinction

have different connections with the neuronal areas regulating emotion.

At a molecular level, besides the increase in the expression of c-Fos in the hippocampus, an
increase in CREB was also observed during fear extinction. Additionally, inhibition of protein synthesis
blocks reconsolidation and long-term extinction memory (Mamiya et al, 2009). Furthermore,
elimination of BDNF impairs fear extinction by decreasing synaptic plasticity dependent on NMDA
receptors (Heldt et al, 2007; Peter et al, 2010). All these data suggests that like fear conditioning, fear

extinction requires long-term synaptic plasticity in the hippocampus.

1.2.3.3 Medial prefrontal cortex: is the IL or PL essential to the extinction of fear

memories?

One of the earliest observations regarding the neural mechanisms of extinction was when lesions
in the ventral medial prefrontal cortex (vmPFC) led to an impaired extinction of conditioned fear
(Morgan and LeDoux, 1995). In agreement with this, it was shown that the IL region of the vmPFC can
modulate fear expression through descending projections to the amygdala, including projections to the
BLA, CeAand ITC (Quirk et al, 2008 ). Moreover, In vivo intracellular recordings showed that the mPFC
also regulates the expression of fear by inhibiting the principal cells in LA (Rosenkrans ef al, 2003 ). This
regulation is controlled by the mPFC IL neurons through the activation of the ITC (Brinley-Reed ef al,
1995; Smith et al, 2000; Quirk et al, 2003). Consistent with this, chemical stimulation of the IL cortex
with picrotoxin (a non-competitive GABAA receptor antagonist) results in an increase of c-Fos in the
ITC (Berreta et al, 2005). Confirming the hypothesis that increased connectivity between the PFC and

the amygdala mediates fear extinction, it was observed an increase of CREB-mediated gene expression
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in both the amygdala and the PFC after fear extinction and the blockade of protein synthesis of both
these regions impaired the formation of an extinction memory (Mamiya et al, 2009). Additionally, in rats
that underwent auditory fear conditioning, infusions of BDNF in the IL decreased the fear response, even
without the extinction training (Peter et al, 2010). All these results confirmed the relevance of the mPFC,

particularly the IL region, to both the acquisition and consolidation of extinction memories.

As mentioned above, it is important to notice that the belief that the IL and the PL regions of the
mPFC exert opposite regulation of fear memories, i.e. the PL promotes fear whereas the IL promotes
extinction, and are activated only during fear conditioning or during fear extinction, respectively, is being
questioned. Indeed, it was already showned that the PL was also recruited during the suppression of fear
and IL during the acquisition of fear (Morgan et al, 1995, Herry et al,2004). Nowadays, it is argued that
different cell populations along the dorso-ventral axis of the mPFC have overlapping functions with the

PL and the IL parts (Giustino et al,2015).

1.3 ROLE OF CONTEXT IN FEARLEARNING AND
EXTINCTION

Memory is not a passive process in which we indiscriminately retain information from our
environment. Instead, variables such as the context and prior experiences are important filters to the
storage of information and the accuracy with which that retention occurs (Levin ef al, 2001). Context,
defined as the sensorial recollection and the perception of time serves to define a certain situation thereby
framing the memory of an experience (Maren ef al, 2013). Context can be the internal (cognitive and
hormonal) or the external (environmental and social) backdrop on which psychological processes

operate (Spear et al, 1973).

Furthermore, it is described that deficits in contextual processing often lead to inappropriate
behavioral responses and may result in paranoia, intrusive thoughts and/or compulsive behaviors. One
of the stress-related disorders more representative of a dysfunction in the processing of context is the

PTSD (Mahan et al, 2012; Maren et al, 2013).

To understand the mechanisms that lead to the association of a given context to an aversive
stimuli, neuroscientists either study the memory of the context during classical cued-fear conditioning
paradigms or use pure contextual fear conditioning paradigms in which instead of a specific cue (e.g, a
light or a sound), the animals learn to associate an aversive stimuli (e.g, a footshock) to the place where

they experience it (e.g, the conditioning or training chamber), Maren ef al, 2013.
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In order for context learning to occur, the animals must first form a representation of the context
(Maren et al, 2013), i.e. they need to have a period of habituation to the conditioning chamber in the
absence of the unconditioned stimulus, otherwise the animals will not show context conditioning
(Fanselowetal, 1990). After the habituation, the animals receive a footshock to acquire the fear memory.
These two learning processes are referred to as “context encoding” and “context conditioning’,
respectively (Maren ef al, 2013). Moreover, it is also known that the extinction of fear memories is

context-dependent (Bouton et al,2004).

The engagement of the fear neuronal circuitry’ underlying contextual fear conditioning s still less
defined than its functioning in cued fear conditioning; however, the role of each structure is essentially
the same, ie. the hippocampus is responsible for the context-dependence of the extinction
memory(Strange ef al,2014) and the amygdala is the place where the association between the CS
(context) to the US occurs, mainly due to its strong reciprocal connections with the hippocampus.
Indeed itis described that the dorsal hippocampus has the ability to modulate the context-specific firing
neurons of the lateral amygdala (Maren et al, 2007) and the ventral hippocampus has projections to the
baso-amygdala that are required for the retrieval of contextual fear memory (Xu ef al, 2016). Moreover,
IEG studies have shown that the activation of the mPFC may be context dependent, possibly as a result

of its connections with the hippocampus (Orisini et al, 2012; Giustino et al,2015).

1.4 MOOD- AND ANXIETY - RELATED DISORDERS:
POSTTRAUMATIC STRESS DISORDER

Mood- and anxiety-related disorders are characterized by a variety of neuroendocrine,
neurotransmitter, and neuroanatomical disruptions (Martin ef al,2009). Nowadays, it is well established
that the brain areas and neuronal circuitry that contribute to these disorders overlaps with the circuitry
of fear (Tovote et al,2015). Indeed, anxiety-related disorders are marked by excessive fear (and
avoidance) in situations without real danger (Shin et al,2010). Therefore, many of the symptoms of
mood- and anxiety-related disorders are thought to result from an imbalance of the activity of the fear
circuitry, especially in the emotional centers, as the amygdala and the ventral hippocampus (Ressler et
al,2007; Martin et al,2009; Shin ef al,2010). Amongst all the anxiety disorders, posttraumatic stress
disorder (PTSD) is the one in which fear becomes more overgeneralized due to a traumatic experience.
This disorder is the example of how excessive fear can impair quality of life. Individuals with PTSD have
three types of symptoms: re-experiencing, hyperarousal and avoidance. Re-experience of the traumatic

events involve nightmares, intrusive recollections, flashbacks, physiological arousal and distress in
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response to reminders of the incident. The hyperarousal symptoms include hypervigilance, exaggerated
startle and difficulty in sleeping or concentrating; Finally, the avoidance of trauma-associated stimuli can
lead to the loss of interest in previously enjoyable activities and deficits in learning and memory (Shin et

al,2010; Mahan et al, 2011).

This pathology is highly heterogeneous due to the variability of trauma types, symptom severity
and other existing comorbid disorders (Thomaes et al, 2013). The typical traumatic events that lead to

PTSD include abuse during childhood, war and rape (Kessler ef al, 1995).

The main therapeutic approaches that are available to PTSD patients are psychological support,
anti-depressive medications (Novakovic et al, 2011) and “exposure therapy” (Dias et al. 2013).
However, these classical treatments fail in the most severe cases which sometimes culminate in suicide.
Thus, the understanding of the neurobiological mechanisms behind the development of PTSD is crucial

to develop effective treatments.

Since, the brain circuitry involved in fear processing is preserved amongst mammals (Lang ef al,
2000; Loonen et al, 2016), the conditioned fear paradigms in rodents is a powerful tool to gain insight

into this pathology (Mahan et al, 2012).

Adenosine, mainly acting through A;4R can control conditioned fear responses (Wei et al, 2013;
Simoes ef al, 2016). Additionally, the prophylactic and therapeutic efficacy of adenosine receptors in
stress disorders was already demonstrated. For instance, in rodents, the blockade of A;4R prevented and
reverted depressive-like behavior (Yamada ef al, 2013; Kaster et al, 2015) while the blockade of A,
receptors (A;R) was associated with an increase in depressive-like behavior and in anxiety (Serchov et al,
2015; Maximino et al, 2011). Furthermore, in humans it was demonstrated that low doses of caffeine
decrease anxiety levels (Stern ef al, 1989; Haskell et al, 2005). Due to the role of adenosine receptors,
and especially of AR, in anxiety- and mood-related disorders, it can be postulated that these receptors
may constitute a novel therapeutic target to the treatment of PTSD. Thus, understanding the role of AxxR

in PTSD and therefore in the functioning of the fear circuitry is essential.

AIM

Considering the modulatory role of the adenosine Aya receptors (A2R) in glutamatergic synapses

in both the hippocampus and in the amygdala and the aberrant functioning of these synapses in fear- and
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anxiety-related disorders, which compromise fear extinction, this project aimed to evaluate if targeting

AzsR could improve the extinction of fear memories.
To accomplish this aim the project was set with two main objectives:

1) Implementation and characterization of a pure contextual fear conditioning and ‘retrieval-
extinction’ paradigm: evaluation of the brain areas involved in the neurocircuitry and the

plasticity processes underlying this model;
2) Evaluation of the impact of AR in the extinction of contextual fear memories: behavioral and

electrophysiological analysis of the effect of the AR antagonist (SCHS8261) in the brain

regions and synaptic mechanisms determined in the first task.
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METHODS

Animals: All animal experiments were conducted following the European Union guidelines

(86/609/EEC) and approved by the Ethical Committee of the Center for Neuroscience and cell
biology. Experiments were performed using 8-10 week-old C57/BL6 males obtained from Charles River
(Barcelona, Spain). Mice were housed in an environmentally controlled room (23 +2°C), 12/12hlight-
dark cycle (with lights on at 7:00 am) and food and water available ad libitum. Animals were given 6 days
to acclimatize to the new environment after delivery and all efforts were made to minimize animal

suffering and reduce the number of animals used.

Behavior: There are several fear conditioning paradigms described in literature, however, there is not

a well-established protocol for contextual fear conditioning, In order to accomplish this,we tested two
different protocols as described below.

The first protocol of contextual fear conditioning started with 2 groups, the acquisition group (ACQ)
and extinction group (EXT) ina 3 minutes (min) habituation to the conditioning chamber. Twenty-four
hours later, the mice from the 2 groups were placed in the chamber for the training session. This training
was as described in Santos ef al, (2013) and consisted in a 2 min habituation followed by five US
presentations (footshock: 2 s, 0.5mA), separated by a variable intertrial interval (ITI; 15-60 seconds).
To extinguish the conditioned response (CR; freezing behavior), from day 3 to day S, mice were re-

exposed to the conditioning chamber in the absence of the US for several times. Our protocol was based
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Figure 7 - Schematic representation of the first pure contextual fear conditioning
protocol and ‘retrieval-extinction’ protocol. Based on Santos ef al,, 2013 and on Graff et
al, 2014

on the ‘retrieval-extinction” paradigm described in Graff et al,, 2014. This paradigm consists in the re-
exposuring to the same chamber two times per day with a 2hours interval. During this period the ACQ
group remained in their home cages. In the last day (sixth), all the mice (from the 2 groups) did the
extinction (or fear) memory test that consisted in one exposition of 3 min to the training chamber
(Santos etal, 2013), Figure 7.

The second protocol was similar to the first except for the training session where instead of the 5
unpredictable US presentation, the mice were expose to 3 US presentations (2s footshocks of 0.8 mA)

with a consistent I'TI of 28s (Graffet al; 2014 ), Figure 8.

Drug administration: To understand the effect of the A;xR antagonist (SCH $8261) during the
extinction of fear memories, a third group of mice were intraperitoneally injected with 0.1mg/kg/day
(EXT+SCHip) 1 hour after the recall in the conditioning chamber during the extinction training, from
day 3 to S, Figure 8. A forth group of mice (control, CTR) was also exposed to the conditioning chamber
for the same number of times as the ACQ group in order to assess the evolution of the freezing behavior
without conditioning.

c-Fos immunohistochemistry: Either 1 hour after the fear conditioning (learning) or 1 hour

after the memory test on the sixth day of experiment (retrieval), animals were transcardiacally perfused

via the left ventricle with 60mL of ice-cold phosphate-buffered saline 1x (PBS 1x) followed by 90mL of
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Figure 8 - Schematic representation of the second pure contextual fear
conditioning and ‘retrieval-extinction’ protocol. Based on Graff etal., 2014.

ice-cold 4% paraformaldehyde (in PBS 1x). Brains were then removed and post-fixed in 4%
paraformaldehyde during 24h and cryoprotected in 30% sucrose during two days. The brains were then
sliced coronally into slices of SOpm thickness in a cryostat (Leica cm3050s) and the brain slices preserved
in an anti-freezing solution (composition?) and stored at -20°C. The slices were then used for c-Fos
immunohistochemistry. Regarding the immunohistochemistry, two difterent protocols were used:
Visible microscopy: the selected brain slices were washed with PBS 1x three times during S minutes. Then,
to block the endogenous peroxidases, the slices were incubated with 10% methanol+1% H,O, in PBS 1x
during 60min at 37°C without shaking After washing three more times, the slices were blocked with 10%
donkey serum + 0.1% triton in PBS Ix during 2 hours at room temperature, followed by overnight
incubation, at 4°C, with c-Fos primary antibody prepared in the blocking solution. Next, the brain slices
were washed 3xwith PBS 1xand incubated with the secondary antibody for 2 hours at room temperature
in the blocking solution. After washing 3x with PBS 1x, the slices were incubated with the ABC reagent
(avidin-biotin complex; Vector Lab, VECTASTAIN" Elite, ABC kit) during 30 min. The sections were
subsequently washed with 3x PBS 1x, stained with DAB and then washed again.

Finally, the brain slices were mounted onto gelatin-coated slides and let dry overnight. Slides were then
dehydrated in H,O during 30 seconds and successively submersed in ethanol 70%, 95% and 100%, for 3
minutes each. To eliminate the alcohol, the slides were immersed in xylene for Imin, covered with glass
coverslips using DAKO mounting medium and let dry overnight. Slides were viewed and photographed

using the microscope axio imager Z2, the polichromatic camera HR3_2, the objective 5x and 20x
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(ZEISS) (protocol adapted from Schafe et al, 2000; Davis ef al, 2004; Tronson ef al, 2009; Peng et al,
2010; Hoffman et al, 2014).

Fluorescent microscopy: free-floating sections were washed two-times in PBS 1x during 10min, followed by
a third wash with PBS 1x +0.3% Triton for 10 minutes. Tissues were then incubated at room temperature
with blocking solution (10% donkey serum + 0.3% of Triton + PBS 1x) for 1 hour and immediately
transferred into the c-Fos primary antibody solution, previously prepared in blocking solution, for 48h at
4°C. Afterwards the sections were washed three times with the blocking solution and incubated with the
secondary antibody during 2 hours at room temperature. After washing three times with PBS 1x, brain
slices were incubated with DAPI (1:5000) during S minutes at room temperature and then washed again.
The sections were finally mounted onto gelatin-coated slides, coverslipped using DAKO mounting
medium and let dry overnight. Slides were viewed and photographed using the microscope Axio Imager
72, the monochromatic HR3 camera and the objectives Sx and 20x (ZEISS) (protocol adapted from
Orsini etal, 2011).

Table 1. Antibodies description

Antibody Origin Provider Dilution
Primary c-Fos Rabbit Santa Cruz SC-52 1:500
Biotinylated
ThermoScientific,
donkey anti- Donkey 1:500
31462
rabbit IgG
Secondary &
Alexa 488 Donkey Invitrogen A21206 1:1000
Alexa594 Donkey Invitrogen A21207 1:1000

Extracellular electrophysiology: Mice were decapitated after cervical dislocation, the brain
was removed and immediately transferred into ice-cold artificial cerebrospinal fluid (aCSF; in mM:
NaCl, 124; KCI, 3; NaH2PO4, 1.25; glucose, 10; NaHCO3 26; MgSO4, 1; and CaCl2, 2) gassed with
95% O, and 5% CO..

Amygdala electrophysiology: horizontal brain slices containing the amygdala (400 ym thickness) were
prepared using a vibrating tissues sectioning system (Vibratome 1500, Leica, Wetzlar, Germany).

The slices were transferred to a resting chamber with gassed aCSF and allowed to recover for 60 min in
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a bath kept at 32 °C. Afterwards, individual slices were transferred to a recording chamber (1 mL
capacity) and continuously superfused with gassed aCSF kept at 30.5 °C, at a rate of 3 mL/min . Visual

control through a magnifier (World Precision Instruments, Hertfordshire, UK) allowed the correct
placement of the electrodes. Test stimuli were delivered via a S44 stimulator (Grass Instruments,

West Warwick, RI) every 20 s with rectangular pulses of 0.1 ms (0.05 Hz) through a bipolar concentric
tungsten electrode placed at the lateral nuclei of the amygdala (LA).. The amplitude of the population
spike (PS) response was used to estimate the synaptic efficacy and was recorded through
amicropipette filled with 4 M NaCl (2-4 MQ resistance) placed at the basal nuclei of the amygdala (BA),
Figure 9B.All recordings were obtained with an ISO-80 amplifier (World Precision Instruments,
Hertfordshire, UK) and digitized using an ADC-42 board (Pico Technologies, Pelham, NY, USA).
The average of three consecutive responses were continuously monitored on a PC-type computer using

the WinL TP 1.01 software (

To evaluate basal neurotransmission in the circuit input/output curves (I/O) were first acquired in all
slices by continuously increasing the stimulus current applied through the stimulus electrode and
measuring the amplitude of the evoked response, starting with a current which elicited no response and
terminating when that response stabilized. Based on the I/O curves the following protocols were applied
ata stimulus intensity that evoked a signal that was 40% of the maximal. Long-term potentiation (LTP)
was induced, after a stable baseline of 20 min, by a high frequency stimulation (HES) protocol consisting
of 5 pulses at 100 Hz delivered with an interval of 30 seconds. The LTP amplitude was quantified by

comparing PS amplitudes 10 min before the HFS stimulus and 50-60 min after. Depotentiation was

A B Population spike (PS)

Excitatory postsynaptic i
potential (EPSP) 1) stimulus electrode -

(\ P Il) Recording electrode LA Amplitude

Slope

. ) Recording electrode
1) stimulus electrode CA1 -

Schaffer collaterals

i

Figure 9 - Extracellular recordings in the hippocampus and in the amygdala. (A) transversal hippocampal slices (400
um) were prepared and extracellular recordings were performed by placing the stimulus electrode in the schaffer collaterals
and the recording electrode in the CA1 region. Field excitatory postsynaptic potentials (fEPSP) were recorded and their
slope was continuously measured. (B) For extracellular recordings in the amygdala horizontal brain slices (400 um)
containing the amygdala were prepared and the stimulus electrode was placed in the lateral amygdala (LA) and the
recording electrode in the baso-amygdala (BA). Populations spikes (PS) were recorded and their amplitude was
continuously measured.
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induced by low frequency stimulation (LFS, 900 pulses, 1Hz) 60 min after the HFS protocol. To evaluate
the effect of the selective antagonist of A;x receptors, (SCH38261, S0 nM), it was superfused for 20 min
before applying the protocols and maintained throughout the experiments. Hippocampal
electrophysiology: the hippocampus was dissected from the rest of the brain and transversal slices with
400um thickness were prepared with a Mcllwain chopper. After the slicing, the ventral and dorsal
hippocampusslices (Figure 10) were transferred to a resting chamber (Massachusetts, USA) with gassed
aCSF to recover for 60 min at 32 °C. Then, hippocampal slices were transferred to a recording chamber
with the same setup settings previously described. The stimulating electrode was placed on the Schaffer
collateral-commissural pathway and the orthodromically-evoked field excitatory postsynaptic potentials
(fEPSPs) were recorded at the stratum radiatum of the CAl area, Figure 9A.

Responses were quantified as the initial slope of the averaged fEPSPs. Input-output curves were
performed and then it was selected the intensity of the stimulus that evoked a fEPSP of ~ 40% of the

maximal slope. LTP was induced using an HFS of a single pulse at 100Hz. Depotentiation was induced

43 .52 .62 71

temporal

(1)

Dorsal Ventral

Figure 10 - Hippocampal transversal slices representation. Tranversal sections evenly spaced across the
septotemporal axis. The slices .14; .24; 43 represent dorsal hippocampal slices; the 43;.52; .62;.71 are medial slices
and the .81 and .90 are the more ventral hippocampal slices. The sections used during the electrophysiological
recordings were the more dorsal (red) and the more ventral (blue).
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by low frequency stimulation (900pulses, 1Hz) after the HFS protocol. To study the effect of the
blockade of Aux receptors, slices were superfused with SCHS8261 (50 nM) for 20 min before and

throughout the experiments.

Statistical analysis: Results are presented as mean + SEM from n mice. Behavioral data was

analyzed with unpaired Student’s  test, one-way ANOVA followed by Bonferroni’s post hoc test when
comparing between more than two conditions and with two-way ANOVA when more than one variable
and condition were analyzed (e.g. acquisition versus extinction versus extinction with SCHS8261).
Electrophysiological data was compared with either unpaired Student’s  test or with one-way ANOVA
plus Bonferroni’s post hoc test except from input-output curves which were analyzed with nonlinear
regressions and depotentiation curves that were compared with an hypothetical value of 100%. The

significance level was 95%.
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RESULTS

Optimization of pure contextual fear conditioning and extinction

A major challenge in the treatment of anxiety- and trauma- related disorders is the difticulty in
extinguishing fear to certain environments or cues that are reminders of an aversive experience. In the
laboratory, the search for novel therapies or molecular targets to effectively extinguish fear takes
advantage of fear conditioning and extinction paradigms in rodents (Mahan and Ressler, 2012). Given
the impact of adenosine A;1R on fear learning and memory and especially on contextual memories (Wei
etal,2014; Simdes et al, 2016), we sought to first test the effect of the pharmacological blockade of AR
during a protocol of fear extinction, after contextual fear conditioning mice. In order to have a pure
contextual fear conditioning protocol, mice must learn to associate an unconditioned stimulus (US;
footshock) to a conditioned stimulus that is the context where it receives the shock (CS; which in this
case is the fear conditioning chamber). If this association occurs, the next time that the animals are
exposed to the conditioning chamber, it will elicit a fear or conditioned response (CR) that positively
correlates with the time spent freezing (ie, total immobilization of the animal except for
respiration). Then, to attenuate or extinguish the CR, mice are re-exposed to the conditioning chamber
in the absence of the US for several times. Our protocol was based on the ‘retrieval-extinction’ paradigm
described in Griff et al,, 2014 with a few significant alterations: in order to eliminate time as a predictive
cue of the shock, we adopted the strategy described in Santos ef al,, 2013 and applied the footshocks with
different inter-trial intervals (ITI) (Figure 11A). Thus, mice were divided into two experimental groups:
one that underwent fear conditioning only (the acquisition group, ACQ; blue) and another that
underwent both fear conditioning and extinction (the extinction group, EXT; green). The ACQ group

was expected to express high freezing behavior in the memory test on the last day of experiment
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(Extinction test) while the EXT group was expected to express low freezing behavior in the same test. As
expected, all mice had a low freezing during the habituation to the conditioning chamber (Figure 11B: 0
+ 0% freezing, n=10). Moreover, both ACQ and EXT groups expressed high freezing levels 24 h after fear
conditioning, i.e. in the acquisition test (Figure 11C-D: 43.54S + 5.639% freezing, n=10), meaning that
all of the animals learned to associate the CS to the US. However, on the last day of experiment, both
groups expressed low levels of freezing to the chamber (Figure 11C-D: 12.71 % 3.127% freezing in the
ACQ group and 20.39 + 3.779% freezing in the EXT group, n=5 per group) which indicates that the
passage of time was enough to extinguish fear to the chamber. Due to this drawback, we were forced to
rethink the protocol. There were two potential problems with the previous protocol: the footshock was
too mild and a fixed ITI may be essential for contextual representation in animals. Thus, in the following
experiments we used a protocol that was closer to the one used by Griff and colleagues (2014): instead
of § unpredictable presentations of the US, with an intensity of 0.5 mA, the mice were expose to 3
presentations of the US, 2s footshock with an intensity of 0.8 mA, ata ITI of 28 s (Figure 12A). With this
protocol, in a similar way to the first protocol, mice learned to associate the US to the CS since at the
acquisition test all the animals expressed a high freezing behavior (Figure 12B-C: 49.14 + 4.277%
freezing, n=13). However, on the last day of the experiment, at the extinction test, the ACQ group freezed
significantly more than the EXT group (Figure 12C-D: 39.29 + 3.677% freezing in the ACQ group and
9.429 + 1.856% freezing in the EXT group, n=13, per group, p<0.001). Moreover, the EXT group
decreased their freezing in 39.72 + 4.663% from the acquisition test to the extinction test (Figure 12C-
D). Importantly, we also confirmed that a second exposure to the conditioning chamber did not change
freezing behavior per se, in a group of mice (control group, CTR; grey) that were habituated to the
chamber and returned to it for the test on the last day (Figure 12C: 0 + 0% freezing during habituation
and 0 + 0% freezing during the memory test on the last day). Thus, this last paradigm of contextual fear

conditioning allows a successful learning and extinction of fear memories.

Pharmacological blockade of A,,R accelerates extinction learning.

To understand the role of the A;,R in fear extinction, we added a new group of mice that were
intraperitoneally injected with the selective antagonist of A,»R, SCHS8261 (0,1mg/kg), (EXT+SCHip;
pink). The antagonist was administrated 1 h after the recall sessions (R1-R3) of the extinction protocol
(i.e. 1 h before the extinction sessions, E1-E3) in a dose that does not alter locomotion in rodents (Kaster

etal,2015; Canasetal,2009). As shown in Figure 3B, mice injected with SCH58261 had a
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Figure 11 - Pure contextual fear conditioning, first paradigm. (A) Schematic representation of the pure contextual fear
conditioning paradig, based on the ‘between session’ extinction paradigm described in Santos et al. 2013. (B) Fear conditioning
learning curve: S trials (US1-5) of pairing the context (the conditioning chamber or conditioned stimulus, CS) with a footshock (0.5
mA, 2 s; unconditioned stimulus, US) during 3 min (the footshocks were separated in time according to the scheme above the graphic;
percentage of freezing was quantified for 15 s after each footshock); (C) Aquisition test (or recall 1, R1) 24 h after the CS-US pairings:
mice were re-exposed to the CS (conditioning chamber or context) for 3 min and their freezing response was quantified throughout
the experiment. The animals of the acquisition group ( ) returned to their home cages whereas the animals of the extinction group
(EXT) were exposed for a second time to the CS, 2 h after the aquisition test (extinction 1, E1) before returning to their home cages.
On the following day, 24 h after the acquisition test, mice belonging to the extinction group were again exposed to the CS for a recall
session (R2, freezing behavior quantified during the 3 min of test) and again 2 h later (extinction 2, E2). This procedure was repeated
for one more day and only for the group of mice undergoing extinction. On the third day, both the and the groups were
exposed to the conditioning chamber for the last time, during 3 min, to evaluate fear memory (extinction test). (D) Bar graph
comparing the average freezing of all mice during the acquisition test (green, open bar) with the average freezing of the ACQ group
(blue, full bar) and of the EXT group (green, full bar) during the extinction test. Data are mean + SEM of n= $ mice for each
experimental group. *p < 0.0S, unpaired Student t-test
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Figure 12 - Contextual fear conditioning, second paradigm. (A) Schematic representation of the contextual fear conditioning
paradig, based on the ‘between session’ extinction paradigm described in Santos ef al, 2013 and Graff ef al, 2014. (B) Fear
conditioning learning curve: 3 trials (US1-3) of pairing the context (the conditioning chamber or conditioned stimulus, CS) with
a footshock (0.8 mA, 2 s; unconditioned stimulus, US) during 1min30s (the footshocks were separated in time according to the
scheme above the graphic; percentage of freezing was quantified for 15 s after each footshock); (C) Aquisition test (or recall 1, R1)
24 h after the CS-US pairings: mice were re-exposed to the CS (conditioning chamber or context) for 3 min and their freezing
response was quantified throughout the experiment. The animals of the acquisition group ( ) returned to their home cages
whereas the animals of the extinction group (1X1)) and extinction group intraperitoneally injected with SCH$8261 (0,1mg/kg)
( ) were exposed for a second time to the CS, 2 h after the aquisition test (extinction 1, E1) before returning to their
home cages. On the following day, 24 h after the acquisition test, mice belonging to the extinction group were again exposed to the
CS for a recall session (R2, freezing behavior quantified during the 3 min of test) and again 2 h later (extinction 2, E2). This
procedure was repeated for one more day and only for the group of mice undergoing extinction. On the third day, the the
and the groups were exposed to the conditioning chamber for the last time, during 3 min, to evaluate fear
memory (extinction test),"p < 0.05, ANOVA two-way (D) Bar graph comparing the average freezing of all mice during the
acquisition test (green, open bar) with the average freezing of the group (blue, full bar), of the group (green, full bar)
and the group (pink, full bar) during the extinction test. Data are mean + SEM ofn= 5-13 mice for each experimental
group, *p < 0.0, unpaired Student t-test. (E) Bar graph comparing the average freezing of mice of and during
the Recal 1,2 and 3 and the Extinction 1, 2 and 3. Data are mean = SEM of n=5-13 mice for each experimental group, *p < 0.05,
unpaired Student t-test



significantly different extinction curve comparing to the mice injected with vehicle (EXT) (Figure 12C,
p<0.05 ANOVA two-way). Moreover, when analyzing each of the endpoints of the extinction curve, it
was observed that the effect of SCHS8261 was very fast since the animals in EXT+SCHip already had a
tendency to freeze less then mice in the EXT group at E1 (p=0.07, Student’s ¢ test) and these two
experimental groups were different in all of the endpoints thereafter (from R2 to E3) with the exception
of the R3 (Figure 12E). Nevertheless, both the animals in the EXT and in the EXT+SCHip groups
extinguished fear to the context in the 3 days of the protocol since both groups froze less than 15% of the
time in the extinction memory test, on the last day of the experiment (Figure 12C-D: 9.429 + 1.856%

freezing in the EXT group and 2.728 + 2.142% freezing in the EXT+SCHip group, n=5-13).

c-Fos immunohistochemistry

In order to investigate the brain areas involved in the neurocircuitry of contextual fear
conditioning we performed immunohistochemistry analysis of a classical marker for neuronal activation,
the transcription factor c-Fos. Thus, 1 h after fear acquisition or exposure to the conditioning chamber,
the ACQ and the CTR groups, respectively, were transcardiacally perfused with a fixative solution of
paraformaldehyde. Researchers usually use biotinylated antibodies together with DAB staining and
visible microscopy to amplify the signal-to-noise ratio of c-Fos immunostaining (Schafe ef al, 2000;
Davis et al, 2004; Tronson et al, 2009; Peng et al, 2010; Santos et al, 2013; Hoffman et al, 2014).
However, in the near future, we intend to perform double labeling of neurons with c-Fos and a
glutamatergic/ GABAergic neuronal markers. Thus, c-Fos immunofluorescence was also used and the
results compared with the staining obtained using visible microscopy,Figure 13. As shown in Figure 13B
the enzymatic method to label c-Fos revealed a marked neuronal activation throughout the
hippocampus (in all regions of the tripartite excitatory synaptic loop: DG, CA3 and CAl) and
surrounding cortical areas in the ACQ group comparing to the CTR group. Moreover, this c-Fos
immunostaining was also more intense in the amygdala (mainly in the LA and BLA nuclei) and
surrounding cortical areas of the ACQ mice comparing to the CTR mice (Figure 13B). Similarly, the
fluorescent-immunostaining of c-Fos revealed the same increase in neuronal activation in the
hippocampus and in the amygdala of the ACQ group comparing to the CTR group (Figure 13C).
However, comparing the two types of immunostaining, a different pattern of neuronal activation is
revealed and especially, the amygdala of the CTR group is clearly more stained in the fluorescent images

then in the DAB-stained images (Figure 13B-C). This difference might be due to two main reasons: (1)
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Figure 13 - Pattern of neuronal activation upon contextual fear conditioning in the hippocampus and in
the amygdala. (A) Schematic representation of contextual fear conditioning paradigm with the timepoints of
sacrifice. Representative photomicrographs of c-Fos immunohistochemistry (B) using the enzymatic method
and (C) the fluorescence method, to show the level of neuronal activation in both the hippocampus and the
amygdala, 1 h after contextual fear conditioning (acquisition group, ) and after contextual learning
(control or naive group, CTRop). Note the increase in c-Fos positive neurons in all of the trisynaptic circuit of
the hippocampus (DG, CA1 and CA3), throughout the amygdala (especially in the LA, LaVL, LaVM and BLA)
and also in cortical areas surrounding the amygdala and the hippocampus, of the ACQ mice. Cornu
Ammonisareas 1 and 3 (CA1 and CA3, respectively); dentate gyrys (DG); lateral nuclei (LA); lateral
ventrolateral and ventromedial nuclei (LaVL and LaVM, respectively); baso anterior nuclei (BA); baso posterior
nuclei (BP); central nuclei (CeA).

the slices have slightly different coordinates; (2) Fluorescent labeling yields images with a lower signal-

to-noise ratio.

Pattern of neuronal activation of contextual, fear and extinction memories.

In the search for a memory trace left in the brain upon fear, extinction or simply context recall, we
performed fluorescent immunohistochemistry for c-Fos in three experimental groups: CTR, ACQ and
EXT. All three groups of mice were re-exposed to the conditioning chamber on the last day of the
behavioral protocol, for memory recall. One hour after this last test, animals were perfused with
paraformaldehyde, according to the scheme in the Figure 14A. In Figure 14 are the representative images
from regions in the brain showing marked activation (ie. c-Fos immunolabelling) in the ACQ group.
The prelimbic region of the mPFC had considerable neuronal activation in the ACQ group and almost
no neuronal activation in the EXT group (Figure 14B, center and right images, respectively). However,
the CTR group also showed marked neuronal activation in this region (Figure 14B, leftimage). The core
region of the nucleus accumbens (NAc), which mediates Pavlovian instrumental transfer (a process
through which the conditioned stimuli modifies operant behavior) (Corbit ef al, 2016), was also more
activated in the ACQ then in the EXT group (Figure 14C, center and right images, respectively), but also
relative to CTR mice (Figure 14C, left image). Moreover, the hypothalamus, a brain region with a
neuroendocrine function and known to be a “stress sensor” that coordinates the physical response to fear
(Romanov et al, 2017), is also more activated in the ACQ group than in the CTR and EXT groups
(Figure 14D). However, the dorsal and ventral hippocampus showed the same levels of neuronal
activation in the CTR group as in the ACQ group (Figure 14E-F, left and center images), even though
both regions had much less c-Fos labelled neurons in the EXT group (Figure 14E-F, right images).
Surprisingly, the amygdala nuclei had little c-Fos labelling except for few nuclei in the BLA and CeA
region of the CTR group (Figure 14G, right images).
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Figure 14 - Pattern of neuronal activation of contextual, fear and extinction memories. Memory trace or state of alertness?
(A) Schematic representation of contextual fear conditioning and extinction paradigm with the timepoints of sacrifice. Representative
photomicrographs of c-Fos immunohistochemistry (B) in prelimbic area (PL) of the medial prefrontal cortex (mPFC), (C) in the
core of the nucelus accumbens (NAc), (D) in the hypothalamus, in the (E) dorsal and (F) ventral hippocampus and in (G) amygdala
to show the level of neuronal activation in these strucutures, 1 h after the memory test on the last day. Control group, CTR (images
framed in gray); acquisition group, ACQ (images framed in blue)and extinction group, EXT (images framed in green). In the nucleus
accumbens and in the hypothalamus, the ACQ had more c-Fos positive neurons than the CTR and the EXT. In the PL, in the dorsal
and ventral hippocampus both the CTR and the ACQ group had a higher c-Fos activation comparing to the EXT group and, in
contrast, the amygdala had little c-Fos activation. Cornu Ammonis areas 2 and 3 (CA2 and CA3, respectively); dentate gyrys (DG);
lateral nuclei (LA); lateral amygdala, baso-amygdala (BA); central nuclei (CeA) constitute by the capsular (CeC), lateral (Cel) and
medial (CeM) subdivisions.



AuaR control synaptic plasticity in the amygdala and in the dorsal

hippocampus but not in the ventral hippocampus of naive mice
Next we performed ex vivo extracellular electrophysiological studies at the CA3-CA1 pathway of

the hippocampus (dorsal and ventral) and in the amygdala (at the lateral to the basolateral nuclei
pathway) of naive mice and evaluated the acute effect of the selective antagonist of AssR. These are brain
regions known to be involved in the acquisition of conditioned contextual fear (Izquierdo et al, 2016)
and also in the extinction of this fear using ‘retrieval-extinction’ protocols (Schiller et al, 2013).

When comparing basal neuronal recruitment or neuronal excitability in the dorsal versus ventral
hippocampus of naive mice, we observed no differences, i.e. the input-output (10) curves were similar in
the two poles of the hippocampus (Figure 15A and D). However, LTP had a higher amplitude in the
dorsal when comparing to the ventral hippocampus (64.70£943.% increase from baseline of the dorsal
versus 38.29+4.059% in the ventral, n=5-6, p<0.05, Student’s t test), Figure 15C and F). Moreover,
SHS8261 (50 nM) decreased the amplitude of the LTP in the dorsal hippocampus (37.62+4.278% with
SCHS8261 versus 64.70£9.543% in the control, n=5-6, p<0.03, Student’s t test), Figure 15B-C, whereas
it was devoid of effect in the ventral hippocampus (37.07+7.990% with SCHS58261 versus 38.29+4.059%
in the control, n=5), Figure 1SE-F.

In the intra-amygdalar LA-BLA pathway, LTP had a magnitude of 59.06+9.333% above baseline
(n=3) in slices from naive mice and the blockade of A;xR with SCHS8261 tended to decrease the
amplitude of LTP (15.53+11.31% in the presence of SCHS58261, n=2), whereas IO curves were
unaltered (Figure 15G-1).

Fear extinction reverted contextual fear conditioning-induced increase of LTP in the
ventral hippocampus and decreased the effects of fear conditioning on basal
transmission in the amygdala

The same type of electrophysiological recordings were performed in slices from mice that
underwent fear conditioning alone or fear conditioning plus fear extinction with or without the
administration of the A;1R antagonist.

Here, we observed that contextual fear conditioning or extinction did not alter IO curves nor the
LTP measured in the dorsal hippocampus, Figure 16A-C. However, only in the slices from the EXT
group was possible to depotentiate LTP with a low frequency stimulation (LFS) (-8.083 +1.973% of
baseline in EXT, p<0.05 comparing to the hypothetical value of 0, n=5), Figure 18A and E. Importantly,
in dorsal hippocampal slices from EXT+SCHip mice, LTP was not depotentiated (Figure 18D-E).
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Figure 15 - A2sR control synaptic plasticity in the amygdala and in the dorsal hippocampus, but not in the ventral hippocampus, in
naive mice. In extracellular recordings of the field excitatory postsynaptic potentials (fEPSP) in the CA1 region triggered by stimulation of
the schaffer colaterals in the dorsal hippocampus, the selective AxsR antagonist, SCH58261 (50nM) (CTR+SCH) (A) did not change the
input-output curves (1/O) but, (B) decreased the long-term potentiation (LTP) of the fEPSPs triggered by a high-frequency stimulation
(HES; 100Hz, 1s). In the ventral hippocampus, SCH58261 did not change (D) the I/O curve nor (E) the amplitude of LTP. In the
amygdala, the extracellular recordings of the amplitude of the population spike (PS) in the BA nuclei were triggered by the stimulation of the
LA. SCH$8261 (G) did not change the I/O curves but (H) decreased the LTP triggered by HFS (S pulses of 100Hz delivered with an
interval of 30 seconds). (C,F,I) bar graphs of the respective LTP.Data are mean+SEM of n= 3-S mice per group. *p<0.05 unpaired
Student’s t-test. Additionally, (A, D, G) have the representative responses of the maximal fEPSP slope/PS amplitude and (B, E,
H) have the pair of super-imposed fEPSP/PS responses before the train (baseline) and 60 min after HFS.
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Figure 16 - Fear extinction reverts contextual fear conditioning-induced increase of LTP in the ventral hippocampus and of basal
transmission in the amygdala. In extracellular recordings of the field excitatory postsynaptic potentials (fEPSPs) in the CAl region
triggered by stimulation of the schaffer colaterals, in the dorsal hippocampus, there was no differences between the control (CTR),
acquisition group ( ) and the extinction group neither (A) in the input-output curves (I/O) nor (B) in the LTP of the fEPSP
triggered by high-frequency stimulation (HFS; 100Hz, 1s). In the ventral hippocampus, there were no differences between the , the

and the control groups ( ) in (D) the I/O curves but (E) there was an increase of the amplitude of the LTP in the group
comparing to the CTR and EXT groups. In the amygdala, the extracellular recordings of the population spikes (PS) in the BA regions were
triggered by the stimulation of the LA nuclei and there was (G) an increase of the I/O curves in the group comparing to the CTR and
EXT groups. However, in contrast, there was a (H) decrease of the LTP triggered by a HES train (S pulses of 100Hz delivered with an
interval of 30 seconds) in both and group comparing to the CTR group. (C,F,I) Data are mean+SEM of n= 3-5 mice per group.
*p < 0.0S, unpaired Student’s t-test. Additionally (A, D, G) have the representative responses of the maximal fEPSP slope/PS amplitude and
(B, E,H) have the pair of super-imposed fEPSP/PS responses before the train (baseline) and 60 min after HFS.



On the other hand, in the ventral hippocampus, the ACQ_group had LTPs with significantly
higher amplitude comparing to those obtained in slices from the CTR group (95.68+23.49% above
baseline in ACQ versus 38.29+4.059% in CTR, n=5, p<0.05, Student’s t test), Figure 16E-F. Moreover, in
the EXT group LTPs were equal to the CTR (40.23+15.01% in EXT versus 38.29+4.059% in CTR, n=5),
Figure16E-F. Also, treatment with SCH58621 (ip) did not significantly alter the LTP when comparing
to the EXT (without SCH58261), Figure 19F and H. Another noteworthy result was the fact that again
only LTP in the EXT group had a tendency to depotentiate (-6.536+2.470% in EXT, p=0.0572
comparing to the hypothetical value of 0%, n=5) and interestingly, in the group of EXT+SCHip, instead
of a depotentiation, LFS caused a further increase in the LTP (20.43+7.557 % of in EXT+SCHip, p<0.05
comparing to the hypothetical value of 0%, n=5), Figure 20E.

In the amygdala, the 1O curves were considerably higher in slices from ACQ mice when
comparing to both the CTR and the EXT mice (p<0.03, nonlinear regression), even though the curves
of the EXT were still higher than the CTR (p<0.03, Student’s t test), Figure 16G. Moreover, the LTPs of
ACQ and EXT groups were significantly lower than in the CTR group (21.69+8.344% in ACQ and
27.69+10.26% in EXT versus 59.06+9.333% in CTR, n=3-5, p<0.05, unpaired Student t-fest, Figure 16H-
L Also, the LTP in the EXT with SCHS8261 (ip) group was not different from the EXT group (Figure
21F). Once again, when comparing the results from depotentiation after LTP, only the EXT and the
EXT+SCHip groups had a significant depotentiation (-18.77+2.322% in EXT and -28.97+5.225% in

EXT+SCHip, p<0.05 comparing to the hypothetical value of 0%, n=5), Figure 22E.

Ex vivo blockade of AzaR reverted the effects of contextual fear conditioning

on the LTP of the ventral hippocampus
The acute superfusion of brain slices from ACQ mice with SCHS58261 (50 nM), showed that the

acute ex vivo blockade of A;aR was able to revert the increase in the amplitude of the LTP caused by fear
conditioning (95.68+23.49% in ACQ versus 28.92+12.07% in ACQ+SCH, n=5, p<0.0S, Student’s t test),
Figure 19D and H. On the other hand, superfusion of SCH58261 did not normalize the IO curves in the
amygdala of ACQ mice, Figure 21A . Interestingly, as in naive animals, the A;1R antagonist did not have
any effect in the LTP amplitude of the EXT group (57.30£24.99% in EXT versus 40.23.92+15.01% in
EXT+SCH, n=5, p<0.03, Student’s t test) Figure 19E.
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Figure 17 - Ex-vivo blockade of the A, receptor had a tendency to decrease the amplitude of the LTP in the dorsal
hippocampus of both the acquisition and extinction groups. In extracellular recordings of the field excitatory postsynaptic
potentials (fEPSP) in the CA1 region triggered by stimulation of the schaffer colaterals, the selective AxsR antagonist, SCH58261
(50nM), (A) did not change the input-output curves neither in the ACQ group ( ) nor (B) in the EXT ( )
groups but (D-E) had a tendency to decrease the long-term potentiation (LTP) of the fEPSP triggered by a high-frequency
stimulation (HFS; 100Hz, 1s). The group injected with SCHS58261intraperitoneally ( ; 0,Img/kg) during
extinction had no differences in the 1/O curves nor in the amplitude of the LTP comparing to the EXT group. (H) Bar graph
comparing the LTPs between the different groups. Data are mean+SEM of n=5 mice per group. *p < 0.05, unpaired Student’s
t-test. Additionally, (A-C) have the representative responses of the maximal fEPSP slope of the I/O and (G) have the pair of super-
imposed fEPSP responses before the train (baseline) and 60 min after HFS.
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Figure 18 - Low frequency stimulation caused depotentiation in the dorsal hippocampus only in the extinction groups.

In extracellular recordings of the field excitatory postsynaptic potentials (fEPSPs) in the CA1 region triggered by stimulation of

the Schaffer collaterals (A) only the

group depotentiated the fEPSPs triggered by a low frequency stimulation (LFS;

900pulses, 1Hz). (B-D) The selective AxsR antagonist, SCH58261 had no effect on depotentiation from the LTP in any of the
experimental groups. (E) Data are mean+SEM of n=5 mice per group. *p < 0.05, comparing to the hypothetical value of 0.
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Figure 19- Exvivo blockade of A, R reverted the effects of contextual fear conditioning on the LTP of the ventral

hippocampus. In extracellular recordings of the field exceitatory postsynaptic potential (fEPSP) in the CAl region
triggered by stimulation of the schaffer colaterals, the selective AR antagonist, SCHS8261 (50nM), (A) did not change

the input-output curves neither in the ACQ group ( ) nor (B) the EXT ( ), but, (D) significantly
decreased, the long-term potentiation (LTP) of the fEPSP triggered by a high-frequency stimulation (HFS; 100Hz, 1s)
of the ACQ group. No differences were observed in the and in comparison to the group.

(H) Bar graph comparing the LTPs between the different groups. Data are mean+SEM of 5 mice per group. *p <
0.0S, unpaired Student’s t-test. Additionally, (A-C) have the representative responses of the maximal fEPSP slope of the
1/0 and (G) have the pair of super-imposed fEPSP responses before the train (baseline) and 60 min after HFS.
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Figure 20 — Low frequency stimulation potentiated the synapses of the ventral hippocampus in mice injected with SCH58261
during the extinction process. In extracellular recordings of the field excitatory postsynaptic potential (fEPSP) in the CA1 region triggered
by stimulation of the schaffer colaterals, (A) the had a tendency to depotentiate the fEPSP triggered by alow frequency stimulation (LFS;
900pulses, 1Hz). (B-C) Ex-vivo blockade of A;4R had no effect, but, in contrast (D) the group had a tendency to potentiate
after the LFS. (E) Data are mean+SEM of S mice per group. *p < 0.05, comparing to the hypothetical value of 0%.
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Figure 21 - Ex vivo blockade of the A,4 receptor did not alter neither the input-output cuves nor the long term
potentiation both in the ACQ and EXT group in amygdala. In extracellular recordings of the population spike (PS) in
the BA region triggered by stimulation of the LA region, the selective A;;R antagonist, SCH58261 (50nM), (A-B) did not
change the input-output curves nor (D-E) the long-term potentiation (LTP) of the PS triggered by a high- frequency
stimulation train of S pulses delivered with an interval of 30s. The slices of animals injected with SCH58261 (

0,1mg/kg), also did not had any differences neither in the I/O nor in the LTP magnitude comparing to the EXT group. (H)
Bar graph comparing the LTPs between the different groups. Data are mean+SEM of S mice per group. *p < 0.05,
unpaired Student’s t-test Additionally, (A-C) have the representative responses of the maximal PS amplitude of the I/O and
(G) have the pair of super-imposed PS responses before the train (baseline) and 60 min after HFS.
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Figure 22 — Low frequency stimulation caused depotentiation in the extinction group and in the extinction group injected
with SCH58261 in amygdala. Upon extracellular recordings of the population spike (PS) in the BA region triggered by stimulation
of the LA region, (A) the significantly depotentiated the PS triggered by a low frequency stimulation (LFS; 900pulses, 1Hz). (B-
C) Ex-vivo blockage of AxuR had no effect, but, in contrast (D) the EXT+SCHip group significantly depotentiate after the LFS. (E)
Data are mean+SEM of 5 mice per group. *p < 0.05, comparing to the hypothetical value of 0%.
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DISCUSSION

We started our project by adapting a protocol of pure contextual fear conditioning from Santos
and colleagues (2013) in which the time between the multiple presentations of the unconditioned
stimulus (footshock, US) was variable (different intertrial intervals, ITI). We decided to use the same
unpredictable ITT so that animals could only rely on the context to predict the shocks. In addition, we
chose a ‘retrieval-extinction’ paradigm as in Graff ef al, 2014, because this type of paradigm has been
shown to be more effective at extinguishing aversive memories both in animals and in humans, and to
cause less spontaneous recovery (Urcelay ef al, 2009; Agren e al, 2012; Schiller et al, 2013; Griff et al,
2014; Johnson and Casey, 2015). The problem regarding the aforementioned paradigm was that fear
stressed mice that did not undergo an active extinction, lost the fear memory with the passage of time
(Figure 11C-D). This may have happened due to the footshocks being too mild (0.5 mA) for a fear
conditioning paradigm that lacks a specific cue, and/or because the time predictability of the US may be
essential for contextual representation in animals. Therefore, we tested another contextual fear-
conditioning paradigm where during the training session, the US (now with an intensity of 0.8 mA and
presented only 3 times) was delivered at a constant interval. With this protocol the mice learned to
associate the conditioning chamber (conditioned stimulus, CS) to the aversive US, as typified by the
learning curve of the animals, i.e. the increasing freezing behavior at each US presentation (Figure 12B)
and the freezing behavior 24 hours later, during the fear memory test (Figure 12C-D). Importantly,
unlike what had previously happened in the first protocol, this time the mice maintained high freezing
levels to the conditioning chamber until the last day of experiment (Figure 12C-D). Furthermore, the
‘retrieval-extinction’ protocol used is thought to be more efticient because it opens a window for memory

reconsolidation that allows previous acquired memories to be updated with new information (Auber et

74



al,2013; Graffet al,2014). Using this strategy, the mice successfully decreased the fear response (freezing

behavior) over time (Figure 12C-E), validating our model of extinction.

To understand how the A,y R modulate the extinction of fear memories, we intraperitoneally
injected the mice with the AR antagonist, SCHS8261, 1h before each extinction trial (EXT+SCHi.p
group) (Figure 8). We observed that these animals displayed a faster extinction of the conditioned
response (i.e. freezing behavior) to the training chamber than the EXT group (Figure 12C-D), which
suggests that the A;aR antagonist accelerates the extinction of fear memories. Although these results
seem promising, there are a few controls to be made to validate this hypothesis. For instance, it is
described in the literature that the SCH58261 also modulates anxiety (Kaster et al,201S; Caetano et
al,2016; Lépez-Cruz etal,2017) and, in higher concentrations, locomotion (Yacoubi etal,2000). Thus,
to confirm that SCH58261 is modulating the extinction of fear memories and not anxiety it is necessary
to do an elevated plus maze (EPM) to evaluate the anxiolytic/anxiogenic effect of this antagonist, and an
open-field (OPF) to determine if the dose used of the antagonist affects locomotion. Furthermore, to
test if the A;aR antagonist is actively modulating the extinction of fear memories, it would be interesting
to intraperitoneally inject the animals with the antagonist after the acquisition training and evaluate
whether it can per se extinguish fear memories. These controls will allow us to understand if in our model

the blockade of A;sRis indeed modulating extinction learning,

In the literature there is a panoply of studies characterizing the neuronal circuitry that underlies
cued-fear conditioning and extinction (Hall et al, 2001; Herry et al, 2004; Herry et al,2008; Knapska et
al, 2009; Cicchio et al,2010; Hoffman et al, 2014); however there is scarce information about the
recruitment of this same circuitry during contextual-fear conditioning and extinction (Izquierdo et
al,2016). To characterize the pattern of neuronal activation involved in our contextual fear conditioning
paradigm we took advantage of c-Fos expression, which is an early neuronal activity-regulated gene that
has been widely used to unveil memory engrams and traces (Henry et al, 2014; Knapska et al,, 2009;
Orsini et al, 2011; Josselyn et al, 2015). There are two possible protocols for labelling c-Fos through
immunohistochemistry: the enzymatic method and the immunofluorescence method. As expected,
both labelling methods revealed a marked increase in neuronal activation in the hippocampus (DG,
CA3) and in the amygdala (mostly in LA and BLA nuclei but also in CeA) of fear conditioned mice
(ACQop) when comparing with naive mice (CTRop) that had simply been exposed to the conditioning
chamber (Figure 13B and 13C). However, differences were more evident in the DAB stained images

since it yielded a better signal-to-noise ratio (Figure 13B). Nevertheless, the immunofluorescence
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method allows performing co-localization with glutamatergic/ GABAergic markers, which is an asset to
distinguish the recruitment of different neuronal populations (Calu et al, 2013). Therefore, next we used
immunofluorescence labelling of c-Fos to investigate the pattern of neuronal activation in the brain of
the different experimental groups triggered by memory recall, on the last day of experiment. Thus, we
compared between the group that was only exposed to the chamber without receiving footshocks
(Control; CTR), the group that underwent fear conditioning (Acquisition group; ACQ) and the group
that was fear conditioned followed by extinction training (Extinction group; EXT). Even though a
quantitative analysis of the c-Fos labelling was not performed, here we showed representative images of

the brain areas with distinct patterns of neuronal activation between the three experimental groups

(Figure 14).

Since the hippocampus is essential to the perception of physical environment but also to associate
context to an emotional experience (Maren etal, 2013; Izquierdo etal, 2016), it was anticipated that this
brain region would be activated in all of the experimental groups. Thus, we started our analysis in the
dorsal hippocampus. The dorsal hippocampus has been associated to cognitive functions, such as
working memory and reference memory mainly due to is connections to cortical areas and a high density
of place cells (Fanselow et al, 2012; Strange et al, 2014). These place cells have been implicated in the
formation, consolidation and storage of a spatial representation of the context. Moreover, lesioning these
cellsleads to deficits in contextual fear memory (Fanselow etal, 2000), evidencing the importance of the
dorsal hippocampus in this type of memory. In fact, our data shows that the dorsal hippocampus, and in
particular the DG and CA3 regions, were highly activated in both the CTR and ACQ groups whereas the
EXT group had considerably less c-Fos labelling (Figure 14E). These results contrast with those
obtained immediately after fear conditioning (ACQop) or after the second exposure to the conditioning
chamber (CTRop), in which the ACQ group had clearly more c-Fos labelling in the dorsal hippocampus
than the CTR group (Figure 3). One possible explanation for these contradictory results is the distinct
endpoint of the experiments. In the first experiment, CTR animals were exposed two days in a row to the
conditioned chamber, and sacrificed 1h after the second exposition (Figure 13A) whereas in the second
experiment, the CTR were exposed to the chamber in the first day (habituation day) and in the sixth day
(memory test) (Figure 14A). This interval of 4 days may have been sufficient for CTR mice forgetting
the conditioning chamber, since in this group the context was never associated to a strong stimulus. In
this case, the novelty of the context is likely to trigger neuronal activation of the dorsal hippocampus in

the same way that fear conditioning does (Keeley et al, 2006; Cho etal, 2017). Another possible reason
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for the lack of difterences between the CTR and the ACQ group is that the fear memory engram of the
hippocampus might have started to dissipate with the passage of time, as memory becomes gradually

dependent on other parts of the brain, i.e. neocortical areas (Cowansage et al, 2014; Kitamura et al,

2017).

On the other hand, neuronal activation in the dorsal hippocampus of the EXT group was scarce
(Figure 14E) which may mean that in fact, c-Fos induction by context exposure in the hippocampus may
actually be more related to the state of arousal of the animals than to a specific memory engram (Cho et
al, 2017).In fact, the EXT group was exposed to the conditioning chamber everyday and 2 times per day
until sacrifice whereas both the CTR and the ACQ_groups were only exposed for 3 times to the
conditioning chamber (Figure 14A). This last hypothesis is also supported by the same patterns of
neuronal activation found in the ventral hippocampus (Figure 14F). One possible solution to overcome
this confounding factor is to label the activated neurons that are actually part of a memory engram taking
advantage of TetTagged mice. These animals express a transgene that combines elements of the
tetracycline system with the cfos promoter, allowing the tagging of neurons that are recruited only during

the learning of a specific task (Reijmers et al, 2009).

Another brain region analyzed was the amygdala. The amygdala is a core player in fear memory
formation, consolidation and extinction (Orsini et al,2012; Maren,2015). In previous reports, it was
shown that upon tone fear-conditioning there is an increase of c-Fos expression in the amygdala (Henry
etal, 2004; Knapska et al,2009; Orsini et al, 2011; Jin etal,,20 14). This also happens during contextual
fear conditioning (Santos etal., 2013; Kitamura et al,, 2017). Moreover, Santos et al.(2013) showed that
the central nucleus of the amygdala (CeA) and intercalated cells masses (ITC) were key regions
activated during contextual fear conditioning, Also, Kitamura et al. (2017) found that the BLA nuclei of
the amygdala were activated both at contextual fear learning and at fear recall. Thus, surprisingly, we did
not observe significant c-Fos labelling except for few neurons in the BLA and CeA regions of the CTR
group and in the BLA of the EXT group (Figure 14G). Considering that the amygdala was highly
activated during contextual fear acquisition (Figure 13B and C), this may mean that the amygdala is less
engaged during fear memory recall and is mostly recruited during the learning, at least in our paradigm.

Nevertheless, a more detailed analysis is required to drive any conclusions from these results.

We also analyzed the recruitment of the medial prefrontal cortex (mPFC). The mPFC is
associated with diverse functions including attentional processes, decision making and working memory

(Neafsey 1990; Goldman-Rakic 1994; Petrides1998; Repovs and Baddeley 2006). For that reason it is
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expected to have neuronal activation in this brain region when an animal is exploring a new environment.
Furthermore, recent studies have consistently shown that the activation of the prelimbic area of the
mPFC is required for conditioned fear expression and recall (Giustino et al,2015). Accordingly, we also
observed a high neuronal activation in the mPFC in the CTR and in the ACQ groups and no activation
in the EXT group (Figure 14B). On the other hand, the infralimbic area (IL) of the mPFC has been
shown to be recruited during fear extinction learning and recall (Giustino et al,2015). However, we did
not observe any neuronal activation in this area in the EXT group nor in the CTR and ACQ groups (data

not shown).

We also analyzed other areas of the brain that are equally important for an appropriate fear
response, such as the hypothalamus and the nucleus accumbens (NAc), and asked whether these would
be differentially activated according to the memory of the mice. The Hypothalamus is a pivotal structure
in the coordination of the stress response (Smith,2006). It receives and integrates internal and external
signals, including stressful stimuli and triggers the appropriate responses (Smith, 2006) During stressful
situations, the hippocampus and the amygdala directly activate the hypothalamus that, in turn, activates
the sympathetic system through the hypothalamic-pituitary-adrenal axis thereby triggering the body
response to stress (Jacobson et al, 1991; Smith, 2006; Romanov et al, 2017). Since fear is a major
stressor, both fear acquisition and recall are expected to drive neuronal activation in the hypothalamus
(Troglic et al, 2011; Furlong et al,2016). In agreement with this, our results also showed a higher level
of c-Fos labelling in the hypothalamus of the ACQ_group comparing to the CTR and EXT groups
(Figure 4D).

Finally, our results also show that the core of the nucleus accumbens (NAc) is more activated in
the ACQ mice than in the CTR and EXT mice (Figure 14C). Accordingly, the nucleus accumbens has
been implicated in fear conditioning since it receives inputs from the BLA nuclei of the amygdala (Janak
etal,2015), the subiculum of the dorsal and ventral hippocampus (Fanselow et al, 2000) and from the
mPFC (Tzschentke and Schmidt, 2000). Moreover, since it projects to the basal ganglia, globus pallidus
and substantia nigra (Zahm, 2000), it was implied in Pavlovian-instrumental transfer, ie. the process
whereby a conditioned stimulus modifies operant behavior (Cartoni et al, 2013). In fact, the relevance
of these nuclei for context-shock associations has been previously demonstrated (Westbrook et al,
1997) and the activation of NAc during fear conditioning paradigms was also shown (Veening et al,

2009).
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Overall, this pilot study suggests that fear and extinction recall may induce different patterns of
neuronal activation throughout the brain (Figure 14). However, as previously discussed, some of these
patterns of c-Fos labelling may be more related to the level of arousal of the animals during the test rather
than to a memory trace (Cho et al, 2017). Thus, perhaps it is best to adopt a different strategy to
specifically label the neurons belonging to context, fear and extinction memory engrams before

proceeding with a detailed analysis of brain sections.

Long-term synaptic plasticity is considered to be the neuronal mechanism whereby memories are
formed, stored and retrieved. These involve the potentiation or depotentiation of synapses in defined
neuronal circuitries (Bliss et al,2011). In a variety of psychiatric disorders these mechanisms are
impaired, exacerbated or simply unbalanced, which leads to an aberrant connectivity between the
different brain regions (Mahan etal,2012; Orsini etal,2012; Maren etal, 2014 ). Since the hippocampus
(dorsal and ventral) and the amygdala are the two brain regions mostly implied in the acquisition and
retrieval of contextual fear memories (Izquierdo et al, 2016), we performed ex vivo electrophysiological
recordings of basal transmission (input-output curves, I0) and of long-term synaptic plasticity (LTP and
depotentiation) in the CA3-CAl synapses of the dorsal and ventral hippocampus and in the LA-BLA
synapses of the amygdala. These recordings were performed on brain slices from naive mice (CTR),
from contextual fear conditioned mice (ACQ), from mice that underwent both fear conditioning and
fear extinction (ACQ+EXT) and from mice that were injected with SCHS8261 (0.1 mg/kg, ip) before
fear extinction (EXT+SCHip). Moreover, the effect of blocking Ax1R on these mechanisms was tested

through slice superfusion with SCH58261 (50 nM).

Even though the dorsal hippocampus is required for contextual fear conditioning and retrieval
(Matus-Amat et al, 2004), we did not observe any significant change in the IO curves or in the LTP
between the 4 experimental groups (Figure 16A-C and Figure 17C-H). Nevertheless, these results are in
agreement with previous data from a chronic unpredictable stress (CUS) model in which the authors
showed that after a tetanic stimulation there were no differences in the magnitude of the LTP in the
dorsal hippocampus between control and stressed rats (Pinto et al, 2015). However, Maggio and Seagal
(2011) showed that 1 day after acute stress in adult rats,-L TP in the dorsal hippocampus was decreased
but if the eletrophysiological recordings were performed 1 week after the stress protocol this effect of
stress was no longer observed. These results of Maggio and Seagal (2011) highlight the importance of
the endpoint at which the ex vivo electrophysiological analyses are performed in the effects observed.

Thus, it is important to emphasize that our data relative to the ACQ and EXT groups were obtained
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during an interval of 4-8 days after the contextual fear conditioning, which may explain the lack of
differences found between the groups. In addition, we evaluated mechanisms of metaplasticity. This
process evaluates the ability of modified synapses to further alter their strength. Thus, it does not directly
aftect synaptic efficacy but instead leads to changes in the magnitude of the synaptic plasticity, in other
words, it is the “plasticity of plasticity” (Citri et al,, 2008). Thus, 60 minutes into the LTP it was applied a
low frequency stimulation (LES) protocol to induce depotentiation, ie. to reverse LTP (Bear et al,
1996). In the dorsal hippocampus, depotentiation was only observed in slices from the EXT group
(Figure 18C and 18E) which suggests that the dorsal hippocampal circuits of this group are more prone
to be altered, which may facilitate new learning and memory. Unfortunately, this protocol was not
performed on slices from naive mice and therefore a comparison with a system that was not previously
modified by an aversive experience cannot be made. Curiously, superfusion of slices with SCH58261 did
not alter depotentiation in all of the groups (Figure 18) but the EXT+SCHip group did not display
depotentiation unlike the EXT group (Figure 18D and 18E) which suggests that the i.p. injection of the

AzaR before extinction somehow modified the synapses in the dorsal hippocampus.

On the other hand, despite the variable times after the last memory test at which animals were
sacrificed, the ventral hippocampal slices from the ACQ group had significantly higher LTPs comparing
to slices from naive mice (Figure 16E-F). Importantly, all of the other groups displayed LTPs that were
equal to the CTR group (Figure 16E-F and Figure 19F) Supporting our results, Maggio etal.(2011) and
Pinto et al.(2015), also observed an increase of the amplitude of the LTP in the ventral hippocampus of
stressed rats. These data suggest that aversive experiences induce stable and long-lasting modifications
in the synaptic strength of ventral hippocampal circuits. Interestingly, SCH58261, applied acutely on
slices, was able to modify the LTP only in the dorsal hippocampus (and not in the ventral) of naive mice
(Figure 15B and E) but was still able to normalize the LTP at the ventral hippocampal slices from the
ACQ_group (Figure 19D and H). These results suggest a gain of function of the A;R during the
acquisition and consolidation of contextual fear memories in the ventral hippocampus, leading to
modifications in the neuronal network and subsequently to an increase of synaptic plasticity. A possible
mechanism underlying this gain of function of AxsR is through neurogenesis triggered by contextual fear
conditioning Indeed, it was shown that a genetic model of impaired neurogenesis in the hippocampus
lead to deficient contextual memory (Mateus-Pinheiro et al, 2016). Furthermore Pinto et al. (2015)
showed that chronic unpredictable stress enlarges the volume of the ventral hippocampus concomitantly

with an increase in the length of the CA3 apical dendrites. Additionally, Reverse et al, 2009, showed that
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deficits in hippocampal neurogenesis increased anxiety-related behaviors. These results evidenced the
relevance of adult neurogenesis in memory and in anxiety-related disorders. Likewise, overexpression of
AR leads to memory impairments (Giménez-Llort et al, 2007) and depressive-like behaviors (Coelho
et al, 2014). Thus, it is possible that during contextual fear conditioning there is an increase in
neurogenesis that is accompanied by a boost of A;4R activity. This suggestion could explain the gain of
function of the A;AR during contextual fear conditioning but, to test the veracity of this hypothesis, further

studies are required.

On the other hand, none of the experimental groups displayed depotentiation from the LTP in
the ventral hippocampus (Figure 20A-E). Also, superfusion of ventral hippocampal slices with
SCHS8261 did not modify depotentiation in any of these groups (Figure 20A-C). Noteworthy, in the
group of animals injected with SCH58261 (EXT+SCHip) the LFS caused potentiation instead of
depotentiation (Figure 20D and E). Although it is unexpected, this result is not odd. For the past years a
series of reports have been questioning if the “HFS-LTP, LES-LTD” dichotomy truly captures the entire
spectrum and direction of synaptic modifications. In fact, Thomas et al, 1996 showed that under the
activation of the P-adrenergic receptor, LES could elicit LTP using a SHz stimulation protocol.
Moreover, Lanté et al, 2006, demonstrated that in physiological conditions, a low frequency protocol of
1Hz for Smin can trigger a slow-onset long-term potentiation, mGlusR-dependent, at the CA1 synapses
(Lanté et al, 2006 ab). Concomitantly, Habib and Dringenberg, 2009, showed that LFS in the
commissural and medial septal afferents induced LTP in the CA1 region that was NMDAR-dependent.
These differences in the mechanism underlying LFS-LTP indicate the existence of several forms of LFS-
induced synaptic potentiation, however, there is not a clear understanding neither of the cellular and

molecular mechanism mediating these forms of plasticity nor of its physiological relevance.

Finally, electrophysiological recordings were performed at the LA-BLA pathway of the amygdala.
To the best of our knowledge, there is no previous data demonstrating the effects of the contextual fear
conditioning on this pathway. Most studies have focused in the long-term synaptic modification of
afferent inputs to the amygdala, since these pathways are critical for auditory (or cued) fear conditioning
(Rogan et al, 1997McKernan et al, 1997; Stevens, 1998, Maren, 1999; Tsvetkov et al,2002 a,b). Thus,
it has been shown that the auditory fear conditioning occludes the LTP in the cortico-amygdala pathway
(that conveys input from the auditory cortex to the LA) (Tsevetkov et al, 2002a), and that leads to a
synaptic enhancement in the thalamo-amygdala pathway (whereby auditory information reaches the LA

through the auditory thalamus) (Rogan et al, 1997; McKernan et al, 1997). In contextual fear
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conditioning the hippocampus has been shown to have a more prominent influence. Indeed, the dorsal
hippocampus has the ability to modulate the context-specific firing of neurons in the lateral amygdala
(Maren etal, 2007) and the ventral hippocampus has projections to the baso-amygdala that are required
for contextual fear memory retrieval (Xu et al, 2016). Since we did not have the tools to study the
hippocampal-amygdala pathway and since the internuclear excitatory connections in the amygdala are
also essential to the acquisition and extinction of fear memories (Duvarci etal, 2014; Radley etal, 2015),
we decided to do extracellular recording in this intra-amygdalar (LA->BLA) pathway. Due to the scarce
number of studies in this pathway, it was necessary to optimize a protocol of high frequency stimulation
(HFS) that would induce a robust LTP. The only protocol that was able to produce a consistent and
stable potentiation was one consisting in S trains of HFS (100Hz, 30s of inter-train interval). Using this
protocol, we observed a decrease of the amplitude of the LTP in the amygdala of both ACQ and EXT
mice when compared to the CTR (Figure 16H-I) suggesting changes in the synaptic strength of these
synapses in animals that underwent contextual fear conditioning. Interestingly, the IO curves in the
amygdala of the ACQ_group were significantly higher than the curves of the EXT and CTR groups
(Figure 16G), suggesting increased neuronal excitability within this microcircuit. In a similar way that
was observed for the ventral hippocampus, this result also has a parallel with those obtained in models of
stress. According to previous studies, during stress there is an increase of the spontaneous firing of
neurons in the BLA (Zhang et al,2012), an increase in the dendritic arborization of BLA pyramidal
neurons (Vyas etal, 2002) and a robust increase in the spine density of the BLA spiny neurons (Mitra
et al, 2005), pointing towards a long lasting effect of stress in the basal excitatory activity of principal
neurons in the BLA. Furthermore, in human imaging studies it was demonstrated that individuals that
suffer from depression and anxiety disorders have increased amygdalar activity and volume and this
hyperactivity of the amygdala may be a key contributor to many neuropsychiatric disorders, such as
anxiety and PTSD (Radleyetal, 2015). Knowing this, we propose that the observed increase of the basal
transmission in the ACQ may be due to the formation of new dendritic spines in the BLA which is
suggested to be a locus of storage for fear memories (Mitra et al,2005; Christoffel et al,2011); however
further studies are necessary to corroborate this hypothesis. Nevertheless, ex vivo, SCH58261 was not
able to modify the I/O curves of the ACQ group (Figure 21A) nor the LTP of any of the groups (Figure

21D-H) with the exception of the naive mice (Figure 15H).
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On the other hand, in terms of metaplasticity, only the LTPs in slices from the EXT group were
able to depotentiate from LTP upon LES, which could mean that the neuronal circuit in this group is

more flexible.

Despite the lack of evidence, given that it is in the amygdala that extinction learning is initially
encoded, it would be interesting to performin vivo extracellular recordings using chronic recording
eletrodes in the BLA and compare the contextual-evoked spike firing in control mice versus mice that
were intraperitoneally injected with the A;4R antagonist (detailed method described in Herry etal, 2008

and Ciocchi et al,2010).
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CONCLUSION

In the present study, it was shown that the global pharmacological blockade of adenosine Aza
receptors (AxR) during contextual fear extinction accelerated this process. Furthermore, our results
suggest that this happens through A,sR-mediated modulation of long-term synaptic plasticity (LTP) in
the ventral hippocampus since: 1) contextual fear conditioning increases the amplitude of LTP in the
ventral hippocampus; 2) fear extinction normalizes the amplitude of LTP in this brain region and 3)
superfusion of slices from the ventral hippocampus of fear conditioned mice with the selective antagonist

of A2aR (SCHS8261 ) also normalizes LTP.
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