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RESUMO






Memoria pode ser definida como a capacidade de aprender e relembrar experiéncias
passadas. Dentro dos diversos tipos de memorias, é geralmente aceite que um evento
relacionado com emocgdes (como medo e stress) € melhor lembrado quando comparado
com eventos neutros. Durante situagdes stressantes, mecanismos neuroenddcrinos podem
ser ativados, levando a uma resposta fisiologica ao stress. A ativacéo do eixo simpético-
adrenal-medular (SAM) e hipotalamo-hipofise-adrenal (HPA) resulta na libertacdo de
glucocorticoides e catecolaminas nomeadamente noradrenalina (NA) e adrenalina (Ad),
para a circulacéo periférica.

A Ad parece ser essencial para memorias relacionadas com o stress, como é o caso da
memoria contextual do medo. No entanto, a influéncia do antagonista dos recetores 2-
adrenérgicos nao foi explorada na memdria contextual do medo, bem como o papel do
Ad em memorias antigas. Portanto, 0 nosso objetivo foi avaliar se um antagonista dos
recetores Pz-adrenérgicos é capaz de reduzir a memoria contextual do medo fortalecida
pela Ad e se a Ad contribui para o fortalecimento de memdrias antigas.

No entanto, a Ad é uma hormona hidrofilica e pode néo ser capaz de atravessar a barreira
hematoencefalica. A Ad pode ativar os recetores B-adrenérgicos das células hepaticas,
levando a liberacdo de glicose para a circulacdo periférica e a glicose pode ser um
mediador para o fortalecimento da memoria do medo contextual. Existe uma lacuna da
literatura em separar completamente o efeito da Ad e da glicose no fortalecimento da
memoria contextual do medo. Portanto, utilizando um murganho que ndo produz Ad,
pretendemos avaliar se a glicose por si s6 fortalece a memdria contextual do medo e se
existe uma sinergia entre Ad e glicose. A glicose atravessa a barreira hematoencefalica
através de transportadores de glicose e pode servir como fonte de energia para a sintese e
libertacdo de acetilcolina e desta forma participar na formacdo da memoria contextual do
medo. Portanto, outro objetivo € avaliar se a expressdo dos recetores muscarinicos no
hipocampo esta alterada em murganhos deficientes em Ad e entender se o sistema
colinérgico esta envolvido no fortalecimento da memoria contextual do medo induzido
pela Ad periférica. Além disso, a glicemia aumentada pela acdo da Ad pode induzir a
libertacdo de insulina para a corrente sanguinea. Outro objetivo deste trabalho é elucidar
0 papel da insulina na memoria contextual do medo usando murganhos com défice em
Ad no procedimento do medo condicionamento.

Os nossos resultados indicam que a Ad fortalece as memorias contextuais do medo tanto
a longo prazo como as antigas, que € revertido na presenca de um antagonista do recetor

[2-adrenérgico (Manuscrito | — Capitulo 2). Além disso, o efeito de fortalecimento na
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memoria do medo contextual pela Ad é seguido por um aumento dos genes da familia
Nr4a no hipocampo (Manuscrito | — Capitulo 2). O que sugere alteracfes moleculares
centrais induzidas por uma hormona periférica para justificar um aumento da memdria
contextual do medo. Além disso, a administracdo de glicose foi capaz de fortalecer a
memoria contextual do medo na auséncia de Ad (murganhos deficientes em Ad) e
também levou ao aumento da expressdo de mRNA de Nr4a3 e Bdnf no hipocampo
(Manuscrito 1l — Capitulo 3). O aumento destes alvos moleculares pode ser importante
para aumentar a forca da memoria contextual do medo observada apds a administracao
de glicose. Além disso, doses sub-eficazes de glicose e Ad quando administradas
simultaneamente também fortaleceram a memoria contextual do medo (Manuscrito 1l —
Capitulo 3). Portanto, a glicose pode ser uma parte importante da via periférica para a via
central envolvida na formacédo da memoria contextual do medo.

Murganhos deficientes em Ad apresentaram diminuicdo da memdria contextual do medo
em comparagdo com murganhos do tipo selvagem (WT), o que foi seguido por uma
diminuigdo na expressao do recetor M4 no hipocampo, e foi restaurada pela administracéo
de Ad em murganhos deficientes em Ad (Manuscrito Il — Capitulo 4). Estes resultados
demonstram que a auséncia de Ad leva a modificacdo dos padrées de expressdo de recetor
centrais, o que pode justificar a diminui¢do da memoria contextual do medo. Além disso,
a atropina, um antagonista do recetor muscarinico com efeitos centrais, reverte 0 aumento
da memoria do medo contextual induzida pela Ad, ao contrario da metilatropina, um
antagonista do recetor muscarinico com aces periféricas (Manuscrito 111 — Capitulo 4).
Isto pode ser concordante com o envolvimento da acetilcolina no fortalecimento da
memoria contextual do medo induzido pela Ad periférica. Finalmente, a insulina fortalece
a memoria mesmo na auséncia de Ad (Manuscrito IV - Capitulo 5). Além disso, a
administracdo de insulina em murganhos deficientes em Ad também leva a expressdo de
mRNA de Bdnf no hipocampo (Manuscrito IV — Capitulo 5), o que pode estar relacionado
ao aumento da captagéo de glicose nos neuronios induzido pela insulina.

Em geral, este trabalho traz mais avancos nas possiveis vias fisiologicas pelas quais a Ad
fortalece a memdria contextual do medo. Foi possivel concluir que a Ad através dos
recetores [2-adrenérgicos fortalece as memorias contextuais do medo a longo prazo e as
memorias antigas, e a glicose pode ser um mediador da Ad no sistema nervoso central. O
fortalecimento da memoria contextual do medo pela Ad ou pela glucose é através do
aumento da expressdo da familia de genes Nr4a no hipocampo. Além disso, tanto a

glicose como a insulina parecem fortalecer a memoria contextual do medo através do
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aumento da expressdo de Bdnf no hipocampo, o que pode estar relacionado ao aumento
da captacao de glicose no sistema nervoso central. Também foi possivel concluir que a
auséncia de Ad, além de reduzir as memorias contextuais de medo, também leva a
modificagdes moleculares centrais que podem justificar o comprometimento da memoria,

como o observado na expressdo dos recetores muscarinicos.






ABSTRACT






Memory can be defined as the capacity to learn and recall past experiences. Among the
diverse types of memories, it is generally agreed that an event related to emotions (like
fear and stress) is better remembered when compared to neutral ones. During stressful
situations, neuroendocrinal mechanisms may be activated, leading to a physiological
response to stress. The activation of the sympathetic-adreno-medullar (SAM) and
hypothalamus-pituitary-adrenal (HPA) axis results in glucocorticoids and catecholamine
release, namely noradrenaline (NA), and adrenaline (Ad), to the peripheral circulation.
Ad appears to be essential for stress-related memories, such as contextual fear memory.
Nevertheless, the influence of B2-adrenergic receptor antagonist was not explored in
contextual fear memory, as well as the role of Ad in old memories. Therefore, our aim
was to evaluate if a B2-adrenergic receptor antagonist is capable of reducing contextual
fear memory strengthened by Ad and if Ad is capable of strengthening old memories.
However, Ad is a hydrophilic hormone and may not be capable of crossing the blood-
brain barrier. Ad may activate -adrenergic receptors in hepatic cells resulting in glucose
release to the peripheral circulation and glucose may be a mediator for contextual fear
memory strengthening. A literature caveat exists in completely detach the effect of Ad
and glucose in the strengthening of contextual fear memory. Therefore, using an Ad-
deficient mouse we aimed to evaluate if glucose alone strengthens contextual fear
memory and if there is a synergic interaction between Ad and glucose. Glucose crosses
the brain's blood barrier through glucose transporters and may serve as an energy source
for acetylcholine synthesis and release, and then participate in contextual fear memory
formation. Therefore, another purpose is to evaluate if hippocampal muscarinic receptor
expression is altered in Ad-deficient mice and understand if the cholinergic system is
involved in the strengthening of contextual fear memory by peripheral Ad. In addition,
the blood glucose increased by Ad action may induce insulin release to the bloodstream.
Another aim of this work is to elucidate the role of insulin on contextual fear memory
using Ad-deficient mice in the fear conditioning procedure.

Our results indicate that Ad strengthen contextual fear long-term and old memories and
those are reverted in the presence of a P2-adrenergic receptor antagonist (Manuscript | -
Chapter 2). In addition, Ad contextual fear memory strengthening effect is followed by
an increase of Nr4a family genes in the hippocampus (Manuscript | - Chapter 2). This
suggests central molecular changes induced by a peripheral hormone to justify contextual
fear memory strength. Also, glucose administration was capable of strengthening

contextual fear memory in Ad absence (Ad-deficient mice) and also led to increased
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hippocampus Nr4a3 and Bdnf mRNA expression (Manuscript Il - Chapter 3). The
increase of these molecular targets may be critical for contextual fear memory
strengthening observed after glucose administration. In addition, the joint administration
of subeffective doses of glucose and Ad also strengthen contextual fear memory
(Manuscript Il - Chapter 3). Therefore, glucose may be an important part of the peripheral
to central pathway involved in contextual fear memory formation.

Ad-deficient mice presented decreased contextual fear memory compared to wild-type
(WT) mice, which was followed by a decrease in hippocampus M4 receptor expression,
which was restored followed by Ad administration in Ad-deficient mice (Manuscript 111
- Chapter 4). These results demonstrate that Ad absence leads to modification of central
receptor expression patterns which may justify contextual fear memory decrease. In
addition, atropine, a muscarinic receptor antagonist with central effects, reverts
contextual fear memory enhancement by Ad contrary to methylatropine, a peripheral
muscarinic receptor antagonist (Manuscript I11 - Chapter 4). This may be consistent with
the acetylcholine involvement in contextual fear memory strengthened by peripheral Ad.
Finally, insulin strengthens memory even in Ad absence (Manuscript IV - Chapter 5).
Furthermore, insulin administration in Ad-deficient mice also leads to hippocampus Bdnf
MRNA expression (Manuscript IV - Chapter 5), which could be related to increased blood
glucose uptake in neurons induced by insulin.

In general, this work brings further advances in Ad pathways to contextual fear memory
strengthening. It was possible to conclude that Ad strengthens both long-term and old
contextual fear memories through B2-adrenergic receptors, and glucose may be a mediator
of the hormone in the central nervous system. The contextual fear memory strengthening
by Ad or glucose is throughout increased hippocampal Nr4a family gene expression. In
addition, both glucose and insulin appear to strengthen contextual fear memory through
increased hippocampal Bdnf expression, which could be related to increased glucose
uptake in the central nervous system. It was also possible to conclude that Ad absence,
beyond reducing contextual fear memories, also leads to central molecular modifications

that may justify memory decrease, such as observed in muscarinic receptor expression.
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CHAPTER 1 - INTRODUCTION






1.1 Memory

The concept of memory is difficult and slippery to define, is not defined by a single
system and includes many brain regions and processes. In a simple way, it is the process
of reproducing or recalling what has been previously learned and retained (Squire, 2009).
It relates to emotions, physical sensations, and/or the environment where it was created.
This ability to retrieve the learned and retained information is crucial for animal and
human survival, without memory it would not be possible to learn, develop and evolve
(Ortega-de San Luis and Ryan, 2022). However, such an important feature of our
evolution is not static and is always being modified and reconstructed every time it is
recalled. All its complexity, makes memory difficult to study, having become one of the
biggest challenges in the neuroscience field. Although learning and memory are two
different concepts, they are closely related. Thus, to overcome this challenge, the
scientific community makes use of different learning paradigms to study the processes of

memory formation (Lieberman, 2011).

1.2 Memories: formation and types

1.2.1 Processes of memory formation and modifications

The learning and memory formation processes have been discussed for several years,
leading to several theories. The most consensual theory nowadays is the consolidation
process, which states that a temporary and labile memory is changed into a stable and
long-lasting memory upon undergoing the consolidation process (Lechner, et al., 1999,
Muiller and Pilzecker, 1900). Currently, it is accepted that memory formation involves
four main steps: encoding, consolidation, storage, and recall/retrieving (Bisaz, et al.,
2014, Ortega-de San Luis and Ryan, 2022) (summarized in Figure 1). Encoding refers to
the learning or acquisition of perceived information, consolidation turns the information
stable for a long period, storage is used to describe the preservation of information over
time, and retrieving is the ability to access the information whenever it is needed, allowing
its reactivation (McGaugh, 2000, Squire, et al., 2015).

A recent memory is volatile and sensitive to disruption; it is termed short-term memory
(STM) since it can last up to seconds to a few minutes (Cowan and AuBuchon, 2008,
Gibbs and Ng, 1976) and is thought to be dependent solely on the sodium pump (Gibbs
and Ng, 1977). STM maintenance over time is dependent on diverse features, such as
stimulus strength, the individual's attention and motivation, and the presence of some

drugs or molecules (Bisaz, et al., 2014). After that consolidation takes place, and STM
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may be altered to form a long-term memory (LTM). During the consolidation process
new gene expression, RNA transcription, and protein synthesis take place and ultimately
lead to structural and functional modifications that may occur over days, weeks, months,
or a lifetime (Alberini, 2009, lzquierdo, et al., 2002). This cellular or molecular
consolidation denotes the beginning of memory storage. Studies applying protein-
synthesis inhibitors such as anisomycin showed that, unlike STMs, the formation of
LTMs is dependent on de novo protein expression (Frankland, et al., 2004, Schafe and
LeDoux, 2000). This is one of the features that allows the distinction between STM and
LTM, whereas STM depends on pre-existing networks and post-translational
modifications, LTM involves structural and functional modifications to neural networks
that demand de novo gene expression (Alberini, 2009, Davis and Squire, 1984).

LTM is less susceptible to interference, however, even this stored memory can be
modified. Some years after the consolidation theory, memory reconsolidation was
proposed by Misanin and colleagues in 1968 and later by Sara and Doux in 1997.
According to the authors' electroconvulsive shocks or drug administration (protein
synthesis inhibitors and NMDA and B-adrenergic blockers) have a memory-reducing
effect in the presence of memory recall (Misanin, et al., 1968, Nader, et al., 2000,
Przybyslawski and Sara, 1997). During retrieval, memory may be, once again, susceptible
to modifications. In other words, the neural pathways and the molecular mechanisms
involved in memory consolidation are reactivated, therefore the previously consolidated
memory becomes labile and may be disrupted (Auchter, et al., 2017, Nader, et al., 2000).
Whenever a memory goes through retrieval to be modified and stored once again (not
erased), the process is called reconsolidation (Silva and Graff, 2023). After retrieval, the
reconsolidated memory may be maintained, strengthened or impaired (Silva and Gréaff,
2023) (Figure 1).

Encoding ——{ Consolidation ‘\—>1 Storage -—->1 Retrieval |

Figure 1. Schematic representation of the process of memory formation. Adapted from (Silva and Graff,
2023).
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1.2.2 Taxonomy of memory types

Memory can be divided according to different characteristics, based on duration, memory
can be divided into STM and LTM, as described previously. Based on the qualitative
classification, LMT can be further divided into declarative (also known as explicit) or
nondeclarative (sometimes referred to as implicit or procedural) (Squire and Zola, 1996),
as demonstrated in Figure 2. This classification proposed by Squire and Zola (1996) is
based on different underlying networks or memory systems used in each type of memory
that ultimately reflect memory behaviour manifestation. Declarative memory involves the
storing and conscious retrieval of information that can be communicated through
language, such as remembering a song, facts, and cell phone numbers (Squire and Zola,
1996). Nondeclarative memory refers to memories that usually are not available to
consciousness, it refers to procedures, skills, or abilities, like knowing how to sing a song,
how to use a cell phone, and how to ride a bike. Such differences imply different brain
regions to be recruited. This will be explored hereafter (Squire and Zola, 1996).
Declarative memory division into episodic and semantic was first proposed by Tulving
(1972). Episodic memory refers to the recall, in space and time, of personally experienced
moments (Squire, 2004). Semantic memory is associated with general world knowledge,
such as language-related information like word comprehension (Tulving, 1972). Those
types of memories are dependent on the hippocampus, medial temporal lobe, and the
midline diencephalon (Derner, et al., 2020, Sridhar, et al., 2023). The amygdala may also
have an important role in encoding and retrieving this type of memory, particularly if it
is emotionally related (Qasim, et al., 2023, Sridhar, et al., 2023).

Concerning non-declarative memories, those are subdivided into four subtypes
specifically, procedural (skill and habits), priming, associative learning, which subdivides
into emotional responses and skeletal responses, and non-associative learning (Squire,
2004, Squire and Zola, 1996). Non-declarative memories are dependent on the motor
cortex, striatum, limbic system, cerebellum activity, and reflex pathways (Karni, et al.,
1998, Sridhar, et al., 2023).
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Figure 2: Memory types based on qualitative classification and the main brain regions involved. Adapted
from (Squire, 2004).

1.2.3 The Pavlov model: from associative memory to fear conditioning

Pavlov’s findings in associative memory were a milestone in the neuroscience field to
further memory comprehension. Around 1900, Pavlov, while studying vagus nerve
innervations of the digestive tract, discovered that when two or more stimuli were
presented at the same time or in the same order, it resulted in a behavioural change
(Pavlov and Thompson, 1910). In this experiment, Pavlov observed that dogs salivate
when food is present: as so, food was called an unconditioned stimulus. Therefore, he
started to pair the presence of food with a sound, a bell tone, known as a conditioned
stimulus. After the pairing of both unconditioned and conditioned stimuli the dogs start
to salivate: this physiological response was then called a conditioned response. After
some trials, the bell tone was no longer paired with the presence of food, however, dogs
anticipated food and salivated in the same way (producing a conditioned response even
in the absence of an unconditioned stimulus). This experiment proved that animals learn
to associate two different stimuli and present a response (VanElzakker, et al., 2014).
Classical fear conditioning emerged from Pavlov's discovery with some modifications
from his model with dogs. Similar to the Pavlov model (Maren, 2001), classical fear
conditioning, a paradigm often used in rodents, also consists of a conditioned stimulus,
which can be a light, a tone, or a specific chamber, paired with an unconditioned stimulus.
However, this unconditioned stimulus has aversive characteristics, such as a shock. From
this association also arises a conditioned response. Rodents exposed to the pairing usually
display a fear response in the form of freezing behaviour. Freezing behaviour may be
explained by a skeletal muscle tonic reaction which causes animal immobilization,
without affecting the respiratory muscles (Izquierdo, et al., 2016, Paylor, et al., 1994).
Animals may also present defecation and piloerection (Phillips and LeDoux, 1992). This

indicates the formation of a contextual fear memory in response to the stressful situation
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(Valentinuzzi, et al., 1998) and is a paradigm that allows the study of a subtype of non-
declarative memories, namely the emotional response in the associative learning (Squire,
2004) (Figure 2).

1.3 The brain circuit for contextual fear memory

The contextual fear memory requires the division of two concepts, the context and the
fear, which imply different brain regions. The hippocampus and the amygdala are
important brain regions and operate together for the acquisition of this type of memories.
During the memory acquisition of contextual fear conditioning, the encoding of the
context, when the animal discovers the context for the first time, the dorsal hippocampus
is the mainly activated area and is responsible for the “context creation”, since it is where
context and spatial memory is processed (Anagnostaras, et al., 2001, Maren, et al., 2013).
Subsequently, the context information is communicated to the amygdala by projections
from the hippocampus, more specifically to the basolateral amygdala (Anagnostaras, et
al., 1999, Maren and Fanselow, 1995). The amygdala integrates the information from
sensory inputs such as visual, auditory, and somatosensory stimuli (LeDoux, et al., 1991).
Thus, it is in the amygdala that context information from the hippocampus is associated
with fear information from the sensory inputs, leading to the acquisition of conditioned
and unconditioned stimulus association (Goosens and Maren, 2001).

Both amygdala and hippocampus participate in the consolidation of contextual fear
memory (Chaaya, et al., 2018). After contextual fear association, synaptic consolidation
occurs in the amygdala (Chaaya, et al., 2018) and then proceeds to the ventral
hippocampus (Pitkanen, et al., 2002) and finally to the dorsal CA1 and CA3 subregions,
where system consolidation of contextual fear memory occurs (Riedel, et al., 2000,
Sananbenesi, et al., 2002, Yavas, et al., 2019).

Although consolidation occurs in these regions, the memories are not exclusively
maintained in the hippocampus or amygdala regions. The prefrontal cortex (PFC) also
plays a role in contextual fear memory consolidation. Over time, this type of memory is
less hippocampal-dependent and more frontal cortex-dependent (Rajbhandari, et al.,
2017), which results from hippocampus and basolateral amygdala (BLA) inputs to the
PFC (McDonald, et al., 1996). During retrieval these connections are constantly activated,
meaning that all brain areas are recruited for memory to be recalled. The ventral PFC
appears to be involved in fear memory extinction whereas the dorsal prefrontal appears

to promote the expression of learned fear (Gilmartin, et al., 2014).
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1.4 Stress leading to fear and to an emotional memory

Contextual fear conditioning makes use of an inherent part of an animal’s evolution, the
capacity to feel fear. Fear is an emotion caused by the exposure to a threatening (or a
perceived threat) event, object, or situation. Emotional events, like fear, anger, love, and
happiness create the most robust and long-lasting memories. This is well established in
the scientific community, therefore, fear learning and memory are extensively studied.
Fear and stress are two different concepts; however, in some situations, fear can cause
stress (Izquierdo, et al., 2016). Contextual fear conditioning paradigm also as the ability
to initiate a stress reaction by triggering the pituitary-adrenal axis (LeDoux, 1994). The
inverse may also occur, since stress may also lead to fear of learning enhancement
(Izquierdo, et al., 2016).

The concept of stress is generally used to describe body reactions, through alterations in
hormonal and metabolic status, in response to a change in psychological homeostasis
(LeDoux, 1994). With the focus on physiological alterations, stress (a threat to the body’s
homeostasis) leads to catecholamine release to the blood stream by the adrenal medulla,
triggering an increase in heart rate and blood pressure as well as shortness of breath
(Cannon, 1915, Cannon and Lissak, 1939, Selye, 1950). Stress may have different
meanings for different people and situations, normally it leads people to feel arousal and
anxious. The stress-inducing factors are subdivided into acute (short-term stress) or
chronic (long-term stress) (Stults-Kolehmainen and Sinha, 2014). Furthermore, intense
or prolonged stress might have negative effects such as memory impairment (LaBar and
Cabeza, 2006).

1.5 The sympathetic-adrenal medullary system and the hypothalamic-

pituitary-adrenal axis

When a physical or psychological stressor is detected many brain regions are activated to
allow the proper organism reaction (Godoy, et al., 2018), with the perception of the
stressor being the first step of the stress response. After stress recognition two very
important stress systems are activated, the sympathetic-adreno-medullar (SAM) axis and
the hypothalamus-pituitary-adrenal (HPA) axis (Bracha, 2004), summarized in Figure 3.
The major differences in SAM and HPA axis are the duration and the endocrinal
mediators, whereas SAM, the first phase, is recognized as the rapid response with the

release of noradrenaline (NA) and adrenaline (Ad), the HPA, the second phase, is
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considered a long-lasting response with the release of corticosterone (Godoy, et al., 2018,
Joéls and Baram, 2009).

After the stressors are processed in the brainstem and hypothalamic regions (Dayas, et
al., 2001, Fenoglio, et al., 2006), the SAM axis is rapidly activated. The paraventricular
nucleus of the hypothalamus, locus coeruleus (LC), and rostral ventrolateral medulla
projects to pre-ganglionic sympathetic neurons (Godoy, et al., 2018), leading to the
release of NA and Ad from the chromaffin cells of the adrenal medulla and NA from
sympathetic nerves (Euler, 1946, Godoy, et al., 2018, Goldstein, et al., 2003, Takahashi,
etal., 1992, Tank and Lee Wong, 2015). Sympathetic branch activation is predominant,
which chains a physiological adaptation to prepare the organism for the “fight-or-flight”
response, resulting in alertness, vigilance, metabolism increase through glucose recruiting
from liver and fat tissue, increased oxygen consumption, and increased cardiovascular
actions due to changes in blood vessels (Cannon, 1915, Godoy, et al., 2018, Nijsen, et al.,
2000).

In the second phase of the stress reaction, the hypothalamus is recruited by amygdala
stimulation, and the paraventricular nucleus of the hypothalamus releases corticotropin-
releasing hormone (CRH) (Beaulieu, et al., 1988, Matheson, et al., 1971) that in turn
stimulates the anterior pituitary portion of the adenohypophysis to secrete
adrenocorticotropic hormone (ACTH) to the hypophyseal portal system, allowing this
hormone to reach the peripheral circulation and act on the cortical area of the adrenal
gland (Antoni, et al., 1983, Gibbs, et al., 1983). ACTH then prompts the adrenal glands
to produce and release glucocorticoids, like cortisol in humans, corticosterone in rodents,
and mineralocorticoids (Herman, et al., 2003, Vale, et al., 1978). Those steroid hormones
may regulate blood pressure and glucose availability to the brain tissue to allow the
organism to react to a “fight-or-flight” response (Bucci, et al., 2016). Furthermore, they
also have more prolonged actions leading to gene transcription, protein synthesis, and
epigenetics modifications in the peripheral and central nervous system to promote
physiological and behavioural adaptations (Godoy, et al., 2018). Glucocorticoids may
also induce the activity of phenylethanolamine-N-methyltransferase (Pnmt), increasing
Ad synthesis (Sharara-Chami, et al., 2010).

15



STRESSOR

Amyqdala -T» LC

[
Hypothalamus
T
17
Q
hd
[ Sympathetic neurans ]
ACTH
4 A 4

Figure 3: Stress response pathway leading to sympathetic-adreno-medullar and hypothalamic-pituitary-
adrenal axis activation resulting in cortisol and catecholamines release. LC, locus coeruleus; CRH,
corticotropin-releasing hormone; ACTH, adrenocorticotropin hormone. Adapted from (Bucci, et al., 2016).

1.6 Catecholamines

Catecholamines are a group of hormones or neurotransmitters and their metabolites from
the adrenomedullary, sympatho-neuronal and central catecholaminergic systems. The
main three hormones are dopamine (DA), NA, and Ad. As stated in the previous section,
these hormones are often recruited in a stressful situation, therefore they are frequently

called ““stress hormones”.

1.6.1 Historical Aspects

In 1856, during the study of adrenal gland circulation, Vulpian observed a differential
colouration of the medulla and the cortex of the adrenal gland, whereas the medulla and
the venous blood stained green, the cortex and the arterial blood did not (Vulpian, 1856).
Therefore, the author proposed that the medulla of the adrenal gland releases a compound
into the peripheral circulation. This was found to have physiological effects on the arterial
system, such as blood pressure increase (Oliver and Schéafer, 1895). The vasoactive

compound was first classified by Abel in 1897 as “epinephrine” (Abel, 1897) and was
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latter isolated by Takamine in 1901 who named it “adrenaline” (Takamine, 1901).
Therefore, nowadays the two terms are accepted to nominate the hormone in the science
field (Aronson, 2000).

In the following years, the scientific community intensively studied Ad and other
substrates of the adrenal gland, with significant advances being made in the twentieth
century. Ad chemical structure was described and the term catecholamine was raised
(Aldrich, 1901); it was the first hormone artificially produced (Stolz, 1904); NA was
found to be an Ad precursor and also a sympathetic neurotransmitter (Euler, 1946); DA
was also identified as an adrenal gland compound and as part of catecholamine’s
biosynthesis pathway with specific signalling capabilities (Barger and Dale, 1910,
Carlsson, et al., 1958, Hornykiewicz, 2002).

1.6.2 Adrenal gland

Localised near each kidney, the adrenal glands are one of the major endocrine glands
whose products, after being released to the peripheral circulation, have important
functions in several physiological processes. Morphologically, the adrenal gland is
formed by three layers: an external capsule, the cortex, and the medulla (Rhodin, 1971,
Rosol, et al., 2001). The cortex and the medulla produce distinct compounds with
different structures and functions.

The adrenal cortex is located more externally and is the largest portion of the adrenal
gland, it is subdivided into three histological zones, the glomerulosa, the fasciculata, and
the reticularis (Rhodin, 1971, Rosol, et al., 2001). In the glomerulosa, the outer region of
the adrenal cortex occurs the production of mineralocorticoids as is the case of
aldosterone, in the fasciculata, which represents more than 70% of the cortex, the
production of glucocorticoids occurs, and finally, in the reticularis, the inner layer of the
cortex, is where the androgen precursors biosynthesis take place (Berger, et al., 2019,
Nussdorfer, 1980, Nussdorfer, et al., 1978).

The medulla of the adrenal gland corresponds to 10% of the gland, it is histologically
different from the cortex, being a modified sympathetic ganglion. The chromaffin cells
are modified postganglionic neurons, a type of neuroendocrine cells, and are the main
cells of the medulla of the adrenal gland (Rosol, et al., 2001). Those cells are responsible
for the biosynthesis, of catecholamines, namely DA, NA, and Ad (Costa, et al., 2012,
Rosol, et al., 2001) which are stored in the secretory vesicles of the chromaffin granules
of chromaffin cells (Berger, et al., 2019). The release of catecholamines to the peripheral

circulation occurs due to cholinergic innervation by splanchnic nerve activation and by
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glucocorticoid action (Ehrhart-Bornstein and Bornstein, 2008, Wurtman and Axelrod,

1965), HPA axis activation occurs in response to stress, as stated in a previous section.

1.6.3 Catecholamines biosynthesis

The biosynthesis of catecholamines begins with the amino acid tyrosine. Tyrosine is
obtained from two primary sources: the diet and the hepatic hydroxylation of the amino
acid phenylalanine (Goldstein, 2010, Kvetnansky, et al., 2009). In the cytoplasm of the
chromaffin cells or brain catecholaminergic nerves, tyrosine is hydrolysed by tyrosine
hydroxylase (TH) to form L-3,4-dihydroxyphenylalanine (L-DOPA) (Rios, et al., 1999).
This first step is called the rate-limiting step in the biosynthesis of catecholamines
(Nagatsu, et al., 1964, Zigmond, et al., 1989). Therefore, TH is a biomarker of
catecholamines-producing cells (Carlsson, 1959). The activity of TH enzyme begins after
stimulation of the adrenal medulla or the sympathetic nerves (Costa, et al., 2012),
moreover, TH activity is inhibited by negative feedback from excess catecholamines
concentration (L-DOPA, DA, and NA) (Randall and Ferry, 1992).

In the cytoplasm of neuronal and adrenomedullary cells, L-DOPA is then decarboxylated
by Aromatic L-amino acid decarboxylase (AADC), producing DA (Shih, et al., 2013,
Verhofstad, et al., 1979). DA is then taken from the cytoplasm to storage vesicles, where
dopamine B-hydroxylase (DBH) transforms DA into NA (Goldstein, 2010, Rios, et al.,
1999) and this step can occur in chromaffin cells and noradrenergic neurons of the central
nervous system (Shih, et al., 2013). The production of NA occurs in sympathetic nerve
endings and some adrenomedullary cells that only produce NA is the final step, and the
hormone stays in the granule until it is secreted.

The last step in the catecholamine biosynthesis pathway is the conversion of NA to Ad
by methylation, through the action of Pnmt which requires methyl donor S-
adenosylmethionine (SAMe) as a cofactor (Stanford, 2001). The adrenal glucocorticoids
(synthesized in the cortical zone of the adrenal gland (Cole, et al., 1995) stimulate Pnmt
enzyme activity to convert NA to Ad (Hodel, 2001). To protect from cytosolic enzyme
oxidation, Ad is stored in chromaffin granules after the final step.

Pnmt can be found in the chromaffin cells of the adrenal medulla, the tissue with major
expression and activity of Pnmt (Cahill, et al., 1996, Rios, et al., 1999), but it is also
present and activated in the retina, heart, lung, kidney, pancreas, and some lower
brainstem neurons (Kennedy, et al., 1995, Rios, et al., 1999, Stanford, 2001). The enzyme

that synthesizes Ad was already detected and activated in some brain regions like medulla
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oblongata and hypothalamic nuclei. Nevertheless, in the hippocampus, olfactory bulb,
and cerebral cortex the Pnmt activity was not detected (Lew, et al., 1977, Pendleton, et

al., 1978). The biosynthetic pathway of catecholamines is schematized in Figure 4.
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Figure 4: Catecholamines biosynthetic pathway. Adapted from (Purves, et al., 2001).

1.6.4 Catecholamines structure and functions

Catecholamines are a group of hormones that includes DA, NA, Ad, and other
metabolites. This name group is due to the biochemical structure since the three have a

catechol group, consisting of a benzene ring with two hydroxyl groups and a link to an
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ethylamine side chain (Carlsson, 1959). They form a group of neurotransmitters and
endogenous hormones that are soluble in water (Costa, et al., 2012).

DA is the most abundant catecholamine in the brain and although it has peripheral effects,
it mainly acts in the central nervous system (Rios, et al., 1999) where it is found in greater
amounts. The main site of DA biosynthesis in the brain is the substantia nigra. However,
DA occurs in higher concentrations in the corpus striatum once it receives a big input
from the substantia nigra (Sonne, et al., 2022). Moreover, DA receptors allow DA to exert
its actions, and those are present in the brain, in the kidney, and in the renal, coronary and
intracerebral arteries (Moreira-Rodrigues, et al., 2010, Moreira-Rodrigues, et al., 2012,
Moreira-Rodrigues, et al., 2007, Moreira-Rodrigues, et al., 2009, Yanowitch and
Coccaro, 2011). In the central nervous system this neurotransmitter is involved in body
movement coordination, motivation, reward, cognitive function, and maternal and
reproductive behaviours (Klein, et al., 2019). In the periphery, DA regulates blood
pressure by inducing vasodilatation and increasing natriuresis (Carey, 2013, Chugh, et
al., 2013, Horita, et al., 2013, Moreira-Rodrigues, et al., 2010, Moreira-Rodrigues, et al.,
2012, Moreira-Rodrigues, et al., 2007, Moreira-Rodrigues, et al., 2009). In stressful
situations, circulating DA may increase, but in lower magnitude when compared to NA
and Ad (Buhler, et al., 1978).

NA is a neurotransmitter found in the central and peripheral nervous system (Bylund and
Bylund, 2014, Costa, et al., 2012). This catecholamine is synthesized mainly in the
brainstem nuclei, LC and subceruleus, sympathetic neurons and adrenal gland (Costa, et
al., 2012, Schwarz and Luo, 2015, Wang, et al., 1999). Centrally, NA is involved in a
diversity of functions such as locomotion control, attention, perception, and memory
formation (Axelrod and Kopin, 1969, Xu, et al., 2000). In the periphery, NA leads to heart
rate and blood pressure increase and vasoconstriction (Costa, et al., 2012, Wang, et al.,
1999). In stressful situations the SNS and NA chromaffin cells release NA into
circulation, however, in most situations, the increase of Ad in the peripheral circulation
is more significant (Tank and Lee Wong, 2015).

The Ad found in circulation is derived mostly from chromaffin cells of the medulla of the
adrenal gland where nearly 80% of Ad production occurs (Kvetnansky, et al., 2013). Ad
is also synthesized in blood vessels and the heart (Axelrod, 1962, Spatz, et al., 1982).
Catecholamines are polar molecules and therefore do not cross the blood-brain barrier,
however, there is some evidence of Ad production in the brain as referred before
(Goodchild, et al., 1984). Quantification of DA, NA, and Ad by high-performance liquid
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chromatography with electrochemical detection (HPLC-ED) in different brain regions
concluded that Ad is not present in physiological amounts in most of the brain areas, such
as amygdaloid nuclei, limbic cortex (including ventral and dorsal hippocampus) and
olfactory tubercle. Even so, in the nucleus of stria terminalis and hypothalamic nuclei, Ad
was detected but in very small amounts (Kilts and Anderson, 1986).

Regarding Ad physiological functions, this catecholamine has dose-dependent effects on
the cardiovascular system, where it has positive chronotropic and inotropic effects, causes
vasoconstriction, and increases the respiratory rate (Furnival, et al., 1971, Tank and Lee
Wong, 2015). In metabolism, Ad is responsible for inducing glycogenolysis resulting in
blood glucose increase (Gold, 2014, Talley, et al., 2000). During a stress response, Ad is
the primary recruited catecholamine, and although it does not cross the blood-brain barrier
it has effects on the central nervous system such as learning and memory enhancement

(Tank and Lee Wong, 2015), a topic that will be further explored.

1.7 Adrenergic receptors

To exert their action, NA, and Ad act in a group of cell surface G-protein coupled
receptors identified as adrenergic receptors. In 1948, Ahlquist classified the adrenergic
receptors into two major subtypes: a and P, based on their response to Ad, NA, and
isoproterenol, an adrenergic agonist (Ahlquist, 1948). The a and B adrenergic receptors
are further divided into several subtypes and both NA and Ad act on both classes of
receptors however with different affinities (Costa, et al., 2012).

1.7.1 a-adrenoceptors

The a-adrenergic receptors where first subdivided into a1- and o»- adrenergic receptors,
nevertheless the existence of more subtypes, namely alA, alB, alD, a2A, a2B, and a2C
is currently accepted (Langer, 1974, McGrath, 1982).

az-adrenergic receptors mediate their response via a Ggai1 protein, leading to
phospholipase C activation (Cotecchia, et al., 1990). The subsequent cascade ultimately
ends with an intracellular Ca?* increase which results in smooth muscle contraction
(Hoffman and Lefkowitz, 1980, Starke, 1981). They mediate an excitatory response and
are found at post-synaptic junctions of the sympathetic nerves in cardiac muscle, smooth
muscle blood vessels, bronchi, gastrointestinal tract, uterus, and bladder(Costa, et al.,
2012, Tank and Lee Wong, 2015). In general, they cause vasoconstriction,
gastrointestinal relaxation, and salivary secretion. Although both NA and Ad have an
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affinity to az-adrenergic receptors, they differ in the potency: Ad > NA > Isoprenaline
(Tank and Lee Wong, 2015).

Contrary to ai-adrenergic receptors, az-adrenergic receptors are coupled to an inhibitory
G-protein in the presynaptic nerve terminals causing negative feedback to NA release in
sympathetic nerves (Langer, 1997, Starke, 2001, Wise, et al., 1997). The activated Gi
protein results in decreased production of cyclic adenosine monophosphate (CAMP) by
adenyl cyclase, which induces the K channels to open, increasing the time of
hyperpolarization (Cotecchia, et al., 1990). Nevertheless, the postsynaptic expression of
ap-adrenergic was also demonstrated, in vascular smooth muscle cells and the brain
(Gyires, et al., 2009). The regulation of blood pressure, hypothermia, cognitive function,
lipolysis suppression, and contraction of vascular smooth muscle are some of the effects
of az-adrenergic receptors (Costa, et al., 2012, Tank and Lee Wong, 2015). The affinity

and potency of NA and Ad to az-adrenergic receptors are similar to o.

1.7.2 B-adrenoceptors

The B-ARs class is subdivided into B1, B2, and B3, all of which are part of the superfamily
of G-protein-coupled receptors (Dixon, et al., 1986, Emorine, et al., 1989, Frielle, et al.,
1989). Ad has excellent affinity for both a- and B-adrenergic receptors but is more potent
at B-adrenergic receptors (Tank and Lee Wong, 2015). Bi-adrenergic receptors have the
same affinity for Ad and NA (Isoprenaline > Ad > NA) while the affinity order for -
adrenergic receptors is Isoprenaline > Ad >> NA (Tank and Lee Wong, 2015). Compared
to B1- and PBz-adrenergic receptors, B3 has a lower affinity for both NA and Ad (Lafontan,
etal., 1997).

[-adrenergic receptors are coupled to Gs proteins (Chruscinski, et al., 1999) and when
activated induce adenylate cyclase to convert ATP into cAMP, which acts as a second
messenger to activate protein kinase A (PKA) (Frielle, et al., 1989, Tresguerres, et al.,
2011).

B1-adrenergic receptors are essentially distributed throughout the heart muscle where they
predominately control cardiac function mediating positive inotropic and chronotropic
responses (Brodde, 1991, Brodde, 1993). Additionally, B1-adrenergic receptors activation
induces relaxation of peripheral vessels, coronary arteries, and pulmonary arteries
(O'Donnell, et al., 1984, Toda and Okamura, 1990, Vatner, et al., 1985).

Considering [2-adrenergic receptors, they are predominantly expressed in vascular

smooth muscle and bronchial tissue. The activation of Bz-adrenergic receptors leads to
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peripheral vasodilation and bronchodilation (Bao, et al., 2007, Brodde, 1991). As it was
previously stated, catecholamines (NA and Ad) and corticoids are involved in the “fight
or flight” response (Bracha, 2004). The increase in blood concentration of NA and Ad
after a stressful situation causes physiological changes, namely by [2-adrenergic
receptors, to allow the organism to be prepared to react (Cannon, 1915). The
physiological changes include alertness maintenance, pupillary dilatation, piloerection,
aggressive or escape behaviour, metabolic actions (increased glucose via glycogenolysis
and gluconeogenesis, lipolysis, increased oxygen consumption and thermogenesis) and
cardiovascular actions (Fuchs, et al., 1985).

[3-adrenergic receptors are principally expressed in adipose tissue and its activation
induces lipolysis in white adipose tissue and induces thermogenesis in brown adipose
tissue (Arch, et al., 1984, Emorine, et al., 1989).

1.8 Role of peripheral adrenaline in fear memory

The SAM and HPA axis activation during stressful situations, as previously explained,
leads to subsequent catecholamines (NA and Ad) and glucocorticoid blood increase.
Other than all the physiological actions these hormones have, they also seem to be
involved in cognitive aspects, more specifically in the enhancement of stressful-related
memories (McGaugh and Roozendaal, 2002). From an evolutionary point of view, this
response is necessary for survival in order to avoid dangerous situations, since emotional-
related events, such as fear-related ones, are better remembered and long-lasting than
neutral ones (Buchanan, 2007).

Further investigation was conducted to better elucidate the role of Ad as an enhancer of
the memory formation process. The administration of peripheral Ad after a learning-based
aversive paradigm, the inhibitory avoidance, resulted in memory enhancement (Gold and
van Buskirk, 1978b, Gold and Van Buskirk, 1975). These results where latter reproduced
in other aversive paradigms (Alves, et al., 2016, Introini-Collison and McGaugh, 1986,
Sternberg, et al., 1985, Toth, et al., 2013), beyond the inhibitory avoidance, reinforcing
the significance of Ad in this subject.

Ad effects in aversive memory enhancement are not a monotonic function but a so-called
U-inverted shape dose response. This means that levels below a certain threshold have no
memory impact, whereas those above that threshold improve memory, however, an even

higher dose impairs memory (Gold and Van Buskirk, 1975).
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Several studies, in both rodents and humans, using pharmacological manipulation of -
adrenergic receptors through propranolol and sotalol administration (p-adrenergic
receptors antagonists) demonstrated that Ad exerts its actions through this class of
adrenergic receptors (Gold and van Buskirk, 1978a, Grillon, et al., 2004, King li and
Williams, 2009, Parfitt, et al., 2012). Additionally, this also reinforces that the memory
enhancement effect of Ad is through peripheral actions since sotalol is a p-adrenergic
receptor antagonist with peripheral effects. Later, in a fear conditioning paradigm, a study
specified which B-adrenergic receptor was involved in fear memory enhancement using
selective agonists. The use of fenoterol, a selective PB»-adrenergic receptor agonist
enhanced contextual fear memory, but the same outcome was not observed with a -

adrenergic receptor agonist, dobutamine (Alves, et al., 2016).

1.8.1 Animal models for adrenaline functional studies: the adrenaline deficient mice
The surgical removal of the medulla of the adrenal gland was one of the first approaches
to study the influence of Ad on memory. In fact, studies with this model where pioneers
in trying to exclude the effects of adrenal catecholamines from glucocorticoids. In
adrenalectomized rats (adrenal gland removed by surgical procedure), it was observed an
impairment of fear memory (Borrell, et al., 1984, Borrell, et al., 1983, Colucci, et al.,
2021, Oitzl and de Kloet, 1992). Nevertheless, this approach can not differentiate if the
observed effect is due to NA or Ad depletion, since both NA and Ad are synthetized in
the adrenal medulla. Furthermore, the surgery may lead to adrenal cortex damage and
alter the liberation of glucocorticoids, pancreastatin, catestatin, chromogranin A, and
neuropeptide Y (Harrison and Seaton, 1966).

An additional approach was to inhibit the conversion of DA into NA, by DBH
pharmacological inhibitors or by a genetic knockout (DBH-KO) of the enzyme. In
behavioural experiments, the DBH-KO mice presented reduced contextual fear memory
(Murchison, et al., 2004) and the mice in which DBH was pharmacologically inhibited
with Nepicastat also presented reduced contextual traumatic memories (Martinho, et al.,
2021a). Notwithstanding it is uncertain if the effects are due to the action of NA or Ad,
or both, since, in both models the synthesis of the two catecholamines where inhibited.
To specifically study the Ad influence, a new alternative emerged created by Ebert, et al.
(2004). By inserting a Cre-recombinase and a Neomycin-resistant gene in the Pnmt locus,
mice became unable to express a functional Pnmt enzyme and therefore could not convert
NA into Ad, becoming Ad-deficient (Ebert, et al., 2004). In Ad-deficient mice, adrenal

Ad is not detected but adrenal NA is significantly higher. Nevertheless, Ad-deficient mice
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were morphologically indistinguishable from wild-type (WT) and were able to reproduce
successfully (Bao, et al., 2007, Ebert, et al., 2004). Ad-deficient mice have normal heart
rate at rest and in acute exercise. In addition, they have normal blood pressure in rest but
increased blood pressure during acute exercise compared to WT mice, possibly due to
lack of vasodilation which is mediated by Ad action on B.-adrenergic receptors (Bao, et
al., 2007, Mendes, et al., 2018, Moreira-Rodrigues, et al., 2014, Sun, et al., 2008).
Ad-deficient mice are a reliable model to better understand Ad effects on contextual fear
memory, bringing interesting advances in the field. Using the contextual fear conditioning
paradigm, Toth was the first author to demonstrate a memory contextual fear impairment
in Ad-deficient mice, reinforcing the role of Ad in this type of memory (Toth, et al., 2013).
In addition, in other non-aversive behavioural paradigms (novel object preference),
memory related with recognition was not affected in Ad-deficient mice (Toth, et al.,
2013). Later, Ad or a B2-adrenergic receptor agonist administration in Ad-deficient mice
showed the restore of contextual fear memory (Alves, et al., 2016). Moreover, in both
studies no differences were observed in memory acquisition day, meaning that pain
perception and memory acquisition are not affected by Ad’s absence (Alves, et al., 2016,
Toth, et al., 2013).

Another significant finding of these studies was the absence of differences in a modified
context to evaluate auditory cue fear conditioning, meaning that Ad does not affect
auditory fear memory (Alves, et al., 2016, Toth, et al., 2013). Since context and auditory
fear memory involve different brain circuits (de Araujo, 2014, Grillon, et al., 2004), being
hippocampus responsible for context-fear conditioning (Rudy, et al., 2004), but not
auditory fear conditioning, Ad contextual fear memory enhancement may be occurring in
the hippocampus. In human studies, it was also demonstrated the involvement of -
adrenergic receptors in contextual fear conditioning, without influencing cue fear
conditioning (Grillon, et al., 2004). Altogether, these results suggest that the enhancement
effects of Ad in contextual fear memory appear to be mainly through peripheral -
adrenergic receptors and in particular 32-adrenoceptors activation (Alves, et al., 2016,
Toth, et al., 2013).

More recently, using a post-traumatic stress disorder (PTSD) mouse model, Ad-deficient
mice also presented decreased contextual traumatic memories and anxiety-like behaviour
compared to WT mice (Martinho, et al., 2020), which implies the Ad relevance in this
pathology. Catecholamines where already described in PTSD, with people diagnosed

with this pathology having increased NA and Ad in plasma and urine (Delahanty, et al.,
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2005, Lemieux and Coe, 1995, Yehuda, et al., 1992), which was also demonstrated by
(Martinho, et al., 2020) in a PTSD mouse model. Moreover, nepicastat (a DBH inhibitor)
and sotalol (a peripheral B-adrenergic receptor), which respectively reduce NA and Ad
concentration and inhibit Ad action, decrease mice PTSD contextual traumatic memories
and related signs (Martinho, et al., 2021a, Martinho, et al., 2021b).

Despite the described evidence that peripheral Ad produced effects in the central nervous
system, this hormone does not cross the blood-brain barrier (Weil-Malherbe, et al., 1959)
and it is not present in the central nervous system (Kilts and Anderson, 1986). Together
with outcomes showing that intra-cerebroventricular infusions with Ad do not lead to
memory enhancement (de Almeida, et al., 1983), some theories have emerged to justify
peripheral Ad’s actions, in order to allow the occurrence of downstream molecular
processes for memory formation. The two main perspectives will be described in the
following subsections, however, both hypotheses may converge and are not exclusive to
justify Ad actions.

1.8.2 The glucose theory

A first hypothesis described as “glucose theory”, refers to Ad metabolic effects. It states
that upon a stressful situation and Ad being released to the peripheral circulation, p-
adrenergic receptors will be activated. The activation of B-adrenergic receptors in the
hepatocytes will result in glycogenolysis and gluconeogenesis enhancement (Gold, 2014,
Talley, et al., 2000), and the hepatic glucose storage will be released to the peripheral
circulation, causing an increase in blood glucose (Coker, et al., 1997) (Figure 5). Contrary
to Ad, the highly hydrophilic glucose molecule can pass through the endothelial cells of
the blood-brai