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Memória pode ser definida como a capacidade de aprender e relembrar experiências 

passadas. Dentro dos diversos tipos de memórias, é geralmente aceite que um evento 

relacionado com emoções (como medo e stress) é melhor lembrado quando comparado 

com eventos neutros. Durante situações stressantes, mecanismos neuroendócrinos podem 

ser ativados, levando a uma resposta fisiológica ao stress. A ativação do eixo simpático-

adrenal-medular (SAM) e hipotálamo-hipófise-adrenal (HPA) resulta na libertação de 

glucocorticóides e catecolaminas nomeadamente noradrenalina (NA) e adrenalina (Ad), 

para a circulação periférica. 

A Ad parece ser essencial para memórias relacionadas com o stress, como é o caso da 

memória contextual do medo. No entanto, a influência do antagonista dos recetores β2-

adrenérgicos não foi explorada na memória contextual do medo, bem como o papel do 

Ad em memórias antigas. Portanto, o nosso objetivo foi avaliar se um antagonista dos 

recetores β2-adrenérgicos é capaz de reduzir a memória contextual do medo fortalecida 

pela Ad e se a Ad contribui para o fortalecimento de memórias antigas. 

No entanto, a Ad é uma hormona hidrofílica e pode não ser capaz de atravessar a barreira 

hematoencefálica. A Ad pode ativar os recetores β-adrenérgicos das células hepáticas, 

levando à liberação de glicose para a circulação periférica e a glicose pode ser um 

mediador para o fortalecimento da memória do medo contextual. Existe uma lacuna da 

literatura em separar completamente o efeito da Ad e da glicose no fortalecimento da 

memória contextual do medo. Portanto, utilizando um murganho que não produz Ad, 

pretendemos avaliar se a glicose por si só fortalece a memória contextual do medo e se 

existe uma sinergia entre Ad e glicose. A glicose atravessa a barreira hematoencefálica 

através de transportadores de glicose e pode servir como fonte de energia para a síntese e 

libertação de acetilcolina e desta forma participar na formação da memória contextual do 

medo. Portanto, outro objetivo é avaliar se a expressão dos recetores muscarínicos no 

hipocampo está alterada em murganhos deficientes em Ad e entender se o sistema 

colinérgico está envolvido no fortalecimento da memória contextual do medo induzido 

pela Ad periférica. Além disso, a glicemia aumentada pela ação da Ad pode induzir a 

libertação de insulina para a corrente sanguínea. Outro objetivo deste trabalho é elucidar 

o papel da insulina na memória 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 é revertido na presença de um antagonista do recetor 

β2-adrenérgico (Manuscrito I – Capítulo 2). Além disso, o efeito de fortalecimento na 



6 

 

memória do medo contextual pela Ad é seguido por um aumento dos genes da família 

Nr4a no hipocampo (Manuscrito I – Capítulo 2). O que sugere alterações moleculares 

centrais induzidas por uma hormona periférica para justificar um aumento da memória 

contextual do medo. Além disso, a administração de glicose foi capaz de fortalecer a 

memória contextual do medo na ausência de Ad (murganhos deficientes em Ad) e 

também levou ao aumento da expressão de mRNA de Nr4a3 e Bdnf no hipocampo 

(Manuscrito II – Capítulo 3). O aumento destes alvos moleculares pode ser importante 

para aumentar a força da memória contextual do medo observada após a administração 

de glicose. Além disso, doses sub-eficazes de glicose e Ad quando administradas 

simultaneamente também fortaleceram a memória contextual do medo (Manuscrito II – 

Capítulo 3). Portanto, a glicose pode ser uma parte importante da via periférica para a via 

central envolvida na formação da memória contextual do medo. 

Murganhos deficientes em Ad apresentaram diminuição da memória contextual do medo 

em comparação com murganhos do tipo selvagem (WT), o que foi seguido por uma 

diminuição na expressão do recetor M4 no hipocampo, e foi restaurada pela administração 

de Ad em murganhos deficientes em Ad (Manuscrito III – Capítulo 4). Estes resultados 

demonstram que a ausência de Ad leva à modificação dos padrões de expressão de recetor 

centrais, o que pode justificar a diminuição da memória contextual do medo. Além disso, 

a atropina, um antagonista do recetor muscarínico com efeitos centrais, reverte o aumento 

da memória do medo contextual induzida pela Ad, ao contrário da metilatropina, um 

antagonista do recetor muscarínico com ações periféricas (Manuscrito III – Capítulo 4). 

Isto pode ser concordante com o envolvimento da acetilcolina no fortalecimento da 

memória contextual do medo induzido pela Ad periférica. Finalmente, a insulina fortalece 

a memória mesmo na ausência de Ad (Manuscrito IV - Capítulo 5). Além disso, a 

administração de insulina em murganhos deficientes em Ad também leva à expressão de 

mRNA de Bdnf no hipocampo (Manuscrito IV – Capítulo 5), o que pode estar relacionado 

ao aumento da captação de glicose nos neurónios induzido pela insulina. 

Em geral, este trabalho traz mais avanços nas possíveis vias fisiológicas pelas quais a Ad 

fortalece a memória contextual do medo. Foi possível concluir que a Ad através dos 

recetores β2-adrenérgicos fortalece as memórias contextuais do medo a longo prazo e as 

memórias antigas, e a glicose pode ser um mediador da Ad no sistema nervoso central. O 

fortalecimento da memória contextual do medo pela Ad ou pela glucose é através do 

aumento da expressão da família de genes Nr4a no hipocampo. Além disso, tanto a 

glicose como a insulina parecem fortalecer a memória contextual do medo através do 
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aumento da expressão de Bdnf no hipocampo, o que pode estar relacionado ao aumento 

da captação de glicose no sistema nervoso central. Também foi possível concluir que a 

ausência de Ad, além de reduzir as memórias contextuais de medo, também leva a 

modificações moleculares centrais que podem justificar o comprometimento da memória, 

como o observado na expressão dos recetores muscarínicos. 
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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 β2-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 β2-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 β-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 β2-adrenergic receptor antagonist (Manuscript I - 

Chapter 2). In addition, Ad contextual fear memory strengthening effect is followed by 

an increase of Nr4a family genes in the hippocampus (Manuscript I - 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 II - 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 II - 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 III 

- 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 III - 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 β2-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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AADC Aromatic L-amino acid decarboxylase 

ACTH Adrenocorticotropic hormone 

Ad Adrenaline 

ANS Autonomic nervous system 

BDNF Brain-derived neurotrophic factor 

BLA Basolateral amygdala 

cAMP Cyclic adenosine monophosphate 

CREB cAMP-response element binding protein 

CRF Corticotrophin-releasing factor 

CRH Corticotropin-releasing hormone 

DA Dopamine 

DBH Dopamine β-hydroxylase 

DBH-KO Dopamine β-hydroxylase-knockout 

ED Electrochemical detection 

GLUT Glucose transporter 

HPA Hypothalamus-pituitary-adrenal 

HPLC High-performance liquid chromatography 

IEG Immediate-early genes 

KO Knockout 

LC Locus coeruleus 

L-DOPA 3,4-dihydroxyphenylalanine 

LTM Long-term memory 

min Minutes 

NA Noradrenaline 

NTS Nucleus tractus solitarius 

PFC Prefrontal cortex 

PKA Protein kinase A 

Pnmt Phenylethanolamine-N-methyltransferase 

PTSD Post-traumatic stress disorder 

SAM Sympathetic-adreno-medullar 

SAMe S-adenosylmethionine 

SNS Sympathetic nervous system 

STM Short-term memory 
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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, 

Müller 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, Izquierdo, 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 β-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 Gräff, 2023). After retrieval, the 

reconsolidated memory may be maintained, strengthened or impaired (Silva and Gräff, 

2023) (Figure 1).  

 

Figure 1. Schematic representation of the process of memory formation. Adapted from (Silva and Gräff, 

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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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 

Figure 2: Memory types based on qualitative classification and the main brain regions involved. Adapted 

from (Squire, 2004). 
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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 (Pitkänen, 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 Lissák, 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, 

Joëls 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, 

et al., 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).  
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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 Schäfer, 1895). The vasoactive 

compound was first classified by Abel in 1897 as “epinephrine” (Abel, 1897) and was 

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). 
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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 β-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. 

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 

Figure 4: Catecholamines biosynthetic pathway. Adapted from (Purves, et al., 2001). 
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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 (Bühler, 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: α and β, based on their response to Ad, NA, and 

isoproterenol, an adrenergic agonist (Ahlquist, 1948). The α and β 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 -adrenoceptors 

The α-adrenergic receptors where first subdivided into α1- and α2- adrenergic receptors, 

nevertheless the existence of more subtypes, namely α1A, α1B, α1D, α2A, α2B, and α2C 

is currently accepted (Langer, 1974, McGrath, 1982).  

α1-adrenergic receptors mediate their response via a Gq/11 protein, leading to 

phospholipase C activation (Cotecchia, et al., 1990). The subsequent cascade ultimately 

ends with an intracellular Ca2+ 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 α1-adrenergic receptors, they differ in the potency: Ad ≥ NA ˃ Isoprenaline 

(Tank and Lee Wong, 2015).  

Contrary to α1-adrenergic receptors, α2-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 

α2-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 α2-adrenergic receptors (Costa, et al., 2012, Tank and Lee Wong, 2015). The affinity 

and potency of NA and Ad to α2-adrenergic receptors are similar to α1.  

1.7.2 -adrenoceptors  

The β-ARs class is subdivided into β1, β2, and β3, 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 α- and β-adrenergic receptors but is more potent 

at β-adrenergic receptors (Tank and Lee Wong, 2015). β1-adrenergic receptors have the 

same affinity for Ad and NA (Isoprenaline ˃ Ad ≥ NA) while the affinity order for β2-

adrenergic receptors is Isoprenaline ˃ Ad ˃˃ NA (Tank and Lee Wong, 2015). Compared 

to β1- and β2-adrenergic receptors, β3 has a lower affinity for both NA and Ad (Lafontan, 

et al., 1997).  

β-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). 

β1-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, β1-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 β2-adrenergic receptors, they are predominantly expressed in vascular 

smooth muscle and bronchial tissue. The activation of β2-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 β2-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). 

β3-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 β-

adrenergic receptors through propranolol and sotalol administration (β-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 Ii 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 β-adrenergic 

receptor antagonist with peripheral effects. Later, in a fear conditioning paradigm, a study 

specified which β-adrenergic receptor was involved in fear memory enhancement using 

selective agonists. The use of fenoterol, a selective β2-adrenergic receptor agonist 

enhanced contextual fear memory, but the same outcome was not observed with a β1-

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 β2-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 β2-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 β-

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 β-

adrenergic receptors and in particular β2-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., 



26 

 

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 β-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, β-

adrenergic receptors will be activated. The activation of β-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-brain barrier, in which the mainly expressed glucose transporter (GLUT) is the 

GLUT1 (Cornford, et al., 1994, Dobrogowska and Vorbrodt, 1999, Farrell and Pardridge, 

1991, Vorbrodt, et al., 2001). In the central nervous system glucose in rapidly transported 

to astrocytes, microglia, and neuron cells (Patching, 2017). In astrocytes, the primarily 

expressed GLUT is also GLUT1 (Morgello, et al., 1995, Yu and Ding, 1998), in microglia 

is GLUT5 (Horikoshi, et al., 2003, Payne, et al., 1997), and in neurons is GLUT3 

(Gerhart, et al., 1992, Maher, et al., 1996). Once in the brain cells glucose may enhance 

the synthesis of neuromodulators, which will activate signalling pathways and influence 

the process of memory formation (Ragozzino, et al., 1996). 

Studies with glucose administration show some similarities between glucose and Ad in 

memory enhancement which reinforces glucose as an Ad mediator. Similar to Ad, glucose 

also enhances memory in a U-inverted shape response in both rodents and humans 
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(Messier and Destrade, 1988, Parsons and Gold, 1992). Memory enhancement occurs 

with blood glucose levels identical to those induced by Ad (Gold, 1986, Hall and Gold, 

1986). Additionally, although β-adrenergic receptors prevent Ad stressful fear memory 

enhancement effect (Alves, et al., 2016, Gold and van Buskirk, 1978a), the memory 

enhancement effect by glucose remains (Gold, et al., 1986). These results support the 

hypothesis that increases in blood glucose following Ad injection or release mediate the 

effects of the hormone on memory. It is important to notice, that contrary to Ad (de 

Almeida, et al., 1983), both systemic and central administration of D-glucose enhances 

memory for appetitive, aversive, habituation, and spatial tasks in rodents (Gold, 1986, 

Stefani, et al., 1999).  

After the fear conditioning paradigm, WT mice had higher glycaemic variation than Ad-

deficient mice (Alves, et al., 2016), possibly due to Ad release. Stimulation of hepatic 

cells by Ad leads to blood glucose increases and may contribute to neuronal glucose 

availability. Two primary substrates for brain energy are available to neurons, both of 

which start with circulating glucose. The first is the direct entrance of glucose into 

neurons, and the second is glucose uptake into astrocytes to increase glycogen and enable 

lactate production (Newman, et al., 2011). Direct glucose into neurons and astrocytic 

storage of glycogen provide supplemental energy to neurons in high-demand situations 

(Newman, et al., 2011). Those may provide the necessary energy for the processes 

involved in fear memory formation (Brown, et al., 2004, Suzuki, et al., 2011). Thus, 

peripheral Ad and glucose availability may impact hippocampus-dependent contextual 

fear memory (Alves, et al., 2016). 

As already stated, the hippocampus is an important brain region for learning and memory 

formation (Costa, et al., 2022) including contextual fear memory, a process associated 

with high-energy demand neurons (Kong, et al., 2017). In the hippocampus, in addition 

to GLUT3 neuronal expression also occurs GLUT4 expression (Apelt, et al., 1999, El 

Messari, et al., 2002), where both GLUT3 and GLUT4 are up-regulated when an increase 

energy demand occurs during hippocampus neuronal activation (El Messari, et al., 1998, 

Leloup, et al., 1996), as is the case of emotional stress and learning (Koepsell, 2020, 

Pearson-Leary, et al., 2018, Pearson-Leary and McNay, 2016). The increased energy 

requirement in these situations is addressed by lactate and glucose transportation to 

neurons through transporters overexpression (Newman, et al., 2011, Pearson-Leary, et 

al., 2018, Pearson-Leary and McNay, 2016).  
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1.8.3 The vagus nerve theory  

Another hypothesis states that Ad may mediate its actions by activation of peripheral β-

adrenergic receptors expressed in the ascending vagal fibres. Also, the vagus nerve 

expresses β2-adrenoreceptors (Lawrence, et al., 1995, Schreurs, et al., 1986) and an 

increase in peripheral Ad might lead to vagal activation (Miyashita and Williams, 2006) 

(Figure 5). As a consequence of vagus nerve activation, the neurons of the nucleus tractus 

solitarius (NTS), which receive the vagal inputs (Sumal, et al., 1983), release NA into the 

amygdala (Petrov, et al., 1993). Additionally, noradrenergic cells from NTS also 

stimulate the brainstem and the LC (Schwarz and Luo, 2015, Van Bockstaele, et al., 

1999), the main noradrenergic brain regions which also provides the main NA innervation 

to the amygdala (Fallon and Moore, 1978), to release NA into BLA (Chen and Williams, 

2012). The triggering of those brain regions results in hippocampus and pre-frontal cortex 

activation (Fallon, et al., 1978, Richter-Levin and Akirav, 2003). As already described, 

NTS, locus coeruleus, BLA, and hippocampus consist of the memory learning and 

consolidation circuit (Wong, et al., 2012).  

For instance, Ad effects on memory enhancement are blunted when the amygdala or NTS 

are lesioned (Cahill and McGaugh, 1990, Clayton and Williams, 2000, Liang, et al., 1990, 

Roozendaal and McGaugh, 1996) or when β-adrenergic receptors are directly delivered 

into amygdala (Liang, et al., 1986, Quirarte, et al., 1997). Also, an increase in extracellular 

concentrations of NA in the BLA may improve memory formation after emotionally 

arousing experiences (Chen and Williams, 2012). In addition, bilateral subdiaphragmatic 

vagotomy resulted in decreased NA concentration in the brainstem (Kobrzycka, et al., 

2019), and vagotomized animals demonstrate impaired memory in aversive tasks such as 

inhibitory avoidance (Flood and Morley, 1988, Nogueira, et al., 1994, Talley, et al., 2002, 

Williams and Jensen, 1991), reinforcing the idea of the vagus nerve in transmitting 

peripheral signalling to the central nervous system to strengthen memory.  

Another approach to studying the vagus nerve in memory is by electrical stimulation. 

Moderate-intensity vagus nerve electrical stimulation resulted in an amygdala NA 

increase (Hassert, et al., 2004) and also improves rodent and human performance on 

memory-related tasks (Clark, et al., 1995, Clark, et al., 1999, Clark, et al., 1998). In both 

cases, inverted-U-shaped functions were similar as those observed with peripheral Ad 

(Gold and Van Buskirk, 1975). 
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1.9 The cholinergic system and its relationship with peripheral 

adrenaline in contextual fear memory 

One of the mechanisms, already described previously, for contextual fear memory 

enhancement by Ad is through glucose. In the brain, glucose can by directly utilized by 

neurons or be stored in glia cells for further uses in high-energy demand conditions. The 

glucose utilization under these circumstances may be used to the synthesis of 

neurotransmitters in the brain, as is the case of acetylcholine and glutamate (Kaufman, et 

al., 1991, Schousboe, et al., 1993, Tucek and Cheng, 1974). Acetylcholine synthesis is 

dependent on choline and acetyl coenzyme A. The latter comes from glucose metabolism 

from the Krebs cycle, after pyruvate oxidation (Gibson and Blass, 1976, Gibson, et al., 

1978, Gibson and Shimada, 1980). In addition, the release of acetylcholine during 

learning and memory tasks appears to be regulated by glucose, since for example during 

a spatial working memory task glucose administration increases acetylcholine in the 

hippocampus and enhances memory (Pych, et al., 2005, Ragozzino, et al., 1996).  

Figure 5: The glucose and the vagus nerve theories for adrenaline effects in contextual fear memory 

enhancement. Upon adrenaline release from adrenal gland due to stress stimulation, β2-adrenergic receptors on 

hepatocytes and vagus nerve may be activated. Leading to glucose release and vagal nerve afferent activation, 

respectively. Both pathways may ultimately lead to contextual fear memory enhancement.  
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1.9.1 The cholinergic receptors  

Acetylcholine is considered a neurotransmitter and a neuromodulator. It exerts its 

function by acting in two distinct classes of receptors, the nicotinic and the muscarinic 

receptors (Albuquerque, et al., 2009). The nicotinic receptors are excitatory ligand-gated 

ion channels and are expressed in the neuromuscular junction, in the ganglions of the 

autonomic nervous system (ANS), and in the central nervous system (CNS) 

(Albuquerque, et al., 2009). In the central nervous system, several nicotinic receptor 

subtypes are expressed, each receptor has a total of five α and/or β subunits, and the 

combination of the α (α2-α10) and β (β2-β4) subunits determines the receptor subtype 

pharmacological and physiological properties (Elgoyhen, et al., 1994, Liu, et al., 2012, 

Millar and Gotti, 2009).  

The muscarinic receptors family are divided into five subtypes, M1, M2, M3, M4, and M5 

(Bonner, et al., 1987, Bonner, et al., 1988, Kubo, et al., 1986a, Kubo, et al., 1986b, Peralta, 

et al., 1987). The M1, M3, and M5 are coupled to a Gq protein and are excitatory receptors. 

The M2 and M4 receptors are coupled to a Gi/o protein and are considered inhibitory 

receptors (Felder, 1995, Scarr, 2012). The five muscarinic receptors are expressed in the 

central nervous system; however, muscarinic receptors may have different expression 

patterns according to different brain regions.  

The muscarinic M1 subtype is expressed throughout the brain, however in cortical regions 

and the hippocampus this receptor may be found in the highest amounts (Flynn, et al., 

1995). The M2 subtype can be found in the nucleus basalis, occipital cortex, hippocampus, 

and other cortical regions, but the highest amounts occur in the nucleus basalis and 

occipital cortex (Flynn, et al., 1995, Mrzljak, et al., 1993). Regarding M3, those may be 

found in the same regions as M1 but in lower amounts (Levey, et al., 1994). M4 expression 

occurs in the hippocampus, where together with M1, the receptor subtype in higher 

amounts, may also be found in the cortex (Falk, et al., 2020, Flynn, et al., 1995). Finally, 

M5 expression occurs in the hippocampus and in the ventral tegmental area (Vilaró, et al., 

1990).  

1.9.2 Cholinergic system and contextual fear memory induced by adrenaline 

Many pharmacological studies have shown the significance of these receptors in memory 

modulation. Treatment with oxotremorine (non-selective muscarinic receptor agonist) 

enhances the consolidation of contextual fear memory, whereas the administration of 

scopolamine (non-selective muscarinic receptor antagonist) disrupts it (Cangioli, et al., 

2002, Passani, et al., 2001).  
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Few studies relate the peripheral effect of Ad, glucose, and central acetylcholine and its 

receptor modulation in memory. With the scope to study the interaction of adrenal 

hormones and muscarinic receptor expression in the central nervous system, Mulugueta 

and colleagues demonstrated that adrenalectomized rats presented a decrease in 

hippocampus M4 receptor expression one month after surgery compared to sham mice 

(Mulugeta, et al., 2006). Nevertheless, the surgery approach does not allow the distinction 

of which adrenal gland hormone interferes with cholinergic receptor expression. 

Furthermore, in two memory tasks, namely inhibitory-avoidance and y-maze, the 

facilitatory effect of Ad is blocked by atropine (non-selective muscarinic receptor 

antagonist) (Introini-Collison and McGaugh, 1988). In addition, oxotremorine (a 

muscarinic receptors agonist) significantly facilitated retention in the inhibitory 

avoidance test when administered simultaneously with a sub-effective dose of Ad 

(Introini-Collison and McGaugh, 1988). Interestingly, in another study, post-training 

administration of atropine but not methylatropine (peripheral muscarinic antagonist) 

prevented the facilitatory effects of β-adrenoceptor agonist clenbuterol (non-selective β-

adrenoceptor agonist) (Introini-Collison and Baratti, 1992), which reinforces the 

peripheral role of Ad and the central acetylcholine in fear memory.  

In addition, glucose administration during cognitive tasks appears to increase 

hippocampal acetylcholine release (Ragozzino, et al., 1996). Furthermore, both systemic 

doses of glucose and choline enhance memory in inhibitory avoidance tasks, contrary to 

sub-effective doses of each compound (Kopf, et al., 2001). In addition, when sub-

effective doses of choline and glucose were given at the same time, memory enhancement 

was reestablished and acetylcholine in the hippocampus increased (Kopf, et al., 2001).  

Still, none of these studies fully investigated Ad, glucose and acetylcholine possible 

pathways. Therefore, the use of an Ad-deficient mouse may be a step forward in this 

subject. Additionally, none of these studies relates to fear memory using the fear 

conditioning paradigm (Introini-Collison and Baratti, 1992, Introini-Collison and 

McGaugh, 1988). 

1.10 Insulin role in contextual fear memory 

Another outcome of Ad-induced blood glucose increase is the insulin release by 

pancreatic cells. Hyperglycaemia is sensed by GLUT2 in the pancreatic cells which in 

turn stimulates insulin secretion. On the other hand, insulin-induced hypoglycaemia can 

be detected by glucosensors in the periphery and in the central nervous system (Levin, et 
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al., 1999, Oomura, et al., 1969), activating the sympathoadrenal system, inducing 

glucocorticoids and Ad release (Fisher, et al., 2005). As a result, there is a feedback loop 

between hypoglycaemia, Ad, and insulin production. Catecholamines (NA and Ad) 

increase after hyperinsulinemia (Tesfaye and Seaquist, 2010, Voss, et al., 2017).  

Since it was discovered that insulin crosses the blood-brain barrier (Poduslo, et al., 1994, 

Schwartz, et al., 1991) along with the discovery of insulin receptors in various brain 

regions (Posner, et al., 1974, Szabo and Szabo, 1972), the research on insulin's role in 

cognitive processes has increased. Immunoblotting and immunohistochemistry 

experiments indicated a widespread insulin receptor distribution in the hypothalamus, 

cerebellar cortex (Spinelli, et al., 2019), and limbic system, for instance, the amygdala, 

and hippocampus (Zhao, et al., 1999). In addition, these brain structures are both involved 

in memory (Yavas, et al., 2019) and more specifically, fear memory (Izquierdo, et al., 

2016). Zhao and colleagues used water-maze training to investigate the changes in insulin 

receptor expression and associated signalling molecules in the rat hippocampus (Zhao, et 

al., 1999). They concluded that insulin receptors may play a role in the regulation of 

synaptic activities during spatial memory formation.  

However, to our knowledge, no studies reporting the effects of acute insulin 

administration in the fear conditioning paradigm have been published. In paradigms also 

associated with emotional fear-motivated memory insulin administration appears to 

enhance rat's performance in the passive avoidance task (Kopf and Baratti, 1995, Park, et 

al., 2000, Schwarzberg, et al., 1989). Inhibitory avoidance is a complex form of 

contextual fear conditioning that requires learning through both classical and operant 

conditioning. Similarly to the fear conditioning procedure, a subject learns to associate a 

specific context with an aversive stimulus, however, this experience is contingent on the 

subject’s choice to move into that context, studying both associative and non-associative 

memory (Liang, 2009, Ögren and Stiedl, 2015). The main difference between both 

behavioural tests is that the fear conditioning procedure analysis only requires learning 

through associative memory. Therefore, the use of inhibitory avoidance conditioning can 

not establish if the findings were due to both associative and non-associative memory or 

only to one of these types of memory. Moreover, in humans, intranasal administration of 

insulin strengthens declarative memory (Benedict, et al., 2004). 

The precise insulin action in contextual fear memory, especially in the physiological loop 

between Ad and insulin secretion, makes it difficult to separate the effect of both 
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hormones in memory, namely in contextual fear memory. Ad-deficient mice might be a 

valuable tool to uncover this literature gap.  

1.11 Molecular pathway for fear memory consolidation 

Looking into the process of memory formation, it is well established that a long-lasting 

memory is dependent on changes at a molecular level (Alberini, 2009). For instance, fear 

memory consolidation depends on new gene transcription, protein synthesis, changes in 

cell surface proteins, and synaptic remodelling (Alberini, 2009, Davis and Squire, 1984). 

The first studies showing this dependence made use of RNA or protein synthesis 

inhibitors which prevent LTM formation (Agranoff, et al., 1965, Frey, et al., 1996, 

Sangha, et al., 2003, Schafe and LeDoux, 2000).  

cAMP-response element binding protein (CREB) is a transcription factor and it is 

considered a molecular marker for memory. Once activated by phosphorylation 

(Yamamoto, et al., 1988), pCREB binds to regulatory sequences of DNA and activates 

the expression of many genes with CRE sequences (Viola, et al., 2000). The CREB 

pathway's role in fear memory has been well-established at this point. However, the 

downstream effectors of this response should then be better understood. 

1.11.1 Nuclear receptor 4a family 

Considering CREB targets, the NR4A family, a group of transcription factors and 

immediate-early genes (IEG), has already been implicated in memory formation, 

particularly in contextual fear memory (Hawk, et al., 2012, Martinho, et al., 2020). This 

family of nuclear receptors consists of three members, Nr4a1 (also denominated as NGF-

B/Nur77), Nr4a2 (also known as NURR1), and Nr4a3 (NOR1) (Hazel, et al., 1988, Law, 

et al., 1992, Ohkura, et al., 1996). NR4A family are rapidly expressed after a stimulus 

and are presented in many types of tissues that regulate the expression of several genes 

(Safe, et al., 2016).  

NR4A genes have already been implicated in inflammatory and immune responses, 

cardiovascular and metabolic diseases, and neurological functions (Safe, et al., 2016). In 

the central nervous system, the three members of the Nr4a family belong to the same 

cluster (Bookout, et al., 2006). Nr4a1, Nr4a2, and Nr4a3 expression occurs in the CA1 

and CA3 regions of the hippocampus (Xiao, et al., 1996).  

Considering memory formation, Nr4a gene expression occurs in the hippocampus after 

learning paradigms (Bridi and Abel, 2013, Xiao, et al., 1996), including after contextual 

fear conditioning (Malkani and Rosen, 2000). For instance, Nr4a1 expression increases 
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in the hippocampus CA1 region during contextual fear memory consolidation (Malkani 

and Rosen, 2000, von Hertzen and Giese, 2005), Nr4a2 expression increases in CA1 and 

CA3 hippocampal subregions during the acquisition of a spatial discrimination task (Peña 

de Ortiz, et al., 2000). Furthermore, a Nr4a2-deficient mouse showed impaired contextual 

fear memory formation (Hawk, et al., 2012). In a PTSD mouse model Nr4a2 and Nr4a3 

hippocampus expression are increased after PTSD induction compared to the control 

group (Martinho, et al., 2020). Besides, Ad-deficient mice were also used in this study 

and had a lower hippocampal expression of the Nr4a2 and Nr4a3 genes compared to WT 

mice induced with PTSD. Furthermore, sotalol (a peripheral β-adrenergic receptor 

antagonist) decreases PTSD traumatic memory and signs, and also the expression of the 

Nr4a1 gene in the hippocampus (Martinho, et al., 2021b).  

The NR4A transcription factor induces the expression of several target genes. The brain-

derived neurotrophic factor (Bdnf) gene is one of the targets of NR4A transcription 

factors.  

1.11.2 Brain-derived neurotrophic factor  

The Bdnf gene encodes for the BDNF protein which is implicated in neurogenesis, cell 

proliferation, and neuronal survival and maturation (Katoh-Semba, et al., 2002, Lee, et 

al., 2007, Lindsay, et al., 1994). Furthermore, BDNF also supports spine morphology 

modifications by increasing the number, size and complexity of dendritic spines (Alonso, 

et al., 2004, Horch and Katz, 2002), possibly being involved in synaptic consolidation in 

memory formation (Bramham and Messaoudi, 2005). Beyond neurons, BDNF can also 

be found in glial cells, muscles, heart, and lungs (Lindsay, et al., 1994, Maisonpierre, et 

al., 1990).  

In the central nervous system, Bdnf expression occurs in many regions, like the 

cerebellum, cerebral cortex, and amygdala (Dugich-Djordjevic, et al., 1995, Hofer, et al., 

1990, Kawamoto, et al., 1996). Notwithstanding, the hippocampus is where it is expressed 

the most. However, the expression of this neurotrophin, and the consequent BDNF 

release, is stimuli-induced and does not occur constitutively (Lewin and Barde, 1996). 

Stimuli like epileptic seizures, ischemia, stress, and exercise, among others, have been 

shown to increase Bdnf gene expression (Isackson, et al., 1991, Lauterborn, et al., 1998, 

Metsis, et al., 1993, Oliff, et al., 1998, Smith, et al., 1995).  

Regarding memory formation, the Bdnf gene is suggested to play an important role in 

hippocampus-dependent memory including contextual fear conditioning. Inside 

contextual fear conditioning studies, contextual fear memory strength was already related 
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to increased Bdnf gene expression in the CA1 hippocampal subregion after context day 

of the contextual fear conditioning paradigm (Hall, et al., 2000). Additionally, interfering 

with Bdnf gene expression in the hippocampus was shown to decrease contextual fear 

memory without interfering with acquisition day of contextual fear paradigm (Heldt, et 

al., 2007). In the mouse model for PTSD, PTSD-induced mice showed increased 

contextual traumatic memory followed by increased hippocampus Bdnf gene expression 

(Takei, et al., 2011).  
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Exposure to stressful situations can lead to the formation of contextual traumatic 

memories. Aversive memories are best retained if Ad is present at the same time as the 

aversive stimulus. Ad-deficient mice have reduced contextual fear memory 24 hours after 

training (Alves, et al., 2016, Toth, et al., 2013). However, it is not understood if Ad 

deficiency affects old memories. Our first aim was to elucidate the role of Ad in the 

formation of contextual old memories (one month after fear acquisition) (Manuscript I – 

Chapter II).  

Furthermore, past reports from our group also showed that Ad may increase blood glucose 

levels and enhance contextual fear memory by acting selectively on peripheral β2-

adrenoceptors (Alves, et al., 2016). However, the influence of β2-adrenoceptor 

antagonists in contextual fear memory was still unclear. Accordingly, it was also an 

objective of this work to evaluate if a β2-adrenoceptor antagonist (ICI 118,551) could 

prevent glucose release into the bloodstream after the fear acquisition, and consequently, 

impair contextual fear memory (Manuscript I – Chapter II). 

On the other hand, molecular pathways may influence contextual fear memory. The 

process for memory formation and the conversion of STM into a LTM implicate new 

mRNA and protein synthesis (Dudai, 2002). The learning and memory consolidation 

processes usually involves the expression of several genes, such as the NR4A family of 

transcription factors, which have been implicated in the formation of contextual fear 

memory (Hawk, et al., 2012). Thus, another aim of this work was to understand if Ad 

modulates the transcription of Nr4a1, Nr4a2, and Nr4a3 genes after the fear conditioning 

procedure in hippocampus samples (Manuscript I – Chapter II). 

Although all the evidence indicates the possible involvement of Ad in strengthening 

contextual fear memory, Ad does not appears to cross from the peripheral circulation into 

the central nervous system (Weil-Malherbe, et al., 1959), and therefore, is not expected 

to have a direct effect on strengthening contextual fear memory. One proposed 

mechanism suggests glucose as the mediator of Ad central nervous effects (Morris and 

Gold, 2013). It was demonstrated that Ad may increase blood glucose concentration by 

the activation of β2-adrenoceptors (Alves, et al., 2016). However, no previous study truly 

separated the effect of Ad and glucose in the strengthening of contextual fear memory. 

Therefore, this study aimed to use Ad-deficient mice to evaluate if glucose alone 

strengthens contextual fear memory and if there is a synergic interaction between Ad and 

glucose in strengthening contextual fear memory (Manuscript II – Chapter III). 

Simultaneously, it was also a purpose of this work to evaluate the effects of glucose in 
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the hippocampus expression of contextual fear memory-related genes, such as Nr4a1, 

Nr4a2, Nr4a3, and Bdnf (Manuscript II – Chapter III).  

One mechanism by which glucose may be a mediator of peripheral Ad in contextual fear 

memory strengthening is by acting as a substrate for the synthesis of neuromodulators 

such as acetylcholine (Ragozzino, et al., 1998, Ragozzino, et al., 1996). Muscarinic 

receptors activation by acetylcholine enhances learning and memory formation (Cangioli, 

et al., 2002, Passani, et al., 2001, Power, et al., 2003). Few studies relate the effect of 

peripheral Ad and central acetylcholine in memory strengthening (Introini-Collison and 

Baratti, 1992, Introini-Collison and McGaugh, 1988). However, none of them was 

capable of accurately evaluating the acetylcholine effect independently of Ad. Therefore, 

in this rationale, we also aimed to evaluate if the relative mRNA expression of 

hippocampus M1, M2, and M4 muscarinic receptors is altered in Ad-deficient mice 

(Manuscript III – Chapter IV). Additionally, another aim was to understand if the 

cholinergic system is involved in the strengthening of contextual fear memory by 

peripheral Ad, using a non-selective muscarinic receptor antagonist (atropine) in the 

contextual fear conditioning procedure (Manuscript III – Chapter IV).  

The increase in blood glucose induces the release of insulin into the bloodstream, and 

insulin itself appears to enhance memory and improve cognitive performance (Zhao, et 

al., 1999). Moreover, there seems to be a close interaction between blood glucose 

concentration attained during acute insulin-induced hypoglycaemia and the rise in plasma 

Ad (Galbo, et al., 1979). Taking it all together, it has been difficult to detach the Ad and 

insulin action in contextual fear memory. Therefore, another aim of this work was to 

elucidate the role of insulin on contextual fear memory using Ad-deficient mice in the 

fear conditioning procedure (Manuscript IV– Chapter V). Furthermore, the molecular 

mechanisms by which insulin affects contextual fear memory was also an objective of 

this work, therefore the hippocampus expression of contextual fear memory-related 

genes, such as Nr4a1, Nr4a2, Nr4a3, and Bdnf were also evaluated (Manuscript IV– 

Chapter V).  

 



 

 

 MANUSCRIPTS 

  



 

 

 



 

43 

 

The results obtained in this thesis were published as original research papers in peer-

reviewed JCR international journals, as follows: 

 

 

Manuscript 1: Oliveira, A.*, Martinho, R., Serrão, P., & Moreira-Rodrigues, M. (2018). 

Epinephrine released during traumatic events may strengthen contextual fear memory 

through increased hippocampus mRNA expression of Nr4a transcription factors. 

Frontiers in molecular neuroscience, 11, 334. Q1 in Cellular and Molecular Neuroscience 

and Molecular Biology. 

 

Manuscript 2: Oliveira, A.*, Azevedo, M., Seixas, R., Martinho, R., Serrão, P., & 

Moreira-Rodrigues, M. (2023). Glucose may Contribute to Retrieval and Reconsolidation 

of Contextual Fear Memory Through Hippocampal Nr4a3 and Bdnf mRNA Expression 

and May Act Synergically with Adrenaline. Molecular Neurobiology, 12035. Q1 in 

Neurosciences. 

 

Manuscript 4: Oliveira, A.*, Seixas, R., Pereira, F., Azevedo, M., Martinho, R., Serrão, 

P., & Moreira-Rodrigues, M. (2023). Insulin enhances contextual fear memory 

independently of its effect in increasing plasma adrenaline. Life Sciences, 121881. Q1 in 

Medicine, Research and Experimental and Pharmacology and Pharmacy. 

 

*Oliveira A contributed significantly to the experimental design, data acquisition, and 

interpretation of the results obtained, as well as in writing and revising the manuscript. 

 

 

 

 

These papers are presented as full-length articles and reproduced under Creative 

Commons licenses for open access publishing. The articles relevant to this thesis were 

never included in other thesis or dissertations. 

 



 

 

  



 

 

CHAPTER 2 - MANUSCRIPT I  

EPINEPHRINE RELEASED DURING TRAUMATIC EVENTS MAY 

STRENGTHEN CONTEXTUAL FEAR MEMORY THROUGH INCREASED 

HIPPOCAMPUS mRNA EXPRESSION OF NR4A TRANSCRIPTION FACTORS 

Front Mol Neurosci. 2018 Sep. 25; 11:334. 

doi: 10.3389/fnmol.2018.00334. 

Q1 in Cellular and Molecular Neuroscience and Molecular Biology. 

 



 

 



 

47 

 

 

 



48 

 

  



 

49 

 

  



50 

 

  



 

51 

 

  



52 

 

  



 

53 

 

  



54 

 

  



 

55 

 

  



56 

 

  



 

57 

 

 



 

 



 

 

CHAPTER 3 – MANUSCRIPT II 

GLUCOSE MAY CONTRIBUTE TO RETRIEVAL AND RECONSOLIDATION OF 

CONTEXTUAL FEAR MEMORY THROUGH HIPPOCAMPAL NR4A3 AND BDNF 

MRNA EXPRESSION AND MAY ACT SYNERGICALLY WITH ADRENALINE 

Molecular Neurobiology. 2023 Oct. 27; 12035. 

doi: 10.1007/s12035-023-03745-6. 

Q1 in Neurosciences. 

 

 





 

 

 





 

71 

 

  



72 

 

  



 

73 

 

 



74 

 

 



 

75 

 

  



76 

 

 



 

77 

 

  



78 

 

  



 

79 

 

 



80 

 

  



 

81 

 

 



82 

 

 



 

83 

 

 



84 

 



 

 

 

CHAPTER 4 – MANUSCRIPT III 

MUSCARINIC SUBTYPE M4 MRNA EXPRESSION IN THE HIPPOCAMPUS 

MAY INFLUENCE CENTRAL CHOLINERGIC ACTIVITY THUS 

CONTRIBUTING TO THE STRENGTHENING EFFECT OF CONTEXTUAL FEAR 

MEMORY BY PERIPHERAL ADRENALINE 

 



 

 



 

87 

 

Muscarinic subtype M4 receptor mRNA expression in the 

hippocampus may influence central cholinergic activity thus 

contributing to the strengthening effect of contextual fear 

memory by peripheral adrenaline 

Ana Oliveira1,2, Márcia Azevedo1,2, Rafaela Seixas1,2, Soraia Silva1,2, Raquel 

Martinho1,2, Paula Serrão2,3, Elisabete Silva4,5, and Mónica Moreira-Rodrigues*1,2 

1Department of Immuno-physiology and Pharmacology, Laboratory of General Physiology, School of 

Medicine and Biomedical Sciences (ICBAS), University of Porto (UP), Porto, Portugal 
2Center for Drug Discovery and Innovative Medicines, University of Porto (MedInUP), Porto, Portugal 
3Department of Biomedicine, Faculty of Medicine, University of Porto (FMUP), Porto, Portugal 
4Ageing and Stress Group; i3S– Institute for Research and Innovation in Health, University of Porto, Porto, 

Portugal 
5Faculty of Veterinary Medicine, Lusófona University, Lisboa, Porto 

ORCID:  

Ana Oliveira – 0000-0003-3080-7625  

Márcia Azevedo- 0000-0002-5755-1132 

Rafaela Seixas - 0000-0003-2566-4383 

Raquel Martinho - 0000-0002-2755-4965 

Paula Serrão - 0000-0002-3663-7500 

Elisabete Silva- 0000-0002-6736-3469 

Mónica Moreira-Rodrigues - 0000-0003-1373-9202 

 

Short Title: Adrenaline strengthening effect of contextual fear memory by M4 

expression in the hippocampus 

 

*Correspondence:  

Address correspondence to M. Moreira-Rodrigues, Laboratory of General Physiology, 

ICBAS, University of Porto, R. Jorge Viterbo Ferreira, 228, Building 2, Floor 4, Cabinet 

22, 4050-313, Porto, Portugal. Tel: 00351 22 0428 217.  

E-mail: mirodrigues@icbas.up.pt 

Keywords: fear conditioning, contextual fear memory, muscarinic receptor, adrenaline, 

adrenaline-deficient mice  



88 

 

 Abstract 

Adrenaline (Ad)-deficient mice have reduced contextual fear memory. Ad strengthens 

contextual fear memory due to peripheral actions which culminate in blood glucose 

increase. Raised blood glucose levels may increase acetylcholine synthesis in the 

hippocampus which may strengthen memory. Nevertheless, it is not known if the 

cholinergic system is influenced by Ad contributing to the strengthening effect of 

contextual fear memory. Our aim was to evaluate if muscarinic receptor expression is 

modulated by peripheral Ad and if the cholinergic system is involved in the strengthening 

of contextual fear memory by peripheral Ad. 

Wild-type (WT) and Ad-deficient (129x1/SvJ) male mice were submitted to the fear 

conditioning procedure. Mice were administered pre-training and pre-context with Ad 

(0.1 mg/kg, i.p., 3 minutes (min)), atropine (10 mg/kg, i.p., 5 min), methylatropine (0.5 

mg/kg, i.p., 5 min), Ad (0.1 mg/kg, i.p., 3 min) plus atropine (10 mg/kg, i.p., 5 min) or 

vehicle (NaCl, 0.9%, i.p.). Mice responsiveness to shock was evaluated on training day 

and freezing was evaluated during both fear acquisition and context day. Hippocampus 

samples were collected and relative quantification of M1, M2, and M4 mRNA expression 

was evaluated. 

In Ad-deficient mice, hippocampal muscarinic M4 subtype receptor mRNA expression 

was decreased compared to WT mice. In Ad-deficient mice administered with Ad, it was 

observed an increase in hippocampal muscarinic M4 subtype receptor mRNA expression 

compared with vehicle-administered Ad-deficient mice. No differences were observed in 

mRNA expression of the M1 or M2 receptor subtype between groups. On the context day, 

WT mice administered with atropine presented a decrease in freezing behaviour when 

compared to WT mice administered with vehicle or methylatropine. Moreover, 

administration of Ad plus atropine in Ad-deficient mice leads to a decrease in freezing 

behaviour when compared to Ad-administered Ad-deficient mice.  

In conclusion, the present study suggests that contextual fear memory impairment 

observed in Ad-deficient mice could be related to the down expression of the hippocampal 

muscarinic M4 subtype receptor, which is reverted when Ad is present. This may be 

related with contextual fear memory acquisition, consolidation, or retrieval induced by 

peripheral Ad. Furthermore, the peripheral Ad strengthening effect of contextual fear 

memory might be due to the increase in muscarinic subtype M4 expression in the 
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hippocampus, which may contribute to an increase of the cholinergic activity in the 

central nervous system.   
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 Introduction  

Animals benefit from the ability to retain and use information gained remotely, as is the 

case of emotional memories, which can help them avoid risky situations in the future. 

Comprehending how emotional memories are formed and stored allows a window of 

opportunity for the treatment of pathologies associated with unpleasant and traumatic 

memories. 

Contextual fear conditioning is a behavioural paradigm based on Pavlov’s classical 

conditioning. It allows the association of an aversive stimulus (such as mild-intensity 

electric shocks) with a specific context. The fear conditioning paradigm is frequently 

utilized in research of the neurobiological basis for adverse memory and allows the study 

of fear and anxiety (Maren, 2001).  

Exposure to fear conditioning leads to adrenaline (Ad) secretion from the medulla of the 

adrenal gland and Ad appears to be important for contextual fear memory strengthening 

(Toth et al., 2013; Alves et al., 2016; Oliveira et al., 2018). A genetically modified mouse 

lacking expression of the phenylethanolamine-N methyltransferase (Pnmt) gene, thus 

unable to synthesize Ad (Ebert et al., 2004), showed decreased contextual fear memory 

compared to wild-type (WT) mice (Toth et al., 2013; Alves et al., 2016). However, fear 

memory was restored upon administration of Ad (Alves et al., 2016). Furthermore, Ad 

appears to strengthen contextual fear memory by selectively acting on peripheral β2-

adrenoceptors (β2-Ars) (Alves et al., 2016; Oliveira et al., 2018). However, despite all 

the evidence of Ad’s importance in strengthening contextual fear memory, this 

catecholamine does not cross the peripheral circulation into the central nervous system, 

even in extremely stressful conditions (Weil-Malherbe et al., 1959; Oliveira et al., 2018). 

Ad-mediated strengthening effect of contextual fear memory may be due to glucose 

release from hepatic glucogenesis and gluconeogenesis storage (Talley et al., 2000; Gold, 

2014). Glucose is transported through the blood-brain barrier (Cornford et al., 1994; 

Dobrogowska and Vorbrodt, 1999; Vorbrodt et al., 2001) and may be a precursor for 

acetylcholine synthesis (Gibson and Blass, 1976; Gibson et al., 1978), which has memory 

enhancement effects (Ragozzino et al., 1996; Pych et al., 2005). 

Acetylcholine is an important neurotransmitter for attention, learning, and synaptic 

plasticity (Gold, 2003; Sarter et al., 2003). This neuromodulator can act on two different 

families of cholinergic receptors, the muscarinic (G protein-coupled receptor) and 

nicotinic receptors (a ligand-gated ion channel) (Albuquerque et al., 2009). Many 
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pharmacological studies have shown the importance of these receptors in memory 

modulation. For instance, oxotremorine (a muscarinic receptor agonist) enhances the 

consolidation of contextual fear memory, whereas the administration of scopolamine (a 

muscarinic receptor antagonist) disrupts it (Passani et al., 2001; Cangioli et al., 2002), 

suggesting a role of muscarinic receptors in this type of memory.  

Although the independent role of Ad (Toth et al., 2013; Alves et al., 2016) and muscarinic 

receptors (Passani et al., 2001; Cangioli et al., 2002) is well established in contextual fear 

memory, only a few studies demonstrate that stressful situations can lead to acetylcholine 

release in the hippocampus (Billewicz-Stankiewicz et al., 1975; Górny et al., 1975) and 

regulate the expression of muscarinic receptors (Mulugeta et al., 2006), however without 

showing a direct relation with Ad. For instance, it was shown an impairment in the 

expression of muscarinic receptors in the hippocampus in adrenalectomized rats 

(Mulugeta et al., 2006), and this may be due to the inability to synthesize corticosteroids 

and/or catecholamines. In two memory tasks, namely inhibitory avoidance (associative 

memory) and y-maze (spatial memory), the facilitatory effect of Ad in memory 

strengthening was reverted by atropine (a muscarinic antagonist) (Introini-Collison and 

McGaugh, 1988). Also, oxotremorine facilitated retention in the inhibitory avoidance test 

when administered simultaneously with a sub-effective dose of Ad (Introini-Collison and 

McGaugh, 1988). Nevertheless, the inhibitory avoidance paradigm does not allow the 

precise study of associative memory like contextual fear memory test (Liang, 2009; Ogren 

and Stiedl, 2015).  

The above mentioned studies do not demonstrate the direct role of Ad in influencing the 

cholinergic system and contributing to Ad strengthening effect of contextual fear 

memory. Therefore, the present study uses Ad-deficient mice aiming to understand if the 

muscarinic receptors expression in the hippocampus is modulated by Ad and if the 

cholinergic system is involved in the strengthening of contextual fear memory by 

peripheral Ad, using the fear conditioning procedure.  
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 Methods  

 Animals 

The animal care and experimental protocols were carried out in accordance with 

European Directive number 2010/63/EU, transposed to Portuguese legislation by 

Directive Law 113/2013 and 1/2019, and approved by the Organism Responsible for 

Animal Welfare (ORBEA) in the Faculty of Medicine of University of Porto and National 

Authority for Animal Health (DGAV). Ad-deficient (129x1/SvJ, n = 31) and WT 

(129x1/SvJ, n = 29) male mice (8 to 12 weeks old) were bred under controlled 

environmental conditions (12 hour light / dark cycle, room temperature 23 ± 1°C, 

humidity 50%, autoclaved drinking water, mice diet 4RF25/I and 4RF21/A; Mucedola, 

Porto, Portugal) in the same room and housed with the respective litter. 

Ad-deficient (Pnmt-/-) mice were produced by the insertion of the Cre-recombinase gene 

and a Neomycin resistance gene into exon 1 of the locus encoding for Pnmt enzyme. 

Consequently, Pnmt-/- mice are unable to express the Pnmt enzyme and to synthesize Ad 

(Ebert et al., 2004). Polymerase chain reaction (PCR) of DNA from ear samples, was used 

to confirm the genotype, as previously described (Ebert et al., 2004).  

 Conditioned fear test 

The protocol for the contextual fear conditioning paradigm was adapted from previous 

studies (Alves et al., 2016; Oliveira et al., 2023). The conditioning chamber consisted of 

a clear Plexiglas box (26.5 cm x 26.5 cm x 26.5 cm) equipped with a metal grid floor with 

32 stainless steel bars (placed 5 mm apart) wired to a stimulus generator. The first day of 

the contextual fear conditioning paradigm (fear acquisition) had a duration of 6 minutes 

(min). In the first 3 mins, mice had an undisturbed habituation period to allow the 

exploration of the conditioning chamber. Afterwards, 3-foot shocks (duration: 2 s, 

intensity: 0.6 mA) were delivered at 60-second intervals. After 24 hours mice were re-

exposed to the same conditioning chamber in the same apparatus (context test) for 10 

min, but no foot shocks were delivered. On both days, a timer was placed on the top of 

the conditioning chamber and mice were recorded with a digital video camera Sony HDR-

CX405 (Sony Corporation, Japan) for posterior mice behaviour evaluation. The analysis 

of the video records was performed under manual and blind protocols. On acquisition 

day, jump (removal of 3 paws from the grid floor) and vocalization (audible high-pitched 

squeak) were quantified (Rocinholi et al., 1997). Freezing behaviour was defined as the 

absence of movement excluding respiration for at least 3 seconds (Valentinuzzi et al., 
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1998), and was evaluated in both fear acquisition and context test day. The conditioned 

chamber was cleaned with alcohol 70% and smeared with 1% acetic acid between trials.  

 Behavioural treatments 

Mice were submitted to the fear conditioning paradigm, with different drug 

administration protocols, as displayed in Figure 1. Initially, protocol A consisted in a 

group of Ad-deficient and WT mice, and in another set of experiments a group of Ad-

deficient mice administered with Ad pre-training and pre-context (0.1 mg/mg, i.p., 3  min 

(Alves et al., 2016)) or vehicle (0.9 % NaCl; i.p., 3 min) (Figure 1A). Afterwards, a group 

of WT mice was administered pre-training and pre-context with atropine (10 mg/kg, i.p., 

5 min (Baratti et al., 1984; Introini-Collison and Baratti, 1992)), methylatropine (10 

mg/kg, i.p., 5 min (Baratti et al., 1984; Introini-Collison and Baratti, 1992)) or vehicle 

(0.9 % NaCl; i.p., 3 min) (Figure 1B). Finally, a group of Ad-deficient mice were 

administered pre-training and pre-context with Ad (0.1 mg/kg, i.p., 3 min), Ad (0.1 

mg/kg, i.p., 3 min) plus atropine (10 mg/kg, i.p., 5 min) or vehicle (0.9% NaCl, i.p.) 

(Figure 1C).  

 Catecholamines quantification 

Following fear conditioning paradigm mice were anaesthetized with ketamine (100 

mg/kg) and xylazine (10 mg/kg; i.p.) for left adrenal collection. The left adrenal gland 

collected was emerged in perchloric acid (PCA) 0.2 M overnight, at 4 ºC, and frozen at -

80 ºC until further use. To quantify catecholamines in the adrenal gland, the PCA of each 

sample was transferred to tubes with filters and centrifuged at 1,250 g, for 2 min, at 4 ºC. 

A solution with 125 mg/ml for purified Ad, NA, and DA (Sigma-Aldrich, St. Louis, USA) 

was used as standard solution. Subsequently, 50 µL of standard solution and PCA of each 

sample were mixed with the mobile phase (Citric acid monohydrate 100 mM, Sodium 

acetate 100 mM, 1-Octanesulfonic acid sodium salt 1.6 mM, Ethylenediaminetetraacetic 

acid disodium salt dihydrate (EDTA) 0.15 mM, Methanol 4%, Di-n-butylamine 1 mM, 

pH set for 3,5 with HclO4 70 %) and injected in a reverse-phase high-performance liquid 

chromatography (HPLC) (Gilson Medical Electronics, Villiers le Bel, France). The 

components of interest in each sample or in the external standard solution were separated 

in the column (Spheri-5 C18 4.6x250 mm, 5µm; BrownleeTM, Waltham, MA USA) and 

quantified by electrochemical detection (ED). The limits of detection and quantification 

for the HPLC (Gilson Medical Electronics, Villiers le Bel, France) employed for adrenal 
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gland samples were 350 to 1000 fmol and 700 to 2000 fmol, respectively. NA = 6.60 min, 

Ad = 7.81 min, and DA = 15.95 min were the retention times. Catecholamine content was 

calculated per whole adrenal gland (nmol/AG). 

 RNA isolation and relative quantification of mRNA expression  

Real-time PCR (qPCR) was performed in hippocampus samples collected immediately 

after the context day of the fear conditioning protocol, as described in previous works 

(Moreira-Rodrigues et al., 2007; Mendes et al., 2018; Oliveira et al., 2023). Total RNA 

isolation was carried out with Mini Kit illustra™ Isolate II RNA (Bioline, London, United 

Kingdom). The concentration and purity of the isolated RNA were measured with 

NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, United States). A 

T100™ Thermal Cycler (Bio-Rad, Hercules, United States) was used to carry out reverse 

transcription, applying a Reverse Transcription kit (NZY First-Strand cDNA Synthesis 

Kit NZYTech — Genes and Enzymes, Lisbon, Portugal). StepOne™ real-time PCR 

System (Applied BioSystems, Waltham, United States) allowed the conduction of qPCR 

reactions. Gene-specific primers (10 µM), Maxima SYBR Green qPCR Master Mix 

(Thermo Scientific, Waltham, MA, United States), Rnase-free H2O (Bioline, London, 

United Kingdom) were mixed and cDNA was added (1:20). Instead of cDNA, Rnase-free 

H2O (Bioline, London, United Kingdom) was added as a negative control. Gene-specific 

primers are presented in Table 1. Results of mRNA quantification were expressed in an 

arbitrary unit (AU) after normalization for Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). 

 Drugs 

-Adrenaline, L-(-)-noradrenaline, dopamine hydrochloride, atropine, methylatropine, and 

PCA were purchased from Sigma-Aldrich (St. Louis, United States). Ketamine (Imalgene 

1,000, Merial, Lisbon, Portugal) and xylazine (Rompum 2%, Bayer, Lisbon, Portugal) 

were purchased from Agrofauna (Vila Nova de Gaia, Portugal).  

 

 Statistical analysis  

An online Sample Size Calculator was used to establish the minimum sample size for 

each experimental protocol (https://clincalc.com/Stats/SampleSize.aspx). All statistical 

analysis was performed using the program GraphPad Prism 8 (GraphPad Software Inc., 
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La Jolla, CA, USA), and all data was displayed as means with standard error of the means 

(SEM).  

Freezing behaviour was analysed by Two-Way Analysis of Variance (ANOVA) repeated 

measures. When differences in ANOVA analysis were observed multiple comparison 

corrections by Sidak’s (two groups) or Tukey´s (three or more groups) post-hoc tests were 

performed (α was set at 0.05). Vocalization and jump responses were examined using 

Student’s t-test (2 groups) or One-Way ANOVA (three or more groups). For One-Way 

ANOVA the post-hoc Tukey test was used for multiple comparisons correction (α was 

set at 0.05). Catecholamines concentration and qPCR results were analysed using 

Student’s t-test. Effect sizes were estimated by calculating Cohen’s d test for t-test 

comparisons and partial eta squared (η2
p) for ANOVA. 

The statistically significant differences observed between groups in the different time 

points or between groups in Two-Way and One-Way ANOVA, respectively, were based 

on the adjusted p-value < 0.05. The statistically significant difference for unpaired t-test 

analysis was set at p < 0.05. 
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 Results 

 Adrenaline-deficient mice presented both impaired contextual fear memory and 

hippocampal M4 gene expression 

Figure 2 compares WT and Ad-deficient mice in freezing, vocalization, jump behaviour, 

and hippocampus gene expression of muscarinic receptors (M1, M2, and M4). On fear 

acquisition day, a time effect (F (3, 24) = 30.27, p < 0.0001, ƞp
2 = 0.79, Figure 2A) was 

observed, but no genotype effect (F (1, 8) = 0.47, p = 0.5130, ƞp
2 = 0.06, Figure 2A) or time 

versus genotype interaction (F (3, 24) = 0.80, p = 0.5049, ƞp
2 = 0.09, Figure 2A) were 

observed. No differences in freezing behaviour were observed between WT and Ad-

deficient mice (Figure 2A). In addition, no differences were observed in jump (t (8) = 1.81, 

p = 0.1080, Cohens’ d = 1.76, Figure 2B) and vocalization (t (8) = 0.67, p = 0.5237, 

Cohens’ d = 0.57, Figure 2B) responses in the first day of the fear conditioning paradigm.  

On context day of fear conditioning paradigm, a significant effect of time (F (4, 32) = 8.28, 

p = 0.0001, ƞp
2 = 0.51, Figure 2C) and an interaction between time versus genotype (F (4, 

32) = 4.67, p = 0.0044, ƞp
2 = 0.37, Figure 2C) was observed. Ad-deficient mice presented 

a decrease in freezing behaviour when compared to WT mice (Figure 2C).  

Considering hippocampus gene expression of muscarinic receptors (M1, M2, and M4) 

after fear conditioning paradigm, it was observed a diminished mRNA expression of M4 

subtype receptors (t (8) = 2.37, p = 0.0452; Cohens’ d = 1.68, Figure 2F) in Ad-deficient 

mice when compared to WT mice. However, no differences were observed in mRNA 

expression of M1 (t (8) = 0.97, p = 0.3583; Cohens’ d = 0.47, Figure 2D) and M2 subtype 

receptors (t (8) = 0.95, p = 0.3714; Cohens’ d = 0.05, Figure 2E) between groups. 

Regarding catecholamines concentration in the adrenal gland, Ad was not detected, by 

HPLC-ED, in Ad-deficient mice, as expected. In addition, an increase in noradrenaline 

(NA) was observed in Ad-deficient mice compared to WT mice (t (8) = 5.12, p = 0.0009, 

Cohens’ d = 7.23, Table 2). 

 Adrenaline administration restores contextual fear memory and hippocampal 

expression of mRNA M4 subtype receptors in adrenaline-deficient mice 

The effect of Ad administration in freezing, vocalization, and jump behaviour, and 

hippocampus gene expression of muscarinic receptors (M1, M2, and M4) was explored in 

Ad-deficient mice. During fear acquisition day a time effect (F (3, 27) = 45.12, p < 0.0001, 

ƞp
2 = 0.83, Figure 3A) was observed, however no treatment (F (1, 9) = 0.55, p = 0.4758, ƞp

2 

= 0.06, Figure 3A) and time versus treatment interaction (F (3, 27) = 0.64, p = 0.5955, ƞp
2 
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= 0.07, Figure 3A) effect was observed. During training day no differences in freezing 

behaviour were observed between Ad-deficient mice administered with Ad compared to 

those administered with vehicle. Also, no differences were observed regarding jump (t (9) 

= 1.01, p = 0.3384, Cohens’ d = 0.41, Figure 3B) and vocalization (t (9) = 0.53, p = 0.6072, 

Cohens’ d = 0.37, Figure 3B) behaviours between groups.  

Regarding context day of fear conditioning paradigm, a significant effect of treatment (F 

(1, 9) = 13.99, p = 0.0046, ƞp
2 = 0.61, Figure 3C) was observed. No effect of time (F (4, 36) 

= 1.33, p = 0.2764, ƞp
2 = 0.13, Figure 3C) was observed. Ad-deficient mice administered 

with Ad presented increased freezing behaviour when compared to Ad-deficient mice 

administered with vehicle (Figure 3C). 

Regarding hippocampus gene expression of muscarinic receptors (M1, M2, and M4), an 

increase in mRNA expression of M4 subtype receptors (t (9) = 2.32, p = 0.0453; Cohens’ 

d = 1.62, Figure 3F) was observed in Ad-deficient mice administered with Ad when 

compared to those administered with vehicle. However, no differences were observed in 

mRNA expression of M1 (t (9) = 0.44, p = 0.6737; Cohens’ d = 0.49, Figure 3D) and M2 

subtype receptors (t (8) = 0.92, p = 0.3858; Cohens’ d = 0.08, Figure 3E) between groups.  

Regarding catecholamines concentration in the adrenal gland, Ad was not detected, by 

HPLC-ED, in Ad-deficient mice, as expected. In addition, no differences in NA were 

observed in Ad-deficient mice administered with vehicle compared to Ad-deficient mice 

administered with Ad (t (9) = 0.49, p = 0.6374, Cohens’ d = 0.66, Table 3). 

 Central but not peripheral muscarinic receptor antagonist appears to be involved 

in contextual fear memory 

Figure 4 exhibits the effects of atropine (a peripheral and central muscarinic antagonist) 

and methylatropine (a peripheral muscarinic antagonist) in freezing behaviour and shock 

responsiveness in WT mice. On acquisition day it was observed a time effect (F (3, 63) = 

193.3, p < 0.0001, ƞp
2 = 0.90, Figure 4A), but no differences were observed in treatment 

(F (2, 21) = 0.04, p = 0.9636, ƞp
2 = 0.004, Figure 4A) or interaction between time x treatment 

(F (6, 63) = 0.30, p = 0.9327, ƞp
2 = 0.03, Figure 4A). No differences in freezing behaviour 

between groups were observed (Figure 4A). Additionally, no differences were observed 

in jump (F (2, 21) = 1.11, p = 0.3482; ƞp
2 = 0.10, Figure 4B) and vocalization (F (2, 21) = 

1.71, p = 0.2053; ƞp
2 = 0.14, Figure 4B) responses between groups.  

On context day of fear conditioning paradigm, a significant treatment (F (2, 21) = 12.23, p 

= 0.0003, ƞp
2 = 0.54, Figure 4C) and time (F (4, 84) = 13.11, p < 0.0001, ƞp

2 = 0.38, Figure 
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4C) effect was observed. Atropine-administered WT mice presented a decreased in 

freezing behaviour compared to WT mice administered with vehicle or methylatropine. 

Furthermore, no differences were observed between WT mice administered with 

methylatropine and those administered with vehicle (Figure 4C). 

In the adrenal glands no differences were observed in NA (F (2, 21) = 0.08, p = 0.9247, ƞp
2 

= 0.008, Table 4) or Ad (F (2, 21) = 1.09, p = 0.3524, ƞp
2 = 0.09, Table 4) between groups.  

 Central muscarinic receptor antagonist reverts contextual fear memory 

enhancement induced by adrenaline in adrenaline-deficient mice 

Regarding the effect of atropine in Ad-deficient mice administered with Ad in fear 

conditioning, it was analysed jump, vocalization, and freezing behaviour. During 

acquisition day of fear conditioning paradigm, it was observed a time (F (3, 36) = 76.38, ,p 

< 0.0001, ƞp
2 = 0.86, Figure 5A) effect but no differences in treatment (F (2, 12) = 0.01, p 

= 0.9866, ƞp
2 = 0.01, Figure 5A) or interaction between time x treatment (F (6, 36) = 0.44, 

p = 0.8503, ƞp
2 = 0.07, Figure 5A) was observed. Also, no differences were observed in 

freezing behaviour between groups (Figure 5A). Besides, no differences were observed 

in jump (F (2, 21) = 3.25, p = 0.0745; ƞp
2 = 0.24, Figure 5B) and vocalization (F (2, 12) = 

0.86, p = 0.4488; ƞp
2 = 0.13, Figure 5B) responses between treatments.  

On context day of fear conditioning paradigm, a treatment (F (2, 12) = 11.92, p = 0.0014, 

ƞp
2 = 0.67, Figure 5C) and a time (F (4, 48) = 7.92, p < 0.0001, ƞp

2 = 0.40, Figure 5C) effect 

was observed. Ad-deficient mice administered with Ad showed an increase in freezing 

behaviour compared to those administered with vehicle or Ad plus atropine (Figure 5C).  

Concerning catecholamines concentration in the adrenal glands, no differences were 

observed in NA (F (2, 12) = 0.11, p = 0.8988, ƞp
2 = 0.02, Table 5) between groups. In Ad-

deficient mice no Ad was detected by HPLC-ED (Table 5). 
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 Discussion  

Stressful situations induce a response in any living organism, forcing the body to react. 

This reaction is important for the organism’s survival and evokes the release of 

catecholamines by the medulla zone of the adrenal glands, specifically NA and Ad (Euler, 

1946; Oliveira et al., 2018; Martinho et al., 2020). Catecholamines induce an adaptive 

physiological response to allow for an organism’s reaction, namely “freeze, fight or 

flight” (Bracha, 2004). In fact, Ad increases memory associated with stressful and fearful 

events, including traumatic memories, activating peripheral β2-aRs (Alves et al., 2016; 

Oliveira et al., 2018; Martinho et al., 2021). Furthermore, mice unable to produce 

endogenous Ad, as those used in this study, exhibit a decrease in contextual and traumatic 

memory of conditioned fear and post-traumatic stress disorder (PTSD) mouse model 

(Toth et al., 2013; Alves et al., 2016; Martinho et al., 2020).  

In this study, WT and Ad-deficient mice were used. In the first protocol, these animals 

were subjected to the contextual fear conditioning paradigm. As expected, no differences 

were observed on training day in freezing behaviour or shock responsiveness between 

WT and Ad-deficient mice treatment groups, which may indicate that pain perception of 

foot shocks is not affected in Ad-deficient mice or by Ad administration. On context day, 

Ad-deficient mice showed contextual fear memory impairment in comparison with WT 

mice, further verifying the role of endogenous Ad in the strengthening of contextual fear 

memory, as previously reported by us and others (Toth et al., 2013; Alves et al., 2016). 

Afterwards, catecholamines in adrenal glands were evaluated and no Ad was detected in 

Ad-deficient mice by HPLC-ED, as previously shown (Alves et al., 2016; Martinho et al., 

2020; Oliveira et al., 2023). Ad does not cross the blood-brain barrier (Skultetyova et al., 

1998; Habgood et al., 2007; Oliveira et al., 2018) and therefore does not activate 

adrenergic receptors on the central nervous system, hence, another mechanism mediated 

by Ad may be responsible for the strengthening of contextual fear memory. At the 

periphery Ad may activate β-adrenoceptors expressed in hepatocytes, leading to the 

release of glucose into the bloodstream (Talley et al., 2000; Gold, 2014). In the brain, 

under high-energy demand conditions (such as fear condition memory formation) (Kong 

et al., 2017), glucose can be used to the synthesis of acetylcholine (Tucek and Cheng, 

1974; Kaufman et al., 1991; Schousboe et al., 1993). In addition, the release of 

acetylcholine in the hippocampus during spatial working learning and memory tasks 

appears to be regulated by glucose (Ragozzino et al., 1996; Pych et al., 2005). Therefore, 
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glucose could contribute for memory consolidation through acetylcholine release. 

Although Ad-mediated responses seem to be essential for the strengthening of contextual 

fear memory it is still necessary to clarify which neuronal processes are activated for this 

strengthening to occur.  

Acetylcholine is an important neurotransmitter in cognitive processes and hippocampus-

dependent learning, such as in the case of conditioned fear (Nail-Boucherie et al., 2000; 

Kopf et al., 2001). Accordingly, previous studies have found that both systemic 

administrations of Ad or glucose lead to an increase in acetylcholine levels in the cortex 

and hippocampus (Billewicz-Stankiewicz et al., 1975; Durkin et al., 1992; Power et al., 

2003). Still, none of these studies fully investigated Ad, glucose, and acetylcholine 

possible pathways using the contextual fear conditioning paradigm (Introini-Collison and 

McGaugh, 1988; Introini-Collison and Baratti, 1992). Therefore, the use of an Ad-

deficient mouse may be a step forward in this subject.  

In the present study, an animal model of the fear conditioning paradigm was used to 

evaluate whether the expression of muscarinic receptors in the hippocampus is altered in 

association with the contextual fear memory of animals unable to produce endogenous 

Ad. In the hippocampus of Ad-deficient mice mRNA expression of muscarinic M4 

receptor was decreased, when compared to WT mice. In addition, administration of 0.1 

mg/kg of Ad which resulted in an Ad plasma concentration of 24 pmol/ml (Alves et al., 

2016) was able to reverse the memory impairment in contextual fear memory previously 

observed in Ad-deficient mice and increase hippocampal mRNA expression of 

muscarinic M4 subtype receptor. It was previously reported that 0.1 mg/kg of Ad (the 

same dose used in the present study) administered intraperitoneally increased 

acetylcholine content in the cerebral cortex (Billewicz-Stankiewicz et al., 1975; Górny et 

al., 1975) thus suggesting that peripheral Ad may influence the acetylcholine synthesis in 

the central nervous system. Now, we demonstrate that peripheral Ad influences 

hippocampal muscarinic receptors. To our knowledge, this is the first study reporting the 

association between peripheral Ad and hippocampal M4 subtype receptor expression in 

fear conditioning paradigm.  

The muscarinic receptors have been shown to play a crucial role in memory consolidation, 

specifically in the hippocampus-dependent learning and memory processes 

(Anagnostaras et al., 2003; Pych et al., 2005). Additionally, pharmacological studies have 

also demonstrated the involvement of M4 subtype receptors in memory. Administration 

of a small molecule that enhances the activity of the muscarinic acetylcholine M4 subtype 
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receptor demonstrated that allosteric potentiation can improve cognitive performance in 

rodents, highlighting the potential of M4 subtype receptor modulation as a therapeutic 

approach for cognitive impairment (Shirey et al., 2008). Also, activation of the M4 

subtype muscarinic receptor with VU0152100 improved recognition memory 

performance in rats (Galloway et al., 2014). Furthermore, the M4 subtype receptor can 

modulate the activity of other neurotransmitter systems involved in memory 

consolidation, such as the dopamine system (Gomeza et al., 1999). Accordingly, our 

results show that impairment of contextual fear memory acquisition, consolidation, and/or 

retrieval in Ad-deficient mice may be related to the downregulation of the M4 subtype 

muscarinic receptor in the hippocampus, which is reversed by Ad administration. Further 

studies targeting this receptor to explore therapeutic potential in the treatment of stress 

memory disorders, such as anxiety and post-traumatic stress disorder are needed.  

Similarly, to M4, M1 and M2 receptors are highly expressed in the hippocampus brain 

region (Mrzljak et al., 1993; Flynn et al., 1995; Falk et al., 2020) and could also be 

involved in contextual fear memory. For instance, studies have shown that M1 subtype 

receptor knockout mice exhibit deficits in spatial memory and contextual fear 

conditioning (Gerber et al., 2001; Miyakawa et al., 2001; Anagnostaras et al., 2003), and 

systemic administration of a M1 antagonist impairs contextual fear memory (Fornari et 

al., 2000). Regarding M2 subtype receptors, M2 knockout mice displayed decreased long-

term potentiation (Seeger et al., 2004; Zheng et al., 2012), impaired working memory and 

impaired memory in a passive avoidance task (Bainbridge et al., 2008). However, 

memory in contextual fear memory was not affected in both cued and contextual tests 

(Bainbridge et al., 2008). However, in the present study, no differences were observed in 

M1 and M2 subtype receptor expression in the hippocampus between WT and Ad-

deficient mice and between Ad-deficient mice administered with vehicle or Ad. 

Accordingly, mice undergoing adrenalectomy (unable to synthesize catecholamines and 

in particular Ad) presented decreased hippocampal M4 expression but normal 

hippocampal M1 expression one month after the surgery (Mulugeta et al., 2006). 

Therefore, it is possible that specifically M4 subtype receptor may be more involved in 

contextual fear memory strengthening induced by peripheral Ad. 

As decreases in the expression of the M4 subtype receptor were observed suggesting an 

important role of muscarinic receptors in our model, the animals were then administered 

with an antagonist of this type of receptor. The hypothesis that a muscarinic receptor 

antagonist is able to reverse the Ad memory-strengthening effect, previously observed 
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(Toth et al., 2013; Alves et al., 2016; Oliveira et al., 2018) was also studied. In this new 

set of experiments, after the administration of non-selective muscarinic receptor 

antagonists (atropine and methylatropine), Ad, or vehicle, mice were subjected to the 

same contextual fear conditioning protocol for subsequent evaluation of contextual 

memory. No differences were observed in freezing behaviour or shock responsiveness on 

the training day in WT and Ad-deficient mice after these drugs administration, which may 

indicate that pain perception of foot shocks was not affected. WT mice administered with 

atropine (peripheral and central muscarinic antagonist) showed a decrease in contextual 

fear memory compared to those administered with vehicle. Nevertheless, when WT mice 

were administered with methylatropine (only peripheral muscarinic antagonist) 

contextual fear memory acquisition, consolidation, and/or retrieval was not affected. 

These observations may indicate a central effect of acetylcholine in contextual fear 

memory. 

In Ad-deficient mice administered with Ad, it was observed the strengthening of 

contextual fear memories that was reverted by atropine administration. This observation 

could indicate that a strengthening effect of peripheral Ad on contextual fear memory 

could be facilitated by the release of acetylcholine in the central nervous system. 

Accordingly, previous studies suggested the block by atropine of a facilitatory effect of 

Ad in Y-maze discrimination response and inhibitory avoidance (Introini-Collison and 

Baratti, 1992). Notwithstanding, even though these studies are in agreement with the 

results obtained in this work, to our knowledge this is the first study relating peripheral 

Ad and cholinergic mechanisms in contextual fear memories paradigm. Although 

inhibitory avoidance and contextual fear conditioning paradigms have overlapping 

characteristics, the contextual fear memory test, contrary to the inhibitory avoidance 

paradigm, allows the precise study of associative memory (Liang, 2009; Ogren and Stiedl, 

2015).  

In conclusion, the present study suggests a role of the muscarinic receptor M4 subtype 

during contextual fear conditioning paradigm, unlike the subtypes M1 and M2. This may 

be related with contextual fear memory acquisition, consolidation, and/or retrieval 

induced by peripheral Ad. In addition, a central muscarinic receptor antagonist is capable 

to revert contextual fear memory induced by peripheral Ad, contrary to a peripheral 

muscarinic receptor antagonist. Altogether, the peripheral Ad strengthening effect in 

contextual fear memory might be due to the increase of cholinergic activity in the central 

nervous system.  
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Table 1. Primers used in gene expression analysis. 

Gene Primer (5’→ 3’) 
 

M1 
F: GTCCCATGGAAACCCTGAATCC 

(Mahboob et al., 2016) 

R: ATGTTGGGACTGACAGCAGG 

M2 
F: TCTTCCTGAAAGCCAGATCCAG 

R: GTCACTGACTTAGTCGCCCG 

M4 
F: CACCTGTCTCCAGTTGGGTTC 

R: ATGAGATCTGCACACGCCAG 

Gapdh 
F: CCATCACCATCTTCCAGGAG 

(Oliveira et al., 2018) 
R: GCATGGACTGTGGTCATGAG 

M, muscarinic receptor 1, 2, and 4; Gapdh, Glyceraldehyde 3-phosphate dehydrogenase; 

F, forward primer and R, reverse primer. 

 

Table 2. Adrenal gland catecholamines concentration in wild-type (WT) and Ad-

deficient mice after fear conditioning procedure 

Treatment groups NA (nmol/AG) Ad (nmol/AG) 

WT 4.82 ± 0.86 14.87 ± 3.13 

Ad-deficient 16.71 ± 2.16* Undetectable 

Values are means ± standard error of the means (SEM) of 5 mice per group. WT, wild-

type mice; Ad-deficient, Adrenaline-deficient mice; NA, noradrenaline; Ad, adrenaline. 

*, significantly different from correspondent values in WT mice (p < 0.05) 

 

Table 3. Adrenal gland catecholamines concentration in Ad-deficient mice 

administered with Adrenaline after fear conditioning procedure 

Treatment groups NA (nmol/AG) Ad (nmol/AG) 

Ad-deficient Vehicle 16.71 ± 2.16 Undetectable 

Ad-deficient Ad 15.52 ± 1.33 Undetectable 

Values are means ± standard error of the means (SEM) of 5-6 mice per group. Ad-

deficient Vehicle, Adrenaline-deficient mice administered with Vehicle; Ad-deficient Ad, 

Adrenaline-deficient mice administered with adrenaline; NA, noradrenaline; Ad, 

adrenaline.  
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Table 4. Adrenal gland catecholamines concentration in wild-type (WT) mice 

administered with Atropine or Methylatropine after fear conditioning procedure 

Treatment groups NA (nmol/AG) Ad (nmol/AG) 

WT Vehicle 6.99 ± 0.48 11.65 ± 0.99 

WT Atropine 6.75 ± 0.46 13.31 ± 0.60 

WT Methylatropine 6.93 ± 0.40 12.26 ± 0.76 

Values are means ± standard error of the means (SEM) of 8 mice per group. WT Vehicle, 

Wild-type mice administered with Vehicle; WT Atropine, Wild-type mice administered 

with Atropine; WT Methylatropine, Wild-type mice administered with Methylatropine; 

NA, noradrenaline; Ad, adrenaline.  

 

Table 5. Adrenal gland catecholamines concentration in Adrenaline-deficient mice 

administered with Adrenaline or Atropine after fear conditioning procedure 

Treatment groups NA (nmol/AG) Ad (nmol/AG) 

Ad-deficient Vehicle 28.83 ± 3.27 Undetectable 

Ad-deficient Ad 32.51 ± 7.27 Undetectable 

Ad-deficient Ad + Atropine 31.53 ± 6.12 Undetectable 

Values are means ± standard error of the means (SEM) of 5 mice per group. Ad-deficient 

Vehicle, Adrenaline-deficient mice administered with Vehicle; Ad-deficient Ad, 

Adrenaline-deficient mice administered with Adrenaline; Ad-deficient Ad + Atropine, 

Adrenaline-deficient mice administered with Adrenaline and Atropine; NA, 

noradrenaline; Ad, adrenaline.  
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Figure captions  

Figure 1. Schematic representation of the experimental design, behavioural 

protocols, treatments, and sample collection. (A) A group of wild-type (WT) and Ad-

deficient mice, and a group of Adrenaline (Ad)-deficient mice administered with 

adrenaline (Ad, 0.1mg/kg, intraperitoneal, i.p., 3 min) or vehicle (0.9 % NaCl; i.p., 3 min) 

in both fear acquisition (day 1) and context test (day 2) of fear conditioning procedure 

followed protocol A. (B) A group of WT mice followed protocol B being administered 

with atropine (10 mg/kg; i.p., 5 min), methylatropine (0.5 mg/kg; i.p., 5 min) or vehicle 

(0.9 % NaCl; i.p., 5 min) in both fear acquisition and context test of fear conditioning 

procedure. (C) Finally, a group of Ad-deficient mice followed protocol C with atropine 

(10 mg/kg; i.p., 5 min) plus Ad (0.1 mg/kg, i.p., 3 min), Ad (0.1 mg/kg, i.p., 3 min) or 

vehicle (0.9 % NaCl; i.p., 5 min) administration in both the fear acquisition and context 

test. qPCR, real-time polymerase chain reaction; i.a, immediately after. 

Figure 2. Behaviour and hippocampal muscarinic receptors expression in wild-type 

(WT) mice and Ad-deficient mice. (A) Freezing and (B) shock responsiveness in fear 

acquisition day, (C) freezing response in re-exposure to context, (D) muscarinic M1, (E) 

M2, and (F) M4 subtype receptor expression in hippocampus after re-exposure to context 

in wild-type (WT) and Adrenaline (Ad)-deficient mice. Values are means ± SEM of 5 

mice per group. Results of mRNA are expressed as arbitrary units after normalization for 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). *, significantly different from 

correspondent values in WT mice (p < 0.05).  

Figure 3. Behaviour and hippocampal muscarinic receptors expression in Ad-

deficient mice after Ad administration. (A) Freezing and (B) shock responsiveness in 

fear acquisition day, (C) freezing response in re-exposure to context, (D) muscarinic M1, 

(E) M2, and (F) M4 subtype receptor expression in hippocampus after re-exposure to 

context in Adrenaline (Ad)-deficient mice administered with Ad or vehicle (NaCl, 0.9%). 

Values are means ± SEM of 5-6 mice per group. Ad-deficient Ad, Adrenaline-deficient 

mice administered with adrenaline; Ad-deficient Vehicle, Adrenaline-deficient mice 

administered with vehicle. Results of mRNA are expressed as arbitrary units after 

normalization for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). *, significantly 

different from correspondent values in Ad-deficient Ad mice (p < 0.05).  



106 

 

Figure 4. Behaviour in wild-type (WT) mice after muscarinic agonists 

administration. (A) Freezing and (B) shock responsiveness on fear acquisition day, and 

(C) freezing response in re-exposure to the context in WT mice administered with 

Atropine (a peripheral and central muscarinic antagonist), Methylatropine (a peripheral 

muscarinic antagonist), or vehicle (NaCl, 0.9%). Values are means ± SEM of 8 mice per 

group. WT atropine, wild-type mice administered with atropine; WT methylatropine, 

wild-type mice administered with methylatropine; WT vehicle, wild type mice 

administered with vehicle. *, significantly different from correspondent values in WT 

vehicle mice (p < 0.05). †, significantly different from correspondent values in WT 

atropine mice (p < 0.05).  

Figure 5. Behaviour in Ad-deficient mice after central muscarinic agonist and/or 

adrenaline administration. (A) Freezing and (B) shock responsiveness in fear 

acquisition day, and (C) freezing response in re-exposure to context in Adrenaline (Ad)-

deficient mice administered with adrenaline (Ad), Ad plus Atropine or vehicle (NaCl, 

0.9%). Values are means ± SEM of 5 mice per group. Ad-deficient Ad, Adrenaline-

deficient mice administered with Ad; Ad-deficient Ad+Atropine, Adrenaline-deficient 

mice administered with Ad plus atropine; Ad-deficient vehicle, Adrenaline-deficient mice 

administered with vehicle. *, significantly different from correspondent values in Ad-

deficient vehicle mice (p < 0.05). †, significantly different from correspondent values in 

Ad-deficient Ad mice (p < 0.05).  
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The fear conditioning procedure is a behavioural paradigm valuable to study the 

neurobiology of learning and memory. Fear conditioning can be applied to both rodents 

and humans and the resulting memory may be stored for a long period of time (Poulos, et 

al., 2009). The focus of this project is to clarify the involvement of Ad in the formation 

and strengthening of contextual fear memory, exploring different possible pathways by 

which a peripheral stress hormone influences the central nervous system ultimately 

leading to contextual fear memory strength.  

It was previously shown that Ad strengthens contextual fear memory in Ad-deficient mice 

(Alves, et al., 2016, Toth, et al., 2013). We now show that moderate doses of Ad at the 

same moment of the aversive stimulus are important for the retention and strengthening 

of contextual fear memories in Ad-deficient mice, contrarily to i.p. injections of NA. 

Taking into account that Ad administration strengthens contextual fear memory twenty-

four hours after the training session (fear acquisition day), we proposed to understand if 

this Ad effect could prevail for longer periods of time. Ad-deficient mice administered 

with Ad were submitted to fear acquisition day and exposed to shock context 1 month 

later. Our results showed preservation of contextual fear memory in Ad-deficient mice 

administered with Ad, compared with Ad-deficient mice administered with vehicle, even 

1 month after fear acquisition day, showing AD’s effect in old memories (Manuscript I – 

Chapter II) (Oliveira, et al., 2018). 

Using a non-selective peripheral antagonist of β-adrenoceptors, sotalol, and a selective 

agonist for β2-adrenoceptors, fenoterol, Alves, et al. (2016) showed that Ad induces the 

formation of long-term contextual fear memory acting specifically in peripheral β2-

adrenoceptors (Alves, et al., 2016). In this study, we showed that administration of 

selective β2-adrenoceptor antagonist, ICI 118,551, is effective in decreasing the 

contextual fear memory formation, both 1 day and 1 month after the fear acquisition test 

(Manuscript I – Chapter II) (Oliveira, et al., 2018).  

Memory consolidation processing, namely in contextual fear memory, requires the 

regulation of gene expression (Kim and Kaang, 2017). The expression of NR4A 

transcription factors family gene and Bdnf have been associated with memory formation 

(Gorski, et al., 2003, Guzowski, 2002, Hawk, et al., 2012, Ploski, et al., 2011). In the 

present study (Manuscript I – Chapter II) (Oliveira, et al., 2018), the expression of Nr4a1, 

Nr4a3, and Nr4a3 in the hippocampus was decreased in Ad-deficient mice, which may 

have contributed to impair contextual fear memory in these mice compared to WT mice. 
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Taking all results together, Ad may be important for a strong and durable context fear 

memory and its effect can be reverted using a β2-adrenoceptor antagonist.  

Still, Ad, which is mainly produced in the adrenal gland, due to its biochemical 

characteristics does not appears to cross the blood-brain barrier (Gold, 2014, Habgood, et 

al., 2007, Skultetyova, et al., 1998). One proposed mechanism suggests glucose as the 

mediator of Ad in strengthening contextual fear memory. Ad released from the adrenal 

gland to the bloodstream as a response to stress (fear acquisition day) can activate β2-

adrenoceptors (Alves, et al., 2016) in the liver which can lead to glycogenolysis and 

increases glucose blood levels, leading to a moderate hyperglycaemia. Glucose increment 

can be used for glycogen stores in astrocytes allowing lactate production (Newman, et al., 

2011). Lactate and glucose may be energy sources for neurons to support the processes 

involved in memory formation (Brown, et al., 2004, Suzuki, et al., 2011). In an important 

region for contextual fear memory formation, the hippocampus, there are neuronal cells 

under the control of glucose availability that seem to be important for contextual fear 

memory formation (de Araujo, 2014). This was the rationale for the second manuscript 

(Manuscript II – Chapter III) (Oliveira, et al., 2023a) in which we aimed to better 

elucidate glucose theory described above. 

Glucose uptake has been implicated in hippocampal memory processing (McNay, et al., 

2000, Pearson-Leary, et al., 2018) and the hippocampus has been demonstrated to be a 

central region for contextual fear memory formation and consolidation (Phillips and 

LeDoux, 1992). On the first day of the fear conditioning paradigm, there were no 

differences in freezing behaviour nor in shock responsiveness (jump and vocalization 

responses), which suggests that glucose availability does not affect the perception of the 

aversive stimulus. On context day, i.p. injections of glucose (30 mg/kg) in WT mice 

strengthen contextual fear memory compared to WT mice administered with vehicle. 

During contextual fear conditioning, the stress leads to Ad release to the bloodstream 

which induces a hyperglycaemia state, thus it was not possible to separate the Ad effects 

from glucose. Therefore, we replicated the experimental design using Ad-deficient mice. 

In Ad-deficient mice, both glucose (30 mg/kg) and Ad (0.1 mg/kg) administration led to 

a strengthening in contextual fear memory compared to Ad-deficient mice administered 

with vehicle, which was similar. Therefore, glucose may act on contextual fear memory 

independently from Ad (Manuscript II – Chapter III) (Oliveira, et al., 2023a). 

Both Ad and glucose appear to strengthen several types of memory in a U-inverted 

manner (Gold, 1986, Gold, 2014, Yerkes). Moderate doses of both may strengthen 
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memory but lower or higher doses can have the opposite effect, and the latter can even 

result in retrograde amnesia in a spatial working memory task (Stone, et al., 1992). In the 

present study, it was also used sub-effective doses of both Ad (0.01 mg/kg) and glucose 

(10 mg/kg) which alone were insufficient to strengthen contextual fear memory in Ad-

deficient mice. However, when both were administered together it produced an 

improvement in contextual fear memory (Manuscript II – Chapter III) (Oliveira, et al., 

2023a). Since Ad released into the bloodstream inherently leads to an increase in glucose 

levels (Alves, et al., 2016) and glucose may then stimulate acetylcholine synthesis 

(Durkin, et al., 1992), our results could indicate that low doses of glucose and Ad may 

act in synergy to improve contextual fear memory formation.  

In addition to the action of Ad in increasing the release of glucose into the bloodstream 

from the liver, Ad has other physiological actions such as increasing heart rate and 

contraction and consequently increasing blood flow to the brain (Osborne, et al., 2015). 

The chronotropy and inotropy positive effects of Ad lead to systolic blood pressure 

increase (Furnival, et al., 1971, Tank and Lee Wong, 2015) which is detected by the 

baroreceptors present in aortic arch and carotid body (Dampney, 1994, Gianaros, et al., 

2012). The glossopharyngeal nerve, a vagus nerve branch, receives this sensory 

information and transmits it to the brainstem (Fahim, 2003, Saku, et al., 2014). This may 

also contribute to NTS and amygdala activation during stressful and fearful situations 

(Garfinkel and Critchley, 2016, Gray, et al., 2009). Besides, an increase of neuronal 

activity is observed in learning paradigms such as the fear conditioning procedure 

(Zelikowsky, et al., 2014) and Ad induces the production of neuronal neurotransmitters 

(acetylcholine or glutamate) which in turn evokes Ca2+ increases in astrocytes (Schipke 

and Kettenmann, 2004, Sun, et al., 2013). In turn, Ca2+ promotes the release of K+ to the 

extracellular space causing arterioles smooth muscle hyperpolarization resulting in 

vasodilation (Filosa, et al., 2006, Lind, et al., 2013), which increases local blood flow and 

glucose uptake at the blood-brain barrier. All these processes culminate in increased 

glucose supply to meet the energy demands of stress-related hippocampal memory.  

On glucose-administered Ad-deficient mice, hippocampal mRNA expression of the 

Nr4a3 was increased in comparison to vehicle-administered Ad-deficient mice 

(Manuscript II – Chapter III) (Oliveira, et al., 2023a), suggesting an upregulation of these 

genes related to increased glucose levels after a contextual fear memory procedure and 

may compensate for the effect produced by Ad absence. Likewise, Bdnf mRNA 

expression was also increased in glucose-administered Ad-deficient mice compared to 
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vehicle-administered Ad-deficient mice (Manuscript II – Chapter III) (Oliveira, et al., 

2023a). Since the NR4A family of genes regulates Bdnf gene expression (Hawk and Abel, 

2011), our results may indicate that glucose induces the mRNA expression of Nr4a3, 

which in turn induces the mRNA expression of Bdnf contributing to contextual fear 

memory strengthening independently of Ad.  

Using biochemical and imaging studies during a response to elevated energy demands, 

Bdnf stimulation resulted in overexpression of the neuronal GLUT3 to promote glucose 

utilization (Burkhalter, et al., 2003). Additional analysis should be performed to verify if 

this glucose transporter may be associated with the mechanism underlying contextual fear 

memory formation in Ad-deficient mice under the influence of glucose. Taken together, 

these results suggest that after a stressful situation, glucose may be an important part of 

the peripheral to central pathway for the strengthening of contextual fear memory.  

Regarding glucose theory as a central mechanism for Ad action in contextual fear 

memory, allied that glucose may be a precursor for acetylcholine synthesis in the 

hippocampus (Ragozzino, et al., 1998, Ragozzino, et al., 1996), we decided to study the 

influence of Ad in muscarinic receptors in contextual fear memory. In adrenalectomized 

rats, it was observed a down expression of the M4 muscarinic receptor in hippocampus 

samples (Mulugeta, et al., 2006). However, since the adrenal gland is the main organ 

responsible to produce several hormones, for instance mineralocorticoids, corticosteroids, 

androgens, and catecholamines, this approach fails to determine which hormones may be 

responsible for this outcome. The Ad-deficient mice do not express Pnmt and do not 

produce Ad (Ebert, et al., 2004), allowing the study of Ad action in muscarinic receptor 

expression in the hippocampus. Regarding genetic background, Ad-deficient mice which 

have reduced contextual fear memory compared to WT mice (Toth, et al., 2013), also 

presented a decrease in M4 muscarinic receptor mRNA expression when compared to WT 

mice (Manuscript III – Chapter IV). When Ad was administered in Ad-deficient mice, 

this peripheral hormone, was capable to restore contextual fear memory impairment 

observed in Ad-deficient mice (Oliveira, et al., 2018, Toth, et al., 2013) and also increased 

M4 muscarinic receptor mRNA expression in hippocampus samples (Manuscript III – 

Chapter IV). Our data may suggest a key role of Ad, a peripheral hormone, in modulating 

neurotransmitter receptors which have an important function in contextual fear memory.  

However, our work failed to determine a more direct relation between Ad, glucose, and 

acetylcholine receptors association in contextual fear memory. Therefore, since Ad-

deficient mice do not present blood glucose increase after a stressful event due to a lack 
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of Ad stimulation, it would be interesting to administer Ad-deficient mice with glucose 

and sub-effective doses of glucose and Ad to evaluate the expression of muscarinic 

receptors in the hippocampus. 

Few published studies have explored an association between increased Ad (Billewicz-

Stankiewicz, et al., 1975, Górny, et al., 1975) and glucose (Ragozzino, et al., 1998, 

Ragozzino, et al., 1996) levels that could lead to an increased synthesis of acetylcholine 

in the central nervous system. After two systemic administrations of Ad at a dose capable 

of strengthening contextual fear memory (0.1 mg/kg) (Alves, et al., 2016, Oliveira, et al., 

2018), the content of acetylcholine levels in the brain increased (Billewicz-Stankiewicz, 

et al., 1975, Górny, et al., 1975).  

We used a pharmacological approach to modulate the activation of muscarinic receptors 

by acetylcholine. No differences were observed in freezing behaviour or shock 

responsiveness on the training day in WT and Ad-deficient treatment groups, which may 

indicate that pain perception of foot shocks is not affected by treatments. In this study, 

WT mice administered with atropine (peripheral and central muscarinic antagonist) 

showed a decrease in contextual fear memory compared to mice administered with 

vehicle. However, when WT mice were administered with methylatropine (peripheral 

muscarinic antagonist) contextual fear memory was not affected (Manuscript III – 

Chapter IV) which may indicate a central effect of acetylcholine in contextual fear 

memory. In Ad-deficient mice administered with Ad, it was observed contextual fear 

memory strengthening which was reverted by atropine administration (Manuscript III – 

Chapter IV). A possible explanation for these results is that the strengthening effect of 

peripheral Ad on contextual fear memory could be facilitated by the release of 

acetylcholine in the central nervous system. This is in agreement with literature 

observations suggesting the facilitatory effect of Ad in inhibitory avoidance (associative 

memory) and Y-maze discrimination (spatial memory). These results are reverted by 

atropine administration (Introini-Collison and McGaugh, 1988). Nevertheless, even 

though these studies are in agreement with the results obtained in this work, to our 

knowledge this is the first study correlating peripheral Ad and cholinergic mechanisms in 

the contextual fear memory paradigm. The contextual fear memory test, contrary to the 

inhibitory avoidance paradigm, allows the precise study of associative memory (Liang, 

2009, Ögren and Stiedl, 2015).  

Glucose breakdown may lead to enhanced levels of acetyl CoA, which is necessary for 

acetylcholine synthesis. This may comprise a possible explanation for the glucose’s 
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strengthening effect on memory in Ad-deficient mice (Manuscript III – Chapter IV). It 

has been demonstrated that the efficacy of glucose in acetylcholine release modulation 

requires activated cholinergic neurons (Ragozzino, et al., 1998). Hence, it would be 

relevant to replicate this study using Ad-deficient mice administered with glucose, Ad, 

and vehicle submitted to the fear conditioning procedure and analyse acetylcholine 

content in the hippocampus using in vivo microdialysis. It will also be interesting to 

evaluate brain glucose uptake in Ad-deficient mice submitted or not to fear conditioning 

procedure using radiolabelled or fluorescent glucose.  

When glucose is ingested, about 30% is absorbed by the liver to be stored as glycogen 

and 70% is disposed for other tissues under the stimulating influence of insulin (Messier, 

2004). Blood glucose concentration increases in fear conditioning procedure (Manuscript 

I – Chapter II) (Oliveira, et al., 2018), and glucose may strength contextual fear memory 

(Manuscript II – Chapter III) (Oliveira, et al., 2023a). However, hyperglycaemia (as a 

consequence of Ad action or glucose administration) culminates, in normal situations, 

with insulin secretion from the pancreas. This makes it difficult to separate the effect of 

glucose from that of insulin in memory improvement. Intracerebroventricular injection of 

insulin seems to facilitate memory, namely in the passive-avoidance task (Park, et al., 

2000), and also improves spatial memory (Haj-ali, et al., 2009). Furthermore, two 

previous studies have shown the ability of small doses of insulin to reverse the spatial 

memory amnesia produced by scopolamine (a muscarinic antagonist) i.p. injection 

(Blanchard and Duncan, 1997, Messier and Destrade, 1994). In our experimental 

conditions, one dose of insulin, capable of creating moderate hypoglycaemia, seemed to 

strengthen contextual fear memory when compared to WT mice administered with 

vehicle (Manuscript IV – Chapter V) (Oliveira, et al., 2023b). This is in accordance with 

the outcomes previously described: (1) glucose also strengths contextual fear memory 

(Manuscript II – Chapter  III); (2) activation of insulin receptors in the central nervous 

system may lead to the translocation of GLUT-4 containing vesicles to the cell surface, 

and this may enhance the brain’s glucose uptake (El Messari, et al., 1998). 

One obvious question that arises is that exogenous insulin injections reduce blood glucose 

and may lead to severe hypoglycaemia (when blood glucose decreases to values below 

40 mg/dl (Languren, et al., 2013)), which is commonly associated with impaired memory 

(Kopf and Baratti, 1994, Kopf and Baratti, 1995, Santucci, et al., 1990). Nevertheless, in 

our experimental conditions, 2U/kg of insulin administration produced moderate 

hypoglycaemia in both Ad-deficient and WT mice. However, there is a close correlation 
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between blood glucose concentration attained during induced hypoglycaemia and a rise 

in plasma Ad (Christensen, et al., 1975). Plasma catecholamines quantification after the 

fear conditioning procedure showed an increase in plasma concentration of DA, NA, and 

Ad in insulin-administered WT mice compared with vehicle-administered WT mice 

(Manuscript IV – Chapter V) (Oliveira, et al., 2023b). This outcome, together with the 

evidence that i.p. injections of Ad strengthen the retention of aversive contextual fear 

memory and that the insulin dosage used induced moderate hypoglycaemia, could be a 

possible explanation for the fear memory enhancement observed in the contextual fear 

test in insulin-administered WT mice, possibly due to an increase in cell glucose uptake.  

The observed increase in hippocampus DA and frontal cortex NA in insulin-administered 

WT mice compared with those administered with vehicle (Manuscript IV – Chapter V) 

(Oliveira, et al., 2023b) may be important for contextual fear memory enhancement and 

also for synaptic plasticity as shown by others (Andrés, et al., 1993, Hu, et al., 2007, 

Stubbendorff and Stevenson, 2020). Insulin decreases the NA uptake from synaptic cleft 

(Robertson, et al., 2010) and in long-term diabetes type 1 animal models (unable to 

synthesize insulin) showed decreased NA and DA in the cortex and hippocampus, 

respectively, which was followed by a reduced spatial and fear memory (de Souza, et al., 

2019, Lin, et al., 2018). In addition, Ad may activate the vagus nerve leading to NA 

release in the amygdala and hippocampus (Chen and Williams, 2012). Those results may 

explain the contextual fear memory enhancement observed in insulin-administered WT 

mice, however, they are not sufficient to detach the effect of the two hormones. 

Ad-deficient mice were used to separate Ad and insulin effects in contextual fear memory. 

Insulin-administered Ad-deficient mice demonstrated contextual fear memory 

strengthening compared to vehicle-administered Ad-deficient mice (Manuscript IV – 

Chapter V) (Oliveira, et al., 2023b). Even in the absence of Ad, insulin promotes 

contextual fear memory formation. However, no differences were observed in plasma 

catecholamines between the two groups. Altogether, these results suggest a contextual 

fear memory-enhancing effect of insulin, which can be independent of the effects of 

increased plasma Ad.  

In the insulin-administered Ad-deficient mice, hippocampal mRNA expression of Bdnf 

was increased compared to vehicle-administered Ad-deficient mice, suggesting an 

upregulation of this gene associated with insulin administration (Manuscript IV – Chapter 

V) (Oliveira, et al., 2023b). This result is in agreement with the effect of Bdnf stimulation 

on GLUT3 overexpression (Burkhalter, et al., 2003), the major neuron glucose transporter 
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(Gerhart, et al., 1992, Maher and Simpson, 1994) since insulin can also regulate glucose 

uptake by promoting the translocation of Glut3 (Uemura and Greenlee, 2006). Moreover, 

insulin can promote Glut-4 translocation to the membrane of hippocampus cells. 

Inhibition of Glut-4 with Indinavir impaired memory in an inhibitory avoidance paradigm 

and reduced hippocampal BDNF expression (Pearson-Leary and McNay, 2016). Glut-4 

is the only insulin-dependent glucose transporter in the brain and is mainly found in high-

energy demanding neurons, like the hippocampus (El Messari, et al., 2002, El Messari, et 

al., 1998, McNay and Pearson-Leary, 2020). Therefore, the evaluation of GLUT3 and 

GLUT4 mRNA expression in the hippocampus could give interesting insights into this 

context. In conclusion, the results of this study indicate a possible role of insulin in fear 

behaviour and central molecular changes that promote contextual fear memory 

strengthening. 

Considering the fundamental purpose of the present thesis, which aimed to investigate 

possible pathways by which a peripheral hormone such as Ad may strengthen contextual 

fear memory, our study focus was to evaluate contextual fear memory formation in a 

mouse model lacking endogenous Ad to accurately investigate Ad-related pathways and 

also hippocampal gene mRNA expression. 

It was first demonstrated that Ad strengthens contextual fear memory, in both long-term 

and old memories, by acting in a β2-adrenergic receptor, which may be related to higher 

glycaemic variation after fear acquisition day compared to those administered with 

vehicle (Manuscript I – Chapter II) (Oliveira, et al., 2018). To our knowledge, this was 

the first study to demonstrate Ad relevance in long-lasting memories. Furthermore, 

insulin appears to strengthen contextual fear memory independently of Ad (Manuscript 

IV – Chapter V) (Oliveira, et al., 2023b). We also concluded that Ad and glucose may act 

in synergy to strengthen contextual fear memory (Manuscript II – Chapter III) (Oliveira, 

et al., 2023a). Furthermore, a non-selective muscarinic antagonist is capable of impairing 

contextual fear memory and revert contextual fear memory enhancement induced by Ad 

(Manuscript III – Chapter IV).  

Regarding molecular changes in brain areas considered relevant for contextual fear 

memory, namely the hippocampus, we demonstrate that the Nr4a family gene and the 

downstream related gene, Bdnf, may have a relevant role in the contextual fear 

conditioning paradigm (Manuscript I – Chapter II) (Oliveira, et al., 2018), (Manuscript II 

– Chapter III) (Oliveira, et al., 2023a), and (Manuscript IV – Chapter V) (Oliveira, et al., 

2023b). We show that the three members of the Nr4a family could be important for 
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contextual fear memory formation and specifically Nr4a2 may be the most important 

related to the Ad effect in contextual fear memory strengthening (Manuscript I – Chapter 

II) (Oliveira, et al., 2018). Also, after glucose (Manuscript II – Chapter III) (Oliveira, et 

al., 2023a) or insulin (Manuscript IV – Chapter V) (Oliveira, et al., 2023b) administration 

hippocampus mRNA Bdnf expression increased, which may indicate that Bdnf may be 

relevant for glucose contextual fear memory enhancement. Therefore, the same pathway 

may be activated by insulin and glucose to enhance contextual fear memory, leading to 

the expression of the same molecular targets, since both situations contribute to increase 

the availability of glucose to the brain. However, insulin administration does not lead to 

differences in Nr4a mRNA expression (Manuscript IV – Chapter V) (Oliveira, et al., 

2023b), contrary to Ad (Manuscript I – Chapter II) (Oliveira, et al., 2018) and glucose 

(Manuscript II – Chapter III) (Oliveira, et al., 2023a). Since Nr4a genes are immediate 

early genes  vulnerable to expression a few hours after the stimulus and quickly recover 

to baseline levels, one argument is that analyses may have been carried outside of the 

detecting point for these genes (Morgan and Curran, 1989). The contextual fear memory 

impairment observed in Ad-deficient mice may be correlated to the down expression of 

hippocampal M4 muscarinic receptor, which was reverted by systemic Ad administration 

(Manuscript III – Chapter IV).  

In conclusion, the set of results presented in this work brings new insights into Ad's 

significance in contextual fear memory strengthening. A selective β2-adrenoceptor 

antagonist is capable of reverting contextual fear memory strengthening in both long-term 

and old memories through the increase of Nr4a family genes in the hippocampus 

(Manuscript I – Chapter II). Furthermore, glucose (Manuscript II – chapter III) (Oliveira, 

et al., 2023a) appears to strengthen contextual fear memory through the increase in 

hippocampal Bdnf expression. Glucose may be involved in acetylcholine synthesis in the 

hippocampus, leading to muscarinic receptor activation and contextual fear memory 

strengthening (Manuscript III – chapter IV). Finally, insulin (Manuscript IV – chapter V) 

(Oliveira, et al., 2023b) appears to strengthen contextual fear memory through the 

increase in hippocampal Bdnf expression, which could be related to an increase in brain 

glucose uptake in the central nervous system.  
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