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ABSTRACT

Epinephrine (EPI) is a hormone that triggers body alarm systems and a stress
context in all body. Phenylethanolamine-N-methyltransferase-knock-out (Pnmt-
KO) mice are unable to synthetize EPI and present reduced contextual-fear,
suggesting that EPI deficiency selectively affects contextual-fear memory. Our
aim was to understand the pathway by which EPI increases contextual-fear
memory. In addition, we also evaluated if time erases EPI-mediated fear
memory or if this memory persists as old memories. Another aim was to
understand if [,-adrenoceptor (AD) antagonists could erase traumatic
contextual memories. Finally, we propose a possible pharmacological therapy
for traumatic memories in anxiety disorders, in particular in post-traumatic
stress disorder (PTSD).

wild type (WT) and Pnmt-KO (129x1/SvJ) male mice were submitted to fear
conditioning procedure after specific treatments with EPI, B-AD agonists
(isoprenaline and fenoterol), and antagonists (sotalol and ICI 118,551). The
experiments were evaluated on day one (fear acquisition) and day two (context
fear test, long-term memory), and some experiments one month after fear
acquisition (context fear test, old memories). The catecholamines were
separated by reverse-phase HPLC, and quantified by electrochemical detection.
Blood glucose was measured by coulometry.

We showed that EPI selectively affects contextual-fear memory and not sound
fear memory. In addition, EPI increases contextual-fear memory, both one day
(long-term memory) and one month after fear acquisition (old memories). The
mechanism by which EPI influences contextual-fear memory appears to be
through peripheral B,-AD activation. In addition, glucose may be a major EPI
downstream mediator in contextual-fear memory. In WT mice, plasma EPI
concentration was significantly higher after fear acquisition test compared with
mice without the test. ICI 118,551 (B.-AD antagonist) decreased contextual-fear
memory in WT mice, in both one day and one month after fear acquisition.

In conclusion, EPI increases in plasma after an aversive experience, possibly
improving long-term contextual-fear memory, and even old memories, by acting
on peripheral B,-ADs. We suggest that blocking B.-ADs with antagonists may
inhibit undesirable memories and may be used as a treatment for patients

suffering from pathogenic memories, such as PTSD.
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RESUMO

A epinefrina (EPI) € uma hormona que aciona sistemas de alarme e um
contexto de stresse por todo o corpo. Os ratinhos deficientes em
feniletanolamina-N-metiltransferase (Pnmt-KO) nao sintetizam EPI e
apresentam a memdodria do medo contextual reduzida, sugerindo que a
deficiéncia de EPI afeta seletivamente a memoria contextual do medo. O
nosso objetivo foi perceber a via pela qual a EPlI aumenta a memoaria
contextual do medo. Além disso, também avaliamos se o tempo apaga a
memoria de medo mediada pela EPI ou se essa memoria persiste. Outro
objectivo foi perceber se os antagonistas dos recetores adrenérgicos .
permitem apagar memorias traumaticas contextuais antigas. Finalmente
propomos uma possivel terapia farmacologica para memorias
traumaticas nas patologias de ansiedade, em particular na sindrome de
stresse pos-traumatico (PTSD).

Os ratinhos do tipo selvagem (WT) e Pnmt-KO (129x1 / SvJ) foram
submetidos ao procedimento de condicionamento do medo apés
tratamentos especificos com EPI e agonistas (isoprenalina e fenoterol) e
antagonistas (sotalol e ICI 118,551) dos recetores adrenérgicos 3. As
experiéncias foram avaliadas no primeiro dia (aquisicdo de medo) e no
segundo dia (teste contextual de medo, memodria a longo prazo), e
algumas experiéncias um més apdés a aquisicdo do medo (teste
contextual de medo, memodrias antigas). As catecolaminas foram
separadas por HPLC de fase reversa e quantificadas por deteccéo
electroquimica. A glicemia foi medida por colometria.

No6s mostramos que a EPI afeta seletivamente a memdéria contextual do
medo e ndo a memdria auditiva do medo. Além disso, a EPI aumenta a
memoria do medo contextual, um dia (memodria de longo prazo) e um
més apos a aquisicdo do medo (memdadrias antigas). O mecanismo pelo
qual a EPI influencia a memoéria do medo contextual parece ser através
da ativacdo de recetores adrenérgicos (., periféricos. Além disso, a
glicose pode ser um importante mediador da EPI a jusante, na memdria
contextual do medo. Nos ratinhos WT, a concentragao plasmatica de EPI
foi significativamente maior apd6s o0 teste de aquisicdo de medo

comparativamente com ratos sem o teste. O ICI 118,551 (antagonista dos
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RESUMO

recetores adrenérgicos (2) diminui a memodria de medo contextual em
ratinhos WT, tanto um dia como um més apoés a aquisi¢cdo do medo.

Em concluséo, a EPl aumenta no plasma apds uma experiéncia aversiva,
possivelmente melhorando a memadria do medo contextual a longo prazo
e até memodrias antigas, atuando sobre recetores adrenérgicos f32
periféricos. N6s sugerimos que o bloqueio de recetores adrenérgicos B2
com antagonistas pode inibir memorias traumaticas e ser usado como um
tratamento para doentes que sofrem de memdrias patogénicas, como € o
caso da PTSD.
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CHAPTER 1 - INTRODUCTION

1) Learning and memory

A very large amount of evidence suggests that norepinephrine (NE) and
epinephrine (EPI) signaling facilitate cognitive processes such as learning and
memory (King and Williams 2009). Learning commonly refers to acquisition of
information, such as learning a new word list. In humans, it is usually evaluated
using an immediate recall test. On the other hand, memory is the process by
which information is encoded, stored and retrieved. There are two types of
memory, the declarative (explicit) and the non-declarative (implicit) memory

(Elzinga and Bremner 2002).

1.1) Declarative memory

Declarative memory encompasses the storage of consciously learned facts, and
comprises both semantic and episodic knowledge (Gabrieli et al. 1988).
Episodic memory generally lures upon semantic knowledge, and over time with
repetition becomes semantic knowledge. Most standard verbal and visual
neuropsychological memory tests evaluate episodic declarative memory.
Intense research in this area suggests that the hippocampus, rhinal cortex, and
areas of the neo-cortex all play an important role in declarative memory (Elzinga
and Bremner 2002).

1.2) Non-declarative memory

Non-declarative memory (or implicit memory) comprises the incidental
acquisition of new knowledge and is frequently tested with priming tasks. Non-
declarative memory also includes the acquisition of new behaviors or skills
through recurrent exposures or trials (procedural memory and motor skills) and
associative learning (classical and operant conditioning, and related contextual
memory). Evidence suggests that the hippocampus and the amygdala are
essential for associative learning (Kim and Jung 2006).

Non-declarative memory, in particular associative learning, can be tested by
pairing one stimulus with another, and later evaluate whether a subject has
learned to make the association between two stimuli. An example is classical or
Pavlovian conditioning, which is a paradigm developed by the Russian
physiologist Pavlov. In classical conditioning, a novel stimulus (conditioned

stimulus, CS; for example sound) is paired with an unconditioned stimulus (US;
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CHAPTER 1 - INTRODUCTION

for example food) that usually elicits a reflexive response (unconditioned
response, UR; for example salivation). After appropriate training with contingent
CS-US presentations, the CS is capable of provoking a response (conditioned

response, CR), which often resembles the UR.

1.2.1) Fear Conditioning

Fear conditioning is a behavioral paradigm in which animals learn to forecast
aversive events. Fear is considered a self-protective mechanism that developed
because of its success in protecting animals from threats. While fear due to
certain types of stimuli is innately hardwired, fear can also be learned quickly
and enduringly to different stimuli, allowing animals to respond adaptively to
changing environmental conditions (Kim and Jung 2006). Fear conditioning is
frequently used in associative learning, in which memory for a context-shock
association is stabilized via hippocampal-dependent consolidation processes,
and memory for a sound-shock association is stabilized through amygdala-
dependent consolidation processes (Bergstrom et al. 2013).

In fear conditioning procedure, the CS, such as a context, is paired with an
aversive US, such as an electric shock. After numerous shocks in the same
context, it is produced an involuntary response, such as freezing in presence of
the context (in absence of the shock) (Fanselow 1980). Some studies show that
the association between the context and shock is vigorous and long lasting
(LeDoux 2000).

2) Emotional arousal

Emotional arousal produced by aversive stressors results in the release of
glucocorticoids and catecholamines (EPI and NE) from the adrenal glands and
influence memory (Roozendaal 2002). In humans, emotional stimulus are better
remembered than neutral stimulus owed to actions of adrenal hormones
(glucocorticoids, EPI, NE) (Akirav 2013).

The hypothalamic-pituitary-adrenal (HPA) axis coordinates the stress response.
Upon exposure to stress, neurons in the hypothalamic paraventricular nucleus
(PVN) secrete corticotropin-releasing hormone (CRH) from nerve terminals into
circulation, which stimulates the synthesis and release of adrenocorticotropin
hormone (ACTH) from the anterior pituitary. ACTH in turn stimulates the release

26



CHAPTER 1 - INTRODUCTION

of glucocorticoids from the adrenal cortex. Glucocorticoids orchestrate

physiologic behavior to handle stressors (Smith and Vale 2006).

2.1) Corticosteroids and catecholamines

Glucocorticoid and EPI are important stress hormones secreted from the
adrenal gland. The adrenal glucocorticoids may stimulate phenylethanolamine-
N-methyltransferase (PNMT) to convert NE to EPI in the adrenal medulla. On
the other hand, by suppressing adrenal glucocorticoid production it might also
reduce the secretion of EPI (Munck et al. 1984).

Drugs that increase plasma concentrations of glucocorticoids or catecholamines
during, or following learning improve memory in mice and rats (Krugers et al.
2012). A very large amount of evidence suggests that NE and EPI signaling
facilitate cognitive processes (Cahill and Alkire 2003). However, the specific role
of EPI in memory is less known, because of the difficulty in distinguishing the
effects of EPI from those of NE.

3) Adrenal gland

3.1) Adrenal gland overview

The adrenal glands are located just medial to the upper pole of each kidney.
Each adrenal gland consists of an inner medulla (produces EPI and NE) and an
outer cortex (produces steroid hormones). The medulla and cortex differ in
embryological origin, structure, and function. The medulla develops from neural
crest tissue and the cortex from mesoderm (Rosol et al. 2001).

The adrenal medulla is constituted by groups of chromaffin cells filled with
catecholamine granules, which stock large amounts of EPI and NE. The adrenal
cortex is made up of sheets of cells surrounded by capillaries. It is arranged in
three zones: the outer zone glomerulosa (synthesis of aldosterone), middle
zone fasciculate (synthesis of cortisol), and inner zone reticularis (synthesis of
androgens) (Rosol et al. 2001).

The adrenal gland is abundantly vascularised and obtains its chief arterial
supply from branches of the inferior phrenic artery, renal arteries and the aorta.
These small arteries form an arterial plexus beneath the capsule surrounding
the adrenal and then enter a sinusoidal system that enters the cortex and the

medulla draining into a single central adrenal vein. The veins drain to the
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inferior vena cava and the renal vein. The blood supply is not reduced during
stress (Rosol et al. 2001).

3.2) Catecholamines and Enzymes

Tyrosine  hydroxylase (TH) catalyzes the formation of 3, 4-
dihydroxyphenylalanine (L-dopa) from L-tyrosine. TH is the rate-limiting enzyme
in catecholamine biosynthesis, it is regulated by a wide array of physiological
mechanisms. These mechanisms are short or long-term and include
phosphorylation, feedback inhibition by catecholamines and regulation of mMRNA
and protein synthesis (Zhang et al. 2014). Then aromatic L-amino acid
decarboxylase (AADC) synthesizes dopamine with L-dopa as substrate. These
two enzymes are present in all catecholamine-producing cells. Dopamine (-
hydroxylase (DBH) catalyzes the hydroxylation of dopamine to NE. This
enzyme is present in both NE and EPI producing cells. Finally, PNMT is the
methyltransferase that catalyzes the formation of EPI from NE and occurs
mainly in EPI-producing cells. The catecholamine phenotype is determined by
the specific cell type and harmonized expression of the genes encoding the

catecholamine-synthesizing enzymes (Nagatsu 2006).

3.3) Receptors

EPI and NE act at adrenoceptors (ADs). ADs are G protein coupled receptors.
B-ADs are divided in B; (heart, blood vessels...), B2 (bronchi, blood vessels...)
and B3 (fat...). The relative potency of EPl and NE at BADs is for B;, EPI=NE
and for B,, EPI>>NE. a-ADs are divided in a;, (blood vessels, gut sphincters...)

and a; (presynaptic terminals...). (MacGregor et al. 1996).

3.4)  Adrenalectomy

Manuscripts showing the adverse effects of adrenalectomy (ADX) on memory
provide evidence for the importance of corticosteroids and catecholamines in
animal cognition. The elimination of the adrenal glands causes a dramatic
reduction in endogenous circulating corticosterone and catecholamines.
Adrenalectomized rats submitted to the Morris water maze show impaired
spatial memory for the platform location, which was reversed by
dexamethasone supplementation (Roozendaal et al. 1996). These rats also
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show deficiencies in associative learning tasks, such as passive avoidance
(Borrell et al. 1983) and acquired immobility response (Peeters et al. 1992). It is
important to understand that no impairment was observed when only the
adrenal medulla was removed (thus sparing the adrenal cortex and endogenous
corticosterone levels)(Oitzl et al. 1995), however residual adrenal medulla could
be sufficient to produce catecholamines. In addition, memory deficits detected
resulting of ADX, which relentlessly depletes peripheral concentrations of EPI
and glucocorticoids, were reversed by the infusion of NE into the amygdala
(Liang et al. 1986). These studies provide evidence of the modulatory effects of
corticosteroids and catecholamines on animal cognition (Mizoguchi et al. 2004).
It has been problematic to decode the role of catecholamines with the frequently
used adrenal medullectomy because this process can harm the adrenal cortex,
changing the release of corticosteroids, and it eliminates the release of other
adrenal amines and peptides, such as NE, chromogranin A, catestatin and
neuropeptide (Harrison and MacKinnon 1966).

3.5) Knock-out mice

Studies with knockout mice have been important in the identification of novel
molecular mechanisms in learning and memory (Nguyen et al. 2000). Dopamine
B-hydroxylase knockout mice (unable to synthesize both NE and EPI) exhibit
reduced contextual-fear memory. Poor conditioned fear in these mice was
restored by B-AD agonist isoprenaline (Murchison et al. 2004). However, the
inquiry continued whether reduced contextual-fear memory is due to the
absence of both catecholamines (NE and EPI) or if lack of EPI only could create
this phenotype. Therefore, the precise part of EPI in these processes is less
known, because of the difficulty in differentiating the effects of NE from those of
EPI.

Another method is the use of Pnmt inhibitors to block the EPI synthesis in vivo,
but most of them also hinder monoamine oxidase and B,-ADs (Bondinell et al.
1983). These disadvantages for the clarification of the specific role of EPI on
fear learning are avoided by using an EPI deficient mice model produced by
knocking out the Pnmt gene (Ebert et al. 2004).

The Pnmt knockout (Pnmt-KO) mouse model (Pnmt /") used in these studies

was originally designed to evaluate the distribution of adrenergic cells by Ebert
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and coworkers (Ebert et al. 2004). The Cre-recombinase gene was inserted into
the mouse Pnmt locus, disrupting the functional expression of Pnmt (Ebert et al.
2004) .The targeted disruption of the Pnmt gene led to the creation of mice that
were deficient in their capability to produce EPI. It is likely that the absence of
EPI in Pnmt-KO mice will provoke some adaptive changes in the metabolism of
catecholamines. Nevertheless, these mice were still able to produce NE. In fact,
increased levels of NE have been found in adrenal glands of the Pnmt-KO mice
(Ebert et al. 2004).

There were no gross apparent developmental defects in homozygous mice
lacking EPI. In addition, they persisted to adulthood, were physically
indistinguishable from wild type (WT) and heterozygous littermates and were
able to breed efficiently (Ebert et al. 2004). Thus, these mice are a model for
investigating the physiologic action of EPI. Afterwards, Toth et al (Toth et al.
2013) showed that Pnmt-KO mice presented reduced contextual-fear learning,
suggesting that EPI deficiency selectively affects contextual-fear memory and

these mice exhibit less selective memory effects on highly emotional memories.

3.6) Influence of peripheral epinephrine in the brain

Peripheral EPI increases under highly arousing states (Chen and Williams
2012). Since EPI does not pass from the peripheral circulation into the brain,
there must be mechanisms that allow the influence of EPI in the brain. There
are two major hypotheses about EPI specific pathway in influencing memory.
Electrophysiological and pharmacological studies suggest that the effect of EPI
on memory and in facilitating NE output in the amygdala may be initiated by the
stimulation of peripheral vagal fibers that project to the brain (Mcintyre et al.
2012). Chen et al showed simultaneously that the intraperitoneal injection of
EPI (0.3 mg/Kg) lead to the increasing firing discharge along afferent fibers of
the vagus nerve mediated through B-ADs and this was accompanied by
increases in extracellular concentration of NE in the basolateral amygdala
(Chen and Williams 2012). The information is conducted by ascending vagal
fibers to the nucleus of the solitary tract (NTS) situated in the brainstem. The
memory-modulating EPI effects causes glutamatergic release in the NTS,
stimulates locus coeruleus and noradrenergic release in the amygdala and

hippocampus. Pharmacological studies show that the blockade of NTS
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glutamatergic receptors attenuates the enhancement in memory produced by
EPI injections (King and Williams 2009).

The other hypothesis is centered in glucose, which is released into the blood
after activation of hepatic ADs by EPI (Gold 2014). Maintenance of glucose
supply to the brain is a primacy for basic brain processes. Therefore, the brain
is a chief consumer of glucose during stress, and the fact that the brain has only
insignificant energy reserves makes it critically reliant on the supply from the
periphery. Memory formation is limited by the hippocampus glucose supply that
regulates the ability to form memories. Administration of glucose, either
peripherally or directly to the hippocampus, can increase memory in a dose-
dependent way (Messier 2004).

4) Potential clinical applications

The importance of this study is further enhanced due to the knowledge that in
anxiety disorders contextual factors contribute to fear generalization, traumatic
memory retrieval and relapse after exposure therapy (Mineka et al. 1999).
Therefore, the mechanisms that lie beneath the retrieval of emotional
associations due to context may have implications for the study and treatment
of anxiety disorders.

The findings on memory consolidation have generated unlimited attention in the
medical community, particularly among those who treat disorders that are
based on pathogenic memories. Since post-traumatic stress disorder (PTSD) is
characterized by the existence of strong and recurrently recalled memories
(Alberini 2011), it could benefit from targeting memory consolidation, as a
possible therapeutic approach. On the other hand, traumatic exposure is known
to increase the risk for depression, phobias, panic disorder, obsessive-
compulsive disorder and addiction (Dohrenwend 2000).

PTSD is an incapacitating and chronic disorder resulting from exposure to life
frightening trauma and stress. It is frequently associated with shocking wartime
experiences, but it affects both military persons and civilians (Ursano et al.
2016). The PTSD prevalence in the world is 2%-20% depending on the country
and exposure to life-threatening events (Atwoli et al. 2015). In PTSD, the
traumatic event (US) causes a robust hormonal stress response, which
facilitates the development of a strong and enduring memory of the trauma
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(UR). Subsequent recall of the event (CR) in reply to cues and reminders (CS)
releases additional stress hormones. This may even promote consolidation of
memory, leading to PTSD symptoms such as flashbacks, nightmares, and
anxiety (Pitman and Delahanty 2005). The persistence of PTSD can be clarified
in terms of trauma-induced consolidation of the memory trace. In fact, it is
hypothesized that noradrenergic hyperactivity and stress hormones facilitate
encoding and consolidation (O'Donnell et al. 2004).
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CHAPTER 2 - OBJECTIVES

Toth et al showed reduced contextual-fear learning in Pnmt-KO mice,
suggesting that EPI deficiency selectively affects contextual-fear learning (Toth
et al. 2013). However, they did not explain the mechanism responsible for the
impaired contextual-fear memory in these mice. In view of this, one aim was to
evaluate contextual-fear memory with EPI treatment in Pnmt-KO and WT mice.
Another aim was to understand the pathway by which EPI increases contextual-
fear memory using B-AD agonists and antagonists. In addition, we also
evaluated if time erases EPI-mediated fear memory or if this memory persists in
the long-term, and even as old memories. We also tested NE in the same doses
as EPI to understand if its peripheral action in contextual-fear memory is similar
or not. Another aim was to understand if B,-AD antagonists could erase
traumatic contextual memories. Finally, we propose a possible pharmacological

therapy for traumatic memories in anxiety disorders, in particular PTSD.
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Abstract

Rationale Phenylethanolamine-N-methyltransferase knock-
out (Pnmt-KO) mice are unable to synthesize epinephrine
and display reduced contextual fear. However, the precise
mechanism responsible for impaired contextual fear learning
in these mice is unknown.

Objectives Our aim was to study the mechanism of
epinephrine-dependent contextual leaming.

Methods Wild-type (WT) or Pnmt-KO (129x1/SvJ]) mice
were submitted to a fear conditioning test either in the absence
or in the presence of epinephrine, isoprenaline (non-selective
[3-adrenoceptor agonist), fenoterol (selective (3,-adrenoceptor
agonist), epinephrine plus sotalol (non-selective -
adrenoceptor antagonist), and dobutamine (selective [3-
adrenoceptor agonist). Catecholamines were separated by
reverse-phase HPLC and quantified by electrochemical detec-
tion. Blood glucose was measured by coulometry.
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Results Re-exposure to shock context induced higher freezing
in WT and Pnmt-KO mice treated with epinephrine and
fenoterol than in mice treated with vehicle. In addition, freez-
ing response in Pnmt-KO mice was much lower than in WT
mice. Freezing induced by epinephrine was blocked by sotalol
in Pnmt-KO mice. Epinephrine and fenoterol treatment re-
stored glycemic response in Pnmt-KO mice. Re-exposure to
shock context did not induce a significant difference in fieez-
ing in Pnmt-KO mice treated with dobutamine and vehicle.
Conclusions Aversive memories are best retained if moder-
ately high plasma epinephrine concentrations occur at the
same moment as the aversive stimulus. In addition, epineph-
rine increases context fear learning by acting on peripheral [3,-
adrenoceptors, which may induce high levels of blood glu-
cose. Since glucose crosses the blood-brain barrier, it may
enhance hippocampal-dependent contextual leaming.

Keywords Epinephrine - Contextual learning -
[3>-adrenoceptors -
Phenylethanolamine-N-methyltransferase -
Phenylethanolamine-N-methyltransferase knockout mice

Introduction

Humans remember emotional events better than neutral ones.
This is due to actions of the adrenal stress hormones (epineph-
rine, norepinephrine, glucocorticoids, etc.) that act on the
brain structures responsible for memory (Akirav and
Maroun 2013). On the other hand, in the early 80s,
McGaugh et al. suggested that both peripheral and central 3-
adrenergic activation might influence memory consolidation
(Roozendaal and McGaugh 2011).

Fear is considered a defense mechanism that evolved be-
cause of its evolutionary success in protecting animals from
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danger. Fear to certain kinds of stimuli is innately hardwired,
but it can also be rapidly and lastingly acquired to different
stimuli, allowing animals to respond adaptively to new or
changing environmental situations (Kim and Jung 2006).
Fear conditioning is a behavioral paradigm by which organ-
isms learn to predict aversive events and relate them to an
innocuous stimulus, such as a specific context or tone. Fear
and anxiety may develop as a response to the environmental
context and to the discrete cue during fear conditioning
(Grillon 2008).

Epinephrine (0.1-1.0 mg/kg, i.p.) administered immediate-
ly after training does not modulate fear conditioning to context
or tone in mice (Lee et al. 2001). Since plasma epinephrine
rapidly increases under stress (Goldstein and Kopin 2008),
pre-training and pre-testing epinephrine treatment could likely
be a better option to reveal the physiological effects of epi-
nephrine in fear conditioning.

Epinephrine is a hydrophilic molecule and does not readily
cross the blood—brain barrier. There are two major hypotheses
about the specific mechanism by which epinephrine influ-
ences behavior. One hypothesis is the activation of (3-
adrenergic receptors in vagus nerve by epinephrine which
might transmit the information to the brain through afferent
neuronal axons. The other hypothesis is that glucose, released
into the blood after activation of hepatic adrenoceptors, medi-
ates the effects of epinephrine in memory (Gold 2014).

Strain and knockout mice studies have been critical to iden-
tify novel genetic and molecular mechanisms in leaming and
memory (Tipps etal. 2014). Dopamine 3-hydroxylase knock-
out mice (unable to synthesize both norepinephrine and epi-
nephrine) exhibit reduced contextual fear learning (Murchison
et al. 2004). Deficient conditioned fear in these mice was
restored by [3-adrenoceptor agonist isoprenaline (Murchison
etal. 2004). However, the question remained whether reduced
contextual fear learning is due to the absence of both norepi-
nephrine and epinephrine or if absence of epinephrine alone
could originate this phenotype.

On the other hand, the role of epinephrine with the com-
monly used adrenal medullectomy has been difficult to deci-
pher because this procedure can damage the adrenal cortex,
altering the release of corticosteroids, and of other adrenal
amines and peptides, such as norepinephrine, chromogranin
A, catestatin, and neuropeptide Y (Harrison and Seaton 1966).
An alternative approach is to use phenylethanolamine-N-
methyltransferase (Pnmt) inhibitors to block epinephrine syn-
thesis in vivo, but most of them also inhibit monoamine oxi-
dase and (3,-adrenoceptors (Bondinell et al. 1983). These
drawbacks for elucidation of the specific role of epi-
nephrine on fear learning are avoided by using an
epinephrine-deficient animal model generated by
knocking out Pnmt gene (Ebert et al. 2004).

One of our aims was to evaluate fear conditioning in mice
treated with epinephrine immediately before fear acquisition
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and tests. On the other hand, epinephrine released from adre-
nal glands in wild-type (WT) mice treated with vehicle during
fear conditioning studies could be a confusing variable be-
cause endogenous epinephrine also acts upon f3-
adrenoceptors. As an alternative, Pnmt-KO mice do not have
endogenous epinephrine and avoid this problem. Recently,
Toth et al. (2013) showed that Pnmt-KO mice, which are
unable to synthesize epinephrine, display reduced contextual
fear learning (Toth et al. 2013). However, the precise mecha-
nism responsible for impaired contextual fear leaming in these
mice is unknown. Another aim of this study was to define the
mechanism by which epinephrine influences contextual fear
learning in Pnmt-KO and WT mice.

Materials and methods

Animals All animal care and experimental protocols were
carried out in accordance with the European Directive 63/
2010/EU, transposed to the Portuguese legislation by the
Directive Law 113/2013. Pnmt-KO mice (Pnmt—/—) were pro-
duced by disruption of Pnmt locus by insertion of Cre-
recombinase in exon 1 (Ebert et al. 2004). A couple of
Pnmt-KO mice were kindly provided by Steven N. Ebert,
and animals were bred in our conventional vivarium. The
presence of the Pnmt—/— alleles was verified by polymerase
chain reaction of ear DNA (data not shown). Pnmt-KO
(n=116) and WT (n=36) male mice (129x1/SvJ) were kept
under controlled environmental conditions (12 h light/dark
cycle, room temperature 23 + 1 °C, humidity 50 %, autoclaved
drinking water, mice diet 4RF25/1 and 4RF21/A; Mucedola,
Porto, Portugal) and housed with the respective litter.

Drugs Isoflurane 100 % was obtained from Abbott laborato-
ries (Queenborough, UK). (—)-Epinephrine (+)-bitartrate salt,
L-(—)-norepinephrine (+)-bitartrate salt monohydrate, isopren-
aline hydrochloride, fenoterol hydrobromide, (£)-sotalol hy-
drochloride, and dobutamine hydrochloride were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Catecholamine assay For model verification, mice were
anesthetized (isoflurane 100 %, 200 pL by inhalation) and
the left adrenal gland was removed and placed in 0.2 M
perchloric acid overnight, at 4 °C. Then, the supernatant of
the left adrenal gland samples was diluted and centrifuged for
2 min, 4 °C, at 2700%g. In another group, mice were injected
with epinephrine (0.1 mg/kg, i.p.) or vehicle (0.9 % NaCl),
anesthetized (ketamine, 100 mg/kg and xylazine, 10 mg/kg,
i.p.), and blood was collected by a left ventricle puncture. The
time span since injections and collection of blood was about
S min to predict plasma concentration of epinephrine during
fear conditioning tests. Blood was centrifuged (1500xg,
12 min), and supernatant was collected and kept under
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=20 °C until use. Catecholamines in plasma samples were
concentrated by alumina. Catecholamines (epinephrine and
norepinephrine) in samples were separated by reverse-phase
HPLC and quantified by electrochemical detection, with a
detection limit between 350 and 1000 fmol (Moreira-
Rodrigues et al. 2007, 2014).

Fear conditioning procedure The fear conditioning proce-
dure was adapted as previously described (Lukoyanov and
Lukoyanova 2006; Manceau et al. 2012). The conditioning
chambers consisted of a clear Plexiglas box equipped with a
metal grid floor, wired to a stimulus generator. The animal’s
behavior was recorded with a digital video camera Sony
DCR-SRS58E (Sony Corporation, Japan). Freezing was de-
fined as the absence of movement except for respiration.
Conditioning was assessed by the freezing response because
this response is a widely used indicator of conditioned fear
(Fanselow and Kim 1994). Freezing was only scored if mice
remained inactive for at least 3 s. The percentage of accumu-
lated freezing time was then calculated. On the first day (fear
acquisition; 6 min), mice had a period of 3 min undisturbed
followed by a tone (conditioned stimulus 80 dB; 2.8 kHz) for
20 s that co-terminated with a foot shock (unconditioned stim-
ulus 2 s; 0.5 mA). Three tone-shock pairings (conditioning
trials) were presented at intervals of 40 s. The time between
the offset of the aversive unconditioned stimulus and the onset
of the innocuous conditioned stimulus of the next trial was
termed intertrial interval (ITI, 40 s). On the second day (con-
text fear test; 8 min), mice were re-exposed to the conditioning
chamber with identical contextual features and no shocks or
tones were presented (freezing was scored for the duration of
the session). On the first and second days, the chambers were
cleaned and wiped with 1 % acetic acid. On the third day (cue
fear test; 6 min), tactile, odor, and visual context was changed
to minimize generalization from the conditioning context. The
new chamber was composed of black Plexiglas except for the
bottom that was composed of a piece of black carpet. The
chamber was scented with lemon juice instead of acetic acid.
Mice were undisturbed for 3 min, and then three tones (tone
trials) were presented for 20 s at intervals of 40 s. The time
between the offset of the innocuous conditioned stimu-
lus and the onset of the innocuous conditioned stimulus
of the next trial was termed ITI (40 s). Freezing was
scored during the 3-min acclimation period and during
the 3-min tone presentation period.

Behavioral experiment 1 As shown in Fig. 2, WT and Pnmt-
KO mice were submitted to fear conditioning procedure after
epinephrine (0.1 mg/kg, i.p., 3 min; WT, n=10; Pnmt-KO,
n=15) (Introini-Collison and Baratti 1992; Lee et al. 2001) or
vehicle (0.9 % NaCl; WT, n=10; Pnmt-KO, n=15) treatment,
in both pre-training and pre-testing.

4

Behavioral experiment 2 As shown in Fig. 3a, Pnmt-KO
mice were submitted to fear conditioning procedure afier epi-
nephrine (0.1 mg/kg, i.p., 3 min, n=6) (Introini-Collison and
Baratti 1992; Lee et al. 2001), epinephrine (0.1 mg/kg, i.p.,
3 min) plus sotalol (non-selective 3-adrenoceptor antagonist;
2 mg/kg, i.p., 30 min, n=7) (Lee et al. 2001), or vehicle
(0.9 % NaCl, n=35) treatment, in both pre-training and pre-
testing.

Behavioral experiment 3 As shown in Fig. 3b, Pnmt-KO
mice were submitted to fear conditioning procedure after iso-
prenaline (non-selective -adrenoceptor agonist; 2 mg/kg,
s.c., 30 min, n=28) (Sullivan et al. 1989; Yuan et al. 2000) or
vehicle (0.9 % NaCl, n=5) treatment, in both pre-training and
pre-testing.

Behavioral experiment 4 As shown in Fig. 4a, WT and
Pnmt-KO mice were submitted to fear conditioning procedure
after fenoterol (selective (3,-adrenoceptor agonist; 2.8 mg/kg,
i.p., 10 min; WT, #=5; Pnmt-KO, n=35) (Ryall et al. 2002,
2004) or vehicle (0.9 % NaCl; WT, n=10; Pnmt-KO, n=35)
treatment, in both pre-training and pre-testing.

Behavioral experiment 5 As shown in Fig. 4b, Pnmt-KO
mice were submitted to fear conditioning procedure after do-
butamine (selective 3 -adrenoceptor agonist, 0.02 mg/kg, i.p.,
5 min, n=6) (Guarini et al. 1997) or vehicle (0.9 % NaCl,
n=>5) treatment, in both pre-training and pre-testing.

Behavioral experiment 6 As shown in Fig. 6, Pnmt-KO mice
were submitted to fear conditioning procedure after fenoterol
(selective [(3,-adrenoceptor agonist; 2.8 mg/kg, i.p., 10 min)
(Ryall et al. 2002, 2004) or vehicle (0.9 % NaCl, n=9) treat-
ment, just pre-training (day 1, n=5), just pre-testing (day 2,
n=06), and both pre-training and pre-testing (day 1 + day 2,
n=>5).

Glucose quantification Some fear conditioning experiments
were repeated, and blood glucose concentration was deter-
mined before and after the fear conditioning tests in conscious
animals. Afterwards, glycemic variation (A Glycemia) was
calculated as the glucose concentration difference between
after and before the fear conditioning test. Blood glucose con-
centration in capillary tail blood was assessed by coulometry
(Alva 2008).

Statistical analysis Results are presented as means = standard
error of the means (SEM) for the indicated number of deter-
minations. Data from the fear conditioning tests were analyzed
by two-way ANOVA (one dependent variable and two inde-
pendent variables) or three-way ANOVA (one dependent var-
iable and three independent variables). We used the Newman-
Keuls test for multiple comparisons. Catecholamine
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concentrations and glycemic increase were analyzed by
Student’s ¢ test. P<0.05 was assumed to denote a significant
difference. GraphPad Prism (GraphPad Software Inc., La
Jolla, CA, USA) or SPSS (IBM, New York, NY, USA) statis-
tics software packages were used for statistical analysis.

Results
Pnmt-KO mice, an epinephrine-deficient mice model

Pnmt-KO mice presented vestigial epinephrine content when
compared to WT mice in both adrenal glands (53.9+6.2 vs
3799.4+126.5 pmol/mg) and plasma (Table 1).
Representative chromatograms of catecholamines in adrenal
glands of WT and Pnmt-KO mice are presented in Fig. 1. The
standard solution and adrenal gland of WT mice presented
two peaks corresponding to norepinephrine and epinephrine,
whereas in Pnmt-KO mice, the peak corresponding to epi-
nephrine was almost undetected (Fig. 1).

Decreased contextual fear learning in Pnmt-KO mice

On the first day of the fear conditioning test, there were no
differences in the freezing response between WT and Pnmt-
KO mice (£ (1, 78)=3.73, p=0.10, Fig. 2a) during fear
acquisition.

On the context fear test, the freezing response in Pnmt-KO
mice was lower than in WT mice (Figs. 2a and 4a). A geno-
type effect was observed in Fig. 2a (F (1, 112)=7.53,
p=0.007) and in Fig. 4a (F (1, 84)=75.79, p<0.0001). The
test-induced increase in glycemia was lower in Pnmt-KO than
in WT mice (Fig. 5a). The basal (i.e., pre-conditioning) plas-
ma glucose concentration in WT and Pnmt-KO mice was not
different (98.7+2.4 vs 118.5+12.8 mg/dL).

Table 1 Blood plasma

concentration of

epinephrine (EPI) Vehicle EPI
(pmol/mL) in mice

treated with EPI WT 16.8+2.1 50.1+7.2°
(0.1 mglkg) or vehicle Pomt-KO  Undetectable  24.6+7.4°

(NaCl 0.9 %)

Values are means = SEM of five to eight
mice per group

Pnmt-KO phenylethanolamine-N-methyl-
transferase knockout mice, WT wild-type
mice

*Significantly different from correspon-
dent values in WT mice treated with vehi-
cle (p<0.05)

b Significantly different from correspon-
dent values in Pnmt-KO mice treated with
vehicle (p<0.05)
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There were no significant differences in freezing between
WTand Pnmt-KO mice during cue response (F (1, 75)=3.75,
p=0.10; Fig. 2c).

Contextual freezing response in WT and Pnmt-KO mice
treated with epinephrine

In most of the experiments, drugs were given before fear con-
ditioning (pre-training) and before the animals were tested
(pre-testing) because Pnmt-KO mice do not have epinephrine
during fear conditioning and testing.

On the first day of the fear conditioning test, there were no
differences in the freezing response between WT and Pnmt-
KO mice treated with epinephrine compared to mice treated
with vehicle (F (1, 78)=1.61, p=0.21; Fig. 2a).

On the second day, mice were re-exposed to the shock
context (context fear test) and a drug effect (F (I,
112)=114.4, p<0.001) was observed (Fig. 2b). There was a
significant interaction between genotype and drug (F (I,
112)=46.34, p<0.001) and no interaction between genotype,
drug, and time (F (3, 112)=1.05, p=0.373) (Fig. 2b). Re-
exposure to shock context induced higher freezing in both
WT and Pnmt-KO mice treated with epinephrine compared
to mice treated with vehicle (Fig. 2b). Plasma concentration
of epinephrine in mice treated with epinephrine 0.1 mg/kg was
higher than in mice treated with vehicle (Table 1).

In modified context test, there were no differences in freez-
ing responses between WT and Pnmt-KO mice treated with
epinephrine compared to mice treated with vehicle (F (1,
75)=1.42, p=0.24; Fig. 2¢).

Contextual freezing response in WT and Pnmt-KO mice is
mediated through activation of peripheral
3;-adrenoceptors

In context fear retention test, re-exposure to shock context
induced lower freezing in Pnmt-KO mice treated with epi-
nephrine plus sotalol than in Pnmt-KO mice treated with epi-
nephrine. A significant drug effect (# (2, 15)=58.03,
p<0.0001; Fig. 3a), a time effect (F (3, 45)=5.39,
p=0.003; Fig. 3a), and an interaction between drug and time
(£ (6, 45)=4.63, p=0.001; Fig. 3a) were observed. Also, re-
exposure to shock context induced higher freezing in Pnmt-
KO mice treated with isoprenaline than in mice treated with
vehicle (F (1, 15)=62.94, p<0.0001; Fig. 3b).

Re-exposure to shock context induced an increase in freez-
ing in WT and Pnmt-KO mice treated with fenoterol in com-
parison to mice treated with vehicle (Fig. 4a). A drug effect (F
(1, 84)=63.58, p<0.0001) and a time effect (F (3, 84)=4.73,
p=0.004) (Fig. 4a) were observed. There was not a significant
interaction among genotype, drug, and time (F' (3, 84)=1.65,
p=0.184; Fig. 4a). In Pnmt-KO mice, epinephrine and
fenoterol treatment caused an increase in glycemia (Fig. 5b,



CHAPTER 3 - Epinephrine increases contextual learning through activation of

B.-adrenoceptors

Psychopharmacology

Fig. 1 Representative
chromatograms of
catecholamines in a standard (57) 100
and adrenal glands of b wild-type
(WT) and ¢
phenylethanolamine-N-
methyltransferase knockout
(Pnmi-KO) mice. NE
norepinephrine, £P/ epinephrine

a st

NE gpr

Z

40 1

20

"
-

6

Retention time

(min)

100

E3
s

Relative intensity
(%)
-
s

¢). Re-exposure to shock context did not induce a significant
difference in freezing in Pnmt-KO mice treated with dobuta-
mine and vehicle (F (1, 9)=0.075, p=0.79; Fig. 4b).

To understand the drug effects on encoding and retrieval,
fenoterol was injected just in pre-training (day 1), just in pre-
testing (day 2), and both in pre-training and pre-testing (day 1
+ day 2) in Pnmt-KO mice. Re-exposure to shock context
induced an increase in freezing in Pnmt-K.O mice treated with
fenoterol injected in pre-training, in pre-testing, and in both, in
comparison to mice treated with vehicle (Fig. 6). Pnmt-KO
mice injected in both days exhibited a higher increase in freez-
ing than those injected just in pre-training or in pre-testing. A
drug effect (F (3, 84)=134.3, p<0.0001; Fig. 6) and a time
effect (F (3, 84)=34.6, p<0.0001; Fig. 6) as well as a signif-
icant interaction between time and drug (F (9, 84)=10.5,
p=<0.0001; Fig. 6) were observed.

Discussion

Our results show that epinephrine selectively affected contex-
tual fear learning by acting on peripheral [3,-adrenoceptors in
WT mice. In addition, the lack of physiological effects of
peripheral epinephrine in Pnmt-KO mice during shock con-
text presentations directly contributes to impaired fear

Relative intensity
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conditioning. In these mice, peripheral (3,-adrenoceptors also
seem to be the specific target in contextual fear learning.

Lee et al. (2001) did not observe any effects in context or
tone fear with pre-training and pre-testing epinephrine treat-
ments (0.1 mg/kg, i.p., 3 min prior to training and testing) in
rats. Yet, higher epinephrine dosages were not used in these
animals. In mice, post-training epinephrine (0.1-1.0 mg/kg,
i.p.) treatment in fear conditioning procedure does not modu-
late fear conditioning to context or tone (Lee et al. 2001).
However, our results showed that pre-training and pre-
testing treatment with epinephrine increased contextual fear
in WT mice. It seems that WT mice are capable of retaining
the aversive memory better when high plasma epinephrine
concentrations and the aversive stimulus occur together dur-
ing acquisition and context fear test. Epinephrine selectively
affected contextual fear learning since cue fear learning was
not different between groups.

To evaluate fear learning, either the classical fear condition-
ing or the inhibitory avoidance can be used, although there are
some mechanism differences between them (Wilensky et al.
2000). In mice, epinephrine (0.1 mg/kg, 1.p.) facilitates reten-
tion in the inhibitory avoidance test (Introini-Collison and
Baratti 1992), which is in agreement with our results in the
fear conditioning test. This memory modulating effects of
epinephrine can be blocked by the low lipophilic f3-
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Fig. 2 Behavioral experiment 1. Freezing on the a first day (fear
acquisition), b second day (context fear test), and ¢ third day (cue fear)
of fear conditioning procedure in wild-type (WT) and
phenylethanolamine-N-methyltransferase knockout (Pnmt-KO) mice
treated with vehicle (NaCl 0.9 %) or epinephrine (EPI, 0.1 mg/kg). The
time between the offset of the aversive unconditioned stimulus (or the
innocuous conditioned stimulus in ¢) and the onset of the innocuous

antagonist sotalol, suggesting that epinephrine effects on
memory are initiated by activation of peripheral 3-
adrenoceptors (Introini-Collison and Baratti 1992). This was
one of the first hypotheses about the mechanism of epineph-
rine in fear learning (for review, Roozendaal and McGaugh
2011). However, to our knowledge, the influence of specific
peripheral 3; or (3,-antagonists or agonists in inhibitory
avoidance test was not evaluated. In these experiments, epi-
nephrine was given immediately after training and we did not
test this possibility.

Our results in WT mice showed that pre-training and pre-
testing treatments with a selective (3;-adrenoceptor agonist
(fenoterol) resulted in an increased contextual fear. Although
epinephrine acts as a non-selective agonist of the adrenergic
receptors, it is the only biogenic catecholamine that has affin-
ity for (3,-adrenoceptors at physiologically relevant concen-
trations (Lands et al. 1967). Since neither epinephrine (Weil-
Malherbe et al. 1959) nor fenoterol (Rominger and Pollmann
1972) cross the blood-brain barrier, we propose that epineph-
rine increases context fear learning by acting on peripheral 3,-
adrenoceptors.

On the other hand, dopamine (-hydroxylase knockout
mice are unable to synthesize both norepinephrine and epi-
nephrine. Dopamine (3-hydroxylase knockout mice exhibited
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conditioned stimulus of the next trial was termed intertrial interval (/77,
40 s). Each group point represents the mean of five to ten mice per group,
and error bars represent SEM. Asterisk: significantly different from
correspondent values in WT mice treated with vehicle (p <0.05).
Dagger: significantly different from correspondent values in Pnmt-KO
mice treated with vehicle (p <0.05)

reduced contextual fear learning (Murchison et al. 2004).
Otherwise, Pnmt-KO mouse, which is generated by knocking
out the Pnmt gene, is deficient in epinephrine only (Ebert et al.
2004). In agreement with Sun et al. (2008), only vestigial
amounts of epinephrine were found in the adrenal medulla
and plasma of Pnmt-KO mice. Toth et al. (2013) suggested
that epinephrine deficiency selectively decreases contextual
fear learning in Pnmt-KO mice, which is in agreement with
our results.

In order to explore the basis of this memory impairment in
Pnmt-KO mice, epinephrine and (3-agonists were injected pri-
or to training and testing. Epinephrine, non-selective (3-
adrenoceptor (isoprenaline), and selective (3,-adrenoceptor
agonist (fenoterol) treatments in Pnmt-KO mice restored the
expression of contextual fear. Moreover, in Pnmt-KO mice,
increased freezing induced by epinephrine was blocked by a
{3-adrenoceptor antagonist (sotalol). These results confirm
that the lack of physiological effects of peripheral epinephrine
during shock context presentations directly contributes to im-
paired fear conditioning in these mice. In addition, since se-
lective [3;-adrenoceptor agonist (dobutamine) does not in-
crease freezing in Pnmt-KO mice, peripheral 3,-
adrenoceptors are also the specific target in contextual fear
learning in these mice. On the other hand, Pnmt-KO mice
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Fig. 3 Behavioral experiments 2 and 3. Freezing on the second day
(context fear test) of fear conditioning procedure in
phenylethanolamine-N-methyltransferase knockout (Pnmt-KO) mice
treated with vehicle (NaCl 0.9 %) and a epinephrine (EP/, 0.1 mg/kg)
and EPI (0.1 mg/kg) plus sotalol (SOT, non-selective 3-adrenoceptor
antagonist; 2.0 mg/kg) (behavioral experiment 2) or b isoprenaline
(ISO, non-selective (-adrenoceptor agonist, 2.0 mg/kg) (behavioral
experiment 3). Behavioral experiments 2 and 3 were performed and
analyzed separately. Each group point represents the mean of five to eight
mice per group. and error bars represent SEM. Asterisk: significantly
different from correspondent values in Pnmt-KO mice treated with
vehicle (p<0.05). Dagger: significantly different from correspondent
values in Pnmt-KO mice treated with EPI (0.1 mg/kg) (» <0.05)

injected with fenoterol in both days exhibited a higher in-
crease in freezing than those injected just in pre-training or
in pre-testing, favoring the possibility that (3,-adrenoceptors
are important in both encoding and retrieval.

On the other hand, epinephrine restores the glycemic re-
sponse at the same time as context fear learning in Pnmt-KO
mice. It is known that the brain uses glucose almost exclusive-
ly as a primary energy source and that its storage is limited. In
addition, it is well established that hepatic glucose production
increases in response to a surge in plasma epinephrine, which
results from both stimulation of glycogenolysis and gluconeo-
genesis (Dufour et al. 2009; Gray et al. 1980; Rizza et al.
1980). Furthermore, John et al. (1990) showed that isoprena-
line ([3-adrenoceptor agonist) also elicits a hyperglycemic re-
sponse which is attenuated by a selective (3,-adrenoceptor
antagonist (ICI 118551) in rats (John et al. 1990). Since
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Fig. 4 Behavioral experiments 4 and 5. Freezing on the second day
(context fear test) of fear conditioning procedure in wild-type (WT) or
phenylethanolamine-N-methyltransferase knockout (Pnmt-KO) mice
treated with vehicle (NaCl, 0.9 %) and a fenoterol (FNO, selective (3,-
adrenoceptor agonist, 2.8 mg/kg) (behavioral experiment 4) or b
dobutamine (DOB, selective (3,-adrenoceptor agonist, 0.02 mg/kg) (be-
havioral experiment 5). Behavioral experiments 4 and 5 were performed
and analyzed separately. Each group point represents the mean of five to
ten mice per group, and error bars represent SEM. Asterisk: significantly
different from correspondent values in WT mice treated with vehicle
(p<0.05). Dagger: significantly different from correspondent values in
Pnmt-KO mice treated with vehicle (p < 0.05)

glucose crosses the blood—brain barrier, it may modulate
memory. Raised blood glucose levels may increase acetylcho-
line synthesis in the hippocampus (Durkin et al. 1992; Pych
et al. 2005) or provide additional energy to specific neural
components and modulate neuronal excitability and neuro-
transmitter release (McNay and Gold 2002). On the other
hand, it has been shown that glucose consumption leads to
superior retention of hippocampal-dependent contextual
learning (Glenn et al. 2014). Therefore, glucose may be an
important down-stream mediator of epinephrine actions in
contextual learning.

Also, in humans, (3-adrenoceptors are involved in contex-
tual fear conditioning, contrary to cued fear conditioning
(Grillon et al. 2004). In addition, in anxiety disorders, contex-
tual factors contribute to fear generalization, traumatic mem-
ory retrieval, and relapse after exposure therapy. The mecha-
nisms that underlie the recovery of emotional associations due

@ Springer
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Fig. 5 Glycemic increase in replicated fear conditioning experiments. a
Wild-type (WT) and phenylethanolamine-N-methyltransferase knockout
(Pnme-KO) mice. Pnmt-KO mice treated with vehicle (NaCl 0.9 %) and b
epinephrine (EPI, 0.1 mg/kg) or ¢ FNO (2.8 mg/kg). The glycemic
variation (A Glycemia) is the difference between the glucose concentra-
tion after and before fear conditioning test. Each group point represents
the mean of five to seven mice per group and error bars represent SEM.
Asterisk: significantly different from correspondent values (p <0.05)

to context may have implications for the study and treatment
of anxiety disorders (Mineka et al. 1999). Thus, we propose a
mechanism of epinephrine-dependent contextual learming that
may be a potential pharmacologic target in anxiety disorders.

Context-shock and auditory cue-shock association of clas-
sical fear conditioning are mediated by different neuronal cir-
cuits. Since hippocampus is only involved in contextual and
not in auditory cue fear conditioning (Rudy et al. 2004), it is
possible that enhancement of contextual fear by epinephrine
(and glucose as a mediator) is specific to the hippocampus.
Indeed, Toth et al. also did not observe a significant effect of
genotype on cued responses (Toth et al. 2013). In addition,
Glenn et al. observed that glucose consumption leads to
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Fig. 6 Behavioral experiment 6. Freezing on the second day (context
fear test) of fear conditioning procedure in phenylethanolamine-N-
methyltransferase knockout (Pnmi-K@) mice treated with vehicle
(NaCl, 0.9 %) or fenoterol (FNO, 2.8 mg/kg) injected just pre-training
(day 1), just pre-testing (day 2), and both in pre-training and pre-testing
(day 1 + day 2). Each group point represents the mean of five to nine mice
per group, and error bars represent SEM. Asterisk: significantly different
from correspondent values in Pnmt-KO mice treated with vehicle
(p<0.05). Dagger: significantly different from correspondent values in
Pnmt-KO mice treated with FNO injected both in pre-training and pre-
testing (day 1 + day 2)

superior retention of hippocampal-dependent context learning
and no effect on recall of cued conditioning (Glenn et al.
2014). Possibly, there are neuron cells that are under direct
control of glucose availability (glucose-sensing neurons),
which appears to be specific of the hippocampus (de Araujo
2014). To our knowledge, this mechanism is not known to
occur in the amygdala.

Furthermore, it appears to occur a segregation of sen-
sory input since different intra-amygdala circuitry may
be used in conditioning to different conditional stimuli
(contextual vs auditory). Contextual stimuli are proc-
essed in the hippocampus and the hippocampal afferents
to the amygdala synapse primarily on basal nuclei. In
fact, selective neurotoxic (ibotenate) bilateral damage to
the basal nuclei disrupted contextual, but not auditory,
fear conditioning (Onishi and Xavier 2010). In contrast,
afferents relaying auditory information from the medial
geniculate nucleus of the thalamus are thought to be the
primary relay of auditory information to the amygdala,
in particular neurons of the lateral amygdaloid nuclei
(Nader et al. 2001).

In conclusion, aversive memories are best retained if
moderately high plasma epinephrine concentrations oc-
cur at the same moment as the aversive stimulus. In
addition, we propose that the mechanism by which epi-
nephrine influences context fear learning involves pe-
ripheral (3,-adrenoceptors activation, since neither epi-
nephrine nor fenoterol cross the blood—brain barrier. In
turn, activation of peripheral [,-adrenoceptors may in-
duce high levels of blood glucose. Since glucose crosses
the blood-brain barrier, it may enhance hippocampal-
dependent contextual learning.
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Abstract

Rationale. Patients with posttraumatic stress disorder (PTSD) may have a
deficit in extinction of fear learning and propranolol (peripheral and central
acting p-adrenoceptor antagonist) reduces symptoms and reactivity to trauma
cues. In addition, we showed that epinephrine (EPI) increases contextual-fear
memory by acting specifically on peripheral B,-adrenoreceptors. However, the
influence of B,-adrenoceptor antagonists in contextual-fear memories is still not
understood.

Objectives. Therefore, our main goal was to understand if Br-adrenoceptor
antagonists can erase traumatic contextual memories.

Methods. Wild type and phenylethanolamine-N-methyltransferase knockout
(Pnmt-KO, 129x1/SvJ) mice were submitted to fear conditioning procedure.
Afterwards, the levels of catecholamines (EPI and norepinephrine, NE) were
quantified in blood plasma and adrenal glands by HPLC-ED. On another group
of mice freezing was evaluated after treatment with EPI, NE, EPI plus ICI
118,551 (selective B.-adrenoreceptor antagonist), ICl 118,551 or vehicle (NaCl
0.9%), one day and one month after fear acquisition.

Results. In WT mice plasma EPI| increase after fear acquisition test and
intraperitoneal injection of EPI increases contextual-fear memory, contrary to
NE. In Pnmt-KO mice, freezing induced by EPI was blocked by ICI 118,551,
one day and one month after fear acquisition. ICI 118,551 decreases
contextual-fear memory in WT mice, in both one day and one month after fear
acquisition.

Conclusions. EPI increases in plasma after an aversive experience, possibly
improving long-term context fear memory, and even old memaries, by acting on
peripheral B,-adrenoceptors. Bo-adrenoceptor antagonists decrease long term
contextual-fear memory and possibly traumatic old memories. Therefore, may

be a possible treatment in anxiety diseases, particularly PTSD.
Keywords: contextual-fear learning, [,-adrenoceptors, Bz-adrenoceptor

antagonist, ICl 118,551, long term memory, old memories, posttraumatic stress
disorder, anxiety disorders.
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Introduction

Stress is a state of disturbance caused by many life factors (stressors) (Joéls et
al. 2006). Stress leads to triggering of the stress response and activation of the
central and peripheral nervous system. The stress response enables the
organism to deal with challenges by mobilizihg energy, increasing
cardiovascular tone, inhibiting reproduction, feeding, and digestion, and by
modifying immune responses (Sapolsky et al. 2000). Thus, the stress response
is important for survival and is adaptive in nature. However, in some
circumstances stress may cause pathology, as is the case of posttraumatic
stress disorder (PTSD) and other anxiety disorders. The development of PTSD,
can be conceptualized as learning under severe stress (Lissek et al. 2005). The
inability to inhibit fear responses contributes to the maintenance of fear
responses. Indeed, patients with PTSD show deficits in extinction of fear
memory (Inslicht et al. 2013; Lissek et al. 2005).

The most distinctive attribute of long-term memory is persistence over time.
Strong memories are often based on experiences that are emotionally arousing
(Ochsner 2000). There is broad evidence supporting the hypothesis that the
strength of long-term memories is influenced by hormonal systems (Gold et al.
1975). In addition, modulation of gene expression seems to be a requirement of
consolidation and persistence of long term memories and may result in synaptic
remodeling (Dudai 2002).

A valuable paradigm for studying fear memory in animals is Pavlovian fear
conditioning. In fear conditioning a conditioned stimulus (CS), such as a
context, is paired with an aversive unconditioned stimulus (US), such as an
electric shock (Pearce and Hall 1980). After numerous such pairings, the
context elicits behavioral fear responses such as freezing (Sacchetti et al.
1999). The relation between the context and the shock is strong and long
lasting. In fact, it has been suggested that conditioned fear associations are
unforgettable (LeDoux et al. 1989). Therefore, these associations could aid
perceive and evade previously encountered dangers, throughout live.

It was shown that phenylethanolamine-N-methyltransferase knockout (Pnmt-
KO) mice are deficient in epinephrine (EPI) and have reduced contextual-fear
learning (Alves et al. 2016; Toth et al. 2013). In addition, we found that
aversive contextual memories are best remembered if moderately high plasma
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EPI concentrations occur at the same moment as the aversive stimulus. In
addition, EPI increases context fear memory by acting on peripheral Bo-
adrenoceptors. Afterwards, high levels of blood glucose may be induced by
peripheral B,-adrenoceptor activation and enhance hippocampal-dependent
contextual learning (Alves et al. 2016).

Patients with PTSD may have a deficit in extinction of fear learning and
propranolol (peripheral and central acting B-adrenoceptor antagonist) reduces
symptoms and reactivity to trauma cues (Brunet et al. 2008; Brunet et al. 2011).
However, the influence of a Bs-adrenoceptor antagonist in contextual-fear
memories is still not understood. Therefore, our main goal was to understand if
Bo-adrenoceptor antagonists can erase traumatic contextual memories and
provide a novel possible therapeutic approach on anxiety disorders.
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Materials and Methods

Animals. All animal care and experimental protocols were carried out in
accordance with European Directive number 63/2010/EU, transposed to
Portuguese legislation by Directive Law 113/2013. The Pnmt-KO mice (Pnmt™)
were produced by the insertion of Cre-recombinase gene into the locus
encoding for Pnmt enzyme, creating a functional knockout of Pnmt expression,
with loss of EPI in homozygous Pnmt” (Ebert et al. 2004). Steven N. Ebert
kindly provided a couple of Pnmt-KO mice, and animals were bred in our
conventional vivarium. Genotypes at the Pnmt locus were identified by
polymerase chain reaction (PCR, in ear DNA samples) by using the following
primers: Primer 1, 5-CAGGCGCCTCATCCCTCAGCAGCC-3’; Primer 2, 5'-
CTGGCCAGCGTCGGAGTCAGGGTC-3'; and Primer 3, 5'-
GGTGTACGGTCAGTAAATTGGACACCGTCCTC-3". Pnmt-KO (n = 56) and
wild-type (WT, n = 22) male mice (129x1/SvJ) were kept under controlled
environmental conditions (12 hour light / dark cycle, room temperature 23 +1°C,
humidity 50%, autoclaved drinking water, mice diet 4RF25/1 and 4RF21/A;
Mucedola, Porto, Portugal) and housed with the respective litter.

Fear conditioning procedure. The Fear conditioning procedure was adapted as
previously described (Lukoyanov and Lukoyanova 2006 ; Manceau et al. 2012).
The conditioning chambers consisted of a clear Plexiglas box equipped with a
metal grid floor, wired to a stimulus generator. The animal’'s behavior was
recorded with a digital video camera Sony HDR-CX405 (Sony Corporation,
Japan). Freezing was defined as the absence of movement except for
respiration. Conditioning was assessed by the freezing response because this
response is a widely used indicator of conditioned fear (Fanselow and Kim
1994). Freezing was only scored if mice remained inactive for at least 3 s. The
percentage of accumulated freezing time was then calculated. On the first day
(fear acquisition; 6 min), mice had a period of 3 min undisturbed followed by a
tone (conditioned stimulus: 80 dB; 2.8 kHz) for 20 s that co-terminated with a
foot shock (unconditioned stimulus: 2 s; 0.5 mA). Three tone-shock pairings
(conditioning trials) were presented at intervals of 40 s. On the second day
(context fear test; 8 min, short term fear memory), mice were re-exposed to the
conditioning chamber with identical contextual features and no shocks or tones
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were presented (freezing was scored for the duration of the session). On the
first and second day the chambers were cleaned and wiped with 1% acetic acid.
Catecholamine assay. One group of Pnmt-KO and WT mice were submitted to
fear acquisition test (FA; and other group without FA, control, C) and at the end
of this test they were anesthetized (ketamine, 100 mg/kg and xylazine,10
mg/kg; i.p.). The blood was collected by left ventricle puncture to a heparinized
tube and then the samples were centrifuged (1250xg, 2 min) and kept under -80
°C until further use. The catecholamines present in plasma were concentrated
by alumina, as previously described (Moreira-Rodrigues et al. 2014). Left
adrenal was collected and emerged in percloric acid (0.2 M) and frozen -80°C.
Catecholamines were separated by reverse-phase HPLC and quantified by
electrochemical detection. The detection limit is between 350 and 1000 fmol.
Behavioral experiments. Other groups of WT and Pnmt-KO mice were
submitted to fear conditioning procedure after the following treatments: EPI (0.1
mg/kg, i.p., 3 min) (Lee et al. 2001); norepinephrine (NE, 0.1 mg/Kg, i.p., 3 min)
(Murchison et al. 2004), EPI (0.1 mg/kg, i.p., 3 min) plus ICI 118,551 (2.0
mg/kg, i.p., 30 min), ICI 118,551 (2.0 mg/kg, i.p., 30 min) (Stone et al. 1996;
Zhu et al. 2014) or vehicle (0.9 % NaCl). Long term fear memory (context fear
test, one day after fear acquisition) and old memories (context fear test, one
month after fear acquisition) were evaluated.

Drugs. (-)-EPI (+)-bitartrate salt, L-(-)-NE (+)-bitartrate salt monohydrate, and
ICI 118,551 were purchased from Sigma-Aldrich (St Louis, MO, USA).
Statistical analysis. Results are presented as means + standard error of the
means (SEM) for the indicated number of determinations. Catecholamine
concentrations were analyzed by Student's t-test. Data from fear conditioning
tests was analyzed by two-way ANOVA. For multiple comparisons we used
Turkey’s test (3 groups) and Sidak's test (2 groups). p<0.05 was assumed to
denote a significant difference. GraphPad Prism (GraphPad Software Inc., La

Jolla, CA, USA) was used for statistical analysis.
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Results

Genotyping of Pnmt-KO mice

The presence of the Pnmt” allele was verified by genotyping. Amplification
reactions yielded products of 200 and 160 bp for the wild type (WT) and mutant
alleles, respectively. Representative PCR products are shown, corresponding to
WT, heterozygous (HZ) and Pnmt-KO mice (Figure 1).

Increased plasma EPI concentration after fear acquisition test

In the WT mice, plasma EPI concentration was significantly higher after fear
acquisition test compared with mice without the test (Fig. 2A). Plasma NE
concentrations were not different in both WT and Pnmt-KO mice, with or without
fear acquisition test (Fig. 2B and C). EPI in the left adrenal glands and plasma
of Pnmt-KO mice were undetectable. The WT mice did not present any
significant differences in adrenal gland content of EPIl or NE between mice with

or without fear acquisition test (Table 1).

On the first day (fear acquisition) of the fear conditioning procedure there were
no differences in the freezing response between groups (data not shown).
Intraperitoneal injection of NE does not increase contextual-fear memory
On the second day, mice were re-exposed to the shock context (context fear
test), and it induced an increase in freezing in Pnmt-KO mice treated with EPI
compared to vehicle and NE treated mice. No differences were observed in
freezing between Pnmt-KO mice treated with NE and vehicle. It was observed a
drug (F (2, 14) = 16.50, p = 0.0002) and a time effect (F (3, 42) = 3.97, p = 0.01;
Fig. 3). There was a significant interaction between drug and time (F (6, 42) =
4.64, p=0.001; Fig. 3).

Epinephrine induced long term and old memories are mediated through
activation of B;-adrenoceptors

One day after fear acquisition, re-exposure to shock context induced an
increase in freezing in Pnmt-KO mice treated with EPI compared to vehicle and
EPI plus ICI 118,551 (selective B,-adrenoceptor antagonist) treated mice. It was
observed a drug (F (2, 24) = 45.01, p<0.0001), a time (F (3, 72) = 12.33, p
<0.0001) effect and a significant interaction between drug and time (F (6, 72) =
4.13, p =0.001; Fig. 4A).
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One month after fear acquisition, Pnmt-KO mice treated with EPI still showed a
significant freezing compared to the other groups. A significant drug (F (2, 15) =
11.42, p = 0.001), time effect (F (3, 45) = 8.03, p = 0.0002) and interaction (F (6,
45) = 3.36, p = 0.008) was observed (Fig. 4B). Pnmt-KO mice treated with EPI
presented a higher freezing in one day (long term) compared with one month
after fear acquisition (old memories).

In context fear test, after re-exposure to shock context the freezing was lower in
WT mice treated with ICI 118,551 when compared with WT mice treated with
vehicle, in both one day and one month after fear acquisition. It was observed a
drug effect in both one day (F (1, 10) = 14.08, p = 0.004) and one month after
fear acquisition (F (1, 9) = 10.06, p = 0.01) (Fig. 5A and B). It was also observed
atime (F (3, 27) = 4.94, p = 0.007) effect and an interaction (F (3, 27) = 3.45, p
= 0.03) one month after fear acquisition (Fig. 5B).
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Discussion

The absence of PNMT expression altered catecholamine biosynthesis in the
PNMT KO mouse. E was eliminated in adrenal gland, plasma, and urine, while
adrenal NE increased significantly in the PNMT KO mouse. In contrast, adrenal
dopamine (DA) and NE and DA in the plasma and urine were not significantly
altered. Mice with disrupted Pnmt genes, shown by genotyping, do not express
the enzyme responsible for EPIl synthesis (Pnmt). Our results also show that
EPI is absent from the adrenal gland and plasma of Pnmt-KO mice, and this is
in agreement with other authors (Ebert et al. 2004; Sun et al. 2008). Therefore,
the Pnmt-KO mice model is a refined model to study EPI influence in behavior
because of the lack of EPI production in these mice.

It is known that memories are best retained in stressful contexts, which could be
related to the fact that emotions and arousal moments increase plasma adrenal
hormone concentrations (McGaugh and Roozendaal 2002). In fact, it was
shown that in mice, EPI (0.1 mg/Kg, i.p.) facilitates retention in inhibitory
avoidance test (Introini-Collison et al. 1992). In agreement, we found that
aversive contextual memories are best retained if moderately high plasma EPI
concentrations occur at the same moment as the aversive stimulus, after EPI
treatment (Alves et al. 2016).

Furthermore, it was shown that dopamine B-hydroxylase knockout mice
(deficient in both NE and EPI) (Murchison et al. 2004) and later Pnmt-KO mice
(deficient in EPI) (Alves et al. 2016; Toth et al. 2013) have reduced contextual-
fear learning. Several authors also have shown that EPI increases in plasma
after emotional arousal moments, particularly, plasma EPI increases after tone
plus shock exposure (McDowell et al. 2013). This is in agreement with our
results, which show that EP| plasma levels increase significantly during and
after fear acquisition (fear conditioning procedure) in WT mice. However,
plasma NE does not. On the other hand, we now show that intraperitoneal
injections of NE do not increase context fear learning, contrary to intraperitoneal
injections of EPI, in similar doses. It appears that peripheral NE is not important
for contextual-fear memory, opposing the known effects of central NE in
memory (Tully and Bolshakov 2010).

McDowell et al also have shown that plasma EPI does not increase after just
tone exposure (McDowell et al. 2013). Accordingly, we have shown previously
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that EPI selectively affects contextual-fear memory and not cue fear memory
(Alves et al. 2016). In addition, conditioned fear responses to a tone paired with
a foot shock rapidly extinguish when the tone is presented in the absence of the
shock (Quirk et al. 2000). For these reasons, we have not explored cue fear
memory in these experiments.

We also have shown that EPI increases contextual-fear learning on long term
memory (one day after fear acquisition), by acting on peripheral £,-
adrenoceptors (Alves et al. 2016). And now, we show that ICIl 118,551, a B»-
adrenoceptor antagonist, decreases long term contextual-fear memory and
possibly traumatic old memories (one month after fear acquisition). Thus, EPI
seems to be an important mediator of long term consolidation of fear memory
and even old memories. Mechanisms underlying long term memory integrate
physiological functions of multiple organ systems to support brain processes.
Intensive research suggests that this type of memory consolidation, occurring
within minutes to weeks after initial learning, may reflect the ongoing changes in
the intracellular signaling pathways, gene expression and new protein synthesis
by leading to synaptic modifications and gene plasticity (Dudai 2002).
Epinephrine does not cross the blood-brain barrier (Weil-Malherbe et al. 1959),
so there must be a mediator that takes the signal to the brain. We found that
EPI activates peripheral B,-adrenoceptors and the signal reaches the brain in
contextual-fear memory. This was supported by context fear learning
improvement in Pnmt-KO mice treated with EPI (Alves et al. 2016). We also
showed that glucose may be a down-stream mediator of EPI actions in long
term contextual learning (Alves et al. 2016), and a critical component of fear
memory modulation. Hence, it also might be essential for old memories.

In humans, B-adrenoceptors also selectively affect contextual-fear memory. In
healthy humans, propranolol (peripheral and central acting B-adrenoceptor
antagonist) has been found to impair the consolidation of fear memory in the
contextual-fear conditioning test. (Grillon et al. 2004). The PTSD is an example
of a condition that may arise due to exposure to a traumatic event. Patients
with this pathology may have a deficit in extinction of fear learning (Inslicht et
al. 2013; Lissek et al. 2005). In addition, the administration of propranolol
shortly after exposure to psychological trauma has been reported to reduce
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PTSD symptom severity and reactivity to trauma cues, and may even prevent
PTSD development (Brunet et al. 2008; Brunet et al. 2011).

Although propranolol may be a possible therapeutic treatment in PTSD it has
significant secondary effects (fatigue, bradycardia, Raynaud phenomenon,
sleep and gastrointestinal disturbances...). In addition, propranolol affected
memory consolidation in non-aversive tasks (object recognition and object
location) and impaired memory reconsolidation not only in most, but also in
least aversive tasks Since some stress disorders as PTSD are built from
activation of traumatic memories and exacerbation of EPI release (Van der
Kolk 2003), we suggest that B.-adrenoceptors antagonists might be a more
specific and efficient treatment in PTSD.

In conclusion, EPI increases in plasma after an aversive experience, possibly
improving long-term context fear memory, and even old memories, by acting on
peripheral B,-adrenoceptors. (,-adrenoceptor antagonists decrease long term
contextual-fear memory and possibly traumatic old memories. Therefore, may

be a possible treatment in anxiety diseases, particularly PTSD.
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Tables
Table 1: Concentration of adrenal catecholamines in phenylethanolamine-N-

methyltransferase knockout (Pnmt-KO) or wild-type (WT) mice after fear

acquisition test (FA).

EPI (pmol/mL) NE (pmol/mL)
C FA C FA

WT 19421350 16911324 886+1.73 8.34+207
Pnmt-KO | Undetectable  Undetectable 1742 +1.93 16.85+£3.05

Values are means + SEM of 5-6 mice per group. C, control mice without fear
acquisition test; EPI, epinephrine; NE, norepinephrine.
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Figure Legends

Figure 1. Germ-line transmission of the Pnmt” allele was verified by
polymerase chain reaction (PCR). Representative agarose gel electrophoresis
of PCR products are shown, corresponding to wild-type (WT) (+/+),
heterozygous (HZ) (+/-), and homozygous mutant (Pnmt-KO) (-/-) mice bands.
L, ladder.

Figure 2. Catecholamines in blood plasma after fear acquisition test (FA).
Plasma (A) epinephrine (EPI) and (B) (C) norepinephrine (NE) in
phenylethanolamine-N-methyltransferase knockout (Pnmt-KO) or wild-type
(WT) mice. Each group column represents the mean of 5-6 mice per group, and
error bars represent SEM. C, control mice without fear acquisition test *,
significantly different from correspondent control (C, without FA) values (p <
0.05).

Figure 3: Freezing on the second day (context fear test) of fear conditioning
procedure in phenylethanolamine-N-methyltransferase knockout (Pnmt-KO)
mice treated with epinephrine (EPI, 0.1 mg/kg), norepinephrine (NE, 0.1 mg/kg)
or vehicle (NaCl 0.9%). Each group point represents the mean of 6-10 mice per
group, and error bars represent SEM. *, significantly different from
correspondent values in Pnmt-KO mice freated with vehicle (p<0.05). T,
significantly different from correspondent values in Pnmt-KO mice treated with
EPI (p<0.05).

Figure 4: Freezing in context fear test (A) one day and (B) one month after fear
acquisition of fear conditioning procedure in phenylethanolamine-N-
methyltransferase knockout (Pnmt-KO) mice treated with epinephrine (EPI, 0.1
mg/kg), EPI (0.1 mg/kg) plus ICI 118,551 (ICl, selective B,-adrenoceptor
antagonist, 2.0 mg/kg) or vehicle (NaCl 0.9%). Each group point represents the
mean of 5-10 mice per group, and error bars represent SEM. *, significantly
different from correspondent values in Pnmt-KO mice treated with vehicle
(p<0.05).1, significantly different from correspondent values in Pnmt-KO mice
treated with EPI (p<0.05).
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Figure 5: Freezing in context fear test (A) one day and (B) one month after fear
acquisition of fear conditioning procedure in wild type (WT) mice treated with ICI
118,551 (ICl, selective B,-adrenoceptor antagonist, 2.0 mg/kg) or vehicle (NaCl
0.9%). Each group point represents the mean of 6-8 mice per group, and error
bars represent SEM. *Significantly different from correspondent values in WT

mice treated with vehicle (p<0.05).
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Stress is an undisputed environmental risk factor for disease, in particular
psychiatric diseases. The moment and the context of stressful stimuli are
essential and determine the adaptive or maladaptive consequences (Schmidt
2010). Adrenal stress hormones have an important role in encoding alarm
signals to the brain. These hormones influence memory, in fact, it has been
provided widespread evidence that EPI, NE and glucocorticoids modulate long-
term memory consolidation in humans (McGaugh and Roozendaal 2002).
Pnmt-KO mice are EPI deficient mice and show impairment in contextual-fear
memory (Toth et al. 2013), suggesting that these mice reveal selective memory
effects on highly emotional memories. To understand this better we started to
explore EPI role in fear memory. We showed that contextual aversive memories
are better retained in the presence of moderately high plasma EPI
concentrations. In Pnmt-KO mice, we also showed restored expression of
contextual-fear memory after EPI, or non-selective 3-AD agonist (isoprenaline)
or selective B,-AD agonist (fenoterol) treatments. In addition, a selective (3;-AD
agonist (dobutamine) does not seem to increase freezing in Pnmt-KO mice.
Moreover, treatment of Pnmt-KO mice with a peripheral B-AD antagonist
(sotalol) (Alves et al. 2016) blocked the increased freezing induced by EPI. In
addition, EPI (Weil-Malherbe et al. 1959), AD agonists (fenoterol, (Rominger
and Pollmann 1972)) and antagonists (sotalol (Mason and Angel 1983)) used
do not cross the blood-brain barrier. Therefore, we showed that EPI affects
contextual-fear memory by acting on peripheral 3,-ADs.

Glucose is a limited source of energy. It appears that EPI acts on hepatic
glucose production by stimulation of glycogenolysis and gluconeogenesis (John
et al. 1990). In addition, we showed that EPI restores the glycemic response at
the same time as contextual-fear memory in Pnmt-KO mice (Alves et al. 2016).
Since glucose crosses the blood-brain barrier, it may modulate memory (Gold
et al. 1986). John et al. also showed that a B-AD agonist (isoprenaline)
improves the hyperglycemic response and this was blocked by a selective ;-
AD antagonist (ICI 118,551) (John et al. 1990). Glucose may be a chief down-
stream intermediary of EPI actions in contextual memory. In fact, it was shown
that a surge in plasma glucose increases acetylcholine synthesis in the
hippocampus (Durkin et al. 1992), providing supplementary energy to specific

neural components, and modulate neuronal excitability and neurotransmitter
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release (McNay and Gold 2002). Therefore the evaluation of acetylcholine
synthesis and neurotransmitter release after fear conditioning procedure in
Pnmt-KO and WT mice could be the next step to better understand this
mechanism. In addition, the quantification of specific proteins in hippocampus
would be interesting, since modulation of gene expression seems to be a
requirement of consolidation and persistence of long-term memories, and may
result in synaptic remodeling (Dudai 2006).

In both mice and humans, B-ADs selectively affect contextual-fear memory, and
not auditory fear learning (Alves et al. 2016; Grillon et al. 2004; Toth et al.
2013). The pathways for contextual and auditory learning seem different.
Cellular mechanisms whereby contextual-fear memory consolidation occurs are
connected to the hippocampus and the amygdala, whereas tone conditioning
only depends on amygdala molecular plastic changes (Phillips and LeDoux
1992).

The classic fight-or-flight response to aversive stimulus has clear survival
benefits in evolutionary terms. However, the systems responsible to the
perceived threat can become deregulated under some circumstances. Chronic
deregulation of these systems can lead to PTSD (Sherin and Nemeroff 2011).
PTSD is a psychopathological response to extreme stressors. It is characterized
by the intrusive re-experiencing of the traumas and heightened physiological
arousal with noticeable anxiety and depressive features persisting for at least
one month. Only a percentage of those exposed to fear-producing events
develop or sustain PTSD (Yehuda et al. 1998). PTSD can be a limitation to an
organized life routine. There is a considerable amount of work being done to
find new approaches for delivering evidence-based treatments for PTSD, such
as exposure and cognitive therapy. However, the efficacy of these treatments
has been limited (Kaczkurkin and Foa 2015).

There are also several pharmacotherapies for treating PTSD. Serotonin
reuptake inhibitors are the most frequently prescribed pharmacological agents
for the treatment of PTSD, as they are reasonably well tolerated and safe.
However, they have innumerous limitations. The beginning of the therapeutic
effect usually takes several weeks to occur, sometimes there are remaining

symptoms, or non-response, as well as persistent undesirable side effects, such
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as changes in appetite and weight, gastrointestinal disturbances, and loss of
sexual drive (Kelmendi et al. 2016).

Hidrocortisone shortly after exposure to psychological trauma is thought to be
effective in PTSD (de Quervain and Margraf 2008), by exerting negative
feedback control of the hypothalamic-pituitary-adrenal axis. However, sustained
glucocorticoid exposure has huge adverse effects in the brain and metabolism.
In fact, continued glucocorticoid exposure induces the decline of dendritic
branching, damage of dendritic spines and impairment of neurogenesis in
hippocampus (Sherin and Nemeroff 2011).

Patients with PTSD manifest greater changes in heart rate, blood pressure, and
skin conductance than controls, when exposed to trauma-related contexts. In
fact, a persistent hyperactivity of autonomic sympathetic system was detected.
Accordingly, increased urinary excretion of catecholamines and their
metabolites, as well as, increase of EPI in plasma has been documented in
PTSD (Shalev et al. 1992; Sherin and Nemeroff 2011).

In healthy humans, propranolol (peripheral and central acting B-AD antagonist)
has been found to weaken the consolidation of contextual-fear memory in fear
conditioning procedure. Therefore, similarly to mice, in humans, B-ADs are also
implicated in contextual-fear conditioning (Grillon et al. 2004). In addition,
altered amygdala and hippocampus activity, evaluated by functional magnetic
resonance, is related with propranolol-induced emotional memory weakening in
healthy individuals (Schwabe et al. 2012).

Administration of propranolol soon after exposure to psychological trauma has
been described to reduce PTSD symptoms severity and reactivity to trauma
cues, and may even prevent PTSD development (Brunet et al. 2008; Pitman et
al. 2002). Reconsolidation theory defends that in order to endure, a recalled
memory needs to be saved again to long-term memory storage, thereby
recapitulating the process of memory consolidation. Propranolol appears to
block consolidation and even reconsolidation, allowing the attenuation of
emotional strength of traumatic memories (Lonergan et al. 2013). A PTSD
remission of up 71 % was detected after six sessions of trauma recollection
under the effect of propranolol (Brunet et al. 2011), with a significant decrease
in physiological reacting to context cues, at 6 month follow-up (Brunet et al.
2014).
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In mice, there are evidences that fear memory lasts for a long-term, even
months (old memories) (McGaugh and Roozendaal 2002). On the other hand,
we showed that fear memory may be conducted by EPI peripheral pathway
trough B.-ADs (Alves et al. 2016). In addition, our results show that this
mechanism persists in the long-term (one day after fear acquisition) and even
as old memories (one month after fear acquisition), by blocking freezing in
Pnmt-KO EPI treated mice and in WT mice, with a B,-AD antagonist (ICI
118,551). Thus, B2-AD activation by EPI seems to be an important pathway for
both short and long-term fear memory, and even old memories. In addition,
propranolol administered systemically after retrieval (through contextual
reactivation) disrupts contextual-fear memory reconsolidation, being a possible
therapeutic treatment in PTSD (Muravieva and Alberini 2010). However,
propranolol has significant secondary effects (fatigue, bradycardia, Raynaud
phenomenon, sleep and gastrointestinal disturbances...). In addition,
propranolol decreased memory consolidation in non-aversive tasks (object
recognition and object location) and weakened memory reconsolidation not only
in most, but also in least aversive tasks (Villain et al. 2016). Therefore, we
suggest that B,-AD antagonists may be a more successful treatment in anxiety
diseases, particularly in PSTD. The efficacy of ,-AD antagonists could be
evaluated in contextual fear memory, of a PTSD mice model. To disrupt
traumatic memories that may contribute to the development of PTSD, we could
interfere with the reconsolidation process (Dudai 2006), though the
administration of a B,-AD antagonist (ICI 118,551 or one that does not pass the
blood-brain barrier) after retrieval, though contextual reactivation.

In conclusion, EPI increases in plasma after an aversive experience, possibly
improving long-term contextual fear memory, and even old memories, by acting
on peripheral B,-ADs. We suggest that blocking B2-ADs with antagonists may
inhibit undesirable memories, and be used as a treatment for patients suffering

from pathogenic memories, such as PTSD.
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