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ABSTRACT

AN ANALYSIS OF NMDA AND BETA-ADRENERGIC RECEPTOR
ANTAGONISTS ADMINISTRATION AND NEURAL C-FOS EXPRESSION
FOLLOWING CONDITIONED CONTEXT AVERSION LEARNING IN MICE

[lhan, Furkan
M.S., The Department of Psychology

Supervisor: Assist. Prof. Dr. Sezen Kislal

March 2023, 92 pages

Cancer patients develop anticipatory nausea and vomiting (ANV) following
chemotherapy treatment as a result of classical conditioning learning. Although
researchers have been conducting clinical studies to understand the characteristics of
ANV, animal models can also be utilized to develop novel diagnostics and
therapeutics. Conditioned context aversion (CCA) has been accepted to arise from

classical conditioning and used as an animal model of ANV.

Although antiemetic agents were widely used to prevent nausea and vomiting, 25% of
cancer patients still develop ANV. However, the formation of memories can be
prevented during consolidation phase of memory formation. We conducted two
experiments (Experiment 1 and Experiment 2) to investigate memory impairing effect
of N-methyl-D-aspartate antagonist MK-801 and beta-adrenergic antagonist
propranolol on CCA. We found that systemic administration of propranolol but not

MK-801 prevented animals from developing CCA.



Although behavioral research mainly established the principles of CCA learning, it’s
neural substrate is yet to be investigated. Experiment 3 was conducted to identify the
brain regions involved in CCA learning. We found elevated c-Fos expression in the
prelimbic division of the medial prefrontal cortex, IC, basolateral nucleus of the
amygdala, CA1-CA2 and dentate gyrus subregions of the hippocampus, indicating that

these brain regions are activated following CCA.

To the best of our knowledge, ours is the first study finding memory impairments
induced by beta-adrenergic receptor antagonist in CCA and showing neural correlates
of CCA learning. Further research is necessary to unravel causal involvement of these

brain regions in the development of CCA.

Keywords: Anticipatory nausea and nausea, cancer, conditioning, learning, mice
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FARELERDE KOSULLU CEVRE ITINMESIi OGRENMESINi TAKIiBEN
UYGULANAN NMDA VE BETA-ADRENERJIK RESEPTOR
ANTAGONISTLERININ ETKIiSI VE NORAL C-FOS EKSPRESYONU UZERINE
BiR ANALIZ

[lhan, Furkan
Yiiksek Lisans, Psikoloji Boliimii

Tez Yoneticisi: Dr. Ogr. Uyesi Sezen Kislal

Mart 2023, 92 sayfa

Kanser hastalari, klasik kosullanma 6greniminin bir sonucu olarak kemoterapi
tedavisinin ardindan beklentisel bulanti ve kusma (BBK) gelistirir. Arastirmacilar,
BBK’nin altinda yatan mekanizmalar1 anlamak i¢in klinik ¢aligmalar yiiriitiiyor olsalar
da yeni teshis ve terapotik ilaglar gelistirmek i¢in hayvan modelleri de
kullanilmaktadir. Kosullu ¢evre itinmesi (KCI), klasik kosullama sonucu ortaya ¢ikan

ve BBK’nin hayvan modeli olarak kullanilan bir paradigmadir.

Antiemetik ajanlar, kemoterapiye bagli bulant1 ve kusmay1 engellemek i¢in yaygin
olarak kullanilsa da, kemoterapi tedavisi goren kisilerin yaklasik %25'1, hastalik hali
ve cevresel ipuglart arasindaki iligkisel O0grenmenin bir sonucu olarak BBK
gelistirmektedir. Ancak bellek olusumunu, konsolidasyon asamasina miidahale ile
engellenebilir. Bu ¢calismada, Deney 1 ve Deney 2 6grenme ile ilgili oldugu bilinen iki
farklt reseptor sistemi olan N-metil-D-aspartat ve beta-adrenerjik reseptorlerin

aktivasyonunu konsolidasyon siirecinde MK-801 ve propranolol ile bloke etmenin



CD1 farelerde KCI bellegi iizerindeki bozucu etkisini arastirmak igin yapilmistir.

Propranolol KCI 6grenmesini bozarken bu etki MK-801°da gériilmemistir.

Arastirmalar temel olarak KCI 6greniminin ilkelerini aciga ¢ikarmis olsa da bu tiir
ogrenmede gorevli beyin bolgeleri heniiz incelenmemistir. Deney 3'te, KCI
Ogrenimiyle ilgili beyin bolgelerini bulunmasi amaglanmigtir. Medyal prefrontal
korteksin prelimbik bdliimiinde, insular kortekste, amigdalanin bazolateral
cekirdeginde, hipokampusun CA1-CA2 ve dentat girus alt bolgelerinde, bu beyin
bolgelerinin  KCI dgreniminin ardindan aktive olduguna isaret eden c-Fos

ekspresyonunda artig bulgulanmaistir.

Bu ¢alisma KCI 6grenmesinde beta-adrenerjik reseptdr antagonisti propranolol’iin
bellegin konsolidasyon siirecini bozdugunu ve KCi 6grenmesinde gorevli beyin
bolgelerini gosteren ilk calismadir. Bu beyin bélgelerinin KCI &grenmesindeki

rollerini ortaya ¢ikarmak i¢in daha fazla arastirma gereklidir.

Anahtar Kelimeler: Beklentisel bulanti ve kusma, kanser, kosullama, 6grenme, fare
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CHAPTER 1

INTRODUCTION

This chapter covers some of the general concepts that are of interest to our
experiments. These concepts include nausea and vomiting, chemotherapy treatment,
classical conditioning, anticipatory nausea and vomiting, and conditioned context

aversion learning.

1.1.Nausea and Vomiting

Humans as well as other mammals developed a protective nausea and vomiting (NV)
defense mechanisms to avoid digestion of toxic substances. (Zhong et al., 2021). The
noxious sensation that precedes vomiting is called nausea, the expulsion of expulsion
of the gastrointestinal contents via the mouth (Gelberg, 2018). Although vomiting
usually follows nausea feeling, humans can experience just one of the conditions
(Singh & Kuo, 2016). Nausea and vomiting are not considered as diseases but rather
they are seen as symptoms of a wide variety of conditions (Chepyala & Olden, 2008).
Toxins, bacteria, fungi, viruses, and some drugs can trigger NV (Zhong et al., 2021).
Gastrointestinal (GI) tract pathologies, strong emotional and cognitive load, and
motion sickness also can lead to NV experience (Cai et al., 2007; Cohen et al., 2019;

Gagliuso et al., 2019).

GI axis plays a vital role in instigating and modulating NV induced by a variety of
emetogenic agents or instances (Sanger & Lee, 2008). GI regulation is accomplished
by a bidirectional network between neural and endocrine systems involved in the gut-
brain axis (Cussotto et al., 2018). This axis consists of the central nervous system, that
is the brain and spinal cord, the sympathetic and parasympathetic parts of the

autonomic nervous system, the hypothalamic-pituitary-adrenal axis, and the enteric



nervous system (Carabotti et al., 2015). Brainstem structures that are involved in the
GI axis and responsible for NV modulation are the vomiting center (VC) that contains
muscarinic receptors, the vestibular nuclei that contains histamine and muscarinic
receptors, and the dorsal vagal complex (DVC; Borison & Wang, 1953; MacDougall
& Sharma 2022; Yates et al., 2014). DVC, comprised of the nucleus tractus solitarii
(NTS), dorsal motor nucleus of the vagus, and chemoreceptor trigger zone (CTZ; also
known as the area postrema) that lies on the floor of the fourth ventricle, is involved
in regulating gastric motility and vomiting reflex via 5-hydroxytryptamine (serotonin,
5-HT3), neurokinin-1 (NK-1) and dopamine 2 receptors (Wickham et al., 2020). CTZ
serves as an interface between the brain and cerebrospinal fluid (MacDougall &
Sharma 2022). The lack of blood brain barrier makes this zone a circumventricular
organ which samples the blood and cerebrospinal fluid for the presence of emetic
agents (Miller & Leslie 1994). Epithelial enterochromaftin cells (EC) that are found
in the mucosa of GI tract, enteric nervous system, the splanchnic nerves, and the vagus
nerve are the peripheral sites that are indicated to have varying contributions to NV
circuitry (Zhong et al., 2021). Higher cortical regions and limbic structures also play
a role in this circuitry (Miller, 1999).

1.2.Chemotherapy induced Nausea and Vomiting

Chemotherapy induced NV (CINV) is the most common iatrogenic effect of cancer
treatment (Rao & Faso, 2012). Neurotransmitter systems within the gut-brain axis have
various roles in the pathophysiology of CINV (Hesketh, 2008). Serotonin and
substance P (SP) are the neurotransmitters that initiate signaling cascades within the
nervous system by binding to the 5-HT3 and NK-1 receptors which transmits
information from the gut and vagus nerve to the NTS and the CTZ, respectively
(Hesketh, 2008). Dopamine also plays a role in this circuitry; however, its exact

function remains unrevealed clearly (Janelsins et al., 2013).

Chemotherapeutic agents induces NV because of the generation of free radicals that
causes excessive amounts of serotonin release from the ECs lining of the GI mucosa
(Zhong et al., 2021). The vagus nerve conducts this chemical information to the brain
via the 5-HT3 receptors that are found on the terminal side of its axon (Blackshaw et

al., 2007; Lesurtel et al., 2008). Another mechanism that chemotherapy initiates
2



emesis or nausea is via the NK-1 receptors that are located in the NTS, the area
postrema and the gut (Borison & McCarthy, 1983). Chemotherapy drugs have been
shown to cause SP release which binds to the NK-1 receptors that are found in these
regions, and this signal is then sent to the CTZ and subsequently to the VC, causing
NV (Diemunsch & Grélot, 2000)
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Figure 1. Diagram showing the brain structures, agents and other elements that are involved
in NV (Zhong et al., 2021).

CINV is classified as acute, delayed, or anticipatory in terms of the onset of NV
feelings that patients experience during chemotherapy treatment (Durand et al., 2009).
The NV that starts within the 24 hours following treatment is called acute (Roila et al.,
1991). If acute NV continues after this 24-hours period, it is now accepted as delayed
which can last for a week (Roscoe et al., 2004). Anticipatory NV (ANV) is somewhat
different from acute and delayed forms because it is not due to pathophysiological
mechanisms that induce NV, but rather it rises from classical conditioning learning
(Roscoe et al., 2004). We will analyze ANV further after reminding some of the basic

concepts of classical conditioning in the next two sections.



1.3.Classical Conditioning

Classical conditioning is a type of associative learning in which a neutral stimulus
comes to elicit a response after its pairing with another stimulus that have an innate or
acquired psychological/physiological value for the organism. The stimulus is called
neutral because it is incapable of inducing any response before the conditioning. A
neutral stimulus is associated with an unconditioned stimulus (US) when they are
presented with temporal contiguity during conditioning. USs are the stimuli that
generate an autonomic response from the organism. This response that the US elicits
is called unconditioned response (UR). Neutral stimulus becomes conditioned
stimulus (CS) once it starts eliciting a response that is similar to UR which is called

conditioned response (CR).

One of the classical conditioning paradigms that has been used predominantly in
memory research is fear conditioning (Mahan & Ressler, 2012). Many species are able
to associate either a cue or a context with a fear-inducing stimulus (Kim & Jung, 2006).
Fear conditioning experiments measure freezing behavior as a CR that animals display
when they encounter once a neutral stimulus that has been paired with an US, such as
foot shock (Baldi et al., 2004). Fear conditioning is classified as contextual or cued
depending on the CS modality (Wehner & Radcliffe, 2004) Contextual fear
conditioning involves applying a foot-shock (US) after placing animal to a novel
chamber (Curzon et al., 2009). Animal displays freezing behavior when re-exposed to
the same chamber as a result of the association between the chamber and foot-shock
(Curzon et al., 2009). Freezing is defined as the “absence of movement other than
respiration” (Acevedo-Triana et al., 2020). This CR that animals show to fear-
associated context may persist for months depending on the procedural applications
utilized to establish US-CS pairings such as the intensity and the frequency of the
shock, the number of conditioning trials, and the learning sensitivity of the animal
(Curzon et al., 2009). Cued fear conditioning differs from contextual fear conditioning
in that animals are repeatedly pre-exposed to a chamber preceding conditioning and
then are given a foot-shock after a novel CS such as a sound (Wehner & Radcliffe,
2004). This allows animals to associate the US with not the chamber but with the novel

stimulus (Curzon et al., 2009).
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Figure 2.Contextual fear conditioning. Initially neutral stimulus (context) comes to elicit a CR
(freezing) after it’s pairing with US shock.

Another classical conditioning paradigm that has been studied in detail is called
conditioned taste aversion (CTA; Welzl et al., 2001). Animals develop aversion to
foods and liquids that have been associated with malaise previously (Bernstein, 1999).
The capacity of developing CTA has survival value (as other learning types) since
animals must learn to avoid different types of foods that are not safe to ingest (Lavi et
al., 2018). In the laboratory, it is also possible to induce CTA to neutral or even to
initially nutritious foods. This is accomplished by allowing animals to ingest a
solution/food after or before the treatment of a nausea-inducing agent (Welzl et al.,
2001). The most commonly used nausea-inducing agent in CTA studies is lithium
chloride (LiCl; Yamamoto et al., 1995). A typical CTA study involves the injection of
LiCl before or after animals are allowed to consume a flavored solution that is usually
sucrose or saccharin (Eddy et al., 2012). The suppressed consumption of the malaise-
paired solution during retention test is used as evidence of the development of CTA

(Roman et al., 2009).

1.4. Anticipatory Nausea and VVomiting

ANV is accepted to arise from classical conditioning learning (Stockhorst et al., 1993).
The highly nauseagenic and emetogenic chemotherapy treatment induces NV in
patients, as described in the previous sections. In the terminology of classical
conditioning model of ANV, chemotherapy treatment is the US, and CINV is the UR
(Schnell, 2003). One or more of the environmental stimuli where chemotherapy
treatment is received become CS as repeated chemotherapy cycles (conditioning)
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endow these stimuli with conditioned properties (Roscoe et al., 2011). Chemotherapy
equipment, smells and sounds in the clinic, even nurses can be the reminders of illness
and act as a CS (Morrow & Rosenthal, 1996). Once the association between the US
and CS is established as patients continue to receive chemotherapy, these reminders
start to elicit NV (Roscoe et al., 2011). As it can be seen, ANV is not physiologically
or pharmacologically induced, but rather it is a psychological response arising from

classical conditioning learning (Kamen et al., 2014).
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Figure 3. Pavlovian model of ANV. In this model, the US is the chemotherapy treatment that
naturally produces an UR, that is NV. CINV is associated with the neutral stimuli in the
hospital. These stimuli can be sights and smells of the clinic, the doctors, the chemotherapy
room, etc. After one or more chemotherapy sessions, exposure to a CS alone is sufficient to
elicit CR.
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Current prophylaxis to alleviate and manage the iatrogenic NV is the prescription of
anti-emetics (Tonato et al., 1994). However, epidemiological studies show that 25 to
30% of cancer patients develop ANV because of the difficulty of controlling CINV
(Morrow et al., 1998). ANV causes a reduction in the patient’s life quality, and also
impair physical, cognitive and social functioning (Yoo et al., 2005). Patients who
develop ANV report high levels of fatigue, insomnia, and dyspnea (Redeker et al.,
2000). ANV is one of the leading factors for the discontinuation of chemotherapy
treatment due to patient’s fear and anxiety of experiencing further NV (Andrykowski,
1990). For these reasons, understanding the psychological and neurobiological
underpinnings of this debilitating phenomenon has a substantial clinical relevance.
Although clinical studies are effective ways to learn about the development of ANV,

the findings of relevant animal models are also useful in establishing a fundamental
6



understanding of a disease. Additionally, preclinical models allow the investigation of
the efficacy and the safety of a therapeutic intervention before it is used in humans.
Conditioned context aversion (CCA) provides a useful murine model for the
investigation of behavioral and neurobiological underpinnings of ANV. We will look

at some of the basic concepts of CCA in the next section.

1.5.Conditioned Context Aversion

CCA has been used as a preclinical tool to recapitulate ANV in animals (Cloutier et
al., 2017, 2018; Limebeer & Parker, 2000). CCA is established by pairing a novel
context with illness during conditioning which results in the development of aversion
to the context, evidenced by a CR that animals display during retention tests. Various
CCA procedures are established to mimic ANV experience of cancer patients.
Although some CCA studies used radiation, pharmacological agents are usually
employed as an US to induce illness. One of the commonly used agents is LiCl. In
rodents, the result of an intraperitoneal (i.p.) LiCl injection is abdominal malaise and
diarrhea. Behavioral manifestations of LiCl treatment are hypophagia (McCann et al,
1989), gastric emptying (McCann et al, 1989), lying-on belly (Meachum & Bernstein,
1992) and the ingestion of non-nutritive substances (Fortin et al., 2016; Mitchell et al,
1976).

Various CRs are employed to investigate the development of CCA. In most of the
studies, fluid consumption is measured as the CR that indicates the establishment of
context aversion (Parker et al., 1984). A general experimental design of these studies
usually consists of 5 phases including water deprivation, water acclimation,
conditioning, recovery, and retention (Rodriguez et al., 2000). A classic example of a
study employing fluid consumption as the CR is by Rodriguez et al. (2000). In this
study, rats are injected with LiCl before being introduced to a novel context. Next day,
the same rats receive sodium chloride (NaCl) injections before being introduced to a
different novel context. The 2-day cycle of conditioning is repeated for 4 times. After
4 days of recovery period following the last conditioning cycle, animals are then tested
for their sucrose consumption in one of these contexts in a drug-free state. They show

that rats given access to the sucrose solution in reinforced context (paired with LiCl)



consume less than rats given access to the same solution in NaCl-paired context,
arriving to the conclusion that contextual cues can be associated with gastrointestinal
illness and gain the properties of a CS, making the procedure a valid animal model for

ANV (Rodriguez et al., 2000).

Research by Grill and Norgren (1978) proves that rats show conditioned gaping
reactions to intraoral infusion of a palatable solution that has been associated with an
emetic drug previously (Grill & Norgren, 1978). They argue that this behavior is an
example of nausea-induced behavior (Grill & Norgren, 1978). Researchers also have
shown that conditioned gaping can be induced by emetic agents (Parker, 2003) and be
prevented by anti-emetics (Limebeer & Parker, 2000), which supports Grill and
Norgren’s argument. Another animal model of ANV, employed by Limebeer et al.,
(2006,), makes use of gaping reaction (Limebeer et al., 2006, 2008). In their
experiments, they digitally record orofacial and somatic responses of rats by means of
a mirror positioned below the conditioning chamber during four 30-minute
conditioning trials (separated by 3 days) in which one group of the animals injected
with LiCl (paired) and the other with NaCl (non-paired). 3 days after the last
conditioning trial animals are reintroduced to the conditioning context in a 15-minute
retention test without any injection and orofacial and somatic responses are again
recorded. They found that rats in the paired group express more conditioned gaping
responses during retention. These results prove that rats associate LiCl-induced illness
with a context and later they show conditioned gaping response in the same context
even at the absence of any drug treatment (Limebeer et al., 2006; 2008). Another study
by Cloutier et al., (2018) also utilized gaping reaction and another behavioral response,
forelimb flailing as the indices of aversion (Cloutier et al., 2018). They found that
LiCl-treated animals display CCA (they named as conditioned disgust behavior) as
evidenced by higher recurrence of gaping reaction and forelimb flailing during a drug-
free retention trial (Cloutier et al., 2018). Body-washing, scratching, limb flicks, and
rearing activity were also utilized to measure conditioned aversion in another studies
(Parker et al., 1984). In a very recent report, vertical activity (rearing) is measured in

the LiCl-paired context as a sign of CCA learning (Doobay et al., 2021).



In these studies, a variety of exteroceptive cues (tactile, auditory, visual and odor) are
employed in the conditioning context to create a novel environment. These
exteroceptive stimuli usually include a white noise, odor, different types of bedding
and lightning. The size of the conditioning cages also differs from home cages usually.
However, few studies investigated the role of small alterations in the contextual
environment (Revusky & Parker, 1976). One study showed that rats display aversion
to drinking cups previously paired with toxicosis. Another study also evaluated the
role of sensory cues in aversion learning by pairing only small visual cues with illness
(Kislal & Blizard, 2016; 2018). This study proves that even a subtle change in the
drinking cup (such as a piece of tape on the spout) was enough for animals to develop
aversion following its pairing with illness (Kislal & Blizard, 2016; 2018). In this study,
plain tap water was also utilized in retention tests to eliminate the confounding effects
of flavored solutions used in other studies (Kislal & Blizard, 2016; 2018). The results
of this study highlight the importance of visual cues in aversion learning (Kislal &

Blizard, 2016; 2018).

CCA 1in animals is analogous to ANV experience of cancer patients (Rodriguez et al.,
2000). In CCA experiments, a novel environment, equipped with various stimulus, is
used as conditioning room. Animals are treated with illness inducing drug and
introduced to this conditioning room. This causes animals to experience malaise in a
novel environment. This procedure is parallel to the experience of cancer patients.
During chemotherapy, cancer patients encounter a place that contains a wide variety
of exteroceptive cues when they receive chemotherapy. They also experience NV in

this place following treatment.

The similarities between CCA and ANV have prompted researchers to establish the
principles of CCA to better understand the genesis of ANV. Studying CCA not only
allows the investigation of the possible mechanisms behind the contextual and
aversion learning, but it also gives insight into the development of ANV.
Understanding both the behavioral and the neurobiological mechanisms of CCA can

be beneficial in terms of creating novel therapeutic approaches for cancer patients.



CHAPTER 2

THE AMNESTIC AGENTS ADMINISTERED DURING THE
CONSOLIDATION ATTENUATES THE ESTABLISHMENT OF CCA
LEARNING

This chapter includes experiments that were conducted to determine whether the

development of CCA can be impaired with the administration of amnestic agents.

2.1. Introduction

Historically, the term of consolidation has been used to describe two related but
different processes (McClelland et al., 1995; Squire & Alvarez, 1995). In the
biological sense, consolidation refers to a protein synthesis- and time-dependent
synaptic/cellular process that causes the formation of new synapses and strengthening
or weakening of the previously formed ones (Nader et al., 2000) To put it differently,
synaptic consolidation is a time dependent process in which newly acquired
information is transferred into long-term memory by means of structural and chemical
changes in the brain. Recently learned memories become stable and long-lasting after
consolidation (Squire et al.,, 2005). It has been hypothesized that synaptic
consolidation takes place between 500 milliseconds to hours (Miller & Matzel, 2006).
Another use of the term consolidation refers to systems consolidation which is defined
as a reorganization of memory traces from the hippocampus to the neocortex, causing
the establishment of a stable long-term memory (Squire & Alvarez, 1995). We will
use the term consolidation to indicate the former description since our study involves
the disruption of the memory formation immediately after the learning, and it is not

related to system consolidation.
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The theory of memory consolidation was first theorized by Muller and Pilzecker
(1900) to explain the observation that newly acquired memories remain vulnerable to
interventions for a limited period (Muller & Pilzecker, 1900; Lechner et al., 1999).
This means that, before consolidation, learned materials are in a labile state and
memory formation can be interrupted (Alberini, 2005). The consolidation theory was
later supported by the findings that electroconvulsive shock or hippocampal injuries
near the time of memory acquisition retroactively impairs memory in rats (Duncan,
1949; Russell & Nathan, 1946). The disruption in avoidance learning with a protein
synthesis inhibitor puromycin made it clear that de-novo protein expression is
necessary for memories to be consolidated (Flexner et al., 1962). The notion of the
protein synthesis-dependent consolidation of the newly acquired memory is later
supported by umpteen number of reports using different protein synthesis inhibitors in
different learning tasks in different species (Flexner et al., 1965; Hernandez & Abel
2008) One of the examples of these studies found that protein-synthesis inhibitor
puromycin prevented the consolidation of avoidance memory when injected over the
brain immediately following training, however, the administration of the same dose
one hour after the training did not cause any memory impairment in goldfish (Agranoff
et al., 1965). Puromycin also caused the loss of avoidance memory in mice (Flexner
et al., 1963). Another study showed that Y-maze memory was obliterated when the
puromycin injected bitemporally into mice brains (Barondes & Cohen, 1966). A
different protein synthesis inhibitor acetoxycycloheximide also impaired the long- but
not short-term avoidance memory in mice (Barondes & Cohen, 1968). The same
memory impairment pattern was also found with subcutaneous cycloheximide
injection preceding the avoidance training (Berman et al., 1978). Addition to protein-
synthesis inhibitors, some antagonist agents that block the activation of a receptor
system that related to learning were also found to impair memory formation. Two of
these receptors, N-methyl-D-aspartate (NMDA) and beta-adrenergic receptors are of
interest to our experiments because of their role in learning and memory (Shimizu et

al., 2000; O’Dell et al., 2015).

Animal research established that the neurobiological underpinnings of memory
consolidation are mediated by NMDA and beta-adrenergic receptors. Animals treated

with NMDA or beta-adrenergic receptor antagonists show impairments in their ability
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to consolidate newly acquired information into long-term memory (Rezvani, 2006;

Villain et al., 2016).

Consolidation

Sensory Short term Long term
Information Memory Memory

Figure 4. Consolidation phase of memory formation. Newly acquired information is stabilized
from short-term memory to long-term memory via a process called consolidation.

A selective, noncompetitive NMDA receptor antagonist [(+)-5-methyl-10,11-dihydro-
5H-dibenzo-[a,d]cyclo-hepten-5,10-imine-maleate] (MK-801) is frequently utilized in
learning and memory research to investigate these receptors’ role in the consolidation
of various types of memory paradigms by means of systemic administration or
intracerebral infusion of the drug (van der Staay et al., 2011). These memory
paradigms include object recognition (Adriani et al., 1998; Mandillo et al., 2003),
object location (Roullet et al., 1996; Nilsson et al., 2007), Morris water maze
(Ahlander et al., 1993; Duda et al., 2016; Filliat and Blanchet, 1995), T-maze (Boess
et al., 2004; Mackes & Willner, 2006), fear conditioning (Bardgett et al., 2003;
Csernansky et al., 2005), radial arm maze (Caramanos & Shapiro, 1994; Huang et al.,
2004; Nishiga et al., 2002), inhibitory avoidance (da Silva et al., 2009).

Propranolol, a nonselective competitive beta-adrenergic receptor antagonist, is another
widely used pharmacological agent to disrupt consolidation of various memory tasks.
Researchers have shown that the consolidation of contextual fear memories (Ji et al.,
2003; Nasehi et al., 2017), spatial memories (Cahill et al., 2000), passive avoidance
memories (Gallagher et al., 1977; Schneider et al., 2011), taste aversion memories
(Bahar et al., 2003; Reyes-Lopez et al., 2010; Miranda et al., 2008, Guzman-Ramos et
al., 2012), drug memories (Bernardi & Lattal, 2012), and olfactory fear memories
(Kroon and Carobrez, 2008) are all disrupted by propranolol. The findings of
preclinical studies have been successfully translated into clinical trials and post-

traumatic stress disorder (PTSD) patients who suffer from maladaptive memories
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show improvements in their symptoms after propranolol treatment. In the light of these
previous research, we hypothesized that propranolol can also be utilized to prevent the
development of ANV by impairing associative learning that underlies the conditioned
nausea response. However, whether propranolol induces a memory impairment in the

animal model of ANV had not been investigated.

Postsynaptic Neuron

Presynaptic Neuron

Norepinephrine

Propranolol

Propranolol

Figure 5. Propranolol’s mechanism of action. Propranolol blocks norepinephrine from
binding it’s receptors which leads to impairments in learning when applied during
consolidation or reconsolidation.

Building on extensive research that has established NMDA and beta-adrenergic
receptors’ role in neuronal plasticity (van der Staay et al., 2011), we designed a set of
experiments to investigate the role of these receptors in the consolidation of CCA via
the systemic injection of MK-801 and propranolol. We hypothesized that MK-801 and

propranolol might prevent the consolidation of CCA learning.

2.2. Experiment 1. The analysis of systemic MK-801 administration on the

consolidation of CCA memory

In our first experiment we investigated the role of NMDA receptors in CCA learning
via the systemic MK-801 injection. As we mentioned before; NMDA receptors,
especially in the hippocampus (Bliss & Collingridge, 1993, Maren & Baudry, 1995)

and amygdala have been found to be vital for learning and memory (Huang & Kandel,
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1998; Maren & Fanselow, 1995). Our hypothesis is CCA learning can be disrupted
with MK-801 administered following conditioning. To test this hypothesis, we
challenged animals with two different doses (low dose = 0.05 mg/kg; high dose = 0.2
mg/kg) of MK-801 right after conditioning trial to see whether the LiCl-context

association was disrupted.

The following methods and procedures used in Experiments 1 and 2 were approved
by the Animal Ethics Committee of Middle East Technical University (Protocol #
2021/01).

2.2.1. Method

2.2.1.1 Subjects

In our first experiment, forty-eight CD1 male mice each weighing between 19 and 25
g were used. Animals were housed individually in Eurostandard Type II long standard
cages with transparent walls (365 x 207 x 140 mm) under a 12-h reverse light/dark
schedule. They were given ad libitum access to food. However, water restriction was
used during experiments. Each mouse’s bodyweight was measured on the first and last

days of habituation and at the end of the water acclimation period.

Table 1. Design of Experiment 1. The groups, number of animals and drug administrations are shown
in the table.

. Number InJecfuon Targeting Consolidation
Design Group of During (After Conditioning)
Animals | Conditioning
Control Grou LiCl-NaCl 12 LiCl NaCl
OrorHToups NaCl — NaCl 12 NaCl NaCl
Experimental LiCI-MKS801 High Dose 12 LiCl MK-801
Groups LiCI-MK801 Low Dose 12 LiCl MK-801

The experimental design is provided in Table 1. Animals were allocated into two
experimental and two control groups according to their initial bodyweight. The control
groups were LiCI-NaCl (n = 12) and NaCl-NaCl (n = 12); the experimental groups
were LiCI-MK801 High Dose (n = 12), and LiCI-MK801 Low Dose (n=12). Two
intraperitoneal injections were given during a 20-minute conditioning trial. The first

injection, administered 5 minutes after the onset of conditioning, was either LiCl or
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NaCl to induce illness or as a sham treatment, respectively. While the LiCl-NaCl,
LiCI-MK801 High Dose, and LiCI-MK801 Low Dose groups received LiCl
injections, the NaCl-NaCl group received NaCl injections. Immediately after the
conditioning, animals received their second injections either to impair memory
consolidation (MK-801) or as a sham treatment (NaCl). The LiCI-MKS801 High Dose
and LiCI-MK&801 Low Dose groups received MK-801 injections; the LiCl-NaCl and
NaCl-NaCl groups received NaCl injections.

2.2.1.2. Drug Administration

NaCl, LiCl, and MK-801 were obtained from Sigma (St. Louis, MO, USA). LiCl was
administered at a dose of 6 mEq/kg. MK-801 was administered at either a low (0.05
mg/kg) or high dose (0.2 mg/kg). NaCl injections were used at a concentration of
0.9%. The volume of the first LiCl and NaCl injections adjusted according to the
bodyweights of animals which was 0.24 mL/kg. MK-801 and the second NaCl
injections were administered at a volume of 0.2 mL/kg. The MK-801 was dissolved in

0.9% NaCl.

2.2.1.3. Apparatus
Two different contexts were utilized in all experiments. Context A included normal

housing conditions in the colony room (Table 2 & Figure 7).

Animals stayed in the Eurostandard Type Il standard home cages with transparent wall
throughout the experiments except stated otherwise. Wood shaving was used as
bedding and water was presented with the standard plastic bottles. The room contained
12/12 h light/dark cycle with no natural lighting. Context B was created in a separate
room located far from the colony room. This room was equipped with several novel
exteroceptive stimuli, including a red lightning produced by 60W ceiling lamp, the
scent of a highly odoriferous lemon oil, and a constant 75db white noise. Also, the
conditioning cages were covered with vertical black and white stripes using vinyl tape.
Cat litter was used in these cages as bedding. Green color glass bottles with ball-

bearings in the spouts were used to water-bottles.
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Table 2. Exteroceptive cues that were used to differentiate Context B from Context A are

shown in the table.

Context A

* Eurostandard Type II Long standard
cages with transparent walls

* ood shavings as bedding

* Standard plastic water bottles
* Normal lightning

* No odor

* No sound

Context B

* Eurostandard Type II Long standard
cages with black and white tapes

* Cat litter as bedding

* Green colored glass bottles with stainless
steel ball bearing tipped spouts

e Single 0 red lamp
* Lemon oil odor

* hite noise at an intensity of 5 dB

WSy v

,5’,”.‘.‘!?‘."}.%\\:\‘{
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Figure 6. Pictures of the home (A) and conditioning cages (B). Eurostandard Type II cages
were used for both cages. Home cages (Context A) had transparent walls. These cages were
covered with wood shavings as bedding. Plastic water bottles were used in these cages.
Conditioning cages (Context B) were created by vertically striping black and white vinyl tapes
onto the standard cages. Unscented cat litter was used as bedding. Green glass water bottles

with ball-bearing spouts were used.
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2.2.1.4. Procedure

The experimental procedure is described in Table 2. The procedure entailed five

phases: habituation, water acclimation, conditioning, recovery, and retention.

Habituation. An experimenter picked up each mouse with a cupped hand and held it
for 3 minutes per day for 4 consecutive days to make them accustomed to being
handled. Tail picking was never used through the experiments to avoid causing stress
and anxiety in animals. Animals were given NaCl injection on the last day of handling
to reduce the stress and novelty caused by injection. Water restriction was started

subsequently at 5:30 p.m.

Water acclimation (WA). Three WA sessions were conducted on consecutive days. At
the each day of WA, mice were only allowed to drink water twice: during the intervals
0f' 10:00-10:30 a.m. and 5:00-5:30 p.m. The water was presented with standard plastic
bottles (400 mL) while mice stayed in their home cages. On the last WA day, the
animals were pre-exposed to the conditioning context for 5 minutes to prevent

neophobic responses.

Conditioning. The completion of all WA sessions was followed by a 20-minute
conditioning trial which started at 12:30 p.m. During conditioning, an experimenter
introduced each mouse to its conditioning cage with planned time intervals, and these
cages were carried to the conditioning room by another experimenter. After 5 minutes
of context exposure, another experimenter in the conditioning room gently removed
each mouse from its conditioning cage and gave injection of either LiCl or NaCl
depending on the animal’s group and placed the animal back into its cage where it
stayed for another 15 minutes. Immediately after the conditioning, an experimenter
injected the animals with either an amnestic drug or NaCl. Water bottles of each mouse

were weighed before and after the conditioning to measure water consumption.

Recovery. The following two days of the conditioning were the recovery period.
During this time animals were given access to water at the same time intervals, 10:00—

10:30 a.m. and 5:00-5:30 p.m.
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Retention. After the completion of 2-day recovery period, an experimenter re-
introduced animals to their conditioning cages and another experimenter carried them
to the conditioning rom. During retention, animals stayed in the conditioning room for
15 minutes and no injections were given. Water consumption was measured as an

index of aversion.

Table 3. Procedural steps of Experiment 1. Habituation, WA, Conditioning, Recovery and
Retention phases are shown in the table.

Days 1-4 Days 5-7 Day 8 Day 9-10 Day 11
Handling & | Water Acclimation Coq_dltlon_lng & R R .
Saline Injection| & Pre-exposure argeting ecovery etention
Consolidation
. Access to water 20-min conditioning
3 min/day 10-:00-10-30 a.m E’IHd trial, Access to
handling for 4 '5.00_5'_30 ) m 12:30-12:50 p.m. water, 15-min
days ’ =Y p-m. 10:00-10:30 |retention trial,
5-min pre-exposure MK—SO.I or a.m. and 12:30-12:45
eriod. 12:30-12:35 propranolol injection| 5:00-5:30 p.m.
Saline injection p T ' immediately after p-m.
p-m. conditioning

2.2.1.5. Data Analysis

Statistical analyses were conducted with Prism GraphPad Version 9 (GraphPad
Software Inc., San Diego, CA, USA). One-way ANOVA was employed to analyze the
animals’ water intake during the conditioning and retention trials. Fisher’s LSD test
was employed for post-hoc comparisons. The confidence level was set to 95% (p <

05).

2.2.2. Results

2.2.2.1. Conditioning Results

Figure 7 depicts mean water intakes of groups during conditioning. LiCl-treated
animals had lower water intake than NaCl-treated animals. As revealed by one-way

ANOVA, there was a significant difference among groups in water intake, F (3, 44) =
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4.11, p = .012. Fisher’s LSD test indicated that NaCl-NaCl (M = 0.682, SD = 0.11)
group drank significantly more water than LiCl-NaCl (M = 0.46, SD = 0.206; p =
.008), LiCI-MK801 High Dose (M = 0.424, SD = 0.257; p =.002), and LiCI-MK801
Low Dose (M =0.512, SD = 0.177; p = .038) groups. No significant difference was

observed between the other groups.

Mean water intake during conditioning
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Figure 7. The mean water intake of each group during conditioning. NaCl injected animals
had higher water consumption than LiCl injected animals. All data depicted as mean = SEM.
*p<.05,**p<.01.

2.2.2.2. Retention Results

Figure 8 depicts mean water intakes of groups during retention. In retention test, LiCl-
treated animals had lower water intake than NaCl-treated animals during conditioning.
As revealed by one-way ANOVA, there was a significant difference among groups in
water intake, F (3, 44) = 31.96, p <.001. Fisher’s LSD test displayed that the NaCl—
NaCl M = 0.677, SD = 0.113) group drank significantly more water than the LiCl—
NaCl (M = 0.36, SD = 0.125; p <.001), LiCI-MK801 High Dose (M = 0.299, SD =
0.112; p <.001), and LiCI-MK801 Low Dose (M = 0.367, SD = 0.053; p < .001)

groups.
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Mean water intake during retention
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Figure 8. The mean water intake of each group during retention test. NaCl injected animals
during conditioning had higher water consumption than LiCl injected animals. High or low
dose MK-801 injections failed to impair learning, as evidenced by low consumption levels of
LiCl-treated animals independent of second injections. All data depicted as mean + SEM. ***
p <.001.

2.2.3. Discussion

In our first experiment, we aimed to test whether MK-801 treatment prevents the
consolidation of CCA learning. Our results indicates that MK-801 injection have no
effect on the retention of CCA memory when it is given immediately after the
conditioning trial since LiCl-treated animals during conditioning displayed suppressed
water consumption independent of the second MK-801 or NaCl injections. This data
can be interpreted as that NMDA receptor activation following conditioning is not vital

for animals to learn CCA.

2.3. Experiment 2: The analysis of systemic propranolol administration on the
consolidation of CCA

In our second experiment we investigated whether blocking the activation of the beta-
adrenergic receptors with propranolol prevents animals from developing a CCA. To
do so, we injected mice with propranolol (10 mg/kg) following the conditioning trial.
Three days after the conditioning we tested CCA memory by reintroducing animals to

the reinforced context in a drug-free state.
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2.3.1. Method

2.3.1.1. Subjects

In our second experiment the subjects were thirty-four CD1 male mice each weighing
between 19 and 25 g. The home cages and housing conditions were the same as our
first experiment. Bodyweights were also measured on the first and last habituation

days, and on the end of WA.

Table 4. Design of Experiment 2. The groups, number of animals and drug administrations are shown
in the table.

Number of | Injection During Targeting

Design Group Animals Conditioning Consolldgt_lon_ (After
Conditioning)
LiCl-NaCl 12 LiCl NaCl
Control Groups
NaCl-NacCl 11 NaCl NaCl
Experimental Group| LiCl-Propranolol 11 LiCl Propranolol

The experimental design is provided in Table 3. Animals were divided into two control
groups and one experimental group according to their bodyweight at the start of the
experiment. The control groups were LiCl-NaCl (n = 12) and NaCl-NaCl (n = 11);
the experimental group was LiCl-Propranolol (n = 11). We injected animals twice
during conditioning. The first injections, administered 5 minutes after the onset of
conditioning, was either LiCl or NaCl to induce illness or as a sham treatment,
respectively. While the LiCl-NaCl and LiCl-Propranolol groups received LiCl
injections, the NaCl-NaCl group received NaCl injections. Immediately after the
conditioning, animals received their second injections either to impair memory
consolidation (propranolol) or as a sham treatment (NaCl). The LiCl-Propranolol
group received propranolol injections; the LiCl-NaCl and NaCl-NaCl groups received

NaCl injections.

2.3.1.2. Drug Administration

NaCl, LiCl, and propranolol were purchased from Sigma (St. Louis, MO, USA). The
propranolol was dissolved in the NaCl (0.9%). LiCl was administered at a dose of 6
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mEq/kg; propranolol administered at a dose of 10 mg/kg. The systemic NaCl (0.9%)
administration served as sham treatment. All drugs were administered at a volume of

0.24 mL/kg.

2.3.1.3. Apparatus

We used the same apparatus from the first experiment.

2.3.1.4. Procedure

We used the same CCA protocol and experimental design from the first experiment.

2.3.1.5 Data Analysis

Data analysis was similar to the first experiment.

2.3.2. Results

2.3.2.1. Conditioning Results

Figure 9 depicts mean water intakes of groups during conditioning. Two outliers were
excluded from the data. Water intake during conditioning was similar for the animals
that had been injected with LiCl and those that had been injected with NaCl. One-way
ANOVA analysis revealed no significant difference in water intake among groups, F

(2,29)=4.11, p=.949.

2.3.2.2. Retention Results

Figure 10 depicts mean water intakes during retention. One-way ANOVA analysis
revealed a significant difference in water intake among groups, F (2, 29) =4.45,p =
.021. Fisher’s LSD test showed that the LiCl-NaCl (M = 0.084, SD = 0.054) group
drank significantly less water than the NaCl-NaCl (M = 0.377, SD = 0.306; p=.017)
and LiCl-Propranolol (M = 0.404, SD = 0.305; p =.011) groups. However, there was
no significant difference in water intake between the NaCl-NaCl and LiCl-

Propranolol groups (p = .8).
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Figure 9. The mean water intake of each group during conditioning. Although, it did not reach
statistical significance, NaCl injected animals had higher water consumption than LiCl
injected animals. All data depicted as mean + SEM.
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Figure 10. The mean water intake of each group during retention test. NaCl injected animals
during conditioning had higher water consumption than LiCl injected animals when it is
followed by NaCl injection. However, propranolol injection following LiCl-treatment
impaired CCA learning, as evidenced by the LiCl-Propranolol group’s high-water intake. All
data depicted as mean + SEM. * p < .05.

2.3.3. Discussion

We conducted our second experiment to investigate whether consolidation of CCA

learning critically depends on the activation of beta-adrenergic receptors by means of
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systemic propranolol injection after the conditioning trial in which LiCl-induced
illness is paired with a novel context. Retention results show that when LiCl-treated
animals injected with propranolol, they displayed higher water intake than those
injected with NaCl. The water intake of propranolol injected group was similar to those
mice that had not experienced illness during conditioning. Our findings indicate that
blocking the beta-adrenergic receptor activation with propranolol impaired animals

CCA learning.

2.4. General Discussion

We conducted two experiments to determine whether consolidation of CCA learning
is disrupted by NMDA or beta-adrenergic receptor antagonism. In our first experiment
we used NMDA receptor antagonist MK-801. We injected three groups of animals
with LiCl and one group of animals with NaCl during conditioning. After the
conditioning trial, LiCl-treated animals are given their second injections; low dose
(0.05 mg/kg) or high dose (0.2 mg/kg) of MK-801 or NaCl. NaCl-treated animals were
again injected with NaCl. We found that when LiCl-treated animals reintroduced to
the conditioning context without injection, they showed suppressed water
consumption independent of the second injections, indicating that systemic MK-801
administration did not impair memory consolidation of CCA. It is surprising that we
found no memory impairment with MK-801 since previous research shows that
NMDA receptor activation initiate and regulate intracellular events that cause
plasticity-related gene expression and synaptic strengthening, a vital mechanism for
learning and memory (Elgersma & Silva, 1999; Malenka & Bear, 2004). One
explanation for our results is that MK-801 did not impair the formation of CCA
because NMDA receptor-independent plasticity mechanisms allowed animals to learn
context-illness association. Several studies have shown that memory impairments in
spatial (Bannerman et al., 1995; Saucier and Cain, 1995) and fear learning (Hardt et
al., 2009; Sanders and Fanselow, 2003; Wiltgen et al., 2010) caused by NMDA
receptor antagonism can be prevented with pre-training. Bannerman et al. (1995)
reported that NMDA receptor antagonist AP5 [D(-)-2-amino-5-phosphonovaleric
acid] induced learning deficits were completely erased when rats were pre-trained in

water maze (Bannerman et al., 1995). In a different study although NMDA receptor
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antagonist NPC17742 [2R,4R,5S-2-amino-4,5-(1,2-cyclo hexyl)-7-
phosphonoheptano acid] prevented long term potentiation (LTP) in the dentate gyrus
(DQG), it failed to impair spatial memory when rats previously learned the general task
requirements of water-maze training (Saucier and Cain, 1995). Similar findings to
these observations also have been reported for fear learning. Pre-training mitigated
memory impairments caused with NMDA receptor antagonist APV [5-amino-
phosphonovaleric acid] injection in fear conditioning evidenced by the continuation of
freezing response to a context paired with shock (Sanders and Fanselow, 2003).
Researchers also have found evidence for fear learning mechanisms independent of
NMDA receptor activation using knockout and transgenic mice models (Tayler et al.,
2011; Wiltgen et al., 2010). The findings of these studies indicate that NMDA receptor
activation is not always essential for animals to learn. The hallmark of the studies in
which NMDA-receptor independent mechanisms have been found to play a role in
learning is the procedural utilization of pre-exposure/pre-training. It appears that pre-
training/pre-exposure alleviates the learning deficits induced by NMDA receptor
antagonists. Our procedural design also includes a pre-exposure phase in which
animals are introduced to the conditioning context prior to conditioning trial. In the
light of this previous research, the lack of memory impairing effect of MK-801 in our
study can be explained as that pre-exposing animals to the conditioning context
induced the activation of NMDA receptor-independent plasticity mechanisms and
blocking the activation of NMDA receptors with MK-801 failed to impair learning
because the activation of these receptors was not necessary for animals to learn a task
when they have prior experience. However, this explanation is based on previous
research and our study was not designed to elucidate the mechanism behind our
observations. The relationship between NMDA receptors and the novelty of the

learning experience warrants further exploration.

Another explanation for the lack of memory impairing effect of MK-801 could be due
to the injection timing. We chose to inject MK-801 immediately following
conditioning based on the extensive research showing memory impairments induced
by MK-801 following the acquisition of a task (Castellano et al., 1999; de Lima et al.,
2005). However, studies also have found MK-801 induced memory impairments when

it is injected not after, but before the initial learning (Nilsson et al., 2007; Venable and
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Kelly, 1990). Therefore, it is also possible that NMDA receptors are activated in the
initial phase of the consolidation of CCA learning, but not later phases. This could also
explain why animals developed CCA even though they are injected with MK-801.
Further research is necessary to elucidate NMDA receptors’ role in early stages of

consolidation of CCA memory.

In our second experiment, our aim was to investigate whether beta-adrenergic receptor
signaling is vitally important for the consolidation of CCA memory. We have found
evidence for their involvement since animals did not display suppressed water
consumption in a context previously paired with illness when they are given
propranolol injection following conditioning. The LiCl-Propranolol group drank
similar amount of water as NaCl-NaCl group, the group that had not experience
illness-context pairing. However, the LiCl-Propranolol and NaCl-NaCl groups had
higher water consumption than LiCl-NaCl group, the group that experienced illness
during novel context exposure but not injected with amnestic agent. These results
indicate that CCA learning is disrupted by propranolol injection. A huge amount of
literature found memory impairments induced by propranolol during reconsolidation
but not consolidation (Villain et al., 2016). However, our results indicated that beta-
adrenergic receptors play a vital role in the consolidation of CCA. To the best of our
knowledge, this is the first report of propranolol producing memory impairing effect
during consolidation of CCA learning. Although our results provide evidence for the
involvement of beta-adrenergic receptor system in CCA learning, our experiment was
not designed specifically to elucidate through which brain structure propranolol
induces memory impairments. However, amygdala have been found to be responsible
for the formation of US-CS association (McGaugh, 2004). Intra-amygdala infusion of
propranolol causes retrograde amnesia in passive avoidance (Gallagher et al., 1977),
taste aversion (Bahar et al., 2003; Guzméan-Ramos et al., 2012), and water maze
(Hatfield and McGaugh, 1999). Additional research will help clarify through which

brain structures propranolol is inducing its memory impairing effect in CCA learning.

Although, propranolol impaired consolidation of CCA, we did not investigate its effect
during reconsolidation. Other preclinical studies mostly used propranolol during fear

memory reconsolidation (Zhu et al., 2018). These studies have observed that
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propranolol injection during the fear learning reconsolidation causes impairments in
memory (Abrari et al., 2008; Taherian et al., 2014; Villain et al., 2018). Preclinical
studies laid the foundation for the human clinical trials utilizing propranolol
intervention following traumatic memory reactivation to cause a reduction in PTSD
patients emotional response to the traumatic event. Clinical studies have found that
after PTSD patients receive propranolol intervention almost 70% of them no longer
met the diagnostic criteria (Brunet et al., 2011, 2014; Young and Butcher, 2020). Our
findings in mice indicate that including propranolol to the prophylaxis of ANV might
be beneficial in terms of reliving some of the stress and challenges that cancer patients
experience. Clinical studies should investigate the protective role of propranolol

intervention on the development of ANV for cancer patients.

2.5. Conclusion

Our basic research has substantial clinical relevance since one of the major factors
causing patients to discontinue chemotherapy stems from aversive learning and
memories. Interventions with propranolol might be a novel therapeutic approach to
prevent patients from developing ANV. Our findings also give insight into NMDA

receptor-independent learning mechanism in CCA.
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CHAPTER 3

C-FOS EXPRESSION IN THE BRAIN FOLLOWING CONDITIONED
CONTEXT AVERSION

This chapter covers an experiment conducted to find the neural substrate of CCA

learning by investigating c-Fos expression in the brain.

3.1. Introduction

Although behavioral research mainly established the principles of CCA learning, its
neural substrate has not been investigated (Best et al., 1973; Hall et al., 1997; Parker
et al., 1984; Symonds et al., 1998). In our third experiment we aimed to identify the
brain regions involved in CCA learning. To do so, we employed c-Fos expression to

indirectly measure neural activation.

Voltage-gated calcium entry into neurons causes the expression of c-Fos proto-
oncogene (Morgan and Curran, 1986). This finding prompted researchers to use the
expression of c-Fos protein as an indirect measure of neuronal activation using
immunohistochemistry (Perrin-Terrin et al., 2016). Immunohistochemistry is a
staining method that permits the quantification and localization of protein expression.
Studies show that protein product of c-Fos gene can be identified within the 20-90
minutes following neuronal excitation with immunohistochemistry (Mugnaini et al.,
1989). In our study, we investigated c-fos expression 60 minutes after the conditioning

since its expression peaks around this time. (Mugnaini et al., 1989).

We chose a priori four brain regions to quantify c-Fos expression based on previous
research: medial prefrontal cortex (mPFC) with two subregions, insular cortex (IC),

hippocampus with three subregions and amygdala with four nuclei. Studies indicate
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that c-Fos expression in the nervous system plays a vital role in learning-related
plasticity (Filipkowski et al., 2006). For example, Campeau et al. (1991) have shown
that contextual cues associated with fear induces c-Fos expression in the amygdala
(Campeau et al., 1991). Also, CTA memory acquisition is found to be dependent on
c-Fos expression in the same region (Koh & Bernstein, 2005; Lamprecht & Dudai,
1996). As addition to the lateral and basolateral nuclei, the medial division of the
central nucleus of the amygdala has been found to express c-Fos protein after fear
learning renewal (Knapska & Maren 2009). Memory retrieval and extinction learning
increases c-Fos expression in the CAl and DG subregions of the hippocampus,
respectively (Strekalova et al., 2003; Knapska & Maren 2009). Novel context exposure
also induces CA1 c-Fos expression (Murawski et al., 2012). Extinction learning causes
high levels of c-Fos in the infralimbic (IL) division of the (mPFC). On the other hand,
renewal of contextual fear learning is found to be associated with c-Fos expression in
the prelimbic (PL) division of the mPFC (Knapska & Maren 2009). IC has been
suggested to play a role in the acquisition of CTA as evidenced by increased c-Fos
expression in this region after illness-taste pairing (Koh & Bernstein, 2005). Our
regions of interest were chosen based on their role in conditioning, aversion, and fear
learning as shown by the aforementioned studies. Our aim was to investigate if these
brain regions are also involved in CCA learning. We quantify c-Fos expression in the
PL and IL divisions of the mPFC; the IC; medial, cortical, basolateral, and central
nuclei of the amygdala; CA1-CA2, CA3, and DG subregions of the hippocampus. We
used the same CCA procedure as in our previous experiments. We hypothesized that
c-Fos expression will be increased in the brains regions that are activated after CCA
learning. Since c-Fos expression is downregulated with repeated same stimulus
exposure, our single-trial conditioning procedure allowed us to analyze c-Fos

expression induced by CCA learning.

3.2. Methods

3.2.1. Subjects

In our third experiment the subjects were 54 male 12-week-old CD1 outbred male
mice weighing between 19 and 25 g each at the start of the experiment. The home

cages and housing conditions were the same as our previous experiments.
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Bodyweights were measured on the first and last habituation days, and on the end of
WA. Experimental procedures were approved by the Ethics Committee of the Middle
East Technical University, Ankara, Turkey (Protocol # 2021/01).

Table 5. Design of Experiment 3. The groups, exposure to CS and US, number of animals are shown
in the table.

Number of Number of
Design Group Exposure animals for animals for
behavioral test c-Fos
LiCl-Context A | Exposed to US only 12 6
Control groups
NaCl-Context B | Exposed to CS only 12 6
. . Exposed to both US
Experimental group | LiCl-Context B and CS 12 6

We allocated CD1 male mice into two control and one experimental groups as
following: NaCl-Context B (n = 18), LiCl-Context A (n = 18) and LiCl-Context B (n
= 18). While Context A referred to the home cages, Context B referred to the
conditioning context. During conditioning, we injected animals in the LiCl-Context A
group with LiCl while they were in their home cages. We injected animals in the NaCl—
Context B and LiCl-Context B groups with NaCl and LiCl, respectively, in the
conditioning context. Six animals of each group were perfused exactly 1 hour after
conditioning to investigate c-Fos protein expression. The remaining 12 animals in each
group were used in a 15-minute retention test, conducted 72 hours after conditioning

to see whether animals developed CCA.

We designed this group such that US or CS exposure induced c-Fos expression can be
differentiated from learning-induced c-Fos expression. NaCl-Context B group was
only exposed to the CS but not the US, however LiCl-Context A group was only
exposed to the US but not the CS; therefore, in these groups, any c-Fos expression in
our regions of interest was the result of only CS and only US exposure, respectively.
To put it differently, these two groups did not experience the US and CS concurrently,
therefore, we did not expect to see development of CCA, and to find c-Fos expression
as a result of CCA learning. Our experimental group, LiCl-Context B, however,
experienced both the US and the CS during conditioning. Therefore, we expected
animals in this group to develop CCA, and to find increased c-Fos expression in

regions responsible for CCA learning.
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3.2.2. Behavioral Procedure

Similar to our first experiment, our second experiment also consisted of five phases:
habituation, WA, conditioning, recovery, and retention. Except for the conditioning
trial, our procedural design was the same as our previous experiments. Please see
“Behavioral Procedure” section in Experiment 1 for details. See below for the details

regarding conditioning trial.

The conditioning cages and room was the same as those used in our first two
experiments. Briefly, the conditioning room contained a red light (60W lamp), lemon
oil scent, and constant white noise (75 decibels). The cages used for conditioning were
furnished with vertical white and black bands and, cat litter was used as bedding inside
of these cages. Green glass bottles were used to supply water. The conditioning trial
started at 12:30 p.m. During conditioning, an experimenter introduced animals in the
Context B groups to their conditioning cages and another experimenter transported
these cages to the conditioning room. Animals in the Context A group continued to
stay in their home cages. Animals were gently removed from their home or
conditioning cages 5 minutes after the onset of conditioning and injected with either
LiCl or NaCl (i.p.) before being reintroduced to their cages. Six animals from each
group were perfused exactly 1 hour after the completion of the conditioning and their

brains were extracted to investigate c-Fos expression.

Table 6. Procedural steps of Experiment 3. Habituation, WA, Conditioning, Recovery and Retention
phases are shown in the table.

Days1-4 Days5-7 Day 8 Days 9 -10 Day 11
. Water Acclimation Conditioning .
Handling & Pre-exposure & Brain Extraction Recovery Retention
. Mice were allowed . .. .
Yor 3 mimatesper | | todimk water | e e
P between 10:00 and Mice were .
day for 4 days ) ] after they were exposed Mice were
10:30 a.m. and 5:00 o allowed to
and 5:30 p.m to the conditioning drink water tested for
Mice were injected ' o context starting at 12:30 between water
Wltgszlhg; ngthe Mice were p-m. 10:00 and COEZ‘;Z%%“
- day introduced to the 10:30 a.m.
habituation o One hour after the 12:30 and
conditioning context . . and 5:00 and )
o and given access to conditioning, 6 animals 5:30 p.m 12:45 p.m.
Water deprivation . per group were perfused ’ o
water for 5 minutes . .
started at 5:30 p.m. . i and their brains were
starting at 12:30 p.m.

31




on the final day of extracted for c-Fos
habituation staining

3.2.3. Immunohistochemistry

Six mice from each group were used for c-Fos evaluation. One hour after conditioning,
each animal was deeply anesthetized using ketamine (130 mg/gm) and xylazine (13
mg/gm) cocktail. Animals were perfused transcardially with 0.1 Molar ice-cold
phosphate buffer followed by 4% paraformaldehyde to clear blood and preserve brain
for immunohistochemistry. Each brain was extracted after perfusion, post-fixed in 4%
paraformaldehyde for 24 hours, and then cryoprotected in 30% sucrose in 0.1 Molar
phosphate buffer for 48 hours. Specimens were stored in -80°C using isopentane
until sectioning. The brains were cut into 40 um coronal sections and collected in
polyvinylpyrrolidone. c-Fos immunohistochemistry protocol was applied. First,
sections were preincubated in 10% normal goat serum for 60 minutes to prevent non-
specific binding, then placed in 3% hydrogen peroxide for 30 minutes to inactivate
endogenous peroxidase activity. This is followed by 24 hours anti-c-Fos antibody
(1:2000 dilutions; Cell Signaling Technologies) incubation. Next day, sections were
incubated in biotinylated goat anti-rabbit antibody (1:250; Vector Labs) for 1 hour.
ABC complex (ABC Kit; Vector Labs) was applied to sections to amplify the signal.
SG HRP substrate (Vector Labs) was used as chromogen. After the staining was done,
sections were gently mounted on positively charged slides, air-dried overnight,

dehydrated, and covered with glass slide covers.

3.2.4. c-Fos analysis

We selected a priori four brain regions; mPFC, IC, amygdala, and hippocampus to
quantify c-Fos expression based on previous research that establish a role for these
regions in aversive and contextual learning. These regions were identified on c-Fos-
stained sections. Corresponding cresyl violet-stained sections were also used to verify

the structure borders. Images were captured under x10 magnification using a digital
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camera mounted to a light microscope. An experimenter blind to the experimental
groups manually counted c-Fos-positive cells by using Image] software (National
Institutes of Health). The ratio of the number of c-Fos positive cells to the area of 0.1
mm? occupied by the structure was analyzed. The stereotaxic mouse brain atlas was
used to determine anteroposterior coordinates of the regions of interest relative to
bregma (Paxinos & Franklin, 2013). The coordinates of the regions were as follows:
PL cortex, AP +2.45 mm to +1.97 mm; IL cortex, AP +1.97 mm to +1.53 mm; IC, AP
+1.4 mm to +0.6 mm; dorsal hippocampus; and amygdala, AP -1.21 mm to AP -2.03

mm.

3.2.5. Data Analysis

Water intake of groups during conditioning trial and retention test, and c-Fos-positive
cell nuclei were statistically analyzed using GraphPad Prism. The ROUT method with
Q = 1% was employed to detect outliers. One-way ANOVA test was conducted to
investigate the statistical difference among groups, and pairwise comparisons were

made using Fisher’s LSD test. Statistical significance was defined as p < .05.

3.3. Behavioral Test Results

3.3.1. Conditioning Results

Figure 11 depicts the mean water intakes of the animals perfused following
conditioning for c-Fos immunohistochemistry. LiCl-treated animals in the
conditioning context had lower water consumption than LiCl-treated animals in their
home cages or NaCl-treated animals in the conditioning context. As revealed by one-
way ANOVA, there was a significant difference among groups in water intake, F (2,
15) =12.42, p < .001. Fisher’s LSD test displayed that LiCl-Context B (M = 0.298,
SD =0.17) group drank significantly less water than LiCl-Context A (M =1.165, SD
= 0.447) or NaCl-Context B (M = 1.12, SD = 0.342) groups (p values < .001). No
significant difference was observed between the LiCl-Context A and NaCl-Context

B (p =.821) groups.

The mean water intakes of the animals used for the evaluation of CCA learning are

shown in Figure 12. One outlier in the NaCl-Context B group was excluded from the
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data. LiCl-treated animals in the conditioning context had lower water consumption
than LiCl-treated animals in their home cages or NaCl-treated animals in the
conditioning context. As revealed by one-way ANOVA, there was a significant
difference among groups in water intake, F (2, 32) = 26.06, p < .001. Fisher’s LSD
test displayed that LiCl-Context B (M =0.347, SD = 0.167) group drank significantly
less water than LiCl-Context A (M = 1.423, SD = 0.574) or the NaCl —Context B (M

=0.664, SD = 0.234) groups (p values <.001). No significant difference was observed
between the LiCl-Context A and NaCl-Context B groups (p = .050).
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Figure 11. The mean water intake of each group used for c-Fos immunohistochemistry.
Animals that were injected with LiCl during novel context exposure showed decreased water
consumption during conditioning. However, NaCl injected animals during novel context

exposure or LiCl injected animals in their home cages had high levels of water consumption.
All data depicted as mean £ SEM ***p < .001.
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Figure 12. The mean water intake of each group used for behavioral evaluation of CCA
learning. Animals that were injected with LiCl during novel context exposure showed
decreased water consumption during conditioning. However, NaCl injected animals during
novel context exposure and LiCl injected animals in their home cages had high levels of water
consumption. All data depicted as mean £ SEM ***p < .001.
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3.3.2. Retention Results

Figure 13 depicts mean water intake of each group during the retention test. Animals
who were injected with LiCl in conditioning context had low levels of water
consumption compared to animals that were injected with LiCl in their home cages or
NaCl in the conditioning context. As revealed by one-way ANOVA, there was a
significant difference among groups in water intake, F (2,32)=41.7, p <.001. Fisher’s
LSD test displayed that the LiCl-Context B (M = 0.191, SD = 0.178) group drank
significantly less water than the LiCl-Context A (M = 1.726, SD = 0.539) or NaCl—
Context B(M =0.919, SD =0.434) groups (p <.001). The NaCl-Context B group also
drank significantly less water relative to the LiCl-Context A group (p <.001).

Mean water intake during retention
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Figure 13. The mean water intake of each group during retention test. LiCl treatment in
conditioning context induced suppressed water consumption. However, LiCl treatment in
home cages or NaCl treatment in conditioning context did not induce suppressed water
consumption. All data depicted as mean £ SEM ***p < .001.

3.4. Discussion

We injected animals with LiCIl or NaCl during a single conditioning trial to induce
illness or as a sham treatment. One of our control groups, LiCl-Context A received
LiCl injections while staying in their home cages, as this group was created to see the
effect of only US exposure. Another control group, NaCl—-Context B received NaCl
injections in the conditioning context. This group was created so that animals would

only experience CS in the absence of US. Our experimental group injected with LiCl
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in the conditioning context; therefore, this group experienced both the US and the CS
in temporal contiguity. Our hypothesis was that animals in this group would show
CCA when they are tested in a retention trial conducted 72 hours after the conditioning.
Supporting our notion, the results of retention test revealed that LiCI-Context B group
showed evidence of CCA, that is suppressed water consumption in the reinforced-
context. However, high water intakes of LiCl-Context A and NaCl-Context B indicate
that these animals did not develop CCA. Therefore, we expected to see learning
induced c-Fos expression in the LiCl-Context B group but not in the LiCl-Context A

and NaCl-Context B groups, in brain regions responsible for the development of CCA.

3.5. Immunohistochemistry Results

3.5.1. Medial Prefrontal Cortex

PL cortex. Figure 14(A) depicts the mean c-Fos positive nuclei per 0.1 mm? in the PL
division. The c-Fos expression was higher in the PL cortex of LiCl-treated animals in
the conditioning context relative to the LiCl-treated animals in their home cages or
NaCl-treated animals in the conditioning context. As revealed by one-way ANOVA,
there was a significant difference among groups, F (2, 15) =5.413, p=.01 . Fisher’s
LSD test displayed that in the PL division, LiCl-Context B (M = 150.09, SD = 47.77)
group had significantly more c-Fos positive nuclei per 0.1 mm? than the LiCl-Context
A (M=281.74,SD=30.91; p=.011) or the NaCl —Context B (M = 85.21, SD =42.57;
p =.014) group. No significant difference was found between the NaCl-Context B and
LiCl-Context A groups (p = .885).

e Infralimbic Cortex
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Figure 14. c-Fos expression in the PL and IL divisions of the mPFC: (A) c-Fos positive nuclei
per 0.1 mm?in the PL cortex; and (B) c-Fos positive nuclei per 0.1 mm?in the IL cortex.
Statistical analyses revealed increased c-Fos expression in the PL, but not IL division of the

37



mPFC in the group that were expected to develop CCA. All data depicted as mean + SEM. *p
<.05.

IL cortex. Figure 14(B) depicts the mean c-Fos positive nuclei per 0.1 mm? in the IL
division. The c-Fos expression in the IL division was similar among the three groups.
ANOVA analysis revealed no significant difference among the three groups, F (2, 15)
=1.844, p=.192.

(A) LiCl-Context B (B) NaCl-Context B (C) LiCl-Context A

10 pm %

Figure 15. Representative photomicrographs of the subdivisions of the mPFC. (A) is from the
LiCl-Context B group; (B) is from the NaCl-Context B group; (C) is from the LiCl-Context
A group. c-Fos expression is quantified by manually counting the round or oval shape
structures that are darkly stained. Note that the PL, but not IL cortex is more densely stained
in experimental group compared to that of the control groups. mPFC: medial prefrontal cortex,
PL: prelimbic division, IL: infralimbic division.

3.5.2. Insular Cortex

Insular cortex. Figure 16 depicts the mean c-Fos positive nuclei per 0.1 mm? in the IC.
The c-Fos expression was higher in the IC cortex of the LiCl-treated animals in the
conditioning context relative to the LiCl-treated animals in their home cages or NaCl-
treated animals in the conditioning context. As revealed by one-way ANOVA, there
was a significant difference among groups, F (2, 15) = 5.341, p = .018. Fisher’s LSD
test displayed that in the IC, LiCl-Context B (M = 55.89, SD = 14.13) group had
significantly more c-Fos positive nuclei per 0.1 mm? than the LiCl-Context A (M =

38.26, SD = 9.501; p = .024) or NaCl-Context B (M = 34.25, SD = 12.48; p = .008)
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group. No significant difference was revealed between the NaCl-Context B and LiCl—

Context A groups (p =.577).
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Figure 16. c-Fos expression in the IC. The graph shows c-Fos positive nuclei per 0.1 mm?in
the IC. Statistical analyses revealed increased c-Fos expression in the IC of animals that were
expected to develop CCA. All data depicted as mean + SEM. *p < .05, **p < .01.
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Figure 17. Representative photomicrographs of the IC. (A) is from the LiCl-Context B group;
(B) is from the NaCl-Context B group; (C) is from the LiCl-Context A group. c-Fos
expression is quantified by manually counting the round or oval shape structures that are
darkly stained. Note that the IC is more densely stained in experimental group compared to
that of the control groups. IC: insular cortex

3.5.3. Hippocampus

CA1-CA2. Figure 18(A) depicts the mean c-Fos positive nuclei per 0.1 mm? in the
CA1-CA2 subregions of the hippocampus. The c-Fos expression in the CA1-CA2
subregions of LiCl-treated animals in the conditioning context was higher relative to
the LiCl-treated animals in their home cages or NaCl-treated animals in the
conditioning context. As revealed by one-way ANOVA, there was a significant
difference among groups, F (2, 15) =21.3, p <.001. Fisher’s LSD test displayed that
the LiCl-Context B (M = 82.33, SD = 25.7) group had significantly more c-Fos
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positive nuclei per 0.1 mm? than LiCl-Context A (M = 36.67, SD = 2.582; p < .001)
or NaCl-Context B (M =19.33, SD = 15.1; p <.001) group. No significant difference
was observed between the NaCl-Context B and LiCl-Context A groups (p =.103).

CA3. Figure 18(B) depicts the mean c-Fos positive nuclei per 0.1 mm? in the CA3
subregion of the hippocampus. The c-Fos expression in the CA3 subregion of the LiCl-
treated animals in the conditioning context was higher relative to the LiCl-treated
animals in their home cages or NaCl-treated animals in the conditioning context. As
revealed by one-way ANOVA, there was a significant difference among groups, F (2,
15)=4.644, p=.02 . Fisher’s LSD test displayed that LiCl-Context B (M = 59.5, SD
= 22.33) group had significantly more c-Fos positive nuclei per 0.1 mm? than NaCl-
Context B (M =29.5, SD = 17.73; p = .008), but not than the LiCl-Context A (M =
41.5, SD = 8.408; p =.089) group. No significant difference was revealed between the
NaCl-Context B and LiCl- Context A groups (p = .245).

DG. Figure 18(C) depicts the mean c-Fos positive nuclei per 0.1 mm? in the DG
subregion of the hippocampus. The c-Fos expression in the DG subregion of the LiCl-
treated animals in the conditioning context was higher relative to the LiCl-treated
animals in their home cages or NaCl-treated animals in the conditioning context. As
revealed by one-way ANOVA, there was a significant difference among groups, F (2,
15)=5.46, p=.01. Fisher’s LSD test displayed that LiCl-Context B (M = 57.67, SD
=10.67) group had significantly more c-Fos positive nuclei per 0.1 mm? than the LiCl—
Context A (M =34, SD = 6.325; p=.006) or NaCl-Context B (M =40, SD = 18.58; p
=.031) group. No significant difference was revealed between the NaCl-Context B
and LiCl-Context A groups (p = .433).
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Figure 18. c-Fos expression in the hippocampus: (A) c-Fos positive nuclei per 0.1 mm? in the
CA1-CA2 subregions; (B) c-Fos positive nuclei per 0.1 mm? in the CA3 subregion; and (C)
c-Fos positive nuclei per 0.1 mm? in the DG subregion. Statistical analyses revealed increased
c-Fos expression in the CA1-CA2 and DG, but not CA3 subregion of the hippocampus in the
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group that were expected to develop CCA. All data depicted as mean = SEM. *p < .05, **p <
.01, ***p < .001.

(A) LiCl-Context B (B) NaCl-Context B (C) LiCl-Context A
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Figure 19. Representative photomicrographs of the hippocampus. (A) is from the LiCl-
Context B group; (B) is from the NaCl-Context B group; (C) is from the LiCl-Context A
group. Higher-magnification photomicrographs of the same sections are shown below. c-Fos
expression is quantified by manually counting the round or oval shape structures that are
darkly stained. Note that the CA1-CA2 and DG subregions are more densely stained the
experimental group than that of the control group. DG: dentate gyrus

3.5.4. Amygdala

Basolateral Nucleus. Figure 20(A) depicts the mean c-Fos positive nuclei per 0.1 mm?
in the basolateral nucleus of the amygdala. The c-Fos expression in the basolateral
nucleus of those amygdala was higher in LiCl-treated animals in the conditioning
context relative to the LiCl-treated animals in their home cages or NaCl-treated
animals in the conditioning context. As revealed by one-way ANOVA, there was a
significant difference among groups, F (2, 15) = 6.324, p = .010. Fisher’s LSD test
displayed that the LiCl-Context B (M = 80.07, SD = 38.65) group had significantly
more c-Fos positive nuclei per 0.1 mm? than the LiCl-Context A (M = 38.91, SD =
14.55; p = .011) or NaCl-Context B (M = 34.26, SD = 10.22; p = .006) group. No
significant difference was found between the NaCl-Context B and LiCl-Context A

groups (p =.747).

Central Nucleus. Figure 20(B) depicts the mean c-Fos positive nuclei per 0.1 mm? in
the central nucleus of the amygdala. The c-Fos expression in the central nucleus of the
amygdala was similar among the three groups. No significant difference was revealed

by one-way ANOVA among the three groups, F (2, 15) = 0.882, p = .434.
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Medial Nucleus. Figure 20(C) depicts the mean c-Fos positive nuclei per 0.1 mm? in
the medial nucleus of the amygdala. The c-Fos expression in the medial nucleus of the
amygdala was similar among the three groups. No significant difference was revealed

by one-way ANOVA among the three groups, F (2, 15)=2.135, p=.153.

Cortical Nucleus. Figure 20(D) depicts the mean c-Fos positive nuclei per 0.1 mm? in
the cortical nucleus of the amygdala are shown. The c-Fos expression in the cortical
nucleus of the amygdala was similar among the three groups. No significant difference
was revealed by one-way ANOVA among the three groups, F (2, 15) = 1.297, p =
.302.
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Figure 20. c-Fos expression in the amygdala (A) c-Fos positive nuclei per 0.1 mm?in the
basolateral nucleus; (B) c-Fos positive nuclei per 0.1 mm? in the central nucleus; (C) c-Fos
positive nuclei per 0.1 mm?in the medial nucleus; and (D) c-Fos positive nuclei per 0.1 mm?
in the cortical nucleus. Statistical analyses revealed increased c-Fos expression in the
basolateral nucleus of amygdala in the group that were expected to develop CCA. However,
this was not the case for central, medial, and cortical nuclei. All data depicted as mean = SEM.
*p <.05, **p < .01.

3.6. Discussion

We aimed to find brain regions responsible for CCA learning using c-Fos expression
as a marker for neural activation. To do so, we sacrificed 6 animals from three different

groups 1 hour after the conditioning trial during which animals were injected with LiCl

42



or NaCl either in the conditioning context or in their home cages. c-Fos
immunoreactivity was quantified in four brain regions, namely in mPFC, IC,
amygdala, and hippocampus. We found that control animals did not develop CCA
when they have received NaCl in Context B (NaCl—-Context B) or LiCl in Context A
(LiCl-Context A); therefore, we did not expect to see increased c-Fos expression in
these groups as a result of CCA learning. However, when LiCl injections were given
to the animals when they are introduced to Context B (LiCl-Context B), they
developed CCA. Therefore, we expected to see increased c-Fos expression in brain
regions responsible for CCA learning in this group. We found c-Fos positive nuclei
per 0.1 mm? were higher in the CA1-CA2 and DG subregions of the dorsal
hippocampus, basolateral nucleus of the amygdala, and PL divisions of the mPFC and
IC in the LiCl-Context B group compared to the NaCl-Context B and LiCl-Context

A groups indicating a role for these regions in CCA learning.

(A) LiCl-Context B (B) NaCl-ContextB (C) LiCl-Context A
Lo MeA -
y S Gy i
MeA Gy , \(,\\‘4 Fors e : $
St N o A ) e ¢ ey ;
e 7 enl : / ; \ \f{,
z i S Gl o 2% N
i / ! J ! 7
/ i ( T J 4 \ / ll 2 >
i ! \ ) ~ o ; b 5
i / i S =
R L / ~. % = ‘ 7
! 7N, Co, / A
ey ‘
-/ < ;
~ W g i &
o 100 pum 100 pm 100 pm
Cea,
4 . G 4 c
2 i % 1 %,
10 pm 10 jm 10 pm i 10 m ) 10 um 10 um
MeA ; 4 : : MeA MeA
o o %

10 pm _10pm 10 jim 10pm 10 pm ‘ 10 jum

Figure 21. Representative photomicrographs of the amygdala. (A) is from the LiCl-Context
B; (B) is from the NaCl-Context A; (C) is from the LiCl-Context A. Higher-power
photomicrographs of the same sections are shown below. Higher-magnification
photomicrographs of the same sections are shown below. c-Fos expression is quantified by
manually counting the round or oval shape structures that are darkly stained. Note that BLA,
but not the MeA, CoA, and CeA, is more densely stained in the experimental group compared
to that of the controls. BLA: basolateral nucleus of amygdala, MeA: medial nucleus of
amygdala, CoA: cortical nucleus of amygdala, CeA: central nucleus of amygdala.
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3.7. General Discussion

The animals injected with LiCl in the conditioning context (LiCl-Context B) have
developed strong CCA as evidenced by suppressed water consumption in retention
test. However, animals who were only exposed to the CS (NaCl-Context B) or to the
US (LiCl-Context A) did not show suppressed consumption indicating they have not
developed CCA.

We also observed increased c-Fos expression in the CA1-CA2 and DG subregions of
the hippocampus, basolateral nucleus of the amygdala, and PL division of the mPFC
and IC one hour after the conditioning trial in the LiCl-Context B group, a group that
has developed CCA. However, our control groups did not show increased c-Fos
expression in these brain regions or develop CCA. This indicates that the induction of
c-Fos expression in our experimental group is not solely in response to exposure to the
CS or US since we did not observe same increased c-Fos pattern in these brain regions
in animals that were only exposed to the CS or US. Rather, our findings indicate that
CCA learning induced c-Fos expression in these brain regions. The widespread c-Fos

expression implies that there is a brain circuitry responsible for CCA learning.

Researchers have shown the involvement of mPFC in various phases of memory
formation using lesions, pharmacological treatments, microstimulation, single-unit
recording, optogenetics, and chemogenetics. The mPFC has been found to be
responsible for the acquisition of new memories, memory suppression, and extinction
learning, especially in fear conditioning (Giustino and Maren, 2015). Neural activation
in the mPFC was also investigated with c-Fos staining (Davis et al., 2003; Herry and
Mons, 2004). The studies have found increased c-Fos expression in the PL and IL
divisions of mPFC following fear learning (Morrow et al.,, 1999). c-Fos
immunoreactivity was also found to be increased in the same region as a result of
extinction learning, albeit at lower levels than new learning (Morrow et al., 1999).
These results indicate that mPFC plays a role in the acquisition of new memories, and
to a lesser degree, in extinction learning (Morrow et al., 1999). Although these studies
found increased c-Fos expression in both subregions of the mPFC, in our experiment,

we only found a significant increase in the PL, but not IL division.
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Previous research established that the hippocampus, a complex brain structure mainly
responsible for contextual learning, sends excitatory projections to the mPFC
(Knapska and Maren, 2009). The neurons within the CA1l subregion of the
hippocampus have shown to be express c-Fos protein after fear conditioning
(Milanovic et al., 1998). The CA1-CA2, CA3 and DG subregions of hippocampus
were also implicated to have a role in the acquisition of contextual memory, with
various contributions at different temporal stages (Lee and Kesner, 2004). It also has
been found that contextual fear memory is dependent on the activity of ventral CA1
hippocampal neurons that project to the amygdala (Kim and Cho, 2020). We have also
observed increased c-Fos expression within the CA1-CA2 and DG subregions
following conditioning, corroborating these earlier findings. Although it did not reach
statistical significance, we also observed increased c-Fos expression in the CA3

subregion in our experimental group compared to the controls.

Synaptic plasticity in the basolateral amygdala has been found to be vital for learning
US-CS associations (Sun et al., 2020). CTA memory acquisition is also correlated with
amygdalar c-Fos expression (Lamprecht and Dudai, 1996). Increased c-Fos mRNA in
the amygdala is observed after unconditioned and conditioned fear learning (Campeau
et al,, 1991). Parallel to previous research we also have found increased c-Fos

expression in the basolateral nucleus of the amygdala following CCA learning.

Researchers have found that projections from IC to the lateral and central amygdala is
vital for threat and fear learning (Berret et al., 2019). Activity in the IC, amygdala and
mPFC is linked to CTA learning (Yiannakas and Rosenblum, 2017). IC neurons show
increased c-Fos expression following CTA conditioning (Soto et al., 2017).
Additionally, c-Fos expression is increased within the deep layers of the IC after novel
taste learning. (Doron and Rosenblum, 2010). It also has been found that rats with
bilateral electrolytic lesions of the IC show impaired CTA learning and IC-dependent
c-Fos activity in other brain regions decreased in these animals after conditioning
(Schafe and Bernstein, 1998). Our results provide further evidence for the involvement

of IC in CCA learning.
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3.8. Conclusion

We assessed the behavior of mice following illness-context pairing and c-Fos protein
induced by CCA learning in brain regions that are implicated to have a role in
contextual fear and CTA learning to elucidate the principles of CCA and its
neurobiological underpinnings. To do so, we employed a CCA procedure in which
illness induced by intraperitoneal LiCl injection is paired with the experience of novel
context consisting of various exteroceptive cues. Our procedure induced robust CCA
in animals as evidenced by suppressed consumption in the reinforced context. We also
found elevated c-Fos expression in the PL division of the mPFC, IC, basolateral
nucleus of the amygdala, CA1-CA2 and DG subregions of the hippocampus indicating
that these brain regions are activated following CCA learning. To the best of our
knowledge, ours is the first study elucidating the neural correlates of CCA learning.
Further research is necessary to unravel causal involvement of these brain regions in

the development of CCA.
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CHAPTER 4

FINAL SUMMARY, OVERALL CONCLUSIONS AND LIMITATIONS

In a set of experiments, we investigated memory impairing effect of propranolol and
MK-801 administration during the consolidation of CCA learning. CCA is a paradigm
of classical conditioning that is used as a preclinical model of ANV and it is established
by inducing an illness state after exposing animals to a novel context. As a result,
animals show evidence of CCA such as suppressed consumption of water in the
reinforced context. In our propranolol experiment, we allocated animals to three
different groups. Our experimental group injected with LiCl during conditioning and
with propranolol afterwards. Our two control groups injected with LiCl or NaCl during
conditioning and with NaCl afterwards. We found that, when LiCl-treated mice are
given propranolol following conditioning trial, their water consumption did not reduce
during retention test as opposed to the mice that had been given NaCl. In fact,
propranolol injected animals displayed similar water intake as the animals that had
been injected with NaCl during conditioning. The findings of our experiment indicate
that propranolol treatment prevented animals from developing CCA probably by
impairing memory consolidation. However, our experiment was not designed
specifically to elucidate the mechanism behind the observed effect of propranolol.
Whether propranolol treatment prevents the consolidation of new information into
long-term memory by inhibiting signaling cascades within the nervous system, or
whether it causes a change in the emotional valence of the memory remains to be
investigated. Another limitation of our study is the lack of any experiment
investigating the drugs mechanism of action. Beta-adrenergic receptors are found
mainly in the nervous system and in the periphery. We chose to use systemic injection
because it is more relevant to translational research with current methods. However,

this disallows us to decide whether the effect of propranolol was due to the antagonism
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in the brain or in the body. Further research is necessary to elucidate the mechanism

of action of propranolol in CCA learning.

We also conducted another experiment designed as our first experiment, but this time
two groups of mice were given different doses of MK-801 injections instead of
propranolol following conditioning. Two similar control groups were also used. We
did not find any effect of MK-801 injection on the development of CCA as LiCl-
treated animals continued to display suppressed water consumption in the reinforced-

context.

We also found the brain regions that might be involved in CCA learning using c-Fos
expression as a neural activation marker. We observed significantly increased c-Fos
expression in the PL division of the mPFC, but not in the IL division, following
conditioning only in animals that were expected to develop CCA. We also provided
corroborating evidence for the research establishing vital role of IC in CTA learning
by showing increased c-Fos expression in this region. Another brain region that was
of interest to our c-Fos study was the hippocampus. We found neurons within the CA1-
CAZ2 and DG subregions of the hippocampus, but not CA3 subregion, expressed c-Fos
protein following CCA indicating that these subregions were also activated. Lastly,
we quantified c-Fos expression in the four nuclei of the amygdala and found that only
neurons in the basolateral nucleus but not neurons in the central, cortical, and medial
nuclei expressed high levels of c-Fos protein. To our knowledge, our research is the
first to elucidate brain regions involved in CCA learning. However, the c-Fos
technique has its limitations. It only gives a snapshot of activated neurons in a specific
region and does not allow to investigate the interconnection between neurons.
Therefore, causal involvement and the role of interconnection of these brain regions

in CCA learning should be investigated.
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C. TURKISH SUMMARY / TURKCE OZET

BOLUM 1

GIRIS

Bu boliimde bulant1 ve kusma (BK), kemoterapiye bagli bulanti ve kusma (KBBK),
klasik kosullamay1, beklentisel bulant1 ve kusma (BBK) ve kosullu ¢evresel itinme

(KCI) gibi kavramlar ele alinacaktir.

1.1.Bulanti ve Kusma

Insanlar ve diger memeliler, toksik maddelerin sindiriminden kaginmak i¢in bulant: ve
kusma gibi koruyucu bir savunma mekanizmasi gelistirmistir (Zhong vd., 2021).
Kusmadan o6nceki hissedilen duyum mide bulantis1 olarak adlandirilirken, kusma
mide-bagirsak iceriginin agiz yoluyla disar1 atilmasidir (Gelberg, 2018). BK hastalik
olarak kabul edilmemekte, bircok farkli hastalikta ortaya c¢ikan bir belirti olarak
goriilmektedir (Chepyala ve Olden, 2008). Toksinler, bakteriler, mantarlar, viriisler ve
bazi ilaglar BK olusumunu tetikleyebilir (Zhong vd., 2021). Gastrointestinal (GI)
sistem patolojileri, gii¢lii duygusal ve biligsel deneyimler, tasit tutmasi1 BK olusumuna
neden olabilecek diger durumlardir (Cai vd., 2007; Cohen vd., 2019; Gagliuso vd.,
2019).

1.2. Kemoterapiye Bagh Bulanti ve Kusma

KBBK, kanser tedavisinin en yaygin olarak gbzlenen iatrojenik bir sonucudur (Rao ve
Faso, 2012). KBBK, hastalarin kemoterapi tedavisi sirasinda yasadiklar1 BK
deneyimlerinin baslangicina gore akut, gecikmis veya beklentisel olarak siniflandirilir
(Durand vd., 2009). Tedaviyi takip eden 24 saat icinde baslayan BK akut olarak
adlandirilir (Roila vd., 1991). Akut BK bu 24 saatlik siirenin ardindan devam ederse
gecikmis olarak kabul edilmektedir (Roscoe vd., 2004). BBK, akut ve gecikmis
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formlardan biraz farklidir, ¢iinkii BK olusumunu indiikleyen patofizyolojik
mekanizmalardan kaynaklanmaz. BBK gelisiminin klasik kosullanma 6grenmesinden

kaynaklandig1 kabul edilmistir (Roscoe vd., 2004).

1.3. Klasik Kosullama

Klasik kosullanma, nétr bir uyaranin, organizma i¢in dogustan veya kazanilmis
psikolojik/fizyolojik degeri olan bagka bir uyaranla eslestirilmesine dayanan iliskisel
bir 6grenme tiiriidiir. Notr bir uyaran, kosullama sirasinda kosulsuz bir uyaranla (US)
iligkilendirilir. US, organizma otonomik bir tepki olusturan uyaranlardir. US
sunumunun ortaya ¢ikardig1 yanita kosulsuz tepki (UR) denir. Notr uyaran, UR benzeri
bir yanit ortaya ¢ikarmaya basladiginda kosullu uyaran (CS) haline gelir ve bu tepki
kosullu tepki (CR) olarak adlandirilir.

1.4. Beklentisel Bulanti ve Kusma

BBK olusumunun klasik kosullamaya bagli olarak ortaya c¢iktigi edilmektedir
(Stockhorst vd., 1993). Emetojenik kemoterapi tedavisi, Onceki boliimlerde
aciklandigr gibi hastalarda BK olusumunu indiikler. Klasik kosullama
terminolojisinde kemoterapi tedavisi US, BK ise UR olarak kabul edilir (Schnell,
2003). Kemoterapi tedavisinin alindig1 ¢evresel uyaranlardan bir veya birkagi hastalik

hali ile iliskilendirildiginde CS haline gelir (Roscoe vd., 2011).

1.5 Kosullu Cevresel itinme

KClI, hayvanlarda, BBK olgusunun preklinik modeli olarak kullanilmistir (Cloutier
vd., 2017, 2018; Limebeer ve Parker, 2000). KCI, kosullama sirasinda cesitli
uyaranlardan olusan bir ¢evrenin hastalik hali ile eslestirilmesine dayanir. Baz1 KCIi
caligmalarinda radyasyon kullanilsa da US olarak genellikle farmakolojik ajanlar
kullanilmaktadir. Lityum kloriir (LiCl), bu caligmalarda en yaygin kullanilan

ajanlardan biridir.
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BOLUM 2

KONSOLIDASYON SIRASINDA UYGULANAN AMNESTIK AJANLARIN,
LABORATUVAR FARELERINDE KOSULLU CEVRESEL ITINME
OLUSUMUNA ETKIiSi

Bu boliim, amnestik ajanlarin uygulanmasiyla KCI 6grenmesinin olusumu iizerine

etkisini degerlendirmek i¢in yapilan deneyleri icermektedir.

2.1. Giris

Konsolidasyon, yeni sinapslarin olusumu ve Oncekilerin giliglenmesi veya
zayiflamasina neden olan, protein sentezi ve zamana bagli sinaptik/hiicresel siireclere
denir (Nader vd., 2000).

Konsolidasyon dncesinde, 6grenilen bilgiler kararsiz durumdadir ve bellek olusumu
engellenebilir (Alberini, 2005). Konsolidasyon teorisi, bellek edinimi sirasinda
elektrokonviilsif sok uygulamalarinin veya hipokampal lezyonlarin si¢anlarda hafizay1
geriye doniik olarak bozdugunun gozlenmesi ile desteklenmistir (Duncan, 1949;
Russell ve Nathan, 194 ) . Yeni 6grenilen bilgilerin bellege konsolidasyonu sirasinda
de-novo protein sentezi gereklidir. Bu durum protein sentezi inhibitorii olan puromisin
verilen hayvanlarin kaginma 6grenmelerinde bozulma gozlenmesi ile agik¢a ortaya
konmustur (Flexner vd., 19 2) . Ogrenme ile ilgili bir reseptdriin aktivasyonunu bloke
eden bazi antagonist ajanlar da bellek olusumunu bozabilir. N-metil-D-aspartat
(NMDA) ve beta-adrenerjik reseptorlerin 6grenme ve bellek siireclerinde 6bemli
rolleri oldugu bilinmektedir (Shimizu vd., 2000; O'Dell vd., 2015).

NMDA ve beta-adrenerjik reseptorlerin noronal plastisite, 6§renme ve hafizadaki
roliinii gdsteren aragtirmalara dayanarak, calismamizda bu reseptorlerin konsolidasyon
siirecindeki rolleri arastirilmistir. KCI grenmesinin NMDA reseptor antagonisti MK-
801 ve beta-adrenerjik reseptdr antagonisti propranolol enjeksiyonu yoluyla
konsolidasyon siirecine bozucu etkisi olup olmayacagi incelenmesi amaciyla 2 deney

yuriitillmustiir.
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2.2. Deney 1: Sistemik MK-801 uygulamasimin CCA belleginin konsolidasyonu

uzerindeki etkisi

Bu deney sistemik olarak enjekte edilen MK-801’in CCA 6grenmesini engelleyip

engellemeyeceginin arastirilmasi igin yapilmistir.

2.2.1. Yontem

2.2.1.1 Denekler

Bu deneyde 19 ila 25 gram arasinda degisen kirk sekiz CD1 erkek fare kullanildi.
Hayvanlar baslangictaki viicut agirliklarina gore iki deney ve iki kontrol grubuna
ayrildi. Kontrol gruplari LiClI-NaCl (n = 12) ve NaCl-NaCl (n = 12); deney gruplar1
ise LiCI-MKS801 Yiiksek Doz (n = 12) ve LiCI-MK801 Diisiik Doz (n=12) olarak
adlandirildu.

20 dakikalik kosullama sirasinda farelere iki kere intraperitoneal enjeksiyon yapildi.
Kosullamanin baglamasindan 5 dakika sonra hayvanlara ya hastalik indiiklemek i¢in
LiCl, ya da kontrol uygulama olarak NaCl enjeksiyonlar1 yapildi. LiCl-NaCl, LiCl-
MK&801 Yiiksek Doz ve LiCI-MK801 Diisiik Doz gruplarinin ilk enjeksiyonlart LiCl
iken, NaCl-NaCl grubuna NaCl enjeksiyonu yapildi. Kosullamadan hemen sonra,
hayvanlara konsolidasyon siirecini bozmak i¢in ya MK-801 ya da kontrol uygulama
olarak NaCl enjeksiyonlari yapildi. LiCI-MKS801 Yiiksek Doz ve LiCI-MK801 Diisiik
Doz gruplarina MK-801 enjeksiyonlar1 yapilirken; LiCl-NaCl ve NaCl-NaCl
gruplarina NaCl enjeksiyonlar1 yapildi.

2.2.1.2. fla¢ Uygulamasi

LiCl mEqg/kg dozunda uygulandi. MK-801 diisiik (0.05 mg/kg) veya yiiksek dozda
(0.2 mg/kg) uygulandi. NaCl enjeksiyonlar1 %0.9 konsantrasyonda kullanild1. ilk LiCl
ve NaCl enjeksiyonlarinin hacmi hayvanlarin viicut agirliklarina gore 0.24 mL/kg
olacak sekilde ayarlandi. MK-801 ve ikinci NaCl enjeksiyonlar1 yine viicut agirhigina

gore 0.2 mL/kg hacimde uygulandi. MK-801, %0.9 NaCl i¢inde ¢oziildii.
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2.2.1.3. Aparatlar

Tim deneylerde iki farkli baglam kullanilmistir. Baglam A, koloni odasindaki normal
barinma kosullarini ifade etmektedir. Koloni odasinda, dogal aydinlatma olmaksizin
12/12 saat aydinlik/karanlik dongiisii uygulanmigtir. Hayvanlar, deneyler boyunca
Avrupa Standard Tip II kafeslerde kalmistir. Yataklik olarak talag kullanilmis ve
standart plastik siselerle su verilmistir. Baglam B i¢in koloni odasindan uzakta bulunan
ayr bir oda kullanilmistir. Bu oda, 0 wattlik tavan lambasinin iirettigi kirmizi 151k,
limon yagi kokusu ve 5 desibellik beyaz giiriiltii olmak iizere ¢esitli uyaranlarla
donatilmistir. Ayrica kosullama kafesleri vinil siyah be beyaz bantlarla vertikal olarak
kaplanmistir. Bu kafeslerde altlik olarak kedi kumu kullanilmistir. Su siseleri igin

bilyali agizlar1 olan yesil cam siseler kullanilmistir.

2.2.1.4. Prosediir

Deneysel prosediir bes asamayr igermektedir: alistirma, su egitimi, kosullama,
iyilesme ve bellek testi.

Alisma. Fareleri ele alinmaya alistirmak i¢in her biri 4 giin boyunca giinde 3 dakika
tutuldu. Hayvanlara, enjeksiyonun neden oldugu stresi azaltmak i¢in aligmanin son
giintinde NaCl enjeksiyonu yapildi. Son giin saat 1 .30'da su kis1 tlamasi baslatildi.
Su Egitimi. Alismay1 takip eden ii¢ giin su egitimini olusturmaktadir. Bu giinlerde
farelere yalnizca 10:00-10:30 ve 17:00—1 :30 saatleri arasinda su verildi. Son giin,
neofobik tepkileri dnlemek i¢in hayvanlar 5 dakika siireyle kosullama baglamina

(Baglam B) maruz birakildi.

Kosullama. Kosullama baglamina (Baglam B) konulan farelere 5 dakika sonrasinda
LiCl veya NaCl enjeksiyonu yapildi ve fareler 15 dakika daha kosullama baglaminda
kaldi. Kosullamadan hemen sonra, hayvanlara amnestik ilag veya NaCl enjekte edildi.

Her farenin su sisesi, su tiiketimini 6lgmek i¢in kosullamadan once ve sonra tartildi.

Iyilesme. Kosullamanin sonrasindaki iki giin iyilesme donemiydi. Bu siire zarfinda

hayvanlara sadece 10:00—10:30 ve 17:00—1 :30 s aatleri arasinda su verildi.
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Bellek Testi. 2 giinliik iyilesme siiresinin ardindan hayvanlar tekrar kosullama
baglamina (Baglam B) 15 dakika siiresince tekrar koyuldu. Bellek testi sirasinda

hayvanlarin su tiikketimi 6l¢iildii.

2.2.1.5. Data Analizi

Kosullandirma ve bellek testi sirasinda hayvanlarin su alimini analiz etmek igin tek
yonlii ANOVA kullanildi. Post-hoc karsilastirmalar Fisher'in LSD testi kullanilarak
yapild1. Farkliliklarin anlamli kabul edilmesi i¢in p < .05 olarak ayarlandi.

2.2.2. Sonuclar

2.2.2.1. Kosullama Sonucu

Kosullama sirasinda, LiCl enjeksiyonu yapilan hayvanlarin su tiiketimi, NaCl

enjeksiyonu yapilan hayvanlara gore daha diistiktii (p =.012).

2.2.2.2. Bellek Testi Sonucu

Bellek testinde, LiCl enjeksiyonu yapilan hayvanlarin su tiikketimi, NaCl enjeksiyonu
yapilan hayvanlara gore daha diisiiktii (p <.001). Fisher LSD analizi, NaCl-NaCl
grubunun su tiiketimi, LiCI-NaCl (p <.001), LiCI-MK801 Yiiksek Doz (p <.001) ve
LiCI-MK&801 Diisiik Doz (p <.001) gruplarinkinden fazla oldugunu gosterdi. Diger

gruplar arasinda istatiksel olarak anlamli bir fark bulunmadi.

2.2.3. Tartisma

Sonuglarimiz kosullama sonrasinda MK-801 CCA bellegi iizerinde etkisinin

olmadigin1 géstermektedir.

2.3. Deney 2: Sistemik propranolol uygulamasinin CCA Dbelleginin

konsolidasyonu iizerindeki etkisi
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Ikinci deneyimizde, beta-adrenerjik reseptdr aktivasyonunun propranolol ile bloke
edilmesinin hayvanlarin KCI bellegi iizerindeki etkisi arastirilmistir. Bu amagla
kosullamanin hemen ardindan farelere 10 mg/kg'lik dozda propranolol enjeksiyonlari

yapildi.

2.3.1. Yontem

2.3.1.1. Denekler

Ikinci deneyde agirliklar: 19 ila 25 gram arasinda degisen otuz dort CD1 erkek fare
kullanildi. Deney baslangicinda hayvanlar viicut agirliklarina gore iki kontrol ve bir
deney grubuna ayrildi. Kontrol gruplari LiCl-NaCl (n = 12) ve NaCl-NaCl (n = 11);
deney grubu LiCl-Propranolol (n = 11) olarak adlandirildi. Kosullama baglangicindan
5 dakika sonra LiCl-NaCl ve LiCl-Propranolol gruplarina LiCl enjeksiyonu
yapilirken, NaCl-NaCl grubuna NaCl enjeksiyonu yapildi. Kosullamadan hemen
sonra, LiCl-Propranolol grubuna propranolol; LiCl-NaCl ve NaCl-NaCl gruplarina
NaCl enjeksiyonlar1 yapildi.

2.3.1.2. fla¢ Uygulamasi

LiCl 6 mEq/kg, propranolol 10 mg/kg dozunda uygulandi. Tiim ilaglar viicut agirligina
gore 0.24 mL/kg olacak sekilde ayarlandi.

2.3.1.3. Aparatlar

Birinci deney ile ayni aparatlar kullanildi.

2.3.1.4. Prosediir

Birinci deney ile aym KCI protokolii ve deney tasarimi kullanilds.

2.3.1.5 Data Analizi

Data analizi birinci deney ile ayniyda.

2.3.2. Sonuglar
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2.3.2.1. Kosullama Sonuglari

Gruplarin su tiiketimi arasinda fark gézlenmedi (p = .949).

2.3.2.2. Bellek Testi Sonuclar:

Tek yonlii ANOVA, gruplar arasinda su tiiketiminde fark oldugunu gosterdi (p =.021).
Fisher LSD analizi, LiCI-NaCl grubundaki hayvanlarin, NaCI-NaCl (p = .017) ve
LiCl-Propranolol (p = .011) grubundaki hayvanlara gore daha az su tiikettigini ortaya
koydu. Ancak, NaCl-NaCl ve LiCl-Propranolol gruplar1 arasinda su tiiketiminde
anlamli bir fark yoktu (p = .8).

2.3.3. Tartisma

Kosullama sirasinda LiCl enjekte edilen hayvanlara propranolol verildiginde, NaCl
verilen hayvanlara gore daha yiliksek su tiiketimi sergiledikleri bulunmustur.
Propranolol enjekte edilen grubun su tiiketiminin, kosullama sirasinda hastalik
olusturulmamis grubunkine bezer oldugu gozlenmistir. Bulgularimiz propranolol ile
beta-adrenerjik reseptor aktivasyonunu bloke etmenin hayvanlari KCI dgrenmesini

bozdugunu gostermektedir.

2.4. Genel Tartisma

KCI 6greniminin, konsolidasyon siirecinde uygulanan NMDA ve beta-adrenerjik
reseptOr antagonistleri tarafindan bozulup bozulmadigini belirlemek amaciyla iki
deney yiiriitiilmiistiir. [lk deneyde NMDA reseptdr antagonisti MK-801 kullanilmistir.
Bu deneyde sistemik MK-801 uygulamasmin KCI belleginin konsolidasyonunu
bozmadigini bulunmustur.

Ikinci deney, KCI belleginin konsolidasyonu igin beta-adrenerjik reseptdr sinyalinin
gerekli olup olmadigini arastirmak amaciyla yiiriitiilmistiir. Hayvanlara kosullama
ardindan propranolol enjekte edildiginde KCI 6grenmesinin bozulduguna isaret eden

sonuglar gdzlenmistir.
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2.5. Sonug¢
KCI 6grenmesinde NMDA reseptor antagonisti MK-801 herhangi bir bozucu etki
gostermezken, propranolol konsolidasyon siirecini bozarak hayvanlarin 6grenmesini

engellemistir.

BOLUM 3

KOSULLU CEVRE ITINMESINI TAKIiBEN BEYINDE C-FOS
EKSPRESYONU

Bu boliim, beyindeki c-Fos ekspresyonunu arastirarak KCI 6grenmesinde gorevli

beyin bolgelerini bulmak i¢in yiiriitiilen deneyi kapsamaktadir.

3.1. Giris

Calismalar temel olarak KCI 6grenmenin ilkelerini ortaya koysa da, bu tiir 6grenmede
gorevli beyin bolgeleri hentiiz arastirilmamustir (Best vd., 1973; Hall vd., 1997; Parker
vd., 1984; Symonds vd., 1998). Bu deney, KCI 6greniminde gorevli beyin bolgelerini
belirlemek icin yiiriitiilmiistiir. Bu amacla beyinde néronal aktivasyonun dolayl1 olarak
6l¢mek icin c-Fos ekspresyonu incelenmistir.

Onceki arastirmaya dayanarak dort beyin bolgesinde c-Fos ekspresyonu dért beyin
bolgesinde incelenmistir. Bu bolgeler sunlardir: medyal prefrontal korteksin prelimbik
ve infralimbik boliimleri, insular korteks, amigdalanin medyal, kortikal, bazolateral ve

santral ¢ekirdekleri ile hipokampusun CA1-CA2, CA3 ve dentat girus boliimleri.

3.2. Yontem

3.2.1. Denekler

Her biri 19 ila 25 gram arasinda degisen 12 haftalik 54 erkek CD1 fare kullanildi.
Fareler iki kontrol ve bir deney grubuna ayirildi: NaCl-Baglam B (n = 18), LiCl-
Baglam A (n = 18) ve LiCl-Baglam B (n = 18). Kosullama sirasinda, LiCl-Baglam A

grubundaki hayvanlara koloni odasindaki kafeslerinde LiCl enjeksiyonu yapildi.
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NaCl-Baglam B ve LiCl-Baglam B gruplarindaki hayvanlara kosullama baglaminda
sirastyla NaCl ve LiCl enjeksiyonlart yapildi. Her bir gruptan alti hayvan, c-Fos
proteininin ekspresyonunu arastirmak i¢in kosullamadan tam olarak 1 saat sonra
perfiize edildi. Her grupta kalan 12 hayvan, kosullamanin basarili olup olmadigini

arastirmak i¢in kosullamadan 72 saat sonra 15 dakikalik bir bellek testinde kullanildi.

3.2.2. Davranissal Prosediir

Davranigsal prosediir kosullama agamasi disinda birinci deney ile ayniydi. Kosullama
sirasinda Baglam B grubundaki fareler kosullama kafesine koyularak kosullama
odasina tasindi. Baglam A grubundaki fareler koloni odasindaki kafeslerinde kalmaya
devam etti. Kosullamanin baslamasindan 5 dakika hayvanlar kafeslerinden alinarak
LiCl veya NaCl (i.p.) enjeksiyonlar1 yapildi ve 15 dakika daha gecirmek iizere
kafeslerine tekrar koyuldu. Her gruptan alt1 hayvan, kosullamanin tamamlanmasindan

tam olarak 1 saat sonra perfiize edildi ve beyinleri ¢ikarildi.

3.2.3. Immiinohistokimya

Her bir grupta bulunan  hayvanin beyinlerinde 40 mikron kalinliginda kesitler

alinarak c-Fos proteini i¢in immiinohistokimyasal boyamalar uygulandi.

3.2.4. c-Fos analizi

c-Fos-pozitif hiicreler ImageJ yazilimi kullanilarak manuel olarak sayildi. Her beyin
bolgesi icin c-Fos pozitif hiicre sayis1 o beyin bélgesinde 0.1 mm? alana oram
hesaplandi1 ve analiz edildi.

3.2.5. Data Analizi

Kosullama ve bellek testi sirasinda gruplarin su tiiketim miktarlar1 ve c-Fos-pozitif

hiicre ¢ekirdekleri, GraphPad Prism programi kullanilarak istatistiksel olarak analiz

edildi. Gruplar arasindaki istatistiksel farki arastirmak igin tek yonliit ANOVA testi
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yapild1 ve ikili karsilastirmalar i¢in Fisher LSD testi kullanild1. Istatistiksel anlamlilik

p <.05 olarak tanimlanda.

3.3. Davranis Deneyi Sonuclari

3.3.1. Kosullama Sonuclari

c-Fos immiinohistokimyas1 i¢in perfiize edilen hayvanlarin kosullama sonuglari, tek
yonlii ANOVA'nin ortaya koydugu gibi, su tiiketim miktarlarinda gruplar arasinda
anlaml bir fark oldugunu gosterdi (p < .001). Fisher LSD analizi, LiCl-Baglam B
grubunun, LiCl-Baglam A ve NaCl-Baglam B'den 6nemli 6l¢iide daha az su igtigini
gosterdi (p degerleri <.001). LiCl-Baglam A ve NaCl-Baglam B (p = .821) gruplar1

arasinda anlamli bir fark gézlenmedi.

KCI 6greniminin degerlendirilmesi igin kullanilan hayvanlarm kosullama sonuglari,
tek yonliit ANOV A'nin ortaya koydugu gibi, su tiiketim miktarlarinda gruplar arasinda
anlaml bir fark oldugunu gosterdi (p < .001). Fisher LSD analizi, LiCl-Baglam B
grubunun, LiCl-Baglam A ve NaCl-Baglam B'den anlamli 6l¢iide daha az su ictigini
gosterdi (p degerleri < .001). LiCl-Baglam A ve NaCl-Baglam B gruplar arasinda
anlamli bir fark gézlenmedi (p = .050).

3.3.2. Bellek Testi Sonuclar:

Tek yonlii ANOVA analizi, su aliminda gruplar arasinda anlaml bir fark oldugunu
gosterdi (p < .001). Fisher LSD analizi, LiCl-Baglam B grubunun, LiCl-Baglam A
ve NaCl-Baglam B'den anlamli 6l¢iide daha az su i¢tigini gosterdi (p degerleri <.001).
NaCl-Baglam B grubu ayrica LiCl-Baglam A grubuna goére 6nemli dl¢iide daha az su
icti (p <.001).

3.4. Tartisma

Kosullama sirasinda yeni bir baglamda LiCl enjeksiyonu yapilan hayvanlar (LiCl-

Baglam B) KCI &grenmesinin bir gostergesi olarak diisiik siv1 tiiketimi

gostermislerdir. Ancak bu durum koloni odasinda LiCl (LiCl-Baglam A) ve yeni bir

baglamda NaCl (NaCl-Baglam B) enjeksiyonu alan hayvanlarda gézlenmemistir. Bu
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nedenle, LiCl-Baglam B grubunda KCI 6grenmesinin gelisiminden sorumlu beyin
bolgelerinde, 6grenme kaynakli c-Fos ekspresyonunda artisint beklerken, LiCl—
Baglam A ve NaCl-Baglam B gruplarinda c-Fos ekspresyonunda artis olmayacagini

diisiindiik.

3.5. Immunohistokimya Sonug¢lari

3.5.1. Medyal Prefrontal Korteks Sonugclar:

Prelimbik korteks. Tek yonliit ANOVA sonuglar1 gruplar arasinda anlamli bir fark
oldugunu gosterdi (p = .017). Fisher LSD analizi, LiCl-Baglam B grubunda, LiCl-
Baglam A (p =.011) ve NaCl-Baglam B (p = .014) gruplar ile kiyaslandiginda daha
yiiksek c-Fos ekspresyonu oldugunu ortaya ¢ikardi. NaCl-Baglam B ve LiCl-Baglam
A gruplart arasinda anlamli bir fark bulunmadi (p = .885).

Infralimbik korteks. Tek yonliit ANOVA sonuglar1 gruplar arasinda anlamli bir fark
olmadigini gésterdi (p =.192).

3.5.2. insular Korteks Sonuclar

Tek yonlii ANOVA sonuglart gruplar arasinda anlamli bir fark oldugunu gésterdi (p =
.018). Fisher'in LSD analizi, LiCl-Baglam B grubunda, LiCl-Baglam A (p =.024) ve
NaCl-Baglam B (p = .008) gruplar1 ile kiyaslandiginda daha yiiksek c-Fos
ekspresyonu oldugunu ortaya ¢ikardi. NaCl-Baglam B ve LiCl-Baglam A gruplari

arasinda anlaml bir fark gézlenmedi (p =.577).

3.5.3. Hipokampiis Sonuclari

CA1-CA2. Tek yonlii ANOVA sonuclart gruplar arasinda anlamli fark oldugunu
gosterdi (p <.001). Fisher LSD analizi, LiCl-Baglam B grubunda, LiCl-Baglam A (p
<.001) ve NaCl-Baglam B (p < .001) gruplari ile kiyaslandiginda daha yiiksek c-Fos
ekspresyonu oldugunu ortaya ¢ikardi. NaCl-Baglam B ve LiCl-Baglam A gruplari

arasinda anlamli bir fark goézlenmedi (p = .103).

CA3. Tek yonlii ANOVA sonuglar1 gruplar arasinda anlamli fark oldugunu gésterdi (p
= .027). Fisher LSD analizi, LiCl-Baglam B grubunda NaCl-Baglam B ile

kiyaslandiginda daha yiiksek c-Fos ekspresyonu oldugunu ortaya ¢ikard: (p = .008).
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LiCl-Baglam A grubunda, LiCl-Baglam B (p = .089) ve LiCl- Baglam A (p = .245)
gruplart arasinda anlamli bir fark gézlenmedi.

Dentat Girus. Tek yonlii ANOVA sonuglar1 gruplar arasinda anlamli fark oldugunu
gosterdi (p =.017). Fisher LSD analizi, LiCl-Baglam B grubunda, LiCl-Baglam A (p
=.006) ve NaCl-Baglam B (p =.031) gruplari ile kiyaslandiginda daha yiiksek c-Fos
ekspresyonu oldugunu ortaya ¢ikardi. NaCl-Baglam B ve LiCl-Baglam A gruplari

arasinda anlamli bir fark gézlenmedi (p = .433).

3.5.4. Amigdala Sonuclari

Bazolateral Cekirdek. Tek yonlit ANOVA sonuglar1 gruplar arasinda anlamli fark
oldugunu gosterdi (p = .010). Fisher'in LSD analizi, LiCI-Baglam B grubunda, LiClI-
Baglam A (p =.011) ve NaCl-Baglam B (p =.00 ) gruplar ile kiyaslandiginda daha
yiiksek c-Fos ekspresyonu oldugunu ortaya ¢ikardi. NaCl-Baglam B ve LiCl-Baglam
A gruplari arasinda anlamli bir fark bulunmadi (p = .747).

Santral Cekirdek. Tek yonlii ANOVA sonuglar1 gruplar arasinda anlamli bir fark
olmadigini gbsterdi (p = .434).

Medyal Cekirdek. Tek yonli ANOVA sonuglart gruplar arasinda anlamli bir fark
olmadigini gosterdi (p = .153).

Kortikal Cekirdek. Tek yonli ANOVA sonuglart gruplar arasinda anlaml bir fark
olmadigini gosterdi (p = .302).

3.6. Tartisma

Bu deneyde KCI dgrenmesinden sorumlu beyin bdlgelerini bulmak amaciyla néral
aktivasyon belirteci olarak kullanilan c-Fos ekspresyonu analiz edilmistir. c-Fos
immiinoreaktivitesi, 6grenmenin gergeklestigi deney grubunda medyal prefrontal
korteksin prelimbik bdliimiinde, insular kortekste, hipokampiisiin CA1-CA2 ve dentat
girus boliimlerinde ve amigdalanin bazolateral ¢ekirdeginde bu proteinin

ekspresyonunda artis oldugunu gostermistir.
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3.7. Genel Tartisma

Kosullama baglaminda LiCl enjekte edilen hayvanlar (LiCl-Baglam B), bellek
testinde gozlemlenen su tiiketimlerindeki azalmanin kanitlandig1 gibi KCI 6grenmesi
gelistirmistir. Bununla birlikte, yalnizca baglama maruz birakilan (NaCl-Baglam B)
veya sadece LiCl enjeksiyonu yapilan hayvanlarda (LiCl-Baglam A) KCi
dgrenmesinin gerceklesmedigi gozlenmistir. Ogrenmenin gergeklestigi LiCl-Baglam
B grubunda medyal prefrontal korteksin prelimbik bdliimiinde, insular kortekste,
hipokampiisiin CA1-CA2 ve dentat girus bolimlerinde ve amigdalanin bazolateral
cekirdeginde c-Fos proteinin ekspresyonunda artis oldugu bulgulanmistir. Ancak
O0grenmenin gerceklesmedigi kontrol gruplarinda bu beyin bdlgelerinde c-Fos
ekspresyonunda artis gozlenmemistir. Bulgularrmiz KCI &grenmesinde bu beyin
bolgelerinin gorevli oldugunu diisiindiirmektedir. Beyinde yaygin olarak bir ¢ok
bolgede goriilen c-Fos ifadesindeki artis, KCI 6grenmesinden sorumlu bir beyin

devresi olduguna isaret etmektedir.

3.8. Sonuc¢

Bildigimiz kadartyla, bu calisma KCI 6grenmesinin ndral bagmtilarmi arastiran ilk
caligmadir. Yukarida bahsi gecen beyin bélgelerinin KCI gelisiminde nedensel roliinii

ortaya ¢ikarmak i¢in daha fazla arastirma gerekmektedir.

BOLUM 4

SON OZET, GENEL SONUCLAR VE CALISMANIN SINIRLILIKLARI

Bu c¢alisma kapsaminda gerceklestirilen bir dizi deneyde, KCI 6grenmesinin
konsolidasyonu sirasinda beta-adrenerjik reseptdr antagonisti propranolol ve NMDA
reseptOrii antagonisti MK-801 uygulamasinin bellek tizerindeki etkisi aragtirilmistir.
KCI, BBK olgusunun preklinik modeli olarak kullanilan bir klasik kosullama seklidir.
KCI, hayvanlar1 yeni bir baglama maruz biraktiktan sonra hayvanlara hastalik
olusturan ilaglarin enjeksiyonu ile olusturulur. Daha sonra hayvanlar ayn1 baglama

tekrar maruz birakildiklarinda KCI 6grenmesinin bir kanit1 olarak su tiiketimlerinde
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azalma goriilmektedir. i1k deneyimizin bulgular;, KCI 6grenmesinden sonra NMDA
reseptOr aktivasyonunu MK-801 ile bloklamanin bellek tizerinde herhangi bir bozucu
etkisi olmadigimi gostermistir. Ancak ikinci deneyimizin sonuglar1 beta-adrenerjik
reseptOr antagonisti propranolol’iin muhtemelen bellek konsolidasyonunu bozarak

hayvanlarin KCI gelistirmesini engelledigini gostermektedir.

Propranolol’iin bellek bozucu etkisinin ardindaki mekanizmay1 arastirmak igin
calismamizda herhangi bir deney yapilmamistir. Propranolol’iin sinir sisteminde
sinyallesme yolaklarim1  engelleyerek yeni bilgilerin uzun siireli bellege
konsolidasyonunu onleyip Onlemedigi veya bellegin duygusal degerinde bir
degisiklige neden olup olmadiginin arastirilmasi gerekmektedir. Calismamizin bir
diger kisitliligr da ilaglarin etki mekanizmasini arastiran herhangi bir deneyin
olmamasidir. Beta-adrenerjik reseptorler, sinir sisteminde ve periferde yaygin olarak
bulunmaktadir. Bu durum propranolol’iin yarattig1 bellek bozuklugunun beyindeki
reseptorleri  bloklayarak m1 yoksa viicuttakiler iizerindeki etkisinden mi
kaynaklandigmin analizini engellemektedir. KCI 6grenmesinde propranolol’iin etki

mekanizmasinin aydinlatilmasi gereklidir.

Bunlara ek olarak ¢alismamizda bir noral aktivasyon belirteci olan c-Fos ekspresyonu
kullanilarak KCI 6greniminde gorevli olabilecek bazi beyin bdlgeleri bulunmustur.
KCI 6grenmesi gelistirmesi beklenen hayvanlarda kosullamanin ardindan, medyal
prefrontal korteksin prelimbik bolgesinde c-Fos ekspresyonunda 6nemli dlgiide artis
oldugu gozlemlenmistir. Ancak bu artis infralimbik bdlgesinde gozlemlenmemistir.
Ayrica, c-Fos ekspresyonunun insular kortekste de arttig1 bulgulanmistir. Bu bolgelere
ek olarak hipokampiisiin CA1-CA2 ve dentat girus boliimlerinde de KCI 6grenmesini
takiben c-Fos ekspresyonunda artis bulunmustur. Bu durum CA3 bolgesinde
gbzlenmemistir. Son olarak, amigdalanin dort cekirdegindeki c-Fos ifadesini
Olciilmiistiir ve yalnizca bazolateral ¢ekirdekteki ndéronlarin yiiksek seviyelerde c-Fos
proteini eksprese ettigi bulunmustur. Bu artis santral, kortikal ve medyal

cekirdeklerdeki néronlarinda gézlenmemistir.

Bildigimiz kadariyla, arastirmamiz CCA Ogreniminde yer alan beyin bdlgelerini

inceleyen ilk caligmadir. Ancak, c-Fos tekniginin bazi sirliliklart vardir. c-Fos
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analizi, yalnizca belirli bir bolgedeki aktif ndronlarin anlik goriintiisiinii verir ve
ndronlar arasindaki baglantinin arastirilmasinda kullanilamamaktadir. Bu nedenle, bu
beyin bélgelerinin ve birbirleriyle olan baglantilarmin KCI 6grenmesinde nedensel

yerinin rolii arastirilmalidir.
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