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Abstract

Fear/anxiety and pain modulate one another reciprocally, tbe neurobiological
mechanisms that underlie this interaction are not completely understood.oRdéaroned
analgesia (FCA) is pain suppression upon exposure to a fearful stirRduesxisome
proliferatoractivated receptor¢PPARs) are nuclear receps that modulate irpain
anxiety, and cognition. élvever, their role in pa#fearanxietyinteractions is unknown.
Thebasolateral amygdala (BLANd the central nucleus of the amygdala (GalAy a key
role in pain, conditioned fear and FCPRhe overalaim of this thesis was tavestigate the
role of PPARy, PPARb/d and PPARin acute and chronic inflammatory pain, conditioned
fear, FCA, anxiety and cognition. In addition, the influence of pain on PRA&ated

modulation of conditioned fear, innate &ty and cognition was investigated.

The FCA protocol combinefbotshocks with context and formadinjection into the hind
paw. On conditioning days, Male Spragbawley rats received footshocks in a
conditioning arena, while control rats were placethearena for an equivalent amount of
time (9min 30secs; no fagltocks). 23.5 hours later, rats received an intraplantar injection
of formalin into the right hind paw. Rats received either intraperitoneal orantsadalar
injection of vehicle or PPAR, PPARb/d or PPARyantagonists prior to rexposure to the
arena ad pain and fearelated behaviours were recorded for 15 or 30 minutes. In the final
study, rats received intraplantar injectionscodb mp | et e Fr e(CGFA 6ronlyadj uv a
needle insertin, into the right hind paw; they received an intraperitoneal injeadf
vehicle, PEA, or PPAR, PPARb/d or PPARyantagonists and underwent pain (von Frey)
and anxiety (elevated plus maze, open field, and-tigihk box) tests on days 1, 7, 21 and

28 (pan) and 21 (anxiety), and a novel object recognition protocol oa #&28.

The key resultsndicated that the blockade of PPAR signalling, particularly P&ARd
PPARjy in the BLA, but not CeA, prolonged or enhanced contextually induced freezing
behaviow in the presence of formatevoked nociceptive tone. In the absen€nociceptive

tone, the blockade of PPARs in the BLA increased freezing expression ifearon
conditioned rats, indicating a possible modulatory role of PPARSs in innate anxiety. These
results were associated with increased tissue levels of dopamihe nmght BLA. The
systemic administration of a PPARantagonist impaired spatial memory of rats in the
presence, but not in the absence, of chronic inflammatory pain induced by CFA. Systemic,

intraBLA or intra-CeA administration oPPAR antagonists didoh alter formalinevoked

iX



nociceptive behaviour, FCér mechanical allodynia in the CFA model.

In conclusion, these findings indicadekey role for PPARs in the BLA in mediating and
modulating innate and conditioned fear behaviour, effdefsendant on the presence or
absence of nociceptive stimuli. Furtiverre, PPAR signallingappears t@nhance deficits

in cognitive responses in the presence of chronic inflammatory pain. Taken together these
data add to the body of knowledge on the rélBRARS in pain, fear and cognition and their

interactions.
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1. Introduction

1.1 Anxiety and anxiety disorders
Anxiety refers to multiple psychological and physiological phenomena, including a
conscious state of worry over a future unwanted event or fear of a sit(iatians et al.,
2005) When mild, this mental state helps animal development, facilitating anticipation of
certain situations in order to ensure safety and protection. However, when anxiety is
excessive it is maladaptive, withnegative consequences for mental health. Anxiety
disorders are the most prevalent mental illnesses in the European Union, with an estimated
36 to 60 million people being affected per y@afittchen et al., 2011)According to the
World Health Organisation in their document entittdd e pr es si o nommmond ot h
mental disorders from 2017, 3.6% (264 million people) of the global population is affected
by anxiety disorders. In Europe, 14.5% of the population are reported to have had
experienced anxiety disordeglated episodes at least once in theitiliie, and around 10%
arereported to have had one episode in the previous 12 m@iitishen and Jacobi(®5;
Alonso et al.,, 2007; Bandelow and Michaelis, 201Bhese anxiety disordeelated
episodes include symptoms related to panic disorder, social anxiety disorder, separation
anxiety disorder, obsessitoempulsive disorder (OQ), posttraumatic stresdisorder
(PTSD), generalised stress disorder (GSD), and specific phobias. Anxiety disorders are
twice as likely to affect women and more prevalent in individuals under 35 years old
(Bandelow and Michaelis, 2015; Remes et al., 20A6Xiety disorders cost the European
Unionu 41 bil | i @nmdlin-BobockR dan@® ¥Wittchen, 2005Additionally, it is
projected that work loss due to anxiety is higher than for some somatic disorders, although
it is important to point out that patients with @&ty disorders such as phobias and OCD do
not often look for medical assistance, and prederide their symptoms or avoid potential

triggering situationgBandelow and Michaelis, 2015)

Current treatments for anxiety include psychotherapi¢ise most widely used being
cognitive behaviaral therapy (CBT), but also relaxation, psychodynamic therapy,
mindfulness meditation and othersand pharmacological therapy, including selective
serotmin reuptake inhibitors (SSRIs), serotomiaradrenaline reuptake inhibitors (SNRISs),
tricyclic anticepressants, benzodiazepines, and o{idMusrough et al., 2015)Studies have
conflicting results when comparing these two types of intervention and it is s&ibj@oto

affirm that one therapy is more effective than the other Bsewlelow & al., 2015for a
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review). The neurobiology and neurocircuitry of anxiety have been extensively investigated
(see Section 1.3 below) and basic researstphavided numerous insights into anxiety and
fear behaviour and its underlying neurobiology. Howeirethe last tweto-three decades,

few new mechanistic noveinedicatios for anxiety disorders has been brought to market,
and pharmacological treatmeistarently available have many side effects. For that reason,
basic research aims to provide new ihssgnto the neurobiology of anxiety and fear states
and identify novel receptors and molecules that can be modulated for therapeutic benefit
(seeMurrough et al., 201%or a review on new therapeutic targets for aryxeédsorders).

1.2Pain
Pain is defined as fAan unpleasant sensory
or potential tissue damage drescr i bed i n ter ms <cfationalch da

Association for the &dy of Pain (IASP)Similar to anxety, pain is important for the
survival of organisms, serving to warn organisms of potential tissue damage. However, it
can be debilitating whretriggered or exacerbated in the absence of any noxious stimulus.
Depending on its duration, pain can be clasgias acute or chronic. Acute pain is of short
duration while chronic paiin humansis defined as pain persisting for over 3 months.
Severaktudies have estimated the economic and social cost associated with chronic pain in
Europe(Breivik et al., 2006, 2013; Phillips, 2009; Gustavsson.e12; Langley et al.,

2013) The annual cost of treating chronic paininlrelh was reported to b
billion a year- U5,665per patien{Raftery et al., 2012Lhronic pairafflicts almost one in

five Europeans and is frequently associated with mood disorders. A study on the prevalence,
impact and cost of chronic pain (PRIMiBllicated a35.5% prevalence of chronic pain in
theRepublic of IrelandRaftery et al., 2011Additionally, a few studies have shown figures

of the prealence of multimorbity (the occurrence of two or more chronic conditions at the
same timgranging from 27 to 66.2% in the Irish population (Slattery eRall7).

Current approaches to pain management include pharmacological therapies with opioid
analgsics, norsteroidal antinflammatory drugs (NSAIDs), local anaestheticanti
depressast anticonvulsants and gabapentinoids, as well as-pl@rmacological
technigues such as acupuncture, meditation, physiotherapy and psychofzraiayix,

2017) The available pharmacotherapies for pain manageanemtot alwaygffective, and

circa 40% of patients are unsatisfied with their treatn{Bneivik et al., 2006)Manyof the



above mentioned pharmacotherapies are associated with side effects such as constipation,
nausea, vomiting, gastrointestinal irritation and ulceration, impaired cognitive abilities, loss

of motor coordination, and anxie()Xhademi et al., 2016; Nakatani, 2017; Rayar et al.,
2017) Furthermore, patients may develop tolerance or addiction to some of these drugs
(Khademi et b, 2016; Nakatani, 2017)

Animals are often exposed to different noxious stimuli of varying intensity and quality.
Specialised receptors (on nerve endings that innervate peripheral )tisssjgsnd to
different noxious stimuli, resulting in generatiohaction potentials and transmission of
nociceptive information to the brain, which is involved in the interpretation of these signals
and in the command of a proper response, when needed.sgécialised neurons
responsible for initiation of pain arelleal nociceptorsifocere Lat i n for HAhurto
their cell bodies located in the dorsal root ganglia (DRG), and nerve terminals in the dorsal
horn of the spinal cordThe peripheral endigs of these nociceptors have a variety of
specialised receptorghich detect external stimuldneimportant ion channel family that
detects and transmits noxious stimuli is the transient receptor potential (TRP) channel
family. The TRP family is dividednto six subfamilies, classified as canonical (TRPC),
vanilloid (TRPV), ankyrin (TRPA), melastatin (TRPM), polycystin (TRPP), and mucolipin
(TRPML) (Wu et al., 201p For instance, members of th&PM subfamilydetectnoxious

cold andmembers of thefTRPV family detectnoxious heat (Julius, 2013 Especially
important for this thesis is the role of TRPAL, which is activated by forn{ldladNamara

et al., 2007. The activation of these receptoesuts in an influx of cations that ultimately
results inan action potential. After being activated by a stimulus, the seimdormation

is sent through the primary afferent fibres to the dorsal horn of the spinal cordtiere
synapsewnith secondarysersory neuronsn differentlaminaeof the dorsal horn Klillan,

1999; Almeida et al., 2004). After decussation in the spinal cord, the nociceptive
informationis thenrelayedvia thesesecondrderneurongo supraspinategions via one of

the ascending patlays (Willis, 1985; Almeida et al., 200@igurel.l).

The classification of nociceptors is based on the properties of their axons. The nociceptor
with myelinated fasteconducting (rapid and sharp type of pain) axons are part of the
Ad- fibre group, andociceptors with unmyelinated sloweondicting (slower, persisting

pain) axons are part of theflbre group. After being activated by a stimulus, the sensorial

information is sent through the primary afferent fibres to the dorsal horn of the spinal cord
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where they make synapses with secondarg@y neurons in different laminae of the dorsal
horn (Millan, 1999; Almeida et al.,, 2004)After decussation in the spinal cord, the
nociceptive information is then relayed viese second order neurons to supraspagabns
via one of the ascending pathwdygillis, 1985; Almeida et al., 2004}igure 1.1).

1.2.1 Ascending Pain Pathwag

Thebundleof ascendingixongorm two distinctphylogeneticsystemsTheolderpathway,

in evolutionary terms, runs through the medial region of the brain stem and comprises the
paleospinothalamic, spinoreticular, spinomesencephalic, spinoparabaacygolaloid,
spinoparabrachiypothalamt, and spinohypothalamic bundles (Miil, 1999; Almeida

et al.,2004). The morerecentpathwayis locatedin the lateralregionof the brainandis

formed by the neospinothalamic and spinocervical bundles (Millan, 1999; Almeida et al.,
2004).

The paleospinthalamic and neospinothalamig@athwaysform the spinothalamictract,

which is mainly involved in the sensorial aspects, discriminating features sdahation,
temporal pattern, location and intensity of pain, temperature, touch ancdelatdd
information (Millan, 1999; Almeida et al., 2004). The projections come from laminae I, I,
IV, V, VI, VII, VIII, and X to different nuclei of the thalamus. The neospinothalamic
pathway projects to the lateral complex of the thalamus and seems to be involved in th
sensorydisaiminative component of pain, while the paleospinothalamic pathway projects
to theposteriomedialandintralaminarcomplexof thethalamusandis moreinvolvedwith

motivationalaffective aspects (Almeida et &004).

The spinoparabracHitract represnts a direct nociceptive pathway, with projections to the
parabrachiahucleugPN) (Millan, 1999;Almeidaetal.,2004).0Otherpathwaysavedirect
orindirectprojectiongo thePN. Theneuronsriginatein laminael andll. Thistractseens

to be involved in visceral, inflammatory and thermal nociceptive processing and has
projections to limbic structures like the amygdala, and also to the hypothalamwsEso
involved in autonomic, motivational, affective and neuroendocrine respdospain
(Millan, 1999; Almeida et al2004).
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Figure 1.1: Graphical representation of two of the main ascending pain pathways,
spinothalamic and spinoparabrachial. The nociceptive stimulus generates tarraogep
action potential that is relayed through the primary afferent fibres through the DRG to dorsal
hom of the spinal cord (dashed red lines, bottom right). The spinothalamic pathway (in pink)
sends projections to the thalamus via PAG, and from tleetbet cortex. This tract is
involved in sensorgliscriminative aspects of pain. The spinoparabrachiainzgtiiin blue)

is important in the cognitivaffective aspects of pain, and projects to the amygdala (dashed

blue line) and hypothalamus and corteXigsblue lines) through the PN. DRG, dorsal root

ganglia; PAG, periaqueductal grey; PN, parabrachial nacl@VM, rostral ventromedial
medulla.



1.2.2 Descending Pain Pathway

The nociceptive information sent through the ascending pathways is processed, and
potentially modifiedi reduced or amplifiedl by supraspinal structures. The reduction of
nociception resulting from supraspinal modulation is known as descending inhéstion

the enhancement of nociceptive responses is known as descending facilitasmendieg
pathways originate from cerebral structures, and modulate the nociceptive response through
the control of neurotransmission in the dorsal horn of the spinal whidh includes the
terminals of primary afferent neurons and the secondary sensargns(Millan, 1999,

2002)

These supraspinal regions with direct projections which are invatvtte modulation of
nociceptive response include the RVM, PAG, PN, hypothalanm, carebral cortex
(Millan, 2002) The PAG receives input projections from the central nucleus of the alaygd
(CeA) (Pittman et al., 1981; da Costa Gomez and Behbehani, 1995; Da Costa Gomez et al.,
1996) while the amygdala receives inputs frohe tprefrontal corteXPFC; McDonald,
1987; BrinleyReed et al., 1995)Additionally, the CeA directly projects to the PN
(Neugebauer et al., 20Q4hat will then project to the spinal co(duroda et al., 1987; Ma

and Peschanski, 88). The thalamus also has projections to the PA@Gsilenko and
Eliseeva, 1980Barbaresi et al., 1982Finally, thePAG has direct projections to the RVM
(Millan, 2002) Therefore, these regions are important sites for the activation and/or
modulation of the descdimg inhibitory pathway that projects toet dorsal horn of the spinal

cord and modulates nociceptive respofhiian, 2002)

Descending facilitation is an increased spinal dorsal hornonauresponse to noxious
stimuli (Zhug, 2017) The cerebral regions involved in descending facilitation are the same
as those responsible for the inhibitory ans described above. Therefore, the switch
between activation and inhibition is mediated by differences in neurotransmitteryactivit
(Rahman et al., 2009; De Felice and Ossipov, 20h&ertain circumstances, the balance
between inhibition and facilitation can be affected and the correct modulation of these
systems can be disturbékhisimbalancas one of the possible causes d@tateof chronic

pain (see section 1.2.3).
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Figure 1.2: Graphical representation of the descending pain pathway. It originates from
higher regions including the cortex, amygdala, and hypothalamus that project to the PAG
and RVM, whichin turn projection to thedorsal horn of the spinal cord. PAG,

periaquedual grey; RVM rostral ventromedial medulla.



1.2.3Pathophysiology of chronic pain

The brain receives several signals triggered by different stimuli (i.e. mechanical, chemical,
thermal, biological) througldifferent sensory systems (i.e. visual, auditagyustatory,
olfactory, somatosensory and vestibular). These stimuli are transduced to receptor potentials
and then in afferent action potentials that will be sent to specific supraspinal areas. Normally,
there is a balance in the inhibition or facilitatiaf pain signals. Chronic pain can be a
consequence of a disturbance in this equilibrium; it can be a consequence of the activation
of descending facilitation, impaired descending inhibition, or abnormiglhazal or central
sensitisatiorsuch as actiongiential windup in which the repeated stimulation of the dorsal
root afferents can elicit a progressive increase in the number of action potentials generated

by second order neurons in the dorsal (@ross 1994; Baranauskas and Nistri, 1998).

In normal conditions, descending inhibition and facilitation are in equilibrium, which can be
modified under certain pathological conditions, resulting in chronic inflammatory,

neuropathic or visceral pa{€ross, 1994; Pertovaara, 1998; Burgess et al., 2002; Ossipov
et al., 2014; Zhuo, 2017There is no anatomical difference between descending inhibitory
and facilitatory pathways, and the acer activation of each is mediated by different

receptors or isoforms of receptg®ahman et al., 2009; De Felice and Ossipov, 2016)

Peripheral sensitization is the reduction in the threshold of nociceptors caused by local
inflammatory substances such as bradykinin prastaglandins that are released after a
trauma(Curatolo et al., 2006)These mediators induce changeghe normal threshold
response of printg afferent fibres and result in increased responsiveness to noxious
(hyperalgesia) or innocuous (allodynia) stimuli. This phenomenon results in an amplified
nociceptive input to the spinal cord, which in turn mayseaa reversible increase in
neuronal aftivity in the dorsal horn, known as central sensitizaiSsohwartzman et al.,
2001; Curatolo et al., 2006; Woolf, 2011; Spiegel et al., 20A%)the tissue recovers,
peripheral and central sensitization normally decline, and pain thresktlds to normal
state. However, in sonsguations, the afferent fibres or central pathways get damaged as a
complication of pathological conditions or physical rupture. In this situation, thresholds may
not return to normal, a condition referred as neatlop pain(Schwartzman et al., 2001;
Campbell and Meyer, 2006; Woolf, 2011; Sget et al., 2017)



1.3 Neurobiology of fear and anxiety

Fear and anxiety are protectigeates thatire associated wittefensive behavioural
responses. Thelave evolutionary importanceincethey serve as aralert to potential
harmful or dangerous stimtdituations and, therefore, ensure survival and sal#bpn
exposure to a fearful stimulus, a chain of measurable behavioural, physiological, hormonal
and autonomic responses is elicited. Because fear and ansgetelconserved across
species, scierdis have developed several correlated animal models for the study of these
phenomena, which have facilitated substantial knowledge about the brain regions, cellular
mechanisms and neurocircuitry involved in fear amdety responses. In fact, most of what
we know about fear comes from studies using classical (or Pavlovian) fear conditioning: in
this paradigm, a previously neutral stimulus (i.e. a stimulus that does not elicit any
fear/anxiety respongger se e.g. aone is paired to an unconditioned stitas (US), which
evokes innate fear responses (e.g. predator odour or footshock). The innocuous stimulus,
following association with the US, is then able, when presented alone, to evoke the same
behavioural and phislogical fearrelated reactions, and &s result is then called
conditioned stimulus (CS). Due to its simplicity and broad application, fear conditioning has
been widely used. Importantly, the paradigm itself has a learning process invdived
associabn of the US to the CS (associative lgag) i and can also be applied to examine

learning and memory processes.

The brain regions and neuromodulatory system for fear and anxiety have great
overlap, and the behavioural output of the endocrine, autoramahijgchysiological responses
are greathsimilar. In fact, part of what is known about the anxietfated neurocircuitry is
an extrapolation of fedvased investigations, and much still needs to be elucidated. Anxiety
is emotionally more complex due tsmature: while fear is elicited upontaal and tangible

threats, while anxiety is triggered by the anticipation of danger.

1.3.1 Neurocircuitry of fear
The neurocircuitry of fear and anxiety is the focus of numerous research articles and
reviews. An overiew of the circuitry is described belowjth an emphasis on the regions

that are most relevant to this thesis.

Once the stimulus is perceived by ondledf sensorial systentse. smell of a predator

I olfactory system), the information is sent to thal@imus (TH), primary sensory cortices,



ard association cortices (Figure 1.3). The association cortices have excitatory outputs to the
lateral central angdala (ICeA). Additionally, the thalamus projects to the lateral amygdala
(LA) and to the basolateratreygdala (BLA). The LA also receives ingutom the primary
sensory cortices which is conveyed to the BLA. The BLA sends excitatory projections to
the ventral hippocampus (VH), prelimbic (PL) and infralimbic (IF) cortices and to the medial
central amygdalé&nCeA). Another indirect projection frothe BLA to the mCeA through

the intercalated cells of the amygdala (ITC) is also reported. Then, the mCeA sends
inhibitory projections to the PAG and to the hypothalamus, promoting the behavioural and
physiologicalresponses to fear. PAG is known to meadelfreezing behaviour and the

hypothalamus is involved in the endocrine and physiological fear outcomes.

Therdore, the amygdala, the hippocampus, and the PAG are key regions in fear
acquisition and/or expressiohhe specific role of these regions imf@nd anxiety are going
to be further explored in the sections that follow. Special attention will be givéreto
amygdala, because four of the six studies described in this thesis are focused on two
subnuclei othe amygdald BLA and CeA.

Stimulus
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—
“ / Responses
—

“ !

\_| S ras | s
— -
|

PVN Endocrine
Responses

Figure 1.3: Graphical representation of fear neurocircuitry. In red, thggdalar regions
involved in fear and anxiety responses. LA, lateral amygdala; ICeA, lateral central
amygdala; BLA, basolateral amygdala; mCeAgdial central amygdala; ITC, intercalated
cells of the amygdala; VH, ventral hippocampus; PL, prelimbic coitexinfralimbic
cortex; PAG, periaqgueductal grey; LHyp, lateral hypothalamus; PVN, paraventricular

nucleus of the thalamus.
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1.3.1.1Amygdala - Neuroanadomyand neurophysiology

The amygdala is an almond shaped structure localised in the temporal lobe. Burdach
was the first scientist to identify and describe this structure (although his description only
included what we today know as the basolateral campback in the 19 centuy (Sah et
al.,2003) Subsequentl vy, Paul McLean introduced
of a limbic system to structurdselieved to be involved in emotion and/emotional
responses. Tdesestructures, he included the amygd@icLean, 1949)Later,studies by
Kluver and Bucy demonstratechithesionsof the medial temporal lobe ofankeys impaired
emotional respondg (Kluver, H., & Bucy, 1937, 1939)inally, with the experirents of
Weiskrantz in which he restrictelde lesions to the amygdaloid compléhe importance of
the amygdala in emotional processing was def{iéeiskrantz, 1956)Afterwards, studies
using classical and instrumental conditioning cemented the role of the amygdala and its
neurocircuitry not only in fear, but also anxietydanemory processiny.ery interestingly,
Adolphset alreported in 1994he case of a woman identified only as S.M. who suffered
from UrbachWiethe disease, a condition that causes a nearly complete bilateral destruction
of the amygdala while sparing hipggmpus and other neocorticelgions. Thanks to the
help of S.M., it wa possible to observe the role of the amygdaloid complex in emotional

face recognition and endorse the role of the region in emotion processing.

The amygdala is a broad and heterogeseegion that comprises ~13abei that differ
in cytostructure, embryoc origin, histochemistry and afferent/efferent connections. There
are numerous reviews on the neuroanatomical division of the amygdala, but the most
common nomenclature is the onedatuced by Price et al (198in) which the amygdala is
divided into thee regions: (1) basolateral (BLA), (2) cortical, (3) and centromedial (CeA)
(see Figure 1.4 for details of the subnuclei included in each of the groups mentioned above).
However, somehors, based on anatomicaldies from Alheid and Heimer et al (1988)
argue that regions like the bed nucleus of the stria terminata (BNST) and some regions of
the substantia inominata should be included in the amygdaloid complex, due to its similarity
in origin and efferent connectis. More specifically, they argue thhese regions are an
extension of the centromedi al compl ex and

amygdal ao.

Another recent neuroanatomical organisation of the amygdala wasse by Swanson

and Petrovich(Swanson and Petvich, 1998) They took into consideration the
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developmental origin of each region and subdivided the amygdala into four regions: (1)
frontotemporal, which incorporates regions withtiwal-like neurons (i.e. calthat receive
similar afferent connectis and contain similar cytoarchitecture to cortical neurons), (2)
autonomic, which includes regions involved in autonomic control and with strigkam
neurons, and (3) main olfactoayd (4) accessory olfactoryhweh are targets of olfactory
projections SwansorPetrovich (SP) organisation fits well with the wideiged Price (Pr)
organisation: frontotemporal (SP) correlates with the basolateral complex (Pr), autonomic
(SP) with the entromedial complex (Pr), atlde main and accessory groups (SP) with t
cortical complex (Pr). Therefore, | decided to use the most common nomenclature proposed

by Price for this thesis.

[] Basolateral Nuclei |

O centromedial Nuclei :

I Cortical Nuclei U
[
[

Dorsal

Lateral * Medial

Ventral

Figure 1.4: Graphical representation of theaéomical location of the amygdala (dashed
square) and the subdivision of the amygdala. LAdI, dorsolateral lateral amygdala; Bmc,
basal amygdala; CeC, capsular central amygdala; Cel, latenalal amygdala; CeM,
medial central amygdala; CoA, anterior azat nucleus.
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Most of the cells found ithe BLA (~70% according to Sah et al, 2003) are pyrariikial

(or projection) neurons. They are glutamatergic neurons, which form the mabthe
BLA. The second main group of cells in the BLA is the spinjscd@lhese are GABAergic
interneurons regmsible for the local flow of information. On the other hand, the
predominant cell type in the CeA is the medium spinal neurons, similargpitte¢ neurons
found in the striatum. These are GABAergic neurons. Ttunle the projections of the

BLA are manly glutamatergic, projections from the CeA are mainly GABAergic.

As mentioned before, the amygdala is part of the limbic sysi&mrefore, it has
been studied extensively for its role in emotional respongsksansequently, is the subject
of multiple reviewson its role in fea(Deutch andCharney, 1996; Charney et al., 1998;
LeDoux, 2000, 2007, 2014; Davis and Whalen, 2001; Radulovic and Spiess, 2001; Paré et
al., 2004; Sim and Liberzon, 2010; Herry et al., 2010a; Orsini and Maren, 2012; Lalumiere,
2014; Tovote et al.,, 2015; Sah, 2017; &ar 2017)and anxiety(Gilpin et al., 205;
Linsambarth et al., 2017$everal stues show that lesions or inactivation of different nuclei
of the amygdala impair the expression of fear behaviour in rodents (see Table 1.1). Lesions
of the amygdala in huams also disrupt fear respongadolphs et al., 1994; Andson and
Phelps, 2001)

The BLA is consiéred the hub for fear/anxiety responses due to its central position
in the circuitry (see Figure 1.3). It receives important inputs from different regions (i.e. LA,
thalamws, hippocampus, and PFC) and sends ptiojes to the CeA which transmits the
information to the PAG (further discussed in section 1.3.3) and hypothalamus. These regions
are responsibldor the final behavioural and physiological outcome. Further studies
confirmed the importance of the BLA in feand anxiety. The inactivation of the Blakd
the VH impaired fear expression and extinction in ¢&talin and McGaugh, 2006; Siefra
Mercado et al., 2011bAdditionally, synaptic plasticity within the BLA was shown to be
crudal for fear memory formatio(Maren, 1996; Ressler and Maren, 201 )rthermore,
other studies applying optogeneflduff et al, 2013; Lalumiere, 2014nd geneti¢Pape
and Stork2006; Haubensak et al., 20T@gthods cofirmed thekey modulatory rolef the
BLA in fear expression. Recently, the circuitry behind fear expression has been extensively
investigated Davis and Reijmers, 2018Hence, neuronal networks linking the BLA with
other brain regions were revealed to be of great importance for anxiety and fear responses,
especially the BLAHippocampugSparta et al., 2014; Yang and Wang, 2017; Wahlstrom
et al., 2018aand BLA-mPFC (McGarry and Carter, 2017; Bloodgood et al., 2018; Uliana

13



et al., 2018; Lingawi et al., 2019gathways. The BLA has a similar vital rolén anxiety
modulation(Bruchas et al., 2009; Etkin dt, 2009; Roozendaal et al., 2009; Knoll et al.,
2011; Babaev et al., 2018)ye et al (2011havereportedthat optogenetic activation of
BLA terminalsin the CeA resudtin a robust anxiolytic effect. Theghotoinhibition of the
projections from the BLA to the VH also had anxiolytic effects, while its activation
increased anxietfFelix-Ortiz et al., 2013)Noradrenergic release into tBeA was shown

to have anxiogenic effectdMcCall et al., 2017) and chemogenét and optogenetic
activation ofbo-adrenergic receptors also increases innate and social af&ieta et al.,
2016) Importantly, the glutamaterg{gZimmerman and Maren, 2010; Li and Rainnie, 2014
, GABAergic (Makkar et al., 2010b; Babaev et al., 2Qi8)paminergi¢Pezze et al., 2005;
de Oliveira et al., 2014; Li and Rainnie, 2014; Lee et al., 208éfptoninergidBauer,
2015a) noradrenergi¢Roozendaal et al., 20Q@ndocannabinoifLutz et al., 2015; Lisboa

et al.,, 2017; Patel et al., 2017; Morena et al., 2018agl opioid(Knoll et al., 2011;
Nummenmaa and Tuominen, 205§stems in the BLA were revealed to be involved in fear

and anxiety responses.

For a long time, the CeA wamly seen as an output subdivision of the amygdala,
because of the outcomes of its lesion or inatibweon behavioural and autonomic responses
to fear (table 1.1), which had similar outcomes to PAG and hypothalamus lesions. These
studies lead to the rioh that CeA mediates fear through downstream projections to these
regions. However, recent studiesvbaevealed a more significant role for the CeA in fear
and anxiety both in roden{€iocchi et al., 2010a; Caaiho et al., 2015; Cai et al., 2018)
and in monkey¢Kalin et al, 2004) Notably, instead of being a homogeneous structure, the
CeA was revealed to have severabdivisions with different cytoarchitectures, functions
and inputd while its medial portion (medial central nucleus of the amygdala; mCeA) is the
main sairce of output projections, the lateral division (lateral central nucleus of the
amygdala; ICeA) is amprised of inhibitory circuit¢Keifer et al., 2015a)This discovery
was very important because it triggered mareuted investigations on the modulation of
each individual subdivision of the CeA. For exampl&pcchi et al (2010) have
demonstrated that the optogenetic activation of the mCeA resulted in freezing expression
and muscimoladministration into the ICeA, but into mCeA or entire CeA, resulted in
unconditioned freezing. Moreover, the inactivation of ICeA during feaditioning lead to
fear expression impairment and the inactivation of mCeA and entire CeA 24 hours after

condiioning resulted in freezing expression deficits. Additional to its important role in fear
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expression, CeA was also shown to be involved in anxetfged responsg®avis et al.,
2010; Lyons and Thiele, 2010; Gilpin et aD13; Fox and Shackman, 201Bgsions of the
CeA were shown to attenuate strestuced anxiety behaviogventuraSilva et al., 2013)
Moreover, as previously reported, the activation of the BL&A pathway was shown to

reduce anxietyTye et al., 2011)

The LA was also extensively investigated due to its strong connections t@ryprim
sensorial cortices. Thus, the LA is an important region in tone and-fased models for
associative caditioning. Recently, two studies using optogenetic tools confirmed the
important role of the LA in classical fear conditionifdne photoactivatio of LA neurons
simultaneously to the presentation of a CS could be used as a substitute for the footshock
US, resulting in conditioned freezin@lohansen et al., 2010)\nother study showed that
brief photoactivation LA axonal terminals from the auditory thalamus and the auditory
cortex can substitute for a tone CS whpaired with footshock, resulting in conditioned

freezing and synaptic potentiatiNabavi et al., 2014)

In situ hybridization has shown that the amygdala hascla distribution of
dopaminergic receptor D>; MeadorWoodruff et al., 1991a, 1991bThere are a gl
number of studies supporting the notion that the dopaminergic system in the amygdala is
involved fear aml anxiety expressioffor a review see Brandao @éiCoimbra, 2018)For
instance, antagonists at> Deduce the acquisition and expression of Pavlovian fear
conditioning. Moreover, an int/BLA injection of the B antagonistSCH23390inhibited
fearpotentiated startl@le Oliveira et al., 2011a@and attenuates conditioned fédader and
LeDoux, 1999) Infusions of sulpiridea dopaminergic antagonigiefore acquisition or
before bothacquisition and retention testing also significantly attenuated contextual
conditioned freezing during the retention test 24 h laterOliveira et al., 2006; Oliveira et
al., 2009) Thus, these findings erasize the importance of the dopaminergic system in the

formation and/or consolidation of fear memories.

The amygdala receives serotoninergic innervation and serotoninergic retgpdors
2 and 3were shown to be expressed in the redPazos and Palacios, 1985; Tecott et al.,
1993; YilmazerHanke et al., 2003; Hensler, 2006; Smith and Porrino, 2008; Asan et al.,
2013) The pharmacological manipulations of serotonin transmission in the amygdala had
effects on anxietyMenard and Treit, 1999; Lowry et al., 2005; Christianson et al., 2010;
for a review see Asan et al., 2018)d feairelated behaviou(for a review see Bauer,
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2015b) For instancemicrodialysis studies suggest that both CS and US presentatens a
capable of enhancing-BT release in the BLA, with increasedHd in response to
inescapable shockg\mat et al., 1998and fear memory retrievgZanoveli et al., 2009)
Moreover, depletion of BT by 5, Zdihydroxytryptamine injections the amygdaldad
reduced acquisition of fear during conditioning and recall on subsequent testing days
(Johnson et al., 2015)

In summary, the amygdaloid complex and its divisibage a key modulatory role
in fear and anxiety responses. Hence, it is ingmirto further explore their neurocircuitry
and neurophysiology in order to advance our understanding of emotional procesheg
brain and identify new therapeutic targets for anxiety and fear disorders.
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Tablel.1: Studies showing the effects of lesimninactivation othe amygdalaubnuclei orfear conditioningesponses.

Lesion/inactivation

Region

Lesion and
inactivation

BLA

Type of lesion/inactivation

Lesion: NMDA injections

Inactivation: Muscimol
injection

Animal

Rats

Fear conditioning protocol

Unconditioned footshock

Outcome

Neither neurotoxic BLA lesions nor

temporary inactivation of the BLA during

overtraining prevented the inflation effect

Reference

Rabinak and Maren,
2008

Lesion and
inactivation

BLA and CeA

Lesion: NMDA injections

Inactivation: Muscimol
injection

Rats- Long
Evans

Auditory and contextual
conditioning

Rats with pretraining CeA lesions (whethe
alone or in combination with BLA lesiong
did not acquire conditional freezing t
either the conditioning context or an
auditory conditional stimulus after
extensive overtraining. Similarly, pest
training lesionof the CEA or BLA
prevented the expression of overtrained
fear. Muscimol infusions into the CeA

prevented both the acquisitn and the
expression of overtrained fear.

Zimmerman et al.,
2007

Lesion and
inactivation

BLA and LA*
*described as
frontotempora
| amygdala,
which
comprises
these two
subdivisions

Lesion: NMDA injections
Inactivation: Muscimol
injection

Rats

Auditory fea conditioning
(tone paired with footshock)

Lesions of the frontotemporal region of th

amygdala, which includes lateral and bas

nuclei, cause a loss of conditional fear

responses, such as freezing. Fear memc

is abolished if BLA and LA is inactivatgd

muscimol during the inflation treatment
with strong shocks.

Fanselow and Gale,
2006

Lesion

BLA, LA and
CeA

Electrolytic lesions

Rats

Auditory and contextual
conditioning

LA and CeA lesions attenuated freezing
both contextual and auditory conditional
stimuli. Lesions of the basal nuclei
produced deficits in contextual and
auditory fear conditioning only when the
damage extended into the anterior
divisions of the basal nuclei

Goosens and Maren
2001
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Lesion

BLA

Olney's lesionsNMDA
receptor antagonis
neurotoxicity (NAN)

Rats- Long
Evans

Contextual conditioning and
Auditory fear conditioning
(tone + footshock)

BLA lesions before conditioning reduce(
freezing (1 or 25 conditioning trials). Pog
conditioning BLA lesions extinguished th
memory for Pawvian fear (1 or 75 trials);

Results irboth contextual and auditory

conditioning

Maren et al., 1999

Lesion

BLA

Not reported

Not
reported

Olfactory fear conditioning

Pretraining excitotoxic lesions of the BL/
abolished immediate postshodteezing,
conditioned freezing to an olfactory CS,
and conditioned freezing to the training
context. Excitotoxic lesions of the BLA
produced either 1 day or 15 days after
olfactory fear conditioning abolished botl
odor-elicited and contextual freezing.

Causeans and Ott,
1998

Lesion

BLA

NMDA injections

Rats

Auditory fear conditioning
(tone paired with footshock)

BLAlesioned rats displayed robust freezir|
deficits across both shoterm (24hr) and
longterm (16 months) tests.

Gale et al., 2004

Lesion

BLA

NMDA injectons

Rats- Long
Evans

Context Conditioning

Posttraining BLA lesions resulted in strof
deficits in contextual freezing expression
Overtraining does not affect the magnitud
of these deficits. Similarly, overtraining di
not influence the level of reacqsition

obtained by rats with postraining BLA

lesions after 10 reacquisition trials. A
similar pattern of results was observed ir
rats with pretraining BLA lesions

Maren, 1998

Lesion

BLA

NMDA injections

Rats- Long
Evans

Auditory and contextual
conditioning

There were severe effects of pesaining
BLA lesions on the expression of
conditional freezing even after extensive
presurgical overtraining (235 trials).
Moreover, there was no evidence for
sparing of fear memonyi.g., savings) in
these rats.

Maren, 2001
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Lesion

BLA

NMDA injections

Rats- Long
Evans

Auditory and contextual
conditioning

Pretraining BLA lesions yielded severe
deficits in the acquisition of conditional
freezing in rats trained with either 1 or 2§

conditioning trials. However, extsive
overtraining (50 or 75 trials) mitigated
deficits in conditional freezing in the
contextual but not acoustic protocol. Pesi
training BLA lesions eradicated the
memory for Pavlovian fear in rats trainec
with either 1lor 75 trials; this deficit was
not modality-specific

Maren, 1999

Lesion

BLA

NMDA injections

Rats- Long
Evans

Auditory and contextual
conditioning

BLA lesions abolished conditional freezir

to both the contextual and acoustic

conditional stimuli. Reacquisition training

elevated levels ofreezing in rats with BLA

lesions but did not reduce the magnitude

of their deficit in relation to that of
controls.

Maren et al., 1996a

Lesion

BLA

APV injection (NMDA
antagonist)

Rats- Long
Evans

Context Conditioning

APV infusion into the basolaterainggdala
(BLA), before training, disrupted the
acquisition of contextual fear. APV
produced a disruption dfoth the
acquisition and expression of contextual
fear. This blockade of contextual fear wa
not state dependent, not due to a shift in
footshock senitivity, and not the result of
increased motor activity in APiveated
rats. Fear conditioning was not affted by
a posttraining APV infusion into the BLA

Maren et al., 1996b

Lesion

CeA

Electrolytic lesions with
anodal currents

Rats-
Wistar Rats

Conextual conditioning

Lesioning of the CEA completely abolish:
the bradycardiac response. Immobility
behaviair was slightly diminished.

Roozendaal et al.,
1990

Lesion

CeA

Electrolytic lesions with
anodal currents

Rats-
Wistar Rats

Contextual conditioning

However, CEA lesioning attenuated the
bradycardiac response and the immobilit
behavior during the late part of the test.

Roozendaal et al.,
1991
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Lesion

CeA

Electrolytic lesions

Rats

Contextual conditioning

CeAlesioned rats exhibisignificant less
freezing and USV than néesioned
counterparts when CS was presented.

Choi and Brown,
2003

Lesion

Amygdala
and
Hippocampus|

Electrolytic lesions with
anodal currents

Rats-
Sprague
Dawley

Contextual conditioning and
Auditory fearconditioning
(tone + foothiock)

Pre-conditioning lesions of the amygdalg
disrupted conditioning of fear responses {
both the cue and the context. Lesions of
the hippocampus interfered with
conditioned responses to the context onl)

Phillips and LeDoux
19

Lesion

Amygdala,
Hippo@mpus
and PAG

Electrolytic lesions with
anodal currents

Female Rats
- Long Evang

Contextual conditioning

Rats with amygdala or vIPA&ions
exhibiteda significant attenuation in
freezing both immediately and 24 hr afte
the shocks. Animals withigpocampal
lesions displayed a marked deficit in
freezing 24 hr after the shock

Kim et al., 1993

Lesion

BLA and CeA

Electrolytic lesions with
anodal currents

Rats- Long
Evans

Contextual conditioning

Lesion in both BLA and CeA reduced
amount of freeing. Also, lesions in both
nuclei disrupted FCA

Helmstetter, 1992

Lesion

BLA and CeA

Ibotenic acid

Rats

Conditioned punishment and
suppression

Ratswith lesionsof the CeA exhibited
reduction in the suppression of behaviou
elicited by a conditioned # stimulus, but

were simultaneously able to direct their
actions to avoid further presentations o
this aversive stimulus. In contrast, animal
with lesions of the BLA were unable to
avoid the conditioned awsive stimulus by
their choicebehaviour, bt exhibited
normal conditioned suppression to this
stimulus.

Killcross et al., 1997
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BLA: NMDA injections

Auditory and contextual

Postshockreezing and USV sponses
were significantly impaired in BHésioned
animals, whereas Celasioned animals

exhibited only mild deficits. Similarly,
conditioned fear responses assessed 24

Lesion BLA and CeA CeA: Ibotenic acid and Rats L after trallnlng were severely re duced in Koo et al., 2004
. conditioning BLAlesioned animals Hwnot in CeA
eletrolytic . . . .
lesional animals. In contrast to ibotenic
lesions of the CeA, small electrolytic lesig
of the CeA strongly affected both
postshock and conditioned freezing and
Usv.
BLA, CeA, LA
acessory Animals that received lesions in the LA,
amygdala, Rats- CeA or the entire amygdala, were
Lesion medial Ektrolytic lesions Sprague Auditory Conditioning . . . Y9 ' Nader et al.2001
dramatically impaired, whereas the othel
amygdala Dawley d .
- lesions had little effect.
and entire
amygdala
Lesions of the CeA blocked fear
potentiated startle to both auditory and
Ibotenic aail and electrolytic Rats- visual CSs. Similarly, pr post training | Campeau and Davis
Lesion CeA and BLA . Sprague Acoustic Startle reflex - . .
lesions Dawley electrolytic or NMDAnNduced lesions of 1995
the BLA disrupted fegpotentiated startle
to both CS modalities.
Lesions before and after conditioning
Rats- completely blocked feapotentiated Sananes and Davis
Lesion LA and BLA N-methylD-aspartate Sprague Fearpotentiated startle startle (increased acoustistartle in the 1992
Dawley presence of a light previously paired wit
footshock)
NMDA antagonists infused into the . .
Inactivation BLA APS and AP7 (NMDA Rats Fearpotentiated startle Miserendino et al.,

antagonists)

amygdala block the acquisition but the
expressia of fear conditioning

1990
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Inactivation of BLA before test session
showed a significantly attenuated fear

L L . Rats- Long . response, but resulted in a much smalle] Helmstetter and
Inactivation BLA injection of muscimol Contextual conditioning . i
Evans deaement in conditional fear when Bellgowan, 1994
muscimol was injected prior to training
(conditioning)
Pretraining muscimol prevented memory
retention, but did not alter innate fear.
Rats- Plusmaze discriminative Posttraining muscimol impaired
Inactivation BLA Muscimol inactivation - . consolidation, inducing increased percer| Ribeiro et al., 2011
Wistar avoidance task . . o
in avesive arm exploration in the test
session. Pr¢esting muscimol did not
affect retrieval.
Administration of AP5 to the basolateral .
L S Female Rats . L Fanselow and Kim,
Inactivation BLA and CeA AP5 injections Contextual conditioning nucleus prevented acquisition of fear.
- Long Evang - - 1994
Central nucleus infusions had no effect,
NBQX infusions into the BlirApaired the
) . N acquisition of auditory fear conditioning
Inactivation BLA and CeA NBQX inactivation Ras - Long Audlt0r_y fear _condltlonlng with an inflationmagnitude US, indicating Rabinak et al., 2009
Evans (tone paired with footshock) . .
that the amygdala is required for
associative learning witintense USs.
BLA or CeA blockade during fear
conditioning impaired both auditory and
L APV injection (NMDA Auditory and contextual contextual fear conditioning. Some Goosens and Maren
Inactivation BLA and CeA . Rats e L -
antagonist) conditioning conditionedfear was exhibited by rats 2003
infused with APV into the CeA but not thg
BLA.
Rats- Pretraining, but not posttraining,
Inactivation BLA and LA Muscimol inactivation Sprague Auditory Conditioning infusions eliminated acquisn of fear Wilensky et al., 199¢
Dawley memory.
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Inactivation

BLA, CeA an(
BNST

NBQX

Rats-
Sprague
Dawley

Fear and Lighpotentiated
startle reflex

Infusions into the central nucleus of the
amygdala blocked fegrotentiated but not
light-enhanced startle, anahfusions into
the bed nucleus of the stria terminalis

blocked lightenhanced but not fear

potentiated startle. Infusions into the

basolateral amygdala disrupted both
phenomena.

Walker and Davis,
1997

Inactivation

CeAand LA

Muscimol inactivation

Rats-
Sprague
Dawley

Auditory fear conditioning
(tone paired with footshock)

CeA is involved not only in the expressig

but also the acquisition of fear
conditioning. Alsoinhibition of protein
synthesis in the CeA after training impair
fear memory consolid&n.

Wilensky et al., 200€

Inactivation

Inactivation

LA and BLA

BLA and CeA

injection of muscimol

Injection ofmuscimol

Rats-
Sprague
Dawley

Rats-
Wistar

Contextual conditioning and
Auditory fear conditioning
(tone +footshock)

Contextuakonditioning

Inactivation of LA and BLA before trainin
session disrupt fear learning and
expressn. Results in both contextual an(
auditory conditioning

BLA and CEA inactivation change the
expression of conditioned fear, in a
paradigm using theontext as the

conditioned stimulus (CS). These chang|
are correlated to the innate anxiety levely
of the animals.

Muller et al., 1997

Nobre, 2013
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1.3.1.2Hippocampus- Neuroanatomyand neurophysiology

The hippocampus is also part of the limbic syséem is known to play amportant
role in memory formation and decision makifiRurves et al, 2012Jts name comes from
the combination of the Greek wortigppos(horse) anckampos(sea monster), and it was
chosen based on the resemblance of the shape oégion to a sea hs®. It originates from
the isocortex and, because of that, it is known as a celiiealegion (similarly to the BLA
(Purves et al, 2012)The hippocampal formation can be subdivided in different subregions:
cornu ammonigCA, 1i 4), dentate gyrus (DGand the subiculur{Purves et al, 2012The
CA contain three layersith pyramidal cells as the principal excitatory cells. The dentate
gyrus is morphologically distinct from CA fields and contains densely packed granule cells
(neurons with relatively sail cell bodies). The dentate gyrus is also one of only two regions
in the brain known to houseeural stem cellthat are capable dahifferentiatinginto
newneuronsthroughout adithood (Shapiro et aJ.2007 Iwai et al., 2002 Cameron and
Mckay, 2001)

The hippocampus does not act as a homogeneous structure. Similar to the
amygdaloid complex, subdivisions of the hippocampus associated with different
functions. For instance, the dorsal hippocamgDH) is linked primarily to cognitive
functions, while the ventral hippocampus (VH) is associated with emotional responses, such
as stress and affe@tanselow and Dong, 2010)he fear conditiomg paradigm has a strong
mnemonic aspect, in which the association of the CS to the US is necessary. Therefore, it is
not surprising that studies in which the hippocampus was lasisim@ved impairment in
fear (Phillips and Ledoux, 1992; McNish et al., 1997; GiseMetrier et al., 199; Gewirtz
et al., 2000; Maren and Holt, 2000; Trivedi and Coover, 2006y &toal., 2016aand
anxiety (Trivedi and Coover, 2004; Raper et al., 20E&XpressionHowever, NMDA
induced le®ns of the DH one after auditory fear conditioning and ten days before re
exposure did not abolish contextual fear. In fact, tikh@s showed that regions of the
mPFC compensated for the hippocampal IG&slikowsky et al., 2013)Importantly,
contextual memories formed in the absence of the dorsal hippocampus werecs fexen
over time, which led to the conclusion that the dorsal hippocampus although not essential in
the formation of fear memorys needed for its consolidatiqZelikowsky et al., 2012)
Several studies have indicated neuronal plasticity in the DH following contextual fear
conditioning (CFC), which provides more evidence for the current theory on the necessity
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of the hippocampal formation for fear egpsion. As mentioned before, the neurocircuitry
between amygdala and hippocampus has been the subject of some investigatigns
optogenetics. Sparta et al (2014) demonstrated that the inhibition of thes@binal

cortex pathway during CFC acquisiti impaired freezing, but the inhibition during recall

(or reactivation) did not have any effects. The stimulation of tmegaathway was shown

to enhance retention of spatial memory and impair retention of associative memory, and its
inhibition resultedn trends in the opposite directigwahlstrom et al., 2018)The phote
stimulation of the BLAVH pathway after CFC enhanced recall of footshock leargtudf

et al., 2016)nd its inhibition had similar effec{Xu et al., 2016) Additionally, CA was
revealed to be activated by anxiogenic environméditrenez et al.2018) The same
authors showed that the optogenetic activation of the-B4bthalamic pathway increases
anxiety and the photactivation of the CA1BLA pathway impaired contextual memory. In
conclusion, the hippocampal formation has been revealed/éoa key modulatory role

the expression of fear and anxiety, although different regions of the hippocampus are

involved in distnct functions of the circuitry.

1.3.1.3Prefrontal Cortex (PFC) - Neuroanatomyand neurophysiology
Early studies in which theedial PFC (mPFC) was lesioned demonstrated its importance in
fear responses, especially during the extinction prqééssggan et al., 1993; Morrow et al.,
1999; Quirk et al., @00). Extinction is defined as a learned inhibition of retrieval of
previously acquired memorieBlectrophysiology ingstigations have also pointed to a role
of the mPFC in fear extinction and consolidatidilad and Quirk, 2002; Milad et al.,
2004) The role of the mPFC in fear conditioning and anxiesponses has been the subject
of several reviewgDavidson, 2002; SotreBayon et al., 2004; Sotrddayon and Quirk,
2010) Later, a study revealed differential effects of two subregions of the mprimbic
(PL) and infralimbic (IF) on the expression of conditioned (¥#tal-Gonzalez et al., 2006;
de Freis et al., 2013)The authors have shown that microstimulatiothefPL resulted in
increased expression of fear conditioned responses and prevented extinction, while
stimulation of the IL had opposite effects. This dichotomy was further confirmed &y oth
groups(SierraMercado et al., 20)1and a pathway between the two subdivisions of the
mPFC and the different nuclei of the amygdala was proposed and invaxttigaih for fear
(SotresBayon et al., 202; Gilmartin et al.,, 2014; Arrud€arvalho and Clem, 2015;
Giustino ad Maren, 2015and anxietyYamada et al., 2015)
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1.3.1.4Periaqueductal grey (PAG)- Neuroanatomyand neurophysiology
The periaqueductal grefPAG) is a region dense with cell 8@s that surrounds the
midbrain aquedudnd itcan be divided into four subcolummgirsomedialPAG (dMPAG),
dorsolateral PAG (dIPAG), lateral PAG (IPAG), and ventrolateral PAG (vIP@@hdler
and Keay, 1996)The PAG is an important region in the4dpwn regulation of paifMillan,
2002)andalso plays a key role in the expression of fear and anxiety resg@raeff et al.,
1993; Kim et al., 1993; Watson et al., 2016)e PAG is the main effector region for the
behavioural aspect of fear respondeatly studies have shown that lesions of theGPA
impaired freezing expressighiebman et al., 1970; Dostrovsky and Deakin, 1977; Watkins
et al., 1983; Helmstetter and Tershner, 1994; Afspemth et al., 1999)Likewise, its
activation elicits unconditioned freezir(¢iegel and Brownstein, 1975; Di Scala et al.,
1987) The different subdivisions of the PAG were shown to be distinctly involved in fear
conditioning. The dmPAG, dIPAG and IPAG seem to be more involvedhatarresponses
whereas the VIPAG is involved in learned resporidsrgan et al., 1998; Watson et al.,
2016; Rozeske et al., 201&) recent study indicated that both the dmPAG and vIPAG were
involved in the coding of the CS in an extilon protocol(Watson et al., 2016suggesting
that the roles of the PAG subcolumns can be more complex than thought until now. The
neuronal connectionsf ®AG with other brain regions in fear conditioning has also been
examined. For instanceRozeske et al(2018) have revealed projections fro the
dorsomedial PFC (dmPFC) to the IPAG and VvIPAG that are selectively activated during
contextualfear discrimination. Moreover, in this same study, the authors showed that

optogenetic activation of this projection promoted contextual fear discrimmnatio

1.4 Pain and anxiety interactions

1.4.1 Anxiety and comorbidity with pain disorders

Pain has an important emotional and affective component, and chronic pain is often
associated with affective disorders, like anxiety and depression. A substantial number of
studies show that patients suffering with chronic pain have higher prevalence of co
morbidity with anxiety disorder@emyttenaee et al., 2007; Asmundson and Katz, 2009;
Velly and Mohit, 2018) For example, ptients with chronic pain are twice as likely to

develop phobiagPereira et al., 2017Notably, theprevalence of depressive symptoms in
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patients with chronic pain reaches 15%, against only 2.8% in patients that did not report any

pain.

Moreover, there seems to be a relationship between the intensity of the pain and anxiety
symptoms. People who reporiveee pain are more likely to have higher anxi@jurphy

et al., 2012; de Heer et al., 2014a)l psttraumatic stress disorder (PTSD) symptoms tend

to bemore pronounced in patients with chronic p@smundson et al., 2002)

Likewise, anxiety @n exacerbate painful experiencegople suffering with anxiety
disorders report higher pain scores than healthy @lsifBompili et al., 2012)Additionally,
improvement in anxiety symptoms resulted in a decreagaio intensity in individuals
with chronic painScott et al.2016)

1.4.2 Fear Conditioned Analgesia (FCA)

In the 1970sthreegroyps independently reported a phenomenon that would link pain
responses to anxiety/stress exposure. Akil et al (1976) showed that the presentation of
inescapable footshocks increased ghnesholds in rats. Interestinglylayer et al(1975)

also eported an increase in rat pain thresholds following diffe stresafl stimuli (i.e.
footshock, centrifugal rotation, and cold water). In 19ZHance et al(1977) paired the
footshock wih a neutral stimulus and observed that the presentation of the neutral stimulus
triggered elevation of pain thresholds. After these observations, several studies investigated
the phenoranon called stresaduced analgesigSlA; Mayer et al., 1975; Amit and Galina,

1986; van der Kolk et al., 1989; Butler aricin, 2009) The presentation of stressftihsuli

induces robust pfsiological changes and results in SIA with the involvement of several

neuromodulators in different brain regig@itler and Finn, 2009)

Fearconditioned analgesia (FCA) is a subtype of SIA. In FCA, the stressful or fearful
stimulus (unconditioned stimulus, US; e.g. footshock) is paired with a neutral stimulus
(conditioned stnulus, CS; e.g. context) and the exposurééopreviously neutral ishulus

elicits pain suppression. The-egposure of CS is enough to trigger behavioural and
physiological responses similar to what is seen upon exposure to US. Thus, exposure to the
CSelicits robust FCAFinn et al., 2004; Butler et al., 2008; Butler and Finn, 2009; Rea et
al., 2013) eliciting as much as 90% suppression of §ginn etal., 2004.
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The study of FCA is importanbf improved understandjnthe physiology of endogenous
analgesia and stress/fqaain interactions, and also to facilitate discovery of novel
therapeutic targets for pain disorders and their comorbidity vetr/dnxietyrelated
disorders. A better undeasiding of the neurobioby of this phenomenon could potentially
allow us to modulate the mechanism for therapeutic benefit. Moreover, impaired expression
of SIA/FCA could point to an impairment of the descegdinhibitory pathway. This
information has @otential to help bothht diagnostic and the choice for a future treatment

of patients, which would improve success rate in pain treatments and avoid secondary

morbidities such as addiction, anxiety and degogs

There are several models of FCA, butdlhem involve the asgiation of a fearful stimulus

(US) with a neutral stimulus (CS) and aspect method of inducing and assessing pain.
Examples of FCA models, in rodents and humans, were preserdedédéryand Finr{2009)

The most commonly used US is footshock that can be associated with a tone, tight o
context itself. The noxious stimuli inde formalin and carragaan intraplantar injections

and thermal/heat exposure.

1.4.2.1Neurobiology of FCA

As previouslydescribed, the ascending and descending pain pathways work in an
equilibrium and disturbancesn this balance resulis one of the possible origins of
pathologicabpain. In addition, exposure to a fearful stimulus triggers endogenous analgesia
named FCA, through the activation of the descending inhibitory pain pathway. Pé&aand
are mediatednd modulated by complex networks which involve different neuromauslat
and brain regions (see Sections 1.2 and 1.3). Some of these brain regions and their
neurocircuitry are shared by both systems, particularly the PFC, amygdalheaP4G.

These site and their internal neurophysiology are, therefore, also importarben

expression and modulation of FCA.

The PFC is involved in the modulation of p&Baulmannet al., 1999; Luongo et al.,
2013; Ong et al., 2019Ynd fear(SotresBayon and Quirk, 2010; Gilmartin al., 2014;
Wellman and Moench, 2018¢sponses. In rats, the medial part of the PFC (mPFC) can be
further anatomically divided according to connectivity and functiomsfralimbic (IL) and

prelimbic (PL) subregions. Preclinical investigations haveceteéd that mPFC activity is
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altered in pain states. Specifically, activity of both the PL and IL are reduced in acute and
chronic pain(Ji et al., 2010; Ji and Neugebauer, 2014; Thompson and Neugebauer, 2018)
Moreover, optogenetic activahoof the PL in amnhals with spared nerve injury (SNI)
inhibited mechanical and therngin responsdg.ee et al., 203). Silencing é parvalbumin
positive PV+) interneurons in the PL of SNI rats dewed tonic pain responses and
mechanical and thermal sensitivity whereas the activation enhanceddsidéd tonic pain

and mechanical and thermal nocicept{@hang et al., 2015 Furthermoreseveralstudies

point to an involement of the GABAgic (Zhang et al 2015) glutamaergic(Kelly et al.,

2016) dopaminergi¢Huang et al., 2018nd cannabinoidKiritoshi et al., 2016; Rea et al.,
2018)systems in thenPFC in the modulation of pain. As discussed before, the PL and IL
have distinct roles in far response regulation, with the IL thought to be more involved with
extinction and the PL with the acquisition of fear memofiddal-Gonzalez et al., 2006;
Herry et al., 2010b; Giustino and Maren, 2015he importance of the PFi@ FCA was
shown befoei MAPK signalling was attenuated in the PFC of rats expressing(BG#er

et al., 2011) GABAA receptor antagonism in the veadtand dorseamedial hypothalamus
resulted in FCA that was attenuated by microinjection oaltathloride (synaptic blocker)

and AM251 (CB antagonist) into the P(de Freitas et al2013) RecentlyRea et al(2018)

have demonstrated differential roles of the endocannabinoid system in the PL and IL in FCA

and expressionf contextual fear in the presence of nociceptive tone.

The amygdala is a key stituce in both pain processir{jleugebauer, 201%5nd fear
modulation(LeDoux, 2000; Myskiw et al., 2014; Adhikari et al., 201Bhe amygdala is
especially involved in the emotioraffective component of paiiNeugebauer, 2015 he
BLA and LA receive nociceptive inputs from the thalamus,rateingulate cortex (ACC),
and mPFC which are conveyed to the CeA. AdditionallyGRA receives direct projections
with nociceptive information from the PN (Figure 1.3). The BLA and laterocapsular
subdivision of the CeA responds preferentially to nagigtimulation(Neugebauer et al.,
2009; Ji et al., 2010)Painrelated neuroplasticitgnd activity in the different subdsions
of the amygdala has been dsliahed in electrophysiologicalbiochemical ard
pharmacologicaktudies after the induction of different pain stafleisand Neugebauer,
2004; Neugebauer, 2007, 2015; Veinante et al., 2008 role of the amygdala in fear
responses was reviewed previously (see section 1.3.1). Briefly attéevation or lesion of

the BLA and CeA has robust effects on fear expression (dde Td). The modulation of
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intra,amygdalar connectivity and activity within the BLA and CeA modulates fear responses
(Hartley and Phelps, 2010; Tovote et al., 20%zquierdo et al., 2016)

The amygdala also has an importavie in the expression and modulation of FCA.
The first studies investigating the role of the amygdala in FCA demonstrated that electrolytic
and chemical (i.e. ibotenic acid) lesions of theABand CeA abolish FCA in rats
(Helmstetter, 1992b; Helmstetter aBellgowan, 1993; Watkins et al., 1993; Fox and
Sorenson, 1994; Bellgowan and Helmstetter, 19%inilarly, the microinjection of
diazepam(Helmstetter, 1993and midalozanfWestbrook, 1995into the BLA attenuated
FCA, these studies provided the first evidence for the involveméme GABAergic system
in FCA. Following these investigations, raseh on focused on the contribution of the
opioid systemGreeley(1989)published a review in kich the contribution of the opioid
system to FCA is discussed. However, other-opiwid mechanisms were known to exist
(Lewis et al., 1980)In 2004, Finn et al provided the first evidence foroke of the
endogenous cannabinoid (endocannabinoid) syste@Ankrats (ref). In 20091lohmann
et al. (2005) repated an endocannabinoid mechanism of SIA. The following year, these
latter authors demonstrated the involvement of the endocannabinoid system in the BLA in
FCA (Connell et al., 2006} ater, intraBLA microinjections of muscimol (GABAreceptor
agonist) and AM251 (CBreceptor antagonist/inverse agonist) were shown to prevent FCA
in ras (Rea et al., 2011a, 2013b)hese authors demonstrated that the endocannabinoid
mediated FCA was partially attenuated by ifBlaA administration of bicuculline (GABA
antagonist) oMPEP @-methyt6-(phenylethynyl) pyridine; mGIuR5 antagonifRea et al.,
2013b) A recent studyhaselucidated how di#rent cell populatiohare activated in the
BLA and in the CeA during FCA mice(Butler et al., 2017)

The PAG is an important region in the tdpwn regulation of pai@Millan, 2002)and
it also plays a key role in the expression of fead anxiety responséSraeff et al., 193;
Kim et al., 1993; Watson et al., 2018he antinociception caused by the activation of the
descending pain pathway and the ascendiagstnission depends on the PAtediated
activation of the RVM(Millan, 2002) and is modulated by different glutamatergic and
GABAergic subpopulations of neuroffsamineni et al., 2017Moreover, stimulation of the
PAG resulted in robust analgegMayer and Liebeskind, 1974; Walker ét 4999) The
role of the PAG in fear responses was also reviewed previously (see section 1.3.1.2). Briefly,
lesions of the PAG were showta attenuate fear in animafkiebman et al., 1970)In

humans, electrical stimulation of PAGrgated reports of fear, aversion, and [jiieene
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and Figueroa, 1977Qdditionally, PAG stimulation triggers behaviours that were related to
anxiety and feafSiegel and Brownstein,9¥5; Schenberg and Graeff, 1978)animals.
Importantly, several studies have investigated the role of PA@Adxpression. Lesions

of the dIPAG (Kinscheck et al., 1984and VvIPAG (Bellgowan and ldimstetter, 1996)
attenuated FCA. IntralPAG administation of naltrexone attenuated FQAelmstetter and
LandeiraFernandez, 199@nd vIPAG and dIPAG blocked FQMelmdetter and Tershner,
1994) IntradIPAG microinjectionof rimonabant (CBreceptor antagonist/inverse agonist)
attenuated FCA, confirming a role of the endocannabinoid system within the PAG in FCA
expressionSuplita et al., 2005; Olango et al., 2012Abso, SIA was prevented by intra
PAG administration of CB(AM251) and OX (SB334867) amtgonists in micéLee et al.,
2016) Recently, chemical lesions (i.e. ibotenic acid) of vIPAG and dPAG were shown to
reduce FCA in guinea pid¥ieira-Rastd et al., 2018)

In summary, the mPFC, the amygdala and the PAG play key roles in expression of FCA.
The opioid and the endocannabinoid systems are key mediators of FCA within these regions,
alongside the GABAergic and glutamatergic systems. Moreovesnoaminergic
transmission within other brain regions is also involved in expression of(BG#er and
Finn, 2009)

1.5Peroxisome Proliferator-activated Recgtors (PPARS)
A significant proportion of sectiors5.], 1.5.2and 1.5.3elow has been published in

Okine et al. (2018) on which | was joint first author.

1.5.1 Overview

The PPARs are ligandependent transcription factors that belongh iuclear hormone
superfamily of receptors. Three major isof
mouse livel(lssemann and Green, 1990) PP R@a/nd PPARDO, brmopus c | o n e
(Dreyer et al., 1992) These three isoforms share a commounctire typified by the

presence of a highly conserved DNA binding domain, with two zinc finger motifs, that
recognise peroxisome proliferator response element (PPRE) in the promotess refjio

target genegDesvergne and Wahli, 1999)hey also contain twtranscription activation

domains; ligand independent AlFn the nrterminal domair{Delerive et al., 2002and AF

2 in cterminal domain, which is ligardependent and has a large tigebinding domain.
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This large ligand binding domain makes it possiior PPARSs to interact with a wide array

of synthetic and natural lipid ligands.

The PPAR signalling system comprises the three isoforms of PPARARA,
PPARb/dand PPAR 1 and their edogenous ligands (mainly, but restricted b,
acylethanolandesi NAEs i1 such as palmitoylethanolade i PEA, oleylethanolande,
OEA, and anandamide, ABAogether with the biological mechanisms for the synthesis and

metabolism of these ligan{§able 12).
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Tablel.2: Endogenous ligands at PPARs.

Endogenous Ligands PPAR | PPARV/G| PPARy Reference
Vv \% 0Cdz SG Ff®dX wnn

OEA 2006)

PEA V V \Y, (LoVerme et al., 2005; Paterniti el
al., 2013

AEA \% \% (Bouaboula et al., 2005; Sun et al
2007)

2-AG metabolites \Y, \Y, (Kozak et al., 2002; Rockwell et a
2006; Kaczocha et al., 2014)

Oleamine Vv \% (Fakhfouriet al., 2012; Granja et
al., 2012)

Virodhamine \% (Sun et al., 2007)

Noladin ether \% (Sun et al., 2007)

N-arachidonoyldopamine \% OhQ{dz t A@lFy Si

(NADA)

Unsaturated fatty acids \Y \Y \Y (Forman et al., 1997; Kliewer et
al., 1997; Waku et al., 2009)

Saturated fatty acids \% \% \% (Kliewer et al., 1997; Waku et al.,
2009)

Palmitic acid Vv (Aoyama et al., 2002)

Palmitoleic acid \Y (Chimin and Torrekeal, 2013)

Oleic acid \% (Ziamajidi et al., 2013; Alen et al.,
2018)

Linoleic acid \Y, \% (MoyaCamarena et al., 1999; Bul
et al., 2003; Schopfer et al., 2005

Arachidonic acid (and \Y (Caijo et al., 2005Frombetta et

metabolites¢ HEE) al., 2007)

Eicosapentaenai \% \% (Forman et al., 1997; Xu et al.,
1999)

Serotonin metabolites V (Waku et al., 2010b)

Phytanic acid \Y (Heim and Johnson, 2002)

Carbaprostacyclin (cPpl \% (Kurtz et al., 2010)

3-hydroxy(2,2)dimethyl \% (Chakrabarti et al., 2019)

butyrate
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1.5.2 Mechanism of action

PPARs exist as heterodimers with thén@d X receptor (RXR), bound to eepressor

proteins in the inactive state. Upon ligand activation, theepeessors dissociate from the
PPAR/RXR complex, allowing for the recruitment of-activators. The actated
PPAR/RXRco-activator complex sulesjuently binds to specific DNA sequences or PPRE,
resulting in the transcriptional activation of target gg/@gen et al., 1992, Tugwood et al.,

1992) Genes regulated by PPARSs via this PRiRRendent mechanism amainly involved

in lipid and lipoproten metabolism(Tugwood et al., 1992) Alternative non-genomic
mechanisms of action have been reported, esdediy f or PPARU which h
inflammatory effectgDelerive et al., 2001)These latter mechanisnrs/olve inhibition of

NF-kB and ARl inflammatory signalling and the consequent tnamsession of pro
inflammatory genes such as inducible nitriddex synthase (iINOS), cyclooxygen&e

(COX-2) and tumour necrosis factalpha (TNFU )(Crisafulli and Cuzacrea, 20009,
Cuzzocrea et al., 2008, Delerive et al., 2000hese antinflammatory consequences of
PPARU activation ar e fthisnreceptaorin tmadulating dotht h e r

inflammatoryand neuropathic pain.

15.3 PPARs and pain
1.5.3.1 Expres®n of PPARSs in key components of the pain pathway

A role for PPAR signalling in pain processing igggasted by studies demonstrating the
presence fothe different PPAR isoforms at key peripheral, spinal and supraspinal sites
involved in pain processingéble 1.3 . Wi t hin the periphery, PP
dorsal root ganglion (DRQJLoVerme et al.2006)Un | i k e PniyArededgef the

expr e s s i 0 n /dinfthe BRRGAdRrfains unexplored. Despite the paucity of data on the

di stribution pattern of PP AlRtdesandClibresgthec e pt i v
reported analgesic effects PR RU agoni sts admi ni magmaled | oc
modelsof inflammatory and neuropathic pain suggest a modulatory influence on peripheral
noci ceptive afferents such t hat activatio
suppression/silencing of nocmtéve afferent fibre firing. However, the vdétion of this

hypot hesi s requires further char act-labelingati on
IHC or in situ hybridisation techniquet® elucidate the neuronal subtypes in which these

receptors arexpressed
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PPARU expr essi dhmsalsobeenm®nstsaied impaelious studig@enani

etal., 2004, Okineetal.,2015) The functi onal rel evance of
cord to nociceptive processing is demonstraaeteastin part by the reported increases in

P P A R Uvatmrtar expregsn in animal models of chronic inflammatory and neuropathic

pain states. For example, using electrophoretic motsihitft assay (EMSA), Benani and
colleagues were able to demonstrate adrapi ncr ease i n activation o
the rat spinal @ard after CFA injection into the hind paiBenani et al., 2004Moreover,
increased PPARU expression in the ipsilate
nerve ligation model of neapathic pain(Okine et al., 2015) Furthermoe, it has been

shovn that downregulation of PPAR in the spinal cord contributes to augmented
peripheral inflammation and inflammatory hyperalgesia inidiéticed obese rats (Wang et

al., 2014).While the pa hophysi ol ogi cal r el eowchanges in o f PP
PPARD expression in the spinal cord during
these findings provide evidence for PPARU &
processing. mddi ti on to PPARU, b o tido exipreséed bhied an d
spinal cod. Increased PPAdRexpression in the spinal trigeminal cauddisveeks after

trigeminal inflammatory compression injury in mice has been reported to play a significant

role in rigeminal nociceptive transmission, as demaistt by the attenuation of whisker

pad mechanical allodyni@.yons et al., 2017a), and idemi$ PPAR) as a potential

therapeutic target for orofacial neuropathic pain.

In comparison, there is a paucitydfat a on t he expresstonnothac
spinal cord in inflammatory or neuropathic pain stdtethis regard, further chacterisation
of PPARDB/ O is essential to establish wheth
activation are gparent, and the extent to which they may cbuote to spinal pain

processing.

All three PPAR isoforms are widely expressed supraspirf@tiple 1.3) in key brain
regions involved in pain processing. The expression of PPARs at key relay sites such as the
thalamus and the midbrain periaqueductal grepG) may reflect a role for PPAR
signalling in modulating the activity of ascending and descending pain pathways.
Furthermore, the presence of PPARs within cortical regions and the amygdala suggests
potentialinvolvement of PPAR signalling in modulatinggrotive or affective components

of pain. Whilst there is currently no direct evidence in support of this hypothesis, this view

is however consistent with the role of both the cortex and amygdala as keyegiaims
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involved in the modulation of the cogine-affective components of paifor reviews, see
(Fuchs et al., 2014, Neugebauer, 2015)

Tablel.3: Expression of mRNA or protein for PPAR isoforms withguroanatomical loci
involved in painand fear/axiety (fromOkine et al. 2018)

Brain Region PPARa expression | PPARb/d expression | PPARgexpression
Frontal Cortex "H "H* "H
Prefrontal Cortex (PFC) "H? "H2 1P
Hippocampus "Hl "Hl "Hl
Thalamus "H "Ht HE
Hypothalamus 0'_0 1 "Hl "Hl
Basal Ganglia "HL2 "Hi2 "HE2
Amygdala "H? "HE e
PAG H3 H3 H3
Rostroventral Medlla ? ? 2
(RVM)
Ventral Tegmental Area "HZ -er .,H2
(VTA)
Spinal Cord "H*l Hl -'H*l
Astrocytes "H "HE HE
Oligodendrocytes Wl "L 0ol

*Not expressed in all laminae; “Expression not known to datéAccording to Moreno
et al, 2004;?According to Wander &tl, 2016;3According to Okine et al, 2016.2

1.5.3.2Evidence from pharmacological or genetic manipulion studies for a role of
PPARSs in pain

Phar macol ogi cal or genet i c usirysaleptivel agonistsy n
antagonists or gene knockaoapproaches specifically targeting these receptors within the
pain pathways has been shown to altariceptive processing, demonstrated by changes in
electrophysiological recordings of neuronal atyivor behavioural responses in animal
models of inflammatory and neuropathic paifrigure 1.5; see Appendix for a table
summarising studies that investig®PAR signalling and pailb.ot h PPARU and
regulate the release of pmflammatory mediata associated with tissue or nerve injury
through the inhibition of pranflammatory signalling pathways such as-NB activation
(Cuzzocrea et al., 2008, Delerive et al., 20@@d suppession of downstream pro
inflammatory molecules including COX and iNDS (D'Agostino et al., 2009)two key
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players in the development of chronic pain states. Most pharmacological studies to date
demonstrate antinociceptive effects of both endogenousgneht het i ¢ agoni st s
and PPAROS in ani mal model s o(Okine et dl, 2C18hat or y
IS pertinent to note that a significant proportion of preclinical studies investigating the role

of endogenous PPAR ligands in nociceptivecessing have mainly focused on the effects

of PEA in the peripheral and central nervous systenith relatively little attention given

to the role of OEA. One possible reason that may account for this apparent bias is the
reported activation of thieansient receptor potential cation channel subfamily V member 1
(TRPV1; the vanilloid receptor), pro-nociceptive norselective cation channel, by OEA

(Ahern, 2003). Thus, it is possible that any PPARdiated analgesic effects of OEA are

likely to be nulified by its TRPVImediated prenociceptive effects, as previously
demonstrated in an animal meaf neuropathic paifGuida et al., 2015)

The pharmacological effects of PEA involve both transcriptiependent and transcription
independent or negenomic mechanisms. While the former account primarily for the anti
inflammatory effects associatedth PPAR activation, the negenomic mechanisms are

thought to underlie the rapid antinociceptive effects of not only PEA, but also other synthetic
PPAR agaists in animal models of inflammatory and neuropathic @iuri et al., 2008,

LoVerme et al., Q06). It is, however, important to note that the sggmomic mechanisms

mediating the effects of PEA are not independent of PPAR expression or activatieed, |

evidence from studies with PPAR knockout mice suggests that the modulation of medium

and lage C&* channels associated with the rapid antinociceptive effects of PEA and other
synthetic PPARU agonists on inflngentmpohory p
PPARU receptor ex(havermeset a.n2006)Given that theDeRr&pid
aninocicepive effects are incompatible with the duration of lontggm transcription

dependent mechanisms, the modulation of*@aannels in this instance may be a by

product of proteirprotein interactions induced by changes in PPAR protein conformation
following the binding of agonist to the receptor. The-genomic effects of PEA may also

involve the indirect activation of otheecepto signalling systemsuch as the cannabineid

(CBa) receptor, mediated by AEA. In this regard, competition for tatiy amde hydrolase
(FAAH)-me di at ed hydrolysi s, by PEA, iI's thought
hydrolysis by FAAH, resulting in enhanced signalling at endocannabinoid targets, in
particular CB or CB receptors, to produce analgesiA. role for CB: receptors in the

antinociceptive effects of PEA injected directly into the anterior cingulate cortex (ACC) in
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the rat formalin tegtas recently been demonstraf€dkine et al., 2016b)Moreover given

the preferenti al bi ndi(Bogaboulé et d. E2B05svpeseibleP EA t o
that entouraggne di at ed signalling invol vimedatedAEA | i
antinociceptive effects of PEfCosta et al., 2008) Indeed, AEA bindsa and activates
PPARU i n addi(Bouabaula ¢t al., C5N Reoanalgesic effects of PPAR
agonists may also be mediated via modulation of cellular organelles. For example, a
combination drug therapyf the synthetic PPAR  a g maglitagate with Dcycloserine
attenuateschronic orofacial neuropathgainand associated anxiety by improving
mitochondrial function following trigeminal nerve injuryLyons et al., 2017b)
Furthermore, given the inwgment of both genomiand norgenomic mecanisms in

mediating the effects of PPAR agonists, future studies aimed at determining which
mechanisms are predominant in different types of pain will be important for the optimisation

of the analgesic effects ®PAR agonists.

It is however important tonote that while the weight of evidence is in favour of
antinociceptive effects of PPARU or PPARD
pathway, recent findings also reveal a pain permissive or facilitatwey for PPAR

signalling in discrete brairegions such as the AQOKine et al., 2016a, Okine et al., 2014)
InraACC i njection of GW6471 (selective PPAR
PPARD antagoni st) signi fi can-evbked necicgpive e s s ed
behaviour in rat¢Okineet al., 2016a) Such permissive or facilitatory roles of endogenous

PPAR activation within the ACC may allow the animal to perceive pain and take the

necessary actions to escape from immediate danger.

The specific role of Re@sgirlg brdmains damelyi wkadwin,o n i 1
despite molecular evidence demonstrating the presence of the receptor at key sites within

the pain pathway such as the spinal cord, thalamus andPé\@ver, in a previous study,
administratiooo f GWO0 742, a /stelreeda p/tebnd?kBaygRaba dagsy ( O .
significantly decreased mechanical and thermal hyperalgesia in adult male Wistar rats,
induced by carrageenan injection into the lpagv compared with vehiclgeated controls.

These effects were reversedlie presence of the selective PPBR ' ant agoni st G
(0.3mg/kg/i.p. for 4 days{Gill et al., 2013) These findings demonstrate the potential of

PPAR b/ U agonists as therapeutic agents f ol
are however eeded to understand fully the extéo which PPAR /-nliediated signalling

modulates nociceptive transmission within the CNS.
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(2013) (8) Mansouri et al(2017ab); (9) Churi et al(2008) (10) Griggs et al(2015) (11)

Saito et al(2015) (12)HasegawaVioriyama et al(2012) (13) Takahashi et a(2011) (14)

Sagar et al(2008) (15)D 6 Ag o s t i1(2009) (E6)Moraro et al(2004) (17) Warden
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1.5.3.3Evidence from clinical trials

Over the last couple of decades, the analgesic effects of PEAjagemous PPAR agonist,

or its derivatives, have beeremonstrated in multiple clinical trials in different pain
conditions. In a recent comprehensive review of 21 clinical trials, Gedwieét al.,
reported that oral or sublingual treatment with PEAaronized PEA (PEA™m; reduced
crystal particles of PA that enhance the dissolution and reduce the absorption variability)
reduced pain intensity in patients with neuropathiciafildmmatory joint pain phenotypes
(Gabrielssoret al, 2016. These treatments were not asatail with significant side effects
Similar reports of the analgesic effects of PEA in clinical trials have been discussed in
another comprehensive review bigsselink and Hekkef2012) These studies report that
administration of PEA (doses ranging fr@0 to 600 mg/day; mostly orallylministrated

as tablets) is effective against a range of pain conditions including neuropathic pain, low

back pain and postopive pain.

In contrast, Andreseand colleagueseport that a 1-2veek treatment with PEAmM did not
alleviate pain in patientaith spinal cord injuryinduced neuropathic pain, compared to
placebetreated patient¢Andresen et al., 2016)he authors heever point out that the
limited knowledge on PEAm pharmacokinetics, including information diffusion to the
cerebrospinal @lid, make it difficult to draw more specific conclusions. It is also possible
that the heterogeneity in the population of spowd injury pain phenotypes could have
impacted on the outcome of this study. These adineffects of PEA however, while
suggestive of a role for PPAR signalling, do not necessarily rule out the involvement of
other receptor systems, given the mudipkignalling pathways mediating the
pharmacological effects of PEA as demonstrated in jpieali studies. In this regard, the
use of synthetic PPAR agonists in clinical trials may be more beneficial and informative. In
keeping with this line of argumera,more defined role for PPAR signalling in modulating
human pain conditions was demonstiatea study by Smith and colleagueso reported

a reduction inoccurrence of myalgia, a musekeletal pain disorder, in men receyi
clofibrate, an approveBPARa agonist used clinically for the treatment of dyslipidemia
(Smith et al., 1970)However, subsequent attempts at replicating these early promising
results using other fibrates to alleviate muscular pain have not been suddigsfet al.,
2005) Nevetheless, these drugs were found to be effective in attenuating pain associated

with rheumatoid arthritis and osteoarthritic p@nan Eekeren et al., 2013)hese findings
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indicate that that synthetic PPAfRYpes@oni st ¢

pain.

Synthetic agonists of PPAROD are currently
treatment of nofinsulin dependent (type two) diabetes. However, despite preclinical
evidence demonstrating their analgesic effects in a varietyiwhl models of inflammatory

and neuropathic pain, tmy knowledge there are currently no published clinical studies
investigating their effects on pain in human subjects or patients. Similarly, there is a paucity

of clinical studies investigating thefeftso f s y n t h & agornists Bnp&R b

1.5.3.4A potential role for PPAR signalling in interactions between pain and negative

affect

The close relationship between stress (and stetgted disorders such as anxiety and
depression) and chronic pain iswmwidely recognise@Jennings et al., 2014, Olango and

Finn, 2014) Although, the role of PPAR signalling in the modulation of stpess
interactions remains largely unexplored, the abundant expression of PPARs in key brain
regions such as the amygdated PAG, and the availability of endogenous PPAR ligands in

these brain structures, supports a potential role for the PPAR signaiitagnsin stress

pain interactions and as a potential therapeutic target for the treatment of comorbid chronic
pain and dective disorders. This view is also consistent with recent demonstrations of
enhanced second phase formaiuoked nociceptive behauir following selective

bl ockade of PPAR2 i n-Kyoth BVKY)&ut eot Sptaguaviey i n Wi
(SD) rats(Okine et al., 2016a)The WKY rat strain is stredsyperresponsive and exhibits a
hyperalgesic phenotype to nociceptive stimuli compardld &D rats, and is considered a
suitable genetic model for studying strpsgn interactiongBurke et al., 2010, Rea at.,

2014, O0O6 Mahaonywhet ealt.he Z@peI) fic contribut
stress hyperresponsive phenotype of W& is not currently clear, the differential effects

of phar macol ogi cal modul ati on of -evBkedA R9 i n
nociceptive behaviour iB8D and WKY rats suggests an important role for this receptor in a
genetic background that is promestress and hypersensitivity to nociceptive stimuli. These
findings al so -matigtedesignalling ih the latePaPPRAR may represent a
potental therapeutic target for future development of effective therapies for treating

comorbid chronic pai and stresselated disorders such as anxiety and depression. The

41



t herapeutic potential of PPAROD for tsoeat men
supported by evidence that pioglitazone attenuates-i@lOted depressierelated

behaviour in théorced swim test in raf&sarg et al., 2017) reduces anxietitke behaviour

in a mouse model of chronic orofacial neuropathic flayons et al., 2017band augments

both the antdepressant and the antinociceptive effects of fluoxetine in the ranG@z!

of neuropathic painMurad and Ayuob, 2015)Additional studies on the therapeutic
potenti al of PPAR agonists (d)farcréeatmdniaithe t ho s e

affective/emotional component of chronic pain are warranted.

1.54 PPARs and fear/anxiety

Thethree subtypes of PPARSs argeassed ibrain regions associated with anxi@¥oreno

et al.,, 2004; Warden et al., 2016)Jamely the amygdala, PFC, PAG, and hippocampus.
Levels of endogenous kgds at PPARs have also been shown to be increasegponses

to stress or anxiet{Bluett et al., 2014; Hillard, 201&nd the enzyme FAAH was ked to
anxiogenic effectdBurman et al., 2016and to structural modifications in the BLA
following chronic stresgHill et al., 2013) A recent clinical study has also shown that the
levels of OEAIn the bloodare significantly lower in PTSD patients compared to control
subjects(Wilker et al., 2016) A strong trend in the same directiaras also observed for
PEA. Additionally, administratiomf PEA attenuated aggressiveness in a social isolation
model for PTSD in micé¢Locci et al., 2017)Both OEA and PEA are endogenous ligands
at PPARs anchay point towards an important role of this system in arxiggted disorders

in humans. Despite these indications, very litigearch has investigated tloéerof PPARS

in anxiety.

In 2009,Fernandez et a{2009)revealed thaharingin, a bioflavonoid isolated from citrus

fruits, had anxiolytic and antidepressant effects. Howewdy,recently naringin was found

to be a natural ligangtierived directly from citric fruitsat PPARy(Mani and Sadig 201 4)
Another study indicated that malkeigin (integral membrane proteikhockout (Seip-KO)

mice displayed anxietyand depressichke behaviours, which were associated with
decreased levels of PPARRNA and protein in the hippocampus and co(#hou et al.,

2014) Importantly, the administration obsiglitazone an agonist at PPARattenuated the
anxiogenic profile of male SeipikO mice Although these two studies were pointing
towards a role for PPAROD in the modul ati on

mani pul ated PPAR2 signal l i ng,yineregiimgestsidyyi on o
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addressed this issue. It revealed PRARy genetic deletiomadanxiogenic effects in mice
(Domi et al., 2016)In this sane investigation, the authors showed that systemic and intra
amygdalar injections of pioglitazone (PP@Rgonist) reduced stregsduced anxiety
behaviour in rats, and that these effects were blocked by the administration of thg PPAR
antagonist GW9662mportantly, the systemic administration of GW9662 alone did not
alter anxietyrelated behaviour. Furth@ore, rosiglitazone was shown to elicit
antidepressadike (increased latency to immobility in the forced swim test) anxiolytc

(more time spenh the open arm in the elevated plus mdmd)aviaral effects in wildtype
miceand pretreatment with teselectiveP P A Rratagonist GW9662 blockelde effects of
rosiglitazone (Guo et al., 2017)Recently, administration of pioglitazone was shown to
attenuate harmalin@ducedanxietylike (through activation of olivary neurons; Hilbert et

al, 2005)behavioursand spatial learning and memory impairme@tghaei et al., 2019)
similar to what was observed with rosiglitazeneated animals. Likewise&,oussef et al.
(2019)have showrthatthe administration c6W9662blocked the anxiolytic effect dfeta
caryophylleng(via agonism at CBreceptors)n rats.A different study demonstrated that
repeated stress decreagedtein PPARyexpression in thamygdala, and treatment with
anxiolytics recovered PPA&expression(Liu et al., 2018) The role of PPAR in fear
responses has also been investjaemna et al.(2004) demonstrated that younga

aged rats fed with a diet rich in rosiglitazone had increased freezing duration in a-context
induced fear protocol. In addition, the levels of PEA where shown to be increased in the
BLA of fear-conditioned rat (Rea et al.2013c)

The role of PPAR in anxiety is mder studied. Recently, it has been reported tnat t
anxiolytic-like effects of URB597(FAAH inhibitor) were not reversed by he PPARU
antagonist GW6471Danandeh et al., 20L8Similarly, systemic administration of the
PPARU a nMK&8a$ dicnotslteanxietylike behaviour in the open field tg&tanlilio

et al., 2009) Thesewo studies suggest that PPARcontrary to what has been observed for
PPARy, is not involved in the modulation of anxiety responses. A possible role of B(/B@AR

in anxiety malulation or mediation is still unexplored.

1.55 PPARs and cognition
All three subtypes of PPARs are expresseimportant regions associated with cognition,

stress and emotional respon@éereno et al., 2004; Warden et al., 20%6¢h as the basal

43



ganglia, amygdala, PFC and thalamus, with lower expression in the hippocampus.
Additionally, administration of endogenous ligands at PPARs, or manipulation of their
levels, has bee shown to enhance cognitive performarfGampolongo etla 2009a;
Goonawardena et al., 2011; Morena et al., 2014; Kramar et al., 2017;-Quett® et al.,

2017; Scuderi et al., 2018; Segev et al., 2018; Zimmermann et al., 2018; Boccella et al.,
2019) However, there are very few direct investigations oftthe of PPARS in cognition.

A number of studies have investigated the effects of FAAH inhibitors on mnemonic tasks,
but the results are often associated with; @&eptor modulation. Nevertheless, a few
studies indicate a possible modulatory effect of RRM&A memory and learning processes,

in subjects with preserved mnemonic abilities. Mazzola et al (2009) have shown that the
administration of URB597 before the learning trial of a passive avoidance test enhanced the
learning of the task. Moreover, thisremcement was attenuated by the administration of
the PPAR antagonist, MK886. Following this result, these authors also demonstrated that
the administration of a PPARagonist, WY 14643, produced learning enhancement effects
similar to those observed wildRB597, effects also blocked by MK886. A study from
Campolongo et al. (2009ndicated that the administration of OEA improved learning of
passive avoidance and spatial memory tasks when given immediatetygouisg and that

the actions of OEA were mimicked by the PPARgonist GW7647 and are absent in
PPARa null mice. RecentlyRatano et al(2017) showed that the cognitive enhancing
effects of URB597 were depdent on PPAR, as well as CBreceptors and TRRV
Additionally, pioglitazone administration improved sht@tm mnemonic performance in

wild type mice, but the authors did not examine if this effect was mediated by PPAR
(Masciopinto et al., 2012 ogether, these studies providederice for a modulatory role

of the PPAR signalling system in memory acquisition and consolid&exently, PPAR
knockout (PPAR-KO) mice showed enhanced fear learning compared to WT counterparts
(Chikahisa et al., 2019)nterestingly, in this same study, the authors found that RPAR

KO mice had increased levels of dopamine in the amygdala, aadntisistration of a @
antagonist attenuated the increased fear learning observed in KO drimadsudies
mentioned above used animals with intact mnemonic abilities in order to imtestig role

of PPARs in cognition. However, the majority of theeash on PPARs and memory has
been carried out i n ani mal model s of Al zhe
impaired mnemonic abilities, mimicking the symptoms of this neuroagegtwve disorder.

Because there are a significant number of studemonstrating neuroprotective anti
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inflammatory effects of PPARS, especially PRARey became candidates for therapeutic
interventions for AD patients. Therefore, a few studies are dedicated to the examination of
the effects of PPARased approaches fthre treatment of the cognitive decline associated
with AD, at both preclinical auh clinical levels. For instance, chronic treatment with
rosiglitazone (PPARagonist) reduced spati@edersen et al., 2006; Escribano et al., 2010;
Toledoand nestrosa, 2010; OOReilly and Lynch,
Zhou et al., 2016bYecognition(Escribano et al., 2010and associativeRodriguezRivera

et al., 2011)memory loss in different mice transgenic models of ARewise, treatment

with rosiglitazone improved contextual associative learaimgjhe ceadministrationwith

a PPAR) antagonis preventedhis enhancemer(Denner et al., 2012)mportantly, both
Denner et al.(2012 andO6 Rei | | y 2012) demonsiratdd thét rosiglitazone
treatment to wild type mice does not affect cognitive functions. In a fallpstudy, it was
shown that the cognitive enhancing effects of PBAig§onism are associated with a
normalisation of the-D relationship of EPSCs in the dentate gyrus which were shown to be
altered (lower in amplitude and higher in frequency) in an AD mouse transgenic model
(Nenov et al., 2014)RosiglitazongXu et al., 2014)and telmisartariShindo et al., 2012)
improved spatial memory in éAb 4 2 0 Hndyedmsmoryimpairment model.
Recently, a combined treatment of leptin and pioglitazone also resulted in enhanced spatial
memory in a transgenic mouse model of A2rnandeMartos et al., 2017)Pioglitazone

and a pafragonist of PPARs (GFT1803) both partjatieverted cognitive deficit of the
APP/PSI trasgenic mouse model of AKummer et al., 2015and nanoparticles of
pioglitazone attenuated cognitive deficits in this same m(iela-Abreu et al., 2018)
Pioglitazone also improved memory ftions in a scopolaminmduced (Allami et al.,

2011; AlmasiNasrabadi et al., 2012, 2014; Gupta and Gupta, 26fr2ptozotocifinduced
(Pathan et al., 2006; Kaur et al., 2009; Pelnggez et al., 2011; Prakash et al., 201HS
induced(Ekladious ad El Sayed, 2019)and other transgeni®icolakakis et al., 2011,
Masciopinto et al., 2012nodels of AD cognitive deficitslikewise, pretreatment wh
BADGE, a PPAR antagonist, abolished the beneficial effect of lisinopril/telmisartan
combined treatment on spatial memory in a streptozoeioduced AD memory impairment
(Singh et al., 2013)

Clinical studies also revealed a potential positive effect of RFagRBnists on the treatment
of cognitive deficits in AD patientd$n a preliminary studyVatson et al(2005)indicated

that treatment with rosiglitazone shaffer an alternative for the treatment of cognitive
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decline associated with AD. In a more extensive study, treatment with rosiglitazone
(8mg/kg) resulted itmprovements in attention and memory retentior,dnly in patients

that did not have an ApoEdlale (Risner et al., 2006)These findings confliavith a phase

1l clinical study which showed that treatment with rosiglitazone did not have an effect on
cognitive function(Gold et al., 2010)Other clinical studies have also examined possible
cognitive enhancement eéfis of treatment with pioglitazone in the cagre decline of AD
patientsHanyu et al(2009)andSato et al(2011)indicated that treatmentith pioglitazone
improved cognition in AD patigs with type Il diabetes. More clinical studies are needed to
elucidate the beneficial effect of PPg&ntagonist in cognitive deficits and to develop new

strategies for their use.

PPARa and PPAR/d has alsdeen investigated in relation to potential eféeon cognitive
performance in AD models. Chronic administration of PEA reduced (low dose) or prevented
(high dose) cognitive performance impairments induced by intracerebral injection of
amyloid-b-25-35, a nodel of AD in mice. These effects were absenPPARx null mice

and were mirrored by chronic administration of the PBARRonist GW7647 D6 Agosti no
et al., 2012) Similar to pioglitazone, the systemic administration of the P& Agbnist

WY 14643 enhanced mnemonic performance in scopolamdweed memory deficitéXu

et al., 2016h)In addition, administration of the PPARI agonist GW0742 significantly
attenuated the cognitivenpairment induced by the intranigral injectioh 1-methyt4-
phenyt1,2,3,6 tetrahydropyridingMPTP) (Das et al., 2014)

PPARs also modulate cognitive deficits in other models of memory impairment. In
particular, agonists of PPARvere shown to reverse mnemonic deficits in several models.
For instance, pioglitazone improved spatial memory and/or passive avoidance performance
in a morphinenduced(Babaei et al., 2012harmalineinduced(Aghaei et al., 2019)and

in insulin-resistance relateg@ad et al., 201Gnhnemonic impairment. Additionally, the pre
treatmaet of pioglitazone and fenofibrate (PPARgonist) protected against MP-TiRluced
mnemonic deficit§Barbiero et al., 2014 RosiglitazondgFei et al., 2015; Kariharan et al.,
2015; Ma et al., 2015; Patel et al., 20&6) pioglitazon¢liang et al., 2012; Yin et al., 2013;
Jain et al., 2016)lso ameliorated memory function in diabeteduced mnemonic
impairment in rats. The dietary inclusion of rosiglitazone also improved associative memory
in aged and young rats, compared to aged animals receiving standdf@eteha et al.,

2004) Administration of telmisartan, a PPAgRartial agonist, also amelioratedasial
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memory in ischemia mode(slaraguchi gal., 2010; Washida et al., 2010; Gao et al., 2018)
This effect was blocked by the administration of a PBAd&dtagonist, GW9662.
Interestingly, dietary administration of a PPBRgonist (GW0742)did not prevent
hippocampadependent cognitive impairmieafter whole brain irradiatiofSchnegg et al.,
2013)and rosiglitazone treatment after traumatic brain injury did not improve mnemonic
functions (Liu et al., 2016) One clinical investigation explored the possibility of
pioglitazone as an alternative treatment rffaultiple sclerosis (MSYPershadsinglet al.,

2004) The authors described one patient who received an oral treatment of pioglitazone for

one monthand showed an improvementdagnitive functions and other symptoofaVS.

Other lines of work have also provitleevidence forassociations betve@® memory
enhancement and PPAR signalling. For exanqmgjunsaturated fatty acid diets with low

n-6: n-3 ratios resulted in improved spatial learning and memory, effects correlated with an
up-regulation of PPAR and PPARin the hippocampugHajjar etal ,  2Lkédwksg, the
ablation of FABP5- a fatty acidbinding protein that was shown $buttle arachidonic acid

to the nucleusthusact i vat i n-grediedd APRAB/dactivity which caused a
significant impairment of hippocampiissed memoryYu et al., 2014) Another study
demonstrated thaevofluranenduced neurmxicity and learning and memory impairment
was ameliorated by dowregulationof miR-27a3p (noncoding RNA that functions as a
tumoursuppressor), and this effect wagdiatedthrough thdPPAR2 si gnal |l i ng pe
(Lv et al., 2017)

In summary, only a few studies have investigated a possible role of PPARs in memory and
learning in animals with intact mnemonic function. Tdesudies have demonstrated that
pharmacological and gemetmanipulation of PPAR affects acquisitior(Mazzola et al.,
2009b) and consolidation(Campolongo et al., 200%f memories, thus indicating a
modulatory role for these receptors in oiigpn. Moreover, a significant body of preclinical

and clinicalresearch has shown positive effects of PPAR activation, particBlBARy, in
subjects with impaired mnemonic functions. These effects are most likely related to the well
known antiinflammaory and neuroprotective properties of PPARS, but the possibility of a

direct effect on memory formation and consolidation cannot be drsiegja
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1.6 Hypothesisand aimsof thesis

The studiesliscussed aboveuggest that PPARand PPAR play important oles inpain
processing as well as anxiety and fearesponses, while the involvement of PRARIn

pain, fear and anxiety still needs to be investigated. However, a possible role of PPARs in
fear/anxietypain interactions remains unexplored. Moreovhg tole of PPARs in the
amygdala, a key region for both nociception and fear processing, on coadifiear and

acute inflammatory pairs still unknown. Finally, only a fewgtudieshave investigated the
involvement of PPARS in cognitive processes in asmwith preserved mnemonic abilities,
while no studies have investigated PPAR regulation of ciognib the presence of pain,

and so these questions require further study.

| hypothesise that the blockade of PPAR signalling (1) increases inflammatory pain
responses (2) attenuates FCA, (3) increases anxldtg responses, and (4) impairs
cognitive pocessingin addition, Ipropose that this modulation is mediated by alterations
in NAE and neurotransmitter levels in two key regions involved in paineargfocessing

I amygdala and hippocampus. Furthermore, | theorise that PPAR signalling witBinAhe

and the CeA is involved in conditioned fear, nociception and FCA, through modulation of
NAEs and neurotransmission in the BLA and CeA. Finally, givemipus reports on the

role of PPARs in anxiety and cognition, | hypothesise that PPAR signallingdudle is

anxiogenic and impairs mnemonic processing.

The overarching aim of this thesis is to advance understanding of the role olaPPAR
PPARb/d and PPAR in acute and chronic inflammatory pain, conditioned fear, FCA,
innate anxiety and cognition in satAn additional aim is to investigate the influence of pain
on PPARmediated regulation of conditioned fear responses, innate anxiety and cognition.

Therebre, chapter 2 explores the effects of systemic administration of &PAR
PPARb/d and PPARantagonsts on formalirinduced inflammatory pain, conditioned fear

and FCA and examined associated changes in the levels of neurotransmitters,
endocannabinoids, and NAEs in the amygdala and hippocampus. The third chapter examines
the effects of the blockade of RAIRs in the BLA on formalirinduced inflammatory pain

and FCA, and on conditioned fear in the presence and absence of a nociceptive tone;
associated alterations in neurotransmitter, endocannabinoid and NAE levels were also
examned. Similarly, the fourth @pter investigates the effects of the blockade of PPARs

expressed in the CeA on formalmduced inflammatory pain and FCA, and on conditioned
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fear in the presence and absence of a nociceptive tone; again, associated changes in
neurotransmitter, endocanmabid and NAE levels were examined. The fifth chapter
focuses on the investigation of the effects of systemic administration of &PAR
PPARb/d and PPAR antagonist and PEA (agonist for PPARS) on anxiety and cognition in

theprsence versus absence of chronic infl ammeé

adjuvant.

49



Chapter 2: Effects of systemic administration of PPARantagonists on
formalin -evoked nociceptive behaviour, feaconditioned analgesia and

conditioned fear in the presence of nociceptive tone in rats

2.1 Introduction

PPARs are ligandlependent transcription factors and part of the nuclear hormone
superfamilyof receptors. There are three described isoforms: RPRRARy/d and PPAR)
(Issemann and Green, 1998)I three isoforms are expressed in temtral nervous system
(Moreno et al., 2004 Endogenous ligands at PPARSs, include fatty adidsion-Letellier

et al., 2016)serotonin derivates(Waku et al., 20Qa) and Nacylethanolamines (NAES)
including anandamide (AEA)YBouaboula et al. 2005; Rockwell et al., 2006)N-
palmitoylethanolamide (PEA)LoVerme et al., 2005)and Noleoylethanolamide (OEA)

(Fu et al., 2008 PPARs are involved in many physiological processes and are targets for
current inuse medicines for treatment of diabefe®ng et al., 2018pnd cholesterol
lowering therapiegFruchart et al., 2001)Moreover, studies suggest that the PPAR
signalling system may acin pain (Okine et al., 2018)anxiety(Domi et al., 2016}and
cognition(Varvel et al., 2007; Mazzola et al., 2009a; Babaei et al., 30b2Essing

PPARSs are expressed in regions that play an impaoxdbnin pain and fear/anxiety such as

the prefrontal cortex (PFGMoreno et al., 2004; Okine et al., 2014; Warden et al., 2016)
hippocampugMoreno et al., 2004; Domi et al., 201@mygdala(Warden et al., 208),
periaqueductal grey (PA®&Kkine et al. 2017) spinal cordMoreno et al., 2004and dorsal

root ganglionl Maeda et al ., 2 0 0 8 Previbus Atgdees have showne t  a |
that the selective activation of PPARLoVerme et al., 2006; Russo et al., 2007; Sagar et

a, 2008; D6 Agostino et,PBAR/(GIllZ0aD, 2013a,Qlkonsn e et
et al., 2017)and PPAR (Oliveira et al., 2007; Churi et al., 2008; Morgenweck et al., 2010;
HasegawaVloriyama et al., 2012; Griggs et al., 2015; Mansouri et al., 20h#s)
antinocicetive effects.Also, the pharmacological blockade of PRA&pressed in the

lateral PAG (IPAG) increases paiaelated behaviour in Wistd€yoto (WKY), but not in
SpragueDawley(SD) rats(Okine et al.2017) The administration of PEA, a pan agonist at

PPARSs, suppresses nociceptipr. o Ver me et al ., 2006; D6Agos
Costa et al., 2008; Sasso et al., 2012; de Novellis et al., 2012; Bettoni et al., 2013; Wang et

al., 2014b; Di Cesare Mannelli et al., 2015; Donvito et al., 2015, 2016; Okine et al., 2016)
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Likewise, administrationof the endogenous HAR ligand OEA, and OEAlerived
compounds, diminishes nociceptive behavi(dasconcelos et al., 2006; Suardiaz et al.,
2007; Guida et al., 2015)

Fear is well ecogrised to modulate pain respondidg example of this is the phenomenon
known as feaconditioned analgesia (FCA), in which exposure to a fearful stimulus
suppresses nociception. Different neuromodulators are involved in FCA such as the opioid,
GABAergic, glutamatergic, monoaminergic, and endocannabinoid sys(Buoiter and
Finn, 2009) Recent studies show that levels of AEA, PEA and OEA etlerdogenous
ligands at PPARSs, are increasethia basolateral amygdalarats expressing FCfOlango

et al., 2012; Rea et al., 2013uggesting a possible role of PPARghis potent form of
endogenous analgesia. In turn, pain can regulate fear responsesaufoatic stress
disorder (PTSD) symptoms tend b@ more pronounced in patients with chronic pain
(Asmundson et al2002) Additionally, patients with chronic pain are twice as likely to
develop phobiagPereira et al.2017) There is some evidence that PRARockade or
knockouthas anxiogenic effects in mi¢Pomi et al., 2016)However, whether PPA&Ror
PPARb/d modulate anxiety or fear remains unexplorédrthermorethe role of PPARSs in

reciprocal interactions between pain and fe&s not yet been investigated.

In this chapter linvestigate the hypothesis thidie blockade oPPARsincreasegonic
inflammatory painand attenuate fear conditioned analgeSigecifically,| examined the
effects of the administration of GW6471 (PPAR antagonist), GSK0660
(PPARb/d antagonist), and GW9662 (PP&RBntagonist) on formalimduced nociceptive
behaviour FCA, and conditionedear related behavioum the presence of nociceptive tone

in rats.| also determined whether any behavioural effects observed were accompanied by
changes in levels of neurotransmitters, endocannabinoids, and WNAkR three key
regions for fear and pain expression: basolateral amygdala (BLA), central nudlee of
amygdala (CeA), and ventral hippocampus (VHherefore, the specific aims of the two

studies described in this chapter are:

1 To determine if PPAR signalling plays a rolethe expression of tonic persistent
inflammatory pain and FCA by examining te#ects of systemic administration of
PPAR antagonists on formalevoked nociceptive behaviour and FCA in rats and
associated alterations in levels of neurotransmitters, endabanoids, and NAEs in
the BLA, CeA, and VH.
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1 To determine if PPAR signallinglays a role in the expression of conditioned fear
in the presence of nociceptive tone by examining the effects of systemic
administration of PPAR antagonists on fealated behviour, and associated
alterations in levels of neurotransmitters, endocamuadis, and NAES in the BLA,
CeA, and VH.

1 To verify that the three antagonists used in the experiments can cross thbriaiood

barrier and reach supraspinal regions.
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2.2 Materials and Methods
2.2.1Animals

Experiments were carried out on a total of 54 (Experiment 1) and 36 (Experiment 2) adult
male Spragu®awley rats (232509 on arrival; Envigo UK, Bicester, England). The
animals were maintained at controlkednperature (22+°€) and humidity (455%) unekr
standard lighting conditions (12:12h ligthark cycles, lights on from 07.66). All
experiments were carried out during the light pha@semals were housed-2 per flat
bottomed cage (L: 45 x H: 20 x \®Ocm) containing 3Rpapebeddingmaterial(Fibrecycle

Ltd., North Lincolnshire, United Kingdomand sizzle nest material (LBS Biotechnology,
Horley, United Kingdomfor the first week after arrival, and were posteriorly singly housed
for the rest of theexperiment Food (14% HarlanTeklad2014 Mainenance Diet, Harlan
Laboratories, Belton, Loughborough, Ykind water were availabled libitum The
experimental procedures were approved by the Animal Care and Research Ethics
Committee, National Universityf Ireland Galway. The work was carried emider license

from the Health Products Regulatory Authority in the Republic of Ireland and in accordance
with EU Directive 2010/63.

2.2.2Experimental Procedures

The FCA paradigm was essentially as describegravious studies from our
laboratory(Finn et al., 2004; Butler et al., 2008; Rea et al., 20IBgre weréwo phases:
conditioning (day 1) and tesddy 2). On the conditioning day, rats were placed in a Perspex
chamber (30 cm x 30 cm x 40 cm) and after 15 seconds they received the first of 10
footshocks (0.4mA, 1sec duratitE85XCT Programmer and Scramblgdock Generator;
Linton Instrumentation, Ndolk, UK) spaced 60s apart. Thirty seconds after the last
footshock, rats were returned to their home cage. The animals that belonged to the control
group, that did not receive footshocks, were placed in taebbr for an equivalent time
(10min).In Experiment 1, he animals were randomly assigned to one of 6 grup® per
group)i rats that received footshocks (FC) or no footshocks (NFC) treatethe®PARJ
antagonist GW6471, the PPBAR antagonist GSK&0 or vehicle (1:1:8, ethanol:
cremophor: 0.9% NacCl/saline)n Experiment 2,tie animals were randomly assigned to
one of4 groups(n = 9 per group) rats that received footshocks (FC) or no footshocks
(NFC) treated with h e P P A Rist GW9662aryahicle (1:1:8, ethanol: cremophor:
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0.9% NacCl/saline) The sequence of testing was randomized to minimize any confounding
effects of the order of testing.

The test day started 23hrs30min after the end of the conditioning phase. First, the
rats received &0ul injection of formalin (2.5% in saline) into the righhd pawunder brief
isoflurane anaesthesia% in &; 0.8L/min). Immediately after, still under anaesthesia, the
animals in Experiment 1 received an intraperitonegction of either the PPAR
antagonist GW6471, the PPARI antagonist GSK0660 or vehicle (volume of injection
3ml/kg), and the animals in Experiment 2 received an intraperitoneal injection of thegPPAR
antagonist GW9662 or vehicléfter these injectionsthe rats wereeturned taheir home
cages. Thirty minutes later, or 24 hours after footshock, the rats wespased to the
conditioning chamberA video camera located beneath the observation chamber was used
to monitor animal behaviouA 15min duration reexposue was chosewn the basis of
previous studies demonstrating tHaCA peaks within this time periodFinn et al., 2004b;
Roche et al., 2010; Ford &lt, 2011; Reateal., 2011b, 2013bAt the end of the test phase
45min post formalin injection), rats were ki
frozen on dry i ce annducedbenlemawas assessedb) Me@suring or m
thechange in the diameter of the right hipalw measuredmmediately before, and 4%in

after, formalin administration, using Vernier callipers.

(NFC or FC)

Re-exposure to the
conditioning arena {15
minutes)

Intraplantar injection of
formalin + intraperitoneal
infection of vehicle or
antagonists

2.2.3 Drugs

GW6471,GSK066Q and GW9662 (albbtained from Tocridioscience, Bristol,
UK) were dissolved in a 1:1:8 (ethanol, cremophor; saline) wekmlution. The dosef
GW6471 (2mg/kgandof GSK0660 (1mg/kgyverechosen bagkon studies in the literature
demonstratingheir efficacy inreversing thentinociceptive and neuroprotectigffects of
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PEA (Paterniti et al., 2013; Donvito et al., 2016he dose of GWS62 (2mg/kg) was chosen
based on the studies dflansouri et a{2017) Griggs et al2015)andMorgenweck et al
(2013) showing that this dose was effee in reversingantinociceptive effects of
pioglitazane Formalin was prepared from a 37% stock solution (Sigwdgich, Dublin,

Ireland) diluted in sterile saline.

2.2.4 Behavioural analysis

Behaviourwas analysed using Ethovision 11.5 >$bftware package (Noldus
Technology, Végeningen, Netherlands). A in@d observer blind to the experimental
conditions assessed behaviour, including: (1) freezing duration (defined as the absence of
visible movement except that needed for respirati@))duration of walking, (3) duration
of grooming, and (#duration ofreaing. Moreover, formalirevoked nociceptive behaviour
was scored according to the composite pain scoring (CPS) technique deschidatsoy
et al 997 in which pain behaviours are classified asetisgent raising the formalin
injected paw (P1), and holding, licking, biting, shaking or flinching the injected Baw (
Thus, we obtain a CPS value from the equation [EFFE+2(P2))/ (total duration of trial)].

2.2.5 Brain extraction

After decapitaton, the optic ridge between the eyes was broken with the use of
rongeurs. Then, a cut in the skin was made, from the eyes until the neck, and the skull
exposed. Anyemainingskin, muscles and fascia was scraped away. With the help ofla sma
scissors, théone was removed from the foramen magnum and one of the tips of a small
scissors made pressure from the inside, breaking the posterior part of the cranium. From the
upper edge of the foramen magnum, the pressure and cut were kept ugivandlthe
posteror to the anterior part of the skull) andtside wardfrom the inside to the outside of
the skull), always carefully in order to preserve the brain tissue underneath. The occipital,
parietal, temporal and frontal divisions of the cranicoald be remowe once the process
was over. If any remaining part of the skull bone (normally the frontal lobe) was left, the
same pressure approach with the small scissors was taken. Once exposed, the brain was
collected with the help of a spatula. Thatspa was plaakin the lateral part of one of the
brain hemispheres and, carefully, slid down between the bone and the brain. This process
was repeated for the other hemisphere. Then, the brain could be care@dlyrifiding the
attachments made byetlolfactory neres in the upper dorsal, and optical and trigeminal
nerves in the low dorsal part of the brain. Once free and movable, the brains were snap

frozen on dry ice and stored-&80°C.
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2.2.6Cryo-sectioning and tissue microdissection

Frozen coonal brain seadbns of 150 pm thickness containing the basolateral
amygdala (BLA), central nuclei of the amygdala (§efd ventral hippocampus (VYMere
cut on a cryostatLgeica BiosystemsWetzlar, Germany), and were punclssected as
previouslydescrbed(Olango et al., 203, Rea et al., 2014using cylindrical brain punchers
(Harvard Apparatus, MA, USA) with an internal diameter of 0.50mm for the ditferen
amygdalar nulei, at the following rostracaudal levels (obtained from the rat brain atlas by
Paxinos and Watson, 2006: (BLA) Bregm2,12i -3.30mm, (CeA) Bregma, 2.1271 -
3.30nm. A cylindrical brain puncher with an internal diameter of 0.75mm weasl to
colled the VH at the following rostrecausal level: YH) Bregma,-7.3 - -8.3mm).
Additionally, in order to evaluate possible lateralisation effects, the punches were separately
collected for right and left hemisphere$hepunchdissected tissue was weighed 8-
1.72 £ 0.1mg; CeA 2.1+0.3mg; VHI 4.875 = 1.8mg)and stored at8C°C prior to
measurement of AEA, PEA, OEA,-AG, and neurotransmitter levels by liquid

chromatography coupled to tandem mass spectrometyMEBAS).

2.2.7Measurement ofendocannabiroids, NAEs and neurotransmitters in discrete
brain regions using liquid chromatographyi tandem mass spectrometry (LG
MS/MS)

Tissue extraction was carried out using the following method: each joissdcted
brain samp was homogenised for@s ultrasonidhiomogeniser/sonicator (Mason, Dublin,
Ireland)in a mixture containing 20 of deuterated internal standards for endocaimuéds
(0.48mol'50ng of 2AG-d8 and 0.014nmol/2.5raf AEA-d8) and NAEs (0.015nmol/2.5ng
of OEA-d2 and 0.016nmol/2.5ng of PE#), and10n of deuterated internal standards for
neurotransmitters (®/0.048mmol of GABA-d6, 5my/0.033rmol of Glutamate €b,
1ng/0.006nmol of dopamirg4, and 1ng0.005nmolof serotonind-4) and immediately
kept on ice The final volume was made up to 26@rior to sonicatiorby adding 5@1 of
100% acetonitrile. Deuterated and ribeuterated endocannabinoids were purchased from
Cayman Chemicals (Biosciences, Ulon-deuterated neurotransneits werepurchased
from from Sigma Chemicals (Ireland): 22PABA, G125%glutamate, H8502lopamine,
and H9523serotonin. Deuterated neurotransmitters for GABA, glutamate and dopamine
were acquired from CDN isotopes (Canafia)828 GABA (D6), D2193glutamae (D5),
D1540dopamine (D4) The deuterated serotonin was preclfrom Alsachim (France)
M760-serotonin (D4).
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Samples were kept on ice during the procedure. The homogenates were centrifuged
at 11000gfor 15min at 4°C (Hettich centrifuge Mikro 22R, Gemy). Immediately after,
the supernatant was collected andidfas transferred to a HPLC vialh& standard curve
was constructed using serial 1/2 dilution by adding 50ul of a mixture odeoterated
endocannabinoidand NAEs(25ng for PEA, OEA and AEA 250ng for 2AG) and 10l
of a mixture of nordeuterated neotransmitters (100ug of glutamate and GABA, 10ng
each of dopamine, noradrenaline and serotonidtd of acetonitrile intube #10, vortex
mixing, then collecting 50ul and transferring to thext tube (#9) containing 50ul
acetonitrile. The process waspeated until tube #1, when 50ul of the final volume was
discarded, in order to keep the volumes between tubes consistent. Thus, all 10 tubes had
50ul of a mixture of endocannabinoids and neaargmitters. All standard curve tubes were
spiked with 200ulof deuterated endocannabirtNAE mixture (2.5ng deuterated PEA,
OEA and AEA and 50ng deuteratedA%Zs as internal standards) andul®f deuterated
neurotransmitter mixture (5ug of glutamate and GABA, and 1ng ehdopamine, and
serotonin). A double bld&n(100% acetonitrile) was also included in between each standard
point during the run to minimise the risk of analyte carryovenfetandard to standard at
the upper range of the curve and five double blanks were included after the highest
concentration @int on the curve to avoid carryover onto the samples. A quality control (QC)
sample was prepared from the whole rat brain homdgensing the same protocol
described for the punches, and was included with each run to allow for monitoring-of inter

runs \ariability. The QC was added after all the samples, in the end of the run.

Mobile phases consisted of (1) high pressure liquidroatography (HPLC) grade
water with 0.1% (v/v) formic acid and (2) acetonitrile with 0.1% (v/v) formic acid for the
initial three minutes with adlw rate of 0.thl/min using a Waters Atlantis T3 columnu&
particles, 100mm length, 2.1mm diameter; Wateis). Reverseephase gradient elution
was initiated at 2% acetonitrile for the first three minutes, set to 65% acetonitBl# at
minutes for one minute and then ramped linearly up to 100% acetonitrile at 8 minutes and
held at 100% acetonitrilentil 16 mirutes. At 16.1min, the gradient returned to initial
conditions for a further 12 min to-exuilibrate the domn. The total rao time was 26in.
Under these conditions, GABA, glutamate, dopamine and serotonin, ABR&, PEA,
OEA, eluted at the following rention times:1.3min, 1.4min, 1.4min, 1r8in, 13.5nin,
13.9min, 14.2min and 146in respectively. Analyte detection was cadriout in

electrospraypositive ionisation mode on an Agilent 1100 HPLC system coupled to a triple
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quadrupole 6460 mass spectroméfgilent Technologies Ltd, Cork, Ireland). Instrument
conditions were optimised for each analyte by infusing standardsasggaQuantitation of

target endocannabinoids and neurotransmitters was achieved by positive ion electrospray
ionization and muiple reaction monitoring (MRM) mode, allowing simultaneous detection

of the protonated precursor and product molecular ighs H+] of the analytes of interest

and the deuterated form of the internal standard (MRM spectra anetovdswge (m/z)

ratios d each analyte of interest and its corresponding internal standard are displayed in Fig
2.1. Quantitation of each analyte waexformed by determining the peak area response of
each target analyte against its corresponding deuterated internal standaratidhietric
analysis was calculated using Masshunter Quantitative Analysis Software (Agilent
Technologies Ltd, Cork, Irela). The amount of analyte in unknown samples was
calculated from the analyte/internal standard peak area response ratio usippiat 10
calibration curve constructed from a range of concentrations of thdewdarated form of

each analyte and a fixed aom of deuterated internal standard. The values obtained from
the Masshunter Quantitative Analysis Software are initially expressegper mg of tissue

by dividingby the weight of the punched tissue. To express values as nmol or pmols per mg
the correponding values are then divided by the molar mass of each analyte expressed as

ng/nmole or pg/pmole.

A)

GABA - B Levels, 8 Levels Used. & Points, 8 Points Used, 0QCs

2 ignore, Weight None e
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Figure 21. Example 9or 10-point standard curves for GABA (A), glutamate (B), senat
(C), dopamine (D), AEA (E),-AG (F), PEA (G), and OEA (H). Plot of relative response
(y-axis) versus Relative Concentrationgxis). Relative response is the ratio of peaaar
of undeuterated analyte to peak area of deuterated analyte. Relatigatation is the ratio

of amount inng of undeuterated analyte to the amount in ng of deuterated analyte.
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Figure 22: Chromatograms of neurotransmitters (GABA; Glutamatei B; Serotonini
C; Dopaming D), endocannabinoids (AEA-RG T E, F), and related NAEs (PEAG,;

OEAT H). Top image displays the undeuterated target analytes and bottom image is the
deuterated iernal standard.
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2.2.8Detectionof drugsin brain tissue
2.2.8.1 Detedbn of GW6471 and GSK0660

Punched dorsal hippocampus (DH) tissue samples (4.85f]1 \®ere sonicated in a
mixture containing 20@ of deuterated internal staadis forendocannabinoids (0.48nmol
of 2-AG-d8 and 0.014mol of AEA-d8) and NAEs (0.015nmol of G¥d2 and 0.016nmol
of PEA-d4), 101 of deuterated internal standards for neurotransmitteng/0.048mmol of
GABA-d6, 59/0.033mmol of Glutamate &, 1ng/0.006nmol of @pamined-4, and
1ng0.005nmol of serotonind-4) and 50 of 100% acetonitrile using amltrasonic
homogeniser/sonicator (Mason, Dublin, Ireland). Samples were kept on ice during the
procedure. The homogedea were centrifuged at 14008g 15min at 4°C. Immediately
after, the supernatant was collected anai 40 it was transferred to a HPL@al. Mobile
phases consisted of (1) high pressure liquid chromatography (HPLC) grade water with 0.1%
formic acid and (2) acetonitrile, with a florate of 20@i/min using an Agilent Zorbax
reverse phase C18 RRHT column, 50mm length, 2.1mm diameter, fid8tiakes at 40°C.
Analytes were detected usinget streampositiveionisation with an Agilent triple
quadrupole 6460 maspectrometefAgilent Technologies Ltd, Cork, Irelandijterfaced
with an Agilent 1100 HPLC system. Revergdthse gradient elutidmegan initially at 75%
acetonitrilefor the first minute and then ramped by 5r@ri00% acetonitrile. The nebulizer
gaspressure was set at 45P8tép of 3500) and the source temperature at 30Bh€ath
Gas flow and temperature was 11L/min and 250°@eaetsvely GW6471(Fig 2.3A)was
monitored bySRM from 620.2 to 391.2 m/z (atallision energy setting of 35V) and
GSKO0660(Fig 2.3B)was monitord from 419.0 to 214.0n/z (at collision energy obV).
The fragmentor voltage was set at 200V.

2.2.8.2 Detction of GW9662

Punched DH samples (4.785+1mi&) were sonicated in a mixture containing 200
of deuterated internal staaudls forendocannabinoids (0.48nmol 62%-d8 and 0.01dmol
of AEA-d8) and NAEs (0.015nmol of OEA2 and 0.016nmol of PEA4), 10m of
deuterated internal standards for neurotransmitt@isy/0.048mol of GABA-d6,
5ny/0.033mol of Glutamate &5, 1ng/0.006nmol of @pamined-4, and 1ng0.005nmolof
serotonind-4) and 50r of 100% acetonitrile using an ultrasonic homogeniser/sonicator

(Mason, Dublin, Ireland). Samples were kept on ice during the procedure. The hotesgena
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were @ntrifuged at 11000dor 15min at 4°C. mmediately after, the supernatant was
collected and 4l of it was transferred to a HPLC vial. Mobile phases consisted of (1) high
pressure liquid chromatography (HPLC) grade water with 0.1% formic acid and (2)
acetaitrile, with a flow rate of 208/min using an Agilent Zorbax reverse phase C18 RRHT
column, 50mm length, 2.1mm diameter, 1.8um particles at 48A&lyteswere detected
using electrospraypositiveionisation with an Agilent triple quadrupole 6460
massspectrometefAgilent Technologie Ltd, Cork, Irelandjnterfaced withan Agilent
1100 HPLC system. Reversptiase gradient elion began initially at % acetonitrilefor

the first minute and then ramped at 6rtonl00% acetonitrile. The nebulizgaspressue

was set at 45PSI (Vcap of 3500) and the source temperature at S6@dth Gas flow and
temperature was 11L/min and 250°C respectively. GWY6&® 2.4) was monitored by
SRM from 275.2 to 156.1 m/z (atallision energy setting of 35VY.he fragmentowas set

at 200V.

x102 +ESI MRM Frag=200.0V CID@35.0 (620.2000 -> 391.2000) samp0031.d
)
i
0.9
GW6471  A) o
0.74
064
054

GSK0660  B) o &

Vehicle Q)

x102 +ESIMRM Frag=200.0V CID@5.0 (419.1000 -> 214.1000) samp0021.d

02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48
Counts vs. Acquisition Time (min)

Figure 23: Detection of GW6471 (A) and GSK0660 (B) in DH punch&salytes were
detected using jet streapositiveionisation with an Agilent triple quadrupole 6460
massspectrometemnterfaced with an Aigent 1100 HPLC system. The top chromatogram
represents the detection of GW6471 at 620.2 to 391.2 m/z; the middimatbgram
represents the detection of GSK0660 at 419.0 to 214.0 m/z; the two bottom chromatograms
represent the absence of thesetranstions at the same retention times, indicating absence

of the drugge.g. vehicletreated subjects).
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Figure 24: Detection of GW9662 (A) in DH punches. Analytes were detected using jet
streampositiveionisation  with an Agient triple guadrupole 6460
massspectrometeinterfaced with an Agilent 1100 HPLC system. The top chromatogram
represents the detection of GW9662 at 275.2 to 156.10 m/z and the bottom chromatograms
represent the absence of thattransitionat the sameetention time, indicating absence of

the drig (e.g. vehicletreated subjects).

2.29 Statistical Analysis

The SPSS 21.0 statistical package was used to analyse data. Normality was assessed
using ShapireNilk test and homogeneitgf variancewas checkedising Levené sest.
Behavioural datavereanalysed using tesfactor analysis of variance (Twway ANOVA),
with factors being feaconditioning and treatment, oepeated measures ANOVA when
appropriatge.g. when the dataereanalysed angresented in mhe bins). Netochemical
datawere analysed using threfactor analysis of variancéThreeway ANOVA), with
factors being featonditioning, treatment, and sidRight [ipsilatera] or left [contralaterd|,
with respect to the formalin injectionPost hocpairwise comprisons were made with
Student Newmaikeuls testwhen appropriatelf data were found to be ngrarametric,
three transformatigwere applied, in this order: square root of the data values, log of the
data values, and ranking of the dataueal Also, itwas checked if the highest standard
deviation was less than or equal to 2 times the smallest standard deviation for the particular
data set being analys€thunder et al., 2007)f data were still deemed ngrarametric after
these transformatis and teststhey were analysed using Krusk&lallis analysisof
variance andposthocanal ysi s performed wusing Dunnos
repeated measures were ypa r amet ri ¢ di stri buted, dat a WwWe

and Kruskal Wallis tet s f ol | o wedst hbotest D applicdbke.Data were
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considered significant vém p<0.05Data are expressed as group means + standard error of
the mean (&.M.) when parametric and as median with interquartile range when non

parametric.

Possiblepresence of outliers was checked by assessing the distribution of data. In case the
dat fell out of the range of [me&tstandard deviation] to [mean+2*standard deviation],
it was considered an outlier and excluded fsarhsequerdnalysis.

68



Results
2.3.1 Experiment 1
2.3.1.1 Effects of g/stemic administration of GW6471 and GSKO0660 on formalin

evoked nociceptive behaviour andFCA

Intra-plantar administration of formalin into the right hind paw produced robust
nociceptive behaviour asvidenced by the composite pain scokguskalWallis test
revealed a significant difference among group$y) = 40.62, p<0.001) (Figure 2.5Aost
hocanal ysi s with Dunn?os-evbkedsnocicepeve kehavieudwas h a t
significantly lowerin all fearconditioned groups compared with theinrfearconditioned
counterparts, confirming expression of FCA (FC Vehicle vs NFC Vehicle [**p<0.001], FC
GW6471 vs NFC GW647F4p<0.001], and FC GSK0660 vs NFC GSK068p£0.001]).

Neither GW6471 no6GSK0660 had any significant effect on formadiwoked nociceptive

behaviour in notfearconditioned or feaconditioned rats (i.e. no effect on FCA).

The analysisof pain 1 (see definition in the section 2.2.4) duration (Figure 2.5B)
with Kruskal Wallistest revealed a significant difference among group$s) = 40.22,
p<0.001).Post hocanal ysi s with Dunn s-evbkedsnociceptve e al e d
behaviow was significantly lower in all feaconditioned groups compared with their non
fearcondiioned counterparts, confirming expression of FCA (FC Vehicle vs NFC Vehicle
groups [*p<0.001], FC GW6471 vs NFC GW6471pk0.001], and FC GSK0660 vs NFC
GSKO0660 *p<0.001]). There were no significant effects of either GW6471 or GSK0660

on formalinevokednociceptive behaviour in NFC or FC rats.

The analysisof pain 2 (see definition in the section 2.2.4) duration (Figure 2.5C)
with Kruskal Wallis test revealed agsificant difference among groups’ (5) = 42.98,
p<0.001).Post hocanal ysi s with Dunno s-evokedsnociceptve e al e d
behaviour was significantly lower in all feaonditioned groups compared with their non
fearconditioned counterparts, confirming expression of FCA {fe@Gicle vs NFC Vehicle
groups [**p<0.01], FC GW6471 vs NFC GW647%1<0.001], and FC GSK0660 vs NFC
GSKO0660 $¥p<0.001)).

Friedmands test showed.?(4 =41085np<®.00famnt ef -
CPS values. Post hoc analysis with Wilcoxon tegealed a difference between tenk3
and 1012 (p<0.01), 13 and 1315 (p<0.01), 4 and 1612 (p<0.01), and-B and 1012
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(p<0.05).Kruskal Wallis comparisons revealed a significant difference between the groups
in each time bin [f13 (5) = 39.281, **p<0.001;.%.6 (5) = 41.565, ***p<0.001;%79 (5) =
40.959, ***p<0.001; 21012 (5) = 41.102, ***p<0.001; 21315 (5) = 36.379, *** p<0.001)] in

CPS. (Figure 2.6)Post hocanal ysi s with Dunno6s -evokeslt i ndi
nociceptive behaviour &s significantljower in the FC Vehicle group compared to NFC
Vehicle [(Time1.3, p<0.01; Timewes, p<0.01; Timer.g, p<0.001; Timaoi2, p<0.01; Timeas

15, P<0.05], in the FC GW6471 group compared to NFC GW6471 [(Tyne<0.01; Time

46, P<0.01; Tine 7.9, p<0.001;Time 1012, p<0.001; Timez1s, p<0.01], and in the FC
GSKO0660 group compared to NFC GSKO0660 [(Tinep<0.05; Timess, p<0.01; Timer.

9, p<0.01; Timeo12, p<0.05; Timez1s, p<0.01]. Neither GW6471 nor GSK0660 had any
significant éfect on formaln-evoked nociceptive behaviour in réearconditioned or fear

conditioned rats (i.e. no effect on FCA).

Two-way ANOVA revealed no significant effect of feaonditioning[F (1, 48)=
0.6788, p>0.05] or treatmerft [2, 48)= 1.229, p>0.6] on formalininduced paw oedema
(Figure2.7).

70



A)

1.57

CPS

CPS
.
0O =

B) Pain 1
6004 — L ]
D o [
<
S 400-
T
5
3 T
;zoo-
& *k%k
0 L Ml —Ww—Sun—
NFC FC
Figure 25:

antagonists on formalievoked nociceptive behaviour in néear conditioned (NFC) and
fear conditioned (FC) rat?ost hocanal ysi s

difference between formalimjected FC groupand their NFC countegpts(** *p<0.05) in

Effects of systemic administration of selective PRARNd PPAR/d
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CPS (Figure A), Pain 1 (Figure B) and Pain 2 (Figurev&lies Data are expressed as
median with interquartile range (n=9 per group).
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and fear conditioned (FC) rats. Data are expressed as mean + S.E.M, n=9 rats per group.
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2.3.1.2Effects of systemic administraton of GW6471 and GSK0660on fear-related
behaviour in formalin -treated rats

The analysisof the duration of freezing (Figure 2.8) witlwd-way repeated
measures ANOVA revealed a significant effect of time [F (2.871, 132.072) = 7.213,
p<0.001], conditioning [F (1, 46) = 80.39%<0.001], time x conditioning [F (2.871
132.072) =5.961, p=0.001] but not of time x treatment [F (5.742, 13P-0¥.455, p>0.05],
treatment [F (1, 46) = 0.202, p>0.05], conditioning x treatment [F (2, 46) = 1.803, p>0.05]
and time x conditioning x treatment [F (5.742, 132.072) = 1.5840p}%0Post hoanalysis
with Student NewmaiKeuls confirmed that vehiclend drugtreated FC rats had
significantly greater levels of freezing than NFC counterparts dinatl bins. Post hoc
analysis also revealed that treatment with GW6471 in FC rgtsfisantly increased
freezing duration in two of the-@in time bins: 79 and 1012 (fp<0.05), compared with
vehicletreated FC counterparts. In addition, treatment with GSKO0660 significantly
increased freezing duration in one of them time bins: 1012 (p<0.05), compared with

vehicletreated FC counterparts.
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Figure 28: Temporal profile of theféects of fear conditioning and systemic administration

of selective PPARU aireezinBiP WoRféat donditionead NFO)n i st s
and fear conditioned (FC) raf8ost hoanalysis with Student Newmdfeuls revealed that

all formalin-injected FC groups exhibited significantly greater duration of freezing
compared with NFC counterpart$p€0.001). Treatment with GW6471 in FC rats
significantly increased freezing duration in two of theni® time bins {p<0.05, vs FC

Vehicle), and treatment with G®IK60 significantly increased freezing duration in one of

the 3min time bins §p<0.05, vs FC VehicleData are expressed as meanEI8 (n=7-9
per group).
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The analysisof the number of faecal pellets excreted (defecation; Figure 2.9) with
Kruskal Wallistest revealed a significant difference among grou®) = 38.90, p<0.001).
Posthoanal ysis with Dunndés test revealed that
significantly higher in all FC rats when compared to all their NFC counterparts €RiCl¥
vs NFC Vehicle groups [**p=0.0016], FC GW6471 vs NFC GW6471-0.0044], and FC
GSKO0660 vs NFC GSK0666d<0.05]). Neither GW6471 nor GSK0660 had any significant

effect on defecation in nefearconditioned or feaconditioned rats.
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Figure 29: Effects of systemic administration of selective PRARand

PARb/d antagonist®ndefecation in notfiear conditioned (NFC) and fear conditioned (FC)
rats. Post h o cevealad tthiat alfdonmalin-idjectedt-F@ groups exhibited
significantly increased number of excreted faecal pellets compared #Ehchunterparts
(**p<0.01, vs NFC Vehicle®p<0.01, vs NFC GW647£p<0.05, vs NFC GSK0660Data

are expressed as median with interquartile range and min/m@xgtsger group).

2.3.1.3Effects of systemic administration of GW6471 and>SK0660 on geerral/motor
behaviour

The analysisof walking duration (Figure 2.10A) withepeated measures tway
ANOVA revealed a significant effect of fear conditioning [F48) = 110.009%p<0.001],
time [F (3.031, 145.511) = 23.695, p<0.05], time x fear condiigifir (3.031, 145.511) =
22.537, p<0.05], but not of treatment [F (2, 48) = 0.284, p>0.05], treatment x fear
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conditioning [F (2, 48) = 1.202, p>0.05], treatment x time [F (6.083,511) = 0.794,
p>0.05], treatment x fear conditioning x time [F (6.0635.541) = 0.393, p>0.05]Rost
hoc analysis with Student Newmdfeuls test indicated that walking duration was
significantly lower all FC groups compared to their NFC counterpaftaur time bins [FC
Vehicle vs NFC Vehicle (Times, p<0.01; Timeyes, p<0.01; Timer.o, p<0.001; Timeao1o,
p<0.01;), FC GW6471 vs NFC GW6471 (Time, p<0.01; Timess, p<0.01; Timer.o,
p<0.001; Timeo12, p<0.001), and FC GSK0660 vs NFC GSK06®6ine 1.3, p<0.05; Time
46, P<0.01; Timer.g, p<0.01; Timeo12, p<0.05)]. Neither GW6471 nor GSK0660 had any

significant effect on walking in nefearconditioned or feaconditioned rats.

Theanalysisof grooming duration (Figure 2.10B) wikhr i e & tesd didinot show
any significant effect of time.{ (4) = 3.388, p>0.05) . Kruskal Wallis test revealed a
significant difference among groups in two of the time bing §((5) = 31.635, p<0.001;
%1315 (5) = 12.510, p<0.05)Posthocanal ysi s with Dunnés test
was significantlylower in the FC GW6471 group compared to NFC GW6471 in the first
time bin (Timex-s3, #p<0.01) and in the FC GSK0660 group compared to NFC GSK0660 in
the last time bin (Times1s, *p<0.05).

The analysisof rearing duration (Figure 2.10C) wifhr i e d test redealed a
significant effect of time.¢ (4) = 22.234, p<0.001)Posthoa nal ysi s wi th Wil c
indicated that rearing was significantly lower at Timieompared to Times (p=0.001),

Timewz1s compared to Times (p<0.01), and Timg compared to Timgis (p<0.05).
Kruskal Wallis est revealed a significant difference among groups in one of the time bins
[(:?1012(5) = 11.987, p<0.05Posthoa nal ysi s with Dunnodés test d

differences between groups in rearing duration in that time bin.
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Figure 210: Temporal profile of the effects of feapnditioning and systemic administration

of selective PPAR and PPAR/d antagonist®n walking duration (A grooming duration

(B), and rearing duration (C). Post hoc analysis with Student Newteals test indicated

that walking duration (A) was significantly lower &kmalin-injectedFC groups $<0.05,

vs FGcounterpart). Post homaa | y si s  wi ttindicatBdutiman gioeming éB3 was
significantly lower in the FC GW6471 group compared to NFC GW6471 in the first time
bin (*¥p<0.01) and in the FC GSK0660 group compared to NFC GSK0660 in the last time
bin ¢p<0.05). Data are expressas mean = S.E.M (Ar median withinterquartile range

and min/max (B and Qn=9 rats per group).

2.3.1.4 Effect of fear conditioning and GW6471 and GSK0660 administration on
neurotransmitter levels in theBLA, CeA, and VH of formalin-treated rats

The PPAR signalling sysin has previously been shown to be associated with
positive changes ithe GABAergic (Sasso et al.,, 2010promotes anincrease in the

expression ofjlutamatergiceceptorgChing et al., 2015Randincreased levels of serotonin
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(Waku et al., 2010; Mijarms-Moreno et al., 2016and dopamindMascia et al., 201,
MijangosMoreno et al., 2016b; Chikahisa et al., 20I)erefore, the blockade of PPARs
could affect levels of one or more of these neurotransmitters, which it turn play key roles in
pain and fear. In order to check if the alterations in pain aridéwrresponses after fear
conditioning and treatment with PPAR antagonists were associated with changes in the
levels of neurotransmitters, we examined tissue levels of GABA, glutamate, serotonin and
dopamine in the BLA, CeA, and VH.

2.3.1.4.1Effect of fear conditioning and GW6471 and GSK0660 administration on
neurotransmitter levels in the BLA

Levels of GABA analysed usingntieeway ANOVA revealed an overalieatnment
effect [F (2, 76) = 5.628%<0.01] (Figure 2.11A). Howevepost hocpairwise group
comparisonswith Student Newmaieuls testdid not reach statistical significandéear
conditioning[F (1, 76) = 0.054, p>0.05ndside [F (1, 76) = 2.669, p>0.08]d not affect
levels of GABA in theBLA. The interaction of treatment xwditioning [F (2,76) = 1.133,
p>.05], treatment x side [F (2, 76) = 0.017, p>0.05], conditioning x side [F (1, 76) = 0.237,
p>0.05], and treatment x conditioning x side [F (2, 76) = 0.648, p>0.05] did not significantly
affect GABA levels in the BLA. Wheeach side was alyaed separately, twavay ANOVA
revealed an effect of treatment on GABA levels in the right side [F (2, 44) = 3.910, p<0.05]
but not in the left side [F (2, 37) = 2.172, p>0.08pwever, post hocpairwise group
comparisonsvith Student MwmanKeuls testdid not reach statistical significancEear
conditioning [Right F (1, 44) = 0.546, p>0.05; Left F (1, 37) = 0.621, p>0.05] and treatment
x fear conditioning [Right F (2, 44) = 0.075, p>0.05; Left F (2, 37) = 2.005, p>0.05] did not
affectGABA levels in theBLA.

Levels of glutamate analysed usirgeeway ANOVA revealed thatreatnent [F
(2, 76) = 2.307, p>0.05]ehr conditioningF (1, 76) = 0.007, p>0.0%ndside [F (1, 76) =
0.264, p>0.05]did not have any fect on its levelsin the BLA (Figure 2.11B) The
interaction of treatment x conditioning [F (2, 76) = 0.069, p>0.05], treatment x side [F (2,
76) = 0.439, p>0.05], conditioning x side [F (1, 76) = 0.658, p<0.05], and treatment X
conditioning x side [F (2, 76) = 1.394, p>0.05] diot significantlyaffect glutamate levels
in the BLA. When each side was analysed separatelywayoANOVA revealed no effect
of treatment on glutamate levels either in the right side [F (2, 39) = 0.310, p>0.05] or in the
left side [F (2, 37) = 3.037, pA@b]. Fear conditining [Right F (1, 39) = 0.220, p>0.05; Left
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F (1, 37) =0.514, p>0.05] and treatment x fear conditioning [Right F (2, 39) = 0.386, p>0.05;
Left F (2, 37) = 1.247, p>0.05] did not affect glutamate levels in the BLA.

Levels of serotonin alysed using Hreeway ANOVA revealed an overall
conditioning effect [F (2, 85) = 3.975, p<0.05] (Figure 2.118)wever,post hogairwise
group comparisons did not reach statistical significaficeatment [F (2, 85) = 0.368,
p>0.05]andside [F (1, 85F 0.634, p>0.05¢lid not affectievels ofserotoninin the BLA.
The interaction of treatment x conditioning [F (2, 85) = 0.438, p>0.05], treatment x side [F
(2, 85) = 0.253, p>0.05], conditioning x side [F (1, 85) = 0.206, p>0.05], and treatment X
conditioning x side [F (285) = 0.382, p>0.05] did not significantlyfeft serotonin levels
in the BLA. When each side was analysed separatelywayoANOVA revealed no effect
of treatment on serotonin levels either in the right side [F (2, 44) = 0.280, p>0.05] or in the
left sde [F (2, 41) = 0.489, p>0.05]. Fear conditrap[Right F (1, 44) = 0.700, p>0.05; Left
F (1, 41)=2.412, p>0.05] and treatment x fear conditioning [Right F (2, 44) = 0.305, p>0.05;
Left F (2, 41) = 0.004, p>0.05] did not affect serotonin levels irBtt¥.

Levels of dopamine analysed usingukalWallis test did not show any significant
difference among groups®[(11) = 5.742, p>0.05] in the BLA (Figure 2.11D). The analysis
of each of the sides separately by Kruskal Wallis did not reveal any significant difference
among groups [Righe (5) = 3.3®, p>0.05; Left? (5) = 1.922, p>0.05].
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2.3.1.42 Effect of fear conditioning and GW6471 and GSK0660administration on
neurotransmitter levelsin the central nucleus of the amygdala (CeA

The analgis of the levels of GABA usingruskal Wallis test did not show any
significant difference among groups [11) = 10.018, p>0.05] in the CeA (Figure 2.12A).
The analysis of each of the sides separately by Kruskal Wallis did not reveal any significant
difference among groups [Right(5) = 4.630, p>0.05; Left (5) = 4.041, p>0.05].

The analysis of the levelof glutamate usingruskal Wallis test did not show any
significant difference among groups [11) = 8.882, p>0.05] in the CeA (Figure 2.12B).
The analysis of each of the sides separately by Kruskal Wallis did not reveal any significant
difference amog groups [Right? (5) = 7.868, p>0.05; Leff (5) = 1.067, p>0.05].

The analysis of the levels of serotonin usikdguskal Wallis test revealed a
significance difference among groups([L1) = 20.669, p<0.05] in the CeA (Figure 2.12C).
However,posthoc pairwise group comparisongi t h D u dich riosreatheststistical
significance The analysis of each of the sides separately by Kruskal Vilallisot reveal
any significant difference among groups [Righ{5) = 0.783, p>0.05; Leff* (5) = 5.368,
p>0.05].

The analysis of the levels of dopamine usimgéway ANOVA revealed an overall
treatrrent [F (2, 80) = 3.181, p=0.047], side [F (1, 8035257, p<0.001], and treatment x
conditioning [F (2, 80) = 3.994, p<0.022] (Figure 2.12D). Howepest ha pairwise group
comparisonsvith Student Newmaieuls testdid not reach statistical significanceear
conditioning[F (1, 80) = 2.430, p>0.05] dinot affectievels ofdopaminen the CeA The
interaction of treatment x side [F (2, 80) = 0.146, p>0.05], conditioning x side [F (1, 80) =
0.082, p>0.05], and treatment x conditioning x side [F (2, 80) = 0.234, p>0.05] did not
significantly affect dopame levels in the CeA. When each side waalygsed separately,
two-way ANOVA revealed no effect of treatment either on dopamine levels in the right side
[F (2, 39) = 1.967, p>0.05] or in the left side [F (2, 41) = 0.936, p>0.05]. Fear conditioning
[Right F (1, 39) = 0.737, p>0.05; Left F (1, 41) =488, p>0.05] and treatment x fear
conditioning [Right F (2, 39) = 3.184, p=0.052; Left F (2, 41) = 1.550, p>0.05] did not affect
dopamine levels in the CeA. Due to the trend seen in the interaction of treatrieamt
conditioning in right side (p=0.058¢e above), | compared each conditioning group in each
side separately. In this scenario, ame@y ANOVA reveals a significant effect of treatment
on dopamine levels in the right CeA of FC [F (2, 23) = 3.8680.043] but not in NFC [F
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(2, 23) = 2.106, p>05] rats.Post docanalysis with Student Newmdfeuls test indicates
that dopamine is significantly higher in FC GW647dated compared to FC Vehiele
treated rats?p<0.05). Treatment did not have an effectdmpamine levels in the left side
neither inFC [F (2, 21) = 0.341, p>0.05] nor NFC rats [F (2, 20) = 2.107, p>0.05].
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Figure 212 Effects of systemic administration of selective PRARand
PPARb/d antagonists on GABA (A), glutamate (B), serotonin (C), and dopamine (D) levels
in the central nucleus of the amygdala (CeA) in formedjacted norfear caditioned
(NFC) and fear conditioned (FC) raBneway ANOVA reveals a significant ffct of
treatment on dopamine levels in the right CeA of B&-0.043) rats. Post doc analysis
indicated that dopamine is significantly higher in BOV647ktreated compared to FC
Vehicletreated rats*p<0.05).Data are expressed as mean + S.E.M (D) andianewith

interquartile range (A, B and C), n9rrats per group.
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There was naignificantcorrelation between the level of dopamine ia tlght CeA of FC
rats treated with vehicland the duration of freezing £ 0.08513; p>0.05; R= 0.007]
(Figure2.13A). There was naignificantcorrelation between the level of dopamine in the
right CeA of FC rats treated withW6471and the duration of freezing$0.1069 p>0.05;
R?=0.01144 Figure 2.13B).

There was significantpositive correlation betweehe level of dopamine in the rigEeA
of FC rats treated wittSK0660and the duration of freezing f-0.8201; p=0.0127R?=
0.6729 Figure 2.13C).
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Figure 2.13Correlation between dopamine levels in the CeA of FC rateteath vehicle

(A), GW6471 (B), and GSK0660 (C) and freezing duration.

2.3.1.43 Effect of fear conditioning and GW6471 andGSK0660 administration on

neurotransmitter levelsin the ventral hippocampus (VH)
The analysis of the levels of GABA usingeeway ANOVA revealed treatment [F
(2, 88) = 3.193, p<0.05] and side [F (1, 88) = 27.473, p<0.001] effects (Figuik)2.1
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However,posthoc pairwise group comparisongith Student Newmaieuls testdid not
reach statistical significanc&ear conditionindF (1, 88) = 0.575, p>0.05] did not affect
levels of GABA in the VH The interaction of treatment x side [F (2, 88) = 0.577, p>0.05],
conditioning x side [F (1, 88) = 0.229, p>0.08fkatment x conditioning [F (2, 88) = 0.577,
p>0.05] and treatment x cditioning x side [F (2, 88) = 1.269, p>0.05] did not significantly
affect GABA levels in the VH. When each side was analysed sepatatelway ANOVA
revealed no effect of treatment on GABA levels either in the right side [F (2, 44) = 2.205,
p>0.05] or inthe left side [F (2, 44) = 1.569, p>0.05]. Fear conditioning [Right F (1, 44) =
0.210, p>0.05; Left F (1, 44) = 0.142, p>0.05] and imegt x fear conditioning [Right F (2,

44) = 2.004, p>0.05; Left F (2, 44) = 0.029, p>0.05] did not affect GABA lemndisi VH.

The analysis of the levels of glutamate usikguskal Wallis test revealed a
significance difference among groups([11) = 27578, p<0.05] in the VH (Figure 24B).
However,posthoc pairwise group comparisongi t h D u dich ribsreath estatistical
significance The analysis of each of the sides separately by Kruskal Wallis did not reveal
any significant differece among groups [Right (5) = 9.537, p>0.05; Leff? (5) = 3.816,
p>0.05].

The analysis of the levels of serotonin usingeeway ANOVA revealed aide [F
(1, 92) = 43.602, p<0.001] and treatment [F (2, 92) = 3.764, p=0.027] effect (Figdts.2.1
Stucent NewmarKeuls post hoc pairwise group comparisonigdicated that levels of
serotonin were significantly lower on the right side of the VH of bothclelgroups
compared to the left side (Right NFC Vehicle vs Left NFC Vehicle, *p<0.05; Right FC
Vehiclevs Left FC Vehicle, *p<0.05) and also for NFC GW64vdated animals (Right
NFC GW6471 vs Left NFC GW6471, *p<0.05)ed conditioning[F (1, 92) = 1.49,
p>0.05] did not affectevels ofserotoninin the VH.The interaction of treatment x side [F
(2, 92) = 0.282, p>0.05], conditioning x side [F (1, 92) = 0.174, p>0.@8ptment X
conditioning [F (2, 92) = 0.293, p>0.05] and treatmerbrditioning x side [F (2, 92) =
0.092, p>0.05] did not significantly affect serotonin levels in the VH. When eaclwvagle
analysed separately, tweay ANOVA revealed no effect of treatment on serotonin levels
either in the right side [F (2, 45) = 2.58850.05] or in the left side [F (2, 47) = 1.255,
p>0.05]. Fear conditioning [Right F (1, 45) = 1.190, p>0.05; Left B{L= 0.348, p>0.05]
and treatment x fear conditioning [Right F (2, 45) = 0.322, p>0.05; Left F (2, 47) = 0.039,
p>0.05] did not affecserotonin levels in the VH.
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The analysis of the levels of dopamine usimgéway ANOVA revealed a side [F
(1, 89) = 53723, p<0.001] effect (Figure 2D). Student Newmaieuls posthocpairwise
group comparisonsdicated that levels of dopamine wergrsficantly lower on the right
side of the VH of the FC vehicle group compared to the left side (Right FC Vehicletvs Lef
FC Vehicle, *p<0.05) and also for NFC GSKO06B8ated animals (Right NFC GSK0660
vs Left NFC GSKO0660, *p<0.05).ear conditioning[F (1, 89) = 1.041, p>0.05] and
treatment [F (2, 89) = 1.651, p>0.05] did not affexstels ofdopaminein the VH. The
interaction of treatment x side [F (2, 89) = 0.731, p>0.05], conditioning x side [F (1, 89) =
0.623, p>0.05]treatment x conditioning [F (289) = 0.302, p>0.05] and treatment X
conditioning x side [F (2, 89) = 1.142, p>0.05] did not significantly affect dapatavels
in the VH. When each side was analysed separatelywayoANOVA revealed no effect
of treatment on dopamine levels eithethe right side [F (2, 43) = 1.851, p>0.05] or in the
left side [F (2, 46) = 0.897, p>0.05]. Fear conditioning [Rigfi,3) = 0.022, p>0.05; Left
F (1, 46) = 2.139, p>0.05] and treatment x fear conditioning [Right F (2, 43) = 1.590, p>0.05;
Left F (2,46) = 0.129, p>0.05] did not affect dopamine levels in the VH.
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Figure 2134: Effects of systemic administration of selective PPAR and
PPARb/d antagonists on GABA (A), glutamate (B), serotonin (C), and dopamine (D) levels
in the ventral hippocampus (VH) in formalinjected norfear conditioned (NFC) and fear
conditioned (FC) rats.d3t hoc test indicated that levels of serotonin and dopamine were
significantly lower on the right side of the VH (Right vs Left, *p<0.@3ata ae expressed

as mean = S.E.M (A, C and D) or median with interquartile range (B)9mai& per group.
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2.3.15 Effect of fear conditioning and GW6471 and GSKO0O660administration on
endocannabinoid andNAE levelsin the BLA, CeA, and VH

In order to chek if the alterations in pain and/or fear responses after fear
conditioning and treatment with PPAR antagonists were associated with changes in the
levels of the endogenous ligands (i.e. NAEs) and endocannabin@dsaminedissue
levelsof 2-AG, AEA, PEA and OEAIn the BLA, CeA, and VH

2.3.1.5.1Effect of fear conditioning and GW6471 and GSK0660 administration on
endocannabinoid andNAE levels in the BLA

The analysis of the levels of&2G using Kruskal Wallis test did not show any
significant differeice among groupsq(11) = 14.299, p>0.05] in the BLA (Figure 3A).
The analysis of each of the sides separately by Kruskal Wallis did not reveal any significant
difference among groups [Right(5) = 5.188, p>0.05; Left (5) = 8.%8, p>0.05].

The aralysis of the levels of AEA usingruskal Wallis test did not show any
significant difference among groups [11) = 12.565, p>0.05] in the BLA (Figure 3B8).
The analysis of each of the sides separately by Kruskal Wallis did nat eewesignificant
difference among groups [Right (5) = 3.349, p>0.05; Leff (5) = 2.653, p>0.05].

The analysis of the levels of PEA usikguskal Wallis test did not show any
significant difference among groups [11) = 6.761, p>0.05] in the BLAF{gure 2.5C).
The analysis of each of the sides separately by Kruskal Wallis did not reveal any significant
difference among groups [Right(5) = 0.970, p>0.05; Leff (5) = 5.305, p>0.05].

The analysis of the levels of OEA usikguskal Wallis test did not show any
significant difference among groups’[(11) = 6.688, p>0.05] in the BLA (Figure BID).
The analysis of each of the sides separately by Kruskal Wallis did not reveal anyaignific
difference among groups [Right(5) = 1.586, p>0.05; Left (5) = 4.983, p0.05].
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Figure 2145. Effects of systemic administration of selective PRARand
PPARb/d antagonists on -AG (A), AEA (B), PEA (C), and OEA (D) levels in the
basolateral amygdala (BLA) in ndaar conditioned (NFC) and feaonditioned (FC) rats.

Data are expressed as median with interquartile range9mafg per group).

2.3.15.2 Effect of fear conditioning and GW6471 and GSK0660 administration on
endocannabinoid andNAEs levels in theCeA

The analysis of the levels of2G using Kruskal Wallis test did not show any
significant difference among groups {11) = 14.405, p>0.05] in the CeA (Figure @A).
The analysis of each of the sides separately by Kruskal Wallis did not reveal angangnif
difference among groups [Right(5) = 2.926, p>0.05; Left (5) = 10.556, p>0.05].
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The analysis of the lels of AEA usingKruskal Wallis test did not show any
significant difference among groups [11) = 9.064, p>0.05] in the CeA (Figure @B).
The analysis of each of the sides separately by Kruskal Wallis did not reveal any significant
difference amongrgups [Right.? (5) = 4.859, p>0.05; Leff’ (5) = 3.234, p>0.05].

The analysis of the levels of PEA usitgdeway ANOVA revealed that sed[F (1,
89) = 1.508, p>0.05]&hlar conditioningF (1, 89) = 1.723, p>0.05] and treatment [F (2, 89)
= 0.455, p>®5] did not affectievels of PEA in the CeA (Figure 26C). There was a
significant interaction of treatment x side [F (2, 89) = 4.036, @4].0However,post hoc
pairwise group comparisonsith Student Newmaieuls testdid not reach statistical
significance The interaction of conditioning x side [F (1, 89) = 1.547, p>010&dtment x
conditioning [F (2, 89) = 1.165, p>0.05] and treatment x conditioning x side [F (2, 89) =
0.694, p>0.05] did not significantly affect PEA levels in the CeA. When eaehveas
analysed separately, twoay ANOVA revealed an effect of treatmemt BEA levels in the
right side [F (2, 44) = 3.403, p<0.05] but not in the left side [F (2, 45) = 0.981, p>0.05].
However,post hocpairwise group comparisongith Student Newmaikeuls testdid not
reach statistical significancEear conditioning [Right EL, 44) = 3.126, p>0.05; Left F (1,
45) = 0.002, p>0.05] and treatment x fear conditioning [Right F (2, 44) = 0.441, p>0.05;
Left F (2, 45) = 1.471, p>0.05].

The analysis of the lels of OEA usinghreeway ANOVA revealed an overall
effect of side [F (190) = 7.572, p=0.007]However,post hogairwise group comparisons
with Student Newmaieuls testdid not reach statistical significan{féigure 2.8D). Fear
conditioning[F (1, 90) = 0.059, p>0.05] and treatment [F (2, 90) = 0.245, p>0.05] did not
affect levels of OEA in the CeA (Figure 2.11 DThe interaction of treatment x side [F (2,
90) = 0.691, p>0.05], conditioning x side [F (1, 90) = 0.002, p>0.08htment X
conditionng [F (2, 90) = 1.512, p>0.05] and treatment x conditioning x side [FO}279
0.936, p>0.05] did not significantly affect OEA levels in the CeA. When each side was
analysed separately, twoay ANOVA did not reveal any effect of treatment [Right F (2,
46) = 0.348, p>0.05; Left F (2, 44) = 0.596, p>0.05], fear conditioning [Rtgftt, 46) =
0.019, p>0.05; Left F (1, 44) = 0.042, p>0.05], or treatment x fear conditioning [Right F (2,
46) = 1.240, p>0.05; Left F (2, 44) = 1.235, p>0.05] on OEA levels.
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Figure 26: Effects of systemic administration of selective PRAdRd PPAR/d antagonists
on 2AG (A), AEA (B), PEA (C), and OEA (D) levels in the ceddtnuclei of the amygdala
(CeA) innonfear conditioned (NFC) and fear conditioned (FC) rats. Data are expressed as

median with interquartile range (A and B) and as mean = S.E.M (C and DY, rat3 per
group.

2.3.15.3 Effect of fear conditioning and GW6471 and GSK0660 administrationon
endocannabinoid andNAEs levels in theVH

The analysis of the levels of&2G using hreeway ANOVA revealed an overall
effect of fear conditining [F (1, 84) = 5.224, p=0.0Band side [F (1, 84) = 4.419, p=0.039
(Figure 2.7A). However,posthoc pairwise group comparisons did not reach statistical
significance Treatment [F (2, 83) = 0.767, p>0.05] did not affect levelsAf22in the VH.
The interaction of treatment x side [F (2, 83) = 2.648, p>0.05], conditierside [F (1, 83)
= 0.872, p>0.05], treatment x conditioning [F (2, 83) = 0.645, p>0.05] and treatment X
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conditioning x side [F (2, 83) = 0.169, p>0.05] did not significantly affedt22levels in

the VH. When each side was analysed separatelyweayp ANOVA revealed an effectfo
treatment on -AG levels in the right side [F (2, 41) = 3.239, p<0.05] but not in the left side
[F (2,43)=0.452, p>0.05] and of fear conditioning in the left side [F (1, 41) = 4.551, p<0.05]
but not in the right side [F (1, 43) 0.297, p>0.05]. However, post hocpairwise group
comparisonsvith Student NewmadKeuls testdid not reach statistical significanc&he
interaction of treatment x fear conditioning [Right F (2, 41) = 0.270, p>0.05; Left F (2, 43)
= 0.543, p>0.05].

The analysis of the levelsf AEA using treeway ANOVA revealed an overall
effect of side [F (1, 90) = 8.292, p=0.005] (Figure7B)L However posthocpairwise group
comparisons did not reach statistical significanéear conditioning [F (1, 90) = 0.275,
p>0.05] and treatment [F (2, 90) = 0.310, p>0.05] did not aféeeils of AEA in the VH.

The interaction of treatment x side [F (2, 90) = 1.475,@3) conditioning x side [F (1, 90)

= 0.001, p>0.05]treatment x conditioning [F (2, 90) = 0.659, p>0.@5bId treatment x
conditioning x side [F (2, 90) = 0.200, p>0.05] did not significantly affect AEA levels in the
VH. When each side was analysed safay, twoway ANOVA did not reveal any effect

of treatment [Right F (2, 44) = 1.450, p>0.05; Left F (2) 460.419, p>0.05], fear
conditioning [Right F (1, 44) = 0.127, p>0.05; Left F (1, 46) = 0.149, p>0.05], or treatment
x fear conditioning [Right F (244) = 0.794, p>0.05; Left F (2, 46) = 0.095, p>0.05] on AEA

levels.

The analysis of the levels of PEAIng threeway ANOVA revealed that side [F (1,
88) = 0.867, p>0.05], fear conditioning [F (1, 88) = 0.001, p>0.05] and treatment [F (2, 88)
= 0.255, p0.05] did nothave any effects on tHevels of PEA in the VH (Figure 2.4C).
The interaction of treatmentside [F (2, 88) = 1.940, p>0.05], conditioning x side [F (1, 88)
= 0.008, p>0.05]treatment x conditioning [F (2, 88) = 0.346, p>0.05] and treatnx
conditioning x side [F (2, 88) = 1.460, p>0.05] did not significantly affect PEA levels in the
VH. When each side was analysed separately;viap ANOVA did not reveal any effect
of treatment [Right F (2, 44) = 1.697, p>0.05; Left F (2, 44) = 0.490.05], fear
conditioning [Right F (1, 44) = 0.133, p>0.05; Left F (1, 44) = 0.009, p>0.05], or treatment
x fear conditioning [Right F (2, 44) = 0.931, p>0.05; Left F (2, 44) = 0.765, p>0.05] on PEA

levels.

90



The analysis of the levels of OEA usitggeway ANOVA revealed that side [F (1,
91) = 0.013, p>0.05], fear conditioning [F (1, 91) = 0.091, p>0.05}@adment [F (2, 91)
= 0.945, p>0.05] did not affetevels of OEA in the VH (Figure 2.1ID). The interaction of
treatment x side [F (2, 91) = 2.18%0.05], conditioning x side [F (1, 91) > 0.001, p>0.05],
treatment x conditioning [F (2, 91) = 0.199, p3%]). and treatment x conditioning x side [F
(2, 91) = 0.900, p>0.05] did not significantly affect OEA levels in the VH. When each side
was analysed parately, tweway ANOVA did not reveal any effect of treatment [Right F
(2, 45) = 2.369, p>0.05; Left F (26) = 0.991, p>0.05], fear conditioning [Right F (1, 45)
= 0.060, p>0.05; Left F (1, 46) = 0.036, p>0.05], or treatment x fear conditioning [Right F
(2, 45) = 1.103, p>0.05; Left F (2, 46) = 0.163, p>0.05] on OEA levels.
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Figure 2157: Effects of systemic administration of selective PPAR and
PPARb/d antagonists on-AG (A), AEA (B), PEA (C), and OEA (D) levels in the ventral

hippocampus (VH) in nofear conditioned (NFC) and fear conditioned (FC) rats. Data are

expressed as mean = S.E.M, r&7ats per grop.
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2.3.2 Experiment 2

2.3.21 Effects of gystemic administration of GW9662 on formalinevoked nociceptive
behaviour and FCA

As in Experiment lintraplantar administration of formalin into the right hind paw
produced robust nociceptive behaviour as evidenced by the sdmpain scoreKruskak
Wallis comparisons revealed a significant difference among all groag8)(= 27.226,
p<0.001) in total composite pain score values (Figure8A) Posthoa nal ysi s wi t h L
test indicated that formaliavoked nociceptive behaviour was significantly lower in both
FC groups compared with their NFC counterparts, confgnerpression of FCA (FC
Vehicle vs NEE Vehicle [**p<0.001]; FC GW9662 vs NFC GW9662p<0.001]). The
treatment with GW9662 did not have any significant effect on forrealoked nociceptive
behaviour in NFC or FC rats.

The analysis of pain 1 duratidgeee definition inthe section 2.2.4) (§ure 2.18B
usingKruskalWallis comparisons revealed a significant difference among all grou® (
= 27.23, p<0.001)Post hocanal ysi s with Dunnos -etvokest i nd
nociceptive behaviour was significantly lower in both feanditioned groups compared
with their nonfearconditioned counterparts (FC Vehicle vs NFC Vehicle ['9®B01]; FC
GW9662 vs NFC GW96621"p<0.001]). The treatment with GW9662 did not have any

significant effect on pain 1 duration in NFC or FC rats.

The analysis of pain 2 duratiofsee definition irnthe section 2.2.4) (Figure 2.C8
usingKruskalWallis canparisons revealed a significant difference among all groép3)(
= 30.18, p<0.001)Post hocanal ysi s with Dunnos -evokes t i nd
nociceptive behaviour was significantly lower in both feanditioned groups compared
with their nonfearconditioned counterparts (FC Vehicle vs NFC Vehicle [®6€p001];
FC GW9662 vs NFC GW9662p<0.001]). The treatment with GW9662 did not have any
significant effect on pain 2 duration in NFC or FC rats.
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Figure 28: Effects of sgtemic administration of selective PPd&nitagonists on formalin

evoked nociceptive behaviour in néear conditioned (NFC) and fear conditioned (FC) rats.

Post hoc analysis with
their NFC counterpartg**p<0.001], in CPSvalues (A), Pain 1 (B) and Pain 2 (C). Data

are expressed as median with interquartile range (n=9 per group).

Dunnos

test

The analysis of the CPS values imth binsusing=r i ed man o s

amlv eal ed

test di

significant effect of time.¢ (4) = 5.826, p>0.05) on formatlinduced nociceptive behaviour

(Figure 2.DB). KruskalWallis test revealed a significant difference among groups in all time
bins [(-21-3 (3) = 26.877, p<0.001%46 (3) = 28.186, p<0.001?7.9 (3) = 29.258, p<0.001;
21012 (3) = 28.463, p<0.001?213.15 (3) = 26.146, p<0.001)Posthoa nal ysi s wi t h

test indicated that formakavoked nociceptive behaviour was significantly lower in the FC

groups compared to NFC counterparts in all time bins (T3R€ Vehicle vs NFC Vehicle,
"p<0.01; Timers FC GW9662 vs NFC GW9662;p<0.01; Tima.s FC Vehicle vs NFC
Vehicle,” p<0.01; Timas FC GW9662 vs NFC GW9662'"p<0.01; Timey FC Vehicle
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vs NFC Vehicle,” p<0.01; Timeg FC GW9662 vs NFC GW9662;p<0.01; Timeo-1> FC
Vehicle vs NFC Vehiclg™p<0.01 Timeo12 FC GW9662 vs NFC GW9662;*p<0.01;
Timeis-1s FC Vehicle vs NFC Vehicl€, p<0.01; Times.1s FC GW9662 vs NFC GW9662,
"p<0.01). The treatment with GW9662 did not affect formaloiuced nociceptive

behaviour in NFC or FC rats.

Theanalysis bpaw oedema usingvb-way ANOVA revealed no significant effect of fear
conditioning[F (1, 32 = 2.627, p>0.05] or treatmenk [1, 32 = 1.026 p>0.09 (Figure
2.20).

Composite Pain Score (CPS)

2.0-NFC FC NFC FC NFC FC NFC FC NFC FC

o L] _ L
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s | ] @ .
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Figure 2169: Temporal profileof the dfects of systemic administration of selective PRAR
antagonist on formalikevoked nociceptive behaviour in réar conditioned (NFC) and

fear conditioned (FC) rats. Post h-evokehnal ys
nociceptive bkaviour was significantly lower in the FC groups comparedN{C
counterparts in all time bins (***p<0.001). Data are expressed as median with interquartile

range, n=9 rats per group.
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Figure 220: Effects of systemic admisiiration of selective PPAFantagonist on formalin
evoked hind paw oedema in ntear conditioned (NFC) and fear conditioned (FC) rats.

Data are expressed as mean + S.E.M, n=9 rats per group.

2.3.2.2Effects of gstemic administration of GW9662on fear-related behaviour in
formalin-treated rats

The analysis of the freezing duration usimgiway repeategneasures ANOVA
revealed a significant of time [F (2.586, 82.768) = 8.754, p<0.001], conditioning [F (1, 32)
= 184.373p<0.001], time x conditioning [F (2.586, 82.768) =978, p<0.001] and
treatment [F (1, 32) = 4.952, p>0.05] but not of time x treatment [F (2.586, 82.768) = 0.099,
p>0.05], conditioning x treatment [F (1, 32) = 4.013, p>0.05] and time x conditioning X
treatment [F (2.586, 82.768) = 0.202, p>0.05] (Figug&). Post hocanalysis with Student
NewmanKeuls revealed that treatment with GW9662 in FC rats significantly affected
freezing duration in two of the-@in time bins: 13 and 1315 (fp<0.05).Post hocanalysis
with Student Newmaieuls also confirmed thcondiioning effects on all treatment groups

and in all time bins.

The analysis of the number of faecal pellets excreted (defecation) Kisislgal
Walllis comparisons revealed a significant difference among grou{® € 28.63, p<0.001)
(Figure 2.2). Posthoa nal ysi s with Dunnés test indicat

excreted was significantly higher in FC groups compared to NFC counterparts [FC Vehicle
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vs NFC Vehicle, **p<0.01; FC GW9662 vs NFC GW966%p<0.001]. The treatment with
GW9662 did not significantly alter defecation in NFC or FC rats.
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Figure 2171: Temporalprofile of the effects of systemic administration of selective PPAR
antagnist on freezing duration in NFC and FC rats. Tway ANOVA revealed a
significant effect of conditioning§<0.001) on freezing duration (Figure 2.16A). Post hoc
analysis revealed that treatment with GW9662 in FC rats significantly affected freezin
duraion in two time bins4p<0.05, vs FC Vehicle). Data are expressed as 3 minutes bins

(mean = S.E.M, n=9 rats per group).
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Figure 22: Effects ofsystemic administration of selective PPgdhtagonist on defecation
in nonfear conditioned (NFC) and fear conditioned (FC) rats. Post hoc analysis indicated
that the number of faecal pellets excreted was significantly higher in FC groups compared
to NFC counterparts (**p<0.01 vs NFC Vehiclé{p<0.001 vs NFC GW9662). Data are

expressed as median with interquartile ramg® rats per group.
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2.3.2.3Effects of gystemic administration of GW9662 on general/motor behaviour

The analysis of walking duration usifRgr i e d ma n 6 s gigaicanteffeetv e al e d
of time (.2 (3) = 46.115, p>0.05) (Figure B&). KruskalWallis test revealed a significant
difference among groups in all time bins?{i (3) = 27.047, p<0.001346 (3) = 27.940,
p<0.001;.%7.9 (3) = 28.741, p<0.001;%10-12 (3) = 20.982, p<0.001;%1315 (3) = 14.452,
p<0.01)].Post hocanal ysi s with Dunnos -ewked nociceptivei c at e
behaviour was significantly lower in the FC groups compared to NFC counterparts in all
time bins (Tima.s FC Vehicle vs NFC Vehicle; p<0.01; Times FC GW%62 vs NFC
GW9662,"*p<0.01; Timas FC Vehicle vs NFC Vehicle, p<0.01; Timas FC GW9662
vs NFC GW9662;*'p<0.01; Times FC Vehicle vs NFC Vehicle, p<0.01; Timeg FC
GW9662 vs NFC GW9662,""p<0.01; Timeo.12 FC Vehicle vs NFC Vehicle,p<0.01;
Timeio-12 FC GW9662 vs NFC GW9662;p<0.01; Times.15s FC Vehicle vs NFC Vehicle,
"p<0.01). The treatment with GW9662 did not affect walking duration in NFC or FC rats.

Theanalysis of grooming durationusifgr i edmanés test reveal ec
of time (.2 (3) = 7.597, p>0.05) (Figure BB). KruskatWallis test revealed a significant
difference among groups in one time birt{¢ (3) = 16.478, p<0.01Post hoanalysis with
Dunnds test i n-<gvokedro@cdptivie hehaviouf veas sigaifitgifonver in
the FC groups compared to NFC counterparts in all time bins (EiR@ Vehicle vs NFC
Vehicle,” p<0.01). The treatment with GW9662 did not affect grooming duration in NFC
or FC rats.

The analysis of rearing duration usiRg i e d ma rnéaked at sigrsfitant refeect
of time (.2 (3) = 6.784, p>0.05) (Figure B). KruskatWallis did not show any ghificant
difference among groups in any of the time birfs{(3) = 4.669, p>0.05;%-6 (3) = 0.267,
p>0.05;.%79 (3) = 1.175, p>0.05;%1012 (3) = 0.267, p>0.05;%13-15 (3) =3.198, p>0.05].
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Figure 2183: Temporal profile of the effects of featonditioning and systemic
administration of selective PPAJRntagonisbn walking duration (A), grooming duration

(B), and rearing duration (C). Post -hoc an
evoked nociceptive behaviour was significantly lower in the FC groups compared to NFC
counterparts in all timéins (**p<0.01 and *p<0.05, vs NFC Vehicl€;p<0.01 and
***p<0.001, vs NFC GW9662). Data are expressed as median with interquartile range and

min/max, n=9 rats per group.
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2.3.2.4 Effect of fear conditioning and GV®8662 administration on neurotransmitter
levelsin the BLA, CeA, and VH of formalin treated rats

The PPAR signalling system has previously been shown to be associated with
positive changes ithe GABAergic (Sasso et al.,, 2010promotes anncrease in the
expression oflutamatergiadeceptorgChing et al., 2015andincreased levels of serotonin
(Waku et al., 2010; Mijarms-Moreno et al., 2016and dopamindMascia et al., 201,
MijangosMoreno et al., 2016b; Chikahisa et al., 20I8)erefore, the bickade of PPARs
could affect levels of one or more of these neurotransmitters, which it turn play key roles in
pain and fear. In order to check if the alterations in pain aridérrresponses after fear
conditioning and treatment with PPAR antagonistsewassociated with changes in the
levels of neurotransmitters, we examined tissue levels of GABA, glutamate, serotonin and
dopamine in the BLA, CeA, and VH.

2.3.2.4.1 Effect ofear conditioning and GW9662 administration on neurotransmitter
levels in theBLA

The analysis of the levels of GABA in the BLA usitgégeway ANOVA revealed
that side [F (1, 56) < 0.001, p>0.05¢af conditioningF (1, 56) = 0.046, p>0.05] and
treatmen [F (1, 56) = 1.130, p>0.05] did ndtave any effect on GABA levelg-igure
2.24A). There were no significant effects of treatment x conditioning [F (1, 56) = 0.306,
p>0.05], treatment x side [F (1, 56) < 0.001, @), conditioning x side [F (1, 56) =293,
p>0.05] and treatment x conditioning x side [F (1, 56) = 3.255, p>0M&ABA levels in
the BLA. When each side was analysed separatelywayp ANOVA did not reveal any
effect of treatment [Right F (1, 25)3:397, p>0.05; Left F (1, 31) = 0.36@>0.05], fear
conditioning [Right F (1, 25) = 0.448, p>0.05; Left F (1, 31).240, p>0.05], or treatment
x fear conditioning [Right F (1, 25) = 1.799, p>0.05; Left F (1, 31) = 0.749, p>0.05] on
GABA levels.

The amlysis of the levels of glutamate in tiBeA using threeway ANOVA
revealed an overall effect of side [F (1, 51) £3h, p=0.010] (Figure 24B). However post
hocpairwise group comparisons did not reach statistical significdineze were no effects
of fear conditioning [F (1, 51) = 0.289>0.05] and treatment [F (1, 51) = 0.292, p>0.05],
conditioning x side [F (151) = 0.611, p>0.05], treatment x conditioning [F (1, 51) = 1.275,
p>0.05], treatment x side [F (1, 51) = 1.061] and treatment x conidigionside [F (1, 51)
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= 2.218, p>0.05] o glutamate levels in the BLAVhen each side was analysed separately,
two-way ANOVA did not reveal any effect of treatment [Right F (1, 21) = 0.127, p>0.05;
Left F (1, 30) = 1.301, p>0.05], fear conditioning [Righ{1, 21) = 0.920, p>0.05; Left F
(1, 30 = 0.032, p>0.05], or treatment x fear conditioning [Right F (1, 21) = 3BABO5;

Left F (1, 30) = 0.068, p>0.05] on glutamate levels.

The analysis of the levels of serotonin in the BLA usimgaway ANOVA revealed
that side [F (1, 61) < 0.752, pX¥B], fear conditioningF (1, 61) = 1.445, p>0.05] and
treatment [F (1, 61) ©.327, p>0.05] did ndbtave any effect on thievels ofserotonin in
the BLA (Figure 2.2C). There were no significant effects of treatrhe conditioning [F (1,
61) = 2.087, pB.05], treatment x side [F (1, 61) = 0.093, p>0.05], conditioning x side [F (1
61) = 0.082, p>0.05] and treatment x conditioning x side [F (1, 61) = 2.282, p>0.05] on
serotonin levels in the BLAWhen each side wamalysed separately, twaay ANOVA
did not reveal any effect of treatment [Right F (1, 31) = 0.052, p>0.05; Left3®0) % 0.002,
p>0.05], fear conditioning [Right F (1, 31) = 0.602, p>0.05; Left F (1, 30) = 1.312, p>0.05],
or treatment x fear conditiomy [Right F (1, 31) = 3.069, p>0.05; ltd¥ (1, 30) = 0.151,

p>0.05] on serotonin levels.

The analysis of the level$ dopamine in the BLA usingruskalWallis comparisons
revealed a significant difference among groupg{) = 24.558, p<0.001) (Figure 2D).
Posthocanal ysi s with Dunndés test indicated
higher in the right NFC GW9662 compared to left counterparts [Right NFC GW9662 vs
Left NFC GW9662;p<0.05]. When each sideasanalysed separately, Kruskal Wallis did
not show any significant difference among group in the righ{3) = 2.301, p>0.05] or in
the left [.? (3) = 0.566, p>0.05] sides in dopamine levels in the BLA.
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Figure 24: Effectsof systemic administration of a selective PRydtagonist on GABA

(A), glutamate (B), serotonin (C), and dopamine (D) levels in the basolateral amygdala
(BLA) in NFC and FC ratsPost hoc analysis indicated that the dopamine levels were
significantly higher in the Right NFC GW9662€0.05, vs Left NE GW9662). Data are
expressed as mean + S.E.M (A, B and C) and as median with interquartile range {®), n=7

rats pergroup.
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2.3.2.4.2Effect of fear conditioning and GW9662 administration on neurotransmitter
levels in theCeA

The analysis of the \els of GABA in the CeA usinghteeway ANOVA revealed
an overall effect of side [F (1, 61) = 10.74d = 0.002] andfear conditioniig [F (1, 61) =
5.634, p=0.021] (Figure 22). However, post hocpairwise group comparisonsith
Student Newmaikeuls testid not reach statistical significancehere were no significant
effects of treatment [F (1, 61) = 1.216, p>0.05hditioning x side [F (1, 61) = 2.419,
p>0.05], treatment x conditioning [F (1, 61) = 3.222, p>0.05], treatm side [F (1, 61) =
0.178] and treatment x conditioning x side [F (1, 61) = 0.223, p>0.05] on GABA levels in
the CeA.When each side was analysaparately, twavay ANOVA revealed an effect of
fear conditioning on GABA levels in the right [Right F @) = 6.141, p<0.05] but not in
the left side [Left F (1, 30) = 0.462, p>0.05]. Treatment [Right F (1, 31) = 0.185, p>0.05;
Left F (1, 30) = 1.600p>0.05], or treatment x fear conditioning [Right F (1, 31) = 2.046,
p>0.05; Left F (1, 30) = 1.205, p>0.04H not have any effect on GABA levels in the CeA.
Post hocpairwise group comparisonsith Student Newmaikeuls testdid not reach
statistical sigificance

The analysis of the levels of glutamate in the CeA usireptvay ANOVA revealed
an overall effet of side [F (1, 61) = 16.776p<0.001] (Figure 2.2B). However,post hoc
pairwise group comparisons did not reach statistical significaiie¥ewere no effects of
fear conditioning [F (1, 61) = 0.009, p>0.05], treatment [F (1, 61) = 0.198, p>0.05],
conditioning x side [F (1, 61) = 0.012, p>0.05], treatment x conditioning [F (1, 61) = 0.100,
p>0.05], treatment x side [F (1, 61) < 0.001] and treatmeconditioning x side [F (1, 61)
= 0.179, p>0.05] on glutamate levels in the Cé&/en each side wamalysed separately,
two-way ANOVA did not reveal any effect of treatment [Right F (1, 31) = 0.091, p>0.05;
Left F (1, 30) = 0.107, p>0.05], fear conditing [Right F (1, 31) < 0.001, p>0.05; Left F
(1, 30) = 0.020, p>0.05], or treatment x fear conditigrRight F (1, 31) = 0.006, p>0.05;
Left F (1, 30) = 0.268, p>0.05] on glutamate levels.

The analysis of the levels of serotonin in the CeA usimgetway ANOVA revealed
an overall effect of side [F (1, 59) = 35.470<0.001] (Figure 22C). Post hocpairwise
group comparisonwith Student Newmaieuls testshowed that levels of serotonin are
significantly higher in the right side compared to the $&fe of NFC vehicldreated rats
(Right NFC Vehicle vs Left NFC Vehicle, *p<0.05) and NFC GW98&atal (Right NFC
GW9662 vs Left NFC GW9662, #p<0.05) rathere were no significant effects of fear
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conditioning [F (1, 59) = 2.215, p>0.05], treatmen{1F59) = 0.001, p>0.05], conditioning

x side [F (1, 59) = 3.265, p>0.05], treatment x conditioningl[F50) = 1.025, p>0.05],
treatment x side [F (1, 61) < 0.305] and treatment x conditioning x side [F (1, 59) = 0.572,
p>0.05] on serotonin levels in tieA. When each side was analysed separatelywayo
ANOVA revealed an effect of fear conditioning aratonin levels in the right [Right F (1,

31) = 4.280, p<0.05] but not in the left side [Left F (1, 30) = 0.077, p>0Rgt hoc
pairwise group compeons with Student Newmakeuls test did not reach statistical
significance. There were no effects @dtment [Right F (1, 31) = 0.134, p>0.05; Left F (1,
30) = 0.206, p>0.05], or treatment x fear conditioning [Right F (1, 31) = 1.234, p>0.05; Left
F (1,30) = 0.050, p>0.05] on serotonin levels in the CeA.

The analysis of the levels of dopamine in the @siig hreeway ANOVA revealed
that there were no significant effects of side [F (1, 60) = 0.197, p>0.05], fear conditioning
[F (1, 60) = 0.340, p>0.Q5treatment [F (1, 60) = 3.293, p>0.05], conditioning x side [F (1,
60) = 0.773, p>0.05], treatment &raitioning [F (1, 60) = 0.471, p>0.05], treatment x side
[F (1, 60) = 2.567] and treatment x conditioning x side [F (1, 60) = 1.619, p>0.05] (Figure
2.25D). When each side was analysed separately:wwepp ANOVA revealed an effect of
treatment on dopamirevels in the right [Right F (1, 30) = 5.317, p<0.05] but in the left
side [Left F (1, 30) = 0.024, p>0.09post hocpairwise group comparisongith Student
NewmanKeuls testdid not reach statistical significanc€here were no effects of fear
conditionng [Right F (1, 30) = 0.524, p>0.05; Left F (1, 30) = 0.177, p>0.05], or treatment
x fear conditioning [Right F (1, 30) = 0.194, p>0.05; Left F (1, 3®.179, p>0.05] on
dopamine levels in the CeA.
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Figure2.195: Effectsof systemic administration of a sefiwe PPARyantagonist on GABA

(A), glutamate (B), serotonin (C), and dopamine (D) levels in the central nuclei of the
amygdala (CeA) on NFC and FC rats. Thvwesey ANOVA have shown a significant effect

of side {p<0.05) on GABA, glutamate, and serotonindisv Dataare expressed as mean *

S.E.M, n=79 rats per group.

2.3.2.4.3Effect of fear conditioning and GW9662 administration on neurotransmitter
levels in theVH

The analysis of the levels of GABA in the VH usikguskalWallis comparisons
revealed a gnificant difference among groups?((7) = 17.120, p<0.05) (Figure BAR).
Howeverposthoa nal ysi s with Dunnés test did not
levels. When each side was analysed separately, Kruskal Wallis did not show any significant
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difference among group in the righ? (3) = 2.302, p>0.05] or in the left7(3) = 2.530,
p>0.05] sides in GABA levels in the VH.

The analysis of the levels of glutamate in the VH udmgaway ANOVA revealed
that there were significant effects of side [F (1, 54) = 0.768, p>0.G&]ctenditioning [F
(1, 54) = 0.052, p>0.05], treatment(E, 54) = 0.010, p>0.05], treatment x conditioning [F
(1, 54) = 0.390, p>0.05], treatment x side [F (1, 54) = 0.063], conditioning x side [F (1, 54)
= 0.197, p>0.05] and treatment x conditioningides[F (1, 54) = 0.345, p>0.05] (Figure
2.26B). When eackide was analysed separately, tway ANOVA did not reveal any effect
of treatment [Right F (1, 28) = 0.077, p>0.05; Left F (1, 26) = 0.870, p>0.05], fear
conditioning [Right F (1, 28) = 0.001, p®®, Left F (1, 26) = 0.314, p>0.05], or treatment
x fear onditioning [Right F (1, 28) = 0.438, p>0.05; Left F (1, 26) = 0.038, p>0.05] on

glutamate levels.

The analysis of the levels of serotonin in the VH usihge@way ANOVA revealed
an overall effecof side [F (1, 53) = 20.514p<0.001] (Figure 2.8C). Pod hocpairwise
group comparisons with Student Newrt&euls test showed that levels of serotonin are
significantly higher in the left side of NFC vehidieated rats (Right NFC Vehicle vs Left
NFC Vehicle, *p<0.05). There were no significant effects of feanditioning [F (1, 53) =
0.598, p>0.05], treatment [F (1, 53) = 0.056, p>0.05], conditioning x side [F (1, 53) = 0.655,
p>0.05], treatment x conditioning [F (1, 53) = 0.122, p>0.05], treatmsitkex[F (1, 53) =
0.749] and treatment x conditioning xisi[F (1, 53) = 0.001, p>0.05] on serotonin levels in
the VH (Figure 2.24C). When each side was analysed separatelyaywANOVA did not
reveal any effect of treatment [Right F (1, 28) = 0.289).p5; Left F (1, 25) = 0.373,
p>0.05], fear conditioningHight F (1, 28) = 0.088, p>0.05; Left F (1, 25) = 1.799, p>0.05],
or treatment x fear conditioning [Right F (1, 28) = 0.355, p>0.05; Left F (1, 26) < 0.001,

p>0.05] on serotonin levels.

The analysi®f the levels of dopamine in the VH usitgéeway ANOVA revealed
an overall effect of side [F (1, 53) = 12.968<0.001] (Figure 2.8D). However,post hoc
pairwise group comparisons with Student NewsKauls test did not reach statistical
significance.There were no effects of fear conditioning [F (1, 53) .91Z, p>0.05],
treatment [F (1, 53) = 0.008, p>0.05], conditioning x side [F (1, 53) = 0.004, p>0.05],
treatment x conditioning [F (1, 53) = 0.812, p>0.05], treatment x side [F (1, 53) = 3.629]
andtreatment x conditioning x side [F (1, 53) = 0.154, p>pd)5dopamine levels in the
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VH. When each side was analysed separatelyvway ANOVA did not reveal any effect
of treatment [Right F (1, 29) = 1.019, p>0.05; Left F (1, 24) = 3.515, p>0.05], fear
conditioning [Right F (1, 29) = 0.546, p>0.05; Left F () Z 1.119, p>0.05], or treatment
x fear conditioning [Right F (1, 29) = 0.595, p>0.05; Left F (1, 24) = 0.924, p>0.05] on

dopamine levels.

A) GABA - Ventral Hippocampus B) Glutamate - Ventral Hippocampus
300007 Left (Contralateral) Right (Ipsilateral) 5 400007, eft (Contralateral) Right (Ipsilateral)
S . S
g = 30000 .
£ 20000~ e
P °
® . 3 200004 o
> —_ * ** o
o * 2 °* * o)
< 10000+ =
Q ﬁ & ﬁﬁ £ 100001
(O} o] > L4 *
o] || o]
ollh . . . . © ol ' . . .
NFC FC NFC FC NFC FC NFC FC
C) Serotonin - Ventral Hippocampus D) Dopamine - Ventral Hippocampus
\a 0.57 Left (Contralateral) Right (Ipsilateral) :.-,\ Left (Contralateral) Right (Ipsilateral)
° a S 0.6
£ 0.4 [ ] e a
= = _ 1
* * %) *
3 031 | T 041 oo .
3 &« ¢ 3 o
- 0.2 O o ) *
'c o2 £ 0.2 o *
8 e O] o »
o 01 ﬁ g © A ﬁ ﬂ
[} L4 o
5 @

P g0l . : : : 0 ool . : . '

NFC FC NFC FC NFC FC NFC FC

0 Vehicle

+ GW9662 (PPARY antagonist)

Figure 2206: Effectsof systemic administration of a selective PRfERtagonist on GABA

(A), glutamate (B), serotonin (C), and dopamine (D) levels in the ventral hippocampus (VH)
of NFC and FC rats. Thregay ANOVA revealed a significant effect of sidip<0.05) on
serotonin and dopamine leveRost hoc showed thé&vels of serotonin are significantly
higher in the left side of NFC vehieteeated rats (*p<0.05pata are expressed as mean *

S.E.M (B, C, and D) and as median with interquartile range (A);qrats per group.
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2.3.2.5Effect of fear conditioning and GW9662 administration onendocannabinoid
and NAE levels in the BLA, CeA, and VHof formalin treated rats

In order to check if the alterations in pain and/or fear responses after fear
conditioning and treatment with PPAR antagonists were associatecthatiges in the
levels of the endogenous ligands (i.e. NAEs) and endocannabin@dstaminedissue
levels of2-AG, AEA, PEA and OEAN the BLA, CeA, and VH

2.3.2.5.1Effect of fear conditioning and GW9662 administration onendocannabinoid
and NAE levels inthe BLA

The analysis of the levels of&G in the BLA using ireeway ANOVA revealed
that there were no effects of side [F (1, 53) = 1.350, p>0.05], fear conditioning [F (1, 53) =
1.627, p>0.05], treatment [F (1, 53) =242 p>0.05], conditioning x sid€& (1, 53) = 0.285,
p>0.05], treatment x conditioning [F (1, 53) = 1.289, p>0.05], treatment x side [F (1, 53) =
0.243] and treatment x conditioning x side [F (1, 53) = 3.146, p>0.05] (Figut&)2\&hen
each side was analed separately, twaway ANOVA revealed an effect of the interaction
of treatment x fear conditioning onAS levels in the left [Left F (1, 27) = 5.393, p<0.05]
but not in the right [Right F (1, 26) = 0.166, p>0.05]. Howepest hocpairwisegroup
compaisons with Student Newmakeuls test did not reach statistical significance. There
were no effects of fear conditioning [Right F (1, 26) = 0.224, p>0.05; Left F (1, 27) = 2.086,
p>0.05], or treatment [Right F (1, 26) < 0.001, p>0.05; Left F (1, 27) 50B9D.05] on 2
AG levels.

The analysis of the levels of AEA in the BLA usingreeway ANOVA revealed
that there were no significant effects of side [F (1, 53) = 0.167, p>0.05], fear conditioning
[F (1, 53) = 3.235, p>0.05], treatment [F (1, 53) = 0.364.05], conditioning x side [&,
53) < 0.001, p>0.05], treatment x conditioning [F (1, 53) = 0.005, p>0.05], treatment x side
[F (1, 53) = 1.713] (Figure 27B). Treatment x conditioning x side [F (1, 53) = 3.146,
p=0.005] interaction significantly f&#cted AEA levels in the BLA. Hoewer, post hoc
pairwise group comparisonsith Student Newmaieuls testdid not reach statistical
significance When each side was analysed separatelywawANOVA revealed an effect
of the interaction of treatment x fear conditioning in the right [Righi{1, 24) = 5.856,
p<0.05] but not in the left [Left F (1, 29) = 3.504, p>0.05] on AEA levels. How@ast,
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hoc pairwise group comparisongith Student Newmaieuls testdid not reach statistical
significance There were no significant effects of feanditioning [Right F (1, 24) = 2.143,
p>0.05; Left F (1, 29) = 1.411, p>0.05], or treatment [Right F (1, 21832, p>0.05; Left
F (1, 29) = 1.593, p>0.05] on AEA levels.

The analysis of the levels of PEA in the BLA usihgeeway ANOVA revealed that
there were no significant effects of side [F (1, 51) = 1.873, p>0.05], fear conditioning [F (1,
51) = 0.036, p>M5], treatment [F (1, 51) = 1.987, p>0.05], treatment x conditioning [F (1,
51) = 0.228, p>0.05], treatment x side [F (1, 51) = 0.021] andmegdatx conditioning X
side [F (1, 51) = 2.112, p>0.05] (Figure 23). The interaction of conditioning x sidE [1,
51) = 5.508, p=0.023] significantly affected PEA levels in the BLA. Howevest hoc
pairwise group comparisonsith Student Newmaieuls test did not reach statistical
significance When each side was analysed separatelywaypANOVA did not reval any
effect of the treatment [Right F (1, 28) = 1.037, p>0.05; Left F (1, 23) = 0.936, p>0.05], fear
conditioning [Right F (1, 28) = 3.013, pX®; Left F (1, 23) = 2.493, p>0.05], or treatment
x conditioning [Right F (1, 28) = 0.616, p>0.05; Left F 2B) = 1.446, p>0.05] on PEA
levels in the BLA.

The analysis of the levels of OEA in the BLA usihgeeway ANOVA revealed an
overall effect ofside [F (1, 61) = 5.047p = 0.028] (Figure 2.ZD). However,post hoc
pairwise group comparisonsith StudentNewmanKeuls testdid not reach statistical
significance There were no significant effects of fear conditioning [F (1, 61) = 0.686,
p>0.05], tratment [F (1, 61) = 1.231, p>0.05], conditioning x side [F (1, 61) = 0.069,
p>0.05], treatment x conditioning [(1, 61) = 1.764, p>0.05], treatment x side [F (1, 61) =
0.363] and treatment x conditioning x side [F (1, 61) = 0.040, p>0.05] on OEA levbés in
BLA. When each side wamalysed separately, Kruskal Wallis did not show any significant
difference amongroup in the right.f (3) = 1.687, p>0.05] or in the left(3) = 2.830,
p>0.05] sides in OEA levels in the BLA.
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Figure 2217: Effects of systemi@administration of a selective PPgRntagonist on-AG
(A), AEA (B), PEA (C), and OEA (D) levels in thedmmlateral amygdala (BLA) in NFC and
FC rats. Threavay ANOVA revealed a significant effect ofdei ¢p<0.05) on OEA levels.

Data are expressed as mean + S.E.M;91#ats per group.

2.3.2.52 Effect of fear conditioning and GW9662administration on endocannabinoid
and NAE levels in theCeA

The analysis of the levels of2G in the CeA usinKruskalWallis comparisons
revealed a significant difference among groupgq) = 38.506, p<0.001) (Figure 3AR).
Posthomanal ysi s wi t h Du nAGdevelstare significandwhigleediretite t h at
right side in both NFC groups compared to their left counterparts [Right NFC Vehicle vs
Left NFC Vehicle, **p<0.01; RighNFC GW9662 vs Left NFC GW9662p<0.05]. When

ead side was analysed separately, Kruskal Wallis did not show any significant difference
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among group in the rightq(3) = 2.998, p>0.05] or in the left?(3) = 2.103, p>0.05]-AG

levels in the CeA.

Theanalysis of the levels of AEA in the CeA usikgiskaltWallis comparisons did
not reveal any significant differences among group&’j = 6.673, p<0.001 (Figure 2BRB).
When each side was analysed separately, Kruskal Wallis did not show any significant
difference among group in the right[(3) = 1.952 p>0.05] or in the left.f (3) = 3.756,
p>0.05] AEA levels in the CeA.

The analysis of the levels of PEA in the CeA usiigeeway ANOVA revealed
that there were no effects of side [F (1, 30) = 0.640,@b], fear conditioning [F (1, 30) =
0.158, p>@5], treatment [F (1, 30) = 0.012, p>0.05], conditioning x side [F (1, 30) = 0.033,
p>0.05], treatment x conditioning [F (1, 30) = 0.092, p>0.05], treatment x side [F (1, 30) =
1.019] and treatment x coniibing x side [F (1, 30) = 0.535, p>0.05] (Fig2:@8C). When
each side was analysed separately,-way ANOVA did not reveal any effect of the
treatment [Right F (1, 20) = 0.812, p>0.05; Left F (1, 20) = 0.361, p>0.05], fear conditioning
[Right F (1, 20} 0.218, p>0.05; Left F (1, 20) = 0.021, p>0.@%]treatment x conditioning
[Right F (1, 20) = 0.695, p>0.05; Left F (1, 20) = 0.082, p>0.05] on PEA levels in the CeA.

The analysis of the levels of OEA in the CeA usimgéway ANOVA revealed an
overdl effect of side [F (1, 53) = 4.699p=0.035] (Fgure 2.8D). However,post hoc
pairwise group comparisons did not reach statistical significance. There were no significant
effects of fear conditioning [F (1, 53) =0.052, p>0.05], treatment [F (1, 8324, p>0.05],
conditioning x side [F (1, 53) =836, p>0.05], treatment x conditioning [F (1, 53) = 0.052,
p>0.05], treatment x side [F (1, 53) = 0.189] and treatment x conditioning x side [F (1, 53)
=0.041, p>0.05] on OEA levels in the CeA. When eside was malysed separately, two
way ANOVA did not reveal any effect of the treatment [Right F (1, 28) = 0.009, p>0.05;
Left F (1, 25) = 0.490, p>0.05], fear conditioning [Right F (1, 28) = 0.476, p>0.05; Left F
(1, 25) = 0.124, p>0.05], or treatment xddioning[Right F (1, 28) < 0.001, p>0.05; Left
F (1, 25) = 0.090, p>0.05] on OEA levels in the CeA.
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Figure 222: Effects of systemic administration of a selective PBARtagonist on -AG

(A), AEA (B), PEA (C), and OEA (D) levels in the CeA in NFC and FC rats. Fhuae
ANOVA have shown a significant effect of sidp<€0.05) on OEA level€20st hoc analysis
revealed that-AG levels are significantly higher in the rigfile in NFC groups compared

to their left counterparts (**p<0.01 vs Left NFC Vehiclp<0.05 vs Left NFC GW9662).

Data are expressed as median with interquartile range (A and B) and mean £+ S.E.M (C and

D), n=7-9 rats per group.

2.3.2.53 Effect of fear conditioning and GW9662 administration on endocannabinoid
and NAE levels in theVH
The analysis of the levels of&2G in the VH usingKruskalWallis comparisons

revealed that there were no differences among the grou@ € 10.547, p>05) (Figure
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2.20A). When each side was analysed separately, Kriladlis test revealed that there
were no differences among the groups in the right (Rig(8) = 3.539, p>0.05) or in the
left [Left .2 (3) = 3.035, p>0.05] in-AG levels (Figure 2.17) in the VH.

The analysis of the levels of AEA in the VH usiKguskatWallis comparisons
revealed that there were no differences among the groufg & 5.649, p>0.05) (Figure
2.20B). When each side wamalysed separately, Kruskalallis test revealed that there
were no differences among the groups in the right (Rig(®) = 2.620, p>0.05) or in the
left [Left .2 (3) = 0.737, p>0.05] in AEA levels in the VH.

The analysis of the levels of PEA in thed\using KruskalWallis comparisns
revealed that there were no differences among the groufgd & 7.900, p>0.05) (Figure
2.20C). When each side was analysed separately, KHYSkdlis test revealed that there
were no differences among the groups inrtgbt (Right.? (3) = 2.033, p0.05) or in the
left [Left .2 (3) = 0.839, p>0.05] in PEA levels in the VH.

The analysis of the levels of OEA in the VH usikguskatWallis comparisons
revealed that there were no differences among the grouf® € 4.6, p>0.05) i (Figure
2.20D). When each side was analysed separately, Kriladlis test revealed that there
were no differences among the groups in the right (Rig(®) = 2.544, p>0.05) or in the
left [Left .2 (3) = 0.686, p>0.05] in OEA levels in tivH.
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Figure 29: Effects of systemic administration of a selective PBARagonist on-AG (A),
AEA (B), PEA (C), and OEA (D) levels in the ventral hippocampus (MHhonfear
conditioned (NFC) and fear conditioned (FC) rats. Data are expressed as median with

interquartile range, n=9 rats per group.
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2.4 Discussion

Thetwo experiments described in this chapteestigatedherole of PPARS in the
mediation & inflammatory painFCA, and conditioned fean the presence of nociceptive
tone All drugs were shown by mass spectrometry to cross the blooddanaiar and reach
DH tissue. Systemic administration of thePPARa and PPAR/d antagonistsin rats
prolonged contexinduced freezing in the presenckformalinevoked nociceptive tone
without affecting its initial expression, while the PPgddtagonist potentiated freezing
expression over the entire trial. These dfam fearrelatedbehaviour were observed in the
absence of any effects on formaémoked nociceptivdoehaviour or locomotor activity
measured by walking duratiomhese novel data suggest that pharmacological blockade of
PPARa and PPAR/d, in the presece of formalinevoked nociceptive tone, impaired
shortterm, withintrial fearextinction in rats without affecting pairesponse, while
pharmacologicalblockade of PPARBpotentiated conditioned fear respondinbhus,
endogenous signallingirough thesehree PPAR isoforms may serve to reduce expression
of conditioned fear in theresence of nociceptive torihe data hereisuggest a modulatory

role for PPARSs in fearelated behaviour.

We proposethat the blockade of PPARand PPAR/d delayed the shotterm,
within-trial extinction offear memory without affecting initial expression of fealated
behaviour Extinction isdefined as a learned inhibition of retrieval of previously acquired
memories. Therefore, thélockade of PPARand PPAR/dmay be impaing the
formation of a new memory upon-exposure to the conditioned arena. Most studies
investigating tle role of PPARs in memoriiave investigated their role in models of
mnemonic impairment, such as diabeatetucedcognitive dysfunctionKariharan et al.,
2015; Gad et al., 2016inorphineinduced mnemonidysfunction(Babaei et al., 2012)
scopolamineinduced memory impairmerfAllami et al., 2011; AlmasNasrabadi et al.,
2014; Xu et al., 2016band others(Pathan et al., 2006; Liu et al., 2013; Gao et al., 2017;
Kossatz et al., 2018Yhere are studies showing timodulation ofPPARs may also affect
memory formation in subjects whose mnemonic abilities were preserved.irfsbance,
Mazzola et al.(2009) have shown that intraperitoneal administration of WY14643, a
PPARa synthetic agonist, enhanced memory acquisit@ampolongo et ali2009) have
shown that postraining administration of the endogenous PPAR ligand OEA enhanced
memory consolidation in both spatial and passiveidance learningests, effects that were
abolished in mutant mi ce | aMvael atgal. (BEBAR U .
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demonstratethat administration of OEA and PEA before testing did not havetiegt on
workingmemogy. A potential alternative explanation for our findings is that the blockade of
PPARa and PPAR/d enhanced the recall of fearful memories, however the lack of effect
of the PPARa and PPAR/d antagonists on the initisdxpression of freezing upon-re
exposue to thecontext argues against this. In contrast, the systemic administration of the
PPARjantagonist potentiated the expression of initial freezing upon contexiposure,

and that thispotentiation wasmaintained over the entire trial. Thus, it isspible that
blockade of PPABRenhances fear memory recall or is in itself-pu@rsive (i.e. supporting

an anxiolytic effect ofPPARysignalling). The latter interpretation may be more likely
because previoustudiesdemonstrated that the PP4Rctivation rather than blockade
improves mnemoniperformance. For exampl&emma et al(2004) have shown that the
oral administration ofosiglitazone, a PPAdragonist, improved cognitive performance in
aged rats compared ymung controls exposed to contextual fear conditioning. Similarly,
Babaei et al(2012) haveshownthat pioglitazone, another PPgRgonist, improved the
performance of mice witmnemone impairment induced by morphine. Other studies have
shown improved cognitiveerformance in pioglitazoreeated animal@Pathan et al., 2006;
Yamanaka et al., 2012; Liu et al., 2013; Almbsisrabadi et al., 2014; Gao et al., 2017)
Furtherevidence in support of an anxiolytic effect of PRygRynalling comes from recent
work by Youssefet al.(2019)demonstrahg that the administration of a PPgRntagonist
blocked the anxiolytic effect dfetacaryophyllene. Additionally, repeated stress decreased
PPARyexpression in themygdala, and treatment with buspirone or minocycline, twgsdru
with anxiolytic effectsrecovered PPA&expression in the samregion(Liu et al., 2018)
Furthermore, PPA&blockade or knockout was shown to have anxiogenic eféectaice
(Domi et al., 2016) Thesestudies, together witthe datapresented heresuggest an anti

aversive/anxiolytic effect of PPAFsignalling.

The results suggest that endogenous signalling at RRARPARb/d and
PPARydoes nomediate or modulate formatevoked nociceptive behaviour. Our findings
are in accordancevith Donvito et al. (2017) who demonstrated that inperitoneal
administration oPPARa antagorst (GW6471) did not affect formalirevoked nociceptive
behaviour in mice.Previous reports have shown that systemic administration of
PPARa (Taylor et al., 2002; Oliveira et al., 2007; Suardiaz et al., &0d PPAR/d (Gill

et al., 2013 agonists attenuatealcute inflammatory pain behaviour, which indicates an
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antinociceptive effect of PPARand PPARb/d activation by exogenously administered
agonists (se®kine et al., 2018)However less is known about the eéfis of the blockade
of these reeptors on inflammatory pain. To okmowledge, the current study is the first to
investigate the effects of the blockade of PBARON inflammatory pain. Previous studies
have shown that systemic administrationpadglitazone, a widely used PPARgonist
attenuates formalimduced nociceptive respong®liveira et al., 2007; Mansouri et al.,
2017Db) In their studyMansouri et al(2017) also indicatedhat systemic administration of
GW9662 alone did not have any effect on nociceptfeaviour, which isn line with our
findings.

FCA is a potehsuppression of nociceptive responses upon exposure to a fearful stimulus.
It has been shown to be associated with increased levels of AEA, an endocannabinoid which
also binds to PPARSs, in the basolateral amygd&8bA) (Rea et al., 2013band in the
dorsolateralperiaqueductal grey (dIPAGYOlango et al.,, 2012and a strong tred for
increased tissue levetd PEA and OEA, endogenous ligands of PPARS, in the BilAet

al., 2003a; LoVerme et al., 2009)he experiments described in this chapterestigated

the effects of administration of PPAR antagonistd-@#A. The data demonstrate that fear
conditioning profoundly reduces formal@vokednociceptive behaviour via FCA as wedan
others have shown previougigoche et al., 2010; Ford et al., 2011; Rea et al., 2011, 2014,
Butler et al.,, 2012; Olango et aRP12 and that the blockade of PPAR, PPARb/d or
PPARydoes not affect expression of FCA. Howevdmratation of thepresenexperiments

is that the trial duration (15 minutesgsshort and, consequently, restricts an analysis of
possible alterations in FCA kitertime pointsbeyond the initial 15min period where FCA

is very robust. Specifically, an enhancemahECA by PPARs blockade would have been
very difficult to observe due to the minimatpression of nociceptive behaviour in FC rats
during this initid 15min period. Hencefuture investigations using an extended trial duration
could further explore the role of thesezeptors in FCA.

The LGMS/MS analysis suggests thaetprolongation of freezingp the presence
of nociceptive toneupon the administteon of PPARa and PPAR/d antagonists was
associated with increased levels of GAB#d glutamatein the BLA and ventral
hippocampus,with  ANOVA revealing an overall drug treatment effect for both
neurotransmitters in these regioathoughpost hocanalysis dil not reach significance,.

Moreover, GW6471 and GSK0660 also increased levels of dopamine in the right CeA of
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FC animals onlylncreased GABAergic transmission before extinction training impairs
extinction retention (selakkar et al2010 for a review on the role of GABA in learning

and memorypnd the acquisition of an extinction memory is related to an upregulation of
different GABArrelated genefOrsini and Maren, 2012A study fromSasso et &2010)

has shown that intracerebroventricular (i.c.v.) injection of PEA leads itacreased
activation of GABAAa receptors through PPAR showing that these two systemay
interact We suggest that the blockadeR®PARa and PPAR/d increases levels of GABA

in the BLA, possiblyleading to an impairment of extinction learning in tiegtsession.The
formation of extinction memories is dependent of NMDA glutamatergic receptors. Several
studies have shown that NMDA ceptor antagonismldicks or impairs fear extinction
(Orsini and Maren, 2012)Therefore, the higher levels of glutamate in PBA&hd
PPARb/d treated groups may be the result of a compensatory effect caused by the GABA
interference described abovalthough the role of the dopaminecgsignalling in the
amygdalgGuarraci et al., 1999; Pezze et al., 20@Specially in the BLAShi et al., 2017)

, is well known, therole of this neurotransmitter in the CeA in fear conditioning is less
understood. The administratiai D, antagonist into the amygdala (mainly targeting the
BLA) lead to learning deficits in protocols of classical fear conditioning anepie@ntiated

startle (Guarraci et al.,, 2000; Greba et al., 200%judies suggest that PPARs modulate
dopamne signalling. The treatment with WY14643 (PRARgonist) injected ito the
hypothalamus was shown to increase dopamine in the nucleus accu(ijangos
Moreno et al., 2016c)Two other PPAR agonists, which were systemically administered,
dosedependently decreased nicotineucedexcitationof dopamine neurons in the VTA

and nicotinenduced elevations of dopamine levels in the nucleus accumbens shell of rats
(Mascia et al., 2011)Thus, we hypothesize that the blockade of PRARd PPAR/d in

FC rats increases dopamine release in the CeA. This enhancement in dopamine levels in the
CeAmaylead to a deficit in extinction learningut does not ggear to be involved in fear
acquisition/recall since there was no alteration in dopa levels iInGW9662treated
animals. Further studies are required to address the molecular mechanisms behind this effect.
LC-MS/MS analysis did not indicate any changesevels of endocannabinoids or NAEs
associated with administration of PPARPPARb/d and PPARartagonists in FC or NFC

rats in the BLA, CeA or VH. These results suggest that the effects on fear behaviour upon
administration of GW6471, GSK0660 and GW9662 related above occur in the absence of
changes in endogenous PPAR liganclsy
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In conclusion, tese studies have shown that the systemic administration of&@PAR
and PPAR/d antagonistsmpaired shorterm, withinttrial fearextinction in rats without
affecting pain response and in the presence of a nociceptive stimulus.daktweigstemic
adminstration of the PPA&antagonist potentiated freezing expression in the presence of a
nociceptive tone. These results indicate a possible modulatory role for PPARSs in fear/anxiety
expression in the presence of pain, hutHer inveigationsare necessany elucidate the
possible molecular mechanisasd neural substrat@svolved in this modulationin order
to explore this possible role PPARSs in fear/cognition and anxiety, we conducted five further
studiesi chapters 3 and 4 explthe rée of PPARs egressed in the BLA and CeA in
conditioned fear in the presence versus absence of pain, and chapter 5 examines the role of

PPARs in innate anxiety and cognition in the presence and absence of pain.
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Chapter 3: Effects ofintra-BLA administration of PPAR antagonists on
formalin -evoked nociceptive behaviour, feaconditioned analgesia and

conditioned fear in the presence or absence of nociceptive tone in rats

3.1Introduction

PPARsare transcription factors and part of theclear lmrmone superfamily of
receptors. There are three described isoforms: RRRRAR/d and PPAR(Issemann and
Green,1990) Endogenous ligands at PPARs, include fatty a@vtrion-Letellier et al.,
2016) serotonin derivates(Waku et al., 2010apnd NAEs including AEABouabola et
al., 2005; Rockwell et al., 2006PEA (LoVerme et al., 2005and OEA(Fu et al., 2003)
PPARs are involved in many physiological processes and aetgdafior current iwuse

medicines for diabetg$long et al., 18)and cholesterol lowerin@-ruchart et al., 2001)

The amygdala is part of the limbic system and plays ya rikée in emotional
responses including anxiety and féaavis, 1992)According to the nomenclature proposed
by Price, he BLA is one ofltiree groups of nuclei in treemygdala. It differentiates itself
from the other two group- CeA and cortical nuclei on account of its annections,
embryonic origin and dgarchitecturg(Sah et al., 2003)The BLA receives inputrém
several brain regions, including the hippocampus, hypothalamus, cerebral cortex, ventral
tegmental are@/TA), and thalamugSah et al., 2003; LeDoux, 2007; Tsvetkov et al., 2015)
It also has an extensive efferent network, whigtiudes the CeA, PAG, ventral striatum,
dorsal striatum (caudajgutamen), hippocampus, and oth€ah et al., 2003; LeDoux,
2007; Tsvetkov et al., 2015yhe BLA has a central role in fear conditioning. It has been
shown that lesns (Helmstetter, 1992a; Phillips and LeDoux, 1992; Sananes and Davis,
1992; Kim et al., 1993Jaren, 1993, 1999; Koo et al., 2003 inactivationby muscimol
(Miserendino et al., 1990; Fanselow and Kim, 1994; Helmstetter and Bellgowan, 1994;
Muller et al., 1997 Sacchetti et al., 1999f the BLA impairedacquisition and expression
of fear conditioning Inactivation of the BLA also affects fear extinctigBaldi and
Bucherelli, 2010)The GABAergic(Makkar et al., 2010aglutamatergi¢Davis and Myers,
2002; Walker and Davis, 2002agrotoninergi¢Bauer, 2015a)dopaminergi¢Fadok et al.,
2010) and endocannabinoi§Chhatwal and Ressler, 2008ystems were shown to

participate in this modulatory rotd the BLAIn fear and anxiety processing
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Painis a complex condition with sensenyotor, emotional and cognitive aspects.
The amygde is part of both the descending pain pathway and the limbic system and is
involved in the emotionahffective aspect gbain. The BLA was shown to be important in
pain processing. Neurons in the BLA respond to chr@hiet al., 2010and acutélL.uongo
et al., 2013; Butler et al., 201@pxious §muli and the pharmacological deactivation of the
BLA reduced pairrelated behaviou@i et al., 201Q)Additionally, intraplantar injection of
formalin increased-fosexpression in the BLANakagawa et al., 2003)

Pain and fear modulate one another in a reciprocal manner. The phenomenon known
as fearconditioned analgesia (FCA)n which a fearful stimulus causes a significant
suppression in pain response, is an example of the influence of fear omgaimm, pain
can regulate fear responses. Romtimatic stress disorder (PTSD) symptoms tendeto
more pronounced in patienvith chronic paifAsmundson et al., 2002Yloreover, patients
with chronic pain are twice as likely to develop phohiBsreira et al., 2017PPAR
isoforms are expressed lnainregions that play an important role in pain and fear/anxiety
such as the amygdaf#/arden et al., 2016)PFC(Moreno et al., 2004; Okine et al., 2014;
Warden et al., 2016hippocampugMoreno et al., 2004; Domi et al., 206)dPAG (Okine
et al., D17)

Studies have indicated a likely role for PPARs in pain (see Gdtirad., 2018 for
review), but the role of PPARs expressed in the amygdala in pain has not yet been examined.
There is some evidence that PRABRockade okknockouthas anxiogenicféects in mice
(Domi et al, 2016; Youssef et al., 201Powever, whethePPARb/d modulate anxiety or
fear remains unexploretoreover the role of PPARsxpressed in the BLA interactions
between pain and fe&as not yet been investigated. The studies described in the previous
Chapter 2 provided evidence that PPAR blockadepcdentiate conditioned feaelated
behaviour in the presence of nociceptive tone but the brain regions methategeffects
remain to be elucidated. In that context, the present chapter focused on the role of PPARs
in the BLA in pain, fear and FCA.

In this chapter, investigate the hypothesis thahe blockade oPPARsexpressed in
the BLA enhance$&CA, increase conditioned feagnddecreasgtonic inflammatory pain.
Specifically, | examined the effects ahtraBLA administration of GW6471 (PPAR
antagonist), GSK0660 (PPARIantagonist), and GW9662 (PP4Rantagonist) on

formalin-inducednociceptive behaviour anéCA in rats. | also investigated the effects of

120



intra-BLA administration of these antagonistsamditionedfear related behaviodnoth in
the presence and absence of nociceptive itomats.In addition, associated alteratioims
levels of neurotransmitters, endocannabinoids, and NiAEthe BLA were analysed.
Furthermore, differences in the levels of neurotransmitters, endocannakandidNAEs in
FC and NFC rats that received either formalin or saline injection were alscsethaly

Therefore, the specific aims of the studies described in this clvegter

1 To verify the expression of PPARPPARb/d and PPARIn the rat BLA by Western
Blotting or RT-gPCR.

1 To determine if PPAR signalling within the BLA plays a role in tonic gtesit
inflammatory pain and FCA by examining the effects of wigta administration
of PPAR antagonists on forfiraevoked nociceptive behaviour and FCA in rats,
and associated alterations in levels of neurotransmitters, endocannabinoids, and
NAEs in theBLA.

1 To determine if PPAR signalling within the BLA plays a role in expression of
conditioned fear in the presemand in the absence of nociceptive tone by examining
the effects of intraBLA administration of PPAR antagonists on fealated
behaviour, ad associated alterations in levels of neurotransmitters,
endocannabinoids, and NAEs in the CeA.

1 To determine if lhe presence of nociceptive tone influences the levels of

neurotransmitters, endocannabinoids and NAEs in NFC and FC rats
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3.2.Materials and Methods
3.2.1 Animals

Experiments were carried out artotal of 88 (Experiment 1) and 92 (Experiment 2)
adult male Spragu®awley rats (232509 on arrival; Evigo UK, Bicester, England). The
animals were maintained @ntrolled temperature (22 £@) and humidity (45%5%) under
standard lighting conditions (12:12h ligtiark cycles, lights on from 07.80 Animals were
housed?-3 per flat bottomed cage (L:45 x H:X W:20cm) containing 3Rs paper bedding
material Fibrecycle Ltd., North Lincolnshire, United Kingdoyrand sizzle nest material
(LBS Biotechnology, Horley, United Kingdom) for the first week a#eival, and were
posteriorly singly housedlfter surgeryandfor the rest of the experiment. Food (14% Harlan
Teklad2014 Maintenance Diet, Harlan Laboratories, Belton, Loughboroughativater
were availabled libitum The experimental proceduresnee@pproved by the Animal Care
and Research EthidcSommittee, National University of Ireland Galway. The work was
carried out under license from the Health Products Regulatory Authority in the Republic of
Ireland and in accordance with EU Directive 2010/63

3.22 Cannula Implantation

Under isoflurane anatgesia (23% in &, 0.7L/min), a stainless steel guide cannula
(12mm length, Plastics One Inc., Roanoke, Virginia, USA) was stereotaxically implanted
1mm above the right and left BLA of each rat (coordisatAP =-2.5 mm from bregma,
ML = £4.8 mm, DV =-7.5 mm from the skull surface) according to the rat brain atlas
published by Paxinos and Watson, 1997. The cannulae were permanently fixed to the skull
using stainless steel screws and carboxylate cemestyldt made from stainless steel
tubing (12mm lentl, 22G, Plastic OnieBilaney Consultants, Sevenoaks, UK) was inserted
into the guide cannula to prevent blockage by debris. Thestevaidal antinflammatory
agent, carprofen (1.25mg/2b, s.c., Rimadl Pfizer, Kent, UK), was administered before
the sirgery to manage postoperative analgesia. Animals received a single daily dose of the
antimicrobial agent enrofloxacin (10mg/kg, s.c., Baytril, Bayer plc, Berkshire, UK) for 5
days to prevent postoperativéection. Following cannula implantation, thesatere singly
housed and at least 6 days were allowed for recoveryspogery prior to experimentation.
During this recovery period, the rats were handled, stylets checked, and their body weight

and geneal health monitored once daily.
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3.23 Drugs

PPARa  antagonist, GW6471, PPARI antagonist, GSK0660, and
PPARjantagonist, GW9662 (all obtained from Tocris Bioscience, Bristol, UK) were
dissolved in a 100%imethyl sulfoxide(DMSO), used as vehicle solutiomhe dose of
GW6471 (10m/0.5M) was choserased on a study from our laboratory showing that this
dose delayed the onset of the second phase of formaliked nociceptive behaviour (Okine
et al.,, 2004). The dose of GW9662 i(t00.51) was chosen basecth@ previous study
showing that this dose wasffective in eversing the aninflammatory and amni
hyperalgesic actions of rosiglitazone (Morgenweck et al., 2048)used the same dose of
GSKO0660 (1@g/0.5M) as that used for the other two antagonists domparison and
because no published studiesve administered this drug intracerebrally. Formalin was
prepared from a 37% stock solution (Sigidrich, Dublin, Ireland) diluted in sterile
saline. Sodium chloride was dissolved in distilled water (9d.iint 0.9%) and the solution

was autoclaved.

3.24 Experimental Procedure

Two different experiments using two different cohorts of rats were carried
(Experiments 1 and 2) and were identical in design and methodology with the exception that
rats in Experimst 1 received intrglantar injection of forralin while those in Experiment
2 received intrgolantar injection of salind.he FCA paradignused in both experimentgas
essentially as describé@fore(Finn et al., 2004; Butler et al., 2008; Rea et al., 2@h8)in
Chapter 2 (Sectio.2.1). There were two phases: conditioning (day 1) and test (day 2). On
the canditioning day, rats were placed in a Perspex chamber (30 cm x 30 cm x 40 cm) and
after 15 seconds they receivéltk first of 10 footshocks (0A, 1 second duration,
LE85XCT Programmeand Scrambled Shock Generator; Linton Instrumentation, Norfolk,
UK) spaced 6Gsecondsapart.Fifteenseconds after the last footshock, rats were returned to
their home cage. The animals that belonged to the control group, that did not receive
footshocksyvere placed in the chamber for an equivalent tiona@rf 309. The aninals were
randomly assigned to one®§roups(n = 11 per group) rats that received footshocks (FC)
or no footshocks (NFC) treated withthe PPAR antagonist GW6471, the
PPARb/d antagomst GSK0660 the PPAR GW9662, or vehicle (00% DMSO). The
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sequence of testing was randomized to minimize any confoumedfiects of the order of
testing.

The test day started 23hrs 30min after the end of the comdiy phasé€Figure 1)
First, the ratseceived a 50pl injection of formalin (2.5% in salifxperiment ) or saline
(Experiment 2)into the right hindpaw under brief isoflurane anaesthestdo(in O;
0.8L-min 3. Fifteen minutedater, theanimalsrecdved intra-basolateral amygdalar (intra
BLA) microinjections ofeither the PPAR antagonis{GW6477), the PPAR/d antagonist
(GSK0660, PPARyantagonis{GW9662)or vehicle (volume of injectio.5 pi/sidg. After
these microinjectionsthe rats were retned b their home cages:ifteen minutesafter
microinjections,or 24 hours after footshock, the rats werexposed to the conditioning
chamber A video camera located beneath the observation chamber was used to monitor
animal behaviour foBO min. For tis experiment, it was decided that Blnutesduration
re-exposure was more adequate to observe chan&€3A than the 15 minutes used in the
first chapter At the end of the test phasgO(min postformalin injection), rats were killed
by decapitationfastgreen dye injected via the guide cannulae (see belmains were
removed, shap r ozen on dry i ce an dindewddoedenta wast 180
assessed by measuring the change in the diamoéténe right hind paw measured

immediately before, an@0 min after, formalin adminisation, using Vernier callipers.

s N/
{ N
- | —>
'
= En
Fear conditioning Sal_im'r or
(NFC or FC) Formalin injection Re-exposure to the
conditioning arena
Microinjection of (30 minutes)

antagonists or vehicle

Figure 31: Graphical representation of the experimental procedure.
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Conditioning
. Intraplantar
Experiments o Treatment
injection NFC FC
(n per (n per
group) group)
Formalin Vehicle 11 11
Formalin GW6471 (PPAR antagonist) 11 11
Experiment 1 _
Formalin | 55K0660 (PPAR/d antagonist) 11 11
Formalin GW9662 (PPAIR antagonist) 11 11
Saline Vehicle 11 11
Saline GW6471 (PPAR antagonist) 11 11
Experiment 2
Saline GSK0660 (PPAR/d antagonist) 11 11
Saline GW9662 (PPAR artagonist) 11 11

Table 31: Summary of experimental groups. NFC, ffear conditioned; FC, fear

conditioned.

3.25 Behavioural analysis

See Chapter 2, section 2.2.4

3.2.6 Brain extraction

See Chapter 2, section 2.2.5

3.2.7 Histological verification of intracerebral injection sites

Stereotaxic coordinates were verified histologically on 2 animals before the start of
thecannula implantatioaurgeriesThe rats underwent the surgical procedure detailed in the
section 3.2.2. Aftethe conclusion of the surgical implatibn of cannulae, the 2 rats, still
under anaesthesia, were decapitated and a microinjett# fast green dye (Or8 over
1 minute; Sigma&Aldrich, Dublin, Ireland) diluted in DMS@vas made to determine if the
coordinates used were accurate for theABThe brairs werecollected and snhafrozen on

dry ice. Then,fozen coronal brain sections were cut ati® thickness on a cryostat -at

125



21°C from the start to the end of thenygdaloid complex to determine thedtion of the

dye and confirm coordinateg-or all other rats in the experiments, the dye injections were
performed immediately postecapitation in order to determine if the injections successfully
targeted the BLA.

3.2.8Cryo-sectioning and tissue micrdissection

Frozen coronal brairsections of 150 pm thickness containing the basolateral
amygdala (BLA)were cut on a cryostak€ica Biosystems, WatznaGermany), and were
punchdissected as previously descril{€ard et al., 2008; Olango et al., 2012a; Rea et al.,
2014) using cylindrical brain punchers (Harvard Apparatus, MA, USA) with an internal
diameter of 0.50 mm for the differeamtygdalar nuclei, at the follong rostrecaudal levels
(obtained from the rat brain atlas by Paxinos and Waf9 (BLA) Bregma,- 2.127 -
3.30 mm. Additionally, in order to evaluate possible lateralisation effectBLigunches
were separatelyatiected for right and left henpderes. The punetlissected tissue was
weighed(mean = .M. weight per sample was 1.72 + 0.1 nagy stored ai80°C prior to
measurement of AEA, PEA, OEA,-RG and neurotransmitter levels by liquid

chromatography coupieto tandem mass spectrometry (MS/MS).

3.2.8 Measurement oendocannabinoidsNAEs and neurotransmitters in discrete
brain regions using liquid chromatographyi tandem mass spectrometry (LG
MS/MS)

See Chapter 2, section 2.2.7

3.29 Verification of PPAR expression in the BLA

3.2.9.1 Verification of PPAR expression in the BLA by Western blotting

Punched brain tissues from BLA of naivele SD rats were analysed by western
immunoblotting. Frozen punched samples were lysed by brief 3s sonication in radio
immunoprecipitation asggRIPA) lysis buffer (150mmol/L NaCl, 25mmol/L T¢ld4Cl, pH
7.6, 0.5% Triton X100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1Immol/L
NaVOs, 10mmol/L NaF containing 1% protease inhibitor cock@iymaAldrich, Ireland]
in a 1.5mL microcenifuge tube[75 ml]). After homogenisationthe microcentrifuge tube
was placed on the shaker for 45 minutes°&sfér the RIPA lysis buffer téreethe protein
bound either to plasma membramenuclear membrane and then centrédgat14000g
(Eppendorf Centrifuge 5415R Stevenage, UK) for 20mirf@ttdé separate the precipitate

and the supernatant. The supernatant was collected and protein content determined by
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Bradford assay. Protein (BSA, Sigmadrich, Ireland) standards (0,125, 0.25, 0.5, 0.75,
1.0, 1.5, 2.0 mg/ml) were prepared in deionised watee@HrI he Bradford assagvolved
adding 250m Bradford reagent (SigmaAldrich, Ireland) to B of unknown samples or
standards in triplicaten a 96well plate.After a 5Smin hcubatiortime, absorption at 570nm
wavelength was determined. Protein concentrations cfaimples were determined using 8
point standard curve constructed using the B&#dards. ie samples were equalised to
2.0mg/ml after determining the protegoneentration. 8 | 4Xsampe loading buffewas
added to 24c¢l cfg poteo sanple) in tha migrdcentrgfd tdb8s (4X
sample loading buffer: 25% v/vriol/L Tris-HCI, pH 6.8, 5% w/v sodium dodecyl suldb
(SDS), 20% v/v glycerol.5% Bromophenollbe (0.2% w/v in 100% ethanol), 7M Urea,
and 20% v/v of zmercaptoethanol, made up to a total volume of 20mdistilled water).
The microcentrifuge tubewerevortexed quickly and then boiled at°@for 5mns. The
samples then are briefly centrifugeddasubjected to 9% SD@olyacrylamide gel
electrophoresis (SDBAGE) at a constant voltage of 120 mV for 2 hrhe Beparated
protein samples were electroblotted onto a nitrocellulose membfditeocellulose
membrane, CAS# 90040-0; Bio-Rad, Ireland) at AOmV for 40min using wet transfer
method. Protein transfer efficiency was verified by ponceau S (0.1% pongean 8%
acetic acid; Sigmaldrich, Ireland) stainingf protein bandMembrane were blocked in
5% nonfatdry milk in 0.1% Trisbuffered salhe/Tween 20 (TBST) solution for 1hr at room
temperature and incubated witlpolyclonal antibody t®PARa [1:200, Cat# 398394, anti
rabbit, SantaCruz Biotechnology, USAPPARb/d [1:200, Cat# 74517, antmouse
SantaCruz Biotechnology, USAdr PPARy receptor [1:200, Cat# 22020, agtat,
SantaCruz Biotechnology, USAlnd mous e mo n o c{aaimlaloo0@Catti body
5441; SigmaAldrich, Ireland) diluted in 5% milk/0.05% TBS®vernight at4°C. Post
incubation period, the membrane was washed in washing {0ffé¥o TBST) for 3 x 10
min washes. After the washingyembranes were thencubated in secondamntibody
solution containing IRDye goat antimouse (k700and goat artrabbit or donkg antigoat
(k800) (LI-COR Biosciences, UK) diluted 1:10,000 in 1% milk/0.1% TBST for 1hr. Five x
5min washing steps were then performed with washing buffer (0.1% Ta&Bf8IT) finabmin
wash in distilled water. Blots were scanned on aCOR Odyssey imagenR band
intensities forPPARSs receptor proteinexpression (~52/55kDafpr each sample were
generated automatically using the background subtraatiethod of the LICOR Image

Studio Ver. 2.0 imaging softwaréwo distinct bandsvere observed for PPARRefer to
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figure 3.190, due tathe existence of two isoforms for this recepBecause the antibodies

for PPARa and PPAR/d were raised in mouse, similarly to theactin, these two isoform

had the band for the endogenous cortikén in a second mome The membranes were

stripped of the binding of PPAR antibodies using a stripping b(#ependix B) and the

protocol described above was repeated from the blocking in 5%ahaliny milk in 0.1%

TBST step, and the membrane waart reprobed usingp-actin antibodies. The blots were

then rescanned on a ECOR Odyssey 1 mager . -dcth (-B2kDafl i nt e
were generated automatically using the background subtraction method of@@RLI

Image Studio Ver. 2.0 imaging $ofire. Full details of the composition of all

buffers/solutions used are provideddppendix B.

3.2.92 Verification of PPARb/d expression in the BLA byRT-gPCR

Punched brain tissues framght and lefBLA of four malenaiveSpragueDawleyrats were
analysed byguantitativereattime PCR RT-gPCR) RT-qgPCR was carried out as dabed
previously (Burke et al2014, Kerr et al., 2012, Rea et al., 2014). RNA was extracted from
BLA tissue (BLA: 2.04mg+ 0.2mg) using the Macherdyagel Nucleofin ® RNA
extraction kit (Nucleospi RNA, Fisher Scientific, Ireland), according to the instructions of
the manufacturer. Tissue was homogentsed ir
mercaptoethanol (Sigma, Ireland) feb8 using an automated hogamizer (Polytron tissue
disrupter,Ultra-Turrax, Germany). Homogenates were kept on ice until transferred to a
Nucleospin filter (violet ring) and centrifuged at 110009 for 1 min to reduce viscosity and
clear the lysate. The lysates were then treated 3@@ul of 70% molecular grade etlan
(Sigma,Dublin, Ireland) and transferred to a Nucleospin RNA column (light blue ring) and
centrifuged at 11000g for 30s to bind the RNA to the membrane. The membrane column
was then desalted by adding 350ul membrarsaltiag buffer (MDB) and centrifugg at
11000g for 1 min to dry the membrane. Samp
left for 15 minutes at room temperature to remove any DNA. Samples were then serially
washed using washing buffers (200ul RA2, GDRA3 and 250ul RA3) and RNA was
eluted in 30ul of RNAasdree water (SigmaDublin, Ireland). Nanodrop technology (ND
1000, Nanodrop, Labtech International, Ringmer, UK) was used to measure the
concentration, purity and integrity of the RNA. RNA concatitn was determined by
measuring ptical density (OD) at 260 nm. The integrity and purity were determined by
measuring the ratios OD260/0D280 and OD230/0D280, respectively, where a ratio of
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approximately 1.8.0 was deemed indicative of RNA of good quadind purity. All RNA

samples weravithin the acceptable range for both integrity and purity. Samples were
equalised to the same concentration of RNA
Ireland). Equalised samples were then stored8@C until revese transcribedEqual
amountsofto al RNA (10ng/ el ) were reverse transcr
mixes were made up as shown below in Tables 5.3 and 5.4; all reagents were obtained from
(Bi osciences, Dubl i n, | rraenleach shinple wasCadded tmaf n o r
newy | abelled PCR tube where 2¢l of master |
was then heated to 65°C for 5 minutesithermocycler (MJ Research, RetuSA) and

quickly chilled on ice. The contents of the tube weslected by brief centrifugatior?. € |

of master mix 2 was then added to each tube and incubated at 37°C for 2 minutes on the
thermocycl er. lel of superscript [ 11 rever
mixed gently. Samples were left to incubatt room temperature for -tinutes and then

loaded on the thermocycler to incubate further at 50°C for 50 minutes. The reaction was
inactivated by heating the samples at 70°C for another 15 minutes. Finally, cDNA samples
were diluted (1:4) using RNAagece water and stored &0°C.

Table 32: Master mixture 1 for cDNA synthesis

Reagents Per Sample
Random Primers (250ng) |1 ¢ |
10mm dNTP mix lel
Total 2¢l

Table3.3: Master mixture 2 fotDNA synthesis

Reagents Per Sample
5X First Strand Buffer 4 ¢ |
0.1M DTT 2 ¢l
RNase Out 1el
Total 7 ¢l

cDNA strands were then analysed by-8HCR usig the Applied Biosystems StepOne Plus
Real Time PCR System (BiSciences, Dublinlreland). TagMan gene expression assays
(Bio-Sciences, Dublin, Ireland) containing forward and reverse primers and ddb&ied
TagMan probe were used (B&ciences, Dublinlreland). Assay IDs for the genesrats
examined were as follows:PPARb/d(Rn00565707, and VICGlabelled b-actin

(Rn00667869 _m1) was used as the house keeping gene and endogenous control. A reaction
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mi xture was prepared and stored on ice. Thi
Sciences, Dubl ithe retrénceggénb-acdt) i, n 0. Sell DédgMan Un
master mi x, 1. 5¢l of RNA free water and 2.
10¢l per sampl e. Sampl es were pipetted in
optical 96 well plate. Neggive cantrols were included in all assays, containing the master

mix but cDNA was replaced with RNase free water. Plates were then covered with adhesive
covers and spun at 10009 for 1 minute to ensure complete mixing. The plate was then placed

in StepOneP u s El timeeP&R machine BiSci ence s, Dubl in, l rel a
cycling conditions were 50°C for 2 min, 95°C for 10 min, and 40 cycles of (95°C for 15
sec/60°C for 1 min). Amplification plots were examined using Applied Biosystems 7500
System SDSoftwarel.3.1.

3.210 Statistical Analysis

The SPSS 21.0 statistical package was used to analyse data. Normality was assessed using
ShapireWilk test and homogeneityf variance was checked using Levemetest.

Behavioural datavereanalysed using tesfactor analysis of variance (Tweay ANOVA),

with factors being featonditioning and treatment, or analysis of variance with repeated
measuresrépeated measures ANOVA) whappropriat€e.g. when the dataereanalysed
andpresented in time bins). Neutwamical datavereanalysed using threfactoranalysis

of variance(Threeway ANOVA), with factors being feazonditioning, treatment, and side
(ipsilateral orcontrdateral, with respect to the formalin injectionfost hocpairwise
comparisons were madeth Student Newmaieuls testwhen appropria. If data were

found to be notparametric, three transformation were applied, in this order: square root of

the data values, log of the data values, and ranking of the data values. Also, it was checked

if the highest standard deviation was less than araktp 2 times the smallest standard

deviation for the particular data set being analydéainder et al., 2007})f data were still

deemed noiparametric after these transformations and tests, Wwerg analysedising
KruskatWallis analysis of variance apodsthocan al ysi s per for med usi n
appropriate. When repeated measures data werparametrichey were analysed using
Friedmands and Kruskal Wastl hodf applidcaldesDatawere o | | 0 we
considered significant when p<0.@3ata are expressed as group means + standard error of

the mean (&.M.) when parametric and as median lwihterquartile range when non

parametric.
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Possible presence of outliers was checked by assélsidgstribution of data. In case the
data fell out of the range of [me&istandard deviation] to [mean+2*standard deviation],

it was considered an outlier and excluded fsarhsequerdnalysis.
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3.3 Results
3.3.1 Experiment 1: Effects of intra-BLA administration of PPAR antagonists on
formalin -evoked nociceptive behaviour fear-conditioned analgesia and conditioned

fear in the presence of nociceptive tone in rats

3.3.11 Histological verification of microinjection sites

After histolagical verification, 75% of theats had both injectionsorrectly placed within
thebordersof both BLA. Also, 4% had one of the injections in the BLA and the other outside
BLA borders. The remining 21% were placed in the CeA, basomedial amygdala (BMA),
or ventral endopiriform nucleusihe data analysed were derived only from rats where

intracerebral microinjectiwere accurately placed in the BLA.
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Vehicle GWa&471 (PPARc antagonist)
) Outside BLA [\ Outside BLA
@ Inside BLA A inside BLA
GSK0660 (PPARB/G antagonist) GW9662 (PPARY antagonist)
[] Outside BLA > utside BLA
B inside LA o Inside BLA

Figure 32: Histological verification of injector site location.
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3.3.1.2Intra -BLA administration of GW6471, GSK0660, andGW9662 had no effect
on formalin-evoked nociceptive behaviour or FCA

Intra-plantar administration of formalin into the right hind paw produoddist nociceptive
behaviour as evidenced bye CPS (Figure 3)3Two-way ANOVA revealed a significant
main effect of fear conditionind- (1, 54 = 35.264 2<0.05], but not of treatmenH (3, 47)

= 0.987, p>0.05] or treatment x conditioning [F (2, 54) = 0.304, p>0.05], on nociceptive
behaviour(Figure3.2). However,post hogpairwise analysis with Student NewmKeuls

test did not reveal significant differences between groups. Therenaveignifiant effecs

of fearconditioning[F (1, 70 = 0.011, p>0.05], treatmenk (3, 70 = 0.296 p>0.03, or
treatment x conitloning [F (2, 70) = 0.078, p>0.05n formalininduced paw oedema
(Figure3.4).

Composite Pain Score

1,61 O Vehicle
' a GW6471
— GSK0660
o .
1.0 . o * GW9662
%) I \4
a [ |
O
0.54
*
L 2
0.0 T T
NFC FC

Figure 33: EffectsofinraBL A admi ni stration of selgctive
antagonists on formaliavokel nociceptive behaviour in nefear conditioned (NFC) and

fear conditioned (FC) rats. Data are expressed as mean + S.E.M{rma8& per group).
According toa 2way ANOVA (?3p<0.001), significant overall effect of fear catimmhing.
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Figure 34: Effects of intraBLA administration of selectiv® P AR U, PPARDbgU and

antagonists on paw oedema. Pawlamma was assessed by measuring the change in the
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diameter othe right hind paw immediately before, and 60min after, formalin administration.

Data are expressed as mean + S.E.M;9+ts per group

3.3.1.3Intra -BLA administration of GW6471, GSK0660and GW9662increasesfear-

related behaviour in formalin-treated rats

KruskalWallis test revealed a significant difference in freezing duration among all groups

[-2(7) = 34.508, p<0.001] (FigureA). Howeverposthogpp ai r wi se anal ysi s

test did not reveal sigincant differences between groups.

Two-way repeated measures ANOVA revealed a significant effect of fear conditioning [F
(1, 47)= 37.456,p<0.001], time [F (2.251, 105.816) 38.350, *p<0.001), and fear
conditioning x time [F 2.25], 105.816) 35.556, p<0.001] on freezing duratianalysed

as 3-min bins (Figure 3.5BNFC groups not shown for clarity of presentafidhost hoc
analysis by Stude¢ NewmanrKeuls test indicated agificantincreasan the duration of
freezing iInFC GW6471vs FC Velicle at 1012 min $p<0.05) and at 3 min for FC
GW9662vs FC Vehiclg(*p<0.05) (Figure 3.5B There were no significant effects of drug
treatment onrkezing across time in NFC rats {@aot shown). There were no significant
effects of teatment [F (347) = 1.750, p>0.05], treatment x conditioning [F (3, 47) = 1.591,
p>0.05], time x treatment [F (6.754, 105.816) = 1.538, p>0.05], time x conditipfing
(2.251, 105.816) = 35.556, pBB], and time x conditioning x treatment [F (6.754, 105.8160
= 1.372,p>0.05] on freezing duration.
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Kruskal Wallis test revealed a significant difference in defecation among all gréy@} [
= 24.023, p<0.01] (Figure 3.6). Howevenst hocpairwiseaa | ysi s wi th Dunno

not reveal significant differences between groups.

A) Freezing
1000
. O Vehicle
n
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=
< 504
D]
Q
L
0 L] 1 | L] 1
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Figure3.5: Effectsof ntraBL A admi ni strati omMPARD/siel garcd i RRA
antagmists on freezing duration over the total trial period (A) andasn3time bins (B) in

nonfear conditioned (NFC) and fear conditioned (FC) rats. Postihatysisindicated a

significart increase at-8 min for FC GW9662reatedrats {p<0.05, vs FC Vehle), and

FC GW647Hreated rats at 202 min (p<0.05, vs FC Vehicle). Data are expressed as

median with interquartile range and min/max (A) and mean = S.BM(n=7-9 rats per

group).
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Figure 36: Effects of fear conditioning and intBRL A admi ni strati on of
PPARDB/ O agnadtagdhiBtA ¢ defecation. Data are expressed as median with

interquartile range and min/max (n=9#ats per group).

3.3.1.4Intra -BLA administration of GW6471, GSK0660, and5W9662does not affect
general/motor behaviour

Two-way ANOVA showed that there were no significant effects of treatment [F (3, 53) =
0.294, p>0.05], fear conditioning [F (1, 53) = 0.2p20.05], and treatment x conditioning

[F (3, 53)= 1.425] on walking duration (Figure 3.7A).

Two-way ANOVA showed that there were no significant effects of treatment [F (3, 53) =
0.591, p>0.05], fear conditioning [F (1, 53) = 0.056, p>0.05], treatmenhditcaning [F
(3, 53) = 0.532, p>0.05] on distanooved (Figure 3.7B).

KruskalWallis test showed no differences among the groups in rearing duratiQf) F
5.685, p>0.05] (Figure 3.7C).

Two-way ANOVA showed that there were no significant effecttreditment [F (3, 53) =
0.043, p>0.05], fear conttbning [F (1, 53) = 0.380, p>0.05], and treatment x conditioning
[F (3, 53) = 0.268, p>0.05) on grooming duration (Figure 3.7D).
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Figure3.7: Effects of fearconditioningandintrd L A admi ni stration of
PPARDB/ U a@antagoRiftisfoR walking duration (A), distance moved (B), grooming
duration (C), and rearing duration (D). Data are expressed as mean + S.E.M. (A, B and D)

or median with interquartile range and min/max (C), +8&=iats per group.

3.3.1.5 Effect of fear conditioning and PPAR antagonist administration on
neurotransmitter levels in the basolateral amygdala (BLA

KruskalWallis test did not show any significanfférence among groups*(15) = 20.669,
p>0.05) in GABA levels in the BLA (Figure 3.8A). When each side was analysed separately,
Kruskal Wallis did not show anygnificant difference among group in the right (7) =

6.288, p>0.05] or in the left{(7) = 5.291, p>0.05] sidein GABA levels in the BLA.
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KruskalWallis comparisons revealed a significant difference among grodp4dg) =
39.443, p<0.01) in glutaate levels in the BLA (Figure 3.8B). Howevenst hocanalysis

wi t h Du ndid & redcle statistical signifibee When each side was analysed
separately, Kruskal Wallis did not show any significant difference among group in the right
[.2(7) =5.432, p>0.05] or in the left?[(7) = 9.575, p>0.05] sides in glutamate levels in the
BLA.

KruskalWallis comparisonseveal a significant difference among grougg15) = 84.814,

p<0.001) in serotonin levels in the BLA (Figure 3.8B9sthocanal ysi s wi th Du!
indicated that the levels of serotonin were significantly lower in the right BLA of NFC
GW6471, FC Veltle and FC GSK0660 rats compared to their left side counterparts
(*p<0.05). When each side was analysed separately, Kruskdic\&fabwed a significant

difference among the groups in the left([7) = 16.134, p<0.05] but not in the right [7)

= 4.713, p>0.05] side in serotonin levels in the BLA. Howevenst hocpairwise

compari sons widnotreathstatistidatgnificancet

KruskalWallis test reveal a significant difference among groupdlb) = 90.526, p<0.001)

in dopamine levels ithe BLA (Figure 3.8D)Posthocanal ysi s with Dunnés
that the levels of dopamine were significantly lower inright BLA of NFC Vehicle, FC

Vehicle and NFC GSKO0660 rats compared to their left counterparts (*p<0.05). When each
side was arlgsed separately, Kruskal Wallis did not show any significant difference among
groups in the right.f (7) = 11.912, p>0.05] an the left [? (7) = 1.796, p>0.05] sides in

dopamine levels in the BLA.
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Figure 38: Effects offearconditioningandintr®d L A admi ni stration of
and PPARantagonists on the levels of GABA (A), glutamate (B), serotonin (C), and
dopamine (D). Post hoc analysis indicated that dopamine levels were significantly lower in
the right BLAof NFC Vehicle, FC Vehicle and NFC GSK0660 rats compared to their left
counterparts (*p<0.05). Post hoc analysis also indicated that levels of serotonin were lower
in the right BLA of NFC GW6471, FC Vehicle and FC GSKO0660 rats compareditdeft

side ounterparts (*p<0.05). Data are expressed as median with interquartile range (n=7

rats per group).
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3.3.1.6 Effect of fear conditioning and PPAR antagonist administration on
endocannabinoids and NAHevels in the basolateral amygdalaBLA )

KruskatWallis test did not show any significant difference among groujnd ) = 20.097,
p>0.05) in 2AG levels in the BLA (Figure 3.9A). When each side was analysed separately,
Kruskal Wallis did not show any significant difference among groupenright [? (7) =
6.863, p>0.05] or in the left{(7) = 7.592, p>0.05] sides inrRG levels in the BLA.

KruskatWallis comparisons did not show any significant difference among grouf<y

= 22.173, p>0.05) in AEA levels in the BLA (Figure 3.9BJhen each sideas analysed
separately, Kruskal Wallis did not show any significant difference among group in the right
[-2(7) = 4.721, p>0.05] or in the left?(7) = 6.548, p>0.05] sides in AEA levels in the
BLA.

Threeway ANOVA revealed an effect cfide [F (1, 84) = 49.888p<0.001] and fear
conditionng [F (1, 84) = 4.298, p<0.05hdPEA levels in the BLAFigure 3.9C)Post hoc
pairwise analysis with Student NewmKeulstestdid not show any significant statical
differences.There were no sigficant effects of treatment [F (3, 84) = 0.068, p>0.05],
treatment x conditioning [F (3, 84) = 0.669, p>0.05], treatment x side [F (3, 84) = 0.344,
p>0.05], conditioning x side [F (1, 84) = 0.074, p>0.05], treatmextrxitioning x side [F

(3, 84) = 0.65, p>0.05] on PEA levelsVhen each side was analysed separateig-way
ANOVA did not show any significant effect of treatment, dibioning or their interaction

on either the left or right BLA.

KruskalWallis comparisons reveal a significant differeranong groups{(15) = 31.454,

p<0.01) in OEA levels in the BLA (Figure 3.9D). Howevgosthocanal ysi s wi t h L
testdid not reach statistical significand&hen each side was analysed setedy, Kruskal

Wallis test did not show any significant difference amgrayp in the right.f (7) = 6.672,

p>0.05] or in the left.} (7) = 4.598, p>0.05] sides in OEA levels in the BLA.

140



A) 2-AG - BLA B) AEA - BLA
50 . .
@ Left (Contralateral) Right (Ipsilateral) ,_\150'Left (Contralateral) Right (Ipsilateral)
E 40 éo”
c ° € 100- *
= 30- <
) ¢ L
3 2010 o m = >
o Q o o | uf D 504
O .. o - 9
i 10 ~fan !! B || H - B8 5 I o é
< 1 D ] M
od AEA AR BUAT o
PEA - BLA D) OEA - BLA
1.5 Left (Contralateral) Right (Ipsilateral) . 157Left (Contralateral) Right (Ipsilateral)
G a =3
= .
= S o
. 1.0
E 1.0 = E
® 3
g ° 3
2 0.5- ° - ) ’,1‘ o 2 0.5—
< - e = <
o |BAHER BN usp o ﬂ” Aol 8i i
] (I 1 1Hg e 0.0 il II
O Vehicle

GWE471 (PPARo antagonist)
B GSK0660 (FPARE & antagonist)
+ GWaeG2 (PPARy antagonist)

Figure 39: Effects of fearconditioningandintrd L A admi ni stration of
PPARD/ U aantagoRifsPoRthe levels HAG (A), AEA (B), PEA (C), and OEA
(D). Two-way ANOVA revealed a significant effect of side on PEA lev&$s(.05) Data
are expressed as mean = S.E.M (C) or median with interquartile range and min/max (A, B

and D), (n=79 rats per group).
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3.3.2 Experiment 2: Effects of intra-BLA administration of PPAR antagonists on

conditioned fear in theabsenceof nociceptive tone in rats

3.32.1 Histological verification of microinjection sites

After histological verification, @ of therats had botlinjectionscorrectly placed within
thebordersof both BLA. Also, 7% had one of the injections in the BLA and the otherdautsi
BLA borders. The remaining 20% were placed in the CeA, basomedial amygdala (BMA),
or ventral endopiriform nucleughe data angked were derived only from rats where

intracerebral microinjectidwere accurately placed in the BLA.
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Figure 310: Histological verification of injector site location.
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3.3.2.2Intra -BLA administration of PPAR antagonists had no effect on composite pain
score in salineinjected rats

Composite pain scores were substantially less in this expdrifokowing intraplantar
saline injection compared with Experiment 1 where rats vedeintraplantar formalin
injection (Figure 3.11). Kruskalallis test revealed no difference among growp$7) =
4.241, p>0.05] of rats that received an ifpgtantar injection of saline into the right hind
paw (Figure 3.10). Twavay ANOVA showed thiethere were no significant effects of fear
conditioning [F (1, 9F 4.364, p>0.05], treatment [F (3, 2YP.5191, p>0.05], or treatment
x conditioning [F (3, 26) = 02441, p>0.05] on paw diameter (Figure 3.12).
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1.0- B GSKO0660 (PPARb/d antagonist)
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Figure 311 HfectsofintraBLA admi ni stration of selegctive
antagonists on the composite pain score infean conditioned (NFC) and fear conditioned

(FC) rats that received int@antar injection of salineComposite pain score was calculated
as(pain 1 + 2*[pain 2])/total duration of analysis period (see for further information Material

and Methods)KruskalWallis showed no significant difference among grougs(f) =

4.241, p>0.05]. Data are expressed as median with interquartile range amax{im#810

rats per group).
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Figure 312: Effectsof intraBLA administration of selectve PARU, PPARDbd U and
antagonists on salirevoked changes in the hind paw diameter in-fean conditoned

(NFC) and fear conditioned (FC) rats. The change was assessed by measuring the paw
diameter immediatelipefore, and 60 min after, saline administration. Data are expressed as
mean + S.E.M, n=80 rats per group.

3.3.2.3Intra -BLA administration of PPARs antagonistsncreasedreezing in NFC rats
KruskatWallis revealed a significant differeneenong groupsd (7) = 18.037, p=0.012]
(Figure 3.13) Post hoc pairwise analysis withD u n n 6 sinditate sat significant
enhancement in freezing duration in FC vehicle rats compared to their NFC counterparts
(NFC Vehicle vs FC Vehiclép<0.05. Thetreatment wittGW6471 and GSK0660h NFC

rats also increased freezing duratipdFC Vehicle ¥ NFC GW6471, **pd.01; NFC
Vehicle vs NFC GSKO0660, *p<0.05The treatment with GW9662 NFC ratsnarrowly

failed toreached statistical significance (NFC Vebios GW9662, p=0.08. These drugs

had no significant effects on FC rats.
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Figure 313: Effects of fear conditioningand intBL A admi ni strati on of
PPARD/ 0 aanthgoRdsAmtotal freezing duration. Post hoc indicated an increase
in freezing duration in FC vehicle rat§€0.05, vs NFC Vehicle). The treatment with
GW6471 and GSK0660 in NFC rats also increased freezing durdfien0(01 vs NFC
Vehicle; #p<0.05vs NFC Vehicle). Treatment with GW9662 almost reached statistical
significance (p=0.064, vs NFC Vehicle). Data are expressed as median with interquartile

range ad min/max (n= 7 rats per group).

KruskalWallis analysis of the defecation datavealed asignificant difference among

N

groups § (7) = 23.49, p<0.0)(Figure 3.14)Post hogairwise analysiswitbunnodos t est

did not show any significant difference between groups.
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Figure 314 Effects of fear conditioning and intBLA adm ni st rati on of sel

PPARDB/ O agnadtagdhiBtA ¢ defecation. Data are expressed as median with

interquartile range (n=9 rats per group).

3.3.24 Intra -BLA administration of PPAR antagonists deesnot affect general/motor
behaviour

Two-way ANOVA showed that there were no significant etieof treatment [F (3, 58) =
0.332, p>0.05], fear conditioning [F (1, 58) = 0.133, p>0.05], and treatment x conditioning
[F (3, 58) = 0.244, p>0.05] on walking duration (Figure 3.15A).

Two-way ANOVA shavedthat there were no significant effects of treatm[F (3, 58) =
0.716, p>0.05], fear conditioning [F (1, 58) = 0.055, p>0.05], and treatment x conditioning
[F (3, 58) =1.199, p>0.05] on distance moved (Figure 3.15B).

Two-way ANOVA showed an effectfdreatment [F (3, 50) = 3.686, p<0.05] on rearing
duration (Figure 3.15C). Howevgnpst hocanalysis with Student Newmdfeuls did not

reveal significant statistical differences between groups. There were no significant effects
of fear conditioning [F (150) = 0.261, p>0.05] and treatment x conditioning [F (3, 50) =
0.256, p>0.05] on rearing duration.

Two-way ANOVA showed thathere were no significant effects of treatment [F (3, 50) =
0.628, p>0.05], fear conditioning [F (1, 50) = 0.053, p>0.05], esdtitent x conditioning
[F (3, 50) = 0.248, p>0.05) on grooming duration (Figure 3.15D).
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Figure 315: Effectsof fearconditioning and intrd8 L A

O Vehicle

GWE471 (PPARa antagonist)
B GSK0660 (FPARE G antagonist)
+ GWI662 (PPARy antagonist)

admi ni stration of

PPARD/ U

duration (C), and rearing duration (D). Data are expressed as mean = S.E-Mrais per

group).

&@ antagoRifsPoOR walking duration (A), distance moved (B), grooming

3.3.25 Effect of fear conditioning and PPAR antagonist administration on
neurotransmitter levels in the basolateral amygdala (BLA)

KruskatWallis test revealed a significant difference among groupg16) = 25.622,
p<0.05) in GABA levels (Figure 3.16A) ithe BLA. However,post hocanalysis with
test did -group differantes in SABA tevels.iWhen n t

Dunnos not

each side was analysed separately, Kruskal Wallis did reveal acagniiifference among
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groups in the right.f (7) =14.48, p<0.05] but not in the left{ (7) = 3.012, p>0.05] side.
However,post hocanal ysi s with Dunnés test -groaud not

differences in GABA levels.

KruskatWallis test dil not show any significant difference among group§l§) = 15.856,
p>0.05) in glutamate levels (Figure 3.16B) in the BLA. When each side was analysed
separately, Kruskal Wallis did not reveal a significant difference among groups in the right
[.2(7) =6.458, p>0.05] or in the left{(7) = 3.802, p>0.05]ide.

KruskalWallis test did not show any significant difference among grodég) = 22.532,
p>0.05) in serotonin levels (Figure 8Q) in the BLA. When each side was analysed
separately, Kruskalvallis did not reveal a significant difference amongugrin the right
[-2(7) = 12.250, p>0.05] or in the leff?[(7) = 2.039, p>0.05] side.

KruskalWallis test revealed a significant difference among groupg16) = 58.963,
p<0.001) in dopamine Ies (Figure 3.@D) in the BLA.Post hocanalysiswithDan 6 s t e st
indicated that NFC GW966Reated rats have higher levels of dopamine levels in the right
side compared to the left sid@<£0.05). When each side was analysed separately, Kruskal
Walllis did not reveal a significant difference among group inridpet [.2 (7) = 11.644,
p=0.053] and in the left{ (7) = 8.987, p>0.05] side. Because the right side almost reached
statistical difference, an analysis considering the different fear tcmmdg groups was

carried out. When we further analyse the fear comditp groups, Kruskal Wallis test
revealed a significant difference among groups in the NFC rats in the.figBj F 8.324,

p<0.05] but not in the leftf (3) = 5.168, p>0.05] sid€osthocanal ysi s wi th Du!
indicated that NFC rats treated wiW6471 have increased dopamine levels compared to
NFC Vehicletreated ones”<0.05). The test also indicated a strong trend for increased
levels of dopamine in NFC GW964ated ris compared to NFC vehictesated
(p=0.0584). Kruskal Wallis test did hreveal any significant differences among groups in

FC rats neither in the right7(3) = 1.937, p>0.05] nor in the left?[(3) = 3.028, p>0.05]

side.
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serotonin (C), and dopamine (D) in the BLA. Post hoc analysis indicated that NFC rats

treated with GW6471 have increasegdmine levels compared to NFC Vehitleated

ones {p<0.05). The test also indicated aosty trend for increased levels of dopamine in
NFC GW9662treated rats compared to NFC vehitieated (p=0.0584). Data are expressed

as median with interquartile rga and min/max (n=9 rats per group).

3.3.2.6 Effect of fear conditioning and PPAR antgonist administration on

endocannabinoid and NAElevels in the basolateral amygdala (BLA)

KruskalWallis comparisons did not show any significant difference amoogpgr(? (15)
=18.374, p>®5) in 2AG levels (Figure 3.1K) in the BLA. When each side wanalysed
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separately, Kruskal Wallis did not reveal a significant difference among group in the right
[-2(7) =9.526, p>0.05] and in the lefe[7) = 4.186, p>@5] side.

KruskatWallis comparisons revealed a significant difference among grodpd %) =
47.410, p<0.05) in AEA levels (Figure 3B) in the BLA. Howeverpost hocanalysis with
Dunndés test did not show any sichsidefwas an't
analysed separately, Kruskal Wallis revealed a significant difference agnoug in the

right [.2 (7) =14.798, p<0.05] but not in the left [7) = 6.537, p>0.05] side. Howeveqst
hocanal ysi s with Dunno6s t eckahgesdin AEA levels in théh o w
Right BLA.

KruskalWallis comparisons revealed a signifitadifference among groups?((15) =
32.124, p9.05) in PEA levels (Figure 3.Cj in the BLA. Howeverpost hocanalysis with
Dunnds test di d n changes InoP&EA lavalss Wisen gaohi side waa n t
analysed separately, twoay ANOVA revealed aignificant effect of treatment [F (3, 44)

= 3.034, p<0.05], fear conditioning [F (1, 44) = 7.163, p<0.05) and the interaction of
treatment x fear conditioning [F (34%= 3.606, p<0.05] on PEA levels in the right BLA.
Posthocanal ysi s wi ndicate® that FRCORN64#teatdd rais have decreased
levels of PEA compared to FC Vehicle treated rats in the right BpAO(05). Tweway
ANOVA did not reveal any sigficant effect of treatment [F (3, 48) = 0.624, p>0.05], fear
conditioning [F (1, 48) = 390, p<0.05] and the interaction of treatment x fear conditioning
[F (3, 48) = 0.830, p<0.05] on PEA levels in the left BLA.

KruskalWallis comparisons revealed a mificant difference among groups? ((15) =
32.456, pb.05) in OEA levels (Figure 3.Dj in the BLA. Howeverpost hocanalysis with
Dunnbdés test did not show any significant
analysed separately, Kruskal Wallis test revealed a significant diffeaenceg groups in

OEA levels in the right.¢ (7) = 21.988, p<0.01) but not in the left (7) = 6.350, p>0.05)

C

a |

C

BLA. Posthocanal ysi s with Dunnés did not reveal

groups in OEA levels in the right BLA.
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decreased levels of PEA compared to FC Vehicle treated rats in the rightBt\Q5).

Data are expressed as median with intartjle range (n=® rats per group).

3.3.3Expression of PPARs in the BLA

3.3.1.1Western Blotting
PPARa, PPARy/d and PPAR expression was confirmed in the right and left BLAvafve
male SD rats (Figure 3.18The bands for PPAR (55kDa) and PPABR/d (52kDa) were

obtained with the use of monoclonal antibody. As mentioned in the section 3.2.9.1, the

doubk bands for PPAfare a consequence of the expression of two subtypes of PAR
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PPARy and PPARp. The 42kDa band correspondslieactin, used as an endogenous
control.
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Figure 318: Expression of PPAR PPARb/d, andPPARyin the right and left BLA (n=%
per side). The expression of PPAIR seen at 55kDa, PPARI at 52kDa, and PPAdat

52/55kDa b-actin was used andogenous control. M=marker/ladder; QC=quality control.
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3.3.1.1 RFqPCR

The available antibodies deloped to bind to PPABd in western blotting protocols did
notgive results that were entirely satisfactory, as evidenced by the faintddamagFigure
3.18C). Therefore, we opted to demonstrate the presence of f7BARhe BLA using RT
gPCR. The msence of mMRNA encoding PPARIwas confirmed in the right anditd8LA

of naive male SD rat§heCt values found for the BLA punches were 30.046+0.11 in the
BLA Right and 29.741+0.02 in the BLA Left. Data are expressed as meabew(Figure
3.19

Amplification Plot
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Figure 319: Amplification plots for PPAR/d gene expression in thigght and leftBLA.

3.3.4Effects of intra-plantar administration of formalin on levels of

neurotransmitters, endocannabinoids and NAEs in NFC and FC rats

Samples from the NFC and FC vehidieeated groups from both experiments wereure

on LCG-MS/MS and reanalysed together mrder to compare possible effects of the presence
of a nociceptive inflammatory torfee. formalin)versugts absence (i.e. saline) the levels

of neurotransmitters, endocannabinoids and NAESs.
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3.3.41 Effects of intra-plantar (i.pl.) administration of formalin on levels of
neurotransmitters in NFC and FC rats

Threeway ANOVA revealed a significant main effect of side [F (1, 52P30=0.002]

on GABA levels in the BLA (Figure 3.20A)Y0st hocpairwise analysis with Student
NewmanKeuls did not show any significant statistical differences. There were no
significant effects of fear conditioning [F (1, 52) = 0.003, p>0.05] trmeat [F (1, 52) =
2.446, p>0.05], treatment x conditioning [F (1) 52.030, p>0.05], treatment x side [F (1,
52) = 0.022, p>0.05], conditioning x side [F (1, 52) = 0.556, p>0.05], treatment x
conditioning x side [F (1, 52) = 3.365, p>0.05] on GABA lsvéVhen the right and left
sides were analysed separately, -y ANOVA did not show any significant effect of

treatment, conditioning or their interaction GABA levelsin either left or right BLA.

Threeway ANOVA revealed an effect of side [F (1,)525.630,%0=0.021] o glutamate
levels in the BLA (Figure 3.20BJost hocpairwise analysis with StudeitewmanKeuls

did not show any significant statistical differences. There were no significant effects of fear
conditioning [F (1, 52) = 0.103, p>0.pSreatment [F (1, 52) = 0.865, p>0.05], treatment x
conditioning [F(1, 52) = 1.429, p>0.05], treatment x side [F (1, 52) = 0.637, p>0.05],
conditioning x side [F (1, 52) = 0.007, p>0.05], treatment x conditioning x side [F (1, 52) =
1.133, p>0.05] on gtamate levels. When the contra and left sides were analysed slgparate
two-way ANOVA did not show any significant effect of treatment, conditioning or their

interactionon glutamaten either left or right BLA.

Threeway ANOVA revealed an effect of dF (1, 51) = 12.192%=0.001] and fear
conditioning [F (1, 51) = 238, p=0.026] on serotonin levels in the BLA (Figure 3.20C).
Post hogairwise analysis with Student NewrEeuls indicated that salirteeated FC rats
have increased levels of serotonompared to their NFC counterparts (NFC Satheated

vs FC Salindreated,”p<0.05) on the right side. There were no significant effects of
treatment [F (1, 51) = 0.029, p>0.05], treatment x conditioning [F (1, 51) = 1.564, p>0.05],
treatment x side [FL, 51) = 1.644, p>0.05], conditioning x side [F (1, 51) = 2.044,G5{0
treatment x conditioning x side [F (1, 51) = 3.796, p>0.05] on serotonin levels. When right
and left sides were analysed separately;way ANOVA revealed significant effect of fea
conditioning [F (1, 24) = 4.464p<0.05]on serotonin level# the right BLA. However,

post hocpairwise analysis with Student Newmkeuls did not show significant statistical
differences. Twavay ANOVA showed that there were no significant effectedtment,

conditioning and their interactiaan serotonin levels the left BLA.
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Threeway ANOVA revealed an effect of side [F (1, 47) = 53.8920.001] and treatment

[F (1, 47) = 14.541, p<0.001]nodopamine levels in the BLA (Figure 3.20ost hoc
pairwise analysis with Student NewmKeuls confirmed the side differences (*p<0.05,
compared to their left counterparts) and indicated that NFC rats which received an
intraplantar injection of formalin have increased levels of dopamine on the rightNBE@. (
Salinetreated vs NF@ormalintreated?p<0.05). There were no significant effects of fear
conditioning [F (1, 47) = 0.002, p>0.05], treatment x conditioning [F (1, 47) = 0.055,
p>0.05], treatment x side [F (1, 47) = 2.115, p>0.05], conditionindex[5i (1, 47) = 0.477,
p>0.05], treatment x conditioning x side [F (1, 47) = 1.358, p>0.05] on dopamine levels.
When the right and left sides weapalysed separately, twaay ANOVA did not show any
significant effect of treatment, conditioningtbeir interaction on dopamine levels in either
left or rightBLA.
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Figure 320: Effects offearconditioningand intraplantar injection of formalin on the levels
of GABA (A), glutamate (B), serotonin (C), and dopamine (D). ™may ANOVA revealed

a significant effect of side on all neurotransmitt&ps.(Q.05). Post hoc pairwise analysis with
StucentNewmanKeuls $iowed a significant difference in serotonin levels between NFC
Vehicle and FC Vehicle of i.pl. salistecated rats’p<0.05), and dopamine levels between
NFC Vehicle i.pl. salingreated and NFC Vehicle i.pl. formaitreated rats’p<0.®). The

test alsoconfirmed side differences (*p<0.05, compared to their left counterparts) in

dopamine levels. Data are expressed as mean + S.E.M(r&t3 per group).
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3.3.4.2Effects of intra-plantar administration of formalin on levels of

endocanndinoids and NAEsin NFC and FC rats

Threeway ANOVA revealed an effect of treatment x side [F (1, 48) = 4.200, p=0di46]
2-AG levels in the BLA(Fig. 3.21A) Post hocpairwise analysis with Student Newman
Keulsdid not show any significant statistical differences. Thegee no significant effects
of fear conditioning [F (1, 48) = 3.971, p>0.05], treatment [F (1, 48) = 3.609, p>0.05], side
[F (1, 48) = 2.304, p>0.05], treatment x conditioning [F (1, 48) = 0.¢4®.05],
conditioning x side [F (1, 48) = 0.133, p>0.05g&dtment x conditioning x side [F (1, 48) =
0.639, p>0.05] on-AG levels. When right and left sides were analysed separatehyayo
ANOVA revealed significant effect of treatment [F (1, 26).4®., p=0.028bn 2AG levels

in the left BLA. However, psthoc pairwise analysis with Student NewmHKeuls did not
show significant statistical differences. Tam@ay ANOVA showed that there were no
significant effects of treatment, conditioning and tieieractionon 2AG levelsin the right
BLA.

KruskatWallis comparisons revealed a significant difference among group$§7) =

35.131, p<0.05) in AEA levels (Figure 3.21Bpsthocanal ysi s wi t h Dunnos
lower levels of AEA of NFC Saline group the right side compared to the left (*p<0.05).

When eaclside was analysed separately, Kruskal Wallis did not reveal any significant
differences among group in the right {3) =6.485, p>0.05] or in the leftq(3) = 2.456,

p>0.05] side.

Threeway ANOVA revealed an effect of side [F (1, 49) = 4.1310.046]on PEA levels

in the BLA (Fig. 3.21C)Post hocpairwise analysis with Student NewmBpuls did not
show significant statistical differences. There were no significant effects of fear condijtionin
[F (1, 49) = 3.237, p>0.05], treatment [F (1, 49) = 3.9A).05], treatment x conditioning

[F (1, 49) = 0.035, p>0.05], treatment x side [F (1, 49) = 3.758, p>0.05], conditioning x side
[F (1, 49) = 0.856, p>0.05], treatment x conditioning x side [F@) = 1.275, p>0.05] on
PEA levels. When right and left €6 were analysed separately, tway ANOVA revealed
significant effect of treatment [F (1, 23) = 8.216, p=0.089PEA levelsn the right BLA.

Post hogairwise analysis with StudeitewmanKeuls indicated that FC rats that received
formalin injection hd lower levels of PEA in the right side compared to their sdfieeted
counterparts (FC Formalimeated vs FC Salineated,®p<0.05). Tweway ANOVA
showed that there were no significant eféeof treatment, conditioning or their interaction
on PEA levelsin the left BLA.

157



Threeway ANOVA revealed an effect of side [F (1, 48) = 9.6980.003] on OEA levels

in the BLA (Fig. 3.21D)Post hocgpairwise analysis with Student NewmKeuls did not
show significant statistical differences. There were no fsogmt effects of fear conditioning

[F (1, 48) = 3.013, p>0.05], treatment [F (1, 48) = 0.346, p>0.05], treatment x conditioning
[F (1, 48) = 0.087, p>0.05], treatment x side [F (1, 48) = 2.2%0,05], conditioning x side

[F (1, 48) = 0.308, p>0.05], ttment x conditioning x side [F (1, 48) = 1.667, p>0.05] on
OEA levels. When the right and left sides were analysed separatelyyayw@dNOVA
showed that there were no significant effects ofttneat, conditioning or their interaction

on OEA leveldn either the left or right BLA.
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Figure 321: Effects of fearconditioning and intraplantar injection of formalin tre levels

of 2-AG (A), AEA (B), PEA (C), and OEA (D). Twavay ANOVA revealed a significant
effect of side on PEA and OEAp&0.05). Post hopairwise analysis with StudehMewman
Keuls indicated that FC rats that received formalin injection had lowdslef/€EA in the
right side compared to their salireated counterparts (FC Formatneated vs FC Saline
treated,®p<0.05). Data are exmsed as mean + S.E.M (A, C, D) or median with
interquartile range (B); n=6 rats per group.
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3.4 Discussion

The two experimentsdescribed in this chapter investigated a possible role of PPARs
expressed in the BLA in the mediation modulationof inflammatory pain, FCA, and
conditioned fearthe latter in the presence and absence of nociceptiveTtbaexpressin

of the three isoforms in the BLA was confirmed by western blof@amgl RFqPCR in the
case of PPAB/d). Administration of GW6471, RPARa antagonist, directly into the BLA
prolonged freezing duration in FC rats in the presenéerofalin-evokednociceptivetone

and increased freezing duration in NFC rats in the absence of nociceptive tone. The
adminigration of a PPABantagonist, GW862, into the BLA enhanced freezing expression
in the first part of the trial ithe presence, but not in the absence, of nociceptiveTons,
endogenous PPAR signalling through PRAEpressed in the BLA may act toatitiate or
extinguish conditioned ear behaviour. Likewise, PPAR signalling through PBAR
expressed in the BLA seems to be involved in the recall ofrédaired memories, with its
blockade resulting in potentiation of fear conditioned behaviour in theprs of the trial.
Importantly,these effects are only seen in the presence of forreatiked nociceptive tone;
they were not observed in rats that received 4plaatar saline injection. The effects of
PPARa and PPAR blockade on freezing expressioens associated with increased leve

of dopamine in the right BLAN the absence of nociceptitane, headministration of the
three antagonistsncreasd freezing duration in NFC ratsThese results suggest a
modulatory role for PPARs in innate anxiegbyt not in conditioned fear, in the absence of
nociceptive tone. ThantraBLA injection of PPAR antagonistdid not alter nociceptive
behaviour or locomotor activity in either NFC or Fals, irrespective of the nociceptive
status. These results suggttsit PPAR signalling in the BLA does not modulate pain or
FCA. Taken together, these results demonstrate a differential effect of the PPAR signalling

system on fear and/or anxiety in flx@sence versus absence of acute inflammatory pain.

Extinction isdefined as a learned inhibition of retrieval of previously acquired memories.

As discussed in chapter 2, many studies have demonstrated that PPAR signalling plays a
role in mnemonic formadn (Campolongo et al., 2009a; Mazzola et al., 2009b; Ratano et
al., 2017; Chikahisa et al., 2019However, the role of PPARs expressed in the BLA in
memory and learning formation have not been investigated yet. We propose that the

blockade of PPAR expressed in the BLA delayed shtetm, withintrial extinction of fear

memory in the presence of nociceptive tone. The blockade of BiARe same region
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potentiated the initial freezing expression, but did not affect its extinction, in the presence
of a nociceptive tone. These effects are related to increased levelsaofiden the right

BLA of FC rats, both in the presence and absence of nociceptive tone, suggesting a possible
link of PPAR signalling and basolateral amygdalar dopaminergic modulation of fear and
anxiety response$ly findings are in agreement with a retstudy that have shown that
PPARa-KO have enhanced fear learning compared to WT counterparts, and that this
enhancement is associated with increased levels of dopamine in the ani@hddahisa et

al., 2019) Other studies haveproposd that PPARs modulate dopamine signalling.
MijangosMoreno et al (2016 have shown thatvY14643 (PPAR agonist) injected ito

the hypothalamuBicreasedlopamindevelsin the nucleus accumbenBhis same agonist

and meth@A (a long lasting form of OEA), whesystemically administeredjose
dependently decreased nioe-inducedexcitationof dopamine neurons in the VTA and
nicotineinduced elevations of dopamine levels in the nucleus accumbensothatls
(Mascia et al.2011) Thus, we hypothesize that the blockade of PR ARhe BLA of FC
ratsaffectsdopamine signalling within this region, resulting in a delagxtinction learning
Moreover the blockade dPPARyin FC ratsaffectsdopaminesignalling in the BLA, wviich

in turn may result in enhancement of the recall of fearful memdgtiest al., 2010)
Alternatively, the blockade of these receptors may have affected AEA action on fear
expression and/or extinction. Previous work from our group has shown increased levels of
AEA in the BLA of FC rats that receigeintraplantar formalin injection in the hind paw
compared to NFC counterparts, and trends were also present for the other twoMNE¥ES

and OEA(Rea et al., 2013)Recently,Morena et al. Z018) have demonstrated that the
overexpressiorof FAAH in the BLA decreased expression of conditioned fear in the
extinction training session and anxiglated behaviour in rats. We hypothesize that AEA

in the BLA may modulate fear processing through PRARd PPAR. Thus, the blockade

of these regators may have affected AEA action on fear expression and/or extinction.
However, a possible role of PEA and OEA in this modulation cannot be disregarded. Further
studies focusing on the activation of PPARs and the role of PEA and OEA signalling in the
BLA in conditioned fear and anxiety could contribute to a better unddmstaof the role

of PPAR signalling in the BLA in conditioned fear and anxiety.

Recent studies have pointed to a possible role of PPARs in anxatgsef et al(2019)
have showrthatthe administration of a PPARantagonist blocked the anxiolytic effect of

betacaryophyllene. Another study demonstrated thatepeated stress decreased
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PPARyexpression in theamygdala, and treatment with anxiolgicrecovered
PPARyexpression(Liu et al.,, 2018) PPARyblockade or knockout was @lwn to have
anxiogenic effets an mice(Domi et al., 2016)In this same study, intramygdala injections

of pioglitazone (PPARagonist) were shown to reduce stregiiced anxiety behaviour in

rats. In our study, NFC rats that received #BitaA injections of PPAR antagonists in the
absence of nociceptive tone had increased levels of freezing, comparable to their FC
counterparts Thus, the blockade of these receptorshie BLA increased innate anxious
state in NFC rats with absent formaémoked pain. The studies-ttate have investigated

the role of PPARSs in provoked anxious state (i.e. stress or pharmacoladioaéd anxity

state). Our results support and extémekse studies, demonstrating that PPAR signalling in

the BLA may modulate anxiefielated behaviour in the absence of nociceptive tone.

The results suggest that PPAignallingin the BLAdoes notmediate or modale formalin
evoked nociceptive behaviouks previously discussed in Chapters 1 and 2, other studies
have demonstrated effects of PPAR agonists onnedated behaviouTaylor et al., 2002;
Oliveira et al., 2007; Suardiaz et al., 2007; GQilhle, 2013 Mansouri et al., 201y but less

is known about the effect of PPAR antagonists. The exogenous administration of PPAR
natural ligands hadso been shown to modulate pain responses@ge® et al(2018)for

a review). To our knowledge, the study described in the present chapter is thiediysto
investigate the effect of the blockade of PRARPPAR/d and PPAR expressed in the
BLA on inflammatory pain. Similarly to what wahown byDonvito et al.(2017) and
Mansouri et al(2017)in their systemistudies, and my own systemic studies in Chapter 2,
PPAR antagonist administration into the BLA do not affect forralioked nociceptive

behaiour.

FCA is a potent suppression of nociceptive responses upon exposure to a fearful stimulus.
The experiments escribed in this chaptemvestigated the effects ointraBLA
administration of PPAR antagonists &CA. FCA has beenpreviously shown to be
associated with increased levels of AEA, an endocannabinoid whicbiatfoto PPARS,

in the BLA(Rea et al., 2013nd astrong trend for increased tissue levd|®EA and OEA,
endogenous ligands of PPARSs, in the BN&. FCA-related akerations in the levels of AEA,

PEA and OEA in the BLA was seen in my experiment; however, Rea et al (2013) used a
different rat strain (Ligt-hoodedversusSpragueDawley) and a shorter trial compared to

my experiment (15 minutersus30 minutes) which may explain the different observations

in our studiesThe data demonstrate that fear conditioning profoundly reduces formalin
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evokednocicetive behaviour via FCA as we éothers have shown previougiroche et
al., 2010; Ford et al., 2011; Rea et al., 2011, 2014; Butler et al., 2012; Olang@61.3l.,
andthat theblockade of PPAR, PPARb/d or PPARgin the BLA does not affect expression
of FCA.

Furthermore, we compared the effects of hgi@ntar injection offormalin or saline on
tissue levels of neurotransmitters, endocannabinoids and NAEs in the BLA of FC and NFC
rats. The presence absence of formalimduced inflammatory pain was shown to
influence the changes in the levels of neurotransmitters and d&isfear conditioning

rats that received intrBLA vehicle. For example, FC rats that received saline injection into
the right hnd paw had increased serotonin and AEA levels in theBighAt but these effects
were not observed in formatineated anirals. Fear conditioning also decreased PEA levels
in the right BLA of formalin, but not saling treated ratRea et al (201)3have shown that

PEA levels were higher in the left BLA of FC formalin compared to NFC forntedizted
counterparts, which is opposite to what we have observed in our experiment, in which PEA
levels were higher in the right BLA of Fformalin compared tdNFC formalintreated
counterparts. In addition, Rea et al (2013) did not observe altered AEA letetsleft or

right BLA of salinetreated animals, contrary to what we have observed in our study, in
which AEA levels were higher iRC salinetreated compared to NFC salingreated rats.
However, the rats used by Rea et al (2013) were from a differant(slister-hooded versus
Sprague Dawley) which may explain the difference in the results between our sthéies.
higher levels of erotonin in FC salingreated rats compared to NFC counterparts that we
have observed are in accordance to whahoveli et & (2009) have seen in their
microdialysis study. Similarly, serotonin levels were increased in conditioned rats 30
minutes after rexposure. Other stigs have also shown that serotonin neurotransmission
in the BLA can be involved in the facilitation ebnditioned stategDavis et al., 1994;
Deutch and Charney, 1996; Macedb a., 2007) Formalin-injection itself affected
dopamine and AEA levels. NFC rats which received an-pixatar formalirinjection were
shown to have increased levels of both dopamine and AEA in the right BLA compared to
their salinetreated counterpts. Although the roleof dopaminergic signalling in pain
responses has been extensively stu@i¢dod, 2008; Ikedateal., 2014; Benarroch, 2016;
Taylor et al., 2016)he role of this system in the amygdala in nggim is less examined.
Roche et a(2007)did not find changes dopamine levels in the amygdaloid complex of

formalintreated rats compared to salimeated ratswhich contrast with our findings. The
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rats, similarly to our study, underwent cannula implantation into the BLA but were enly re
exposed for 15 minutet® the arena. Additionally, the levels of dopamine were measured
using a different technique (i.e. HPL@th electrochemical detection) in gross dissected
amygdala in contrast with punches of each of the amygdalar nuclei separateistuy
demonstratethat antagonism of Dreceptors in the BNST (part of the extended amygdala)
enhanced nociceptive respas in female, but not male rats, suggesting that the
dopaminergic system in the BNST may exert sexually dimorphic effects o{Hzgiwara

et al., D13) The blockade fodopaminergic receptors in the nucleus accumbens prevented
antinociceptive effects of GBeceptor agvation in the BLA, suggesting a link between
neuromodulation of pain in the BLA and the mesolimbic dopaminergic system. The
blockack of D, and Dy in the PFC inhibited long lasting suppression of nociceptive responses
induced by high frequency stimulationsf the BLA, suggesting a link between
neuromodulation of pain and the prefrontal dopaminergic system. In their investigation, Rea
at al (2013) dil not see any changes in AEA levels in the BLA of formakated rats
compared to salingeated counterpatwhich is divergent to what we have observed in our
results. However, their rexposure time to the conditioning arena was lofdf@ior 60 min)

than the one used in our experiments (30 min) which may account for this difference. In our
experiment, FC fonalintreated rats had higher levels of PEA in the right BLA compared
to salinetreated animals, a result also seen by Rea eDaBf2Togetherthese results show
that intraplantar formalin injection impacts neurotransmitters and NAE signalling in the
BLA. Thus, it is possible that these neurochemical differences underpin the differential
effects of PPAR blockade on conditionedreclated behviour in the presence versus

absence of formalkevoked nociceptive tone.

In conclusionthese studies haahown that thélockade ofPPARa expressed in the BLA
impaired shorterm, within trial fearextinction, and the blockade BPARyin the same
regon potentiatedreezing expressiom the presence of a nociceptive stimulus in rats,
without affecting pain responselloreover, the blockde of PPAR, PPARb/d and PPAR

in the BLA increased innate anxiety status in the absence of pdifGrrats.Thes results
indicate a possible modulatory role forA®s in the BLA in fear/anxiety expression, with
differential effects depending on the geace or absence of nociceptive tonartter
investigations are necessary to elucidate the possil@ehanisms imslved in thee

modulations and clarify the molecular basis on this differentialgependent effect.
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It still remained unclear if thesefetts were exclusive to the BLA nuclei or if other regions

of the amygdala can also be affected byARRignallingmanipulations. In order to explore

the possibility of the participation of PPARs from other amygdalar regions on conditioned
fear, FCA, andnflammatory pairrelated behaviour | conducted two additional studies, in
which | investigated the fects of the lnckade of PPARs expressed in the CeA on FCA and
formalin-evoked nociceptive behaviour, which will be viewed in detail in the next chapter.
| also examined if the blockade of PPARs in the CeA would differentially affect conditioned
fear exprssion and/or dinction in the presence versus absence of forraaloked

nociceptive tone.
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Chapter 4: Effects of intra-CeA administration of PPAR antagonists on
formalin -evoked nociceptive behaviourfear-conditioned analgesia and

conditioned fear in the presence or absence of nociceptive tone in rats

4.1 Introduction

In the previous chapter, we have shown thatlilockade of PPARs expressed in the BLA
has different effects on fear behaviour depegdim the pesence or absence of pain.
Specifically, the data revealed that the blockade of RPARI PPARin the BLA, in the
presence of nociceptive tone, prolongs freezing in FC animals. Also, the blockade of the
three isoforms in the BLA, in the abserafenocicepive tone, increased freezing in NFC
rats. However, the question remains as to wdrdtiese results are exclusive to the BLA or

if PPARs expressed in other subnuclei of the amygdala may also mediate or modulate fear
responses. In the presenapker, | irvestigated if the effects of PPAR blockade seen in the
BLA can also be observed imnather subnucleus of the amygdala which has been shown to
be equally important to fear responses, the CeA.

The C& is one of hree groups of nuclei in treemygdla, accorihg to the nomenclature
proposed by Pricésee section 1.3.3.1)t is differentiatel from the other two growgon

account of its corections, embryonic origin and toarchitecture(Sah et al., 2003)
Formerly, the CeA was seen as a homogeneous structure that served as an output of fea
responses. However, recent research is demonstrating that the region is not that simple. It is
widely accepted thaits medial and lateral portions are anatomically amactionally
different and have different contributions in the fear circuitry, alghothe intraCeA
circuitry is not completely understod®&ah et b, 2003) The CeA receives input from
several brai regions, including the lateral (LA), basolateral (Blak)d basomedial (BMA)
amygdala, dysgranular and agranular insula, infralimbic c¢if®@xbed nucleus of the stria
terminalis (BNST), pontine parabrachial nucleus, auditory cortex and auditory tisalam
(Sah etal., 2003; LeDoux, 2007; Keifer et al., 2015h)also has an extensive efferent
network, which includes thiateral (LH), paraventricular nucleus (RY, and dorsomedial
hypothalamus (DMH), PAG, medial preoptic area, and other many indirect connéstbns

et al., 2003; Keifer eal., 2015b) Lesions(Roozndaal et al., 1990, 1991; Helmstetter,
1992a; Campeau and Davis, 1995; Killcross et al., 1997; Goosens and Maren, 2001; Nader
et al.,, 2001; Choi and Brown, 2003; Koo et al., 2004; Zimmerman eR@07) or

inactivation(Fanselow and Kim, 1994; Walker and Davis, 1997; Goosens and Maren, 2003;
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Wilensky et al., 2006; Zimmerman et al., 2007; Rabinak et al., 2008) CeA impair
acquisition and gxression of conditionefiéar. Moreover, there is an increasemarkers of
synaptic plasticity within the CeA in response to fear conditio(8amnson et al., 2005)
Hence, our understanding of the role of the CeA in fear responses has evolikd ragmn
is no longer viewedhs only an output for fear responses, lag a region withpotential

independent modulatorple in fear expressn.

As pointed out in Chapter 2, there is a paucity of information on the role of PPARs expressed
in the BLA or CeA in fear or anxietyThere is some evidence that PRARockade or
neuronal knockoutds anxiogenic effectsnanice(Domi et al., 2016; Youssef et al., 20,19)
however systemic PPARantagonism did not reverse the anxiolytic effect of a FAAH
inhibitor (Danandeh et al., 201.8WhetherPPARb/d modulats anxiety or fear remains
unexploredMoreover, the specific role of PPARPPARb/d and PPAR expressed in the

CeA in anxiety or fear gponses remains to be investigated.

Painis a complex condition with sensemyotor, emotional and cognitive aspects. The
amygdala is part of both the descending pain pathway and the limbic system, and is involved
in the emotionahffective aspect of pairesponses. The CeA in particularly is important in
pain processingNeugebauer et al., 2004, 2009; Veinante et al., 2013; Neugebauer, 2015;
Thompson and Neugebauer, 2Q1Mguronal activity in the CeA is increased several
models of pain(Veinante et al., 2013)including the formalin mode(Carrasquillo and
Gereau, 2007, 2008; Butler et al., 2Q1Sfudies using electrophysigjical (Bernard et al.,

1992; Neugebauer and Li, 20&nd optogeneti¢Sugimura et al., 201@pproaches have
characterized the responses of CeA neuronsxmuse stimuli. Additionally, as mentioned
already, the CeA is highly connected with nociceptive centres such as PAG, hypothalamus,
and parabrachialutleus(Sah et al., 2003; Neugebauer et al., 2004; Veinante et &B; 20
Thompson and Neugebauer, 2Q1&3$pecially its capsular subdivision (CEC), which is
call edctelpe iivreo@aimygdal ao. Therefore, changes
of nociceptive information coming from the thalamus (thalaB®ua-CeA) orparabrachial

nucleus (PBCeA) pathways modulates nociceptive responses.

As discussed previously, pain afehr modulate one another in a reciprocal manner. The
phenomenon known as feemnditioned analgesia (FCA), in which a fearful stimulus causes
a siguificant reduction in pain response, is an example of the influence of fear on pain.

Similarly, pain can rgulate fear responses. RPtrstumatic stress disorder (PTSD) symptoms
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tend to be more pronounced in patients with chronic pésmundson et al., 2002)
Moreover, patients with chronic pain are twice as likely toettgy phobiagPereira et al.,
2017) PPARIisoforms are expressedbnainregions that play an important role in pain and
fear/anxietysuch as the amygdaf&#/arden et al., 2016PFC (Moreno et al., 2004; Okine
et al., 2014; Warden et al., 2016)ppocampugMoreno et al., 2004; Domi et al., 2018)d
PAG (Okine et al.2017).

PPARs mRNA and protein has been shown to be expressed in the anfyaalan et al.,

2016) However, potential differences in the exggion of these receptors in the distinct
subnuclei of the amygdala have not yet completely determined. | have presented in chapter
2 evidence of PPAR expréss in the BLA and, in the present chapter, | aim to verify the

expression of these receptorshie CeA.

In this chapter, Investigate the hypothesis thdhe blockade oPPARsexpressed in the
CeA decreasestonic, persistentinflammatory painand inceasesconditioned fear.
Specifically, | examined the effects dhtraCeA administration of GW6471 (PPAR
antagonist), GSK0660 (PPARI antagonist), and GW9662 (PP4Rantagonist) on
formalin-induced nociceptive behaviour aR@€A in rats. | also investigated the effects of
intra-CeA administration of thessmtagonists ononditionedfear related behaviounoth in
the presence and absence of formalinked nociceptive torie rats.In addition, associated
changes in tissue levels of neurotransmitters, endocannabinoids, andNAEEeA were
analysed. Funermore, differences in the levels of neurotransmsittendocannabinoids and
NAEs in the CeA of FC and NFC rats that received either-pitratar formalin or saline
injection were also analysetiherefore, the specific aims of the studies describedisn th

chaptemwere

1 To verify the expression of the tlresubtypes of PPARs in the rat CeA through
western blotting and R§PCR techniques.

1 To determinaf PPAR signallingvithin the CeA plays a rolm expressiorof tonic,
persistent inflammatory pain andCA by examining the effects of int@eA
administratioo of PPAR antagonistonformalin-evoked nociceptive behaviour and
FCA in rats, and associated alterations in levels of neurotransmitters,
endocannabinoids, and NAEsthe CeA.

1 To determinaf PPAR sgnalling within the CeA plays a rola the expressiorof

conditioned fean the presence and in the absence of nociceptive tone by examining
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T

the effects of intraCeA administration of PPARs antagorsisbn feairelated
behaviour, and associated alterasionin levels of neurotransmitters,
endocannabinoids, amAEs in the CeA.

To determine if the presence of nociceptive tone influences the levels of
neurotransmitters, endocannabinoids and NAEs in NFC and FC rats through a
comparison of their levels in forrdwa and salindreated rats that received vehicle
microinjections into the BLA and CeA .

To investigate if the fearelated behavioural changes after blockade of PEAR
PPARb/d and PPAR seen in the previous chapter 3 are exclusive to the BLA or if
other ruclei in the amygdala, particularly the CeA, contriltotéhe effects observed

previously.
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4.2 Materials and Methods
4.2.1 Animals

Experiments were carried out artotal of 92 (Experiment 1) and 90 (Experimena@lt

male Spragu®awley rats (23@250g on arrival; Evigo UK, Bicester, Engind). The
animals were maintained at controlled temperature (ZZ}x&nd humidity (455%) under
standard lighting conditian(12:12h lightdark cycles, lights on from 07.03nimals were
housed2-3 per flat bottomed cage (L:45 x H:20 x 2¥cm) contaimg 3Rs paper bedding
material Fibrecycle Ltd., North Lincolnshire, United Kingdoyrand sizzle nest material
(LBS Biotechnolgy, Horley, United Kingdom) for the first week after arrival, and were
posteriorly singly housedfter surgery antbr the rest othe experimentThe experimental
procedures were approved by the Animal Care and Research Ethics Committee, National
Universty of Ireland Galway. The work was carried out under license from the Health
Products Regulatory Authority in the Republic of &mdl and in accordance with EU
Directive 2010/63.

4.2.2 Cannula Implantation

Under isoflurane anaesthesia3®% in &, 0.7L/min), a stainless steel guide cannula (12mm
length, Plastics One Inc., Roanoke, Virginia, USA) was stereotaxically implanted 1mm
abow the right and left CeA of each rat (coordinates: AR.Smm from bregma, ML =
+4.6mm, DV =-7.2mm from the skukurface) according to the rat brain atlas published by
Paxinos and Watson, 1997 (Paximbsl, 1997). The cannulae were permanently fited

the skull using stainless steel screws and carboxylate cement. A stylet made from stainless
steel tubing (12mm hegth, 22G, Plastic Onie Bilaney Consultants, Sevenoaks, UK) was
inserted into the guide cannula to prevent blockage by debris. Thetewidal anti
inflammatory agent, carprofen (1.25mgi®5 s.c., Rimadyl, Pfizer, Kent, UK), was
administered before thgurgery to manage postoperative analgesia. Animals received a
single daily dose of the antimicrobial agent enrofloxacin (10mg/kg, s.grilBBayer plc,
Berkshire, UK) for 5 days to prevent postoperative infection. Following cannula
implantation, theats were singly housed and at least 6 days were allowed for recovery post
surgery prior to experimentation. During this recovery periodidtsewere handled, stylets
checked, and their body weight and general health monitored once daily.
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4.2.3 Drugs

PPARa antagonist, GW6471 PPARo/dantagonist, GSK0660 and
PPARjantagonist, GW9664all obtained from Tocris Bioscience, Bristol, UK) were
dissolved in d00%Dimethyl sulfoxide(DMSO), used as vehickolution.The antagonist
doses were identical to thoseedsin the studies described in Chapter Bhe dose of
GW6471 (0ng/0.5mM) was chosen based a study showing that this dose delayed the onset
of the second phase of formakwoked nociceptive behavio(@kine et al., 2014)The dose
of GW9662(10ng/0.5m) was chosen based ompeevious study showing that this dose was
effective in eversing the aninflammatory and anthyperalgesic actions of rosiglitazone
(Morgenweck et al., 2010yVe used the same dose of GSKO§BOg/0.5M) as that used
for the other two antagonists for comigan, because no published studies have
administered this drug intracerebrallyFormalin was prepared from a 37% stock solution
(SigmaAldrich, Dublin, Ireland) diluted in 0.9% sterile sainSodium chloride was
dissolved in distilled water (9g in 1L 0.9%) and the solution was autoclaved to avoid

infections and inflammation.

4.2.4 Experimental Procedure

Two different experiments using two different cohorts of rats were carried out
(Experments 1 and 2) and were identical in design and methodoldlyyhei exception that
rats in Experiment 1 received infpgantar injection of formalin while those in Experiment
2 received intrgolantar injection of salind.he FCA paradignused in both expanentswas
essentially as describé@fore(Finn et al., 2004; Butler et al., 2008; Rea et al., 2@b8)n
Chapter 2 (SectioR.2.9. There were two phasesonditioning (day 1) and test (day 2). On
the conditioning day, rats were placed in a Perspex chamber (30 cm x 30 cm x 40 cm) and
after 15 seconds they received the first of 10 footshocks (0.4mA, 1g¢@dut&85XCT
Programmer and Scrambled Shock Gataet Linton Instrumentation, Norfolk, Ukspaced
60s apart. Fifteeseconds after the last footshock, rats were returned to their home cage.
The animals that belonged to the control group, that did netvefootshocks, were placed
in the ctamber for a equivalent time (9min45secrhe animals were randomly assigned to
one of8 groupsi rats that received footshocks (FC) or no footshocks (NFC) treated with
GW6471, GSK0660GW9662 0r vehicle (00% DMSO).

The test day started 23hrs 30min after the énldeoconditioning phasg-igure 4.1)

First, the rats received a 50ul injection of formalin (2.5% in 0.9% sdlirperiment )l or
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saline (0.9%; Experiment Mto the right hindbaw under brief isofluranenaesthesia3o

in Oz; 0.8/min). Fifteen minutesafter, the animals received intraentral nucleus of the
amygdala (intreCeA) microinjections ofeither the PPAR antagonist(GW647)), the
PPARb/d antagonist(GSK0660Q, PPARy antagonist (GW9662pr vehicle (volume of
injection 0.5n¥/sidg). After the administrations, the rats were returned to their home cages.
Fifteenminutesafter microinjectionser 24 hours after footshock, the rats werexposed

to the conditioning chambeh video camera lcated bendh the observation chamber was
used to monitor animal behaviour f8@min. For this experiment, it was decided that 30min
duration reexposure was mie adequate to observe changeBCA. At the end of the test
phase §0 min pos#ormalin injecton), ratswere killed by decapitatiorfastgreen dye
injected via the guide cannulae (see beldwajns were removed, srdqzen on dry ice
and stored a tidnduc8dooAdEma whsoassesaed byrmeasuring the change in
the diameter of the rightifd paw immediately before, andOmin after, formalin

administation, using Vernier callipers.
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antagonists or vehicle into the CeA

Figure 41: Graphical representation of the experimental procedure

4.2.5 Behavioural analysis

See Chapter 2, secti@2.4

4.2.6 Brain &traction
See Chapter 2, section 2.2.5
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4.2.7 Histological verification of intracerebral injection sites

Stereotaxic coordinates were verified histologically4doanimals before the start of the
cannula implantatiosurgeriesThe rats uderwent the surgi¢grocedure detailed in the
section 4.2.2. After the conclusion of the surgical implantation of cannulae, the 4 rats, still
under anaesthesia, were decapitated and a microinjeft®¥ fast green dye (@ overl
minute; SigmaAldrich, Dublin, Ireland)diluted in DMSOwas made to decide if the
coordinates used were accurate for the CeA. The brain was collected aifichzeamn dry

ice. Then, fozen coronal brain sections were cut anf®thickness on a cryta at-21°C

from the start to the end ofdlamygdaloid complex to determine the location of the dye and
confirm coordinates. For all other rats in the experiments, the dye injection was performed
immediately postiecapitation in order to determine if tingections successfully in targeted

the CeA

4.2.8 Cryosectioning and tissue microdissection

Frozen coronal brain sections of 150um thickness containingetiteal nucleus of
the amygdala (G¥) were cut on a cryostat.€ica Biosystems, WatznaGermany), and
were punchkdissected as previously stxibed(Ford et al., 2008; Olango et al., 2012a; Rea
et al, 2014)using cylindrical brain punchers (Harvard Apparatus, MA, USA) vaith
internal diameter of 0.50mm at the following rostaudal levels (obtained from the rat
brain atlady Paxinos and Watson, 2006: (CeA) Bregra32 1 -3.30mm. Additionally,
in order to evaluate possible lateralisation effects, @A punches wereseparately
collected for right and left hemispheres. The pudisisected tissue was weighed
(2.1+0.3mg)and stored at80°C prior to measurement of AEA, PEA, OEAAL and
neurotransmittetevels by liquid chromatography coupled to tandem mass spectyometr
(LC-MS/MS).

4.2.8 Measurement of NAEs and neurotransmitters in discrete brain regions using
liquid chromatography 1 tandem mass spectrometry (LEMS/MS)
See Chapter 2, section 2.2.7

4.2.9 Verification of PPAR expression in the CeA
4.2.9.1Verification of PPAR expression in the CA by Western blotting

The method was identical to that described in section 3.2.9.1 with the exception that

punched CeA tissue from naive male Spragawley rats was used.
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3.2.92 Verification of PPARb/d expression in the CA by RT-qgPCR
The method was identical to that describedection 3.2.9.8ith the exception that

punched CeA tissue from naive male Sprague Dawley rats was used.

4.2.10 Statistical Analysis

The SPSS 20 statistical package wasaasto analyse data. Normality was assessed using
ShapireWilk test and homogeneityf variancewvas checked using Levehdest.

Behavioural datavereanalysed using tesfactor analysis of variare (Tweway

ANOVA), with factors being feaconditioning andreatment, orepeated measures

ANOVA whenappropriatge.g. when the dataereanalysed an@resented in time bins).
Neurochemical dataereanalysed using threfactor analysis of variand@ hreeway

ANOVA), with factors being feaconditioning, treatmenand side (ipsilateral or
contrdateral,with respect to the formalin injectiorffost hogairwise comparisons were
made with Student Newmafeulstestwhen appropriatdf data were found tbe non
parametric, three transformation were applied, indhiler: square root of the data values,
log of the data values, and ranking of the data values. Also, it was checked if the highest
standard deviation was less than or equal to 2 times theestgtthindard deviation for the
particular data set being ansiyd (Thunder et al., 2007)f data were still deemed non
parametric after these transformations and tests, they were anasysgdruskalwWallis
analysis of variance ambsthocanal ysi s performed using Dunn
When repeated measare@ere norparametric distributed, data were analysed using
Friedmands and Kruskal Yheastlhdaessif apphcabteBataf ol | o we
wereconsidered significant when p<0.@3ata are expressed as group means + standard
error of the mean (E.M.) when parametric and as median with interquartile range and
min/max values when ngparametricPossible presence of outliers was checked by
assessinthe distribution of data. In case the data fell out of the range of [2fstandard
deviation] to nean+2*standard deviation], it was considered an outlier and excluded from

subsequerdnalysis.
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4.3 Results

4.3.1 Experiment 1: Effects of intra-CeA administration of PPAR antagonists on
formalin -evoked nociceptive behaviourFCA and conditioned fearin the presence of

nociceptive tone in rats

4.31.1 Histological verification of microinjection sites

After histological verification, 7& of therats had both injectionsorrectly placed within
thebordersof both CeA. Also, 7% had one of thgdctions in the BLA and the other outside
BLA borders. The remaining 17% were placed in the BLA, BMA, or internalubapBhe
data analysed were derived only from rats where intracerebral microingectiem
accurately placed in the 8gFigure 4.2)
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() Outside CeA M\ Outside CeA

@ Inside CeA A inside ceA
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Figure4.2: Histological verification of injector site location.
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4.3.12 Intra -CeA administration of GW6471, GSK0660, and GW9662 had no effects

on formalin-evoked nociceptive behaviour or FCA

Intra-plantar administratioof formalin into the right hind paw produced robust nociceptive
behaviour as evidenced Hye composite paiscore. Twevay ANOVA revealed an effect
of fear conditionindF (1, 56 = 4.741,%p<0.05]on pain behavioufFigure4.3). However,
post hodestingwith Student NewmasKeulstest did not reveal any significant differences
between groups. There were no significant effects of treatf¢8t 56 = 0.0408, p>0.05],

or treatment x conditioning [F (3, 56) = 1.425, p>0.05] on CPS valhes-way ANOVA
revealedno significant effet of fearconditioning[F (1, 70 = 0.5964, p>0.05], treatmerft
(3,70=1.879 p>0.03, or treatment x conditioning [F (3, 70) = 1.121, p>0.&5Formalin
induced paw oedema (Figuted).
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Figure4.3: Effectsof intraCe A admi ni stration of selegctive
antagonists on formaliavoked nociceptive behaviour in néear conditioned (NFC) and
fear conditioned (FC) rats. Twway ANOVA indicated a signi€ant overall effect of fear

conditioning {p<0.05). Data are expressed as mean + S.E.M-108=ats per gnap).
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Figure 44: Effects of intraCeA administration of selectiie P AR U, PPARMRg U and
antagonists on formakavoked hind pavoedema in notfiear conditioned (NFC) and fear
conditioned (FC) rats. Paw oedema was assessed by measuring the change in the diameter
of the right hind paw immediately before, and 60 min after, formalin administradata

are expressed as mean + S.ErM710 rats per group)

4.3.13 Intra-CeA administration of GW6471, GSK0660, and GW9662 had no effects
on fear-related behaviour in formalin-treated rats

Two-way ANOVA revealed a significant effect of fear catwhing [F (1, 56) = 33.064,
40<0.001]onfreezing durationPost hodest with Student Newmalieuls indicated that FC
rats treated with GSK0660 and GW9at&lincreased freezing duration compared to their
NFC counterparts’p<0.05 vs NFC GSK0660p<0.05vs NFC GW9662). There were no
significanteffects of treatment [F (36) = 2.446, p=0.073] or the interaction of treatment x
fear conditioning [F (3, 56) = 0.954, p>0.05] on freezing duration. When each conditioning
group were analysed separately,-way ANOVA revealed a trend for a treatmenfieet on

the NFC group [F (333) = 2.799, p=0.058] but not in the FC group [F (3, 31) = 1.365,
p>0.05] (Figure 4.5A).

Friedmandéds test reveal ed a.h(9ep55.0887p<00Fl]. t i me
Kruskal Wallis test revealed a significartference among groups ihé first 3 min [Time-

3.2(7) =24.673, p<0.01Posthoa nal ysi s with Dunnés test di
difference among groups. Wheneachcaonditni ng group i s anal ysed
test revealed an effect time on NFC [? (9) = 141.197, p<0.001] and FC?(9) = 125.066,

p<0.001] rats. Kruskal Wallis analysis did not reveal significant differences among groups

in NFC or FC in any oftte time bins (Figure 4.5B).
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Figure 45: Effectsof fear conditioningand int€ e A admi ni strati on
PPARDb/ 0 aanthgoRgisAmtotal (A) andrBin bins (B) freezing duration in NFC
and FC rats that received irqpéartar injection of formalinTwo-way ANOVA revealed a
significant effect of fear conditionindd<0.001) on freezing duratioost hoc analysis
reveal@ a significantly higher duratioof freezing in FC rats treated with GSK0660 and
GW9662 compared to NFCounterparts 0<0.05 vs NFC GSK066(Fp<0.05 vs NFC
GW9662). Data are expressed as means = S.E.M: @=&ts per group).
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Kruskal Wallis test remaled a significant difference amwp groups & (7) = 24.106,
p=0.001] in number of faecal pallgigure 4.6) Howeverposthoa nal ysi s wi t h

test did not show any significant pairwise differences between groups.

Defecation
10 .
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|
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Figure 46: Effectsof fear conditioningand intr€ e A admi ni strati on of
PP ARD/ PPARgnadtagonists on defecation. Data are expressed as median with

interquartile range and min/max (n=1® rats per group).

4.3.14 Intra-CeA administration of GW6471, GSKD660, and GW9662 had no effects

on general/motor behaviour

Two-way ANOVA revealed significant effect of treatment [F (3, 77) = 3.104, p<O0db]
walking duration(Figure 4.7A) However,post hocanalysis with Student Newmdfeuls

did not showany signifcant differences between groups. There were no significant effects
of fear conditioning [F (1, 77) = 2.156, p>0.05] or the interaction between treatment x fear
conditioning [F (3, 77) = 1.141, p>0.05] on walking duration. When eaxtitioninggroup
wasanalysed separately, emay ANOVA did not show any significant effect of treatment

in NFC [F (3, 43) = 2.263, p>0.05] or FC [F (3, 38) = 1.921, p>0.05] on walking duration.

Two-way ANOVA revealthat there were neignificant effect of treatmen [F (3, 59 =
0.592, p>0.05], fear conditioning [F (1, 56) = 0.307, p>0.05] or the interaction between
treatment x fear conditioning [F (3, 56) = 1.138, p>0.05] on distance n{bigde 4.7B)
When each conditioning group was analysed séggraoneway ANOVA did not show

any significant effect of treatment in NFC [F (3, 33) = 1.644, p>0.05] or FC [F (3, 33) =
0.196, p>0.05] on distance moved.
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Kruskal Wallis test did not reveal any significant difference among gri@g) = 7.904,
p>0.09 in rearing dration (Figure 4.7C) When each conditioning group was analysed
separately, Kruskal Wallis test did not show any significant effect of treatment ifd&FC
(3) = 4.702, p>0.05or FC[&® (3) = 2.154, p>0.050n rearing duration.

Kruskal Wallis test did nbreveal ag significant difference among groups (7) = 7.541,
p>0.03 in grooming duration(4.7D). When each conditioning group was analysed
separately, Kruskal Wallis test did not show any significant effect of treatment ifdFC
(3) = 2.139, p>0.05 or FC [¢® (3) = 5.280, p>0.056 on grooming duration.
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Figure 47: Effectsof fearconditioning and intr&CeA admnistrationof s el ecti ve P
PPARD/ U aantagoRifRsPoR walking duration (A), distance moved (B), grooming
duration (C), and rearing duration (D). Data are expressed as mean = S.E.M. (A, B) and

median with integuartile range and min/max (C, D) 20 rats jer group.
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4.32 Experiment 2. Effects of intra-CeA administration of PPAR antagonists on

conditioned fear in theabsenceof nociceptive tone in rats

4.3.21 Histological verification of microinjection sites

After histological verification73% of therats had both injectionsorrectly placed within
thebordersof both CeA. Also, 5% had one of the injections in the BLA and the other outside
BLA borders (Figure 8). The remaining 22% wengaced in the BLA, BMA, or internal
capsuleThe dataanalysed wee derived only from rats where intracerebral microinjection

were accurately placed in the&Le

|
.--'/\
‘Bregma -2.12
_--‘/‘1
Bregma -2.56
Vehicle
(O Outside CeA A outside cea
@ Inside CeA A inside CeA
G5K0660 (PPARB/S antagonist)
[ Gutside CeA > Ourside CeA
M inside Ced @ Inside CeA

Figure 48: Histological verification of injector sitlcation.
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4.3.22 Intra-CeA administration of GW6471, GSKO®&0, and GW%62 had no effects
on composite pain score or paw oedema in salifigjected rats

Composite pain scores were substantially less in this experiment followingplatrizr
salineinjection compared with Experiment 1 where rats received-pitnair formalin

injection (Figure 4.9 There were no significant effects of treatmfnt(3, 76) = 1.210,
p>0.05], fear conditioning [F (1, 76) = 0.049, p>0.05], and treatment x fear coafigd-

(3, 76) = 0.159, p>0.05)n CPS values.

CPS
0.254 .
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0.201 % GW6471 (PPARa antagonist)
(o]

0.15- =g ®  GSK0660 (PPARb/d antagonist)
n * u
o ¢ GW9662 (PPARg antagonist)

I

;

FC

o
o .
© 0.10-
0.054 |O ]
fe]
0.00 T
NFC

Figure 49: Effects ofintraCe A admi ni strati on of selegctive
antagonists on composite pain score in NFC and FC rats that receivgalanteax injection

of saline. Data are expressed as mean + S.E.M-10=4ats per group).

Change in paw dimeter was substantially less in this experiment following -jiaatar
saline injection compared with Experiment 1 where rats receivedglanga formalin
injection (Figure 4.10 There were no significant effects of treatment [F (3, 79) = 0.375
p>0.05], fear conditioning [F (1,9 = 0.777 p>0.05], and treatnm¢ x fearconditioning [F

(3, 79) = 0.856p>0.05]on the paw diameter.
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Figure 410: Effects of intraCeA administration of selectiv PARU, PPARDd U and
antagonists on the change in paameter in noffear conditioned (NFC) and fear
conditioned (FC) rats that received inpiantar injection of saline. Data are expressed as

mean = S.E.M (n=240 rats per group).

4.3.23 Intra-CeA administration of GW6471, GSK0660, and GW9662 had no fetcts

on fear-related behaviour in salinetreated rats

Two-way ANOVA reveatd a significant effect of fear conditioning [F (3, 63) = 8.577,
29<0.0], but not oftreatment [F (163) = 1.443, p>@5] or the interaction between
treatmet x fear conditionig [F (3, 63) = 1.2880>0.05]on freezing duration (Figure 4.11
However, post hocanalysis with Student Newmdfeuls did not show any significant

difference between groups.

182



Freezing

1500+ a _
— | | O Vehicle
n
= L GW6471 (PPARa antagonist)
o
% 1000- ®  GSK0660 (PPARb/d antagonist)
5 e " & & (GW9662 (PPARgantagonist)
° 3
g L 4
.= 5001
N
[ |
o 1]
LL
O' T
FC

Figure4.11: Effects of fear conditioningnd intraCe A admi ni stration of
PPARD/ 0 @anthgomsts ArRotal freezing duration in NFC and FC rats that received
intra-plantar injection of saline. Twaway ANOVA revealed an overall effect of fear

conditioning {p<0.01). Data are expressed as mean + S.E.M:9mats per group).

Kruskal Walls test revealed a significant difference among groepg7) = 32.986,
p<0.001] in number of faecal pallgfSigure 4.12. Howeverposthoa nal ysi s wi t h

test did not show any significant differences between groups.
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Figure 412: Effects of fear conditioning and int@eA administration of selectve P AR U,
PPARDB/ U0 agnadtagdhiftA ¢ defecation. Data are expressed as median with

interquartile range and min/max (n=L0 rats per group).
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4.32.4 Intra-CeA administration of GW6471, GSK0660, and GW9662 had no effects

on general/motor behaviour

There were no significantfiects of treatment [F (3, 79) = 0.927, p>0.05], fear conditioning
[F (1, 79) = 0.115, p>0.05], and the interaction between treatment x fear conditioning [F (3,
79) = 0.441, p>0.05n walking duration (Figure 4.23.

There were naignificanteffects of treatment [F (3, 79) = 1.354, p>0.05], fear conditioning
[F (1, 79) = 2.532, p>0.05], and the interaction between treatment x fear conditioning [F (3,
79) = 1.674, p>0.05] on distance moved (Figur&B)1

Kruskal Wallis test revéed a signifcant difference among groups [7) = 19.173, p<0.0]
in rearing durationrHoweverpostho@a nal ysi s with Dunnds test

differences between groups (Figure 433

Two-way ANOVA reveakd a significant effect of feazonditioning [F (3, 79) = 5.024,
p<0.09, but not oftreatment [F (1, 79) = 1.048, p>0.05]tbe interaction between treatne
x fear conditioning [F (3, 79) = 0.32%>0.05]on grooming duratior(Figure 4.13D)

However, post hocanalysis with Student NemanKeuls did not show any significant

difference between groups (Figure 4.12D).
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Figure 413: Effects of arconditioningandintratCe A admi ni strati on of
PPARDB/ 0 aantagoRifsPoR walking duration (A), distance moved (B), grooming
duration (C), and rearing duration (D). Data arpressed as mean + S.E.M (A, B, D) or
median with integuarile range and min/max (C) (n=I0 rats per group).

4.3.3Expression of PPARs in the CeA

4.3.3.1 Western Blotting

PPARa, PPARb/d and PPARexpression was cdirmed in the right and left @eof naive
male SD rats (Figure 4L The bands for PPAR (55kDa) and PPAR/d (52kDa) were
obtained with the use of a monoclonal antibodg.Mentioned in the section249.1, the
double bands for PPARare a consequence of the expression of two subtypeB ARy
PPARy and PPARp. The 42kDa band corresponds kieactin used as an endogenous

control.
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Figure 414: Expression of PPAR(A), PPAR/d (B), and PPAR (C) in the right and left
CeA (n=45 per side). The expression of PPAR seen at 55kDa, PPARI at 52kDa, and

PPARyat 3/55kDab-actin was used as endogenous control. M=marker/ladder;
QC=quiality control.
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4.3.3.2RT-gPCR

The available antibodies dewpled to bind to PPABd in western blotting protocols did
notgive results that were entirely satisfactory, as evidéythe faint bandabove (Figure
4.14B). Therefore, we opted to demonstrate the presence of BEARheCeAusing RF
gPCR. The presee of mMRNA encoding PPA# was confirmed in the right and left BLA
of naive male SD rat¢Figure 4.5).
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Figure 415: Amplification plots for PPAR/d gene expression in the CeA.

4.3.4Effect of fear conditioning andintraplantar formalin or saline injections on the

tissue levels oheurotransmitter, endocannabinoids and NAEsn the certral nucleus

of the amygdala (C&\)

It was observed that the duration of freezing in control, iG&&A vehicleinjected rats was
significantly higher in the experiments described in this chapter compared with those
observed in the intkBLA experiments dgcribed in Chapter 3. In order to investigate
potential reasons fothe differences in freezing levelsetweenthe two experiments

described in this chapter (described in this sectiomaa CeAFormalinandintra GeA-

Saling and in chapteB (describedn this section agtra BLA-Formalinandintra BLA-

Saling, | examinedif the location of the cannulaicroinjection(CeA or BLA) and the
presence or absence of iaflammatory painful stimulugFormalin or Salinejvould affect

the levels of neurotranstters endocannabinoids or NAEs that covddult indifferences
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in behaviour.For that, we analysed punched CeA tissue from-deaditioned, vehicle

treated rats from the four studies using-MS/MS.

4.3.41 Effect of fear conditioning and intraplantar formalin or saline injections on

the levels of neurotransmitters in the central nucleus of the amygdala (CeA)

Kruskal Wallis test revealed a significant difference among groap$lp) = 39.849,

p<0.001] inGABA levels (Figure 4.8A). Howeverposth@and ysi s wi t h Dunno:
not show any significant differences between groups. When each side was analysed
separately, Kruskal Wallis revealed a significant difference among groups in thecfight [

(7) = 15.@8, p<0.05] but not in the left] (7) = 4.291, p>0.05] side. Howevepost hoc

anal ysis with Dunnés test did not show any

levels in the right CeA.

Kruskal Wallis test revealed a significant difference amgrmups £ (15) = 113.205,

p<0.001] inglutamat levels (Figure 4.1%). Posthocanal ysi s with Dunnos
lower levels of glutamate in the right (ipsilateral) CeA compared with left (contralateral)

CeA in the following groups: NFC intra BL-:8aline, NFC intra CeAormalin, FC intra
CeA-Formain, and FC intra Ce/aline (*p<005). When each side was analysed
separately, Kruskal Wallis revealed a significant difference among groups in thecfight [

(7) = 21.534, p<0.01] and in the let[(7) = 34.424, p<0.001] sid@ost hocanalysis with
Dunnds test i ndfigutamaee th thh iight iC@Arof NFE rate of the imtra

CeA Saline group (NFC intra CePormalin vs NFC intra CesSaline,®p<0.05).Posthoc

analysis in the left CeA did not show any significant differences between groups.

Kruskal Wallis test revealed a sificant difference among groups?[(15) = 101.676,

p<0.001] inserotonin levels (Figure 4.09. Post hocanalysiswithm nnés t est I nd
that FC animals with cannulaend microinjection into the BLA which received saline
injections into the hind paw had higher levels of serotonin compared to the fotreatied
counterparts (Left FC intra BL#A&ormalin vs Left FC intr&LA -saline ®p<0.05) in the left

CeA. Likewise, NIE animals with cannulation/microinjection into the CeA which received

saline injections into the hind paw had higher levels of serotonin compared to the formalin
treated counterparts (Right NFC intra G8Aine vs Right NFC intra CeAormalin,

$p<0.05) inthe right CeAPost hoanalysis also indicated that NFC animals which received

intraplantar saline injections into the hind paw with CeA cannulation/microinjection had
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higher levels of serotonin compar@dBLA cannulation/microinjection counterparts (Rig

NFC intra CeASaline vs Right NFC intrBLA Saline, ¥p<0.05). When each side was

analysed separately, Kruskal Wallis revealed a significant difference among groups in the

right [6 (7) = 47.503, p<0.001] and in the let[(7) = 50.757, p<0.001] Ce/Rosthoc

anal ysis with Dunndés test confir measthdche ¢ ha
analysis in the left CeA indicated that NFC animals with iBtca
cannulation/mgroinjection which received intraplantar injection of saline had higheidev

of serotonin compared to their formalmected counterparts (Left NFC intra BLA

Formalin vs Left intra BLASaline *p<0.05).

Kruskal Wallis test revealed a significant diffece among groupss? (15) = 57.275,

p<0.001] indopamine level¢Figure 4.BD). Posthocanal ysi s with Dunnos
that NFC animals which received saline injections into the hind paw with
cannulation/microinjection into the CeA had higher levels of dopamine ceohfaanimals

with counterparts that had canation/microinjection into the BLA (Right NFC intra CeA

Saline vs Right NFC intra BL/&aline,?p<0.05) in the right CeA. When each side was
analysed separately, Kruskal Wallis revealed a significant differamosg groups in the

right [¢° (7) = 32.377, p8.001] and in the leftdf (7) = 23.094, p<0.01] CeAPosthoc
analysis with Dunn6s confirmed t hPesthochanges
analysis in the left CeA did not indicate further significant differences betweensgroup
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Figure 416: Effects of fearconditioning and intraBLA or intraCeA cannulation of
sel ecti ve RB RIIPBARarRaBohists on the levels of neurotransmitters. Post
hoc analysis indicated side effects on glutamate levels (*p<0.05, vs Left). FC and NFC intra
BLA Saline study rats had highdevels of serotonin compared to formatmneated
counterpart®p<0.05 vs Formalirftreated counterpart) in the left CeA. NFC in@eA
Saline rats had higher levels of serotonin compared to forsiralbed counterparts
(®p<0.05) and to BLA counterpart§&0.05 vs BLASaline) in the right CeA. NFC intra
CeA saline atshad higher levels of dopamine compared to BLA counterpgo$®(05) in

the right CeA. NFC intr&eA Saline group had higher levels of glutamate in the right CeA
(NFC intra CeAFormalin vaNFC intra CeASaline *p<0.05). Data are expressed as median
with interquartile range and min/max (n9#ats per group).

190



4.3.42 Effect of intraplantar formalin or saline injections on the levels of
endocannabinoids and NAEsn the central nucleus of the amygdala (CeA)

Kruskal Wallis test revealed a significant fdience among groupss{ (15) = 73.306,

p<0.001] in2-AG levels (Figure 47A). Posthocanal ysi s with Dunnods t
NFC animals which receive salimgections in the hind paw with cannulation into the CeA

had higher levels of-AG compared to the animals with cana implantation into the BLA

(Right NFC intra CeASaline vs Right NFC intra BL/Saline,”p<0.05) in the right CeA.

Post hocanalysis alsoavealed that NFC animals with cannulation into the CeA which
receive saline injections in the hind paw had higlesels of 2AG compared to the
formalintreated counterparts (Right NFC intra CEArmalin vs Right NFC intra CeA
Saline,®p<0.05) in the righCeA. When each side was analysed separately, Kruskal Wallis
revealed a significant difference among groups inrityet [¢> (7) = 30.831, p<0.001] and

in the left & (7) = 30.536, p<0.001] CeRosthocanal ysi s with Dunnos
changes in the right side described ab&asthocanalysis in the left CeA did not indicate

further significant differences beé&n groups.

Kruskal Wallis test revealed a significant difference among groap$lp) = 87.431,

p<0.001] inAEA levels (Figure 4.1B). Posthocanal ysi s with Dunnés t
effect on the NFC intra Ce/Saline and FC intra Ce&aline (Right 8 Left *p<0.05). When

each side was analysed separately, Kruskal Wallis revealed acsighififference among

groups in the rightd (7) = 19.138, p<0.01] and in the le€[(7) = 27.495, p<0.001] CeA.
Posthocanal ysi s wi th Dunmd&Grats whidh receivedaad inttaglaatar N F C
injection of formalin and had cannulae implanteth the CeA had lower levels of AEA
compared to their counterparts with cannulae implanted into the BLA (Left NFC intra CeA
Formalin vs intra BLAFormalin,?p<0.05; Left FC intra CeAFormalin vs Left FC intra
BLA-Formalin, ¥p<0.05). Post hoc analysis in the right CeA did not indicate further

significant differences between groups.

Kruskal Wallis test revealed a significant difference among groepél$) = 106.074,

p<0.001] inPEA levels (Figure 4C). Posthocanal ysi s wi tdicate®siden 6s t
effect on the NFC and FC intra Ce®aline and FC intra BLA/aline (Right vs Left

*p<0.05). When each side was analysed separately, Kruskal Wakialed a significant
difference among groups in the riglef [7) = 20.507, p<0.01] but not ihe left [&® (7) =

8.263, p>0.05] CeAPost hoc analysis in the right CeA did not indicate significant

differences between groups.
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Kruskal Wallis test revealed significant difference among group® [15) = 100.5086,

p<0.001] inOEA levels (Figure 41D). Posthocanal ysi s with Dunnods t
effect on the NFC and FC intra C&aline and FC intra Cekormalin (Right vs Left

*p<0.05). When each sideas analysed separately, Kruskal Wallis revealed a significant
difference among groups in thghi [¢> (7) = 15.668, p<0.05] but not in the let?[(7) =

10.940, p>0.05] CeAPost hoc analysis in the right CeA did not indicate significant

differences beteen groups.
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Figure 417: Effects of feaiconditioningandint?lCe A ad mi ni stration of
P P A R bl BPARyantagonists on the levels of endocannabinoids and NAEs. Post hoc
analysis indicated side effects on AEA, PEA and OEA levalghtRs Left *p<0.05). NFC
animals of the intra Ce&aline study had higher levels 62 compared to the intrBLA
counterparts {p<0.05) and to the formalireated counterpart§p<0.05) in the right CeA.
NFC and FC rats of the inti@eA Formalin studyhad lower levels of AEA compared to
BLA counterparts %<0.05). Data are expressed as median with interquartile rampe a

min/max (n=69 rats per group).
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4 .4 Discussion

The two experimentsdescribed in this chapter investigated a possible of PPARs
expressed in the @ein the mediationor modulationof inflammatory pain, FCA, and
conditioned feam the presence varsabsence of nociceptive tariBhe expression of the
three isoforms ithe CeA was confirmed by western blottewgd, for PPAR/d, RT-qPCR.
Intraplantar administration of formalin evoked robust nociceptive behaviour, as
demonstrated by CPS in the firstpesiment, while rats that received an intraplantar
injection of salindi.e. second experiment) had significantly lower/negligible QRBably,

fear conditioning resulted in only a very small reduction in formiaiduced nociceptive
behaviour i.e. FCA, wh no significant FCA observed in vehidieated rats. The
administraion of GW6471 (PPAR antagonist), GSK0660 (PPARI antagonist) and
GW9662 (PPARantagonist) did not affect panelated responses in NFC or FC rats. These
results suggest that PPARs in the CeA do not mediate or modulate feevalied
nociceptive behawour. As mentioned here, PPAR agonists and endogenous ligands have
been shown to modulate pain responses (ldee et al., 2018or a review). To my
knowledge, this is the it study to investigate the effects of the antagonism of PPARs
expressed in the CeA on pain behaviour.

The results suggest that PPAR signalling in the CeA does not mediate or modulate formalin
evoked nociceptive behaviour. As previously discussed, destathes have demonstrated
effects of PPAR agonists on paklated behavioufOkine et al, 2018put less is known
about the effect of PAR antagonists. To our knowledge, thedy described in the present
chapter is the first study to investigate the effect of the blockade of @ PPIRARy/d and
PPARj expressed in the CeA on inflammatory pain. Similarly to what was shown by
Donvito et al. (2017andMansouri et al. (2017h their systemic studies, by me in my own
systemic studies described in Chapter 2 anderntina-BLA study described in chapter 3,
PPAR antagonism in the CeA do not affect formaWmoked nociceptive behaviour.
Therefore, PPARs expressed in the CeA do not seem to modulate inflammatory pain

behaviour.

FCA was previously shown to be associatéth increased levels of endogenous ligands of
PPARs(Rea et al., 2013ai the BLA, but less is knowabout PPAR signalling within the

CeA in FCA.The results demonstrate that fear conditioning mildly reduced forreatked
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nociceptive behaviour, in contrast to tiebust FCA observed in other stud{&oche et al.,

2010; Ford et al., 2011;€R et al., 2011, 2014; Butler et al., 2012; Olango et al., 281@)
those described inhapter 2 and 3. Lesions of the CeA was shown to abolish FCA
(Helmdetter and Bellgowan, 1993Yherefore, the surgical procedure may have caused
partial lesions of the CeA, which could have affected the expression of the FCA and explain
theminor suppression of pain by conditioned fear seen in this stddwever, because the
expression of FCA in this experiment was weak, the effects of PPAR antagumiS@A

in this study would have been difficult to determine.

It should also be notedahfreezing duration was substantially higher in the NFC vehicle
group of the second experiment (i.e. NFC ir@@A-Saline) compared to the equivalent
intra-BLA group described in Chapter 3 (i.e. NFC intra BiSaline). DMSO, the solvent
chosen for the dikion of the drugs in these experiments, although widely used in
neuroscience research and shown previously within our laboratory not to have a significant
effect on brmalin-evoked nociceptive behaviour when injected into the mPFC (Dr. Bright
Okine, perspnal communication), can have bioactivity. For instance, a study fwrand
Mattson(2001)demonstrated that DMSO administratioibited glutamatergic responses

in hippocampal neurons. More recentBenazzi et al(2017) have investigated several
effects of DMSO administration on brain structure and functioning and found an
enhancement in hippocamgigpendent spatial memory accuracy, anxiolytic effects and
increased spine density. Likewisghang et al(2017)also reported changes in neuronal
morphology inin vitro studies in which primary cultured neurons and astrocytes were
exposed to different DMS@oncentrations. Therefore, it is possible that the administration
of DMSO in the CeA may have influenced freezing behaviour and FCA expression.
Optogenetic activatiorof the medial central amygdala (CEm) was shown to provoke
unconditioned freezingCiocchi et al., 2010b)Moreover, muscimol inactivation dhe

lateral central amygdala (CEI) also resulted in increased unconditioned freezing, probably
by inactivating a GABAergic inhibition of the CEm activif€iocchi et al., 2010b)With

the use of optogenetics and traciogls, it was demonstrated that PHIC CEIl neurons
synapse onto CEm neurons which project to the PAG, a region which has been extensively
reported to be involved in generating freezZidgubensak et al., 2010)herefore, | suggest

that DMSO may be either directly activating CEm cellular activity leading to increased
freezing or indirectly inactivating GABAergic inhibition from the CEIl, which in turn results

in increased freezingduration.
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Fear and anxiety have yesimilar neurocircuitry and neurophysiological ba§iearney et

al., 1998; Hofmann et al., 201Recent studies have pointed to a possible role of PPARs in
anxiety.Youssef et al(2019)have showrnhe administration of a PPAFantagonist blocked

the anxiolytic effect ofbetacaryophyllenewhereasanother study demonstrated that
repeated stress decreased PBAkpression in themygdala, and treatment with anxiolgic
recovered PPAgexpressior(Liu et al., 2018)FurthermorePPARyblockade or knockout

was slown to have anxiogenic effecta mice(Domi et al., 2016)In this same study, intra
amygdala injections of pioghzone (PPARG agonist) were shown to reduce strestuced
anxiety behaviour in rat$n the experiments described in this chaptes,reexposure to a
context previously paired with footshock significantly increased freezing duration and
defecation in both studieslowever, the blockade of PPARs in the CeA did not affect
contextinducedfreezing either in the presence or in the absence of nociceptive tone. These
results indicate that PPARs in the CeA do not modulate contextually induced fear responses,
and that the wdulatory role of PPAR signalling is limited to the BLA. To my knowledge,
this is the first experiment to investigate the effects of PPAR blockade in the CeA on fear

responses.

The higher levels of freezing observed in the vehidated group of the ird CeAsaline

study were associated with increased tissue levels of dopaamd serotonin in the
ipsilateral CeA. Serotonin and dopamine have both been linked to conditioned and
unconditioned fear responses. The dopaminergic receptona® been shown tbe
expressed in the amygdala, with higher levels in the @eAa Mora et al., 2012The VTA

is a weltknown source of dopaminergic neurons and projectsetarttygdala through the
mesolimbic pathwayBrandao and Coimbra, 2018)Ithough several studies have shown
the importance of dopamine modulation in the BLA in conditioned fear resp@hsasaci

et al., 2000; Greba et al., 2001; de Oliveira et al., 2011b; de Souza Caetano et ale2013)
isknown for unconditioned feaklacedo et ali2007)have shown that Dreceptormediated
signalling in the BLA is involved in the low expression of unconditioned freezing triggered
by chemical stimulation of the inferior colliculus. The arthpropose that the effects of
dopaminergic transmission on defensive behaviour degend on the type of emotional
stimulus presented. Very little is known about the role of the dopaminergic system in the
CeA in anxiety.De la Mora et al(2012) revealed that infusions of low doses of a D
antagonist in the CeA increased burying behaviour, which is interpreted as anxiogesic. Th

result, together with the information coming from studies of conditioned behavioural
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responses, suggest that blocking the activity of the dopaminergic system witGe/tinas
anxiogenic effectsThe increased expression of freezing observed in thelgdheated

group of the intra CeAaline study were associated with increased tissue levels of serotonin
in the ipsilateral CeAlsosaka et al. (2019)ave shown that intraperitoneal injectiof
serotonin antagonist increased innate -feduced freezing expression and enhanced
cellular activity in the CeA. In subsequent experiments, they demonstrated that
pharmacological, pharmacogenetic and optogenetic suppression of serotonin signalling in
the CeA increased the innéteezing response. Therefore, the suppression of serotoninergic
signalling within the CeA results in higher freezing levels. In my experimeftiserved
greater levels of dopamine and serotonin in the group which elicitdd lbigels of
unconditioned freezing (i.e. NFC intra Cehicle treated rats, compared to the NFC
vehicletreated group of the other studies). | speculate that these hegkts of dopamine

and serotonin are triggered by DMSO effects on the neurophygiolbthe amygdala,
which inturn results in higher unconditioned responses. Specifically, DMSO within the CeA
may lead to diminish receptor binding of dopamine and samtoausing their increased
extracellular levels, and resulting in higher freezingatdan even in the absence of an
aversive stimulus or previous association to an aversive stimulus in the absence of
nociceptive tone. Further work would however be remuito test this hypothesis. The
enhancement in freezing expression observed in thielgdreated group of the intra CeA
saline study was also associated with increased tissue levels of glutamate in the ipsilateral
CeA. Although the glutamatergic systemtihe BLA has been the subject of several studies,
the role of glutamate in the CeA fear expression was less explored. One study has shown
that microinjection of a glutamate antagonist (i.e. MPEP) into the CeA had anxiolytic effects
(De La Mora et al., 200@nd disrupted fear learnirfg/alker and Davis, 2002bTherefore,

| hypothesize that microinjections of DMSO into theA led to an augmentation of
glutamate levels that resulted in increased freezimgtidum in the absence of a nociceptive

tone. Further studies would be necessary to investigate this hypothesis.

In conclusion, theseesults indicate that PPARs expressethe CeA do not modulate pain

or painfear interaction responses. Additionally, the blockade of PPARs in the CeA did not
alter freezing expressioithus, the effectsf PPAR blockade in fear expressiegen in the
previous chapter seem to be exclusivéh® BLA subnucleus. Interestingly, in the present

chapter, | hag observed possible effects of the microinjection of DMSO into the CeA on
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freezing expression in the absence of nociceptive tone, but further investigations are

necessary to elucidate thessults.

The experiments described in chapter 2, 3 and 4 haieated that PPARs may modulate
shortterm fear extinction and anxiety. Therefore, it remained to be expldretherthese
receptorslay a rolein innate anxiety responses and cognitive grenince and whether
this differs in the presence versus abserigain Thisquestionwill be addressed in chapter
5.

197



Chapter 5. Effects of systemic administration of PPAR, PPARb/d and
PPARgantagonists and PEA, an agonisat PPARs, oninnate anxiety and

cognition in the presence and absence of chronic inflammatory pain.

5.1 Introduction

In chapters 3 | havedemonstratedhat the blockade of PPARand PPAR in the BLA
prolongs freezing duration in FC rats in the presence mdxousstimulus(i.e. intraplantar
injection of formalin) It is possible that theseffects may beassociated with PPAR
modulation of memory formation or recall. Additionalthe data also indatedthat the
blockade of the three isoforms of PPARs in the Bhéreassfreezing duration in NFC rats

in the absence of formakevoked nociceptive tondhose data suggest that tRRAR
signalling system maylso be involved ininnate (in addition to anditioned) anxiety
responsesTherefore, in the present chaptérinvestigate if PPAR signalling has a
modulatory effect on anxiety and cognitive responses. In addition, because the previous
studies described have shown different outcomes of the blook&#ARs on conditioned
fear responses depending on the absenpeesence of pain, | examined if the presence of
chronic inflammatory pain affects PPARediated modulation of anxiety and cognitive

responses.

All three subtypes of PPARs are expresseora@inregions that play key roles in cognition
and anxiety(Moreno et al., 2004; Warden et al., 20B6ch as the amygdala, PFC and
hippocampus. Howevefew studies have investigated the role of PPARSs in anxiety and
cognition. There is some evidence that PPARodulate anxietyendogewus ligands at
PPARs have been shown to be increased in response to stress or(Bhxattet al., 2014;
Hillard, 2018) A recent clinical study has also shown that the levels of QEAignificantly
lower in PTSD patients compared to corgr@Wilker et al., 2016) Additionally,
administration of PEA attenuated aggressiveness in a social isolation model of PTSD in
mice (Locci et al., 2017)Fernandez et a(2009) revealed that naringin, a bioflavonoid
isolated fromcitrus fruits which is an endogenous ligand of PRARad anxiolytic and
antidepressant effects. Another study indicated that seipin knockout (B€pimale mice
displayed anxiety and depressichke behaviour, associated with decreased levels of
MRNA and prdein levels of PPARIn the hippocampus anaitex (Zhou et al., 2014and

the administration ofosiglitazoneattenuated the anxietike behaviour in male SeipiKO
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mice. PPARygeneticdeletionhad anxiogenic effects in micéDomi et al., 2016)In this
same investigation, the authors showed that systemic andamygdalarinjections of
pioglitazone (PPARB agonist) reduced stregsduced anxiety behaviour in rats, and that
these effects were blocked by the administration of the RP&Ragonist GW9662.
Importantly, the systemic administration of GW9662 alone didatier arxiety-related
behaviour. Rosiglitazone elicited antidepressard anxiolyticlike behaviaral effects in
wild-type miceandpret r e at me nt wseléctive dntagonisPGWO662 blocked
effects ofrosiglitazone(Guo et al., 2017)Recently, administration of pioglitazone was
shown toattenuate harmalin@duced anxietylike behavioursand gatial leaning and
memory impairmentfAghaei et al., 2019kimilar to what was observed with rosiglitazene
treated animals. Likewise¥oussef et al(2019) have showrthat the administrationof
GW9662 blocked the anxiolytic effect ofbetacaryophyllene. A different study
demonstrated thatepeated stress decreased PB@&kpression in theamygdala, and
treatment with anxiolytis recovered PPA&expressior(Liu et al., 2018) One study also
investigated the role of PPARN fear response$semma et al(2004) demonstrated that
young and aged mfed with a diet rich in rosighzone had increased freezing duration in
a contexdinduced fear protocol. In addition, the levels of PEA where shown to be increased
in the BLA of FC rat§Rea et al., 2013a)

Various studies have investigated the effects of FAAH inhibitors on mnemonic tasks, and
the effects of elevated FAAH substrate levels, particularly AEA, are often mediated by CB
receptors. Nevertheless, administration or manipulatidineolevels of endogenous ligands

at PPARs, some of which are FAAH substrates, have also been shown to enhance cognitive
performancgCampolongo et al., 2009a; Goonawardena et al., 2011;daeal., 2014;
Kramar et al., 2017; Ruedarozco et al., 2017; Scuderi et al., 2018; Segev et al., 2018;
Zimmermann et al.,, 2018; Boccella et al.,, 2018) few studies indicate a possible
modulabry effect of PPARs on memory and learning processes. &gt al (2009) have

shown that the administration of URB597 (FAAH inhibitor) enhanced the learning of a
passive avoidance test and this enhancement was attenuated by the administration of a
PPARa antagonist, MK886. Following this result, these authors also demonstrated that the
administration of a PPA&Ragonist, WY 14643, produced similar effects to those observed
with URB597, and these effects were also blocked by MK886. Also, a study from
Campolongo et al. (2009ndicated that the administration of OEA improved learning of

passive avoidance and spatial memory task when given immediatelygostg and that
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the actions of OEA were mimicked by the PRPARgonist GW7647 and are absent in
PPARa null mice. RecentlyRatano et al(2017)have shown that the cognitive enhancing

effects of URB597 were dependent on PRARsS well as CBrecepors and TRPY.

Together, these studies indicate a modulatory role of PPAR signalling system in memory

acquisition and consolidation.

PPARs modulate pain responses (for review see Okine et al Zo&8)ous studies have

shown thathe selective activatioof PPARa (LoVerme et al., 2006; Russo et al., 2007,

Sagaet al ., 2008; DOAgost i nPPAM(GHeétal.,20B3809; O
Lyons et al., 2017)and PPAR(Oliveira et al., 2007; Churi et al., 2008; Morgenweck et al.,

2010; Hasegaw®loriyama et al., 2012; Griggs et al., 2015; Mansouri et al., 2063b)
artinociceptive effects.The administration of PEA, an agonist at PPARs, also has
antinociceptive effects in rodentsL o Ver me et al . , 2006; ; D6AgOS

Costa et al., 2008; Sasso et al., 2012; de Novellis et al., 2012niBstad., 2013; Wang et

al., 2014b; Di Cesare Mannelli et al., 2015; Donvito et al., 2015, 2016; Okine et al., 2016)
and in humangKeppel Hesselink and Hekker, Z01Gabrielsson et al., 201@)ikewise,
administrationof the endogenous HFAR ligand OEA, and OEAlerived compounds,
diminishes nociceptive behavio(\fasconcelos et al., 2006; Suardiaz et al., 2007; Guida et
al.,2015)

Pain can impact significantly on both anxi€¢Bcott & al., 2016)and cognitionMoriarty et

al., 2011) Moreover, cemorbidity of chronic pain with anxiety disorders and/or cognitive
impairment is very prevalerftle Heer et al., 2014b, 201&errits et al., 2015) PPAR
isoforms are expressed limainregions thatire canmonly implicated in painanxietyand
cognitionsuch as the amygdaf&/arden et al., 2016PFC(Moreno et al., 208, Okine et

al., 2014; Warden et al., 2018lippocampugMoreno et al., 2004; @mi et al., 2016jand

PAG (Okine et al., 2017)As pointed out before, the previous results described in chapters
2 and 3 revealed a differe@ effect of pharmacological manipulation of PPARs on

conditioned fear responding depending on the presence or absence of pain.

In the present chapter,investigaté the hypothesis that PPARsodulateinnate anxiety
responses and mnemonic function. &jEally, 1 examined the effects amtraperitoneal
administration of GW6471 (PPARantagonist), GSK0660 (PPARI antagonist)5GW9662
(PPARyantagonist)and PEAonthe elevated plus maze (EPM), open field (OF), tugutk

box (LDB), and novel object regoition (NOR) tests in rats in the presence and absence of
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chronic inflammatory pain induced by iripal ant ar i njection of comp
(CFA). | also investigated the effects of systemic administration of the drugs on mechanical
allodynia induiced by CFA using the von Frey tegherefore, the specific aims of teudy

described in this chapterere

1 To determineif PPAR signallingplays a rolein innate anxiety responses by
examining the effects of intraperitoneadiministration of PPAR antagists and
PEA on behaviour of rats in the EPM, OF and LDB tests.

1 To determinegf PPAR signallingplays a rolen cognitive performance by examining
the effects of intraperitonealdministration of PPAR antagorssand PEA on
behaviour of rats in the NORdEefor recognition and spatial memory.

1 To determinaf PPAR signallingplays a rolen mediating or modulating chronic
inflammatory pairrelated behaviour by examining the effects of intraperitoneal
administration of PPAR anganiss and PEA on mechanicallodynia measured by
von Frey testing in rats.

1 To assess innate anxiety and recognition and spatial memory in the rat CFA model
of chronic inflammatory pain.

1 To investigate whether thpresenceor absence of nociceptive tonefluences
PPARmediated regaition ofanxiety and cognitive responses
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5.2 Materials and Methods
5.2.1 Animals

Experiments were carried out ariotal of 8Cadult male SpraguBPawley rats (232509 on
arrival; Ervigo UK, Bicester, England). The animals were maintained aattrolled
temperature (22£Z) and humidity (455%) under standard lighting conditions (12:12h
light-dark cycle, lights on from 07.0Q0 Animals were house#-3 per flat bottomed cage
(L:45 x H:20 x W20cm) containing 3Rs paper bedding materabriecycke Ltd., North
Lincolnshire, United Kingdom) and sizzle nest material (LBS Biotechnology, Horley,
United Kingdom) for the first week afterraval, and were posteriorly singly housed or the
rest of the experiment he experimental procedures were apprdwethe Animal Care and
Research Ethics Committee, National University of Ireland Galway. The work was carried
out under license from the HdaProducts Regulatory Authority in the Republic of Ireland
and in accordance with EU Directive 2010/63.

5.2.2 Drugs

GW6471,GSK066Q GW9662 and PEA (atibtained from Tocris Bioscience, Bristol, UK)
were dissolved in a 1:1:8 (ethanol, cremophor; saluedicle solution. The doseof
GW6471 (2 mg/kg) GSK0660 (1mg/kgand GW9662 (2mg/kg) werehosen baskon
studies m the literaturedemonstratingheir efficacy in reversing the antinociceptive and
neuroprotectiveffects of PEA(Paterniti et al., 2013; Donvito et al., 2018)pioglitazone
(Mansouri et al.2017 Griggs et al.2015 Morgenweck et al2013) as well as the results
presented in Chapter. 2mmunogent c o mp|l et e Fr eundds adjuvan
desiccated Mycobacterium tuberculosis in an 85% mineral oil, 15% mannide monooleate
suspension, Sigmaldrich, Dublin, Ireland) was used to induce a chronic inflammatory
pain state (Stein et all988). Rats reeived a single G pl intraplantar injectio of CFA (1
mg/ml) into the righthind paw, underbrief isoflurane anaesthesia%3in 0.8L/min Oy).
Control rats underwent intraplantar needle insertion torigjf hind paw, also under

isofluraneanaesthesia

5.2.3 Experimental Design

The animals were kept in groups of three and allowed 4 days of habituation upon arrival
Five days after arrival,even days beforednpleteFreud Adjuvant (CFA)injections rats

were singly housedit day 7 and 10fger arrival (5and 2 days before CFA injection), the
baseline paw withdrawal thresholds in the von Frey test for mechanical allodynia were

determined (Figure 5.1). The decision on taking two baseline values was based on previous

202



work in our group showinthat responséitesholds are lower at second baseline test session
compared with the initial sessiofihe von Frey test is detailed on secto?4.1.5 Briefly,

the rats were placed in one of the six chambers of the von Frey apparatus, where they were
allowed to habitate for 15min. Then, the rats received 9 stimulations of each paw using the
von Frey filaments according to the-apddown method desdyed by Dixon (Dixon,

1965) All responses were recorded and analysed afterw@rdday 12 after arrival, day 7

after single housing, the rats were divided into two groups: the rats allocated to the CFA
treated group received ardntra-plantar ingction of CFA into the right hind paunder
isoflurane (23% in @, 0.8L/min) anaesthesiavhile animalsbelonging to the N&FA

group had an equaklibre needle inserted into the right hind paw also uisidlurane
anaesthesia. Afténjections, the rats were immediately returned to their home cages. On the
following day, the first pos€FA paw withdrawalthreshold data collection took place,
following the same protocol described in section 5.2.4.1.5, and another set of data was

collected on day 7 postFA injection.

On day 21 posCFA, the rats were tested for anxiety behaviour. The animals received an
intraperitoneal injection of GW6471 (2mg/kg), GSK0660 (1mg/kg), GW9662 (2mg/kg),
PEA (2mg/kg) or vehicle in an injection volume of [&qg. Thirty minutes after injections,

the rats underwent a series of anxiety tests: they were initially placed in the tleRM a
(detailed on sectiorb.2.4.1.) for 5min, followed by the OF test (detailed on section
5.2.4.1.2 for 5min, and then the LDB$&(detailed on sectidn2.4.1.3 also for 5min. After

all anxiety tests were completed, the rats were again placedvorerey apparatus for a
15min habituation followed by assessment of paw withdrawal thresholds. The rats were
returned to their homeages after von Frey testing. On day 26 {8558 injection, we
initiated the NOR protocol described in detail in sectdh4.1.4. Briefly, on the first day

of the protocol (day 26 po§iFA), ratswere allowed to explore the NOR arena, that at this
point had no objects, in a habituation trial for 10min. On the next day (day 2-Cpégt

the rats were exposed to the familzation phase, in which they were allowed to explore
freely for 5 minutes in the arena where three plastic bottles filled with watermow placed
(according to specifications detailed below). This protocol was repeated 3 times; with 5
minute breaks betves exposures. After the third exposure, the rat was returned to its home
cage. On the test day (day 28 pG$tA), the animals recedd an intraperitoneal injection

of GW6471 (2mg/kg), GSK0660 (1mg/kg), GW9662 (2mg/kg), PEA (2mg/kg) or vehicle

in an injecton volume of 3ml/kg. Rats were pseudorandomigssigned to drug treatment
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groups relative to the treatments they received prianidety testing on day 21 peSFA

using the Latin Square Randomisation method. Thirty minutes after administrationsf drug
the rats were placed in the NOR arena for 5min, with one of the plastic bottles replaced by
a squared plastic structure. The tispent exploring the familiar watéitled bottles and the

novel object was recorded and later analysed. Again, when thet®éDRas finished, the

rats were placed in the von Frey apparatus for a 15min habituation followed by the sixth and
final paw withdawal threshold test. After the von Frey data collection, rats were euthanized
by live decapitation, and the brain and sprard were harvestednap frozen on dry ice,
and stored at T80AC
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Figure 51: Graphical represeation of the experimental design

5.24 Behavioural Tests

5.24.1von Frey test for mechanical allodynia

The von Frey testipparatus compriseassixchambered arena made of clear Perdpmx

and back walls anghite chipboardateral walls The dimensios of the chambers were such

that rats could move free(ft4cm x Dcm x 25cm)A Perspex lid with akholes was placed

on top of the arena during the habituation and testing periods. In all experiments, the arena
was placed on a raised wineesh flooring sdhat the experimenter coulttcess théind

pawsof the rat§rom below.Six rats were tested per session, and the arena was thoroughly
cleaned between each session ugdflp ethanolRats received ainitial habituation period

of 15min during which theyvere placed in individual chambers of the arena. No testing was
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carried out, and at the end of the-inute period, the tests startdthe baselinevithdrawal
thresholds were acquired twice, on deysind-2, before CFA intraplantar injection on day
0. For the statistical analysis, the second baseline was usgghied the upanddown
method described by Dixdiixon, 1965) In this method, the rats receive a maximum of 9
nylon von Frey filament stimulations (Touch Test Sensory Evaluator #58011, r&jpelti
lllinois, USA), starting with the 2g filamentEach filament was appliedonly once,
perpendicular to the plantar surface of the lpad, targeting the area at the base of the third
and fourthdigits (from medialto latera) according to previous pratol used by the group
with sufficient force to causslight buckling of the filament, for approximatelyséconds

or until a positive result was observed. A positive result was recorditHing, licking

or withdrawal of the paw occurred on applicatiof the filament or immediately after
removal of thdilament. Filaments were applied to both left and right lpads (alternating
betweerpaws).First, the responses for the 2g filament for the contralateral paws of all six
rats were collected; only ¢m, the responses the 2g filament for the ipsilatexaispwere
collected.If a positive response was observed using the 2g filafoemne or both of the
paws filaments of lower weight&own)were applied in descending order until no positive
responsewere observeth that paw. If there was mesponse usg the 2g filamentor one

or both of the pawdilaments ofhigherweights(up) were applied irascendingrder until

a positive responseasobservedn that paw. A maximum of 9 stimuli weegplied(see
Appendix D for an example of the test tabiegach paw These nine digits generate a code
that is associated to a constakit detailed by Dixon (Appendix C)he final value for the

threshold response is the result of the formul#°a@st hain #)70.3]

5.24.2 Elevated plus Maze

The EPM arena consisted of a white wooden-phaped mazelevated 50cm from the

room floor, with two arms enclosed hbyalls (30cm) and two open arms (Figure 5.2); the
floor was covered in a black rubber material. Each arm was 50ésmgth and 10cm in

width and the arms were interconnected by a central platform. A video camera was
position&l over the maze and the light levels were fixed at 60lux in the open arms and 25lux
in the closed arms, according to the protocol previously ugedigroup. The rat behaviour

was recorded and analysed using a computerized video tracking system (Bth®Visi
XT11.5, Noldus, the Netherlands) for a 5min period. The EPM was cleaned between animals

with 70% Ethanol. Reduced time spent in the open ajms{s used as an experimental
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Figure 52: Graphicalrepresentation of the EPM arena.

5.24.3 Open Field Test

Behaviour in the open field was assessed once according to the experimental design
describedabove (Figure 5.1). The rats were placed into a brightly lit (200lux) open field
environment (diameter 75cm and 40cm high walls, of lective aluminium walls and flo
Figure 5.3). A camera positioned 35cm above the floor of the arena allowed for behaviour
to be captured, recorded and assessed using a computerized video tracking system
(EthoVision® XT11.5, Noldus, The Netherlands) for a 5min period. The open fiedd wa
cleaned between animals with 70% ethanol. The behavioural assessment included locomotor
acivity (total distance moved) and duration of time spent (seconds) in the centre zone (45cm

diameter). Reduced time spent in the centre zone is interpreted dg-aebaed behaviour.
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Figure 53: Graphicalrepresentationfahe OF test arena.

5.2.4.4 LightDark box

Behaviour in the lightlark box was assessed once according to the experimental design
described above (Figui®1). The rats were placed into a 30cm x 30cm x 30cm perplex
chamber divided in two compartments ttheere connected by an entrance. One of the
compartments is defined as ligthamber and was illuminated (150lux) while the other was
called darkchamber (lux at the corners and 5lux next to the passage door (see Figure 5.4).
A camera was positioned beldle arena and allowed for behaviour to be captured, recorded
and assessed using a computerized video tracking system (EthoVision® XT11.5, Noldus,
The Nethéands) for a 5min period. The lighark box arena was cleaned between animals
with 70% ethanol. Té behavioural assessment included locomotor activity (total distance
moved), duration of time spent (seconds) in each of the chambers and number of entrance
in the dark chamber. Reduced time spent in the light compartment is interpreted as anxiety

relatedbehaviour.
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Figure 54: Graphical representation of the LDB arena.

5.24.5 Novel Object Recognition

Testing was carried out in the sameircular arenaised for open field test (see Figure)5.3
In all experiments, the ana was illuminated bgonstant light intensity 0150+10lux at
floor level of the arena. A camepasitioned aboveecorded the whole te&ir subsequent
analysis. The objects used includg2Dml unlabelled transparent thin plastic polyethylene
terephthate CocaCole® bottles filled with waterand an abstract plastigstture with base
5cm x 5¢cm and height 16coonstructed from a mixture of green, whated blue toy blocks
(Playskool Clip6é blocks). In all cases, the objects had no apparent natur#icagoe to
the ratsand were secured to the base of the arenawhiite tack such that they were difficult
to displace. Animals were habituated to the arertiae absence of objects for 10noimday

1 (see Figure 5.10n the second day (familiarisatipnhreeidentical object§CocaCol&®
bottles) were placed in theemal6cm from points on the perimeter of the circular arena.
The rat was allowed to freely explore therer@nd objects three times foni, with 5min
intervals between exposuresftéx this exposure, thanimal was removed from the agen
and returneda its home cage. On the following day (test)e of the objects was replaced

with a novel objecfabstract plastic structure constructed with a mixture of green, white and
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blue toy blocky The animal was allowed to freely explore thenarand objects fa period

of Bmin and then returned to its home cagepresentative images from tagniliarisation
exposure and teskposurare shown in Figure 5. The arena was cleaned with% ettanol

and faecal pellets were removbdtween each exposute removeodours and olfactory
cues.Exploration of an object was defined as sniffing the object, rearing against the object
or having the head diceed towards the object withitcm of the objectln all cases the
experimenterassessinghe behaviour was blind tthe experimental treatment of the rat
(CFA or drug).Ethovision XT11.5vas also used to track the distance (in cm) moved by the
animal during testing. The position of the novel object afesnated between rats in order

to minimise potential confounding effects relateat@ntation biases. Three indices were
calculated irorder to assess NOR results: (1) the preference ratio, defined as the time spent
preferentially exploring the novebgect in relation to the time spent exploring the familiar
object in the same position, (2) the discrimination ratio, defined as thapieme exploring

the novel object in relation to the time spent exploring the familiar objects in the test day,
and (3)spatial discrimination ratio, defined as the time spent in the location of the new object
in relation to the time spent in the same laoatn the familiarisation phase (the equations

used in each of these rations can be seen in the table 5.1).

Index Day Equation
_ Familiarisation Day Tod (To1tTo2/2) + Tos
Preference index
Test Day TN (To1+To22) + Ty
Discrimination index Test Day TN/ (To1+To22) + Tn
Spatial Discrimination index| Familiarisation and Test Tn-Tos/ Tn+ Tos
Days

Table 51: Equations for the indices used in the assessment of NOR behaweutinie
exploring Object 1, &2 =time exploring Object 2, dz =time exploring Object 3, andvE
time exploring the new object.
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Figure 55: Graphicalrepresentation of the NOR arena. The-teft image represents the
organisation of the object in the samgfamiliarization) day. The lefbottom image
represents the organisation of the objects in the test day (novel object initioe pbsbject

3). The right image shows the equal distances of the object to thefwel circular arena.

5.2.5Brain Extraction

See Chapter 2, section 2.2.5

5.2.6Statistical Analysis

The SPSS 20 statistical package was used to analyse data. Normwas assessed using
ShapireWilk test and homogeneityof variance was checked using Levehestest.
Behavioural datavereanalysed using te¢factor analysis of variance (Twway ANOVA),
with factors being CFA injection and treatment, orepeated measwseANOVA when
appropriatge.g. when the dataereanalysed angresented in time binsPost hogairwise
comparisons weregnade with Student Newmdfeuls testwhen appropriatelf data were
found to benon-parametric, three transformations were appliedhis order: square root of
the data values, log of the data values, and ranking of the data values. Also, it was checked
if the highest standard deviation was less than or equal to 2 times the tsstafidard
deviation for the particular data set bearmplysed(Thunder et al., 2007)f data were still
deemed noiparametric after these transformations and tests, wesg amlysed using

Kruskal Wallis analysis of variance apdsthocanal ysi s per for med usi
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appropriateWhen repeated easures were ngparametric distributed, data were analysed
using Friedmanoés and Kr us kpad hocWapplicableDatae st s f
were considered significant when P<05. Data are expressed as group means * standard

error of the mean @&M) when parametric and as median with interquartile range and
min/max values when negpmarametric (except for the von Frewntd which were non

parametric but presented in timeline gra@s means SEM for presentation/readability

purposes).

Possible preance of outliers was checked by assessieglistribution of data. In case the
data fell out of the range of [me&ristandard deviation] to [mean+2*standard deviation],
it was considered an outlier and excluded fsarhsequerdnalysis.
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5.3 Results

5.3.1CFA induced mechanical allodynia measured byon Frey testing

Friedmanodos test revaanoamd) girgmipfsi danth? diofrf drt
(80)=41. 668, p<0. 00 %(B0) a55.885,ipp0D01] hind aw withdrawal
thresholds (Figure 5.6Rost hocanalysis with Wilcoxon test indicated that the ipsilateral

hind paw withdrawal threshoklt baseline was significantly higher than on dagay, 7, day

21, and day 28 (p<0.001 for all comparisons). The contralateral hind paw withdrawal
threshold at baseline was significantly higher than on day 7, day 21, and day 28. The test

also indicated thaboth ipsilateral and contralateral hind paw withdal thresholds were

higher on day 1 than day 7 (ipsilateral, Day 7 vs Day 1 p<0.05; contralateral, Day 7 vs Day,

1 p<0.001) and day 28 (ipsilateral, Day 28 vs Day 1 p<0.01; contralateral, Day 28 vs Day 1
p<0.001). The contralateral hind paw withdrawagésnold was higher on day 21 compared

to day 1 (p<0.001). Kruskal Wallis test showed a significant difference among groups on
day 2009)Y 6= 35. 069, 2(p990 .=0 0418].,9 8d0a, y ? (M<=C1@DD, 1] , d
p<0.001], 2&n=039.58@py< 02.80 Of1c] , b u t?(IN=BL36,pr0.06las el i
in the withdrawal threshold of the ipsilateral paost hocanal ysi s wi th Dur
indicated significantly lower paw withdrawal thresholds inAC¥ehicletreated animals

compared to their N€FA ocounterparts on days 1,7,21, and 28 (CFA Vehicle vwCN&

Vehicle, *p<0.05 and **p<0.01; Figure 5.5B). The test also indicated lower paw withdrawal
thresholds in CFA GW9662 (Figure 5.5H) and PEA (FigusdBreated animals compared

to their NeCFA counteparts (CFA GW9662 vs NEFA GW9662, days 7 and 2§<0.05;

CFA PEA vs NeCFA PEA, days 7 and 2%p<0.05). Kruskal Wallis did not show any
significant differenc’d 9amend. rdy pPP>=dt 064 s
9.921, p>0*%(05] = BaP6l,[?p9P.H5T7.,982ay E210[@5]
(9) = 6.263, p>0.05] in the widrawal threshold of either the contralateral or ipsilateral paw.
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Figure 56: Ef f ect s of systemic administration of
P P AR Db BKD660Q)@nd PPARGW9662) antagonists, and PEA on mechanical allodynia

in CFA-injected (CFA) rats and control rats that only had needle insertiot€Cf9. Post

hoc test indicated significantly lower paw withdrawal thresholds in CFA vetizdged

animabk on days 1,7,2land 28 (*p<0.05 and **p<0.01, vs NOFA Vehicle) in the

ipsilateral paw (B). The test also indicated lower paw withdrawal thresholds in CFA
GW9662 and PEAreated animals compared to their-REA counterpartsp<0.05 vs Ne

CFA GW9662, dgs 7 and 28‘p<0.05 vs NeCFA PEA, days 7 and 2IJhe von Frey data

which were nofparametric were presented in timeline graphs as means + S.E.M. for

presentation/readability purposes (F&¥ats per group).

5.3.2No effect of PPAR antagonism or PEA omanxiety-related behaviour in the EPM

of CFA or non-CFA treated rats

There were no significant effectstoéatment [F (4, 59) = 0.410, p>0.05], CFA [F (1, 59)
= 0.015, p>0.05], or treatment x CFA interaction [F (4, 59) = 0.835, p>0.05] on the time
spent n the open arms of the EPM (Figure 5.7A).

There were no significant effectstotatment [F (4, 59) = 0.408, p>0.05], CFA [F (1, 59) =
0.265, p>0.05] or treatment x CFA interaction [F (4, 59) = 2.047, p>0.05] on the time spent

in the close arms of the elged plus maze (Figure 5.7B).
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There were no significant effectstofatment [F (4, 59) = 0.384, p>0.05], CFA [F (1, 59) =
0.010, p>0.05] or treatment x CFA interaction [F (4, 59) = 1.042, p>0.05] on the number of

entries into the open arms of the eledgius maze (Figure 5.7C).

There were no significant effectstofatment [F (4, 59) = 0.940, p>0.05], CFA [F (1, 59) =
0.131, p>0.05] or treatment x CFA interaction [F (4, 59) = 1.203, p>0.05] on the number of
entries into the close arms of the elevatlked pnaze (Figure 5.7D).
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Figure 57. Ef f ect s of systemic administration
PPARDB/ 0O ( GSRBPAK®N962) mardagonists, and PEA on behaviour in the
EPM in CFA-injected (CFA) rats and control rats that only had needle inserticiCE¥9.

Data are express as means £ SEM (n=8 rats per group).
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