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Abstract
Title of DissertationEffects of Acute Stress on Discriminative Fegaonditioning:A Key
Role of Kynurenic Acid in the Medial Prefrontal Cortex
Alex D. Klausing, Doctor of Philosophy, 2020

Dissertation Directed by: Robert Schwarcz, Ph.Doféasor, Department of Psychiatry

Stressful events can profoundly impact physiolaggareimplicated in multiple
brain disorders. Likewise, the kynurenine pathway (KP) of tryptophan degradation is
associated with neurological diseases. Both stresshandR, in particular the metabolite
kynurenic acid (KYNA), can affect behavior, sgaally learning and memory. Moreover,
stress has been shown to manipulate the KPabubvestigation intdhe link between
stress, KYNA, and cognition haget to happenTo this end, we utilized three acute
stressors (predator odor exposure, restramd, inescapable shocks) of differing degrees
of severity to investigate stresslated effects on KYNA levels the medial prefrontal
cortex (MPFC) and cognitive behaviolWe focused on feadiscriminationbecause it
requires thanPFC is easily tesiblein rodents andis a hallmark of many stresslated
disorders in particular postraumatic stress disordeFurthermore, the adrenal gland,
critical f o ressaasporse, pag heersshodvis to Isave effects on thadkP
cognition Therefore, wealso examined how adrenalectomy (ADX) affeetstress
induced change in KYNA and behavior.

Inescapable shocks stress (ISS) was the most severe form of stress taatdl, def
by the highestincrease in plasma corticosterone levels in naive rats. ISS induced a

significant sustainectlevationof extracellular KYNA in themPFC and impairments in



fear discrimination. A KYNA synthesis inhibitor administetseforethe initiation of ISS
decreasedhe stressnduced KYNA increase and normalized the fear discrimination
impairments, suggesting a causal linkage. Restraint and predator odor exjidsuve
affect KYNA levels or fear discrimination. However, in ADX rats, ttieeshotl for the
severity @ stresgequiredappears to be lower to elicit the effects described allmatraint
stress produced an increase in extracellular KYNA levels imBieC of ADX rats as well
as impairments in fear discriminatiompntrary to rats withintact adrenal glais
Additionally, a KYNA synthesis inhibitomattenuatedhesebiochemical and behavioral
effects. Together these findingsuggest causal relationship betwetre stressinduced
increase in KYNA and cognitive deficits. Therefaiargeting the KPby pharmacological
or other meansnay alleviate someof the detrimental symptomseenin stressrelated

psychiatricdisorders.
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Chapter 1. Introduction

1.1 Rationale

Since #&ress and cogniin are broad and complexne study cannoéntirely
invedigateall of thar intricacies. Acutestress has long be&nownto influence cognive
processe@ both beneficialand disruptivenannergShieldset al. 2016) Multiple brain
regions arenvolved inlearning and memonput themedialprefrontal cortexraPFQ) is
critical for topdown processingf executive functioa Dysfunctionin mPFCis implicated
in many mental dieasesincluding posttraumatic stess disordefPTSO (Musazziet al.
2018; Jacolet al.2019) Therefore, understanding theutestressinduced mechanisms
the mPFC that lead to cognitive dysfunctiand the development of streselated
disorderss vital forthediscovery of novel therapeusic

Kynurent acid (KYNA), a metaboliteof the kynurenine pathway of tryptophan
degradationcan bidirectionallyinfluence cognitive behavigr(to be detailed isections
1.2 and 1.3. The kynurenine pathway is known to be modulated by stbegssery little
is knownabout the effects of stress on KYNA in the br@eesection1.4). Furthermore
no study, to date, haasxamined fi KYNA plays a role inacutestressinduced cognitive
dysfunction.Here, we will investigatén rodentsthe impactof acute stressors on KYNA
in the mPFC andn fear discrimination amPFCdependenbehaviorthat isimpaired in

patients with PTSD.



1.2  The Kynurenine Pathway of Tryptophan Degradation

KYNA is a netaboliteof the kynurenine pathwaylerivingfrom the degradation
of the essential amo acid tryptophan (TRPA variety of biological processeasvolve
TRP, including biosynthesis of proteins, neurotransmitter synthesis (i.e. sergtonin)
hormone synthesis (i.e. melatonin), as well as microbiota function. Hovieveammas,
>90% of TRPnot used for protein synthesis is metabolized downléisee known
kynurenine pathwajfigure 1.1] (Peters 1991)As detailed below his pathwaycontains
severalmetabolites with neuroactive propertidsiditionally, variousbiologicalprocesses
particularlyacutestress and glucocorticoidhe main focus of this disseritan, influence
the regulation of this pathwdgeesection 1.4. Due to this nature, theynureningpathway
is implicated inmanyhumanbrain disorderdut hasnot been adequatelynvestigated in

PTSD

1.2.1 Tryptophan

TRP isoneof the nine essential amino acidea humanswith an estimated dietary
requirement ofl-5 mg/kg/day(Institute of Medicine 2005)Thus availability within the
body is dependent on how much TRP is consumed in the diete humansannot
synthesize TRBesideghe amount of TRP in the diet, ttransporbf TRP into the brain
is contingent orthe peripheral metabolism of TRRhe expression of the large neutral
amino acid transporter 1 (LAT1)he concentration obther large neutral amino acids
(LNAA) that competeat the LAT1, and the percentage of plasma TRP bound to serum

albumin(Hoglundet al. 2019) A majority of neuroscience studies primarily note TRP as



the precursor of serotonin-(T) and melatoninthoughonly ~1% of dietary TRRs
metabdized down this routéStone 198). The breakdown of TRP through that route
(Figure 1.1) starts with the ratémiting enzyme tryptophan hydroxylageldglundet al.
2019) However, hisportion of the pathway will not be the focus oé tesearchidescribed
here[see(Okatyet al.2019; Taret al.2020 for reviews] Conversely, the overwhelming
majority of TRP is metabolized into kynurenine by two enzymes, tryptoghan
dioxygenase (TDO) and indoleamine -@jdxygenas¢IDO1 and IDO2 (Schwarczt al.

2012)



Figure 1.17 The tryptophan degradation pathway.
TPH, tryptophan hydroxylase; AAAD, aromatiedmino acid decarboxgte; TDO,
tryptophan 2,3lioxygenae; IDO, indoleamine 2;8ioxygenase; MAO, monoamine
oxidase; KAT, kynurenine aminotransferase; KMO, kynurenig®ooxygenase;
3-HAO, 3-hydroxyanthranilic acid 3;dioxygenase; ACMSD,-2aminc3-
carboxymuconiég-semialethyde decarboxylase; QPRT, quinealie
phosphoribosyltransferase
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1.2.2 Kynurenine

Under normal physiological conditions, TDO is the primary enzyme responsible
for kynurenine synthesis(Peters 1991; Kianket al. 2010) TDO is located almost
exclusively in the liver, thougfDO expression and activithave beerfound in other
tissuesincluding the brair(Larkin et al. 2016) The other means of kynurenine synthesis
is through IDO1 and IDQ2vhich are found in extrahepatic tissuemst notably ifissues
with immunerelatedfunctiong|i.e. spleenblood, thymug (Gonzéalez Esquivedt al.2017)

Like TRP, kynurenineis transported across the blebrhin barrier (BBB)through the
LAT1 and competes with othgreripheralLNAA for enty into the brain(Sekineet al.
2015) Althoughthe brain has detectabdxpression levels of TDO and ID@e activity

of both enzymesis currently below the limit of detectiorunder normalphysiological
conditions.Consequently, gripheral kynurenine makep about 60%of brain kynurening
and levels ofits metabolitesfikynurenine® are much lower in the brain compared to
peripheratissueg Gal and Sherman 1980)

Kynureninecan bemetabolizedfurther to neuroactive moleculega one of two
branches, sometimesmplistically namedhefineur opr ot ecti vams and An
(Savitz 2020)Kynurenine iglirectly metabolizedot he A neur opr iotbtkect i ve o
terminal moleculeKYNA through kynurenine aminotraferasegdKATs] (Han et al.
2010)For t he famekynureninesxnetabolizedo two different molecules,-3
hydroxykynuenine (3HK) or anthranilic acid Further metabolisnfor both of these
moleculeseventuallyleads tothe formation of quinolinic acid[QUIN] (Schwarczet al.
2012) The engme responsible for-BIK synthesis is kynurenine-Bonooxygenase

(KMO), while the enzymékynureninase producesthranilic acid



In addition toits metabolites, kyarenine isbiologically activeitself via activation
of the aryl hydrocarbon recepi@gxHR] (Mezrichet al.2010) AHR is involved inmultiple
physiologicalfunctiors, including xenobiotic defensalevelopmentimmune sgtem, and
reproductionBock 2019) Althoughthe establishment d&dynurenineasaligand forAHR
is a rather recerfinding and itsactionsare stillmainly unresolvegat least twanoteworthy
effectshave beemliscoveredThe first being that kynurenine promotee differentiation
of T cellstowardsFoxP3+ regulatory T cells versus Th17 cells throagtivation of the
AHR (Mezrichet al. 2010) Secondly activationof the AHR inducesDO expressionn
dendritic cell§Vogel et al.2008; Nguyeret al.2010) A positivefeedback loofhasbesn
postulateduch hat kynurenine can activaéHR, AHR canstimulatelDO, andmore IDO

canlead toincreasd synthesis of kynureningusrestarting théoop. (Nold et al.2019)

1.2.3 Kynurenic Acd

Currently, four mammaliarversionsof KAT, termed KAT HV, have beeneported
(Hanet al. 2010) Of those four, KAT llis thaught to be the primary enzyme for KYNA
synthesis iboth the rat and human brain, Imot necessarily in the mouse brdiviu et al.
2004; Guidetti et al. 2007a) KYNA levels in the brainincrease with agand are also
speciesdependentMoroni et al. 1988a; Gramsbergeet al. 1992) Notably, KYNA
concentrationg the human braiare considerablizigherthanin other speciegMoroni et
al. 1988a; Turskeet al. 1988) SinceKYNA, unlike TRP andkynurenine, cannateadily
cross the BBEFukuiet al.1991) brainKYNA must beproducedocally. KYNA synthesis
in the brainoccursnearly exlusively in astrocyte@Guillemin et al. 2000; Guilleminet al.

2001; Guidettet al.2007b). Another differencdoetweerKYNA and mosbtherpathway



metabolites is that is na degraeéd enzymaticallf{Schwarczet al. 2012) though it can
be taken ughrough organic anion transporétJwai et al. 2012)and can exit the brain
through a probenecigensitive carriefMoroni et al.1988b; Milleret al. 1992) Therefore

KYNA levelsin the brain anincrease byitherheighteneaynthesis oreducedlearance.

KYNA is considered to be neuroprotective $ewveralreasonswhich includeits
antioxidant propertiefHardelandet al. 2000; LugeHuitrén et al. 2011)andits ability to
inhibit all ionotropic glutamate receptofdMDARs, AMPARS and kairate receptorsat
high micromolar (i.e. nonphysiologica) concentrations(Perkins and Stone 1982)
However, hephysiologicaleffects of KYNAIn thebrain aremore likely due to its ability
to antagoize the function of thalpha-7 nicotinic acetylcholine receptod(7 n A TandR
to inhibit the glycinesite onthe NMDAR at high nanomolar to lower micromolar
concentration([i.e. near theendogenoukevels of KYNA in the brainjKessleret al.1989;
Hilmas et al. 2001) Notably, KYNA also has activityon GPR35 andAHR, though
KYNAOGs ef f eeceptords tesswel eharacterized anthorelikely involvedin
the peripherfWanget al.2006; DiNataleet al.2010; Moroniet al.2012)

Fluctuations of brain KYNA levels, induced experimentallyby either
pharmacological or genetic meahsve an inverse effect on multipheurotransmitters
(summarized in table 1.} in several brain regiongocivavseket al. 2016). The most
widely studiedof theseeffectsisK Y NA 6 s i nf | uaenWhen KYNA levélsiatea m
increased either by local perfusion of nanomolar concentrations of KiYa¢& or by
indirect means (i.e. administration ofkynurenine or KMO inhibitors) extracellular
glutamate levels decrease,as explicity demonstratedn the mPFC, the dorsal

hippocampus, and the striat@arpenedet al.2001; Moroniet al.2005; Rassoulpouat



al. 2005; Konradssofeeukenet al. 2010; Potvavseket al. 2011; Beggiateet al. 2013;
Bortz et al.2017; Seccet al.2019) Additionally, in the offspring of mothers prenatally
treated with kynurenin&YNA levels are increasendextracellular glutamate levedse
reduced in the adult braiffocivavseket al. 2012; Pocivavselkt al. 2019) Conversely,
when KAT Il synthesis inhibitors reducKYNA levels, a rise inlevels ofextracellular
glutamatas seenKonradssorGeukenret al.2010; Wuet al.2010; Pocivavseékt al.2011;
Beggiatoet al.2013; Wuet al.2014;Bortzetal. 2017; Pocivavsekt al.2019) Moreover

in the brain ofKAT Il knockout (KO) mice,basalKYNA levels are decreased, while
glutamate levels arelevaed (Potteret al. 2010) Although not reported asxtensively a
similar inverse relationship for KYNA has been found with the neurotransmitters dopamine
and GABA in themPFCand striatum(Rassoulpouet al. 2005; Wuet al.2007; Amoriet
al. 2009; Beggiateet al. 2013; Beggiateet al. 2014; Wuet al. 2014; Pocivavselet al.
2016) Additionally, one studyeportedncreasedxtracellularacetylcholine in thenPFC
due to adecreasén KYNA levels causedoy a KAT Il inhibitor (Zmarowskiet al. 2009)

Thebehaviorar ami fi cati ons of KYNAG6s ability t

KYNAGs activity on the r soussqdiseaionl.88escri bed

o

mo

a



Table 1.1 Effect of changes in KYNA on extracellularneurotransmitters in

various brain regions.

Increased Decreased
KYNA Glutamate

Decreased DA

Decreased GABA
Decreased Increased
KYNA Glutamate
Increased
Dopamine

Increased GABA

Increased
Acetylcholine

Caudate
Striatum

PFC

Hippocampus

Nucleus
Accumbens
Ventral
Tegmental Area
Striatum

PFC
Striatum
PFC
Striatum

PFC

Hippocampus

Striatum

PFC
Striatum
PFC
PFC

(Carpenedo et al. 2001; Moroni et al.
2005)

(Rassoulpour et al. 2005; Beggiato et
al. 2013)

(Moroni et al. 2005; Konradsson-
Geuken et al. 2010; Wu et al. 2010,
Bortz et al. 2017)

(Pocivavsek et al. 2011; Pocivavsek et
al. 2019)

(Secci et al. 2019)

(Secci et al. 2019)

(Rassoulpour et al. 2005; Wu et al.
2007)

(Pocivavsek et al. 2016)

(Beggiato et al. 2013)

(Beggiato et al. 2014)

(Beggiato et al. 2013)

(Konradsson-Geuken et al. 2010; Wu
et al. 2010; Bortz et al. 2017)

(Potter et al. 2010; Pocivavsek ef al.
2011; Wu et al. 2014; Pocivavsek et
al. 2019)

(Wu et al. 2007; Amori et al. 2009; Wu
et al. 2014)

(Pocivavsek et al. 2016)

(Beggiato et al. 2013)

(Beggiato et al. 2014)

(Zmarowski et al. 2009)



1.2.4 3-Hydroxykynurerne

Thefavoredroutefor kynurenine degradatiaand one of the initiation points of the
neurotoxic branchs throughthe production of3-HK by KMO (Savitz 2020)In the brain,
this synthesiss thought to occunearly exclusivet in microglia (AlberatiGiani et al.
1996; Guilleminet al.2001; Guilleminet al.2007) Akin to kynurenine andRP, 3HK
can cross the BBB(Fukui et al. 1991) Thus both peripherabnd local synthesisan
increaselevels in the brainHowever, unlike kynurenine and KYNAjo studies have
linked 3-HK to any direct effect oneuronal activityso far(Schwarczt al.2012) Still, 3-
HK may indirectly alter brain function eitherthrough further metabolisto QUIN or by
autooxidizing under physiological conditions, thpmoting a preoxidant environment

(Goldsteinet al.2000).

1.2.5 Quinolinic Acid

QUIN is a downstreanmetaboliteof both 3HK and anthranilic acidwhich are
degraded into -Biydroxyanthranilic acid3-HANA) by kynureninase ohydroxylation,
respectivelyQUIN isthen synthesizeflom 3-HANA by the enzyme 3iydroxyanthranilic
acid 3,4dioxygenase (HAO). In the brain, all of theeenzymaticprocesseare thought
to occur primarily in microgliaor infiltrating macrophagegAlberati-Giani et al. 1996;
Heyeset al. 1996; Guilleminet al. 2001) QUIN can be further degdad by quinolinate
phosphoribosyltransferas@QPRT) to nicotinic acid monaucleotide and eventually
further metabolizedo nicotinamide adenine dinucleotiAD+). Though QUIN can be
degradednto NAD+, theprimary source of NAD+s from a typical dietwhere it occurs

as niacirfvitamin Bs] (Rodriguez Cetina Biefeat al.2017) However,QPRT KO micedo

10



have some growth abnormalitiedféid a niacindeficientdiet indicating that QPRTs, in
fact, critical for thede rovoproduction of NADHTerakateet al.2012)
Comparingbrain KYNA to QUIN, similarities and differences edbservedLike
KYNA, QUIN cannot cross the BBB due to its polar naflmakuiet al. 1991) Therefore
all bran QUIN must be synthesized locallQUIN also has an affinity for NMDAR
receptorsjust asKYNA does, but unlike KYNA, QUINs an agonisatthis recepto(Stone
and Perkins 1981)This NMDAR agonism gives rise tinefin eur ot oforitiso | ab el
branch since too much activation of NMDARads to excitotoxicityAdditionally, QUIN
haspro-oxidantproperties which mayalso contribute to its ngrotoxic effectgRios and

Santamaria 1991)

1.2.6 OtherKynurenines

As seen infigure 1.1, other kynureninesexist as well However, unlike the
kynureninegiescribed aboveéhese metabolites have been far less stydiedimost have
no knowndirecteffect onneuronal actiity (Stone 1993; Schwaret al.2012) Briefly, 3-
HANA can easily autcoxidize and produ@ reactive oxygen spedae while xanthurenic
acid has antioxidant propertiéShristenet al. 1990;Goldsteinet al. 2000) Additionally,
xanthurenic acid and cinnabarinic adidvebeen reported toteractwith metabdropic
glutamate(mGlu) receptors(Fazio et al. 2017) Specifically xanthurenic acidactivates
mGlu2 and mGIlu3 receptors, efeascinnabarinicacidis an agonisat mGlu4 receptors
There is @t much known abouhgbiological role of jcolinic acid but itis speculated to

be neuroprotectivéHeilmanet al. 2019) In summary, it is becoming increasingly clear

11



thatthe kynurenine pathwgylays a role in brain physiology, implyinigatdysfunctionof

this pathwaymay be causally related to malosain diseaseSavitz 2020)

1.3 Kynur eni lofluehae ondLéasning and Memory

The idea that endogenoki¥'N A mayinfluence cognitiortame fronthediscovery
of KYNAOGs doNNMDABxandUg m A €(Pdrkins and Stone 1982; Pittaluga
et al. 1995; Hilmaset al. 2001) These twaeceptors aravidely expressed throughout the
brain and play critical roles learning and memorgMa and Qian 2019; Collingridget
al. 2013) KYNAOGs abil ity t dranomottérsTalaet 1el) providest i pl e n
additional support fothe hypothesighat KYNA mayaffectcognition

To test thizoncepiseveral investigatommanipulatedKYNA levels in the brairof
animalsand then testedthe performanceof those animalsn various ognitive tasks.
Briefly, stimulaton of brain KYNA levels in rats by peripheral administration of
kynurenineimpairs cognitive flexibility (Alexanderet al. 2012) spatial learning and
memory(Pocivavselet al.2011) contextuafearmemory(Chesset al. 2009; Pocivavsek
et al. 2017) and spatial working memoryChesset al. 2007) Furthermore, chronic
prenatal treatmentwith kynurenine leads tosimilar cogitive deficits in adulthood
Interestingly, KYNA levels remainelevatedn adulthood even thouginimalsno longer
receive kynurenineafter birth(Pocivavselet al.2012; Alexandeet al.2013; Pocivavsek
et al.2014; Peshinget al.2015; Pershingt al.2016; Hahret al. 2018; Pocivavsekt al.
2019) Likewise, dhronic administration okynurenineduring adolescencalso produce

cognitive deficits in adulhood (Akagbosuet al. 2012) althoughtheseimpairments may

12



not be as pervasi@ocivavselet al.2014) Interestindy, profound éarningdeficitsdue
to elevations irKYNA levels tave alsobeenreportedin Caenorhalditis elegangVohra
et al 2017; Vohraet al.2018)

Conversely, when KYNA levels are reduced eithegbyetic or pharmacological
means|earning and memorgreimproved In KAT Il KO mice,KYNA levels are reduced
in the brain forthe first monthof life (Yu et al. 2004) and theseanutantmice show
enhancedcontextual and spatial memoifPotter et al. 2010) Redudion of KYNA
synthesiseither by peripheral or intracerebventricular administrationof a KAT I
inhibitor, too,improves cognitive function(Pocivavselet al.2011; Kozaket al.2014; Wu
et al.2014; Pocivavsekt al.2019) Markedly, this connectiorfbetweerdecreasg KYNA
levelsandenhancd cognitionis observedot only in rodents but alsa both norhuman
primates(Kozaket al.2014)andCaenorfabditis elegangVVohraet al.2017; Vohraet al.
2018) Additionally, acute administration ofgyalantamine normalizethe cognitive
impairments that are associated with elevated brain KYNA levbis stimulating
U7nAChRs, one o(RAlex&derkenad 2012t Adexagdert al. 2013) This
suggest that KYNA influences learning and memoby bidirectionally modulating the

functonofU7 n ACh Rs .

1.4 Effect of Acute StressResponse Systemsn the Kynurenine Pathway

Stres is anor gani s mdés harrafsl pstimuis is highlp conserved
evolutionarily,andis critical for survivalin the wild The concepbf stress has origina

the 1808, butWalter B. Cannon antlars Selyein the 1930s verethe pionees for our

13



current understanding of streRom and Reznick 2016%ince then, the mechanisms
involved in the pathophysiology of stress have b#&norated to a significant extefithe
two bestcharacteized systemsnvolved inan acutestresgesponseare the hypothalamic
pituitary-adrenal (HPA) axi@nd theautonomic nervous syste(ANS), which areboth
critically dependent on the function ofetadrenal glanqUIrich-Lai and Herman 2009)
The brainregulateghe activation of boththese systemand converselythe two systems
affect the brainNormally, stresscanbe beneficial andanenhance learning and memory
due tothe activation of the HPA axis and the ANBowever, prolonged or sevesgess
can have detrimentaffects including impairments focognition (McEwenet al. 2015;

Sapolsky 2015; Musazet al.2017)

1.4.1 HypothalamiePituitary-AdrenalAxis

The HPA axisinvolves the structures that dime its name, specifically the
paraventricular nucleus of the hypothalanths, anterior pituitary gland, and the adrenal
gland Acute stresstimulates a specific groumpf neurons in th@araventricular nucleus
thatreleass corticotropinreleasing hormone (CRHWhichis transporédto the pituitary
gland (Oyola and Handa 2017The hormonethen bind to the CRH receptor type, 1
initiating synthesis and secretion of adecorticotropic hormone (ACTH)nto the
circulation (Bale and Vale 2004)ACTH reaches the adrenal glamadd activates the
melanocortin receptor 2 in the zona fasciculata of the adrenal gorteting synthesis of
glucocorticoidsin the form ofcorticosterone (CORTiN rodentsand cortisol in humans
(Oyola and Handa 20L7CORT or cortisol then entes the circulation and can induce

effectsthroughout théody,includingthe brain.
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CORT activates two receptors typése mineralocorticoid recept@vR) and the
glucocorticoid receptofGR). Both are presenthroughout the brain bure most highly
expressed in the hippocamp@sborneet al. 2015) CORT hasa greater affinityto the
MR (Kq ~ 0.2nM) thanthe GR(Kgq ~ 3 nM). Therefore,under normalphysiological
conditions MRs arealmostalwaysoccupied by CORTJoéls and de Kloet 1994)cute
stressand circadian rhythmanraiseCORT levels, thuscreasinghe occupancy bGRs.
Canonically, when CORT binds to MRs and GRs, these receptors translocate to the
nucleus bind glucocorticoid response elemenénd thenstimulat gene transgption
(Joéls ad de Kloet 1994)

Activation of the GR by CORT provides negative feedbtek diminishesthe
activity of the HPA axislnitiation of theHPA axis andentry of CORT into the braitby a
stressful evermccurswithin minutes but termination of this proes is multifaceed Thus
CORT levels taka few hours to teirnto basal conditins(Osborneet al.2015) Howe\er,
CORT canalsoproducefastactingeffects thatre likely norngenomic(Joélset al.2013)
These rapid effectsf CORT can stimulate glutaate release in the hippocampus trel
mPFC (Moghaddamet al. 1994; Venero and Borrell 1999hich in urn increags
extracelluladopaminan themPFCandthenucleus accumberidedema and Moghaddam
1994; Butts and Phillips 2013; Moghaddam 200Rptably, reurotransmission of
glutamate and dopamindas critical for learning, but overactivatio of these
neurotransmittersanproduce harmful outcomé®sborneet al.2015)

CORT and the HPA axisare also involved inthe immune systemwith
glucocorticoidspaosessng well-establishedantrinflammatory and immumsuppresisig

propertiesAcute stresstimulateshe production of many inflammary markersbut this
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elevation isin turn, dampened by thetressinduced increase dORT (Nguyenet al.
1998; Uchoeet al. 2014) However,challenging dogmaglucocorticoids havalsobeen
reported teexacerbatenflammation(Sorrellset al.2009) The efiect of ducocoricoidson
inflammationis dependent onhe timing, dose, andduration of the exposureTaken
together,modest provoation ofthe HPA axiscanleadto enhanced learning due tioe
releaseof excitatory neurtsansmittersin contrastacute o prolonged overactivation of
the HPA results in detrimental outcomeeludingneurotoxicityincreased inflammation,

and impaired learning and memory.

1.4.2 AutonomicNervous System

Two competingsubsystemghesympathetic and parasympathetic nervous system
make up the ANBriefly, the sympathetinervous systens stimulatoryrapidly activated
in response t@cutestressandc har act eri zerd | a g ht hwhteBfeog b £ 0
inhibitory parasympatheti nervous systemon the other handslowly dampensthe
sympathetic nervous systefdlrich-Lai and Herman 2009; McKlveegt al. 2015) The
ANS is locatedalmostexclusivelyoutside the braibbut sends andeceives inputsto and
from multiple brain regionsndicatingareciprocalregulatory rolg€UIlrich-Lai and Herman
2009) For exampleareas in the brainstem detditturbancesn homeostatic factors, such
as respiration, blood flow, and pastimuating projections to the intermediolateral cell
column d the spinal cordandactivating theANS. The ANS may have initiated these shifts
in homeostasis, though

Both sympathetic and parasympathetic preganglionic neuaoa$ound in the

intermediolateal column of thespinal cord and send afferent fiberstha release
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acetylcholineonto postganglionic neuronBNehrweinet al. 2016) Then, sympathetic
postganglionic neuron®oject quite a distance telease norepinephrirmto their target
orgars, while parasympathetic postganglionic neurare located near tdheir target
organs and release acetylcholifiée adrenal glansl arean exception to thisnatomical
organization.Thus, ympathetic pregaglionic axons terminate directly tmchramaffin
cells inthe medillary portion of the adrenal glan@hesechromaffincells then release
norepinephrine and epinephrine into the bloodstréaatng, for exampleto increased
cardiac output and energy mobilizatigmcKlveen et al. 2015) However,though the
adrenal glanslarea majorsourceof catecholaminedyrain catecholaminebut not CORT,

are producedoredominantly locallfLeret and Fraile 185; Dunn 1988; Pacé# al. 1993)

1.4.3 Adrenalectomy

As described above, the adrenalglasmia i t i cal |y i nvol ved
response by releasing CORT, epinephrine, and norepinep8iiree understanding how
acutestress affectsertain biological processes is the focus of ph@ggect andsincemany
psychiatric disorders arassociated witha dysfunctioml HPA axis and ANSwe will
investigate how mimickinga compronised stresgesponse system bgdrenalectomy
(ADX) affectsthestressinducedoutcomes tested here.

ADX hasprofoundconsequenceam theorganismAs this projectfocusesonevents
in the brain,only notable effects of ADXon the brainwill be discussechere The
hippocampus is thérain regionthat is most profounty affected by ADX, probalby
becausat is densely paockd with GRs and MRsbut it is not the only regon altered

(McEwenet al.1968) ADX results inthedegeneration of neurons thehippocampsand
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reduceddendriticbranchingin surviving neurons in at leaste hippocampuandmPFC
(Wossinket al. 2001; Cerqueirat al. 2007; Hamadiet al. 2016) This effect islikely
relatedto increased gliosis of astrocytes and microgli@ 6 C a | dt a. 399913 Bugama
et al. 2013; Hamadet al. 2016)and possibly due toalack of signaling on th&Rs and
GRs whoseexpression increasafter ADX (Kalman and Spencer 200Brobably due to
damaged neurons, glutamate and dopanmmgurotansmissionin the PFC and dorsal
hippocampuss impaired in response to strédoghaddanet al. 1994; Mizoguchi 2004;
Yukio et al.2009) Notably, reinstatement of CORT normabzdl of these ADX-induced
effects(Gouldetal.1 99 0; OO0 €@ alll99k Nldghaddamat al. 1994; Kalman and
Spencer 2002; Mizoguchi 2004pf particular interestto the present projectADX
increase TRP levels in the brain, thus potentiallenhancingkynurenine pathway
metabolism(Miller et al. 1980) This effectmay be rather wdest, howeverDunn 1988)
Not surprsingly, ADX causesome cognitivaelysfunctionsADX animalsdisplay
impairments in ppocampaidependenteststhat require spatial and contextual learning
and memoryincluding performance ithe Morris water mazg@Oitzl and de Kloet 1992;
Adem et al. 1995; Islamet al. 1995) passive avoidanc@Borrell et al. 1983) Y-maze
(Conrad et al. 1997) and contextual fear conditionindput notably not cued fear
conditioning(Pughet al. 1997) Most of these dficits are alleviatedby the reinstatement
of thelost CORTor by restoring signaling through MRs and GB®ughrecovery of hese
impairmens appearsd be dependent on tltmsage antiming of the renedyandthetime
that has elapsed since tABX (Oitzl and de Kloet 1992; Conrad al. 1997; Pugtet al.
1997) Notably, however CORT desnot alleviate the deficits in passive avoidance

(Borrell et al. 1983) indicating the involvement obther mechanisms, such adrenal
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catecholaminegBorrell et al. 1984) Additionally, ADX animals receiving CORT
replacemento not display impairments in novel object andvel place recognitiorbut
demonstratéeficits intheobject/context mismatch tag&panswick and Sutherland 20,10)

whichis critically dependent othe mPFC(Spanswick and Dyck 2012)

1.4.4 Effect of Acute StressandGlucocorticoidson theKynurenine Pathway

The kynurenine pathwagan beinfluencedby acutestress, mainlghrough CORT
and inflammation(Barone 2019) TDO activity in the liver is induced by COR'
(Sitaramam and Ramasarma 197biyroring the circadian rhythm dfasalCORT levels
albeit in a slightly delayed timeframéRapoportet al. 1966) Interestingly, ADX
completely abolishes &xcircadianrhythmicity of hepaticTDO activity (Rapoportet al.
1966) Conversely, proinflammatory cytokines stimulate IDO (Byrne et al. 1986;
O 6 C o rehab2009; Brookset al.2016) Therefore thoughacute stress doemt affect
hepaticTDO ectivity in ADX animals(Curzon and Green 196%ynurenineproduction in
the brain may be enhanced by the stimulatiold&f activity in response tstressinduced
inflammation.Similady, proinflammatory cytokines stimulak&MO (Alberati-Gianiet al.
1996) These findings suggest thatutestress increaseBRP metabolism twards the
neurotoxic branclof the kynurenine pathway his assumption is, in fact, the basis of the
prevailing hypothesis linkingtresswith impairedkynurenine pathwafunction (Corona
et al.2013; Parrotet al.2016; Laumeet al.2017; Garrisoret al.2018)

Acute stressalso increasedree plasmaTRP, thus increasingorain TRP and
stimulating metabolismalong the kynureninepathway(Miura et al. 2008) Whereasan

increase irthe neurotoxic branch has been observed in the brain folloadatgstress
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cerebralKYNA levels havealsooccasonally been shown to belevated(Pawlaket al.

2000; Notaragelo and Schwarcz 2013 i nce KYNAOG s acutestee$ss\nasme n't
been mody ignored andascognitive impairments are commorigund inPTSD and other
stressrelatedpsychiatric diseasginvestigating a potential linkage of ther¢éewould be

bothanovelapproachand potentiallyevealan unconsideedtherapeutic target

15 Animals Models of Acute Stress

Severalanimal models have been developede¢neratestressful experiencesd
to translate those findings to human psychiatric disordierthese modelsstresscanbe
appliedacutdy or chroni@lly and may produce different outconukse to their nature and
intensity. For this doctoral project, we selected threecute stressos (predator odor
exposurerestraint, and inescapable shgckdich hawe beerreported to elicicognitive
impairments in rodentéSchoneret al. 2017; Toroket al. 2019) Only studiesdescribing

the effects of these acut&essrs aredescribed here

1.5.1 PredatolExposure

Predator exposurelicits a response in preypscies providing a translationky
informative model for the study of stresselated disorders such as avoidance,
hypervigilance,and changes in risk assessmébt particdar relevanceto the present
project exposireto various predator odossimulatesthe HPA axisn rodentgMorrow et
al. 2000b; Thomaet al. 2006; MufiozAbellan et al. 2011; Whitaker and Gilpin 2015)

Animals exposed to a predastrowincreasd anxiogenic behavior and impaired cognition
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(Morrow et al.2000b; Zoladzt al.2008; MufiozAbellanet al.2011; Whitaker and Gilpin
2015) To date, aly one stug hasinvestigatedhe possible connection betwespredator
andthe kynurenine pathwayetabolisnin a prey specieddice exposed toats for 20min
displayed a significantincreasein kynureninelevelsin the PFC but no changes in the
hippocampus, amygdala, or the dorsal raphe nuclei and no changes in brain TRP levels
afteroneor moreweeks (Miura et al. 2011) No otherkynurenines were analyzea that
study.

Thereare caveat$o consider whn using this stress mod&odents havenany
naural predatorsthat can elicita stressesponsgand predatorstresscan not only be
induced bya live animal but also by usingn odorantinked to thepredatoysuch ageces,
urine, fur, or evensoiled bedding(Apfelbachet al. 2005) Importantly, depending on
duration and concentratiprexposureto an odor can also produce no response or
habituaton to the stimulus (Dielenberg and McGregor 1999; Morrogt al. 2000a)
Predatorodorexposuravasconsideredhe mildesof three stressoraetestedn the course

of the present proje¢Morrow et al.2000a; MufiozZAbellanet al.2011)

1.5.2 Restraint

Restraint is one of the most comngiress models us@drodentslt entails placing
an animalinto either acylindrical plexiglasstube or a wire mesh such thaly very
minimal movement caoccur, and the animal cannot escafacethis stressor is widely
used, much is knowabout how restraint affects a rod@rgrainiandbehavior Notably,
restraint activates the HPA axasdreliably elevates CORT levelKennett and Joseph

1981; Hesketlet al.2005; Andercet al.2012) Additionally, the stress causeasixiogenic
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behaviorsas well as deficits in spatial memory and fear learrffugdero et al. 2012;

Chauveawet al. 2012; Anderoet al. 2013; Sawamurat al. 2016) Peculiarly restraint
stressimpairs cognitive flexibility when applied chronically, bean facilitate cognitive

flexibility, specifically reversal learningThai et al. 2013) when applied acutely
(Nikiforuk and Popik 2013)

Compared tgredator exposure, the effects of restramthe kynurenine pathway
have beelnvestigatednorefrequently Sincethe 1960srestraint stress lsdbeenreliably
shown toincreasehepatic TDO activity (Curzon and Green 1969%owever, studies
investigating theeffectsof restrainton brain kynurenines have been much sparser until
recenty, possiblydue to technical limitation®rain tissue leval of TRP and kynurenine
increaseonly modestlyafter restraint, and depend on the duration of the stress and the
speciessex, andlevelopmerdl stage of the animgKennett and Joseph 1981; Dostal
al. 2017; Notarangelo and Schwarcz 2017; Gd#ttal. 2017) So far, mly one study has
examined other pathwayetabolitesn the brain showing thatestraintstressn pregnant
mice causes ngignificantchange irKYNA , 3-HK, and QUINIevelsin the maternal brain
(Notarangelo and Schwarcz 201l remarkable contrashowever this stress results in
significant increases ikynurenine and KYNAevels in thefetal brain

Additionally, changes itheexpression of kynurenine pathwapzymesn various
brain regions or cell types have beamined after restrainRepending on thduration
of thestressrestraint inadult, malerats increaseTDO expressionn the hypothalamys
raises IDO, KMO, and kynwveninaseexpressionin the amygalg decrease 3-HAO
expressionin the hypothalamysand reduceskynureninaseexpressionin the PFC

(Vecchiarelliet d. 2016) In adult, malemice, 3 h of restraint increaselDO and TDO
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expression in astrocytesdin severalareas of the braiandcauseKMO expression to
increase an8-HAO expression to decreasemicroglia(Dostalet al.2017). Notably, no

changes in KAT expressiomere found in these experimenifcaken togethelincreased
cerbralkynurenine pathwaynetabolismappears to be modestly stimulategrestraint

stressthoughdetails clearly require furér analysis.

1.5.3 Inescapale Shock

The most severe acute stressor to be téwtess inescapable foot sho@, which
generateenduring PTSHike abnormalbehaviorsin some casekastingup to 8 weeks
(Schéneet al.2017; Deslaurierst al.2018; Took et al.2019) Compared to noshocked
controls, aimals display thidong-lasting effecby freezing significantly more often in the
same context in which they were shockBdrardiet al.2014) Additionally, animals that
receive inescapable shadkave reduced social interactismndreduced REM sleefdha
et al.2005; Pawlyket al.2005; Cuiet al.2007; Cheret al.2012; Berardet al.2014). The
latter, as well as the stressor itsethay impair learning and memoryindeed animals
receivng inescapable shoclshowimpairments in cognitive taskscludingnovel object
recognition(Philbet et al. 2012) fearlearning(Pouloset al. 2014) Y-maze(Jacksoret
al. 1980) andactive avoidancéMarkus and Lammers 20Q3)/hethetthis stressor induse
arxiety-like behavioris currently stillunclear adothincreass, decreases, and a lack of
effect have been report€dhukov and Vinogradova 1994; Graknhal. 1995; MacLean
and Datt€2007; Berardet al.2014; Karakilicet al.2018) Thisdiscrepancy may be related

to the fact that anxiety was tested at different times after stress in various studies.
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Similar to the other two stressodescribed herenescapable shogkovokes the
HPA axisand ncreagsACTH andCORT levelgdKeim and Sigg 1976; Odio and Maickel
1985; Helmreichet al. 2008) However,only one studyso farhas ued this stressor to
examineeffects on the kynurenine pathwdinding robustincreassin TRP,kynurening
3-HK, and KYNA levelsin severalbrain regionsandin the plasmammediately after
teminationof the shock. These levelseturnedto controllevels 24 h later (Pawlaket al.
2000)

Data interpretation in these studies is somewhat compromised by the fdbethat
shock protocolsused differ betweeraboratories.Thus,  set standarchas been
establishedegardingthe duration otach shocKusuallybetween 130 seQ andthe entire
shock sessiofil0-120 min), the amplitudef the shock@.2-3 mA), andthe time interval
between the shock3herefore,it is not straightforward to compare experimental effects
between studies]taoughit can be reasonably assumed ti@t more shockdelivered at

higheramplitudes will induce the greatest amount of stresthe animal

1.6  Neural Circuitry of Fear Discrimination

Fear discriminatiorfseeFigure 1.2) is a modified version of classical Ravian
conditioning(Pavlov 1927) Testingthe generalization of feait involves severalbrain
regiors, particularlythe mPFC, thdippocampus, and the amygdéiorzus 2015) This
behavioral paradigraurveyscognitive flexibility requiring animals to learn to generalize
dangerous cues to future predatory encounters while alsmretiag safe cues in

appropriate ecumstances in order to conserve biological resoupgssk et al. 2019)
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Fear overgeneralization (i.e. interping safe cues as dangerous) is gomiear feature of
PTSDand other streselated disordergElzinga and Bremner 2002; Lissekal. 2010;
Dunsmooret al.2011) In the following, eachcomponentf fear discriminationas well as

the critical circuitry involved in the phenomenon, will be described

Figure 1.27 Timeline schematic of fear discrimination
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1.6.1 FearAcquisition'Learning

In classical feaconditioning,rats are exposed to a neutral conditioned stimulus
(CS),such as a tone, that is paired watt aversive unconditioned stimulus (US), such as
an electric foot shockAnimals are tested to see how well ythacquireor learnthe
association that th€S will predict the US by their conditioned fear response, whuch
this body of work is freezingdthavior(Fanselow 1980)f an animal aquires theCSUS
association, it willfreeze duringthe presentatiornof the CS Additionally, during the
conditioning sessiomnimak will learn to associate th@reviously neutratontext in which
they received the URs a dangerous environmemhelearnedrelationshipof the CS or
the contextto the US requireplastidty in different brain regionsbut both eventually
convergen thebasdateralcomplex of theamygdala(BLA), i.e. thelateral andhe basal
amygdalg(Janakand Tye 2015; Loprestet al.2016)

Fortheacquisition of theuditoryCS-US relatonship, he auditory cortex antthe
auditory thalamus are activatddring the presentation aih auditory cue while the US
providesperipheral sensory inputs to tpesterior intralaminar nucleus of the thalamus
andtheposterior insulacortex All thensendprojectionsto thelateralamygdalgLeDoux
2000; Asoket al.2019) Thus, Esioning of the lateral amygdala blodke acquisition of
fear conditioningand therefore also theexpression of feaiLeDouxet al. 1990; Naderet
al. 2001) Contextual fear conditioning requires signaliingm the hippocampugo the
basal amygdalg§Chaayaet al. 2018) The BLA, from both basal and latal regions,
projects to the central amygdalahich then sends GABAergic projection® multiple
regions in thdérainstemmainly the periaqueductal grayyhich controk the expressiorof

theconditioned fear respongBergstrom 2016)
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Lesiors of specific subregions tifie mPF(Ji.e. anterior cingulate cortefACC),
prelimbic cortex (PL), andnfralimbic cortex (IL)], revealedthat the mPFCplays a
intricaterole intheacquisitionof fear. Lesioning thezentralmPFC(predominatef PL and
IL) did not affectcuedor contextuahcquistion (Morganet al. 1993) In contrast|/esions
in the dorsal mPFCnfainly the PL), enhancd acquisitionto boththe context and cue
(Morgan and LeDoux 1995nd ACC lesionsweakenedear acquigion (Bissiéreet al.
2008) These studies indicatepposingroles of different mPFC subregions infear
acquisition (Giustino and Man 2015) Although the PL andthe IL receive similar
excitatoryinputs from theBLA and the hippocampushey project todifferent neuronal
populations within the BLA (generally basal vs. lateral, respectivelyand the
periagweductal graypossibly accounting for these disparate functi@sok et al. 2019)
We will revisit thisissue in the context of our studi€sgure 1.3 summarize the major

regions involved in fear acquisition
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Figure 1.37 Neurocircuitry of fear conditioning.

Acquisition of the auditoryCSUS relationship requires different regions witk
thalamc and cortical tissues that project to the lateral amygdala. The hippoce
serves a principal role for contextualfarmation processing. The prelimbic ar
infralimbic cortices of the mPFC enhance or suppiessexpressigrrespectively. The
basolaterahmygdala complex receives multiple inputs from several brain region:
sends an orchestrated signal to the cemtrajgdala which controls the output of tl
fear response
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1.6.2 FearMemoryandExtinction

Expression ofdarduring extinctionsessions (see daysdan Figure 1.2) requres
multiple cognitive processes to occafter acquisition namely memory consolidation,
retrievaland expressionf t he memor vy, a mgnevelgaenmg uaf | yh & unl
memory As described inthe acquisition section above, each of these processases
different bran regionswith the mPFC, the hippocampus, and the amygualaldng aucial
roles The hippocampuss requiredn at least the ebr stagesof memory consolidatioas
well as inlong-term memorywhereascortical regions appear twe morecritical in the
storage oflongterm memoies (Bergstrom 2016) The temporal dynamics dahese
processesre still unresolvedhowever(Tonegawaet al. 2018) Notably, while the
hippocampus seems to be oasentiafor contextualnformation,the amygadila is critical
for both cued and coaxtual fearacquisition, consolidation, and express{@Millips and
LeDoux 1992; Mareeet al. 1996) Interestingy, lesioningthe TE2, but not the TE region
of the auditory corterlisrups remote but sparerecent auditory cued fear memd@Bacco
and Sacchetti 2010)

Since he mPFChas multiple links betweeits subregions as well asciprocal
connections with severddrain regions,ncluding the hippocampus, thBLA, and the
thalamusthe mPFQcanmodulate botltued and contextuéar expression and extinction
with its subregionperforming distinctunctions(Giustino and Maren 2015; Korzus 2015)
Thus,fear expressioappearso beincreased by the PL astdippessé bythelL (Courtin
et al. 2013; Giustino and Maren 2015; Korzus 2018)ewed from a systemdevel
perspectivethe amygdala plays a cealtrole inthe retrievaland expressioof cued and

contextual fearEarly memory formationrequiressignaling fran the hippocampusor
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contextual fegrandlongerterm memoy depends orcortical tissues frontboth sensory

and prefrontal region®r bothcued and contextual fear

1.6.3 FearDiscriminatioriGeneralization

Although acquisition, expression, and extinctioinfear are impaired in PTSD
patient§Maren and Holmes 201&heflashbackof the traumatic evernhatinstigatecthe
PTSDis usually triggered byersory cueshat are identical osimilar to thosepresent
during the traumaUnderstanding the mechanisms of hammalslearn todiscriminae
and generalizeeuesis thereforeessential for developing effective theregibut this
important issudas not been carefully investigatedso far Herg as illustratedin Figure
1.2, animals willreceive twodistinct auditory cues during the acquisition sessioone
paired witha shock (CS+), the other unreinforced {{C8nder normal circumstances, the
animalwould learn to associate the CS+ with an impending threat while thevilSbe
perceiveceither & aneutrdor as asafe cueWhen e-expo®d to the tones without delivery
of a foot shock, the animalill therefore freeze more in resporteeCS+ than to C$
displayingappropriatdear discrimination

While the amygdala istill needed toorchestrate the fear responaad the
hippocampus is stikkssentiafor processingontextualinformation appropriatecuedand
context discrimination is critically dependat on the mPFC(Lopresto et al. 2016)
Although a novel context igtilized in this fear discrimination paradigrthe animal is
tested mainlyon cued discriminationsincethe novel context is introduced after multiple
days & context extinction. Thus, this paradigmnould not be a good measure of context

discrimination Therefore, the mPFQather tharthe hippocampysvill be the focus of th
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studies described beloWued gar discrimination is dependent on NMDARSs in tHeR@
sincethedeleton ofthe obligatory NR1 subunit tieNMDAR in mPFCprevents animals
from effectively discriminahg between CS+ and GC{Vieira et al. 2015) Excessive
KYNA in the mPFCmay thereforempair fear discriminabn due to defective NMDAR
functioning.

Although activation of the ILenhance$ear discriminationScarlataet d. 2019)
andIL inactivationreducedear discimination (Sangheet al. 2014) the respective roles
of the IL and the PL in cued fear discrimination have not been thoroughly studied until
very recently(Sanghaet al. 2020) Interestingly, PL inatvation does not affect fear
discrimination but decreastear expressio(Sanghat al.2014) Future studies adearly
warranted toexamineif the PL andthe IL have opposing roles in fear discrimaition,

similar to their functions in fear expraen.

1.7 Elevated Plus Maze

Severalanimal models have been developedtdst anxietylike behaviors in
rodentsln theelevated plus mazene of the more populéests, rodentsan freelyexplore
two armghat are open and two arms that are enclosed andAtanddentsnormallyprefer
dark andenclosed spacesicreased exploration in tlapen armsndicatesless anxious
behavior of the animal Stress inducgan anxiogenicesponsé€i.e. more time spent ithe
closed armsin this behavioral paradigf&Grahnet al.1995; Korte and De Boer 20Q03)nd
treatment with anxiolytic drugsitigatesthe stressnducedanxiety (Pellowet al. 1985)

Although the circuitryinvolved inthis behavior idesswell definedthanfear conditioning,
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similar brain regions jppear to bénvolvedi most notably the BLAJanak and Tye 2015)
Specifially, activationof the BLAandits projectionsenhanceanxietylike behavior(Tye
et al.2011; Felix-Ortiz et al.2013; FelixOrtiz et al.2016) ThemPFG in contrast, appears
to be less involved. ThusPFClesionsdo notaffect performance on thelevated plus
maze(Lacroix et al. 1998; Kleinet al. 2010) andlesionor inactivationof the mPFQmay
in fact be anxiolytic (Shah and Treit 2003; & et al. 2004) Notably, activaton of
excitatory neurons ithe mPFC is anxiolyti¢Patiet al. 2018) suggesting thatasin fear
conditioning, the subregions of the mPFC may pligyinct andopposing rées However,
the role of MPFC subregions in anxiie behavior is still unresolved. Thus, individual
lesiors of boththe IL and thePL produced anxiogenic behavi¢¥inks and McGregor
1997) while anothestudy reportedhatonly the IL is involvedwhereasactivaion of the

IL is anxiolytic(Shimizuet al.2018) In the conéxt of thisproject, KYNA may therefore

nothavear obust, cl ear ef f e mntheetevated plug maa@écseial s 6

and Beal 1990)
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1.8 Hypothesis and Specific Aims

Overarching Hypothesis Deficits in executive function induced by acute stress are

mediated by KYNA in the mPFC

Aim 1 (Chapter 3): MeasureKYNA in themPFCin responséo different acute stressors
Prediction 1.1 Acute $ress will increase KYNA levels in thmPFC
Prediction 1.2 A stressinduced KYNA increaseanbe attenuated

pharmacologically

Aim 2 (Chapters 3 and 4: Study the role oacutestress oormPFCGdependat cognitive
behaviors and the peible involvement of KYNA.
Prediction 2.1: A mPFGdependent cognitive defiaill only be found in
animals witha stressnduced increase in KYNA
Prediction 2.2 Pretreatment witla KAT Il inhibitor will normalizethe stress

inducedcognitive deficit

Aim 3 (Chapters 4 and 5): Investigate the mechanism of the streghiced KYNA

change
Prediction 3.1 Impaimmentinan or gani smdés s tviaemoesal respons.
of the adrenagjlands will block the stressnduced KYNA increase in rats
Prediction 3.2: Abnormal function of the kynurenine pathway underlies the

stressinduced increasef extracellular KYNA in the mPFC.
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Chapter 2: GeneralMethods

Animals

Adult, male Spragu®awley rats (18200 g on arrival; Charles River
Laboratories, Kingston, NY, U§ were used for all experiments andaintained in a
temperatureand humiditycontrolled, AAALAC-approved animal facility on a 12/12 h
light/dark cycle (lights ot 07:00 a.m.) and housed in pairs. Food and water were available
ad libitum Following delvery to the animal facility, the animals were adapted to the new
environment for at least one week before experiments commeAteexperimental
procedures wereparoved by thénstitutional Animal Care and Use Committefeeither
the University of Maryland, Baltimoreor Dartmouth Collegand were in full accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Animalstha underwenADX were housed individuallgfter the surgerfor the remaider

of the experimets.

Chemicals/Drugs

KYNA was purchased from Sigma (St. Louis, MO, USRF04859989 was
obtained from Pfizer (New York, NY, USA), dissolved in 0.8%ine, and administered
subcutaneously (s.c.) fan vivo experimentationBFF816, kindly provided by Dr. H.
Yasumatsu of Mitsubishifanabe Pharm@orporation (Yokohama, Japamjassuspended
in 40% cyclodextrin (Sigmajpnd themixture wasadjusted to g 8.0 with 1 N NaOH

BFF816 wasadministeredby oral gavagdp.o.) for in vivo experimentationAll other
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chemicals were obtained from a variety of suppliers and were of the highest commercially

available purity.

Adrenalectomy

Rats were anesthetized witkoflurane using a vaporizer-8% in oxygen) To
perform ADX, 4cm incisions were madailaterally into the skin and muscle along the
back directly underneath the rib cage to allow access to the superior region of the kidneys.
Adrenal glands on each side were identifiesdially and removed. The muscles were then
sutured back together, and the skin wigpkd closed. Sharoperated rats underwent an
identicalprocedurebut leavingadrenal glands intact. Animals thatderweneitherADX
or sham surgery were houdadividually and allowed to recover seven days beforther
experimenation Following surgery, animals receivedd libitum access to 0.9% saline,

replacing the tap water.

Stress Models

Animals were assigned to one of three experimental conditions (2 h of either
exposure to predator odor in the home cage, physical restraint, or inescapdble
unpredictable foot shock delivered in an operant chamber, as described below), or to one
of the two control conditions (undisturbed and remaining in their home cage or placed in
the operant chamber but with no shock delivered). In the separates¢coheeffects of
the different treatment conditions were compared using biochemical measures and

behavioal outcome measures.
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Predator Odor Exposure

Ratsremainedn their home cagél'hena beakecontaining30-40 ml of fox urine
(Leg Up Enterprises, LoWleME, USA) was placed in the center of th@mecage for 2 h.
Restraint Stress

Rats were placed in a clear plastic cylinder (diameter: 5.5 cm, with adjustable
length) with the entire body tightly restrained for 2 h.
Inescapable Shock Stress (ISS)

Rats wee placed in an operant chamber (Coulbourn Instruments, Holliston, MA,
USA) for 2 h and received 1 mA foot shocks (30 sec in duration) with ansiiteslus
interval of 60sec.The chamber (25.4 cm W x 25.4 cm H x 19.1 cm L) was composed of
aluminum sidewlls and ceiling and plexiglass front and back walls with a removable

stainlesssteelcolumn grid (1 cm aparf)oor.

Microdialysis

On the day before microdialysis was conducted, rats were anesthetized with
isoflurane (25% in oxygen) and mounteahto a DavidKopf stereotaxic frameAfter
exposing the skull and drilling a burr hole (AP: 3.2 mm anterior to bregma, L: 0.8 mm from
midline), a guide cannula (MAB 2.14.Gdpro Inc., Sanborn, NY, USA) was positioned
unilaterally over the mPFC (2.0 mmlbe the durahemispheres counterbalanced) and
secured to the skull with anchor screws and acrylic dental cement. On the next day, a
microdialysis probe (MAB 9.14.2, membrane length: 2 nSapro Inc.) was inserted
through the guide cannula of the awakel dreelymoving rat The probe was then

connected to a microinfusion pump set to a speed of 1 pl/min and perfused with Ringer
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solution containing 144 mM NaCl, 4.8 mKICl and 1.7 mM CaGl(pH 6.7) After a 1h
stabilization period, microdialysate samplesrgcollectedvery 30 min for up to B. The
first 2 h of collection provided baseline valuBsita were not corrected for recovery from

the microdialysis probe.

Cortical Slice IncubationIn Vitro

Animals wereeuthanized byCO, asphyxiation and their brains were qickly
removed and placed on i¢ée I The cerebral cortex was dissected from the rest of the
brain andcut into 1 x 1 mmslices using a Mcllwain chopper (Mickle Laboratory
Engineering, Gomshall, UK)The slices were keptn ice in a pg-oxygenated Krebs
Ringer buffer containingl18.5 mM NaCl, 475 mM KCI, 1.77 mM CaCp, 1.18 mM
MgSQy, 129 mM NaHPQy, 3 mM NaHPQs, and 5 mM glucoséH 7.4) until initiation
of the experiment (4 h). Next, two slices were placed intioe incubation wells o 48
well platecontaining 10Qul of Krebs bufferanddifferent concentrations of kynurenine (0,
3, 10, and 3@M). Well plates were then incubatéat 1 hat 3% ©n a shaking water bath
An othemise identical wellplate was left on icéo provide blank values. Following the
incubation the plates were immediately placed on jeee medium was rapidly separated
from the slicesand 10 ul of 1 N HCI/ 25% perchlac acid wereadded toeach sample.
After centrifugation(18,400x g, 10 min), the samples weroredat8 0 e C unt i.l pr oce
The medium was later analyzed for KYNA conteahdthe proteincontent ofthe slices

wasdeterminedasdescribed below.
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Intracortical *H-Kynureninelnjections

The radioactive tracer methodevelopedby Guidetti et al. (1995was used to
study acute kynurenine pathway metabolism in the brawvivo. To this end, rats were
anesthetized with isoflurarf@-5% in oxygen) and mourdeonto a David Kopf stereotaxic
frame as described abové& guide cannula was positioned unilaterally over rifeFC
(AP: 3.2 mm anterior to bregma, L: 0.8 mm frémemidline, DV: 2.0mm below the dura;
hemispheres countéalanced) and secured to thelskuith acrylic dental cement. On the
next day, 6 fof [®H]-kynurenine(2.5 uCi, 7.1 Ci/mmol, Moravek IncGermany was
infusedthrough the cannula into tlmePFCover 10min using a microinfusion pum@ome
animals wereestrainedollowing infusionto assess the effect efresswhile the remaining
animals were left undisturbeRats weresacrificedby CQ, asphyxiatior? h after the start
of the PH]-kynureninenfusion, and their braswerequickly removed. Theortical tissue
surrounding the injectiositewasrapidly dissected out on ice, frozen on dry ice, and stored

at-8 0 e C un ted | process

Liver TDO activity

Animals were euthanized bgO, asphyxiation and their livers were quickly
removed and stored & 0 euddil initiation of the experimeniThe liver was thawed and
homogenized (1:10 w/v) ia00 mM HEPES buffer (pH 4), and the homogenate was
further diluted (1:10, v/v) in the same buffer foro#al dilution of 1:100 w/vNext, 50ul
of liver homogenate eremixedwith a solution containing final concentration cf0 uM
hematin, 25 uM ascorbic acid, and 200 uM TiRR total volume of 100 ul and incubated

for 2 h at 3& CAt the end of the indeation, he reaction wastopped by adding 2% of
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6% perchloric acid Samples were further incubated for 20 min ag &nd then
centrifugedat 18,400x g for 10 min. Twentyul of the supernatant wernalyzed for

kynurenine cotent(seebelow).

Biochemical Measures
Plasma Corticosterone

To study CORT levels, rats from each of the 5 groups were euthanized by CO
asphyxiation immediately after thel2period, and trunk blood was collected in EDTA
containing vialsPlasma was sepated by centrifugeon (6,000 xg, 10 min), and plasma
CORT was determined by radioimmunoassay according to the protocol provided by the

manufacturer (MP Biochemicals, Orangeburg, NY, USA).

Determination oKynurenic Acidand Kynurenine by HPLC

The conentratiors of KYNA and kynurenine were determined by high
performance liquid chromatographHPLC) with fluorescence detectionKYNA,
excitation wavelength: 344 nnemission wavelength: 398 nrkynurenine, excitation
wavelength 365 nm, emission wavelengtd80 nm; Perkin Elmer200a fluorescence
detector, Waltham, MA, USA To this end,20-30 pl sample were applied to a BDS
Hypersil C18 column (100 mm x 4.6 mm, particle size 3 fihermo Scientifil; and were
isocratically eluted at a flow rate of 1ll/min using a nobile phase containing 250 mM
zinc acetate, 50 mM sodium acetate, and 4(&6 KYNA) or 1% (for kynurenine)

acetonitrile (pH 6.2), as previously descrilfédu et al. 1992; Notarangelo and Schwarcz
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2017) The retention time of KYNA and kynureninewere ~6 min and ~10 min,

respectively

Determination of Kynurenine, Tryptophan, and Quinolinic AgidGC/MS

As previously describe@Notarangelcet al. 2012) kynurenine, TRP, and QUIN
weredetermired bygas chromatography/tandem mass spectromiétogentissues were
thawed sonicated in ulapure watef1:5 w/\v), andthenfurtherdiluted in 0.1% ascorbic
acidfor afinal dilution of 1:20. Next,50¢! of an internal standard mixHs] QUIN, [>Hg]
L-kynureningand fHs] L-TRP) wer e 4d of daehdsanple, afid proteins were
preci pit atl efdacetane.tAfter ceritrifugation (13,700g, 5 milnoj , 50 ¢
methanol:chloroform (20:50) weredded to the supernatant, and the samples were
certrifugedagain (13,70 g, 10 min). The upper layer was added to a glass tube and dried
for 90 min. The sampl es Moé2,23,38pbantafluoraler i vati z
propanol | & pemtafidoBpopionic anhydride at 75°C for 30 min, dried and
reconstitutedd emnhy50 lasae thentused forl analysis by gas

chromatography/mass spectrometry

Determination of 3Hydroxykynurenindy HPLC

The concentration of3-HK was determined byHPLC with electrochemial
detection ¢xidation potential: +0.5 VEicom HTEC 500 detectpBSan Diego, CAUSA).
To this end20 pl samplesvere applied toraHR-80 Catechlaminecolumn 80 mm x 4.6
mm, particle size 3 umrhermo Scientifif; and3-HK was i®cratically eluted at a flow

rate of 0.5 ml/min using a mobile phase containiogz7 mM EDTA, 8.9 mM sodium
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heptane sulfonic acjd.5% acetonitrile 0.9% triethylamine, and 0.59% phosphoric acid
aspreviously describeSathyasaumaret al.2010) The retention time @3-HK was 41

min.

Determination of {H]-KynureninePathwayMetaboltes

Tritiated kynurenine pathway metabolites warelyed as described previously
(Guidettiet al. 1995) Briefly, samples were applied to a YM&ck Pro C18 (250 x 4.6
mm) column and eluted at a flow rate of 1.2min (Waters 515 HPLC pump) with a
mobile phase containing 100 mM ammonium phosphate (11),53.60 mM glacial acetic
acid (5.75 ni/l), 1.5 mM Zoctanesulfonic acid (0.341y/ and 4% acetonitrile at pH 3.2
(titrated with 1:1 HPQy/acetic acid) and detected by UV (Applied Biosystems 785A
Absorbance Detector) at 254 nmixed with LabLogic FlowLogic U scintillation fluid
flowing at 2.7ml/min, and radioactivelyvasdetermined (Berthold Technologies FlowStar
LB514). The production of newly formedH]-KYNA, [3H]-3-HK, and PH]-QUIN was

expressed as a percentage of the total radioactivity recoveredrpeal tissue

Protein Determinatn

Protein was determinedsing the method developed hyowry et al. (1951)
Briefly, 10 pl of homogenate (diluted 1:5) wemaxedwi t h 2. 4 ml of #ALowry
of 98 m of 2% sodium carbonate in 0.1 N NaOH, Lah2% sodium potassium tartrate,
and 1 nh of 1% cupric sulfate perGD ml. After being incubted for 10 min at room
temperatre,200lof A Lowrtginingll , Folni n and Ciocalteubs

wereadded and thesampls weremixed and incubated at room temperature for another
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20 min.Finally, samples were analyzég light spectrometryThermo Scientifi®iomate

3S)at a wavelength of 660 nm.

Behavioral Studies
Elevated Plus Maze

A black plexiglass plushaped platform (74 cm ab®the floor) with two open
arms and two closed arms (each 50 x 10 cm) was placed in a quiet, dimly lit Them
arms were connected by a central area (10 x 10 émimals were placed in the central
area facing a closed arm and were allowed to exptesdyffor 5 min. The time spent in
each arm and the number of entries into each arm were recdkdeghty was counted
when the front two paws of the rat were placed on an diine. maze was cleaned with

70% ethanol between tests.

Fear Discrimination

The fear discrimination procedure was performed irséimeeoperant chamber used
for the ISS A 1500kHz tone and white noise were used as the auditory cues (CS+, CS
counterbalancedRats underwent a wedéng procedure consisting of daily sessions as
follows (seeFigure 1.2): Onthe first day (conditioning session), rats were presented with
three 10sec paings of the CS+ followed immediately by a 1 mAséc foot shock,
intermixed with three 18ec presentations of the C®ith a 3min interval between cue
presentations. Fdhe next three days (days42, contextual fear to the training chamber
was exinguished by reexposing the animals to the training chamber (context A) for 10

min/day with no cues or shocks deliver&h day 5, rats were exposed to a new context

42



(context B, created by changing to a square grid steel mesh floor, adding white paper to
the walls of the chamber, and the presence of an odor-8eineOn the following two

days (days 6 and 7), rats underwent the criticaldiserimination test sessions, during
which the animals were 1@&xposed to each CS three times in context B witlshcks
delivered One of the CSs was presented during the first test session (dayl@he other

CS was presented during the second test session (day 7; counterbalmdeg Xhe test
sessions, freezing behavipno movement except respiratiofffanselow 198Q)was
recorded onlyduring the 16sec cue presentations and was converted into a percentage of

total observations as describ@teene and Bucci 2008; Bucei al.2016)

Statistical Analysis

All data are expressed as the mea8.E.M. Unless statedtherwise, statistical
analyses were performed as follows: plasma CORT lamdselevated plus maze data
were analyzed using a omay analysis of variance (ANOWA For analysis of
microdialysis data, a twway repeated measures ANOVA [factors: time iitsubjects
factor) and condition (between subjects fagtor a threeway rgpeated measurédsNOVA
(for the PF04859989 experimentwas used For baseline freezinglata before fear
discriminationacquisition a oneway ANOVA was usedA two-way repeateaneasures
ANOVA [factors: CS type (within subjects factor) and condition (betwsabjects factor)]
or [factors: days (within subjects factor) and condition (between subjects fagtsr)]sed
to analyzeall otherfear discrimination data&{YNA synthesidn vitro wasassessedy a
threeway repeated measures ANOVfactors:concentrdabn (within subjects factgrand

stress and surgerfpetween subjects facB)l. For analysisof the data obtained when
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studyingdenovometabolism of*H]-kynurenine athreeway repeated measures ANOVA

was usedfactors: metabolite(within subjects factg and stress and surgerfpetween

subjects fact@)]. A regulartwo-way ANOVA (factors: surgery and stress) was ufed

the andysis of tissue kynurenine pathway metabolites ArgaticTDO activity data.

Unless otherwise statedl] analysesvere follone d up us i n g poathoBteshf er r oni

A p value of <0.05 wasonsidered significant in all cases
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Chapter 3: Stressinduced I mpairments in Fear Discrimination are Causally

Related tothe Formation of Kynurenic Acid in the Medial Prefrontal Cortex

31 Introduction

Stress can have harmful health consequences and has a key role in the
pathophysiology of various mental illnesgbiusazziet al.2018) Cognitive dysfunction
is one of the major and impactful consequences of stress in péRantst al.2015; Bora
2016; Flanagaet al. 2018; Misiaket al. 2018) Investigating the molecular mechanisms
involved in stressnduced phenomena, itherefore not only critical for understanding the
pathophysiology of psychiatric disordebut may also lead to new strategies to prevent or
normalize stresselated cognitive deficitsA variety of rodent stress models are available
to study the domains and constructs of mental disorders in this cd8tdhdneret al.

2017) Although differing in nature and duration, they share face validity and often cause
similar cognitive dysfunctions in experimental animals.

The role of the essential @am acid TRP in stressrelated phenomena has been
thoroughly investigated and documented in both humans and experimental animals
(Ruddicket al.2006; Miuraet al.2008) Stressnduced activation of the HPA axis raises
the levels of CORT and increases inflammatory processes, and these effectgnin t
stimulate the converamof TRP to the pivotal metabolite kynurenine by activating TDO
and IDO, respectivelySitaramam and Ramasarma 1975; Mandi and Vécsei 20Ai3)

process divert3 RP metabolism away from producing serotonin, providing a conceptual
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link between stress and thathophysiology o$tressrelated disorder&iank et al.2010;

Gibneyet al. 2014; Noldet al. 2019) Based on this theoretical constractd studies in

relevant animal mode(&augerayet al.2010; Fuertiget al.2016; Ohtaet al.2017; Martin

Hernandezt al. 2018; Dudaet al. 2019) investigators also began consider a possible

role of Kynurenine and its downstream met at
stressrelateddisordersThis connection was attributed mostly to the excessive production

of compounds such askK and QUIN, in the sec al | ewr oithnoxi c0 br anch
metabolic cascade, following repeated or prolonged sfid&fier and Schwarz 2007;

Raisonet al.2010; Krauseet al.2012; Myintet al.2012; Erhardet al.2013; Parrotet al.

2016; Laumett al.2017)

So far, little attention has been paid in thantext to KYNA, a neuroimbitory
compound that is produced from kynurenine in a sidearm of the pathitreyyghacute
stress in rodents is known to result in prompt increases in cerebral KYNA levels in the
fetus(Notarangelo and Schwarcz 20EBfd adulthoodPawlaket al.2000) KYNA is an
astrocytederived metabolite which influen@cognitive functions in a biphasic manner
(Pccivavseket al. 2016) For example, experimental increases in brain KYNA levels
caused by systemic administration of kynurenine lead to impairmePECmediated set
shifting (Alexanderet al. 2012) spatial contextual memof(Pocivavselet al.2011) fear
learning (Chesset al. 2009) and working memory(Chesset al. 2007) Conversely,
reductions in cerebral KYNA, caused by either pharmacological inhibition or genetic
deletion of KAT Il, theprimaryenzymeresponsible for the synthesis of readily mobilizable
KYNA in the mammalian brainmprovescognitive function(Potteret al.2010; Kozaket

al. 2014; Wuet al.2014; Pocivavsekt al.2019) Presumably, these modulatory effects of
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endogenous KYNA are related to the fact that metabolite acts as an inhibitor of
U BAChRsas well as NMDARs (Kesder et al. 1989; Hilmaset al. 2001) both of which
are critical for learning and memof,evin et al. 2006; Robbins and Murphy 2006)
Notably, KYNA levels are elevated in tiF=-Cand CSFof patients with schizophrenia, a
disorder in which cognitive dysfunction is a core feafiitteinrichs and Zakzanis 1998;
Erhardtet al. 2001; Schwarcet al. 2001; Sathyasaikumat al. 2011; Linderholmet al.
2012; Kindleret al.2019)

To date, the possible causal relationship between stressAK#hd cognitive
function has not been directly examined. To begin investigating this connection, the present
study in rats was designed to determime eéffect of three acute stressors on extracellular
KYNA levels in themPFC and ormPFGdependent fear sicrimination. Causality was
examined by using the selective, braienetrable KAT Il inhibitor Pf94859989Kozak
et al.2014) which allowed us to test whethreducingKYNA neosynthesisttenuate the
stressinduced increase in KYNA in thenPFC and ameliorates deficits in fear

discrimination.

32 Results

Effect of Acute Stress on Plasnf2ORT Levels

We first tested the effect of the three acute stressors on plasma CORT levels
(Figure 3.1). Stress significantly affected plasma CORT (@veey ANOVA, F(4,41) =
20.56,p<0.0001). Further analysis revealed 2 h of restraint stress (n=11) and ISS (n=12)

increasedCORT levels by 352 + 61% and 622 + 61%, respectively (Bonfepastihoc
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test,p<0.01 ad p<0.001, respectively) compared to control rdisus ISS was a more
severe stress, raising CORT levels nearly twice as much as restraint (Bonfepest
hocteg, p<0.05)

Sincemeasurement of circulating CORT afét-h exposure to predator odoe=7)
did not reveal significant differences from control (n=9) levéligyre 3.1, Bonferroni
posthoc test, p>0.05), we assessed the effect 8 min exposure tgoredator odor in
separate cohato investigate ifthe odorindeedeliciteda stress respee In fact, CORT
levelsincreased significantligy 197 + 27% of contraln=8) aftera 30 minexposure (n=4)
suggestinghat animals habituate tpredatorodor after2 h (Figure 3.2 St utdestht 6 s

p<0.05)
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Figure 3.17 Plasma CORT levelammediately after the termination of a 2 h
stress.

Controls were left undisturbed in their home cage or in the shock chamber for 2 t
are the meat SEM (n = 7-12 per group). *p<0.01 vs. control; **1<0.001 vs. control;
#p<0.05 vs. 2 h restraint.
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Figure 3.27 Plasma CORT levels immediately after the termination of 30 min
exposure to predator odor.

Rats were exposed to fox urine for 30 minutedevtontrols were left undisturbed i
their home cage for 30 min. Data are the me&&EM (n = 48 per group). p<0.05 vs.
control.
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Effect of Acute Stress on Extracellular KYNA Levels in tha?FC

Next, we examined the effect of theeestressors on extracellular KYNA levels
in themPFC Figure 3.3). The average basal level of extriigkar KYNA of all rats studied
was 2.1 + 0.1 nM (i 31). Stress significantly affected KYNA levels (tweay repeated
measures ANOVA, main effect of stress4,26) =4.519 p<0.01). However, upon further
analysis of the three stressors tested, only 18iSed extracellular KYNA levels
significantly compeed to baseline at each timepoint starting 1 h after the initiation of the
stress ( n =posthoctd&tprd0B)rwitrbanmaxinsal increasd 194 + 10%
1.5 h after ISS termination. In contras, significant increase¥0.05) compared to bdsa

levels were caused by restraint stress (n = 6) and exposure to predator odor (n = 7).
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Figure 3.37 Effect of 2 h stress on extracellular KYNA levels in the rat mPFC.
Basal levels (2. 0.1 nM) are the gerage of all animals used in this microdialy:
experiment. Data are the mea®SEM (n = 67 per group). p<0.05 vs. basal levels.
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Behavioral Effects of Acute Stress
Elevated Plus Maze

Separate cohorts of animdgis= 8 per groupyvere testedmthe elevated plus maze
immediately after the termination of stress. Irrespective of the stressor used (ISS, restraint
and predator odor), none diie stressos had any significant impact on behavioral
outcomesincluding % of time in open arm@-igure 3.4; oneway ANOVA, F(4,35) =
2.233,p=0.086), time spent in operrigure 3.5; oneway ANOVA, F(4,35) =1.932
p=0.128) and closedoneway ANOVA, F(4,35) =2.547 p=0.067) arms entries into open
(Figure 3.6; oneway ANOVA, F(4,35) =1.061, p=0.390 and cbsed 6neway ANOVA,
F(4,35) = 2434, p=0.066) arms and total entriesoheway ANOVA, F(4,35) =0.438Q

p=0.439).
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Figure 3.471 Effect of 2 h stress on the percentage of time spent in the open arm:
of an elevated plus maze.

Animals were tested immediately after termination of the stressor. Percentage
spent in the open arms is shown here. Data are ther@aM (n = 8 per group).

100+
90+
80~

70+

% Time in Open Arms

54



Figure 3.57 Effect of 2 h stress on time spent ithe open and closed arms of an

elevated plus maze.
Animals were tested immediately after termination of the stressor. Time spent

open and closed arms is shown here. Data are thexf#fah! (n = 8 per group).
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