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General Abstract

Persistent organic pollutants (POPSs), includiniggdorinated biphenyls (PCBs) are
widespread in aquatic systems. These toxicantstimaulate in the tissues of aquatic
organisms, especially fish as they occupy a positiear the top of the aquatic food web. Teleost
fish respond to stressors, including toxicantsatiyvating a co-ordinated network of adaptive
responses, collectively termed the integrated stresponse, which allows animals to regain
homeostasis. Depending on the nature of the stredbsostress response may be a generalised
endocrine response that occurs at the organisveldad/or a cellular response involving
protein synthesis. The cellular response to PCBlimsvolves aryl hydrocarbon receptor (AhR)
activation and the induction of biotransformatiozygmes, including cytochrome P4501A
(Cyp1A). However, little is known about the modeaation of PCBs in affecting the adaptive
stress response in animals.

The objective of this thesis was to investigatertile played by AhR in mediating PCB
impact on the highly conserved physiological resesnto secondary stressors in fish. The
experimental approach involved whole animal expestmdies with PCBs both in a laboratory
setting as well as using feral fish. Also, in vilm@chanistic studies with pharmacological agents
[AhR agonist §-naphthoflavone) and antagonist (resveratrol), lBgpfibitor (geldanamycin),
proteasomal inhibitor (MG-132) and transcriptiorcdomycin D) and translational inhibitors
(cycloheximide D)] were carried out to understarftRAregulation in primary cultures of
rainbow trout Oncorhynchus mykissiepatocytes. Also, a targeted trout cDNA micragamvas
developed as a tool to identify stress-responsareeg and signaling networks in fish.

Short-term (3 day) exposure to PCBs, while indudivey AhR and CyplA expression,

did not modify the adaptive plasma cortisol resjgaiasan acute handling disturbance in rainbow



trout. However, PCBs exposure did modify the melialyesponse that is critical for recovery
from an acute stressor in rainbow trout. To assessnpact of chronic PCB exposure on
cellular stress response, two feral population&rofic char Galvelinus alpinusfrom Bjgrngya
Island, Norway, were utilized. This is becauseaherage PCB load in char liver from Lake
Ellasjgen was approximately 25-fold higher thamatividuals from Lake @yangen, providing a
natural setting to compare long-term toxicant inbarcstress proteins. Liver CyplA expression
was elevated in the high PCB fish suggesting Ahtivatton. Changes in mRNA abundance
and/or protein expression of glucocorticoid recef@&R), heat shock protein 70 (Hsp70) and
heat shock protein 90 (Hsp90) in fish from the HRPB lake leads to the proposal that chronic
exposures to PCBs is proteotoxic to the fish.

In vitro mechanistic studies with trout hepatocytgealed for the first time that AhR is
autoregulated in response to ligand activatiorainlrow trout. Furthermore this AhR regulation
as well as AhR signaling involves both the molecualeaperone Hsp90 and the proteasome in
hepatocytes. AhR signaling appears to play a rotae cellular response to heat shock in trout
hepatocytes. Specifically, AhR signaling appearsednvolved in the heat shock-induced Hsp70
and Hsp90 protein expression in trout hepatocyiies modulation of Hsps by AhR may
involve the proteasome. Overall, the results pmirg cross-talk between the AhR and Hsps
signaling pathways, while the precise mechanisnefsgins to be elucidated.

A targeted rainbow trout cDNA microarray was consted as a tool to identify stress-
responsive genes in trout. This custom cDNA armysisted of 147 rainbow trout genes
designed from conserved regions of fish sequenaakahble in GenBank. The targeted genes
had established roles in physiological processetjding stress and immune function, growth

and metabolism, ion and osmoregulation and reptamtucrhis targeted array revealed changes



in gene expression suggesting a rapid liver moégaeprogramming as critical for the metabolic
adjustments to an acute stressor in fish. Alsostrapts not previously implicated in the stress
response process in fish, including genes involmechmune function and protein degradative
pathways, were found to be stress-responsive. Mathese transiently elevated stress-
responsive transcripts were also shown previoushetglucocorticoid-responsive in fish
implicating a key role for genomic cortisol sigmajiin stress adaptation.

Overall, this thesis demonstrates that PCBs imihgcorganismal and cellular stress
response in fish. AhR autoregulation may be a lspget of PCBs impact on the cellular stress
response pathways. Hsp90 and the proteasome maydbeed in AhR regulation and PCB-
mediated signaling in fish. The results suggesbasztalk between AhR and Hsp signaling
pathways in fish. Finally, the targeted cDNA miarag will be a useful tool to further expand

our knowledge on PCBs impact on the cellular stsggsaling pathways in fish.
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Chapter 1

General Introduction



1. Introduction

Persistent organic pollutants (POPSs), such as pdigcaromatic hydrocarbons (PAHS),
halogenated aromatic hydrocarbons (HAHs) and padyetated biphenyls (PCBs) have been
detected in almost every environment on earth (3&@2). The manufacturing and use of PCBs
in North America was largely banned in late 19 Hswever, the highly lipophilic nature of
these toxicants means that even today alarmingly leivels of PCBs persist in the environment.
As water is often the final destination of enviramtal pollutants, aquatic organisms face an
increased risk of exposure, particularly via tlieed. Exposure to PCBs has been linked to a
range of conditions, including reproductive toxtcimmunotoxicity, hepatotoxicity,
neurotoxicity, apoptosis, necrosis, and endocrbremalities (Safe, 1994).

The cellular response to PCB insult is mediatecharily by the aryl hydrocarbon
receptor (AhR). The AhR is a ligand activated $@iption factor that exists in an inactive
conformation with a suite of accessory proteinsluding the molecular chaperone Hsp90
(Meyer and Perdew, 1999; Petrulis and Perdew, 20CRpracterisation of AhR regulation and
signaling in mammalian systems (Pollenz, 2002)dee fairly extensive. In fact, it is generally
accepted that most of the toxic effects resultnogf PCB exposure are due to activation of AhR.
It is not known if the same hold true for PCB imjpaw teleost fishes as very little is known
about teleost AhR regulation and signaling. Amammals, the primary characteristic of PCB
activation of the AhR is the induction of biotramghation enzymes commonly referred to as
cytochrome P450s (Cyp), and the most widely usdat@tor of PCBs exposure is the CyplAl
(Whitlock, 1999; Aluru and Vijayan, 2006). Indumti of Cyp1A is thought to be a key adaptive
cellular response to offset PCBs impact, but theharisms involved are far from clear. This

chapter gives an overview of AhR and their rol®®@B-mediated cell signaling, the adaptive



response to stress in animals and the impact ofsR®®Bhis highly conserved stress response in

teleost fishes.

2. The Aryl Hydrocarbon Receptor (AhR)

The AhR, found in both invertebrates and vertels;atean ancient protein, having
evolved more than 550 million years ago (Hahn, 2088R is a member of the basic helix-
loop-helix Per ARNT-Sim (bHLH-PAS) superfamily aanhscription factors. In vertebrates
alone, the bHLH-PAS superfamily includes nearly-wazen PAS-domain containing proteins
that act as transcription factors in such proceaseatkevelopment, response to hypoxia, and
circadian rhythms (Gu et al., 2000; Denison andy\a§03). AhR was first identified as
regulating the induction of cytochrome P450-depentenzo@]pyrene BR]P hydroxylase (Cyp

1A1) activity (Poland et al, 1976; Whitlock, 1999).

2.1. Structural Diversity of Teleost AhR

An ever increasing number of publications descghigleost AhR structure and function
have appeared in the literature over the past @e¢adm these reports it is obvious that AhR
structure and function differs not only betweet @d mammalian AhR isoforms, but also
across different fish species. The most strikirftedence between fish and mammalian AhRs is
the number of AhRs described in fish. All mammakpecies examined to date express only a
single AhR gene (AhR1), while the majority of fispecies express at least two isoforms of AhR
(AhR1 and AhR2), with some species expressing as/ras five isoforms (Table 1) (Hahn et
al., 2004; Hahn et al., 2006). For example, twéosos (AhR1 and AhR2) have been identified
in the killifish (Fundulus heteroclitygKarchner et al., 1999), while analysis of thenpbete

genome of the pufferfistFugu rubripe$ revealed a total of five AhR isoforms (two forwfs



Table 1. Summary of AhR diversity in teleost fish.



Rainbow trout - 3 Pollenz et al., 1996
(Oncorhynchus mykiys Abnet et al., 1999a
Hannson et al., 2003
Atlantic salmon - 4 Hansson et al., 2003
(Salmo salay Hannson et al., 2004
Atlantic Killifish (Fundulus 1 1 Hahn et al., 1997
heteroclitu$ Karchner et al., 1999
Zebrafish Danio rerio) 2 1 Tanguay et al., 1999

Andreasen et al., 2002a
Karchner et al., 2005

Atlantic Tomcod - 1 Roy and Wirgin, 1997
(Microgadus tomcod
European Flounder - 1 Besselink et al., 1998
(Platichthys flesus
Top Minnow - 1 Hahn, 1998

(Poeciliopsis lucida
Puffer Fish Fugu rubiripes
Medaka Qryzias latipep 2

N

Karchner and Hahn, 2003
Hahn, 2002

N[




AhR1 and three forms of AhR2) (Karchner and Hal@®4). The Salmonids have proven
especially rich in AhR diversity. In Atlantic saim (Salmo salay one isoform of AhR1 and
four isoforms of AhR2 have been identified (Hannsbal., 2003). Although an AhR1 gene has
not been identified in rainbow troudfcorhynchus mykigsat least three AhR2 isoforms have
been discovered (Abnet et al., 1999a; Hannson,&2@03, 2004). Sequence comparisons
revealed that rtAhR2and rtAhR3 are 98% identical at the amino acid level (Abrietle
1999a). Analysis of the partial sequence of theltAhR2 isoform revealed that it has greater
sequence identity to Atlantic salmon AhR&nd AhR3 genes than to the rtAhirand rtAhRB
(Hannson et al., 2003, 2004). The presence of@se&hR in teleosts is believed to be the
result of a gene duplication that preceded therdesgce of the fish and tetraploid lineages
(Hahn et al., 1997; Karchner et al., 1999). Consatly, it has been suggested that AhR2 may
exist in mammals (Hahn et al., 2006). Despitentiodtiple isoforms of AhRs in teleost fishes,

the functional significance of this receptor divirss still unclear.

2.2. Mechanism of Xenobiotic Stimulated AhR Signaling

The current model of AhR signaling (Fig.1) haslegd mostly from mammalian
studies, although details of the mechanism of &l&bR signaling are emerging and tend to
support the mammalian model (Whitlock et al., 196éllenz, 2002; Song and Pollenz, 2003;
Wentworth et al., 2004). Unbound AhR resides eithéhe cytosol or the nucleus in a complex
with a suite of accessory proteins, including thenunophilin XAP2 (X-associated protein 2),
the 23 kDa protein p23, and two molecules of théemdar chaperone heat shock protein 90
(Hsp90) (Meyer and Perdew, 1999; Meyer et al., 26@@rulis and Perdew, 2002). Chaperone
proteins appear to play several roles in the AhteRrleeomplex, including masking of the NH-

terminal nuclear localization signal, holding tleeeptor in a ligand receptive conformation, and



Figure 1. Aryl hydrocarbon receptor (AhR)-mediated transiion of xenobiotic metabolizing
enzymes. (1) Polychlorinated biphenyls (PCBs) plassigh the cell membrane due to their
lipophilicity and bind to the cytosolic AhR, whigxists as a complex with XAP2, p23, and two
molecules of Hsp90. (2) The PCB bound AhR compiamslocates to the nucleus and forms a
dimer with aryl hydrocarbon nuclear translocatoR{T) leading to (3a) dissociation of the
chaperone proteins. (3b) The PCB-AhR-ARNT com{iiexis to xenobiotic responsive
elements (XRE) in the promoter of target genesh siscthe CyplA gene modulating (4)
transcription and ultimately leading to the (5) egsion of Cypl1ALl protein. (3c¢) Following
activation of gene transcription the AhR is degrhdi& the cytosolic 26S proteasome.
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masking ubiquination sites and, thereby, prevenpire-mature proteolysis (Pollenz, 2002).
Ligand binding to the AhR stimulates a conformagilochange in the heterocomplex resulting in
nuclear translocation and/or retention of the ldyaound heterocomplex, where it dimerizes
with the aryl hydrocarbon receptor nuclear trarsloc(ARNT), itself a member of the bHLH-
PAS superfamily of transcription factors. Subsediyersp90 and other chaperones
disassociate from the AhR-ARNT heterodimer andithescriptionally active complex is free to
bind specific regulatory elements, known as xenobi@sponse elements (XRES) - also known
as dioxin response elements (DRE) or AhR respoesesats (AhRE) - in the promoter or
enhancer of target genes and activate/suppresstiation (Whitlock, 1999). The consensus
sequence of the mammalian XRE has been identiied-aNGCGTG-3’ (Whitlock, 1999),

with the sequence 5’-CGTG-3' absolutely necestarpinding of the AhR-ARNT heterodimer
(Chen and Whitlock, 1992; Yao and Denison, 1992ymination of the AhR signal occurs
when the AhR is exported from the nucleus and stdxgeto 26S proteasome degradation
(Davarinos and Pollenz, 1999; Roberts and Whitle@®9; Pollenz, 2002, Song and Pollenz,

2002).

2.3. Regulation of AhR Levelsand Signaling

Several mechanisms are thought to regulate AhR &N protein levels and the AhR
signaling pathway, including transcriptional angtpwanscriptional regulation, the nature of the
AhR ligand and regulation of ligand binding, protgirotein interactions, genetic factors,
endocrine factors, and the proteasome (CarlsoriPandkew, 2002; Harper et al., 2006). The
phosphorylation state of AhR and its accessoryemetmay play a key role in regulation of the
AhR signaling pathway as all of the proteins in &/#R complex are phosphoproteins (Carlson

and Perdew, 2002). Berghard et al. (1993) sugdd¢iste phosphorylation of one of the AhR



complex proteins, possibly by protein kinase C (PK@as necessary for AhR binding to the
enhancer regions of the CyplAl gene. More recgeibifyas been demonstrated that
phosphorylation of tyrosine residues in the NH-t@ahdomain of AhR is required for
transactivation (Park et al., 2000). The transatitiv of genes by AhR is also controlled by
CcAMP (Oesch-Bartlomoxicz et al., 2005), albeit &ianechanism that is different from
xenobiotic stimulation. Activation by cAMP actualmpairs dioxin activation of the AhR,
possibly because the conformation of the CAMP at#ig AhR differs from xenobiotic activated
AhR, preventing xenobiotics binding or formatioe thhR-ARNT heterodimer.

Proteasomal degradation of transcription factoemigstablished mechanism of
regulating signal transduction pathways (Pahl aadugrle, 1996). A number of studies in both
mammalian systems (Davarinos and Pollenz, 199%1#1l2002, Song and Pollenz, 2002) and
in zebrafish (Wentworth et al., 2004) have demanstt that 26S proteasomal degradation of
AhR plays an important role in regulating AhR sliépand signaling. Termination of AhR
signaling occurs when the receptor is exported filoenucleus and subjected to proteasomal
degradation in the cytoplasm (Pollenz, 2002). &sitiave shown that the interaction between
the various AhR associated chaperone proteins playsiportant role in determining the fate of
the AhR. Loss of Hsp90 or changes in the confaonaif the heterocomplex upon ligand
binding appears to destabilise AhR leading to rattam by the 26S proteasome (Pollenz,
2002). The importance of the Hsp90 association thighAhR heterocomplex is demonstrated by
the finding that treatment of cells with geldanamyA), a benzoquinine ansamycin that
interacts directly with the ATP/ADP binding siteld§p90 and disrupts interactions between
Hsp90 and associated proteins (Chen et al., 19&he# et al., 1997), promotes proteasomal
degradation of ligand-free AhR (Ma and Baldwin, @08ong and Pollenz, 2002, 2003;

Wentworth et al., 2004). Conclusive evidence ferithportance of the 26S proteasome in the

10



regulation/degradation of both mammalian and zé&tirafhR comes from the finding that the
proteasomal inhibitor carbobenzoxy-L-leucyl-L-leltsucinal (MG-132) reduces both GA and
ligand mediated proteasomal degradation (Ma andvidal 2000, Pollenz, 2002; Wentworth et
al., 2004; Pollenz and Buggy, 2006). Proteasomgilatkation of AhR protein has been proposed
to be important for both removal of misfolded ama@mally localized protein and the removal
of protein after it has been recruited to the nugland carried out transcriptional activation of
target genes (Pollenz et al., 2005).

Xenobiotic stimulated AhR signaling is also regathby the AhR repressor (AhRR).
First identified in mammals (Mimura et al., 199%)e presence of a nuclear AhRR has also been
confirmed in teleost fish (Karcher et al., 2002uel0 the presence of a XRE in the promoter
region of the AhRR, expression of this gene is miled by AhR in a ligand-dependent manner.
The AhRR competes with the AhR for binding to thHeMT, and ultimately AhRR-ARNT
heterodimers competes with AhR-ARNT heterodimersfoding to XREs, thereby acting as a
negative regulator of AhR-responsive gene expragditmura et al., 1999; Karchner et al.,

2002).

2.4. Functional Diversity of AhR Signaling Pathways

Despite the diversity of AhR forms the structufeéhe protein is fairly well conserved
across species. In all AhR proteins characterisethte the highest degree of conservation is
found in the bHLH and PAS regions of the N-termidaimain. The diversity in AhR structure is
localized to the C-terminal regions of the proté&iish AhR2s either lack or have a reduced
glutamine (Q)-rich transactivation domain thataarid in the killifish AhR1 (Karchner et al.,
1999) and mammalian AhR1. The AhR2s also have afrmddersion of the LXCXE motif

compared to AhR1. In mammals, this motif mediatgsractions of the AhR with the product of
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the retinoblastoma tumor suppressor gene. Theiatsignificance of this modification is not
yet clear in fishes (Puga et al., 2000).

Functional differences between AhR forms in mansnaald teleosts as well as across
different teleost species exist both at the le¥dilgand binding and transcription. For example,
AhR-dependent activation of target gene transanp(Abnet et al., 1999b) and toxicity (Walker
and Peterson, 1991) in response to mono-orthoitutest PCB exposure is weaker in fish than
in mammals. This observation has been attributetifferences in the intrinsic efficiency for
activation, not affinity, of the AhR by these liglm(Hestermann et al., 2000). Despite the
missing or reduced Q-rich transactivation domash AhR2s retain strong transactivation
function (Pollenz et al., 2002). In fact, most fighgth fish AhR1 and AhR2 forms are
transcriptionally active when expressed in mammatells (Abnet et al., 1999b; Pollenz et al.,
2002; Karchner et al., 2002). For example, zeldnafisR1A appears inactive while both AhR1B
and AhR2 bind ligands with high affinity and actedranscription in transient transfection
assays (Andreasen et al., 2002a, Karchner etC4l5)2The endogenous role for AhR1B remains
to be elucidated as morpholino studies have shbwgrigoform does not play a role in mediating
classical responses to 2,3,7,8-tetrachlorodibendmxin (TCDD) (Mathew et al., 2006). A
comparison of rainbow trout AhlRzand AhR3 forms also reveals functional differences.
Despite the high degree of identity, AhlR@&hows a 10-fold higher enhancer specific
transactivation activity when transiently expressethammalian cells (Abnet et al., 1999b), a
difference that has been linked to amino acid flAhiR2a (which corresponds to amino acid
110 of AhR3) (Andreasen et al., 2002b).

AhR signaling pathways are defined as either adair toxic (Schmidt and Bradfield
1996). Designation of the adaptive response iscbasehe observation that all XRE containing

genes encode enzymes important for the metabolissenmbiotics. Evolution and maintenance
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of the adaptive response is believed to be impbmaminimizing the deleterious impacts of
xenobiotics on important cellular processes. kally, designation of a toxic response pathway
is based on the observation that many of the métabof xenobiotic metabolism impose
oxidative stress. An important milestone in theansthnding of this toxic response pathway
came with the development of AhR knockout mice ifgadez-Salguero et al., 1996). Based on
studies in these mice it is widely accepted thatAhR/ARNT pathway mediates TCDD toxicity
as experiments have shown that nearly all sigii€&G&D toxicity are missing in AhR-null mice
(Fernandez-Salguero et al., 1996; Mimura and Fuiiyama, 2003). Morpholino studies have
shown that knockdown of either zZfFAHR2 or zZfFARNTDbbks dioxin toxicity in zebrafish
(Carney et al., 2004; Dong et al., 2004; Antkiewatal., 2006; Prasch et al., 2003, 2004, 2006,
Mathew et al., 2006).

Expression of a single AhR gene in mammals suggiestthe mammalian AhR1
mediates both adaptive responses to PCB exposiate as the induction of xenobiotic
metabolizing enzymes, as well as physiologicalwasps to PCB exposure, such as the
regulation of cell growth and differentiation (Sdltrand Bradfield, 1996). However, the
evolution of AhR2 in teleosts has led to the spatboih that the responses to PCB exposure may
be isoform specific. Specifically, it has beengegied that AhR1 regulates physiological
processes and AhR2 regulates adaptive processbsa,(B@01). However, as AhR1 has not
been identified in all fish species, including t@omv trout, the applicability of this designation to

all teleost systems is still speculative.

2.5. Cross-Talk Between AhR and Cell Signaling Pathways
The AhR is best understood for its role in medmtime response to PCB exposure, most

notably the Cyp1Al response (Whitlock, 1999; Aland Vijayan, 2006). However, AhR
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signaling also influences and is influenced by mber of cellular signaling pathways. For
example, the AhR interacts with signaling pathwagsvated by the estrogen receptor (ER),
progesterone receptor (PR), hypoxia inducible fa@tdF), nuclear factor kappaB (MB) and
retinoblastoma protein (Carlson and Perdew, 2008k potential for crosstalk between AhR
and glucocorticoid receptor (GR) signaling pathwlags also been proposed (Vijayan et al.,
2005). This crosstalk is largely attributed to ikamities in the chaperone proteins, such as
Hsp90, and shared dimerization partners, such &$TARDirect interactions between AhR and
the effector protein of the pathway in questionvai as sequence similarity ofs-acting
elements in enhancer and promoter regions of tgeyets have also been suggested as potential
sites of crosstalk (Carlson and Perdew, 2002; Hijegt al., 2005; Lee et al., 2006). The
example of crosstalk between the AhR and the hypsignaling pathway is illustrated below
and is given simply to illustrate the multiple Iévat which crosstalk between AhR and other

signaling pathways may occur.

2.5.1. Cross-Talk Between AhR and Hypoxia Signaling Pathways

The hypoxia responsive signaling pathway is aacderdty the Hypoxia Inducible Factor
la (HIF1la). Inresponse to hypoxia, HI&eTorms a heterodimer with ARNT (also know as
HIF1p), and this complex modulates the expression oita sf hypoxia responsive genes. The
molecular mechanisms that regulate cross-talk tvieese two pathways are largely unknown,
however, several reports have shown that exposud@R agonists, including TCDD, impairs
the hypoxia response signaling pathway (Chan €1999; Pollenz et al., 1999; Prasch et al.,
2003; Hofer et al., 2004). Interestingly, actieatiof the AhR signaling pathway does not inhibit
the hypoxia-signaling pathway (Prasch et al., 260dgr et al., 2004). The unidirectional

nature of this cross-talk may be due to sequegt@i®RNT/HIF13 by HIFa during hypoxia,
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thereby limiting the pool of free ARNT availablerfoeterodimerization with AhR in response to
agonist exposure. However, evidence from severas lof research suggests that ARNT is not a
limiting factor and therefore may not act as theelpoint of cross-talk between these pathways
(Pollenz et al., 1999; Prasch et al., 2003; Lesd.eR006). Global gene expression analysis and
analysis of the regulatory regions of potentiagjés of AhR/HIFB cross-talk suggested that co-
factors other than ARNT, including response elemant] promoter sequences may also play an
important role (Lee at al., 2006). Due to the @@quence similarity of the XRE and hypoxic
responsive element (HRE), cross-talk between thagevays may occur when AhR and HiF1

compete for the same regulatory sequences (Hogeeést., 1997).

2.5.2. The CyplA Response

As illustrated in figure 1, upon entry into a de{CBs bind to and activate the AhR,
ultimately modulating transcription of XRE contaigitarget genes. This specific cellular
response to PCBs is exemplified by the inductio@gtibchrome p450’s (Cyp), namely CyplAl
(Whitlock et al., 1996, Whitlock, 1999; Pollenz,@20) Aluru and Vijayan, 2006). CyplAl
expression is silent under “resting” conditions tvahscription occurs within minutes of
exposure to AhR ligands (Whitlock et al. 1996). Tin#uction of Cyp1Al and XRE containing
phase | detoxification enzymes is an adaptive nrespas these enzymes oxidize PCBs to a more
water soluble form. Ironically, the resulting metéte is often more reactive than the parent
compound, increasing the risk of cellular toxicifyortunately, the products of phase |
metabolism are suitable substrates for phase ilreeg that convert the substrates into readily
excreted non-toxic metabolites (Schlenk and Di iBjl2002).

Induction of CyplAl is undoubtedly the most stddaelaptive response to PCB

exposure. In teleost fishes Cyp1ALl is inducible wariety of tissues, including liver, heart, gill,
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intestine, gonad, brain, and spleen, and is ddilectd the mRNA, protein, and enzymatic
activity level (Bello et al., 2001; Schlenk and ®uilio, 2002). As CyplAl is silent in non-
exposed individuals it is often used as a biomaok&CB exposure (Schlenk and Di Guilio,
2002; Wirgin and Theodorakis, 2002). However, @autnust be taken when utilising Cypl1Al
as a biomarker as number of the factors impacCypl A response. Quantification of CyplAl
protein expression and catalytic levels is mostrmamly employed in biomarker studies.
Measurement of mMRNA abundance may be advantagedusnscription of Cyp1Al occurs
rapidly with xenobiotic activation of AhR and masopide more accurate dose-related responses
than protein and catalytic measurements. In addisabstrate inhibition of Cyp1A1 catalytic
activity can be misinterpreted as indicative of llewels of gene expression (Wirgin and
Theodorakis, 2002).

Wild fish may be exposed to AhR ligands eithenalor in mixtures with other
environmental contaminants. CyplA1l expression @nto be impacted when animals are
exposed to mixtures of individual AhR ligands. WeédR agonists may decrease or inhibit
stimulation of Cyp1A1l expression by strong AhR dgts) such as B[a]P and TCDD
(Hestermann et al., 2000; Wirgin and Theodoraki®2). Several studies have shown that a
variety of metals can attenuate the CyplAl resp@seyin and Theodorakis, 2002). Natural
factors such as temperature also impact CyplAlessmn. In one study the magnitude of the
CyplAl response was not impacted by temperaturéhbutalf-life of the Cyp1ALl transcript
was greater in cold-water acclimated fish than amm+water acclimated fish (Kloepper-Sams
and Stegeman, 1992).

The utility of Cyp1Al as a biomarker of PCB expsis also complicated by several
endogenous factors (Wirgin and Theodorakis, 2002e observation that gender and

reproductive status may be related to observahandstradiol (E2) E2 may impair AhR
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mediated transcription of CyplAl (Williams et d1998; Elskus, 2004). Nutritional status may
impact Cyp1ALl as increased mobilization of fat resg in fasted PCB exposed fish ultimately
increases hepatic PCB load (Jorgensen et al., 1@@etic factors may also impact the
CyplAl response. Several populations of differelgdst species have acquired resistance to
xenobiotic compounds. For example, CyplA1l expossis impaired in Killifish and Atlantic
tomcod from highly polluted waters containing aiegr of xenobiotic AhR ligands (Wirgin and
Theodorakis, 2002). Primary cultures of hepatocita®s New Bedford Harbour Killifish are 14-
fold more resistant to TCDD than hepatocytes fromfarence population (Bello et al., 2001).
Several mechanisms may be responsible for inseitgitif these populations to AhR agonists
including point mutations in the AhR receptor deedtions in components of the AhR signaling
pathway, including the aryl-hydrocarbon receptaclear translocator (ARNT) (Wirgin and
Theodorakis, 2002). Hahn et al. (2004) reported AhR alleles identified in the coding regions
of the Atlantic Killifish AhR1 locus differ in fregency between populations from contaminated
and non-contaminated waters such that individual® fpolluted areas have specific alleles that
are underrepresented. It is possible that mutaiiothe promoter region of Cyp1Al could play
a role in observed insensitivities (Bello et a002). Reduced sensitivity to AhR agonists may
also be due to reduced levels of AhR as it has beewn that AhR is down-regulated via the
proteasome following exposure to AhR agonists (Dawa and Pollenz, 1999; Pollenz, 2002,
Wentworth et al., 2004). Finally, presence ofrdeently discovered AhRR (Mimura et al.,
1999) in these resistant populations may also @leote in this phenomenon.

Although the induction of Cypl1Al is a specific ptlae response to PCB exposure there
is evidence to suggest that this cellular stresgaese pathway may be influenced by the
generalised stress response (below), mainly viat¢hiens of cortisol. Exposure to

glucocorticoids such as cortisol, or synthetic glrarticoids such as dexamethasone, fails to
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stimulate Cyp1Al expression (Celander et al., 1996)vever, in combination with AhR
agonists the CyplAl response may be potentiateda{Deet al., 1992; Celander et al., 1996;
Quabius et al., 2005) and this potentiation maynlediated by the glucocorticoid receptor (GR)
(Celander et al., 1996). However, in Arctic Chaithmer cortisol implants nor handling stress

potentiated CyplA protein expression (Jorgenseah ,€2001).

3. The Stress Response

Hans Selye defined stress as “the non-specifimorese of the body to any demand made
upon it” (Selye, 1973). However, this definitiomsvmore accurately defining the stress
response - an adaptive response mechanism thasahe fish to recover homeostasis when
faced with either real or perceived stressorsttivagtaten homeostasis (Wendelaar Bonga, 1997;
Barton et al., 2002; Iwama et al., 2006). Simply, stress can be defined as a state of
threatened homeostasis and the stress respoimgedsmplex network of biochemical and
molecular processes that are vital to coping withdemands placed on the organism by the
stressor (either chemical, physical, or perceiad) allow the organism to re-establish
homeostasis (Wendelaar Bonga, 1997; Barton 2@02; lwama et al., 2006).

Organisms inhabiting the aquatic environment amimely faced with a plethora of
potential stressors — natural or anthropogeniofadhat harbour the potential to stimulate a
stress response. Teleost fish have evolved numéehesvioural, physiological and molecular
strategies to help the organism adapt to and cractitthe effect(s) of these stressors.
Collectively, these strategies are termed the stiesponse and can be broadly divided into the

cellular stress response and the whole-organisgereralised stress response.
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3.1. The Generalized Stress Response

At the organismal level, the stress response cahvided into primary, secondary, and
tertiary responses (Wendelaar Bonga, 1997; Battah,e2002; Iwama et al., 2006). The
primary response is invoked when the stressort&i@uroendocrine stimulation of chromaffin
cells and the hypothalamic-pituitary-interrenal (H&Xis to release catecholamine and
corticosteroid hormones, respectively. The seconskaess response is characterized by
alterations in respiratory, circulatory and immduection, as well as changes in hydromineral
balance and energy metabolism. This stage oftthessresponse is characterized by an increase
in circulating levels of plasma glucose and lactatbese changes are largely dependent upon
neuroendocrine involvement in the primary respoasd,are influenced by the intensity and
duration of the stressor (Wendelaar Bonga, 199tpBaet al., 2002; lwama et al, 2006). The
tertiary stress response extends to the leveleoiiole organism and population, referring to
inhibition of growth, reproduction, immune functicend reduced capacity to tolerate subsequent
or additional stressors (Wendelaar Bonga, 1997).

Recognition of real or perceived stressors byctmral nervous system (CNS) stimulates
the release of neuroendocrine factors — catechoksyand corticosteroids - that characterise the
primary stress response. Sympathetic nerve filvhesh innervate chromaffin cells located in
the anterior region of the teleost kidney stimuthterapid release of catecholamines, primarily
epinephrine, resulting in an immediate increasariculating levels (Randall and Perry, 1992;
Reid et al., 1998). The release of catecholammesportant for short-term metabolic
adjustments such as the stimulation of glucoseumtiah by glycogenolysis. The glucose
released from the breakdown of glycogen entersamtmlation and is distributed to peripheral
tissues where it is used to fuel the increasedggrdemand associated with stress (Wendelaar

Bonga, 1997).
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The release of cortisol, the predominant circatatorticosteroid in teleosts, is delayed
relative to the release of catecholamines. Secreticortisol into circulation involves a series of
steps along the HPI axis beginning with the releds®rticotrophin-releasing factor (CRF) from
the hypothalamus. CRF stimulates the anteriortpityito release adrencorticotropin hormone
(ACTH). ACTH released into circulation stimulatég interrenal cells of the head kidney to
synthesise and release corticosteroids, includimtysol, into circulation for distribution to targe
tissues (Mommsen et al, 1999). Regulation of colrtesvels in circulation is accomplished by a
negative feedback control of the hormone at aklewf the HPI axis (Mommsen et al., 1999).
The duration of the cortisol response to stressfhigenced by the nature and duration of the
stressor (Wendelaar Bonga, 1997; Barton et al.2R2@®asma cortisol levels are transiently
increased by acute stressors but remain elevatesgponse to chronic stressors.

Stress-induced elevation of circulating cortigsldls either directly and/or indirectly
affect intermediary metabolism and this responsleaaght to be critical for stress adaptation
(Vijayan et al., 1994; Mommesen et al., 1999). iset, cortisol stimulates gluconeogenesis by
induction of phosphenopyruvate carboxykinase (PEPCK) activity by directigreasing gene
transcription (Hanson and Reshef, 1997). Corsfialulates gluconeogenesis from amino acid
precursors by increasing protein catabolism ancea®ing aminotransferase activity, namely
aspartate aminotransferase (AspAT), alanine ananeferase (AlaAT) and tyrosine
aminotransferase (TAT). Cortisol also plays a molehe regulation of lipid metabolism.
Although a clear picture of this effect has yeetoerge the primary effect appears to be
stimulation of lipolysis, providing fatty acids agbstrates for oxidation and glycerol for
gluconeogenesis (Mommsen et al., 1999). Theseholataeffects of cortisol highlight the role
this stress steroid plays in maintenance of plagionzose levels and the replenishment of stored

glycogen. Cortisol also plays a role in modulating expression of glycolytic genes as
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evidenced by increased transcript abundance obginase (GK) and pyruvate kinase (PK)
(Vijayan et al, 1997a; Mommsen et al, 1999; Pansdral, 2001; Dziewulska-Szwajkowska et
al, 2003).

The actions of cortisol are mediated by GR (Ducbetal., 1995). Much like the AhR,
mammalian GR, in the unbound state, resides icytwsolic heterocomplex with several
accessory proteins, including two molecules of HsffZratt, 1997). The presence of Hsp90 in
this heterocomplex is essential for cortisol biggdia the ligand-binding domain of GR (Pratt and
Toft, 1997). While the structure of the teleost derocomplex has yet to be elucidated, it is
likely that are similar to that seen in mammaligstem, including a similar GR-Hsp90 complex
also exists in fish (Mommsen et al., 1999; Sathigad Vijayan, 2003; Vijayan et al., 2005). In
fact, evidence fromH-cortisol binding studies have shown that the malier mass of several
teleost GR heterocomplexes is only slightly differisom the 330 kDa size of the mammalian
GR complex (Mommsen et al., 1999). Additionallytl#gaa and Vijayan (2003) have shown
that geldanamycin inhibits cortisol-stimulated E&mses in GR mRNA abundance, suggesting
that Hsp 90 is an important component of the GRadigg mechanism in rainbow trout.

Recently, progress has been made in understatdigegulation during the stress
response. Elevation of plasma cortisol levels elese hepatic GR protein but increase mRNA
abundance (Pottinger, 1990; Lee et al., 1992; ¥ijagt al., 2003). Sathiyaa and Vijayan (2003)
demonstrated that GR protein content is regulate@ wegative feedback loop involving GR
autoregulation. Essentially, increased cortisetle decrease GR protein content by
proteasomal degradation and this coincides witinamase in GR mRNA abundance. This
autoregulation of GR protein content is thoughbbeccritical for maintaining the target tissue

responsiveness to cortisol action (Sathiyaa analyei), 2003; Vijayan et al., 2003).
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3.1.1. PCB Exposure impacts the Cortisol Response to Stress

In teleost fish the cortisol response to stresspacted by a variety of environmental
pollutants, including PCBs (Quabius et al., 199ijajan et al., 1997b; Hontela et al., 1998;
Hontela, 2005). PCBs may act at multiple sites glibve HP1 axis to weaken the stressor
stimulated cortisol response. Proposed mecharo$thss effect include decreased sensitivity of
the interrenal cells to ACTH (Hontela, 2005; Wilsatral., 1998; Aluru et al., 2004), abnormal
negative feedback regulation of cortisol releaserifet al., 2004), altered cortisol clearance
(Mommsen et al., 1999), and inhibition of corti@sidogenesis (Aluru et al., 2005). Activation
of AhR signaling by the AhR agonigtnapthoflavoneNF) impairs ACTH stimulated cortisol
synthesis by decreasing mRNA abundance of stererdogcute regulatory protein (StAR) and
cytochrome P450 cholesterol side chain cleavagg($btt), key rate-limiting enzymes in the
cortisol biosynthesis pathway (Aluru and VijayaQ08).

In addition to impacting the cortisol responsettess, PCBs impact protein expression
of GR (Vijayan et al., 1997b; Jorgensen et al.,2@uru et al., 2004, Vijayan et al., 2005).
For example, in rainbow trout given an injectiorBg3’,4,4’ tetrachlorobiphenyl (TCBP), a
decrease in hepatic GR levels was not seen desBitefold increase in plasma cortisol levels
(Vijayan et al 1997b), suggesting that PCB exposudulated GR content to prevent cortisol-
mediated GR down-regulation. The environmentalgvant PCB mixture Aroclor 1254
decreases fasting-induced increases in brain GRbim Arctic charr $alvelinus alpinus The
decrease in brain GR protein levels seen in thebefso disrupted the negative feedback
inhibition of cortisol secretion (Jorgensen et 2002; Aluru et al., 2004). The mechanism(s) by
which PCBs exert their effects on GR are not kntwhpossible cross-talk between AhR and

GR signaling pathways cannot be ruled out (Vijagtal., 2005). Overall, the adaptive
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responses elicited by animals to stressor expasur#tical for re-establishing homeostasis,

while the mode of action of PCBs in modulating tlasponse is still unclear in teleost fishes.

3.2. The Cédlular Stress Response

How organisms respond to stress is largely depdéngem the nature of the stressor and
the threat it poses. The cellular stress respems@etwork of transient responses to any stressor
that threatens or disrupts cellular homeostasi$tZKR005). Depending on the nature and
impact of the stressor the cellular stress resporesebe non-specific or specific in nature. The
most distinguishable feature of the non-specifitutar stress response is the induction of heat
shock proteins (Hsps) as a response to any stréssidhreatens macromolecule homeostasis, in
particular protein homeostasis. The stressor-8pe&esponse, termed the cellular homeostasis
response, is elicited by activation of stressocgjesensors that monitor changes in
environmental variables. A good example of strespecific response is the induction of
Cyp1A proteins in response to PCB stimulation. Tagponse persists until strain imposing

environmental conditions change in order to restetkilar homeostasis (Kultz, 2005).

3.2.1. Heat Shock Proteins

The control and maintenance of protein homeostesikiding protein synthesis, folding
and degradation, is vital to cell survival. Eaclttadse processes is dependent upon numerous
cellular factors, including Hsps. These evolutigneonserved proteins are represented by
several families that when classified by molecwarght (measured in kilodaltons - kDa) are
termed Hspl100, Hsp90, Hsp70, Hsp60, Hsp40 andhtlad Bisps below 30 kDa. Hsps act as
ATP-dependent molecular chaperones that bind namengroteins, aid in protein translocation,

inhibit protein aggregation and promote attainneerd maintenance of the native state through
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interaction with hydrophobic amino acids (Parsetl &indquist, 1991; Morimoto, 1998; Nollen
and Morimoto, 2002). These proteins play importatgs during normal physiological processes
including cell cycle, embryo development, cell diffntiation, and spermatogenesis (Nollen and
Morimoto, 2002). Hsps are also critical to copewptoteotoxicity and also to protect cells from
subsequent stressors (Hightower, 1991).

Undoubtedly, the Hsp70 family is the most exteelyistudied. The Hsp70 family
includes the constitutive Hsp70, also known as Hsard the stress inducible Hsp70 (Huang et
al., 2001; Mayer and Bukau, 2004; Kampinga, 20B6jh Hsp70 and Hsc70 play important
housekeeping roles including folding of newly syastised polypeptides, refolding of denatured,
misfolded and aggregated proteins, protein traasioe, and controlling the activity of signal
transduction pathways such as transcription fa@odsprotein kinases (Mayer and Bukau,
2004). Despite being viewed as functionally intarceable with one another Hsc70 and Hsp70
are functionally different (Gething and Sambrod92). The most obvious difference occurs at
the level of gene expression. Hsc70, as the namkesnis constitutively expressed in both non-
stressed and stressed cells, whereas Hsp70 iglacibie protein expressed in stressed cells
(Gething and Sambrook, 1992). However, Hsc70 espyass impacted by a variety of
conditions, including exposure to cadmium (Hunglet1998), ischemia (Kawagoe et al., 1993),
hypoxia (Turman et al., 1997), and heat shock (&lest al., 1998). In teleost fish increased
expression of hsc70 in response to heat shockd&amtet al., 1997) and chronic cortisol
stimulation (Vijayan et al., 2003) has been reghrt¢owever, other studies have reported that
hsc70 expression in fish cells does not changespanse to heat shock (Zafarullah et al., 1992;
Boone and Vijayan, 2002b), metals (Zafarullah gti#192), or oxygen limitation (Currie et al.,

1999).
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Hsp90 is an ATP dependent phospho-protein thgs@avital role in cellular
housekeeping (Picard, 2002). In fact, Hsp90 isadrtae most abundant proteins in eukaryotic
cells, representing 1-2% of the total cellular pinotpool. In zebrafish (Krone and Sass, 1994)
two isoforms of the Hsp90, designated Hap@ad Hsp9p and which are 90% identical at the
amino acid levels, have been identified. Duringqus of “non-stress” the expression of Hsp90
is greater than that of Hsp@Ghowever Hsp9® expression increases in response to heat shock.
Levels of Hsp90 may increase up to 10-fold in reseao proteotoxic stress. Relatively little is
known about the impact of potential stressors g@ression of Hsp90 compared to Hsp70.
Studies have shown that cortisol administrationekeses hsp90 mRNA abundance (Sathiyaa et.
al., 2001).

In contrast to Hsp70, Hsp90 is not essential éonavo protein synthesis. However, it
can bind to peptides, prevent protein aggregatnmhfanction in protein-folding reactions, albeit
in a limited capacity (Caplan, 1999). Hsp90 playstal role in the maturation, stabilization, and
activation of a number of substrate proteins, iditlg protein kinase and transcription factor
heterocomplexes (Picard, 2002). Involvement of3@sip the maturation of protein
heterocomplexes is highly dependent on interactiatis co-chaperones, including Hsp70.

Enhanced expression of Hsps is regulated by gogbtranscription factors known as
heat shock factors (HSFs). In mammalian systenfslHSresponsible for stressor induced Hsp
expression while HSF4 regulates developmental espe of Hsps (Nollen and Morimoto,
2002). In the unstressed state HSFs reside ioytioplasm as monomeric units. Disruption of
protein homeostasis stimulates formation of HSkiers that bind to heat shock elements
(HSE) in the promoter of Hsp genes and stimulaté thanscription. Function of HSF is
dependent on interactions with Hsp90 and the dismf Hsp90-HSF interaction by GA

treatment, increases expression of Hsps, most Iydtsp70 (Caplan, 1999).
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A suite of environmental contaminants, includingRAligands, impact the expression of
Hsps, including Hsp70 and Hsp90 in a number of $igkcies (Vijayan et al., 2005). Several
studies have reported increased Hsp70 protein ssiprewith PCB exposure (Vijayan et al.,
1997b; 1998, Janz et al., 1997; Weber and Jan4,;288ber et al., 2002). Although little
information exists pertaining to the impact of PGBsHsp90, Aluru et al. (2004) did show that
5 month fasted char exposed to PCB had decreapeession of brain Hsp90 protein. At this
time it is unknown whether the Hsp response to R sure is mediated by AhR activation
and/or due to the or is the result of oxidative dgecaused by the metabolism of xenobiotics
compounds by phase 1 enzymes, such as CyplALl. IDveeahighly conserved cellular stress

response is modulated by PCBs but the mode ofracgimains to be determined.

4. Genomic Tools for Identifying Stress-Responsiveathways

The above sections outlined some of the key plapeved in the cellular stress
response. However, it is likely that there are offeghways critical for allowing animals to cope
with stress but not yet characterized in fish. Lheitently, studies of gene regulation in
physiology research has been dominated by a hygistdeven reductionist approach that
attempted to explain physiological responses byetstdnding functional properties of
individual genes (Gracey and Cossins, 2003; Stre2@f¢7). However, as organisms are much
more than the sum of their parts, complex physickgrocesses cannot be understood by
studying how the parts work in isolation. Analysfahe entire transcriptome through large-
scale genomic approaches signifies a shift fronttmventional hypothesis-driven approach
(Brown and Botstein, 1999). These large-scale ggnapproaches are often described as
discovery-driven or hypothesis generating rese@&chcey and Cossins, 2003) and offer views

of molecular integration well beyond that achieealib a reductionist approach.
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Microarrays are an efficient and powerful tool tomtor changes in expression of a large
number of genes simultaneously. In contrast totivéhern blot method in which the target
MRNA is immobilized onto the solid phase and detetith a labelled liquid phase probe, in
the cDNA microarray method (Fig. 2) the cDNA prab@nmobilized onto the solid phase,
usually a specially coated glass slide and thestarmlecule is labelled and suspended in the
liquid phase. The cDNA probes may be generated®@iy amplification of target genes with
either gene specific primers or plasmid specifimprs in cases where target genes are cloned
into libraries. Alternatively, if sufficient segnee information regarding the genes of interest is
available microarrays may be constructed with ggpezific oligonucleotides (Li and
Waldbieser, 2006; Santos et al., 2007).

The advent of cDNA microarray technology signiféesiajor technological advance in
the field of genomics and already the impact of technology on studies of fish physiology is
being felt. Researchers have utilised cDNA mia@gs to analyse the impact of temperature
(Gracey et al., 2004; Podraborsky and Somero, 20@#pxia (Gracey et al., 2001; Gracey,
2007), salinity (Kalujnala et al., 2007), diseaBgdn et al., 2005), environmental toxicants
(Williams et al., 2007), and handling stress (Kmasat al., 2005; Wiseman et al., 2007). What
has become clear from these studies is that tippmes to any stressor involves a complex
network of transcriptional responses involving &drg of genes and molecular pathways. In
many instances the role(s) of these genes and pgshw the response to the stressor has been
previously uncharacterised.

The microarray technique is most powerfully wheplegal to model species for which a

wealth of sequence information is available fromohHPCR primers or probe oligonucleotides
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Fig. 2. Schematic illustration of the cDNA micraaymprocess. Total RNA is isolated from
experimental control and treatment samples. Equahtities of RNA are reverse transcribed
into cDNA and a fluorescent dye, either Cy3 (redCg5 (blue), is incorporated into either the
control or treatment sample. The labelled cDNA gl are pooled and hybridized to cDNA
that has been immobilized onto a specially coatasisgslide.
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can be synthesised. However, recent work has detmaded the utility of the cDNA microarray
approach in non-model organisms where sequencematmn may be lacking (Buckley, 2007).
Nowhere is this more evident than in the fieldedébst genomics. To date cDNA microarrays
have been constructed for zebrafish (Ton et ab22@ model teleost, and a variety of non-
model species including carp (Moen et al., 2006)dfish (Martyniuk et al., 2006), flounder
(Williams et al., 2003), gobyGillichthys mirabilig (Gracey et al., 2001), Atlantic salmon (Rise
et al., 2004), and rainbow trout (Krasnov et @0%). Prior to the genomic revolution the lack
of sequence information for non-model specieshtériest presented a major obstacle to
researchers interested in gaining a comprehensigerstanding of the genetic regulation of
physiological systems. However, it is becomingeéasingly clear that adequate sequence
identity exists to allow for microarrays develodedone species to be applied to other members
of a phylogenetic group. For example, von Schglairal., (2005) developed a cDNA
microarray consisting of 16000 elements from Aflasalmon §almo salay and rainbow trout,
and found that it was applicable for gene expraesstadies in other closely related species of
Salmonids. In addition, RNA isolated from rainbsmielt Oncorhynchus mordgxwhich is
separated from Atlantic salmon by 200 million yeafrgvolution, also hybridised to the array.
In the case of cross-species comparisons of ggiression using cDNA microarrays this
approach has been termed ‘heterologous’ hybridingiRenn et al., 2004, Buckley, 2007).
Utilisation of cDNA microarray technology is andiMdontinue to advance our
understanding of transcriptional responses to strestimately, however, the ability to cope
with stressor insult results from the action oftpnes. Because quantitative changes in transcript
amounts may not reflect changes in protein expragsie ability to draw physiologically
meaningful conclusions based on microarray datdtén called into question (Gygi et al.,

1999). Using a collection of yeast strains in vimhéach gene is expressed as a GFP-tagged
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fusion protein GFP fluorescence was measured telede changes in gene expression with
changes in the expression of corresponding proteiresponse to different environmental
stimuli (Newman et al., 2006). Changes in mRNAratance correlated with changes in protein
expression for 87% of those genes in which mRNAndbuce changes by greater than twofold.
For a minority of the genes, changes in proteimdance were observed without changes in
MRNA abundance. Seemingly, mRNA expression prafils an effective method to identify
genes whose protein expression is regulated atahscriptional level. However, proteomic
techniques are required to identify post-transtatily regulated genes. In fact, it is suggested
that 25% of the changes in protein expression astyare due to post-translational effects (Lu et
al., 2007). Overall, genomic technology will progidn important means to quickly identify

stressors-responsive genes and molecular pathwatyare crucial for stress adaptation.

5. Experimental Rationale

When teleost fish are faced with a stressor thiyelicit a set of physiological,
biochemical and molecular responses, known astkgrated stress response, that are designed
to ensure re-establishment of homeostasis. Depguai the nature of the stressor, this stress
response may be a generalised response that @tdbheslevel of the whole organism.
Conversely, if cellular homeostasis is threatepedyarily in the form of proteotoxicity, the
organism will elicit a cellular stress respons€BB are a class of anthropogenic compounds that
are widely dispersed in the aquatic environmentthatipose a threat to fish health. The
physiological response to PCB exposure is mediayedhR activation. The primary response
of AhR activation is the induction the CyplAl respe, an adaptive response designed to lessen
the threat of PCB exposure. Numerous studies slaoen that despite activation of the CyplA

response, exposure to PCBs can disrupt homeostadiact, exposure to PCBs may stimulate or
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inhibit the generalised and cellular responsesréss, but very little is known about the role of
AhR signaling in modulating the stress responserdier to assess the role of the AhR signaling
in regulating the physiological responses to sfriesgivo studies using rainbow trout and in

vitro studies using primary cultures of rainbowutrbepatocytes, were performed. In addition,
feral populations of Arctic char were utilized tetdrmine impact(s) of chronic PCB exposure on
cellular stress response. Consequently, the obgeofithis thesis was to characterise the
rainbow trout AhR and determine the impact of P@Bosure on physiological responses to

PCB exposure and stress.

5.1. Research Objectives
The overall objective of this thesis was to deteamthe impact of PCBs exposure on the
adaptive responses to stress in fish and to cleizetAhR signaling and its role in modulating
the cellular stress response in rainbow trout.
The specific objectives are to:
1. Investigate the impact of short-term PCB exp@sun the organismal stress response
In rainbow trout.
2. Investigate the impact of long-term PCB expesur cellular stress response in feral
Arctic char.
3. Characterize AhR signaling in trout hepatocygesimine the role of hsp90 and the
proteasome.
4. Examine the role of the AhR in modulating thutar stress response in trout
hepatocytes.
5. Develop a targeted rainbow trout cDNA microar@yidentifying stress-responsive

genes in fish.
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Chapter 2

Aroclor 1254 affects liver metabolic adjustments asociated with
recovery from an acute stressor in rainbow trout
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Abstract

The objective of this study was to investigateithpact of short-term exposure to
polychlorinated biphenyls on the acute stress mespm rainbow trout. Fish were fed
Aroclor1254 laced food (10mg.Kdgody mass) for three days and then subjectetmin
handling disturbance and sampled over a 24 h reg@fter the stressor exposure. PCB
exposure significantly elevated aryl hydrocarbaremor (AhR) and cytochrome P4501A1
(CyplAl) mRNA abundance and CyplA protein expressanfirming AhR activation. There
was no significant effect of PCB on plasma cortead glucose levels, while plasma lactate
levels were significantly elevated compared togham group. PCB exposure significantly
elevated liver glycogen content and hexokinasei@gtwhereas lactate dehydrogenase activity
was depressed. Short-term PCB exposure did notfynibed secondary stressor-induced plasma
cortisol, glucose and lactate responses. Liver AhRnot CyplAl, transcript levels were
significantly reduced during recovery from handlstgessor. Also, liver glycogen content
dropped significantly after stressor exposure exRICB group but not in the sham group and this
decrease corresponded with a significant elevatidiwer LDH activity. This was matched by a
significantly higher liver LDH activity and a lowétK activity during recovery in the PCB
group suggesting enhanced glycolytic capacity.lecovely, this study demonstrates that short-
term PCB exposure impairs the liver metabolic pennce critical to cope with the enhanced

energy demand associated with a secondary stressonbow trout.
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1. Introduction

Exposure to persistent organic pollutants (PORs)uding polychlorinated biphenyls
(PCBs), have been linked to reduced health perfocmancluding immunotoxicity,
hepatotoxicity, neurotoxicity, and endocrine abnalities (Safe, 1994). As the aquatic
environment is often the final destination for #a@®llutants, aquatic organisms face an
increased risk of exposure to these lipophilic coomuls mostlyia feed. The mode of action of
PCBs is thought to bé@a aryl hydrocarbon receptor (AhR) activation anduicitbn of AhR-
responsive genes, including cytochrome P4501A1 18¢) (Whitlock, 1999; Mimura and
Fujii-Kuriyama, 2003; Carney et al., 2004; Ramadetsal., 2005). While mammals express only
a single AhR gene (AhR1), teleost fishes seemave multiple forms of AhR gene (AhR2),
including AhR2 isoforms in rainbow trouDfcorhynchus mykis¢Abnet et al., 1999; Hannson
et al., 2003, 2004; Hahn, 2001; Hahn et al., 2@006). However, the functional significance of
AhR isoforms in piscine models is not well undeosto

A key adaptive response to stressor exposure,dmglcontaminants, is the acute
elevation in plasma cortisol levels (Wendelaar Bori97; Barton, 2002; lwama et al., 2006).
This generalized whole organism stress resportb®ight to play an important role in stress
adaptation, including metabolic adjustments critioacoping with enhanced energy demand in
stressed fish (Wendelaar Bonga, 1997; Mommsen,et989, Barton, 2002; lwama et al., 2006).
Specifically, cortisol via glucocorticoid recepi@R) is involved in the long-term maintenance
of plasma glucose and the replenishment of livecagen stores during recovery from the
stressor (Mommsen et al., 1999). This energy regjoening seen with cortisol stimulation
involves peripheral proteolysis, amino acid moliian, target tissue substrate utilization, and
higher liver metabolic capacity including gluconengsis (see Mommsen et al., 1999 for a

review). Consequently, any impact of PCBs on eithercortisol response or intermediary
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metabolism will impair stress adaptation. Indeadgieost fishes, chronic exposure to PCBs and
other AhR agonists impair the adaptive cortis@sdrresponse both in laboratory and field
studies (Quabius et al., 1997; Vijayan et al., H99argensen et al., 2002; Aluru and Vijayan,
2004; Aluru et al., 2005; Hontela, 2005). Expodor®CBs has also been linked to altered
expression of the glucocorticoid receptor (GR) ¢alet al., 2004). As GR mediates the cellular
effects of cortisol, it is as an important link \ween the primary and cellular responses to stress
and any effects of PCBs on GR dynamics may ultimatepact cortisol dependent cellular
responses to stress.

The cellular stress response is an evolutionargewed mechanism of cellular defence
against damage to macromolecules, including lipgsntoranes, DNA, and proteins (Kultz,
2005). The cellular response is characterisedregsor non-specific and specific reactions,
both of which are directed at re-establishing ¢atlhomeostasis (Kultz, 2005; Iwama et al.,
2006). The non-specific response is activated tiyerse set of stressors. An excellent
example of this response is gene expression ofdimeak protein 70 (hsp70) as a response to
proteotoxicity (Hightower, 1991; lwama et al., 2D0@n contrast, stressor specific responses are
mediated by stressor specific sensor proteins.ekample, a stressor-specific response is the
CyplAl expression resulting from PCB-mediated AlkeRvation (Whitlock, 1999; Aluru and
Vijayan, 2006a). Previous studies examined moduiadf the organismal and cellular stress
response to longer-term exposure to relatively @B concentration. However, little is known
about the impact of short-term PCB exposure orsttess performance in teleost fishes. The one
study that examined PCB impact on the stress regpimnsecondary stressor exposed fish for
over 3 months to this contaminant (Jgrgensen ,e2@02).

Here our objective was to specifically examine wketa short-term exposure to PCB

was sufficient to impair the adaptive organismal aellular responses in rainbow trout. To this
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end, we exposed trout to the environmentally reallRCB mixture Aroclor 1254 (Muir et al.,
1988; Gundersen et al., 2000) for 3 days and exadhtime organismal and cellular stress
responses to a secondary acute handling disturbBlasama cortisol, glucose and lactate were
measured as indicators of the organismal strepsmesg, while transcript abundance of CYP1A,
AhR, hsp70 and GR were measured as indicatordlofarestress response. Liver glycogen
content and activities of selected enzymes involuddtermediary metabolism were quantified

to assess the liver metabolic capacity.

2. Materials and Methods
2.1. Chemicals

Aroclor 1254 was purchased from LGC Promochem (8dBaveden). Protease inhibitor
cocktail and Bicinchoninic acid (BCA) reagent weregchased from Sigma-aldrich (St. Louis,
MO, USA). All electrophoresis reagents and molaculeight markers were from BioRad
(Mississauga, ON, Canada). CyplA antibody (mounsecad CyplA monoclonal antibody)
was from Biosense laboratories (Bergen, Norway)e 3econdary antibody to CyplA was
alkaline phosphatase-conjugated to goat anti-mm{S€BioRad). Nitroblue tetrazolium (NBT)
and 5-bromo-4-chloro-3-indlyl phosphate salt (BCMN&ye obtained from Fisher Scientific

(Napean, ON, Canada).

2.2. Animals
Juvenile rainbow trout @dncorhynchus mykiss200g) were purchased from Rainbow
Springs Trout Farm (Thamesford, ON, Canada). Fistewnaintained in 200-L tanks with

continuous running water at 13 °C and a 12L:12Di@beriod for 1 month prior to the start of
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the experiment. Fish were fed once daily to satiatli a 3-point sinking food (Martin Mills

Inc., EImira, ON, Canada) for 5 days a week dutiregacclimation period.

2.3. Experimental Protocol

Groups of 8-10 fish each were randomly assignesixtaquaria (100-L), three of which
were for the sham groups and the other three ®PtB groups. Fish were fed once daily with
2% body weight feed (Martin Mills Inc., EImira, ORanada) for 5 days a week during the
acclimation period. Fish were allowed to acclimfate? weeks prior to the start of the
experiment.

During the exposure period fish were fed 2% boéyght feed laced with either ethanol
alone (control) or ethanol containing Aroclor 1289mg/kg body mass /day) for 3 days.
Briefly, the feed was evengubmerged in 95% ethanol or ethanol contaiAiraglor 1254 to
ensure adequate coating of the pellet® ethanol was allowed to evaporate by air-dryamgl
thefeed was stored in a cool and dry place. This nterovidesan easy means of administering
the lipophilic contaminant without stressing fisé (Aluru et al., 2005).

After 3 days of feeding, trout were subjectedniaaute stressor consisting of a
standardized handling disturbance of netting arasicly for 3 min. Tissue samples were
collected either prior to stressor exposure ord 2shh post-stressor exposure. Sampling
consisted of quickly netting all fish for each tarfbne sham and one PCB) at the respective
time-points and anaesthetizing them with an overad<-phenoxyethanol (1:1,000). Fish were
bled by caudal puncture and the blood was colleiciéeparinised tubes, centrifuged (6,000xg
for 5 min at 4 °C), and the plasma was stored fia#te-70°C for subsequent cortisol, glucose,
and lactate determination. Liver tissues were fndndiquid nitrogen and stored at —7O for

subsequent analyses.
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2.4. Plasma Metabolite Determination

Plasma cortisol concentration was determined usiraglioimmunoassay (RIA) kit
(Medicorp, Montreal, PQ, Canada) according to distaéd protocols (Vijayan et al., 2003).
Plasma glucose and lactate concentration wererdigied colorimetrically using commercially

available kits (Sigma).

2.5. Liver Glycogen Concentration and Enzyme Activities

The liver glycogen content was measured after aghytosidase hydrolysis according to
Keppler and Decker (1974). Optimal enzyme acasifior liver hexokinase (HK), pyruvate
kinase (PK), lactate dehydrogenase (LDH), phospblpgruvate carboxykinase (PEPCK),
alanine aminotransferase (AlaAT), and aspartat@aimansferase (AspAT) were carried out at
22 °C by continuous spectrophotometry at 340nm on aaplate reader (VersaMax, Molecular
Devices Corp., Menlo Park, Califonia, USA) exa@s/mentioned before (Vijayan et al., 2006).
Enzyme activities were expressediasoles of substrate consumed or product liberatednge

(U) per gram protein (U-gprotein).

2.6. RNA I solation and First Strand cDNA Synthesis

Total RNA isolation, including DNase treatment, vgasformed using RNeasy mini kits
according to the manufacturer’s instructions (QIAgdississauga, ON, Canada). The first
strand cDNA was synthesized from 1pg of total RN#g a cDNA synthesis kit (MBI
Fermentas, Burlington, ON, Canada) with an oliggodimer according to the manufacturer’s
instructions. A relative standard curve for eaehegyof interest was constructed using cDNA
synthesized using this method. An appropriate melof cDNA for each gene was determined

during quantitative real-time PCR (qPCR) optimiaat{iCycler, Bio-Rad)
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2.7. Primers

Primers (table 1) were designed to amplify eith&b@ bp f-actin, Cyp 1A1, PEPCK,
GR, hsp70) or 500 bp (AhR) fragment of the targetegof interest. The Hsp70 primers detect
both the inducible (Hsp70) and constitutive (Hscfr@hscripts. Rainbow trout Ahrzand
AhR2B (GenBank accession numbers: AF065138 andAF065ds3ectively) were aligned and
primers were designed from conserved regions ofwbegenes. As the full-length sequence of

the third AhR2 is unavailable this sequence wasnmabided in the primer design.

2.8. Quantitative Real- Time PCR

Relative standard curves for target genes (CypPERCK, GR, hsp70, AhR) and a
housekeeping geng-actin) were constructed from a serial dilutiorpteismid DNA containing
the target gene. Platinum quantitative PCR supetydG (Invitrogen, CA) was used for gPCR
and the samples were treated according to the raetomér’s instructions. 042M forward and
reverse primers and 1:100,000 SYBR green | nueleidt gel stain (Roche, Mississauga, ON,
Canada) was used in each PCR reaction. Samplesamthrds were run in triplicates on 96
well PCR plates (Ultident, Montreal, PQ, Canadapading to the manufacturer’s instructions.
An optimized volume of cDNA was used for the amgpéfion of each gene. The reaction
components were exactly as above and for everyesiagt sample a qPCR for both the target
and the housekeeping gene was performed. The fiodpRRCR program was used to amplify all

genes: 95C — 3 min; 40 cycles: 95 — 20 sec, Tm (annealing temperature) - 20 setC7220

sec, followed by 4C hold.
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2.9. Data Analysis for Quantification of Gene Expression

Calculation of the threshold cycle values)@r every sample was performed using the
iCycler iQ real time detection software (BioRad). From a déaid curve with log input
amount and €values for each gene, the input amount for eactpkawas calculated for target
gene an@-actin using the appropriate standard curve. Theustnof target gene was divided by
the amount of-actin to determine the normalized amount of thgelagene. The normalized
amount of target gene (a relative unit) was thanddrdized using an internal calibrator (pre-

stress sham samples) and expressed as percehtafhh s

2.10. Immunoblot Analysis

Tissue protein concentrations were determined usi@dpichinchoninic acid (BCA)
method using bovine serum albumin (BSA) as a stahd&otal protein (4Qug) was separated
on a 8% polyacrylamide gels using the discontinumufter system of Laemmli (1970) for 40
min at 200V using 1X TGS (250mM Tris, 1.92 M glyejril% SDS) and transferred onto a
0.45uM nitrocellulose membrane (BioRad) using Trans{BI&D semi-dry electrophoretic
transfer cell (BioRad). A 5% solution of non-fatanilk in 1X TTBS (2 mM Tris, 30 mM
NaCl, 0.01% Tween 20, pH 7.5) was used as a blgckgent (1 h at room temperature) and for
diluting primary and secondary antibodies. Theadere incubated with Cyp1A primary
antibody for 1 h at room temperature followed ky ibcubation with an alkaline phosphatase
conjugated secondary antibody (BioRad). The mendwravere washed after incubation in
either primary (2 x 15 min washes in TTBS (2 mMsT80 mM NaCl, pH 7.5, 0.1% Tween-50)
or secondary antibodies (2 x 15 min in TTBS folloMay 2 x 15 min in TBS). Proteins were
detected using BCIP (5-bromo-4-chloro-3-indolyl-ppbate) / NBT (nitro blue tetrazolium)

color substrate (BioRad). The molecular weight wexsfied by using prestained low range
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molecular weight markers (BioRad). Images werduwap with Chemi imagér (Alpha
Innotech, San Leandro, CA, USA) and bands weretgieghwith using the AlphaEase Software

(Alpha Innotech).

2.11. Statistical Analyses

All statistical analyses were performed with SR8&ion 11.0 (SPSS, Chicago, IL,
USA) and data were expressed as mean + S.E.M. vizatdog transformed when necessary in
order to ensure homogeneity of variance, althoughtransformed data are shown in all figures
and table. Data were analyzed by 2-way ANOVA witBonferonni’s post-hoc test to assess the
effects of time, treatment and their interacti®hen interaction effects between time post-
stressor exposure and treatment were observeday AWNOVA was used to compare the effect
of time within each treatment group followed by @nBeronni’s post-hoc test, while a two-
sample t-test, assuming equal variance, was peeltmcompare treatment effects at each time

point. A probability level of P < 0.05 was consieeistatistically significant.

3. Results
3.1. Plasma Cortisol, Glucose, and Lactate

Plasma cortisol levels (Fig. 1A) were significgrglevated (P< 0.05) at 1h post-stress
and returned to pre-stressor levels by 24 h in batsham and PCB treated groups. Plasma
glucose levels were transiently elevated 1 h atiessor exposure and the levels were
significantly higher than at 24 h post-stressorosxe but not prior to stress (Fig. 1B). Lactate
levels were significantly elevated (P< 0.05) atdnld 24 h post-stressor exposure compared to

the pre-stress groups. Overall, plasma lactatddenvere significantly elevated in the PCB
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treated groups compared to the sham groups (Fig. Tkere was no interaction between time

and treatment for either plasma cortisol, glucasaciate levels.

3.2. Liver Glycogen Content

There was a significant interaction between time Aroclor treatment. In the pre-stress
group, PCB treatment significantly elevated livrcggen content compared to the sham group
(Fig. 2). Liver glycogen content was significanittyver at 1 h and 24 h after stressor exposure
compared to the pre-stress level in the PCB gratnde there was no effect of stressor exposure

on liver glycogen content in the sham group (Fig. 2

3.3. Liver Enzyme Activities

All enzyme activities are summarized in table ZitNer stress nor PCB exposure had
any significant effect on the activities of AspAmAIaAT (amino acid catabolism) or PK
(glycolysis). HK (glycolysis) activity showed a si§cant interaction between time and PCB
treatment. HK activity was significantly highertimee PCB group compared to the sham group
prior to stress (Table 2). Also, PCB treatment icgmtly reduced HK activity at 1 h but not 24
h post-stressor exposure compared to the pre-d¢ness, while there was no significant effect
of stressor exposure on HK activity in the shanugrd here was significant treatment and time
effect and interaction for liver LDH (glycolysisgtvity. Handling disturbance significantly
elevated LDH activity at 1 and 24 h post-stressmosure compared to the pre-stress levels.
PCB treated, but not the sham group showed a gignifinteraction with LDH activity
significantly elevated at 1 h and 24 h post-stresgposure compared to the pre-stress group.

PEPCK (gluconeogenesis) activity showed significatgraction effects between time and PCB
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treatment. In the sham group, but not PCB gro&® &K activity was significantly higher at 1 h

post-stressor exposure compared to the pre-stnels84ah post-stressor exposure groups.

3.4. Liver Transcript Abundance

AhR mRNA abundance showed a significant interadbietween PCB treatment and
time post-stressor exposure (Fig. 3). AhR mRNAmalaimce was significantly higher in the PCB
group compared to sham group prior to stress @igrhere was a statistically significant
reduction in AhR mRNA abundance in the PCB tre&ddat 1 h and 24 h post-stressor
exposure compared to the pre-stress group (Fig\l83. mMRNA abundance was not statistically
different in the sham group between any time poitgplALl transcript abundance was
significantly elevated by Aroclor treatment compmhte the sham group (Fig. 4B). However,
there was no interaction between time post-stresgoosure and PCB treatment. PEPCK
MRNA abundance was not significantly impacted byR&posure. PEPCK mRNA abundance
was not significantly impacted at either 1 h oh2dost-stressor exposure relative to the pre-
stress group (Fig. 5). PEPCK mRNA abundance vwasfsiantly elevated at 24 h post-stressor
exposure relative to the 1 h post-stress groupweyer, there was no interaction between time
post-stressor exposure and PCB treatment. Transtiymdance of GR (Fig. 6a) and hsp70 (Fig.

6b) was not significantly impacted by either tinmspstressor exposure or by PCB treatment.

3.5. Liver CyplA Protein Expression

CyplA protein expression (Fig. 4A) was quantifiadhe pre-stress groups only as
previous studies have determined that handlingsulees not modulate this response (Vijayan
et al., 1997b). Protein expression was signifigagievated in the PCB fed group relative to the

sham group.
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Table 1: Sequences, annealing temperatures, and correggaadget gene Genbank accession
numbers of oligonucleotide primers used in semirgjtetive real-time PCR
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Target Accession # Primer Sequence Annealing Temp
Gene (5 -23) (Tm °C)
B-actin AF157514 Forward: AGA GCT ACG AGC TGC CTG AC 49

Reverse: GCA AGA CTC CAT ACC GAG GA
PEPCK AF246149 Forward: TGC TGA GTA CAA AGG CAA GG 49
Reverse: GAA CCA GTT GAC GTG GAA GA
CyplAl U62796 Forward: GAT GTC AGT GGC AGC TTT GA 60
Reverse: TCC TGG TCATCATGG CTG TA
GR 754210 Forward: AGA AGC CTG TTT TTG GCC TGT A 49
Reverse: AGA TGC GCT CGACAT CCCTGAT
AhR AF065137 Forward: CAG CGA AGG GAG CGG TAA 60
AF065138 Reverse: TGG ACC CGG CCA GTG ATA
hsp70 K02549 Forward: GAA GGT GTC CAA TGC AGT CA 49
Reverse: GAT CCT CAG CAC ATT CAGC
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Table 2: Liver hexokinase (HK), pyruvate kinase (PK), laetdehydrogenase (LDH),
phosphoenolpyruvate carboxykinase (PEPCK), alasmi@otransferase (AlaAT), and aspartate
aminotransferase (AspAT) activities. Rainbow traete fed either 0 or 10 mg/kg body mass
Aroclor 1254 for 3 days prior to being subjecte@tstandardized 3 minute handling stress.
Individuals were sampled either immediately prmstress or 1 or 24 h post-stress and liver
samples were collected for analysis of enzyme @ietsv Activity is expressed asnoles of
substrate consumed or product liberated per grateiprin the homogenate. Values represent
means = SEM (n =5 - 6). A Two-way ANOVA was use@ssess time and interaction effects.
When interaction effects were observed a One-wapXN was used to assess the effect of
time on enzyme activity within a treatment grouptwo-sample t-test was used to assess
treatment effects at each time point.
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Enzyme Treatment Oh 1h 24h Treatment  Time
(P <0.05) (P<0.05)

HK Sham 0.0110 + 0.0107 + 0.0123 + NS NS
0.0002* 0.0003 0.0009
Aroclor 0.0145 + 0.0111 + 0.0108 +
0.0001A 0.0003B 0.0007AB
PK Sham 0.0527 + 0.0637 + 0.0586 + NS NS
0.0096 0.0126 0.0100
Aroclor 0.0764 + 0.0557 + 0.0545 +
0.0100 0.0077 0.0066
LDH Sham 0.5640 + 0.4522 + 0.6223 + S>A 0>1,24
0.0374* 0.0326 0.0674
Aroclor 0.1349 + 0.5538 + 0.6238 +
0.0632A 0.0003B 0.0447B
PEPCK Sham 0.0030 + 0.0043 + 0.0044 + NS NS
0.0001A 0.0004B 0.0004A
Aroclor 0.0036 + 0.0028 + 0.0070
0.0005 0.0007 0.0006
AlaAT Sham 1.1230 + 0.9304 + 0.9436 + NS NS
0.1168 0.0769 0.1209
Aroclor 0.9557 + 0.8850 + 0.0070
0.1213 0.1368 0.0006
AspAT Sham 0.1260 + 0.1011 + 0.0836 + NS NS
0.0066 0.0083 0.0101
Aroclor 0.0988 + 0.1068 + 0.1157 +
0.0340 0.0065 0.0102

Different bold uppercase letters indicate significtime effects within a treatment group
(P<0.05).

An asterisk (*) indicates a significant treatmefiiéet at a given sampling time point (P<0.05).
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Fig. 1. The effect of handling stress on plasma cortgloicose and lactate. Rainbow trout were
fed either 0 or 10-mg/kg body mass Aroclor 12543alays prior to being subjected to a
standardized 3 minute handling stress. Individuadse sampled either immediately prior to
stressor exposure (PSE) or 1 or 24 h post-stresgmsure and plasma samples were collected
for analysis of (A) cortisol, (B) glucose or (Cktate. Values represent means + SEM (n=5-6
fish). Different letters denote significant timdegits regardless of treatment while the inset
shows significant treatment effect (two-way ANOVAL 0.05).
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Fig. 2 The effect of handling stress on liver glycogeainbow trout were fed either 0 or 10-
mg/kg body mass Aroclor 1254 for 3 days prior tlngesubjected to a standardized 3 minute
handling stress. Individuals were sampled eithen@diately prior to stressor exposure (PSE) or
1 or 24 h post-stressor exposure and liver samydes collected for analysis of glycogen
concentration. Values represent means + SEM (r-6)% An asterisk (*) denotes significant
treatment effect at a given sampling time (two-siemyest;P < 0.05). Different letters denote
significant time effect on liver glycogen in Aroclfed individuals (one-way ANOVAPR <

0.05).

64



I Aroclor

[ — |

*

8000+

T
Qo
<]
<

6000+

T
(=]
Q
o
N

(ui101d B / snun |Asoon|6 sajown)
uabodA|9 18AI

24

Time Post-Stress (

65



Fig. 3. AhR mRNA abundance. Rainbow trout were fed either 10-mg/kg body mass

Aroclor 1254 for 3 days prior to being subjecte@tstandardized 3 minute handling stress.
Individuals were sampled either immediately prmstressor exposure (PSE) or 1 or 24 h post-
stressor exposure and liver samples were colldoteghalysis of AhR mRNA abundance.
Values represent means + SEM (n =5 — 6). An a$t€t) denotes a significant treatment effect
at a given sampling time (two sample t-tés% 0.05). Different letters denote significant time
effect on liver AhR mRNA abundance in Aroclor fedlividuals (one-way ANOVAP < 0.05).
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Fig. 4. CyplA(1) protein expression and mRNA abundaRa@nbow trout were fed either O or
10-mg/kg body mass Aroclor 1254 for 3 days priobéing subjected to a standardized 3 minute
handling stress. Individuals were sampled eithenédiately prior to stressor exposure (PSE) or
1 or 24 h post-stressor exposure and liver samyes collected for analysis of (A) CyplAl
MRNA abundance over the course of the experime(B)CyplA protein expression
immediately prior to stressor expsoure. Valuesaggnt means £ SEM (n = 5 — 6). An asterisk
(*) denotes a significant treatment effect (two péert-test;P < 0.05).
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Fig. 5. PEPCK mRNA Abundance. Rainbow trout were fed either 10-mg/kg body mass
Aroclor 1254 for 3 days prior to being subjecte@tstandardized 3 minute handling stress.
Individuals were sampled either immediately prmstressor exposure (PSE) or 1 or 24 h post-
stress and liver samples were collected for PEP@&N/Aabundance. Values represent means +
SEM (n =5 - 6). Different letters denote signifitime effect on liver PEPCK mRNA
abundance (two-way ANOVA? < 0.05).
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Fig. 6. GR and hsp70 mRNA abundance. Rainbow trout Yesteither O or 10-mg/kg body

mass Aroclor 1254 for 3 days prior to being sulgddb a standardized 3 minute handling stress.
Individuals were sampled either immediately prmstressor exposure (PSE) or 1 or 24 h post-
stressor exposure and liver samples were colldoteahalysis of (A) GR mRNA abundance and
(B) hsp70 mRNA abundance. Values represent me&t\M (n =5 — 6).
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4. Discussion

We demonstrate that short-term PCB exposure afésetsgy substrate repartitioning that
is critical for coping with a secondary stressoraimbow trout. The primary response to acute
handling stress is an increase in circulating soltievels (reviewed in Mommsen et al., 1999;
Barton, 2002, Iwama et al., 2006). Studies havarlieestablished that exposure to PCBs
impairs the adaptive cortisol response to stresmigla, 1998; Wilson et al., 1998; Jgrgensen et
al., 2002; Hontela, 2005) and the mechanism obactiay involve AhR-mediated inhibition of
corticostroidogenesis (Aluru and Vijayan, 2006b)tHe current study, despite activation of AhR
signalling, as evidenced by the higher Cyp1Al mRiindance, neither the magnitude nor the
duration of the cortisol response to acute handiingss was impacted. In previous studies
inhibition of stress induced cortisol secretion waserved at PCB and/or AhR agonist
concentrations ranging from 50 mg/kg body mass biuseet al., 1997; Wilson et al., 1998;
Aluru and Vijayan, 2004; Aluru et al., 2004; Aluand Vijayan, 2006b) to 100-mg/kg body mass
(Aroclor 1254; Jgrgensen et al., 2002). The lack similar cortisol response at lower PCB
concentrations suggests a threshold dose for dtdisiuption as seen with Arctic charr
(Jargensen et al., 2002). The target tissue resgorsrtisol stimulation is mediated by GR
activation (Vijayan et al, 2003). GR mRNA abundan@es not impacted by PCB treatment in
this study. This is in agreement with our recergavbation that beta-naphthoflavone (AhR
agonist) exposure also did not impact tissue GRepr@xpression in trout (Aluru and Vijayan,
2004), arguing for a lack of change in target &ssesponsiveness to cortisol stimulation in PCB
exposed fish. Indeed a reduction in brain GR pnoggpression with PCB exposure in fasted
Arctic charr corresponded with an abnormal cortreative feedback regulation in that group
suggesting a close link between receptor conteshtanget tissue responsiveness (Aluru et al.,

2004).
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A key metabolic response to stress is an incrigaldeer metabolic capacity, including
enhanced glucose production to meet the metabotaeln associated with recovery from stress
(Wendelaar Bonga, 1997; Mommsen et al., 1999).iMmeediate plasma glucose response to
stress results from catecholamine stimulated bi@akdf stored glycogen (Randall and Perry,
1992; Vijayan and Moon, 1994; Vijayan et al., 19%hereas the longer-term maintenance of
plasma glucose levels and glycogen repletion dueegvery from stress is primarily mediated
by cortisol-induced liver gluconeogenic capacityofiinsen et al., 1999). The lack of a post-
stressor increase in plasma glucose levels inrdgept study may be related to the stressor and
sampling regimes as previous studies saw an ineiaggdasma glucose only at 3 h post-stressor
exposure (Vijayan et al, 1997c). However, therecappto be an increase in plasma glucose
concentration at 1 h in the PCB treated group coatpht the sham group suggesting an
alteration in glucose turnover in this group. A gamdisturbance in stressor-induced plasma
glucose levels was also seen in fasted Arctic attanonically treated with PCB (Jgrgensen et al.,
2002) leading to the proposal that glucose turnagepciated with recovery from stressor is
disturbed by even shorter-term PCB exposure. igreficant drop in liver glycogen content
seen only in the PCB group after stressor expasanehave contributed to the elevated glucose
response in these stressed animals.

An interesting observation from this study is kingher liver glycogen content seen with
PCB exposure. This contrasts previous studieshidnat reported depressed liver glycogen
content in response to PCBs or AhR ligand expoq@esbius et al., 1997, 1998; Andersen et
al., 2003; Vijayan et al., 2006; Tintos et al., 20rhe accumulation of hepatic glycogen is
unlikely to have resulted from elevated gluconeagenas PEPCK, AspAT, and AlaAT
activities were not significantly elevated comparegham fed trout. While the utilization of

circulating glucose for hepatic glycogen is uncl@doon, 2001), the elevated HK activity
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recorded in resting PCB fed trout suggests an ardthliver capacity for glucose uptake. A
similar increase in HK activity has been reportedainbow trout exposed to the AhR ligand
naphthalene (Tintos et al., 2007). This coupledhwhe significantly lower LDH activity in
unstressed PCB treated fish liver further suppaieased utilization of free glucose for
glycogen synthesis. Taken together, these resudigest that short-term exposure to PCB
stimulates liver glycogen synthesis and one meshamay involve altered capacity for plasma
glucose uptake.

PCBs stimulate expression of a suite of proteimgduding phase | and phase Il enzymes
involved in xenobiotic metabolism (Schlenk and Dul®, 2002; Shimada, 2006). As protein
synthesis is energetically expensive, accountingiéarly 80% of cellular ©@consumption in
isolated rainbow trout hepatocytes (Pannevis andglikian, 1992), it follows that PCBs increase
energy consumption in exposed organisms. In fapipgure to pyrene, a weak AhR agonist,
increases @consumption in a concentration dependent mannimtbow trout hepatocytes
(Bains and Kennedy, 2004). Consequently, the etierdemand of recovery from acute stress is
likely to be greater in the PCB exposed fish. Imblegher CyplA protein expression in the PCB
group suggests a higher liver metabolic demand eoadbto the sham group. Acute handling
disturbance resulted in a significant drop in liggrcogen content only in the PCB group. The
stressor-induced decrease in liver HK activity dedith the significant elevation of liver
LDH activity in the PCB group clearly supports iz@gtion of this energy store for liver
metabolism. Consequently, we propose that glycelgsa key pathway for coping with the
enhanced energy demand in response to PCB expdsusds further supported by the
significantly higher stressor-induced plasma lactavels in the PCB group. While the

mechanism(s) involved in stressor-induced glycslysiunclear, we cannot rule out the
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possibility that PCB exposure alters the celluésponse to glycolytic hormone stimulation,
including catecholamines (Randall and Perry, 198@on et al., 2002).

Interestingly, handling stress attenuated the Amosfimulated increase in AhR transcript
abundance. As we have recently demonstrated autategm of fNF stimulated rainbow trout
AhR (Wiseman and Vijayan, 2007) these results ssiggendling stress may disrupt this
autoregulation. The impact of handling stress apgpabe AhR specific as transcript abundance
of CyplAl, GR, hsp70 and PEPCK were not impactethbyhandling stressor. Interestingly, the
decrease in AhR mRNA abundance coincided withribeease in plasma cortisol suggesting a
role for this steroid in AhR regulation. This igther supported by the recent observation that
cortisol treatment reduced AhR transcript abundameeGR dependent manner in trout
hepatocytes (Aluru and Vijayan, unpublished). Cdeed together, PCB exposure upregulates
AhR mRNA abundance while the handling stressomugisrthe ligand-mediated autoregulation
of AhR in rainbow trout. The lack of an associatednge in Cyp1ALl transcript abundance
argues against lower tissue responsiveness suggeshier factors including perturbations in
MRNA stability as a reason for the lower AhR traig@bundance post stressor-exposure in the
PCB group. Indeed, studies have shown that corisgl impact transcript stability (Delany et
al., 1995; Rydziel et al., 2004). Given that theRAmediates many changes in gene expression in
response to PCB exposure (Tijet et al., 2006; Aamd Vijayan, unpublished) attenuation of
AhR transcript abundance may represent an adagitiagegy to limit the energy consumed for
synthesis of xenobiotic metabolising enzymes. Sustrategy would ultimately conserve energy
necessary for metabolic responses to acute harstliegsor. Further studies are needed to

explore this hypothesis.
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5. Conclusions

Stimulation of AhR signaling by the environmenyaklevant technical PCB mixture
Aroclor 1254 increases transcript abundance of ByihilAl and AhR. Interestingly, exposure
to a handling stressor selectively perturbs AhRgcapt abundance but not CyplAl gene
expression in the PCB group. There was no impashoft-term exposure to PCB on stressor-
induced plasma cortisol and glucose levels, buatadevels were higher suggesting enhanced
glycolytic potential. In unstressed trout, PCB exgp@ elevated liver glycogen content and this
coincided with an increased capacity for glucosmakgbut not glycolysis. However, PCB
exposure enhanced glycogen breakdown in resporessbdading stressor and this coincided
with an enhanced liver capacity for glycolysis. &akogether, short-term exposure to PCB
impairs the energy substrate repartitioning critioacoping with the enhanced energy demand
to a secondary stressor in trout. The higher etiergemand associated with PCB exposure may
limit the metabolic capacity of fish to recoverri@a secondary stressor. Consequently, even
shorter-term exposure to PCB may decrease therpafwe of fish to other stressors, including

predator avoidance in the environment.
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Chapter 3

Impact of Contaminant Loading in Remote Arctic Lakes in
Northern Norway: Biomarker Responses in Arctic Char
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Abstract

The island ecosystem of Bjgrngya Island, Norwafgrefa unique opportunity to study
the impact of lifelong contaminant exposure in wilgpulations of resident Arctic char. Lake
Ellasjgen has persistent organic pollutant (POWI¢ethat are significantly greater than in
nearby Lake @yangen. Our objective was to exanfities contaminant loading in these remote
lakes has biological impact on the resident fiSipecifically, we investigated the impact
associated with toxicant exposure on protein andNiRevels of several cellular stress markers,
including cytochrome P4501A (Cyp1A), heat shock@iro70 (Hsp70), heat shock protein 90
(Hsp90) and glucocorticoiid receptor (GR) in fechhar from the two lakes. The average PCB
load in char liver from Lake Ellasjgen was approxiety 25-fold higher than in individuals from
Lake @yangen. Liver CyplA protein expression andNARbundance was significantly higher
in individuals from Lake Ellasjgen compared to L&gangen. There was no significant
difference in liver Hsp70 or Hsp90 mRNA abundancelsp70 protein expression between the
two lakes. Brain Hsp70 and Hsp90 mRNA levels weagricantly elevated in char from Lake
Ellasjgen compared to Lake @yangen. Liver GR pnadgpression but not liver and brain GR
transcript abundance was significantly higher m lthke Ellasjgen char compared to Lake
@yangen char. Altered levels of GR, Hsp70 and Hsp@@est that these proteins are useful
biomarkers of effects associated with chronic P&Bosure in feral char. Additionally, the Hsp
response suggests that the brain is more sengtiR€B exposure than liver in char from these
lakes. Altogether, our results for the first timghilight a biological response to contaminant

exposure in resident char from remote Arctic lakes.
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1. Introduction

High concentrations of persistant organic polldafROPS), including polychlorinated
biphenyls (PCBs) have been measured in the sediamehbiota of remote Arctic lakes (Evenset
et al., 2004; 2005; 2007). Specifically, Lake Bl located in the southern, mountainous part
of Bjgrngya Island, Norway, has POPs levels seveldlgreater than Lake @yangen, which is
located only 6 km north of Ellasjgen on the cenpiains of the island (Evenset et al., 2004;
2007). The main reason for the high levels of themsistent contaminants in Lake Ellasjgen is
due to the transport of contaminants by seabirdesfthe marine environment through the
deposition of guano (Evenset et al., 2005). Indemde of the highest PCB levels (110 mg/kg
lipid weight) in the Arctic ecosystem have beenorded in tissues of Arctic chaBdlvelinus
alpinug residing in this lake (Evenset et al., 2005; 20Qiterestingly the lake population
consists of different morphs of Arctic char and thgh PCB levels have been reported in the
large, cannibalistic individuals, while lower legelere detected in the dwarfs (Klemetsen et al.,

1985; Evenset et al., 2005).

Despite the high contaminant levels reported isugs of Lake Ellasjgen char, little is
known about their biological impact on these ansnahdeed, nearly 4-fold upregulation of
hepatic cytochrome P4501A (CyplA) enzymes in therlof Arctic char from Lake Ellasjgen
compared to Lake @yangen suggests exposure to PQRase animals (Skotvold et al., 1998;
Jargensen and Wolkers, unpublished). The mode tadnaof PCBs involves arylhydrocarbon
receptor (AhR) activation and induction of AhR-respive genes, including CyplA in fishes
(Whitlock, 1999; Aluru and Vijayan, 2006). Conseqthg, CyplA gene expression and the
activity of the enzyme that this gene codes forratginely used as biomarkers of PCB exposure
in fish (Bucheli and Fent, 1995; Schlenk and Dil®iu2002; Hahn, 2002). While the reported

high tissue CyplA enzyme activity in the Lake BbWa&s fish suggests clearly that these
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individuals are upregulating their phase | biotfansation enzymes in response to longer-term

PCBs exposure, the biological impact on targetiéssare unknown.

Environmental contaminants, including PCBs, hawentshown to impact important
components of the cellular stress response indigtigayan et al., 2006). A key biomarker of
cellular effects is the induction of a high consehfamily of proteins commonly referred to as
the heat shock proteins (Hsps) (lwama et al., 1998yan et al., 2006). These proteins are
critical for the normal functioning of the cellulprotein machinery, as well as defense against
proteotoxicity (Hightower, 1991; Parsell and Lingkju1993). The most widely studied Hsps in
fish are the 70 kilodalton family of proteins amey are present either constitutively in
unstressed cells (Hsc70) or induced rapidly (Hsp78jressed states (lwama et al., 1998; Currie
et al., 1999; Vijayan et al., 2006). Indeed, HspXpression has been used as a biomarker of
effect in response to contaminants, including P@Bsh (Vijayan et al., 1998; Janz et al., 1997;
Weber and Janz, 2001; Vijayan et al., 2006). Fstaimce, sublethal exposure to PCBs
corresponded with an elevation in liver Hsp70 Ieyelhereas lethal concentration of
contaminant resulted in a lack of Hsp70 respongmirt (Vijayan et al., 1998).

In addition to Hsp70, other proteins thought tarbportant for coping with toxicants
include the 90 kilodalton (Hsp90) member of the $igmily of proteins and the glucocorticoid
receptor (GR) in fish (Vijayan et al., 2006). HspS@ key component of the cellular signaling
molecules, including GR. Consequently, any impacHsp90 expression may disrupt steroid
signaling as was seen with long-term exposure B hatchery-reared Arctic char (Aluru et
al., 2004). PCB exposure in fasted Arctic char cediubrain GR and Hsp90 protein contents and
this corresponded with a disturbance in the plasonésol response to stress in this species

(Aluru et al., 2004). Taken together, changesssue expression of Hsp70, Hsp90 and GR are
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indicative of adjustments to cope with stressoulingnd may be used as biomarker of cellular
effects (Vijayan et al., 2006).

Against this backdrop, the island lake ecosystemjafngya (Bear Island, Norway,
74°N) offers a unique opportunity to assess the ytilftmolecular biomarkers as indicators of
PCB exposure and effect in feral populations oftigrchar. On the one hand, Lake Ellasjgen is
rich in PCBs, dichloro-diphenyl-trichloroethane (DPand polybrominated diphenylethers
(PBDES) and various metals, including arsenic (8ayimium (Cd), cobalt (Co), nickel (Ni),
zinc (Zn) and mercury (Hg) (Evenset et al., 20@f).the other hand, Lake @yangen, located
only 6 km north of Lake Ellasjgen on the centralipd of the island, muscle PCB concentrations
are 10-40 times lower than char from Lake Ellasj@erenset et al., 2004; Blais, 2005).
Consequently, these lakes on Bjgrngya provide walaystem for assessing biomarker
responses to long-term exposure to different comtanh concentrations in fish with similar
environmental conditions. To this end, we invesadahe impact of lifelong toxicant exposure
and accumulation on protein and mRNA levels of GQypsps and GR in feral char from Lake
Ellasjgen and Lake @yangen. We demonstrate fdiirdtgime differences in the mRNA and
protein levels of CyplA and Hsps in fish from thé&dees. Moreover, we show that GR may be

a useful indicator of effects associated with ciedCB exposure in feral populations of char.

2. Materials and Methods
2.1. Chemicals

Protease inhibitor cocktail and Bicinchoninic a(BLA) reagent were purchased from
Sigma-aldrich (St. Louis, MO, USA). All electroptesis reagents and molecular weight
markers were from BioRad (Mississauga, ON, Cana@gplA antibody (mouse anti-cod

Cyp1A monoclonal antibody) was from Biosense latmires (Bergen, Norway). Antibody to
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trout glucocorticoid receptor (GR) was developedun laboratory (Sathiyaa and Vijayan,
2003). Primary antibody to Hsp70 (rabbit anti-ranatrout Hsp70 polyclonal antibody) has
been previously described and detects only thecibthiform of Hsp70 and not the constitutive
(Hsc70) isoform (Vijayan et al., 1997). AntibodyHsp90 (rat anti-salmon Hsp90 monoclonal
antibody) was from StressGen (Victoria, BC, Canadlhjs antibody detects both the Hsp90
and Hsp9p isoforms. The secondary antibody to CyplA waslalkgphosphatase-conjugated to
goat anti-mouse IgG (BioRad). The secondary aniésotb Hsp70 and GR were alkaline
phosphatase-conjugated to goat anti-rabbit IgGKB®). The seconday antibody to Hsp90 was
alkaline phosphatase conjugated togoat anti-rat(BjGRad). Nitroblue tetrazolium (NBT) and
5-bromo-4-chloro-3-indlyl phosphate salt (BCIP) eebtained from Fisher Scientific (Napean,

ON, Canada).

2.2. Animals

Arctic char were collected from both Lake Ellasj@e Lake @yangen by hook and line
capture in September 200Zhe small sample size (n=3 independent fish) wastduahe fact
that only tissues from larger fish was used fos #tudy. This size-pairing was necessary
because the lakes had two morphs of char, the dwad the larger cannibalistic variety, and the
high contaminant levels were reported only in #rgér morphs (Klemetsen et al., 1985; Evenset
et al. 2005). The three larger fish sampled frachdake were immature males. Tissues were
quickly dissected out and frozen immediately imiighnitrogen (and stored at —70) for later
analyses of organic contaminants (OCs) levels (wdy) as well as mMRNA and protein content

(liver and brain) of selected biomarkers.
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2.3. PCB Quantification

The chemical analyses were performed at Unilab ys@aAS, Polar Environmental
Centre, Tromsg, Norway, using the method desciilyeBrevik (1978). The tissue samples were
homogenised prior to extraction. An internal stadd®CB 53) was then added to the
homogenised samples (3-5 g) and lipids and OCadatgtt with acetone and cyclohexane using
an ultrasonic homogenizer (Sonics & Materials model 501). The extract was washed with
0.5 % NacCl, centrifuged and the volume of the orgénaction was reduced using a rotavapor.
The sample was dissolved in dichloromethane andftlimted before injection on a gel
permeation chromatography (GPC) clean-up systemg#/a15 HPLC Pump with Waters
Environgel GPC-Clean Up columns) where most oflifiids, sulphur and/or other interfering
compounds were separated from the OCs. The elintantthe GPC was concentrated and the
dichloromethane solvent was replaced by cyclohex@amnants of biological matrix were
removed by treatment with sulphuric acid. The vatuohthe organic phase was then carefully
reduced by N—flow to approximately 30-50 pl and the samplesengtored on vials at — 20°C
before instrumental OC analysis.

Organochlorines were quantified using a gas chrognaph (Hewlett Packard 5890
Series Il) equipped with a HP-5 MS 60 m capillaojuenn 60m (0.25 mm i.d., 0.25 um film
thickness) and an electron capture detector. Oftifamtion was based on the retention times
for the respective compounds and they were quedttbwards the internal standard. The
samples were analysed for 10 polychlorinated biph@CB) congeners (IUPAC Nos.,
Ballschmiter and Zell, 1980): 28, 31, 52, 101, 1083, 138, 153, 180, and 209,
hexachlorocyclohexane-isomersKICH andy-HCH), dichlorodiphenylethanep,p’-DDT, p,p’-

DDD, p,p-DDE), hexachlorobenzene (HCB) and pentachlorobarz5-CB).
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2.4. Quantitative Real-Time PCR (gPCR)
2.4.1. RNA Isolation and First Strand cDNA Synthesis

Total RNA isolation, including DNase treatment, vgasformed using RNeasy mini kits
according to the manufacturer’s instructions (Qmddississauga, ON). The first strand cDNA
was synthesized from 1ug of total RNA using a cD#yAthesis kit (MBI Fermentas,
Burlington, ON) with an oligo dT primer accordingthe manufacturer’s instructions. A
relative standard curve for each gene of interest @onstructed using cDNA synthesized using
this method. An appropriate volume of cDNA for legene was determined during gPCR

optimization (iCycler, BioRad).

2.4.2. Primers

Primers (Table 1) were designed to amplify eith&0@ bp p-actin, CyplA, Hsp70, GR)
or 500 bp (Hsp90) fragment of the target genestefést. As limited sequence information
exists for Arctic char, primers were designed tgblfiyngenes of interest in rainbow trout and
these were used for Arctic char. Primers for Hsp®@e based on a Chinook salmon Hsp90
cDNA sequence. The identity of all fragments wesfied by sequencing to confirm

amplification of the target gene in Arctic char.

2.4.3. Relative Standard Curve

Relative standard curves for target genes (Cyp13p,7/8, Hsp90, GR) and a
housekeeping gen@-actin) were constructed using plasmid vectorsaiaing the target
sequences according to established protocols (@atlind Vijayan, 2003). The Platinfim
Quantitative PCR SuperMix-UDG (Invitrogen, CA) usedjPCR reaction was 2x concentrated.

Every 25ul reaction had 1.5 U Platinum Taqg DNA polymerageniM Tris—HCI (pH 8.4),
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50 mM KCI, 3 mM MgC}, 200uM dGTP, 200uM dATP, 200uM dCTP, 400uM dUTP and

1 U UDG,; the reaction also contained M forward and reverse primers, SYBR green |
nucleic acid gel stain (1:4000) (Roche, Montredl,, @anada) and fluoroscein calibration dye
(1:2000) (BioRad). To reduce pipetting errors, teamixes were prepared for triplicate
reactions (3 x 2fl) for each standard and reactions were run iti¢efes on 96 well PCR

plates (BioRad) according to the manufacturer'sriicsions (BioRad).

2.4.4. Quantification of Samples

An optimized volume of cDNA was used for the amgéfion of each gene. The
reaction components were exactly the same as é@wopis section and for every single test
sample a gPCR for both the target (CyplA, Hsp7@9dsGR) and the housekeeping gee (
actin) was performed. The following PCR progranswaed to amplify all genes: 96 — 3
min; 40 cycles: 98C — 20 sec, Tm (annealing temperature) - 20 se?C7#220 sec, followed by

4°C hold.

2.4.5. Data analysis for Quantification of Gene Expression

Calculation of the threshold cycle values)@r every sample was performed using the
iCycler iQO real time detection software (BioRad). The trams@mount for each sample was
calculated for target gene afdehctin using their respective standard curves {eghinput
amount and €values. The amount of target gene was dividethéyamount op-actin to
determine the normalized amount of the target g normalized value (a relative unit) was
then standardized using an internal calibrator €.@yangen) and expressed as percent of Lake

@yangen levels exactly as described before (Sattapd Vijayan, 2003).
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2.5. Immunoblotting

Tissue protein concentrations were determined usi@dpichinchoninic acid (BCA)
method using bovine serum albumin (BSA) as a stahdeotal protein (4Qug) was separated
on a 8% polyacrylamide gels using the discontinumfter system of Laemmli (1970) for 40
min at 200V using 1X TGS (250mM Tris, 1.92 M glyejril% SDS) and transferred onto a
0.45uM nitrocellulose membrane (BioRad) using Trans{BI&D semi-dry electrophoretic
transfer cell (BioRad). A 5% (w/v) solution of néat dry milk in 1X TTBS (2 mM Tris, 30
mM NacCl, 0.01% Tween 20, pH 7.5) was used as &bigagent (1 h at room temperature) and
for diluting primary and secondary antibodies. griimary antibodies were used at a dilution of
1:3000 in blocking agent. The secondary antibodiex®e alkaline phosphatase-conjugated goat
anti-mouse for Cyp1A (1:3000 dilution) or goat arabbit for Hsp70 and GR (1:3000) and goat
anti-rat for Hsp90. The blots were incubated wititmary antibodies for 1 h at room
temperature, followed by 1 h incubation with seanydcntibodies. The membranes were
washed after incubation in either primary (2 x 15 mashes in TTBS (2 mM Tris, 30 mM
NaCl, pH 7.5, 0.1% Tween-50) or secondary antitoex 15 min in TTBS followed by 2 x 15
min in TBS). Proteins were detected using BCIPr&no-4-chloro-3-indolyl-phosphate) / NBT
(nitro blue tetrazolium) chromogenic substrate @ad). The molecular weight was verified by
using prestained low range molecular weight mark®isRad). Images were captured with
Chemi imagér (Alpha Innotech, San Leandro, CA, USA) and bandeevguantified using

Alphaease Software (Alpha Innotech).

2.6. Statistical Analysis
Data was analysed using a two-sample t-test asguagjnal variance. Log

transformation was carried out whenever necessameet the assumptions of homogeneity of
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variance, although non-transformed values are showire figures. A probability o < 0.05
was considered statistically significant. All dat@ shown as mean + SEM (n = 3 independent

fish).

3. Results
3.1. Fish Size and Liver OC |oad

There were no significant differences in eitheryothss or length between fish caught
from the two lakes (Table 1). The average PCBRIDT load in char liver from Lake @yangen
was 11.30 ng/g wet weight (ww) and 0.93 ng/g wwpezetively, whereas in the Lake Ellasjgen
char it was 281.33 ng/g ww and 39.57 ng/g ww, repely. Mean PCBs load in the liver was
approximately 25-fold higher in the liver of chaormn Lake Ellasjgen compared to individuals
from Lake @yangen (Fig. 1). Of the DDT groyppy-DDE constituted more than 75% in all fish
tissues, while concentrations of 5-CB, HCB and H@ldse all below 2 ng/g wet weight (data

not shown).

3.2. CyplA mRNA and Protein

Liver CyplA mRNA levels were significantly elevdtés-fold) in char from Lake
Ellasjgen compared to those from Lake @yangen @Ay. Liver CyplA protein expression was
also significantly higher (approximately 50-fold) char from Lake Ellasojen compared to Lake
@yangen (Fig. 2B). The CyplA mRNA abundance indign was lower than that observed in
the liver, but there was no significant differemacehe brain CyplA transcript abundance

between individuals from the two lakes (Fig. 2C).
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3.3. Hsp70 mRNA and Protein
There was no significant difference in liver Hsp@iBNA abundance or protein content
in char between the two lakes (Fig. 3A and Fig..3Bhe brain Hsp70 mRNA abundance was

significantly elevated in char from Lake Ellasjammpared to Lake @yangen (Fig. 3C).

3.4. Hsp90 mRNA

There was no statistical significant differencéiver Hsp90 transcript levels between
char from Lake Ellasojen and Lake @yangen (Fig..#9wever, brain Hsp90 mRNA
abundance was significantly higher in char fromeé.&lasjgen compared to Lake @yangen

(Fig.4B).

3.5. GR Protein and mRNA

There was no significant difference in liver GRsaript levels in char between the two
lakes (Fig. 5A). Liver GR protein expression wamgicantly higher in the Lake Ellasojen char
compared to Lake @yangen char (Fig. 5B). The b MRNA content was significantly

higher in the Lake Ellasojen char compared to Ll@kangen char (Fig. 5C).
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Table 1 Primer sequence, annealing temperatures, andspmnding target gene Genbank
accession numbers of oligonucleotide used in gtzive real-time PCR.
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Target Accession Primer Sequence Annealing Temp
Gene # (5 -3) (Tm °C)
B-actin AF157514 Forward: AGA GCT ACG AGC TGC CTG AC 49
Reverse: GCA AGA CTC CAT ACC GAG GA

CyplA U62796  Forward: GAT GTC AGT GGC AGC TTT GA 60
Reverse: TCC TGG TCA TCA TGG CTG TA

Hsp70 K02549  Forward: GAAGGTGTCCAATGCAGTCA 49
Reverse: GATCCTCAGCA CATTCAGC

Hsp90 U89945  Forward: AAG CTG GGA ATC CAT GAA GA 49
Reverse: CAG GGA GAC CAT TTC GTC AG

GR 754210  Forward: AGA AGC CTG TTT TTG GCC TGT A 49

Reverse: AGA TGC GCT CGA CAT CCCTGAT
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Table 2. Individual body mass and length and the mean t\&.Eh=3) of Arctic char sampled
from Lake @yangen and Lake Ellasjgen, Bjgrngyatsl&lorway.
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Lake @yangen Lake Ellasjgen

Body mass (g) Length (mm) Body mass (g) Length (mm)

Fish 1 1321 484 950 470

Fish 2 1193 457 1260 505

Fish 3 979 430 1125 462
Average 1164 +99.8 457 £16 1111 £89.7 479 +13
+ SEM
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Figure 1. Liver PCB levels in char from Lake Ellasjgen dradke @yangen. Values represent
mean + SEM (n = 3) of the 10 PCB congeners anajystatistically significant (unpaired
Student’s t-test, P < 0.05).
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Figure 2. Cyp1lA mRNA abundance and protein expression. skiot abundance of (A) liver
and (B) brain CyplA was quantified in individuaterh Lake Ellasjgen and Lake @yangen.
Protein expression of (C) CyplA was quantifiedivei of individuals from Lake Ellasjgen and
Lake @yangen. An immunoblot of CyplA protein exgres is shown above the histogram.
Each of the three lanes represents a differensashpled from Lake Ellasjgen and Lake
@yangen. Values represent mean + SEM (n = 3);issi@lly significant (unpaired Student’s t-
test, P < 0.05).
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Figure 3. Hsp70 mRNA abundance and protein expression.s€rgot abundance of (A) liver
and (B) brain Hsp70 was quantified in individualsnh Lake Ellasjgen and Lake @yangen.
Protein expression of (C) Hsp70 was quantifiedverlof individuals from Lake Ellasjgen and
Lake @yangen. An immunoblot of Hsp70 protein expi@sis shown above the histogram.
Each of the three lanes represents a differensashpled from Lake Ellasjgen and Lake
@yangen. Values represent mean + SEM (n = 3);issiElly significant (unpaired Student’s t-
test, P < 0.05).
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Figure 4. Hsp90 mRNA abundance. Transcript abundance ofiy&) and (B) brain Hsp90 was
qguantified in individuals from Lake Ellasjgen andkle @yangen. Values represent mean + SEM
(n = 3); *statistically significant (unpaired Studss t-test, P < 0.05).
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Figure 5. GR mRNA abundance and protein expression. Trggtsdsundance of (A) liver and
(B) brain GR was quantified in individuals from leakllasjgen and Lake @yangen. Protein
expression of (C) GR was quantified in liver ofividuals from Lake Ellasjgen and Lake
@yangen. An immunoblot of GR protein expressioshiswn above the histogram. Each of the
three lanes represents a different fish sampled frake Ellasjgen and Lake @yangen. Values
represent mean £ SEM (n = 3); *statistically sigraht (unpaired Student’s t-test, P < 0.05).
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4. Discussion

Our study for the first time highlights a clearstie effect associated with long-term
contaminant exposure in char residing in remotdiéfakes. The liver PCB concentration
confirms previous studies showing that the musalelén of polychlorinated biphenyls (PCB)
was higher in Lake Ellasjgen char compared toififabiting Lake @yangen (Evenset et al.,
2004). However, based on the 10 PCB congenergsathlthe magnitude of difference (25-
fold) in liver PCB load between the two lakes ipagximately 2-fold greater than the PCB load
seen in muscle (Evenset et @aD04) suggesting increased lipophilic contaminantke liver of
fish. This is not surprising given the fact thaeli is a major organ accumulating lipophilic
contaminants, including PCBs in fish (Jgrgenseal.e2006). Indeed, the significant elevation of
liver Cyp1lA mRNA abundance and protein expressiotné Lake Ellasjgen char clearly support
activation of AhR signaling in response to high@BPexposure. This is in accordance with
elevated levels of EROD activity reported in Lakiaggen char (Skotvold et al., 1998).
Increased abundance of both Cyp1A protein and miRNéls is a well established response to
PCB exposure (Hahn and Stageman, 1994; Whitloc®9;19ahn, 2002; Aluru and Vijayan,
2006) and has been used as a biomarker of exptwstims lipophilic contaminant (Bucheli and

Fent, 1995; Schlenk and Di Giulio, 2002).

While char from Lake Ellasjgen showed elevatedltegeCyplA, other studies have
demonstrated reduced sensitivity to AhR agonistslgosts inhabiting PCB contaminated sites,
including killifish (Fundulus heteroclitysBello et al., 2001; Van Veld and Westbrook, 1995,
Hahn et al., 2004), caryprinus carpio;Fisher et al., 2006), Atlantic tomcomlicrogadus
tomcod Roy and Wirgin, 1997) and Atlantic salmda{mo salarHannson et al., 2006). A
variety of mechanisms may be responsible for ingeitg of these populations to AhR agonists,

including point mutations in the AhR receptor (Palat al., 1994; Sun et al., 1997; Pohjanvirta
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et al., 1998) and alterations in post-receptoraigg pathway (Pollenz et al., 1996; Wilson et
al., 1997). Hahn et al. (2004) reported that AllBles identified in the coding regions of the
Atlantic killifish AhR 1 locus differ in frequencgetween populations from contaminated and
non-contaminated waters. Specifically, individuatsn polluted areas have specific alleles that
are underrepresented compared to non-resistarfréishuncontaminated sites. It is possible that
mutations/alterations in the promoter region of CA@lso could play a role in observed
insensitivities (Bello et al., 2001). Reduced sevisy to AhR agonists in populations
experiencing prolonged exposure to AhR agonists alsy be due to reduced AhR protein
expression as it has been shown that AhR is dogulaiged via the proteasome following
exposure to AhR agonists (Davarinos and Pollen291Bollenz, 2002; Wentworth et al., 2004).
Finally, the presence of the recently discovere® Adpressor (AhRR; Mimura et al., 1999) in
these resistant populations may also play a roleisnphenomenon. All the above factors either
singly or in combination may be involved in theansitivity to Cyp1A response observed with
generational PCB exposures in feral fish.

However, the higher CyplA expression in char fromke Ellasjgen suggests that these
fish have not acquired resistance to chronic exgosuAhR agonists. While the mechanism is
unknown, we hypothesize that the unique lifestyl@rmtic char may be responsible for the
observed effects. For instance, Arctic char ingHakes are seasonal feeders, fattening during
the summer months (2 months) and undergoing extefadéing during the winter montlis0
months)(Jgrgensen et al., 1997; Jobling et al., 199Buring their summer fattening period,
char accumulate PCBs in lipid depots. The lipigsrapbilized during winter emaciation
resulting in the redistribution of PCBs to peripldrssues, including liver and brain (Jgrgensen
et al., 2006). Eventually, given the extended donadf the fasting period, the whole body

burden of PCBs may decrease due to the activatiphase | biotransformation enzymes as
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evidenced by the higher Cyp1A protein levels an®BRactivity (Fig. 2; Jorgensen et al.,

2006). According to this model, char would endureaanual cycle of PCB loading and

unloading and this may be a reason for the obseesgbnse to chronic PCBs exposure not seen
in other species (see above). As the fish in thidyswere sampled in September, the PCB levels
seen are those representing a well fed fish. Wethgsize that the tissue levels of PCBs will be
lower in fish sampled in the spring. However, wargat rule out the possibility that genetic
differences between char and other species, tvat dheveloped insensitivity to PCB exposure,
may be playing a role, but this remains to be deftezd.

Our results clearly suggest that exposure to highetaminant load in fish from Lake
Ellasjgen is eliciting a cellular stress respoits70 expression is commonly used as an
indicator of cellular stress in animals as thist@irois critical for defending cells against
proteotoxicity (Hightower, 1991; lIwama et al., 199Bhe higher Hsp70 expression in the brain,
but not liver, of char from Lake Ellasjgen suggestsadaptive response to defend against
proteotoxicity in this tissue (Sanders, 1993; Hagitr, 1991; Ryan and Hightower, 1996). The
absence of any effect on Hsp70 transcript leveldass to propose that contaminant exposure
alters the brain Hsp70 protein turnover in thesmals. We did not measure OC levels in the
brain, but the higher Cyp1A mRNA abundance in tisisue in Lake Ellasjgen fish points to a
higher exposure to these lipophilic contaminantsesE results suggest the brain is more
sensitive to PCB insults relative to the liver iese fish resulting in the heat shock response.
Recently we showed that chronic exposure to PCBsted char leads to reduced brain hsp70
and hsp90 levels in Arctic char and this coincidatth a reduced brain function (Aluru et al.,
2004). The difference in response seen in thisystuay be related to the feeding status of the
animal. As these were well fed animals, it rai$esgossibility that this adaptive response may

be compromised during the winter months when thmals undergo extended fasting.
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Consequently, brain Hsp70 levels may be a good &iken of brain function with chronic PCB
exposure, but this response may be seasonal inMeatec char.

Similar to Hsp70, the Hsp90 transcript levels wagher in the brain but not in the liver
in response to PCB exposure. Hsp90 acts as a neietiaperone and is crucial for AhR
signaling (Song and Pollenz 2003; Cox and Mill&042, Wentworth et al., 2004; Pollenz and
Buggy, 2006; Wiseman and Vijayan, 2007). When AsRdtivated two molecules of Hsp90
dissociate from the receptor which then translactig¢he nucleus and is eventually degraded via
the proteasome (Davarinos and Pollenz, 1999; Pol2p02; Wentworth et al., 2004). As
Hsp90 is a key signaling molecule for transcriptiactor activation, including AhR and GR
signaling, the higher brain Hsp90 transcript abumeegssuggests a key adaptive response to
facilitate brain function. Although little informiaih exists pertaining to the impact of PCBs on
Hsp90, Aluru et al. (2004) did show that fastedragosed to PCBs for four months had
decreased expression of brain Hsp90 protein. As wéb hsp70 response, the likely
explanation for the lower hsp90 in the fasted chtative to the fish in this study may be related
to the nutritional status of the animal. Togetl@ased on the Hsp response, it appears that the
brain has a lower threshold for PCB-mediated ptotaoity relative to the liver in Arctic char.
Consequently, higher levels of Hsp70 and Hsp90 seaye an important neuroprotective role in
Lake Ellasjgen char, preventing neuronal loss afglitng to maintain neuroendocrine function
(Aluru et al., 2004). However, it appears likelwtlhis adaptive heat shock response may be
compromised during the annual fasting cycle dutirgwinter months in these animals.

A novel finding from this study was the significdivier GR protein expression in the
Lake Ellasjgen char compared to the Lake dyangan @R is a key transcription factor
mediating cortisol action in fish (Vijayan et &005). As cortisol is involved in all aspects

animal function, including energy metabolism, osrad ionic-regulation, immune function and
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stress adaptation, the changes in tissue GR comtiéedt target tissue responsiveness to this
steroid stimulation (Mommsen et al., 1999; Vijayral., 2005). We were unable to obtain
plasma samples from these fish due to logistiaatblems and, therefore, unable to obtain
cortisol levels in these fish. It is known thatgtea cortisol levels modulate liver GR content
(Vijayan et al., 2003) and, therefore, we hypotheshat circulating cortisol levels are lower in
char from contaminated lakes leading to a compengaicrease in target tissue receptor
content. In support of this argument studies h&esve reduced circulating steroid levels and
decreased capacity for stress-induced cortisolymtozh in feral fish collected from PCBs
contaminated sites (Hontela, 2005). InterestingR/t@&anscript abundance was not significantly
different in the liver (Fig. 2b) but was signifighnlower in brain tissue (Fig. 3b) from Lake
Ellasjgen char. Disruption of GR homeostasis has Iséown to impact the cortisol response to
stress by disrupting negative feedback regulatfarodisol levels (Aluru et al., 2004). It
remains to be seen whether PCB exposure in Laksjg#n char compromises the ability of

these individuals to regulate a cortisol responssetondary stressor exposure.

5. Conclusion

Unlike other populations of teleost species thatuea lifelong, even multigenerational
exposure to PCBs, Lake Ellasjgen char do responBG8 exposure by inducing CyplA
expression. We hypothesize that this lack of iniseitg to chronic PCB exposure may be
related to the seasonal feeding and fasting lijke sif these fish. Our results suggest that the
brain is more sensitive to PCB exposure and eleiteat shock protein response to cope with
proteotoxicity in char from the contaminated lakéhanges in liver GR content suggests
alteration in target tissue responsiveness to $itionn by the stress adapting hormone cortisol in

feral char from the contaminated lake. Taken togetcontaminant effect studies on wild
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animal populations suffer from many factors relateddifferences between individuals and
populations caused by natural variations in difier@ambient factors, making causative
conclusions difficult. The natural setting on Bjgya, with two lakes in close proximity but with
substantially differing contaminant loads providesnique opportunity for elucidating possible
effects of contaminants, and also identifying biokess, in fish sharing many similarities at the
genotypic, phenotypic and ecological levels. Oguls for the first time demonstrate that Arctic
char living in these remote lakes are impacted dgtaminant exposure. Future studies on
animal performance, including stress responsivea@ss immune performance of these char
populations will help gain insight into the reliatyl of these biomarker responses as indicators

of effects associated with longer-term PCB exposuferal populations of fish.
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Chapter 4

Aryl hydrocarbon receptor signaling in rainbow trout hepatocytes:
role of hsp90 and the proteasome

This chapter has been accepted for publicatioroim@arative Biochemistry and Physiology as
Wiseman SB, Vijayan MM, 2007. Aryl hydrocarbon rpte signaling in rainbow trout
hepatocytes: role of hsp90 and the proteasome.
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Abstract

The objective of this study was to investigatertile of heat shock protein 90 (hsp90)
and the proteasome in regulating arylhydrocarboapt®r (AhR) activation and cytochrome
P450 1A (CyplA) protein expression in rainbow tr@@nhcoryhynchus mykissVe exposed
trout hepatocytes in primary culture to the AhRragt3-napthoflavone {NF; 10°M) and
examined AhR and Cyp1A expressigiNF induced a significant temporal accumulation of
AhR and Cypl1Al mRNA abundance in trout hepatocyklss transcript response was followed
by a significantly higher AhR and Cyp1A protein eagsion. Exposure to geldanamycin (GA;
1000 ng.mit), a benzoquinone ansamycin antibiotic used tcihhsp90 function, significantly
reduced (~70%NF-induced Cyp1A protein expression in trout hepwgtes. Also, exposure to
the proteasomal inhibitor MG-132 (1) completely abolishefNF-induced CyplA protein
expression in trout hepatocytes. In addition, M@-r@atment further enhanced the GA-
mediated suppression of the CyplA response in trepétocytes. The effect of MG-132 on
CyplA response corresponded with a significantamioin of BNF-mediated AhR mRNA
abundance, but not protein content. Altogetheresults suggest@NF-mediated
autoregulation of AhR content in trout hepatocyWwe. propose a key role for hsp90 and the

proteasome in this ligand-mediated AhR regulatioth @yplA response in trout hepatocytes.
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1. Introduction

The aryl hydrocarbon receptor (AhR) is a membehefbasic helix-loop-helix Per
ARNT-Sim (bHLH-PAS) superfamily of transcriptiond@rs. In mammals only a single AhR
gene (AhR1) has been identified, whereas tele@sts multiple isoforms, including AhR2
(reviewed in Hahn, 2000; Hahn et al., 2005). Wteleost species, including Atlantic killifish
(Fundulus heteroclitysand zebrafish§anio rerio) express both AhR1 and AhR2 (Hahn et al.,
1997; Tanguay et al., 1999; Andreasen et al., 2B@2n et al., 2005), so far AhR1 gene has not
been identified in rainbow troubficorhynchus mykissHowever, three AhR2 isoforms have
been identified in trout and sequence comparisensaled that rtAhR2and rtAhR3 are 98%
identical at the amino acid level (Abnet et al.998). Analysis of the partial sequence of the
third AhR2 isoform in trout revealed that it hagaer sequence identity to Atlantic salmon
AhR2y and AhR3 genes than to rtAhR2and rtAhR3 (Hannson et al., 2003, 2004). Although,
multiple forms of AhR exist in fish, the functionsibnificance in relation to isoform-specific
cellular signaling is unclear.

In the unliganded state, AhR exists as a heteromawath other proteins, including two
molecules of heat shock protein 90 (hsp90) (MeyerRerdew, 1999; Petruilis and Perdew,
2002). According to the model of AhR action, theding of ligands to the receptor promotes
the dissociation of chaperone proteins and thedtion of nuclear AhR-ARNT (AhR nuclear
translocator) heterodimers that bind to xenobiagponse elements (XRE) in the promoter of
target genes (Whitlock, 1999; Swanson, 2002). éddAhR activation by ligand regulates the
expression of a variety of genes, notably thoseding the cytochrome P450 (Cyp) family of
enzymes (Whitlock, 1999; Hanokakoski and Negis@Q® Ma, 2001). A number of studies
have demonstrated that the association betweenafdRsp90 is crucial for AhR signaling,

while disruption of this interaction leads to preemal degradation of this receptor (Chen et al.,
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1997; Meyer et al., 2000; Song and Pollenz, 200@nwWorth et al., 2004). In addition, ligand
binding also leads to AhR degradation, which is istedvia the proteasomal pathway
(reviewed in Pollenz, 2002; Wentworth et al., 2004)

While the mechanism of AhR activatiomestly based on mammalian studies, little is
known about factors regulating AhR signaling incpie models. Only one study with zebrafish
showed that, as in mammals, zfAhR2 is also rapiédlyraded by the proteasome in response to
ligand exposure (reviewed in Pollenz, 2002; Wentivet al., 2004). However, a similar ligand-
induced AhR reduction was not seen in rainbow trSpecifically, trout liver AhR protein
content was elevated in respons@taphthoflavonefNF) exposuren vivo as well asn vitro
using hepatocytes in primary culture (Aluru et 2005; Aluru and Vijayan, 2006) suggesting
species-specific differences in AhR regulationotder to address this distinct AhR response in
trout, we tested the hypothesis that hsp90 angribteasome are critical for AhR signaling in
trout hepatocytes. To this end, geldanamycin (GA)enzoquinone ansamycin antibiotic and a
well established inhibitor of hsp90 function (Greret al., 1997), was used as a tool to tease out
the role of this chaperone in AhR signaling. Wealsed MG-132, a well established
proteasomal inhibitor (Lee and Goldberg, 1998k\taluate the role of the proteasome in AhR

signaling and Cyp1A response.

2. Materials and Methods
2.1. Chemicals

CollagenasdjNF, L-15 medium, protease inhibitor cocktail, argtlz and antimycotic
solution, and bicinchoninic acid (BCA) reagent wpuechased from Sigma-aldrich (St. Louis,
MO, USA). Geldenamycin was purchased from Biostiyrlington, ON, Canada) and MG-132

(carbobenzoxyl-leucinyl-leucinyl-leucinal) was phased from Calbiochem (San Diego, CA,
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USA). Multiwell (6-well) tissue culture plates veeobtained from Sarstedt (Piscataway, NJ,
USA). All electrophoresis reagents and moleculeigit markers were from BioRad
(Mississauga, ON, Canada). CyplA antibody (mounsecad CyplA monoclonal antibody)
was from Biosense laboratories (Bergen, Norway3pd antibody (rat anti-hsp90 monoclonal
antibody) was from Abcam (Cambridge, MA, USA). ydbnal antibody to trout glucocorticoid
receptor (GR) was developed in our laboratory ($athand Vijayan, 2003). The antibody to
salmon AhR was custom made (Invitrogen, Sunnyda#e,USA) based on a conserved region
of rainbow trout AhR2 and AhRB peptide (Abnet et al., 1999) and has been used to
immunodetect AhR in Baltic salmo&d&imo salarVuori et al., 2004) and rainbow trout (Aluru
et al., 2005, Aluru and Vijayan, 2006). The se@gyantibodies to CyplA, hsp90, or GR were
alkaline phosphatase-conjugated to either goatmaotise 1gG for CyplA (BioRad), goat anti-rat
IgG for hsp90 (Stressgen, Victoria, BC, Canadayaat anti-rabbit IgG for GR (BioRad). The
secondary antibody for AhR was horseradish per@edamnjugated to rabbit anti-rat IgG
(BioRad). Nitroblue tetrazolium (NBT) and 5-bromezHloro-3-indlyl phosphate salt (BCIP)
were obtained from Fisher Scientific (Nepean, Obn&la). ECL plus substrate was purchased

from Amersham Biosciences (Baie d’Urfe, QC, Canada)

2.2. Primary Cell Culture

Rainbow trout were obtained from Humber Springsutfarm (Mono Mills, ON) and
kept at the University of Waterloo Aquatic Facildy12+ 1 °C on a 12-h light/dark cycle and
fed once daily to satiety (3 pt sinking food; Marklills Inc., EImira, ON). The fish were
acclimated for at least 2 weeks prior to the sihexperiments and all the protocols were
approved by the animal care committee. Hepatoayézs isolated using collagenase perfusion

according to established protocols (Sathiyaa €tGfl1) and plated in 6-well plates in L15
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medium at a density of 0.75X16ells/ml (1.5x18cells/well). Hepatocytes were maintained at
13°C for the duration of the experiment3NF and GA were dissolved in ethanol, while MG132
was dissolved in DMSO. The final concentratioreitfier ethanol or DMSO in the incubation
medium did not exceed 0.01%. The control cellsiveckthe same amount of ethanol or DMSO
as the treatment groups. Cells were harvestedjftged (13,000 x g for 1 min), the
supernatants removed and the cell pellets flastefr@n dry ice and stored at - Q0 until

required for analysis.

2.3. Experimental Treatments

Temporal studies were conducted to investigateéntipact offNF stimulation on
CyplAl and AhR mRNA abundance and protein exprassibhe experimental protocol
consisted of replacing the media with fresh mediaaningBNF (final in well concentration of
10° M). Media (for lactate dehydrogenase (LDH) leakaand cells were collected either
immediately prior tg§NF addition or 1, 2, 4, 8 and 24 h p@&tF treatment for analysis of either
MRNA abundance or protein expression.

The impact of GA exposure on CyplA protein expssvas conducted to determine
whether hsp90 was important in AhR signaling. €kperimental protocol consisted of
replacing the media with fresh media containingegitcontrol (0.01% ethanol)NF (10° M),
GA (1000 ng mil) or a combination ofNF (10° M) and GA (1000 ng rifl), where GA was
added 30 min prior to addition NF. The GA concentration used was previously shtawvn
block hsp90 binding to GR in trout hepatocytes liyata and Vijayan, 2003). Cells were
harvested at 1, 2, 4 or 24 h pddiF addition and analysed for CyplA protein expr@ssi
Hsp90 protein expression was used as a positivieadda confirm GA effect as reported

previously in trout hepatocytes (Sathiyaa and \4jay2003).
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The proteasomal regulation of AhR signaling comesisif replacing the media with fresh
media containing control (0.01% ethanol), MG-13@ (), BNF (10° M), or a combination of
MG-132 (50uM) andNF (10° M), where MG-132 was added 24 h prioBNF. Cells were
harvested either 4 h pddF addition for quantification of AhR mRNA abundanar 24 h post-
BNF addition to determine AhR, CyplA, and GR pro&xpression. GR expression was used as
a positive control as previously we showed that ¥82-treatment enhanced this steroid receptor
expression in trout hepatocytes (Sathiyaa and ®jag003).

For all studies the cell viability was determirngdmeasuring the release of LDH into the
medium (leakage), according to Boone and Vijay&922. LDH activity was low and not

statistically different among the different treatrthgroups (data not shown).

2.4. Quantitative Real-Time PCR (gPCR)
2.4.1 RNA Isolation and First Strand cDNA Synthesis

Total RNA isolation, including DNase treatment, vpa@sformed using RNeasy mini kits
according to the manufacturer’s instructions (Qmddississauga, ON). The first strand cDNA
was synthesized from 1ug of total RNA using a cD#yAthesis kit (MBI Fermentas,
Burlington, ON) with an oligo dT primer accordingthe manufacturer’s instructions. A
relative standard curve for each gene of interest @onstructed using cDNA synthesized using
this method. An appropriate volume of cDNA for legene was determined during gPCR

optimization (iCycler, BioRad).
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2.4.2. Primers

Primers (Table 1) were designed to amplify eith&0@ bp p-actin; GenBank accession
numberAF157514and Cyp 1A1; GenBank accession nunibé297§ or 500 bp (rainbow trout
AhR) fragment of the target gene of interest. Baw trout AhR primer design consisted of

aligning rtAhR21 and rtAhR3 (GenBank accession numbef$:065138andAF065137

respectively) and primers were designed from caeskregions of the two genes. As the full-
length sequence of the third rtAhR2 is unavaildbis sequence was not included in the primer

design.

2.4.3. Relative Standard Curve

Relative standard curves for target genes (AhRGulAl) and a housekeeping gene
(B-actin) were constructed using plasmid vectorsaiairtg the target sequences according to
established protocols (Sathiyaa and Vijayan, 2003)e Platinurfi Quantitative PCR SuperMix-
UDG (Invitrogen, CA) used in qPCR reaction was Braentrated. Every 28 reaction had
1.5 U Platinum Tag DNA polymerase, 20 mM Tris—H@H(8.4), 50 mM KCI, 3 mM MgGl
200uM dGTP, 200uM dATP, 200uM dCTP, 400uM dUTP and 1 U UDG,; the reaction also
contained 0.21M forward and reverse primers, SYBR green | nucieic gel stain (1:4000)
(Roche, Montreal, QC, Canada) and fluoroscein catiiin dye (1:2000) (BioRad). To reduce
pipetting errors, master mixes were prepared fplidate reactions (3x 2fl) for each standard
and reactions were run in triplicates on 96 welRR#@ates (BioRad) according to the

manufacturer’s instructions (BioRad).
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2.4.4. Quantification of Samples

An optimized volume of cDNA was used for the amgéfion of each gene. The
reaction components were exactly the same as é@wopis section and for every single test
sample a gPCR for both the target (AhR and Cyplht) the housekeeping geffiegctin) was
performed. The following PCR program was usedtpldy (-actin: 95°C — 3 min; 40 cycles:
95°C — 20 sec, 49C — 20 sec, 72C — 20 sec, followed by 4T hold. Cyp1Al and AhR were
amplified using the following protocol: 9% — 3 min; 40 cycles: 98C — 20 sec, 49C — 20 sec,

72°C — 20 sec, followed by 4C hold.

2.4.5. Data analysis for Quantification of Gene Expression

Calculation of the threshold cycle values)@r every sample was performed using the
iCycler iQ real time detection software (BioRad). The trapg@mount for each sample was
calculated for target gene afiehctin using their respective standard curves leghinput
amount and €values. The amount of target gene was dividethéyamount op-actin to
determine the normalized amount of the target géin® normalized value (a relative unit) was
then standardized using an internal calibratortfobsamples of each experiment) and

expressed as percent control exactly as descriieded(Sathiyaa and Vijayan, 2003).

2.5. Immunoblot Analysis

Total protein (4Qug; unless otherwise specified) was separated @6 8BS-PAGE set
at 200 V for 40 min using 1X TGS (250mM Tris, 1®&2glycine, 1% SDS) and transferred onto
a 0.4%M nitrocellulose membrane (BioRad) using Trans{BI&D semi-dry electrophoretic

transfer cell (BioRad). A 5% solution of non-fayanilk in 1X TTBS (2 mM Tris, 30 mM
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NaCl, 0.01% Tween 20, pH 7.5) was used as a blgckgent (1 h at room temperature) and for
diluting antibodies. The blots were incubated wgtimary antibodies for either 1 h (Cyp1A,
GR, hsp90) or 2 h (AhR; 80 ug protein loaded) anmdemperature followed by 1 h incubation
with the appropriate secondary antibody. Membravese washed after incubation in either
primary (2 x 15 min washes in TTBS) or secondatybaxdies (2 x 15 min in TTBS followed by
1 x5 minin TBS, 2 mM Tris, 30 mM NacCl, pH 7.93and detection was carried out with either
BCIP-NBT substrate for CyplA, GR and hsp90 or ViG®L plus for AhR. Images were
captured with either Chemi imageér(Alpha Innotech, San Leandro, CA, USA) for CypT3R
and hsp90 or a Typhoon 9400 Variable Mode Imagerdisham Biosciences) for AhR. All

protein bands were quantified using Chemi imagsoftware (Alpha Innotech).

2.6. Statistical Analyses

All statistical analyses were performed with SR8&ion 10.0 (SPSS Inc., Chicago, IL,
USA). A logarithmic transformation was used wherenecessary to ensure homogeneity of
variance, but non-transformed values are showharfiggures. Data was analysed with either
paired Student’s t-test or one-way ANOVA to assheschanges in both mRNA and protein
levels. A probability level of §0.05 was considered significant. All data arenahas mean +

standard error of mean (S.E.M.)

3. Results
3.1. AhR Expression

There was a temporal change in AhR mRNA accunariati response tpNF exposure
(10°® M) in trout hepatocytes (Fig. 1A). Relative teth h time point, AhR mRNA abundance

was significantly higher at 4 h pogNF addition and remained significantly elevatedtfor
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duration of the exposure (P < 0.05; Fig. 1A). PeddNA abundance was achieved at 8 h post-
BNF addition, and levels declined thereafter, altiothis decrease was not statistically
significant. The AhR protein content was signifittg higher in thedNF group by

approximately 75% compared to the controls (Fig. 1B

3.2. CyplAl Expression

Cyp1ALl transcript levels showed a temporal increds BNF addition and were
significantly elevated above control (0 h) levei®2 & and thereafter remained significantly
elevated for the duration of the exposure (P <;0Hip 2A). CyplA protein expression was
significantly higher at 24 h aft@NF exposure compared to the control group (P <;®@p

2B).

3.3. Effect of GA

There was significantly higher hsp90 protein cahte cells exposed to GA compared to
control cells (Fig. 3A). Addition of GA alone drabt significantly impact Cyp1A protein
expression compared to the control group (Fig. BBwever, GA treatment for 24 h
significantly depressed (~60%INF-induced Cyp1A protein expression in trout hepyiies
compared to thBNF group (P < 0.05; Fig. 3B). Exposure to GArefa 1, 2, 4 or 8 h prior to
BNF addition caused a significant inhibition (~40%)Cypl1A protein expression relative to the

BNF positive control (P < 0.05; Fig. 3C).

3.4. Effect of MG-132
There was significantly higher GR protein contentells exposed to MG-132 compared

to control cells (Fig. 4A). Exposure to MG-132 didt alter AhR mRNA levels in trout
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hepatocytes (Fig. 4B). Howevé@hF-induced AhR mRNA abundance was significantly
depressed (approximately 70 %) by MG-132 (P < O0Fd%; 4B). MG-132 either alone or in
combination with BNF did not significantly affecty® protein expression compared to control
cells in trout hepatocytes (Fig. 4C).

Exposure to MG-132 alone had no significant impacCyplA protein expression
compared to control cells (Fig. 5A). However, M@2lsignificantly suppressgiiNF-induced
Cyp1A protein expression in trout hepatocytes camgbéo cells treated witBNF alone (Fig.
5A). Also, MG-132 completely abolished the CyplAtain response seen withlF exposure

either alone or in combination with GA (Fig. 5B).

131



Table 1 Sequences of oligonucleotide primers used in g PC
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Gene of Interest

Primer Segquce

B-actin

CyplAl

AhR

Fordab’ - AGA GCT ACG AGC TGC CTGAC -3
ewrerse: 5’ - GCA AGA CTC CAT ACCGAG GA-3

Forwabd— GAT GTC AGT GGC AGC TTT GA -3’
eferse: 5'—TCC TGG TCATCATGG CTG TA-3

Fomda5 — CAG CGA AGG GAG CGG TAA-3
ewrrse: 5’ — TGG ACC CGG CCAGTG ATA-3’
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Fig. 1. Effect offNF exposure (I8M) on AhR mRNA abundance (A) and protein contenjt (B
in trout hepatocytes in primary culture. AhR proteias immunodetected with a rabbit
polyclonal anti-salmon antibody; a representatiaenunoblot is shown above Fig. 1B and the
bands correspond to the x-axis labels; data rept@sean + SEM (n = 3 for mRNA; n = 8 for
protein); time points (Fig. 1A) or bars (Fig. 1Bitkvdifferent letters are significantly different
(paired t-test; P €©.05). Specific experimental details are givethim materials and methods.
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Fig. 2. Effect of pNF exposure (16M) on Cyp1A1 mRNA abundance (A) and Cyp1A protein
content (B) in trout hepatocytes in primary cultu@gplA protein was immunodetected with a
monoclonal mouse anti-cod antibody; a represemativnunoblot is shown above Fig. 1B and
the bands correspond to the x-axis labels; dat@sept mean £ SEM (n = 4 for mRNA; n = 22
for protein); time points (Fig. 1A) or bars (FigBQlwith different letters are significantly
different (paired t-test; P €.05). Specific experimental details are givethm materials and

methods.
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Fig. 3. Impact of geldanamycin (GA) on hsp90 (A) and CApilotein expression, after either
24 h (B) or 1-8 h exposure to the drug (C), in tioepatocytes. Hsp90 was immunodetected
with a monoclonal rat anti-hsp90 antibody, whilmanoclonal anti-cod antibody was used for
Cyp1A; protein content was expressed as % corardigp90 and BNF for CyplA; a
representative immunoblot is shown at the top ohdastogram and the bands on the blot
correspond to the respective x-axis labels; valapesent mean £+ SEM (n =5 (A); n=10 (B);
n=6 (C)); * significantly different (paired studerttest; P <0.05); treatments with different
letters are significantly different (paired t-teBt<0.05). Specific experimental details are given
in the materials and methods.
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Fig. 4. Impact of MG-132 on glucocorticoid receptor prateontent (GR; A), AhR mRNA
abundance (B) and AhR protein content (C) in tlepgatocytes. GR was immunodetected with
a rabbit polyclonal anti-trout antibody, while dbé polyclonal anti-salmon antibody was used
for AhR; a representative immunoblot is shown atttip of each protein histogram and the
bands on the blot correspond to the respectiveisialels; values represent mean + SEM (n =4
(A); n=3-7 (B); n=5-8 (C)); * significantly differa (paired students t-test; PO<05); treatments
with different letters are significantly differe(daired t-test; P €.05). Specific experimental
details are given in the materials and methods.
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Fig. 5. Impact of MG-132 on Cyp1A protein expression ditinehe absence (A) or presence of
GA (B). CyplA protein was immunodetected with anmclonal mouse anti-cod antibody; a
representative immunoblot is shown above eachdriaito and the bands correspond to the
respective x-axis labels; data is shown as pe8HNift;, values represent mean + SEM (n = 8);
treatments with different letters are significardlfferent (paired t-test; P €.05).
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4. Discussion

We demonstrate for the first time that hsp90 amrdptioteasome are critical for AhR
activation an@dNF-mediated Cyp1A response in trout hepatocytegard binding leads to a
rapid decrease in mammalian AhR1 (reviewed in Rr|l2002; Davarinos and Pollenz, 1999;
Ma and Baldwin, 2000) and zfAhR2 protein contene(\#orth et al., 2004) and this ligand-
mediated receptor degradation involves the proteagoeviewed in Pollenz, 2002; Wentworth
et al., 2004). Interestingly in trout hepatocy®dsR agonist stimulation resulted in higher AhR
MRNA and protein content. This agrees with presistwdies demonstrating higher AhR protein
expression in responsefiblF exposure in trout livan vivo as well as hepatocytes in primary
culturein vitro (Aluru et al., 2005; Aluru and Vijayan, 2006). sAl our results support the
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin)-induag8hR20 and rtAhR3 mRNA abundance
seen in trout (Abnet et al., 1999a). Although gsial of human, mouse and tomcddi¢rogadus
tomcod AhR promoter regions failed to identify a XRE [Budt et al., 1993; Roy and Wirgin,
1997; Mimura et al., 1999), our results suggedtaHanctional XRE may exist in the promoter
region of trout AhR leading to autoregulation abtheceptor by ligand binding.

AhR forms a heterocomplex with several chaperongeprs, including two molecules of
hsp90, in mammalian cells and this associationitic@ for the receptor stability, ligand binding
and receptor activation (Chen et al., 1997; Meyel Rerdew, 1999; Meyer et al., 2000). Ligand
binding promotes the dissociation of chaperonegmmetand the formation of nuclear AhR-
ARNT heterodimers that binds to XRE in the promatietarget genes, including Cyp1Al
(Berndtson and Chen, 1994; Whitlock, 1999; Swan2602). Although hsp90 protein content is
elevated with GA treatment as seen in other stu#ies et al., 1999; Sittler et al., 2001,
Sathiyaa and Vijayan, 2003), the chaperone praganot functional. This is because the drug

interacts directly with the ATP/ADP binding siteltgp90 and disrupts interactions between this
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chaperone and associated proteins (Grenert é198l7). Indeed, mammalian studies
demonstrated enhanced AhR degradatiarihe 26S proteasomal pathway as a mechanism for
GA-mediated reduction in receptor content (Chesl.etl997; Song and Pollenz, 2002; Meyer et
al., 2000; Song and Pollenz, 2003). Also, this Afn®ein degradation correlated with a 60%
reduction in ligand-induced Cyp1ALl protein expreagiSong and Pollenz, 2002), clearly
establishing a key role for hsp90 in modulating Aighaling. Consequently, the inhibition of
BNF-induced CyplA expression by GA in this studydkeas to propose that hsp90 is critical for
AhR signaling in trout hepatocytes.

One hypothesis we tested was that the proteasomeolsed in the hsp90 modulation of
CyplA expression in trout hepatocytes. Indee®8te proteasome has been implicated in the
TCDD-stimulated mammalian AhR1 and zfAhR2 degraa{Roberts and Whitelaw, 1999; Ma
and Baldwin, 2000; Song and Pollenz, 2003; Wentwettal., 2004; Pollenz and Buggy, 2006).
Also, mammalian studies demonstrated that inhibitbthe proteasome by MG-132 abolished
GA-mediated reductions in AhR protein content pamto a key role for the proteasome in
hsp90-mediated AhR regulation (Santiago-Josefal ,€2001; Song and Pollenz, 2002; Song
and Pollenz, 2003). Also, in mammalian models @stenal inhibition resulted in a greater
TCDD-mediated Cyp1Al transcript levels as well &DD driven luciferase activity in mouse
CyplAl promoter-based reporter assays, suggesiatghe proteasome is involved in ligand-
mediated degradation of AhR (Davarinos and Poll&889; Ma and Baldwin, 2000). This may
be due to the accumulation of nuclear AhR-ARNT teztemers that are capable of binding
DNA and activating gene transcription (Davarinod &ollenz, 1999; Ma and Baldwin, 2000;
Ma et al., 2000). However, in our study MG-132 wasable to recover the GA-mediated
inhibition of AhR signaling as evidenced by the pigssion of the CyplA response even in the

presence of the proteasomal inhibitor in trout hepaes (Fig. 5). Also, MG-132 completely
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abolished th@NF -induced CyplA response, whereas GA reducey ainy 60% suggesting a
direct role for the proteasome in regulating Ahgnaling in trout hepatocytes. The observation
that MG-132 suppressed AhR transcript levels, witlahhanges in AhR protein levels lead us to
hypothesize that the proteasome may be involvéderranscriptional regulation of AhR in trout
hepatocytes. Taken together, these results poam important role for the proteasome -
mediated autoregulation of AhR in trout hepatocyt@sle the mechanism(s) involved remains
to be determined.

Attenuation offNF-induced AhR signaling by proteasomal inhibitisra novel finding.
Studies to date have reported a lack of agonistatetiAhR degradation with proteasomal
inhibitors (Santiago-Josefat et al., 2001; SongRokknz, 2002; Song and Pollenz, 2003,
Wentworth et al., 2004) and this corresponded wigneater CyplAl response (Davarinos and
Pollenz, 2000; Ma and Baldwin, 2000). With the etmmn of a single study in zebrafish
(Wentworth et al., 2004) these studies have bedompeed in mammalian systems where only
one form of AhR (AhR1) is found. Analysis of mamraa and teleost AhR sequences revealed
that the teleost AhR2 shares structural similasittyh the mammalian N-terminal region of the
AhRL1 protein (Tanguay et al., 1999; Andreasen.e8D2). However, major differences in the
C-terminal ligand binding and transactivation dansaof AhR1 compared to AhR2 do exist
(Tanguay et al., 1999; Andreasen et al., 2002; Abhal., 1999a). Consequently, the regulation
of rtAhR20 and rtAhR3B may differ from that of mammalian AhR1. In addrtj studies have
further shown differences in the ligand bindingeptdial and enhancer specificity of rainbow
trout AhR2x and AhR3 (Pollenz et al., 2002; Abnet et al., 1999b). tles primers and antibody
used in this study do not differentiate betweenrtAbR20 and rtAhR3 isoforms, we are unable
to decipher whether the responses we see areudilibo both isoforms or due to changes in

only one of the isoforms. NonethelefSF-induced autoregulation of AhR appears distinct i
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trout hepatocytes relative to the mammalian maesding us to hypothesize a key role for the

proteasome in xenobiotic-mediated AhR activatiod @yplA upregulation in trout.

5. Conclusion

In conclusion, hsp90 and the proteasome are playkey role in modulating AhR
signaling and Cyp1A response in trout hepatocyltke.mode of action of the proteasome in
modulating AhR signaling in trout hepatocytes apgelstinct from that seen in other animal
models fNF stimulated an increase in AhR mRNA abundanceasasubsequent increase in AhR
protein expression leading us to propose N stimulates AhR autoregulation in trout
hepatocytes. We hypothesize that this AhR autdéa¢ign may represent a key adaptation in
maintaining tissue responsiveness even after lerg-exposures to AhR ligands, including

polychlorinated biphenyls in rainbow trout (Celandad Forlin, 1995).
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Chapter 5

Aryl hydrocarbon receptor signaling is involved inthe heat shock
proteins response in rainbow trout hepatocytes
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Abstract

The objective of this study was to determine whetbnctional cross-talk between the
AhR signaling pathway and the cellular heat shacitgin response occurs in rainbow trout
(Oncorhynchus mykissWe exposed trout hepatocytes in primary cultarthe AhR antagonist
resveratrol (RVT, 18 M), with or without the AhR agonigtnapthoflavonefNF; 10° M) and
cells were subjected to a heat shock to stimula@/B and Hsp90 protein expressipNF
treatment for 24 or 48 h induced a significant @ase in CyplA protein expression and this
response was attenuated by RVT. Activation of AlgRaling bypNF did not impact Hsp70 or
Hsp90 protein expression in either non-heat shookdekat shocked hepatocytes at 24 h, except
for a significant elevation in unstimulated Hsp#0tpin expression at 48 h in the BNF groups.
Inhibition of AhR signaling by RVT reduced the hebck-induced Hsp70 and Hsp90 protein
expression in trout hepatocytes. Exposure to attjmin-D (10° M) or cyclohexamide (IDM),
inhibitors of transcription and translation respealy, confirmed that the majority of Hsp70 and
90 response to heat shock involved protein syrdhbsi this was not impacted by RVT.
Exposure of heat shocked cells to the proteasamh@itor MG-132 (5QuM) abolished RVT-
mediated effects on Hsp70 protein but not Hsp9@eprexpression. We propose that AhR
regulation of heat shock proteins response invodier transcriptional and/or post-
translational modifications, while the ligand stilating this receptor activation with heat shock
remains to be explored. Overall, our results suggesle for AhR signaling in the heat shock-

induced Hsp70 and Hsp90 response in trout hepascyt

153



1. Introduction

The cellular stress response ensures survivaalthhy cells and the controlled death of
unhealthy cells during stressful environmental ¢ooals (Reviewed in Kultz, 2005). One of the
best known indicators of cellular stress resposgbka non-specific induction of a highly
conserved family of heat shock proteins (Hsps)utiag Hsp70 and Hsp90, in response to
stressor-induced damage to the protein machinewefved in Parsell and Lindquist, 1993;
lwama et al, 1998). The Hsps induction is a kgyeasof the cellular adaptive response to
defend against proteotoxicity (Hightower, 1991).

In addition to the non-specific cellular resporstegssor-specific protein responses are
also important part of the stress coping mechan{gtasiewed in KKultz, 2005). For instance,
cellular responses to polychlorinated biphenylsEB)&xposure involves induction of phase |
enzymes, including cytochrome P4501A (CyplA) tlaatlitates biotransformation of these
lipophilic contaminants to more water soluble pratdiufor excretion (Rushmore and Kong,
2002; Xu et al., 2005). This contaminant-specifisponse to PCB stimulation is mediated by
binding of the ligand to aryl hydrocarbon recefd#®nR) and activating the signaling pathways,
including AhR-responsive genes (Hahn and Stageni®@84; Whitlock, 1999; Nebert et al.,
2004; Ma, 2001).

The AhR is a ligand mediated transcription fathat exists in a heterocomplex with a
suite of accessory proteins, including two molesweHsp90 (Meyer and Perdew, 1999;
Petruilis and Perdew, 2002). The association betwddr and Hsp90 is crucial for both AhR
stability and signaling, as disruption of this natetion leads to proteasomal degradation of AhR
and inhibition of AhR-responsive gene induction ¢8let al., 1997; Meyer et al., 2000; Song
and Pollenz, 2002; Wentworth et al., 2004; Wiseluath Vijayan, 2007). While Hsps play a role

in PCBs-mediated signaling, several studies alswet that this lipophilic contaminant
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exposure impact Hsp70 and Hsp90 protein expressipiscine models (Vijayan et al., 1997,
1998; Janz et al., 1997; Weber and Janz, 2001; Watla., 2002; Aluru et al., 2004). While
these results suggest a link between AhR activatiahthe Hsp response in fish cells, the mode
of action is unknown. AhR interacts with a numbgsignaling pathways, including those
associated with hypoxia (Nie et al., 2001; Pradci.e2004; Lee et al., 2006), estrogen receptor
(Wormke et al., 2000; Safe et al., 2000; Matthead Gustafsson, 2006), and glucocorticoid
receptor (Celander et al., 1997; Vijayan et alQ®Gignaling pathways. Several mechanisms
have either been identified or hypothesized as atiedj crosstalk between AhR and these other
signaling pathways (Carlson and Perdew, 2002; ¥ijagt al., 2005). Most notably Hsp90 plays
an important chaperone role in many of these siggg@athways and, therefore, thought to be a
key regulator of AhR signaling (Nollen and Morimp8002; Vijayan et al., 2005). However, to
our knowledge no study has addressed the posgithiat AhR-activation may be involved in the
heat shock response as part of the adaptive defeesiganism against stressor insult. Taken
together, as AhR function is dependent on its agson with Hsp90 and PCBs induce Hsp70
and Hsp90 protein expression, we hypothesizedctivastalk between AhR signaling pathway
and Hsp response occurs in fish cells. To addresswe used the AhR antagonist resveratrol
(RVT) as a tool to block AhR signaling (Aluru angagyan, 2006a,b) and determined the impact
of AhR on heat shock stimulated Hsp70 and Hsp9@pr@xpression in primary cultures of
rainbow trout hepatocytes. The AhR agogistaphthoflavone (BNF)-stimulated Cyp1A protein

expression was used as a positive control to garfihR activation.
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2. Materials and Methods
2.1. Chemicals

CollagenasdjNF, RVT, actinomycin D (ACT D), cyclohexamide (CHX)-15 medium,
protease inhibitor cocktail, antibiotic and antiragic solution, and bicinchoninic acid (BCA)
reagent were purchased from Sigma-aldrich (St.4,dd0O, USA). MG-132 (carbobenzoxyl-
leucinyl-leucinyl-leucinal) was purchased from Gatthem (San Diego, CA, USA). Multiwell
(6-well) tissue culture plates were obtained froans&dt (Piscataway, NJ, USA). All
electrophoresis reagents and molecular weight makkere from BioRad (Mississauga, ON,
Canada). CyplA antibody (mouse anti-cod CyplA notoral antibody) was from Biosense
laboratories (Bergen, Norway). Hsp90 antibody &rat-Hsp90 monoclonal antibody) was from
Abcam (Cambridge, MA, USA) and detects both the3@smnd Hsp9p isoforms. Primary
antibody to Hsp70 (rabbit anti-rainbow trout Hsgxyclonal antibody) has been described
previously. This antibody detects the inducible HBsoform but does not detect the
constitutive (Hsc70) isoform (Vijayan et al., 199The secondary antibodies to Cypl1A, Hsp90,
or Hsp70 were alkaline phosphatase-conjugatedheraggoat anti-mouse IgG for CyplA
(BioRad), goat anti-rat IgG for Hsp90 (Stressgeittdfia, BC, Canada) and goat anti-rabbit IgG
for Hsp70 (BioRad). Nitroblue tetrazolium (NBT) ahébromo-4-chloro-3-indlyl phosphate salt

(BCIP) were obtained from Fisher Scientific (Nepe@hl, Canada).

2.2 Primary Cell Culture

Rainbow trout ©Qncorhynchus mykissvere obtained from Humber springs trout farm
(Mono-Mills, ON, Canada). Trout were maintainedunning well water at the University of
Waterloo aquatic facility in 500 L aquaria and fette daily to satiety (3 pt sinking food; Martin

Mills Inc., Elmira, ON, Canada). The water tempera was maintained at 12+1 °C under a 12 h
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light/dark photoperiod and fish were acclimateddbleast 2 weeks before experimentation. All
fish were maintained in accordance with the Cama@iauncil of Animal Care guidelines.

For all experiments hepatocytes were isolatedgusilagenase perfusion according to
established protocols (Sathiyaa et al, 2001) aatkg@lin 6-well plates in L15 medium at a
density of 0.75x18 cells/ml (1.5x10 cells/well). Unless otherwise stated all cellsevallowed
to recover for at least 24 h prior to any treatraemd media was replaced with fresh media.

Control hepatocytes were maintained at C3or the duration of the experiments, while heat

shock consisted of exposing cells to°28(+15°C) for 1 h and returning the plates to°I3

2.3. Experimental Details

A series of studies were performed in order t@gtigate whether the AhR plays a role in
the Hsp70 and Hsp90 response to heat shock. pdrements were conducted with hepatocytes
isolated from at least 4 different fish. In eaclpexment, hepatocyte viability was determined by
measuring lactate degydrogenase (LDH) leakageatonedium following standard protocols
(Boone and Vijayan, 2002). LDH leakage was very &md was not statistically different from

control cells (data not shown).

2.3.1. RVT Impact on CyplA, Hsp70, and Hsp90 Protein Expression

Approximately 24 h after cells were plated, thedraevas replaced with fresh media and
cells were exposed to RVT (R0M), BNF (10° M), or a combination of both. In all experiments
RVT was added 30 min prior to additionfMF. Thirty minutes after the addition BNF one
set of plates were subjected to heat shock {€1fer 1 h) and then returned to°C3 while the
other set served as the unstimulated control. s@@ltl media from all treatment groups were

collected 24 h after heat shocking and stored @1G-8ntil needed.
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2.3.2 Longer-Term Impact of RVT on Hsp70 and Hsp90 Protein Expression

Approximately 24 h after cells were plated, thedraevas replaced with fresh media and
all cells were exposed to RVT (2M), BNF (10° M), or a combination of both exactly as
mentioned above. However, here the cells were eptusthe drugs for 24 h prior to heat
shocking and the samples were collected 24 h laftar shocking (or 48 h after drugs exposure)
exactly as above. Cells and media from all treatrgesups were collected and stored at 280

until needed.

2.3.3. Effect of RVT on Transcription and Trandation of Hsp70 and Hsp90 Protein
Expression

Cells were exposed to RVT (20M), CHX, ACT D or a combination of CHX (10M)
and RVT (10 M) or ACTD (10° M) and RVT (1G° M). Thirty minutes after the addition of
inhibitors, one set of plates were subjected ta Gleack (+15C for 1 h) and then returned to
13C. Cells and media from all treatment groups veetected 24 h post heat shock and stored

at —80°C until needed.

2.3.4. Effect of the Proteasome on RVT-Mediated Attenuation of Hsp70 and Hsp90 Protein
Expression

Hepatocytes were exposed to MG-132 (M), a proteasomal inhibitor, and then
exposed to RVT (10M), BNF (10° M), or a combination of both exactly as mentiobetbre.
Thirty minutes later the cells were subjected heat shock (+18C for 1 h) and then returned to
13°C as explained before. Cells and media from edltment groups were collected 24 h post

heat shock and stored at “®Duntil needed.
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2.4. Immunoblotting

Protein concentration of hepatocytes was detemniiseng the bichinchoninic acid
(BCA) method using bovine serum albumin (BSA) asgtandard. Total protein (4@) was
separated on 8% polyacrylamide gels using the disamous buffer system of Laemmli (1970).
Proteins were separated at 200 V for 50 min usk@ &S (250mM Tris, 1.92 M glycine, 1%
SDS) and transferred onto a Quféb nitrocellulose membrane (BioRad) using Trans{GBI&D
semi-dry electrophoretic transfer cell (BioRad).5% solution of non-fat dry milk in 1X TTBS
(2 mM Tris, 30 mM NaCl, 0.01% Tween 20, pH 7.5) waed as a blocking agent (1 h at room
temperature) and for diluting antibodies. The dlotre incubated with primary antibodies for
either 1 h (CyplAl and Hsp70) or 2 h (Hsp90) abrdemperature, followed by 1 h incubation
with the appropriate an alkaline phosphatase catgaysecondary antibody. The membranes
were washed after incubation in primary (2 x 15 mashes in TTBS (2 mM Tris, 30 mM NacCl,
pH 7.5, 0.1% Tween-50) and secondary antibodies1® min in TTBS followed by 2 x 15 min
in TBS). Proteins of interest were detected usi@gP (5-bromo-4-chloro-3-indolyl-phosphate)
/ NBT (nitro blue tetrazolium) color substrate (Riad). The protein bands were quantified using

Chemi imagerl and Alphaease softeware (Alpha Innotech, CA).

2.5. Statistics

All statistical analyses were performed with SR8&ion 10.0 (SPSS Inc., Chicago, IL,
USA). A logarithmic transformation was used wherewecessary to ensure homogeneity of
variance, but non-transformed values are showherfijures. Data was analysed with either
paired Student’s t-test or one-way ANOVA to asskeschanges in protein levels. A probability
level of p< 0.05 was considered significant. All data arenghas mean + standard error of

mean (S.E.M.).
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3. Results
3.1. Impact of RVT on CyplA, Hsp70, and Hsp90 Protein Expression.

Regardless of heat sho@i\F exposure for 24 h significantly increased CypiAtein
expression in trout hepatocytes, while RVT by itde not affect CyplA expression (Fig. 1A).
TheBNF -induced CyplA response was attenuated in tegepice of RVT (combination group).
We were interested in determining whether inhibitcd AhR signaling impacted Hsp70 and
Hsp90 protein expression. In non-heat shocked,ddBp70 and Hsp90 protein expressions
were not significantly impacted [BNF, RVT, or the combination giNF and RVT. Similarly,
exposure t@NF did not significantly affect Hsp70 or Hsp90 miotexpression in heat shocked
cells. However, RVT exposure either alone or imbmation withBNF significantly reduced
heat shock-induced Hsp70 protein expression reatithe control cells but not the BNF-treated
cells (Fig. 1B). Heat shock-induced Hsp90 prot{pression was also significantly lower in the
RVT group compared to the control but not N+ group, while the Hsp90 expression in the

combination group was significantly lower than btite control an@NF groups (Fig. 1C).

3.2. Impact of Longer-Term RVT Exposure on Hsp70 and Hsp90 Protein Expression

In the absence of heat shock, exposufi\ilB for 48 h either alone or in combination
with RVT significantly increased Hsp70 protein llsreompared to control cells (Fig. 2A).
Longer-term exposure to BNF either alone or in coafon with RVT did not significantly
affect Hsp90 protein expression, while RVT alorgn#icantly reduced Hsp90 levels compared
to the control group (Fig. 2B).

Heat shocking significantly elevated Hsp70 and3sprotein expression compared to

unstimulated cells, while RVT either alone or imdmnation with BNF significantly reduced the
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heat shock-induced Hsp70 and Hsp90 protein expressimpared to the control cells (Fig. 2A

and B).

3.3. Effect of Actinomycin D (ACTD) and Cycloheximide (CHX) on Hsp70 and Hsp90 Protein
Expression

Exposure to CHX or ACTD alone significantly desed heat shock-induced Hsp70 and
Hsp90 protein expression (Fig. 3 and B). Co-expmsuth RVT did not significantly affect

protein expression compared to CHX or ACTD alone.

3.4. Effect of the Proteasome I nhibitor MG-132 on Hsp70 and Hsp90 Protein Expression
Exposure to MG-132 completely abolished the sigaift reduction in heat shock-
mediated Hsp70 expression seen in the RVT trea#si@ther alone or in combination with
BNF compared to the control cells (Fig. 1B and Bify). However, the heat shock-mediated
significant reduction in Hsp90 protein expressiomhe RVT and combination groups compared

to the control group (Fig. 1C) was not significgraffected by MG-132 treatment (Fig. 4B).
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Fig. 1. Impact of resveratrol (RVT) on Cyp1A (A), Hsp70){Bnd Hsp90 (C) protein
expression. Hepatocytes were treated with conix6llo ethanol), RVT, BNF, or a combination
of RVT and BNF in which case RVT was added 30 mriargo BNF. Half of the cells were
subjected to a 1 h heat shock at ¥@5and then returned to a i3 incubator. All cells were
collected 24 h later and protein was isolatedfamunoblotting. All values represent mean +
S.E.M . (N>4) and bars with different letters are statishcdlfferent (paired t-test? < 0.05).
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Fig.2. Impact of elevated AhR protein expression on H§@JGnd Hsp90 (B) protein
expression. Cells were exposed to RVT{M), BNF (10° M), or a combination of both in

which case cells were exposed to RVT 30 min poaddition oBNF. All cells were then
incubated at 13C for 24 h. At the end of the 24 h incubation pera media change was
performed and cells were exposed to the same tesdtregime described above. Thirty minutes
after addition oNF half of the cells were subjected to heat sheds{C for 1 h) and then
returned to 13C. Cells and media from all treatment groups veetiected 24 h post heat shock
and stored at —8C until needed. All cells were collected 24 h laad protein was isolated for
immunoblotting. All values represent mean + S.E. (M > 4) and bars with different letters are
statistically different (paired t-te€®, < 0.05).
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Fig. 3. Impact of transcription and translation inhibition Hsp70 (A) and Hsp90 (B) protein
expression. Hepatocytes were treated with con0ll@6 ethanol), RVT, ACTD, CHX, or a
combination of ACTD and RVT or CHX and RVT. In thembination groups RVT was added
30 min prior to ActD or CHX. Heptocytes were sulbgetto a 1 h heat shock at + A5and then
returned to a 13C incubator. All cells were collected 24 h lated qmotein was isolated for
immunoblotting. All values represent mean + S.E.(M > 4) and bars with different letters are
statistically different (paired t-ted®, < 0.05).
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Fig. 4. Impact of proteasomal inhibition and heat shocksp70 (A) and Hsp90 (B) protein
expression. Cells were treated with the proteasorhditor MG-132 30 min prior to treatment
with either control (0.01% ethanol), RVT, BNF, oc@mbination of BNF and RVT in which
case BNF was added 30 min prior to RVT. Cells veeiigiected to a 1 h heat shock at @5
and then returned to a 2@ incubator. All cells were collected 24 h lated gomotein was
isolated for immunoblotting. All values represergan = S.E.M . (N_4) and bars with different
letters are statistically different (paired t-té3& 0.05).
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4. Discussion

We demonstrate for the first time that inhibit@nAhR signaling attenuates the heat
shock-induced Hsp70 and Hsp90 protein expressitmout hepatocytes. Although the
mechanism of action is unclear, our results suggesbss-talk between AhR signaling and the
proteasomal pathways in modulating the Hsp70 responrainbow trout.

Recent studies have established the role of RvVanashR antagonist in animal models,
including piscine cells (Aluru and Vijayan, 20089, Several mechanisms have been proposed
for RVT inhibition of AHR signaling in mammalian rdels, including competition with agonists
for binding sites (Casper et al., 1999; Chen e2@0D4). Also, RVT binding stimulates the
nuclear translocation of AhR and binding to resgogiements, but the transactivation of AhR-
responsive genes, including CyplAl, is inhibitedgfer et al., 1999). Our results are in
agreement with other studies clearly showing aenattion of the AhR agonist-induced CyplA
expression with RVT (Ciolino et al., 1998, Caspeale 1999; Chen et al., 2004; Aluru and
Vijayan, 2006a,b) confirming inhibition of AhR sigling in trout hepatocytes.

Induction of Hsps is a hon-specific response tpaute or chronic stressor that
threatens or damages cellular macromolecules,rircpkar protein homeostasis (Lindquist and
Craig, 1988; Morimoto, 1998). The protective rofdHsps is largely attributed to their role as
molecular chaperones involved in protein foldingimbenance of native protein conformation,
and repair or promotion of the degradation of middd proteins (Lindquist and Craig, 1988;
Hightower, 1991; Morimoto, 1998). The actions &fd allow cells to re-establish protein
homeostasis in response to toxic insults. The gb#ilis study was to explore whether AhR
signaling is involved in this highly conserved hsglabck response to defend cells against
proteotoxicity. ClearlysNF stimulated Hsp70 but not Hsp90 protein expressidrout

hepatocytes, but this was evident only after losigan exposure (48 h) suggesting activation of
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the cellular stress response to chronic exposuti@®tirug. We have shown before tphi-
exposure in vivo stimulates liver Hsp70 expressmrainbow trout (Vijayan et al., 1997).
However, the Hsp70 responseBtdF is of a lower magnitude compared to heat shockdd, a
well established proteotoxic stressor. Also, RViletato inhibit this Hsp70 response leading to
the proposal that AhR signaling is not involvedhe unstimulated Hsp70 response to this AhR
ligand. We propose that tfi&\F -mediated Hsp70 response involves AhR- indepeinde
pathways, but the precise mechanism remains tetserdined.

Indeed, the reduction of heat shock-induced HgptDHsp90 protein expression with
RVT for the first time establishes a role for AhiBr&ling in the heat shock response. Also, the
greater magnitude of this response with longer R¥posures further confirms the involvement
of AhR receptor in this response. However, tolmowledge no study has reported a role for
AhR or RVT in the cellular response to heat shdakthis Hsp response to RVT was not seen in
the absence of heat shock, it appears likely tid signaling is modulating the induction of
heat shock proteins. This is supported by the easien that both transcriptional and
translational inhibitors suppressed the heat shodikeed Hsps in trout hepatocytes, while this
response was not modified by RVT treatment. Conseityy we hypothesize that cross-talk
between the AhR signaling and the heat shock signahthway may be involved in the heat
shock response in trout hepatocytes. Howeverjgaad mediating this AhR activation in
response to heat shock remains to be elucidatedali$ence of Hsps response @itlF in the
heat shocked cells leads us to propose that heek sesponse may involve AhR signaling
pathways independent PNF activation. It remains to be seen if this reg®ois specific to RVT
stimulation and independent of AhR activation mutrhepatocytes. Other studies with RVT
showed both increased (Wang et al., 2006; Bezsiatosl., 2006) and decreased (Bezstarosti et

al., 2006) Hsp27 expression. Using 2D gel electoogdis Bezstarosti et al. (2006) identified two
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molecular forms of Hsp27 that were differentialtygacted by RVT. The authors suggest that
RVT may impact Hsp27 expression through its stitiaeof MAP kinases. Resveratrol
increased the expression of the phosphorylatedffbisp27.

As it is well established that the proteasome okyimportant role in regulating cellular
protein levels (Ciechanover, 2005) we determinedttr inhibition of AhR signaling by RVT
attenuates Hsp70 and Hsp90 protein expressionptiataasome-mediated mechanism. Indeed,
inhibition of the proteasome abolished the Hsp&poase to RVT exposure leading to the
suggestion that this AhR-mediated signaling prevétgp70 degradation. However, the Hsp90
response to RVT was not altered by the proteasorhilitor leading to the proposal that distinct
mechanisms of action may be involved in AhR-mediaggulation of Hsp70 and Hsp90 protein
expression in trout hepatocytes. Taken togethleR gignaling may be involved in maintaining

the Hsps response to heat shock stimulation, leutntbde of action appears distinct.

5. Conclusion

In conclusion, this study further demonstratesutiigy of RVT as a tool to elucidate the
dynamic role of AhR in cellular response pathwdayss is the first study to demonstrate that the
AhR plays a role in the Hsp70 and Hsp90 responsedb shock. Although the mechanism of
this action is unclear it appears that the protegsplays a role in the degradation of Hsp70 but
not Hsp90. Future studies are needed to elucidakiAvolvement in the cellular response to
heat shock, in particular to understand the meshawif action of AhR in modulating the Hsps
response. Although the physiological implicatiohshese findings are unclear, these results
demonstrate a cross-talk between the AhR and thiesheck signaling pathway in trout

hepatocytes
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Chapter 6

Transient gene expression in the liver during recoery from an
acute stressor in rainbow trout

“Reprinted from Comparative Biochemistry and Phigig, 2(3), Wiseman, S., Oschaff, H.,
Bassett, E., Malhotra, J., Bruno, J., VanAggelen M®mmsen, T.P., Vijayan, M.M., Transient
gene expression in the liver during recovery fromaaute stressor in rainbow trout, pp 234-244,
Copyright (2007), with permission from Elsevier”.
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Abstract

The physiological response to stressors, inclutmmgnonal profiles and associated tissue
responsiveness, has been extensively studied alitiogid fish, but less is known about the
genetic basis of this adaptive response. As lw¢iné major target organ for metabolic
adjustments, we exploited a selective transcriptsrapproach to address molecular response in
this tissue during acute stress adaptation in cainipout. The stressor consisted of a
standardized 3 min handling disturbance of trood, plasma and liver samples were collected
either prior to or 1 and 24 h after stressor expasu

We developed a low density custom cDNA array caimgjof 147 rainbow trout genes
designed from conserved regions of fish sequenaakable in GenBank. All amplicons were
similar in size (~450-550bp) and the targeted géaesestablished roles in physiological
processes, including stress and immune functiawihrand metabolism, ion and
osmoregulation and reproduction. The acute stesggonse and recovery was confirmed by the
transient elevation in plasma cortisol concentratibl h, which returned to pre-stress levels
over a 24 h period. This was accompanied by sicamti upregulation of 40 genes at 1 h, and 15
genes at 24 h after stressor exposure in trout IMany of these genes were involved in energy
metabolism, implicating a rapid liver molecular megramming as critical for the metabolic
adjustments to an acute stressor. Several othmesctigts not previously implicated in the stress
response process in fish, including genes involmechmune function and protein degradative
pathways, were found to be stress-responsive ut.tPolarge number of these transiently
elevated stress-responsive transcripts were atsarspreviously to be glucocorticoid-
responsive in fish.

Transient upregulation of metabolic genes may plagy role in regaining homeostasis

after an acute stressor. Our results suggest danstressor-mediated genomic cortisol signaling
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in the liver molecular programming associated wsitiess in fish. Overall, the study
demonstrates the complex nature of the adaptieestesponse at the genetic level and

underscores the utility of functional arrays foemtifying stress coping mechanisms.
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1. Introduction

The cortisol response to stressor exposure hasdtedied in a number of teleostean
fishes. The magnitude and duration of this strem®isl response in large part is determined by
the type, duration and the intensity of the streasal is also species-specific (Bonga, 1997,
Barton et al, 2002; Iwama et al, 2006). This conseistress response has adaptive value and is
thought to allow animals to regain homeostasig aftgressor insult (Bonga, 1997; Mommsen et
al, 1999; Barton et al, 2002; lwama et al, 2006hil&/most studies have examined plasma
cortisol response to stressors, very little is kn@about the genetic basis of this adaptive
response.

The biochemical response that accompanies thessgsgonse does play a role in the
metabolic adjustments critical for meeting the @ased energy demand (Mommsen et al, 1999).
Most studies so far have focused on the glucogmrse as this metabolite is a key fuel to meet
the enhanced energy demand to regain homeostagigjlicose response to stressors is
mediated in part by the stress hormones catecho&aind glucocorticoid and involves
enhanced liver metabolic capacity, including gly@eglysis, glycolysis and gluconeogenesis.
While catecholamine impact is thought to be immied@nd involves glucose production by
glycogenolysis, the cortisol response allows foigler-term glucose maintenance and glycogen
repletion during stress recovery (Mommsen et @9)9The enhanced liver gluconeogenic and
amino acid catabolic capacity, along with periphprateolysis and elevated plasma amino acid
levels in cortisol treated fish supports this catiten. Taken together, stress-mediated cortisol
response may be critical in the liver metabolicgpaonming to regain homeostasis.

While most studies focused on tissue and plasmabukte levels to stressors, very few
studies have examined molecular responses to @tsassfish. Recent development of

microarrays for non-model species, including teieas fishes (Gracey et al, 2001; Ton et al,
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2002; Larkin et al, 2003; Krasnov et al, 2005; M@ehal, 2006; Li and Waldbieser, 2006) will
rapidly improve this situation (Gracey and Cossi#t¥)3). While a genomics approach was
utilized to examine the impact of repeated handingss on brain and kidney gene expression
patterns in rainbow trout (Krasnov et al, 2005) shady has addressed the impact of acute
stressor exposure and recovery on liver transer®. As liver metabolism is crucial for stress
adaptation, the associated transcriptional respansa&ticularly important in order to identify
the genetic basis of homeostatic adjustments.

To this end, we assessed gene expression pattere iwer during recovery from a
standardized acute handling disturbance in raintbout. Previous studies have established that
such an acute, short handling stressor, followertebgvery, elevates plasma cortisol level
rapidly, but the levels return to basal, unstredseels, within 24 h of recovery confirming
homeostasis of this steroid in circulation (Bont297; Barton et al, 2002; Vijayan et al, 2005).
As liver is the main tissue in the metabolic adjustts to stress, we investigated transcriptional
responses of some of the well established proteumdved in intermediary metabolism and
endocrine signaling of liver function (Gracey et aD01). To this end, we developed a low
density custom array consisting of rainbow troutegewith established roles in physiological
processes, including stress and immune functiawilr and metabolism, ion and
osmoregulation and reproduction, to examine tlode during stress adaptation in trout.
Although larger high-density arrays allow for sitameous analysis of thousands of genes, our
custom array, with its high percentage of metabatid endocrine related genes is ideally suited
to the study of the stress response as it hasweekestablished that recovery from stressor
exposure is energetically demanding, and invoh@mbne signaling (Wendelaar Bonga, 1997,

Gracey et al., 2001).
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2. Materials and Methods
2.1 Animals

Juvenile rainbow trougncorhynchus mykiss200g) were purchased from Rainbow
Springs Trout Farm (Thamesford, ON, Canada). Gai®-7 fish each were maintained in
three 100-L tanks with continuous running watet&fC and 12L:12D photoperiod for 1 month
prior to the start of the experiment. Fish wek dace daily to satiety with 3-point sinking food
(Martin Mills Inc., Elmira, ON, Canada) for 5 dagsveek. Food was withheld 24 h prior to the

stress experiment.

2.2 Experimental Protocol

Trout were stressed using a standardized handistgrbance consisting of 3 minutes of
netting and chasing, as previously described bsydin et al. (1997b). Tissue samples were
collected at 0, 1 and 24 h after stressor exposéileanimal handling and tissue collection was
done quickly. Sampling consisted of netting tish fat the respective times and anaesthetizing
them with an overdose of 2-phenoxyethanol (1:1,0B8h were bled by caudal puncture and the
blood was collected in heparinized tubes, centatl(f,000g for 5 min at 4 °C), and the isolated
plasma was frozen for subsequent cortisol and glidetermination. Liver tissues were frozen
in liquid nitrogen and stored at IDfor microarray analysis. Plasma cortisol conegitn was
determined using a commercially available radioimoassay (RIA) kit (ICN Biomedicals, CA,
USA) according to established protocols (Vijayaalet2003). Plasma glucose concentration

was measured colorimetrically using the Trinderhmodt(Sigma-Aldrich, St. Louis, MO, USA).
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2.3 Isolation and Quantification of Total RNA

Total RNA was isolated from 30 mg tissue from efglh separately using either the
RNeasy RNA isolation system (Qiagen, Valencia, O8A; acute stress study) or the Trizol
method (Gibco-BRL, Burlington, ON, Canada; generattf cDNA clones). Isolated RNA was
digested with DNasel and all steps were perforncedrding to the manufacturer’s instructions.
RNA concentration was determined spectrophotonalyiby the A260/A280 method, the RNA
integrity confirmed by formaldehyde agarose getitghoresis, and stored at °Z0until

further use.

2.4 cDNA Clones

A total of 147 unique cDNA fragments were amptifiey RT-PCR from total RNA
isolated from rainbow trout liver, intestine, ovabyain or kidney tissue. Primers (17-21
nucleotides) were generally designed to amplifgrinants between 450-550 base pairs in length
using either the internet primer design prograrmeri3 (www-genome.wi.mit.edu/cgi-
bin/primer/primer3_www.cgi) or Primer Premier soéine (Premier Biosoft International, Palo
Alto, CA, USA). The primer pairs were designedifrthe most conserved region of the cDNA
sequence for each gene, based on sequence aligmtteatl available gene sequences,
including other species of fish. Primer pairs tt@atsistently amplified only a single product,
confirmed by separating on a 1% agarose gel stauithdethidium bromide, were used in the
array construction. Primers were obtained fromhalpNA (Montreal, QC, Canada).

PCR products were cloned into the Invitrogen pCRet vector (Invitrogen,
Burlington, ON, Canada) according to the manufastsiprotocol, except all reaction volumes
were halved. Ligation of the PCR products intoubetor was verified by PCR with the vector

specific M-13 forward and reverse primers. Plashtiontaining the desired PCR fragments
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were isolated using a Qiaprep Spin miniprep plagsuathtion kit (QIAgen). All plasmids were
sequenced, for correct insert confirmation, atGeater for Environmental Health, at the

University of Victoria (Victoria, B.C. Canada).

2.5 Probe Preparation

Each gene fragment was amplified in ten PCR reast{00 pl each or 1 ml total) in a
thermal cycler (MJ Research, Watertown, MA, USAhggene specific primers in the
following PCR reaction: 1X Taq Polymerase buffentaoning magnesium chloride, each dNTP
at a concentration of 300 uM, 3.75 U of Taq (Proaédadison, WI, USA), 3 ng of plasmid,
and 0.6 uM of each specific primer. The followoanditions applied: 35 cycles of 94°C for 30
s, appropriate annealing temperature (45 f€5tepending on gene specific primers) for 60 s,
and 72 °C for 2 min followed by a final 12 min ex¢eon at 72°C. PCR products were
visualized on a 1.2% agarose gel stained with dfpeghidium bromide/ml to confirm correct
size of amplicon as well as minimal primer dim&he ten PCR reactions for each gene
fragment were pooled and purified using the Qia@éhquick PCR Purification kit.
Concentration of each gene fragment was determiigesbectrophotometry, the samples were
speed vacuum dried, resuspended in 3X SSC (0.4&dM® chloride, 0.045 M sodium citrate,
pH 7.0) to a final concentration of 0.5 pg/ml fach gene fragment. The gene fragment was

confirmed with a 1.2% agarose gel.

2.6 Array Printing
Prior to printing, cDNA clones were diluted to 5¢/mL in 3x SSC and placed in a 384
well plate. The cDNA fragments were printed ontdypl lysine coated glass slides (Telechem,

Sunnyvale, CA, USA) using a BioRad ChipWriter Pobatic System (BioRad, Mississauga,
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ON, Canada) equipped with 6 Stealth 2 pins (Teleghecach cDNA fragment was printed side
by side in triplicate. In addition, a 500 bp fragmh from the Lambda Q bacterial gene was
printed onto each slide in order to control for hgization inefficiencies and for dye
normalization. After printing, all slides were Wvoss linked at 70 mJ for 2 min. Slides were
then washed in 0.2% SDS for 2 min., followed by&shes in milli-Q water for 2 min each, and

finally a 5 min. wash in $%& milli-Q water to denature the cDNA probes.

2.7 Preparation of Fluorescently Labeled cDNA Targets

The procedure used to label RNA was adapted fnartopols forArabidopsis thaliana
arrays described in detail at the Institute for @ait Research site (TIGR; http:
atarrays.tigr.org/arabprotocols.html). As thereev@f7 fish per tank, three independent RNA
samples were generated at each time point (0,24 after stressor exposure by pooling
equal quantities of total RNA from 2 fish liverBor each of the 6 microarray slides used in the
study 2 separate reverse transcription reactioms performed (RNA from control and stressed
trout) for a total of 3 slides each for the 1 addh2samplesafter stressor . The same control RNA
was used to hybridize the 1 h and 24 h sample sicstsor exposure. For a single reaction, 60
ug total RNA (from either control or stressed fislgs mixed with 0.7ng oligo(dT)»-1gprimer
(Invitrogen) and spiked with 5 ng lambda Q bactenRNA which had beem vitro transcribed
from the lambda Q cDNA fragment used in array jmopt The reaction was mixed, heat
denatured at 7@ for 10 min and then snap cooled on ice. The igimg@components of the
reverse transcription reaction were added as fall@uL 5x Superscript Il reverse transcription
buffer (Invitrogen), 3uL 0.1M DTT, 400 U Superscript Il reverse Transag# (Invitrogen), 0.6
ul of 50x aminoallyl ANTP mix (containing 25mM eachdATP, dCTP, dGTP, 15mM dTTP,

and 10mM aminoallyl-dUTP; Sigma-Aldrich, OakvileN, Canada), and 40 U ribonuclease
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inhibitor (MBI fermentas, Burlington, ON, CanadaAminoallyl cDNA was synthesized at 42
for 3 h. The reaction was stopped by heating & 76r 15 min along with the addition of 1@
1M NaOH and 1@.L 0.5 M EDTA to hydrolyse the RNA, and 10 1M HCI to neutralize the
reaction. After drying in a speed vac centrigube,purified aminoallyl cDNA was mixed with
40 nmol of either Cy3 (control samples) or Cy5 (pisess samples) dye (Amersham)
suspended in 9 ul 0.1 M sodium bicarbonate. Theeodypling reaction was incubated in the
dark for 90 min. The coupling reaction was termaalaby the addition of 7.5 pl of 4M
hydroxylamine and the reaction was allowed to pedder 15 min. in the dark. A QIAquick
PCR purification kit (Qiagen) was used to purifg #timinoallyl labeled cDNA and the target

was concentrated in a speed vac centrifuge.

2.8 Array Hybridization and Washing

Hybridization buffer containing the Cy3 and Cy5d#dal targets were spread onto the
microarray surface and covered with a 22mm x 22rmgbrislip (Sigma). Hybridizations were
carried out in Corning hybridization chambers suliyed in a 58C water bath for 16 h. After
hybridization, the slides were rinsed in 0.2x S80rnder to remove the hybrislips. The slides
were washed three times with agitation #iG3ih 0.1% SDS with 0.1 x SSC, followed by three
washes with agitation at room temperature in 0SS, and dried by centrifugation at 2000 x g

for 2 min.

2.9 Image analysis
Microarray slides were scanned at 80% laser pon@iB&0 sensitivity using Versarray
chipreader software Version 2.0 (BioRad, Canadiag. 8xcitation setting was at 635 nm (Cy5)

and 532 nm (Cy3) and the images were capturedki# Tdrmat. Spot finding and quantification
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was carried out with ImaGene 3.0 microarray imaugdysis software (BioDiscovery; Los
Angeles, CA). Briefly, a grid was created takingpiaccount the number of spots, the printing
pattern, and the size of the spots. Spot finding pexrformed using a semiautomatic method in
which each spot was checked for proper alignmetitinvthe grid manually. Finally, spot

guantification was performed to obtain the exp@séevel of each gene on the array.

2.10 Data analysis

The data analysis was carried out using microatedy analysis system (MIDAS) (Saeed
et al, 2003). Poor or negative control spots wiaxggled as unreliable and were excluded from
the analysis. For each spot, signal/noise (SNxtiokel was calculated using the following
formula:[I(A or B) + Bkg (A or B)]/ Bkg(A or B)where I(A) and | (B) denotes background
corrected signal intensity for channel A and B;gBX) and Bkg(B) denotes background
intensity for channel A and B respectively. The i@hios for each channel was compared to the
set threshold value of 2.0 and any spots which ‘esm®than or equal to 2.0 were marked as bad
and excluded from downstream analy3ise data were then LOWESS normalized before
calculating the gene expression ratios. The datacakulated as a ratio of normalized gene
intensity for samples taken after stressor exposutieat of the 0 h time unstressed samples. The
raw dataset has been deposited into the Arrayexpep®sitory under accession number E-
MEXP-622. Six genes from the array were randomlgcied for gene quantification using
guantitative real-time PCR to check for consisteincgene expression patterns observed with

the microarray.
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2.11 Semi-Quantitative real-time PCR (qPCR)

Quantitative real-time PCR was performed on cDNAggated from ig of RNA
obtained from the same pooled RNA samples usdteimicroarray study. Primers were
designed using rainbow trout GR, PEPCK, GLUT IlIRAlprostaglandin D synthase, cathepsin
D andp-actin cDNA to amplify a short fragment (~100-500 bpr gPCR (Table 1). Relative
standard curves for the target genes and houseigegene §-actin) were constructed from a
serial dilution of their plasmid DNA according tatSiyaa and Vijayan (2003). Platinum®
Quantitative PCR SuperMix-UDG (Invitrogen, CA) useds 2X concentrated and every|25
reaction had 1.5 U Platinum Tag DNA polymerasen@d Tris-HCI (pH 8.4), 50 mM KCI, 3
mM MgCl,, 200uM dGTP, 20QuM dATP, 200uM dCTP, 400uM dUTP, and 1 U UDG,; the
reaction also contained O forward and reverse primers, fluoroscein calilmradye (1:2000;
BioRad) and SYBR green | nucleic acid gel staid@D;,000; Roche, Mississauga, ON). Samples
and standards were run in triplicates on a 96 RER plate (Ultident, Montreal, PQ) and an
optimized volume of cDNA was used for the amplifioa of each gene. The reaction
components were exactly as above and for everyesiagt sample a qPCR for both the target
and the housekeeping gene was performed. The fiolplRRCR program was used for gene
amplification: 95C — 3 min; 40 cycles: 9& — 20 s, Tm (annealing temperature) — 20 8C72

20 s, followed by 4C hold.

2.12 Data analysis for quantification of gene expression
Calculation of the threshold cycle values)@r every sample was performed using the
iCycler iQ real time detection software (BioRad). Serial @ilias of plasmids containing

inserts of genes of interest were used for stanclanees. The €values forf3-actin (house
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keeping gene) were consistent between treatmehésinput amount for each sample was
calculated for target gene afiehctin using the appropriate standard curves. Tinauat of

target gene was divided by the amoun@-@fctin to determine the normalized amount of the
target gene. The target gene was then standard&zed an internal calibrator (0 h time samples)

and the mRNA abundance post-stressor exposuressqgar@s percent O h unstressed levels.

2.13 Statistical analysis

The data are shown as mean + S.E.M. Statistifafehces in data sets between the
post-stressor exposure time points (1 and 24 Inm) tiee unstressed control group (0 h) was
compared using Student’s t-test (n = 3 indepensi@miples) as mentioned before for gene
expression profiling (34). For statistics, whereessary data was log-transformed for
homogeneity of variance, but non-transformed vaaresshown in the figures and tables.

Significance level was set at @.65.

3. Results
3.1 Array construction

A low density (147 gene) array was constructechfodNA fragments amplified from
multiple rainbow trout tissues, including livertestine, ovary, brain and kidney (Table 2). Most
fragments were between 450-550 base pairs in leamgthamplified from the most conserved
regions of the gene. The genes chosen for thg aeee broadly categorized into functional
groups including, metabolism, transport, signalttitgperones, structural, oncogenes, endocrine,
immune and developmental-related genes (Tablel#)ewhe biological function of significant
genes were grouped based on gene ontology (Talaled 3). Hybridization with fluorescently

labeled trout liver cDNA consistently revealed abloalf of the 147 genes on the array.
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3.2 Plasma cortisol and glucose response

When we subjected rainbow trout to a standardmeettiling disturbance and recovery,
plasma cortisol concentration showed the expectetbient elevation that was significant at 1 h
after the handling disturbance and dropped to ess#d levels at 24 h post-handling stressor
(Fig. 1A). Plasma glucose levels were not affettgthe acute handling stressor and remained

stable over the 24 h experimental period (Fig. 1B).

3.3 Transcriptional response

The transcript levels of several genes showedaigahchanges in the liver of trout in
response to handling stressor (Tables 3 and 4tif®adly, 40 transcripts were significantly
higher at 1 h (Table 3), while only 15 transcriptre significantly higher at 24 h (Table 4) after
stressor exposure compared to the 0 h unstressad.gOf the 15 genes elevated at 24 h, six
were significantly higher even at 1 h (Tables 3 dhdProstaglandin D2 synthase (PGDS) was
the only gene that was significantly lower in resg@to acute stressor in trout liver (Table 4).
This decrease was statistically significant from ¢hh control at 24 h but not at 1 h (even though
the levels were ~ 200% lower) after stressor exgodtowever, qPCR clearly revealed a
significantly lower PGDS mRNA abundance at 1 andh24ter stressor exposure (Fig. 2D).
Most of the transcripts upregulated by stress lggddrio genes encoding proteins important in
metabolism, immune function and cell signaling.

The metabolic genes upregulated at 1 h post-streggosure include glucokinase (GK),
glucose transporter Il (GLUT 1), pyruvate kinag¥(), glutamine synthetase 3 (GS-3), arginase,
cystatin (proteolytic), ubiquitin (proteolytic), tteepsin D (proteolytic), vitelline envelope
proteins alpha (VE&#) and gamma (VEP (structural), lipoprotein lipase, nitric oxiderghase

(NOS-2), cytochrome P450 2M1, retinal binding proi{@&BP) and ATPase B (Table 3). Also,
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transcript levels of hormones and receptors invbivemetabolism were upregulated at 1 h after
stressor exposure including glucagon, insulin-fkewth factor 1 (IGF-1), androgen receptor
(AR), arylhydrocarbon receptor (AhR), glucocortitoeceptor (GR), insulin receptors b (IRb)
and c (IRc) (Table 3). A number of immune-relatedes, including cyclooxygenase 2 (COX-2),
major histocompatibility complex 2 (MHC-2) and tunmeecrosis factor alpha (TN&), were

also significantly upregulated at 1 h after stiegsout liver (Table 3). Most of these genes were
not significantly different from the unstresseddbsvat 24 h post-stressor exposure (Table 4). A
few metabolic genes stayed elevated over the 2ibq) including Cyp450, AhR, COX-2,
cathepsin D, lipoprotein lipase and GLUT2 (Tabelld)addition there was significant
upregulation of other metabolic genes including@-B@droxysteroid dehydrogenase (HSD), IGF-
2 and GS-4 (Table 4). We checked the reliabilitglidinges in mRNA abundance observed with
the array by quantifying the gene expression patiésix randomly chosen genes using gPCR.
Indeed the transcript changes seen with gPCR pestser exposure for GR, AhR, cathepsin D
and PGDS, but not GLUT Il and PEPCK, seem to agitethe microarray pattern, although

the magnitude of change appeared to be differags (BA-F).
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Table 1 Sequences, annealing temperatures, ampliconaside;orresponding target gene
Genbank accession numbers of oligonucleotide pamsed in quantitative real-time PCR.
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Target Gene | Accession # Primer Sequence (5’ — 3’) Amplicon Annealing Temp
Size (bp) (Tm °C)
F: AGA GCT ACG AGC TGC CTG AC
B-actin AF157514 100 49
R: GCA AGA CTC CAT ACC GAG GA
F: TGC TGA GTA CAA AGG CAA GG
PEPCK AF246149 500 49
R: GAA CCA GTT GAC GTG GAA GA
F: CTG TCC TCAGGG CTAGTT CC
GLUT Il AF321816 500 50
R: AAT GTT CCC AGA GAG GAT TC
F: CAG CGA AGG GAG CGG TAA
AhR AF065138 500 60
R: TGG ACC CGG CCA GTG ATA
F: ATG CCT CAG AAAGAC TTC AA
Prostaglandin| AF281353 500 50
D2 Synthase R: AAT GTT CCC AGA GAG GAT TC
F: TGCTCC TTC ACAGAC ATCG
Cathepsin D U90321 500 55
R: CCT CAC AGC CTC CCT TACA
GR 754210 F: AGAAGC CTG TTTTTG GCC TGT A 500 49

R: AGATGC GCT CGACATCCCTGAT
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Table 2. List of genes contained on the low-density tagdetinbow trout cDNA array. Gene
names (abbreviation), class and their GenBank amesumbers are shown.
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Gene Gene Class Accession #

Apolipoprotein A-1-2 (Apo A-1-2) Binding/Metabolism AF042219
Apolipoprotein E (Apo E) Binding/Metabolism AJ132620
Metallothionein (MT) Cell Stress M18103
Heat shock protein 70 induced (Hsp70) Cell Streédslécular Chaperone K02549
Heat shock protein 90 (Hsp90) Cell Stress / Molec@haperone N/A
Heat shock protein 70 constitutive (Hsc70) CeleSsér/ Molecular Chaperong S$85730
B-Actin Cell Structure AJ438158
Matrix metalloproteinase-2 (MMP-2) Cell Structure AB021698
Matrix metalloproteinase-1 (MMP-1) Cell Structure AB043536
a-Tubulin Cell Structure M36623
a-21Collagen Cell Structure AB075699
KeratineS5 Cell Structure Y14289
Nuclearpore complex glycoprotein p62 Cell Structure AB008798
Otolith matrix protein-1 (omp-1) Cell Structure AB030389
a —actin Cell Structure AF503211
Myosin heavy chain fast Cell Structure AF231706
Myosin heavy chain slow Cell Structure AF231708
Myostatin Cell Structure AF503209
Vitelline envelope protein (VEP-0) Developmental Processes AF231707
Vitelline envelope proteifi-(VEPH) Developmental Processes 248794
Vitelline envelope protein-(VEP-7y) Developmental Processes AY009125
Vasa Developmental Processes AF479825
Inhibitor of DNA binding/differentiation-1 (Id-1) Bvelopmental Processes Y08368
Inhibitor of DNA binding/differentiation-2 (Id-2) Bvelopmental Processes Y08369
Cholecystokinin (CCK-Asn-Thr) Endocrine AJ011846
Chicken GnRH (cGnRH) Endocrine AF125973
Growth hormone-1 (GH-1) Endocrine M24683
Glucagon Endocrine u19914
Insulin-like growth factor-1 (IGF-1) Endocrine M95183
Insulin-like growth factor-2 (IGF2) Endocrine M95184
Melanin concentrating hormone (MCH) Endocrine X73837
Proopiomelanocortine A (POMC-A) Endocrine X69808
Proopiomelanocortine B (POMC-B) Endocrine X69809
Prolactin Endocrine M24738
Somatostatin-2 (SST-2) Endocrine U32471
Thyrotropin-b Endocrine D14692
Urotensin-1 Endocrine AJ005264
Vig-1 Endocrine AF076620
Gonadotropin releasing hormone 1(GnRH-1) Endocrine AF232212
Gonadotropin releasing hormone 2 (GnRH-2) Endocrine AF232213
Bcp pre-cerebellin-like protein (BpCLP) Immune AF192969
B -2 microglobulin p -2-M) Immune L63537
B-Globin-2 Immune AB015451
B —Globin Immune D82926
Chemokine CK-1 (CK-1) Immune AF093814
Chemokine CXCR (CXCR) Immune AJ001039
Chemokine R (CKR) Immune AJ003159
Complement Bfl Immune AF089861
Low molecular mass protein 2d (Lmp2d) Immune AF115540
Major histocompatability complex-1 (MHCI) Immune AF296359
Major histocompatability complex-2 (MHCII) Immune AF296390
Mx-1 Immune U30253
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Mx-2 Immune U47945
Natural resistance associated macrophafjéramp-o) Immune AF054808
Natural resistance associated macroplfigdéramp-p) Immune AF048761
Interleukin 1B Immune AJ223954
Low molecular mass protein-2 (LMP-2) Immune AF115541
Tumor necrosis factor (TNF) Immune AJ277604
Arylalkylamine-n-acetyltransferase (AANAT) Metabsrin AB007294
ATPase b Metabolism AF140022
Carbamoyl-phosphate synthetase-3 (CPS-3) Metabolism U65893
Carbamoyl-phosphate synthetase-2 (CPS-2) Metabolism AF014386
Carbonyl reductase/2@-HDA (CR-20-p HDA) Metabolism AF100933
Creatine kinase (CK) Metabolism X53859
Cystatin Metabolism U33555
Glucose-6-phosphatase (G-6-Pase) Metabolism AF120150
Lipoprotein lipase Metabolism AF358669
Monoamineoxidase (MAQ) Metabolism L37878
NADH-dehydrogenase subunit-6 (NADH-6) Metabolism AF125047
Nitric oxide synthase-2 (NOS-2) Metabolism AJ300555
Terminal deoxynucleotidyl transferase (TDT) Metasol U53366
Tmyogenin Metabolism 746912
Vitellogenin Metabolism AJ011691
Arginase Metabolism AY056477
Glutamine synthetase-1 (GSase-1) Metabolism AF390022
Gluatmine Synthase-2 (GSase-2) Metabolism AF390021
Hexokinase IV (glucokinase) Metabolism AF053331
Phosphoenolpyruvatecarboxykinase (PEPCK) Metabolism AF246149
Glutamine Synthase-3 (GSase-3) Metabolism AF390023
Pyruvate kinase (PK) Metabolism AY113695
Glutamate dehydrogenase-3 (GDH-3) Metabolism AF427344
11-B -Hydroxylase (113-hyd) Metabolism AF179894
17-a-Monooygenase (1@-mono) Metabolism X65800
3- B -Hydroxysteroid dehydrogenase {34SD) Metabolism S72665
Cholesterol sidechain cleavage (p450scc) Metabolism S57305
Prostaglandin D2 synthase (PGDS) Metabolism AF281353
StAR Metabolism AB047032
GADG65 Metabolism AF503210
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) talddésm AF027130
RtSox-23 Metabolism AB007906
Sox-24 Metabolism AB010741
Sox-9 Metabolism AB006448
SoxLZ Metabolism D61688
SoxP1 Metabolism D83256
Cyclooxygenase-2 (COX-2) Metabolism AJ238307
Cytp450 1A3 (CyplA3) Metabolism u62797
Cytp450 monooxygenase 2K1V2 (Cyp 2K1V2) Metabolism 111528
Cytp450 2M1 (Cyp 2M1) Metabolism U16657
Cytochrome c oxidase subunit VIA (Cyt CCO) Metabuoii u83980
Cytp450 2K5 (Cyp 2K5) Metabolism AF151524
Glutathione peroxidase (GP) Metabolism AF281338
18S rRNA Nucleic Acid Processing AF243428
Ras Oncogene U45968
Retinoblastoma Oncogene AF102861
Myc Oncogene/Regulatory S79770

196




Ubiquitin Protein Catabolism AB036060
Cathepsin D Protein Catabolism U90321
Small ubiquitin-related modifier (SUMO-1) Proteim@bolism AB036430
TFZR1 Receptor AB006153
Androgen receptat + (AR a + f) Receptor/Endocrine AB012096
Glucocorticoid receptor (GR) Receptor/Endocrine 254210
Mineralocorticoid receptor (MR) Receptor/Endocrine AF209873
Aryl hydrocarbon receptor (AhR) Receptor/Transdoiptfactor AF065138
Insulin-like growth factor 1a Receptor (IGFla-R) edeptor/Endocrine AF062499
Insulin receptor-a (IR-a) Receptor/Endocrine AF062496
Insulin receptor-b (IR-b) Receptor/Endocrine AF062497
Insulin receptor-c (IR-c) Receptor/Endocrine AF062498
Melatonin receptor (MIR) Receptor/Endocrine AF156262
Estrogen receptar{ER-v). Receptor/Endocrine AJ242741
Thyroid hormone receptar{THR-u) Receptor/Endocrine AF132752
Thyroid hormone receptd@{THR-}3) Receptor/Endocrine AF302246
GnRH receptor Receptor/Endocrine AJ272116
MyoD Regulatory X75798
Recombinant activating protein (rag-1) Regulatory U15663
Secreted protein, acidic, rich in cysteine (SPARC) Regulatory U25721
Transforming growth factop-(TGFf) Signaling X99303
Lipoprotein receptor (LR) Signaling AJ417877
Fibroblast growth factor-6 (FGF-6) Signaling Y16850
Forcystein Signaling Y17313
P53 Signaling AF223794
RbtStat-1 Signaling U60331
Vitellogenin receptor (VR) Signaling AJ003118
AhR nuclear translocator (ARNT) Signaling U73841
Pit-1 Transport D16513
Cardiac sodium-calcium exchanger (C-NCX) Transport AF175313
Transferrin Transport D89083
a-Globin Transport D88113
Hemopexin Transport 768112
Fatty acid binding protein (H-FABP) Transport U95296
Retinol binding protein (RBP) Transport AF503212
Glucose transporter-1 (GLUT-1) Transport AF247728
Kidney Na/Pi cotransporter (K-NPC) Transport AF297186
Intestine Na/Pi cotransporter (I-NPC) Transport AF297184
Glucose transporter-2 (GLUT-2) Transport AF321816
Galectin Transport AB027452
Anion exchanger Transport 250848
Tap2 Transport AF002180
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Table 3. Genes significantly different at 1 h after stressgosure (Student’s t-test; P<0.05).
Data shown as percent change from the 0 h unstrggeap (% change from 0 h); values
represent mean + SEM. (n = 3 independent sami&3)pumber: genes assigned a gene
ontology (GO) biological process number.
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% Change

Gene Name Gene Symbol | GO Biological Process GO Number from 0 h
Glucokinase GK Carbohydrate metabolism 0005975 186+
Pyruvate kinase PK Glucose metabolism 0006006 51+19
Androgen receptor AR Ster(_)|d hprmone receptor 0030518 28+7
signaling pathway
Arginase, type Il Arginase Amino acid metabolism 09063 51+15
Cystatin C Cystatin Cellular protein metaboligm opar 43+16
Ubiquitin Ubiquitin Cellular protein metabolism 00267 96+13
Cathepsin D Cathepsin D Cellular protein metabolism 0044267 &0+
Vitelline envelope protein gamma VP Binding of Sp?rm to Zona 0007339 82+14
Pellucida
Aryl hydrocarbon receptor AhR Xenobiotic metabolism 0006805 4245
ATPase B ATPase B |ATP synthesis coupled@on) 045776 37+7
transport
Cyclooxygenase-2 COX-2 Prostaglandin metaboligm 6600 71+19
Cytochrome p450 CYP p450 Electron transport 0006118 3148
TFZR-1 TFZR-1 Regulation of Cell Cycle 0051726 2916
Galectin Galectin Signal transduction 0007165 3617
Glucocorticoid receptor GR Steroid hormo_ne receptor 0030518 19+7
metabolism
Glucagon Glucagon Glucose homeostasis 0042593 3612
Hemopexin Hemopexin Iron homeostasis 0006879 32412
Inhibitor of DNA binding/differentiationf ID-2 Morphogenesis 0009653 2147

2
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Table 4. List of genes significantly different at 24 h pefressor exposure (Student’s t-test;
P<0.05). Data are shown as percent change frof lthenstressed group (% change from 0 h);
values represent mean = SEM. (n = 3 independenpleain GO number: genes assigned a gene
ontology (GO) biological process number.
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Gene Name

Gene

GO Biological Process

GO Number

% change from 0 h

Symbol
Aryl hydrocarbon receptor AhR Xenobiotic metabolism| 0006805 60+20
Solute carrier family 2, member 11 ;1 5 Transport 0051179 40+14
(facilitated glucose transporter)
Glutamate-ammonia ligase (glutamine o , Amino acid metabolism 0006520 3146
synthase)
20-B-hydroxysteroid dehydrogenase 20B3-HYD Sterathbolism 0008202 4249
Cytp450 monooxygenase 2k5 CYP 2kb Electron trarnispor 0006118 60+12
Cathepsin D Cathepsin DCellular protein metabolisn 0044267 64125
VASA VASA Cellular differentiation 0030154 2816
Sox-9 Sox-9 Regulation of transcription 0045449 b+
Pit-1 Pit-1 Regulation of transcription 0045449 23+
Cyclooxygenase-2 COX-2 Prostaglandin metaboligm 6600 5016
Insulin-like growth factor-2 IGF-2 Insulin I|k¢ gro_wth factor 0048009 5348
receptor signaling pathway
a-21 Collagen 0-21 Skeletal development 0001501 60+22
Collagen
Lipoprotein lipase L'chi)g;Zt:m Fatty acid metabolism 0006631 62120
Bcp pre-cerebellin-like protein BcpCLP| Nervous systdevelopment 0007399 19+7
Prostaglandin D2 synthase PGDS Prostaglandin mietabo 0006693 - 425+48
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Figure 1. Effect of handling disturbance on plasma cort{ggland glucose (B) levels in
rainbow trout sampled either prior to or 1 and 2ftbr stressor exposure. *Significantly
different from the 0 and 24 h samples (1-Way ANOWk0.05). All values represent mean +
S.E.M. (n = 4 —6 fish).
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Figure 2. Quantitative real-tim@®CR analysis of mMRNA abundance of cathepsin D (A),
glucocorticoid receptor (GR; B), glucose transpolitéGLUT II; C), prostaglandin D2 synthase
(PGDS; D), phospdnopyruvate carboxykinase (PEPCK; E) and arylhydromaneceptor

(AhR; F). Bars represent mean + S.E.M. (n = 3 iretelent samples); values shown as percent 0
h unstressed group (% 0 h); *significantly differ&om the O h unstressed group (1-Way
ANOVA, P<0.05).
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4. Discussion

We demonstrate for the first time the transienhges in liver gene expression pattern
associated with recovery from an acute stress@imbow trout. While homeostatic adjustments
of plasma stress hormones and metabolites in resgoracute stress have been well
documented, little was known about the underlyiagedic components. Indeed our stress
protocol showed a transient elevation in plasmésmrconcentration, while homeostasis of this
steroid in circulation was attained within 24 hgFLA). Previous studies have clearly
established association of this transient elevatigrlasma cortisol concentration with acute
stress, unlike chronic stress which maintains eéézlyplasma cortisol levels over a longer period,
depending on the intensity and duration of thesswe (Bonga, 1997; Barton et al, 2002).

Many of the genes upregulated in the liver in resgao stress encoded proteins
involved in energy metabolism. This pattern ofreggion is consistent with previous findings
that stress increases liver metabolic capacitgleostean fishes (Mommsen et al, 1999). One of
the key metabolic responses to stress involvesnesltlaglucose production to meet the
increased energy demand associated with stressafidapindeed stress increases the metabolic
rate in salmonids and this is coincident with etedglasma glucose levels, an important fuel for
metabolism (Mommsen et al, 1999). While the rapitpat of liver glucose in response to stress
is thought to involve adrenergic signaling of tiycggenolytic pathway, the longer-term
maintenance of plasma glucose levels, as wellassiienishment of depleted liver glycogen
content, involves upregulation of the gluconeogg@aithway (Mommsen et al, 1999). This is
further corroborated by the significantly higherAREK transcript levels seen in stressed trout
(Fig. 2E) underscoring the enhanced liver capdoitgluconeogenesis as an adaptive response
to cope with stress (Vijayan et al, 1996; Vijayamle 1997a; Mommsen et al, 1999). The

absence of an increase in plasma glucose levél$ @ost-stressor exposure in this study is not
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surprising given the fact that rapid glucose respas dependent upon the intensity and duration
of the stressor. Furthermore, a stress regimeitesito this study elicited a significant glucose
response only at 3 h, but not at 1 h after a hagdlisturbance (Vijayan et al, 1997b).

In addition to activation of the gluconeogenic pedly, our results also highlight the
rapid activation of the glycolytic genes post-ssmgsexposure in trout. Specifically, transcript
levels of glucokinase, (hexokinase IV) -a high Kexbkinase - were upregulated at 1 h post-
stressor along with pyruvate kinase, the rate-ingistep in glycolysis. While glucokinase
transcript abundance and activity is tightly reg¢eidby circulating glucose levels in trout
(Panserat et al, 2001), the rapid elevation ofttiaigscript level at 1 h, even in the absence gf an
concurrent increases in plasma glucose levels estggther signaling pathways regulating the
transcript abundance seen with stress. The fattivea PEPCK and PK activities increased in
response to cortisol treatment in fish (Vijayamletl997a; Mommsen et al, 1999; Panserat et al,
2001; Dziewulska-Szwajkowska et al, 2003) coupl&t wur recent observation that cortisol
upregulates PEPCK mRNA abundance in trout livejaixén et al, 2003) leads us to propose
that cortisol signaling plays a pivotal role in thelecular regulation of the hyperglycemic
response to stress in fish. The substrates foogkmgenesis are predominantly amino acids in
trout (Mommesen et al, 1999) and clearly stressethgtate some of the genes involved in protein
metabolism, including GS, cathepsin D and argirfdables 3 and 4). Also, GS and arginase
have been shown to be glucocorticoid-responsivisimliver (Mommsen et al, 1992; Hopkins et
al, 1995; Vijayan et al, 1996; Mommsen et al, 2008her highlighting a key role for cortisol in
the metabolic adjustments to stress (Mommsen &8, Vijayan et al, 2003). Whether this
transcriptional response is related to either tdlicectisol signaling or indirect changes in overall

metabolism remains to be elucidated. Nonetheléssges in transcript levels of both the
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glucose utilization (PK and glucokinase) and gliemmyenic pathways (PEPCK) post-stressor
exposure imply a fine-tuning of liver metabolisnatimay be hormonally regulated.

The tissue response to glucocorticoid stimulatiomediated via glucocorticoid receptor
(GR) and studies have shown a downregulation ob@Rity and capacity after stress in fish
(see Vijayan et al, 2003 for references). Howerarent studies points to an autoregulation of
GR mRNA abundance in response to cortisol stimutafi/ijayan et al, 2003, Sathiyaa and
Vijayan, 2003). The elevated GR transcript level tpost-stressor along with higher plasma
cortisol level at that time compared to the unsedsgroup support a role for cortisol in
regulating GR expression in fish. The recent oket@ya that GR mRNA levels were lowered in
sea basdicentrarchus labraxliver in response to chronic crowding stress ¢Varet al, 2005)
suggests that the stress effect on GR message ergither species-specific and/or dependent on
the type, intensity and duration of the stressaweler, the adaptive significance of GR
dynamics associated with stress awaits furtherystuat our recent observation that GR turnover
is autoregulated by cortisol (Sathiyaa and Vijay(3; Vijayan et al, 2003) suggests that GR
response may be an important part of the adaptigessresponse that is regulated by plasma
cortisol level in trout.

While cortisol is a key hormone associated withdtiess response, our results also
implicate a role for insulin-like growth factorgstosterone and insulin in the stress response
process. Specifically, the transcript levels ofeqgors for testosterone and insulin showed
transient elevation after a handling disturbanab(@ 3) signifying a complex interplay of the
endocrine signals in the adaptive stress respdsseost receptor changes were evident at 1 h
post-stressor, it raises the possibility that sottsignaling may be involved in this molecular
regulation. In support of this argument, glucocoitl have been implicated in the stress-

mediated suppression of plasma testosterone levésh (Goos and Consten, 2002), while the
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higher AR and 26-HSD mRNA abundance suggests a cortisol —-medidtedt®n target tissue
androgen response (Table 3) and metabolism (Tabtegpectively. As these hormones and
receptors play a role in energy metabolism, we thggize that genomic cortisol signaling either
directly and/or indirectly with other hormones areolved in liver metabolic reorganization
essential for homeostatic adjustments to streBshn Together, these results underscore a
complex interplay of corticosteroids along with @tlendocrine signals in the adaptive stress
response process.

A novel observation from this study is the increhabundance of transcripts encoding
proteins involved in protein degradation. For ins& cystatin, cathepsin D and ubiquitin
MRNA levels increased after handling stressorhd@lgh very little is known about the protein
degradative pathway activation with stress, sevaras$ of evidence suggest a role for
proteolysis in the process. Cathepsin D playsya@ke in fish muscle proteolysis, attacking
native proteins such a myosin heavy chain, actthraposin (Nielsen and Nielsen, 2001;
Mommsen, 2004). Analysis of mammalian cathepsgebDe structure identified a
corticosteroid-responsive element (Dardevet e1295). In fact, mammalian muscle cathepsin
D transcript levels are upregulated by the synthaditicosteroid dexamethasone via a
glucocorticoid receptor mediated pathway (Dardetetl, 1995). Additionally, it has been
demonstrated that decreased levels of hepatic G&ponse to stress and cortisol exposure is
due to proteasomal degradation (Sathiyaa and \ija3@03). Ubiquitin, a major player in the
proteasomal pathway of protein degradation (Ciechan 1994; Martin et al, 2002), is stress-
activated in fish (Ryan et al, 1995). Collectivelygese studies, as well as our results, arguenfor a
increased proteolytic potential in fish liver tima&y be mediated by glucocorticoid signaling.
Secondarily, this would point towards the posdipiihat susceptible hepatic proteins may serve

as transient sources of amino acids for hepatialoéism, including gluconeogenesis. Also, the
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recent finding that the proteasome may be involag@R autoregulation (Sathiyaa and Vijayan,
2003) is a clear indication that the relationstepaAeen the protein breakdown pathways and GR
signaling is not simple and may be an importantr@dpoint for homeostatic adjustments to
stress.

Our study is also the first to show a transienihggain immune-related gene expression
patterns in response to an acute stressor initish The physiological significance of MHC-2,
COX-2 and TNF, important in the antigen presentasind inflammatory response, upregulation
in the liver in response to stressor is unknownweleer, it remains to be seen whether the
enhanced potential for liver proteolytic capacitytwstress may also be activating the immune
response pathways, as part of the adaptive mechaisng cellular homeostasis. Of particular
interest is the significant downregulation of INRGDS, an enzyme converting prostaglandin
(PG)H2 to PGD2, an important mediator of inflamrmat{Urade and Hayaishi, 2000). However,
the physiological or immunological role for this lacule in fish remains relatively unknown.
Recently, PGDS transcripts were shown to be dowaged in the skin of carp, but not in the
liver in response to ectoparasitic infection (Gdezat al, 2006). The pronounced suppression of
PGDS transcripts in trout liver in response to a@itessor exposure may suggest a role for this
tissue in the inflammatory response, but this resto be tested. Overall, cell and tissue-
specific adjustments of immune response pathwayshagart of the adaptive mechanism

aiding cellular homeostasis post-acute stressarsexp in trout.

5. Conclusions
Using a custom-made low density rainbow trout cD&tfay, we identified transient
upregulation of genes involved in energy metabolisitnout liver post-stressor exposure. The

majority of these metabolic genes were glucocoditesponsive in trout. Also, several
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endocrine genes involved in energy substrate misatbavere transiently upregulated by
handling disturbance and recovered over the 24ibg&ading to the proposal that the stress-
mediated metabolic reprogramming may be mediatetbitysol either directly and/or indirectly
with other hormones. In addition, our study alseniified several genes involved in protein
breakdown and immune response pathways, as segssnsive in trout. As most of these genes
were also glucocorticoid-responsive, our resulghlight a key role for genomic cortisol

signaling in allowing fish to regain homeostasieaan acute stressor exposure. Collectively,
the study demonstrates the complex nature of thpta stress response process at the genetic
level and underscores the utility of functionalagms for identifying pathways, which could be
studied in greater detail to provide insights reigag the transcriptional regulation of the stress

response.
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Chapter 7

General Conclusion
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Experiments described in this thesis were desigmetiaracterize aryl hydrocarbon
receptor (AhR) signaling in rainbow tro@iicorhynchus mykisand investigate the impact(s)
of polychlorinated biphenyls (PCBs) exposure ondtiaptive responses to stressors in fish. To
this end a series of in vivo and in vitro studiesevperformed and the following conclusions
were derived.

1. Short-term exposure to PCBs (Aroclor 1254) iotgdiver metabolic capacity that is
critical for coping with the increased energy dethassociated with acute stressor exposure in
fish. (Chapter 2)

2. In contrast to populations of teleost spedias show reduced responsiveness to
lifelong, even multigenerational, exposure to PGBsal Arctic char $alvelinus alpinus
maintain the ability to elicit a cytochrome P450(2yp1A) response. Tissue-specific
glucocorticoid receptor (GR), heat shock proteiflH8p70) and Hsp90 expressions appears to
be a useful indicator of effects associated wittontt contaminant exposure in these feral fish.
(Chapter 3)

3. The AhR agonidt-napthoflavone{NF) stimulates autoregulation of AhR content in
trout hepatocytes. In addition, Hsp90 and the jssene are important pNF-mediated AhR
autoregulation and Cyp1A response in trout hepatscChapter 4)

4. AhR singaling appears to play a role in thepaie cellular response to heat shock as
protein expression of Hsp70 and Hsp90 were impdixetthe AhR antagonist resveratrol (RVT).
Although further research is needed to completaljenstand the crosstalk between AhR and
Hsp signaling, attenuated Hsp70 response to heaksh BNF treated cells involves the
proteasomegChapter 5)

5. Microarrays offer a powerful approach to idBngenes that are involved in the

adaptive response to stressors in fish. A targeted cDNA microarray was developed and
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using this array we identified pathways that weress-responsive in fish liver. Interestingly, a
number of genes that were stress-responsive wawgoetviously shown to be cortisol-
responsive, providing a framework to expand ornrtthe of this steroid in adapting animals to
stress. Also, this microarray can be utilized tnidfy other stressor-responsive pathways,
including xenobiotics impact in fis(Chapter 6)

Persistent organic pollutants (POPSs), includin@®&@ccumulate in the aquatic
environment, both in sediment and in tissues oatiqurganisms. As teleost fish sit atop the
aguatic food web, they are at an increased rigkazfccumulation from lipophilic contaminants.
Depending on the aquatic environment in questish,hay be exposed to varying levels of
PCBs and for varying periods of time. In some ca&ls may be forced to endure lifelong or
even generational exposure to high levels of PCBee results from this thesis suggest that
short-term exposure to relatively low doses of PG8s the potential to impact liver metabolic
capacity, but not the expression of stress-relpteteins, including hsp70 and GR. However,
longer-term exposure to PCBs alters hsp70, hsp@@G&mRNA and protein levels in the liver
and brain of Arctic char. Consequently, fish rasidin polluted may have different adaptive
strategies to cope with pollutants and this magdggendent upon various factors, including
contaminant levels, duration of exposure and spespecific effects.

An interesting finding from the Arctic char studsas that despite lifelong exposure to
PCB, the ability to mount a Cyp1A response is retdi Other teleost species that endure similar
exposure conditions have lost the ability to mauyplA response, in some cases due to the
loss of AhR protein expression. The ability to mbilns response may be related to the feeding
and fasting lifestyle of these fish. According ihestmodel, durng feeding PCBs accumulate in
lipd deposits and these PCBs are redistributetiplperal tissues during periods of fasting

when lipid deposits are mobilised as energy reserifis results in intermittent PCBs exposure
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to critical tissues only during periods of fast andy be a reason for the lack of tissue
unresponsiveness to PCBs despite longer-term ergmsilternatively, one cannot discount the
possibility that the differences in CYP1A responsgy be simply related to a species effect
associated with different AhR isoforms, but thisieens to be tested.

The results presented in this thesis reveal ist@rg details regarding AhR mechanism of
action and further highlight AhR as a dynamic ptapethe cellular response to stress. In
rainbow trout, as in all species studied to da@B#&activate AhR signaling, leading to
expression of phase | detoxification proteins tigoifoy CyplA proteins. In accordance with
other studies, both Hsp90 and the proteasome quéaed for AhR function. However, it is
demonstrated for the first time that rainbow trAbR proten expression is autoregulated in
response to agonist exposure. This AhR autoreguldly its ligand may have be a mechanism to
maintain tissue responsiveness in the face of giardiPCBs exposure. This model of AhR
regulation contrasts that seen in mammalian sysgemisn zebrafish, where AhR protein levels
decrease in response to ligand stimulation. Thigueaspect of rainbow trout AhR regulation
may be related to the diversity of this receptofasms found in trout. However, this remains to
be characterized, but would shed light on the fonet significance of AhR signalling in
altering the stress response.

While ligand stimulated autoregulation of AhR nfewe eveolved as a mechanism to
maintain tissue responsiveness to persistant P@Bsexe it appears that this autoregulation may
be compromised by secondary stressors that eli@rganismal stress response. Specifically, the
observation that handling stress stimulates a dsersn AhR mRNA abundance in PCB exposed
trout suggests that cortisol may disrupt AhR awgol&tion by decreasing AhR protein
expression. Although the precise mechanism ofati®n is unknown, studies have

demonstrated that cortisol may stimulate proteasdegradation of critical proteins, including
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glucocorticoid receptor. Disruption of ligand stilaed AhR autoregulation may negatively
impact organismal health by decreasing the capémitgetoxification reactions required for the
clearance of lipophilic ligands, including PCBs.

An interesting observation from this work is thaspible involvement of AhR signalling
in the cellular response to heat shock. Indeedrattudies have suggested that AhR may
participate in cross-talk with other cell signalipgthways, including the response to hypoxia
stress. That the AhR may play a role in multiple steess responsive pathways exemplifies the
importance of maintaining minimal functional levelsAhR. Again, it is interesting to speculate
that the presence of multiple AhR isoforms in tronaty be reflective of the multiple roles played
by AhR, but this remains to be determined. MorephMgand stimulated AhR autoregulation may
be an important adaptation in maintaining the ¢atlAhR pool in order to ensure that these
multiple cellular pathways, dependent on AhR fumctiare maintained in the face of PCBs
exposure.

The thesis highlights the notion that AhR is aaiyic player in cellular stress response
pathways. As multiple AhR forms exist in rainbowut it will be important to determine the
role of individual AhR isoforms in regulating Ahfgealing and their involvement in disrupting
homeostasis. Utilizing gene silencing technologg|uding small interfering RNA (siRNA) and
morpholino’s will be a valuable tool in this regakdarnessing the power of emerging genomic
technology, such as cDNA microarrays, and combitingwith traditional physiological and
molecular biology approaches will provide additibimaight into AhR function as well as other

adaptive stress response pathways impacted by B@BAhR signaling.
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