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Abstract

At the cellular level, the stress response involves the synthesis of a highly conserved family of heat
shock proteins (Hsps). These proteins are essential for maintenance of cellular homeostasis, both in
times of stress and in normal cell functioning. Some of the most abundant forms of Hsps in the cell
are members of the 70 kDa family. Intracellular heat shock protein 70 (Hsp70) expression in response
to proteotoxicity is a highly conserved cellular stress response, but little is known about the role of
extracellular Hsp70 (eHsp70) in fish.

In order to begin characterizing eHsp70 in fish, the hypothesis that an acute stressor will elevate
plasma Hsp70 levels in rainbow trout (Oncorhynchus mykiss) was tested. Subsequent in vitro studies
examined whether eHsp70 level was modulated by cortisol and if this involved the action of the
glucocorticoid receptor (GR), a ligand-activated transcription factor. The effect of cortisol on the
eHsp70 response is important to consider because this steroid is elevated as a result of stressor
exposure to allow for short-term allocation of energy stores to cope with stress. Cortisol is the
primary corticosteroid in fish and exerts its main effects by binding to either GR or mineralocorticoid
receptors (MR). Furthermore, eHsp70 has been previously implicated as having important
immunoregulatory roles in mammalian models, but nothing has yet been reported in fish. To this end,
a hypothesis tested here was that eHsp70 levels will increase after exposure to the bacterial endotoxin
lipopolysaccharide (LPS), and that this response is modulated by cortisol. Finally, research on the
effects of exogenous Hsp70 has not been reported in lower vertebrates; however, the relevance of this
protein in intercellular signaling, especially in regards to immune regulation, is gaining increasing
importance in mammalian models. Therefore, an experiment to determine whether Hsp70 would elicit
upregulation of key immunoregulatory cytokines was also conducted.

To accurately measure the low levels of Hsp70 in the plasma, a competitive antibody-capture
enzyme-linked immunosorbent assay (ELISA) was developed. In the in vivo study, fish exposed to
an acute heat shock (1h at 10°C above ambient temperature) exhibited a significant elevation in red
blood cell Hsp70 levels over a 24 h period. There was also a significant increase in plasma Hsp70
levels at 4 h, but not at 24 h post-heat shock. To more specifically determine how cortisol affected
the release of Hsp70, in vitro studies using primary cultures of hepatocytes demonstrated that cortisol
significantly decreased eHsp70 levels in the medium at 24 h when compared with untreated controls,

and this response was abolished in the presence of a GR antagonist, mifepristone (RU486). This result



for the first time established a link between cortisol signaling and eHsp70 release in any animal
model.

When hepatocytes were exposed to LPS in vitro, eHsp70 levels were significantly lower in the LPS
(30 pg/ml) group; however, heat shock abolished this effect at 24 h. Though eHsp70 levels in the heat
shocked hepatocytes treated with low-dose LPS (10 pg/ml) was similar to untreated control levels,
high-dose LPS treated hepatocytes showed significant elevation of eHsp70 levels above the low dose
group. The ability of LPS to modulate eHsp70 release was not observed to be further regulated by
cortisol. While this work suggests the modulation of eHsp70 by LPS, the physiological role remains
to be elucidated. Finally when hepatocytes were exposed to exogenous Hsp70, there was no effect on
key immunoregulatory genes (IL-1p and IL-8) transcript levels; however, the effect of this protein
remains to be tested using other cell systems, including immune cells in fish.

Overall, eHsp70 concentration was measured in trout plasma using a competitive ELISA and
demonstrates for the first time that stressor exposure affects plasma eHsp70 levels in fish.
Furthermore, cortisol, the primary corticosteroid in teleosts, modulates eHsp70 release in trout
hepatocytes and this is action is mediated by GR signaling. Also, while trout hepatocytes secrete
eHsp70 in response to endotoxin shock, a role for eHsp70 in eliciting an immune response is not clear
in lower vertebrates. Taken together the results from this study suggest a role for eHsp70 in acute
stress adaptation in fish, but the target tissues involved and the physiological responses remain to be
elucidated. Further work on the effects of eHsp70 on target tissues effects, and the mechanisms
involved, may have important implications in our understanding of the role of this stress protein in

cell signaling and stress adaptation in fish.
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Chapter 1

General Introduction

1.1 Introduction

1.1.1 The Heat Shock Response and Heat Shock Proteins

The stress response is an important adaptation in all living organisms as it allows for the maintenance
of homeostasis when challenged with one or more stressors (lwama et al., 2006). An animal’s
physiological response to stress can be broadly categorized into primary, secondary, and tertiary
responses (Wendelaar Bonga, 1997). The primary response involves the rapid release of stress
hormones, catecholamines and cortisol, into circulation (Iwama et al., 1999). The secondary response,
in part, is mediated by these stress hormones, and involves the biochemical and physiological
adjustments associated with stress. For example, stress hormones will activate a number of metabolic
pathways, such as glycolysis, that result in various alterations in blood chemistry (lwama et al.,
1999). Effects of stress on the whole animal and population level changes can be categorized under
the tertiary response. For example, in circumstances of stress when an animal is unable to effectively

adapt, there may be subsequent decreases in reproduction and growth (lwama et al., 1999).

At the cellular level, the stress response involves the upregulation of several classes of heat shock
proteins (Hsps), generally categorized as the heat shock response (Richter et al., 2010). Stressors,
such as heat, have several deleterious effects at the cellular level such as reorganization or
aggregation of cytoskeleton components. This leads to the loss of correct organelle localization, a
decrease in transcription and translation as well as an increase in membrane permeability causing
changes in intracellular pH and ion concentrations (Richter et al., 2010). The induction of Hsps are
adaptive and they provide cytoprotection to offset the proteotoxicity in response to stressors
(Hightower, 1989). Hsps can be broadly classified into seven categories based on function, including
the traditional molecular chaperones, components of the proteolytic system, RNA —and DNA-
modifying enzymes, metabolic enzymes, transcription factors and kinases, as well as transport,
detoxifying and membrane-modulating proteins. The heat shock response is conserved amongst
species; however, the composition and rate of up-regulation of each class of proteins will vary
(Richter et al., 2010). The class of proteins whose primary role is to act as molecular chaperones are
divided into five families based on molecular mass, including Hsp 27, 60, 70, 90, and 110, (Kregel,
2002; Calderwood et al., 2007; Richter et al., 2010). These stress proteins comprise 5-10% of total
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protein in an unstressed cell, but can be induced to encompass up to 15% of total protein during times
of stress (Calderwood et al., 2007; Pockley et al., 2008).

The Hsps are primarily known for their intracellular roles in cell signaling and molecular chaperoning
(Parsell and Lindquist, 1993). Hsp70 (68 -73 kDa) is one of the most extensively studied, and most
highly conserved of the Hsps (Pockley et al., 2008). Within this family, there are two main isoforms,
Hsc70 which is constitutively expressed in all cells and the inducible Hsp70 that is synthesized
rapidly in response to proteotoxicity. Hsc70 is involved in proper protein folding, intracellular
localization and secretion (Feder and Hoffman, 1999) while the intracellular role of Hsp70 includes
molecular chaperoning, folding nascent polypeptide chains, mediating the repair or degradation of
denatured proteins, and protein transport (Kregel et al. 2002). Higher molecular mass Hsps, including
Hsp90 (85 -90 kDa), are important in intracellular cell signaling, particular as a chaperone for steroid
hormone receptors. Low molecular mass Hsps (16 — 40 kDa) are expressed only during stress and
have more diverse, species-specific roles within the cell (Kregel et al., 2002). Although HSPs were
first observed in response to heat shock, we now know that any stressor affecting protein stability will
stimulate the synthesis of these proteins in various species. Briefly, these stimuli include
hyperthermia (Burdon et al., 1982; Flanagan et al., 1995; Kregel et al., 1995; Kregel and Moseley,
1996; Parsell and Lindquist, 1993; Skidmore et al., 1995), bacterial pathogens (Ackerman, et al.,
2001,Forsyth et al., 1997), heavy metals (Boone and Vijayan, 2002a), oxidative stress (Parsell and
Lindquist, 1993), xenobiotics (Vijayan et al., 1998; Vijayan et al., 2005), amino acid analogues
(Thomas and Mathews, 1984), energy depletion (Sciandra and Subjeck, 1983) and acidosis (Weitzel.,
1985) (Fig 1.1).

The regulation of the heat shock response and synthesis of heat shock proteins occurs through the
activation of heat shock factors (HSF) which will bind to the promoter region of heat shock genes
during stress, initiating transcription (Fig 1.1). There are four possible heat shock factors. HSF1 is the
principal transcription factor in mammals and lower vertebrates (Sarge et al., 1993; Deane and Woo,
2011). HSF4 has been found to be constitutively expressed (Nakai, 1999) and HSF2 expression has
been observed at different stages of development (Pirkkala et al., 2001). Within avian species, HSF3
is the main transcription factor induced by stress (Pirkkala et al., 2001). In the absence of stress,
HSF1 is found within the cytoplasm in a latent monomeric state bound to HSP70 (Kregel, 2002).
Upon detection of a stressor, the Hsp70 or ubiquitin is removed from HSF1 leading to

homotrimerization and subsequent transport to the nucleus where it is hyperphosphorylated by several
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kinases (Richter et al., 2010). The trimer can then bind to the heat shock element (HSE), located in
the promoter region of the HSP70 gene, inducing transcription. Regulation of HSF1 binding to the
HSE is mediated by heat shock binding protein 1 which can be subject to negative feedback by Hsp70
thereby repressing synthesis (Shi et al., 1998).

Ischemia-

UV radiation Energy Depletion reperfusion injury Oxidative Stress
| Hyperthermia | l | Hypoxia/hyperoxia | l Viral infection / Bacterial l l ’ Amino Acid Analogues

l infeition v

l Cytoplasm

=3 ‘ a. Refolding denatured

</ O or nascent proteins

b. Prevent aggregation

c. Protein
translocation

d. Extracellular release

Heat Shock Factor 1

\_/ Phosphate group
k' Hsp70

‘:’ Heat Shock Element

Heat Shock Binding
= Protein 1

WL

Nucleus

Figure 1.1: Hsp70 Synthesis

Synthesis by a variety of stressors activates Heat shock factor 1(HSF1), which is found in the cytoplasm in a
monomeric state bound to Hsp70. Hsp70 is removed upon stressor detection leading to homotrimerizaton and
translocation to the nucleus where it is phosphorylated. This complex will then bind to the heat shock element and

initiate transcription (Adapted from Richter, 2010).



1.1.2 Hsp70 Expression of Fish

The intracellular chaperoning roles of heat shock proteins in fish have been well characterized (see
reviews by lwama et al., 1999; Deane and Woo, 2011). In the aquatic environment fish are exposed to
a variety of stressors which can either be natural, such as diurnal or seasonal changes in temperature,
or anthropogenic, such as chemical pollutants and nitrogenous waste from industry (Deane and Woo,
2011). Fish are therefore an excellent model organism, as they are directly exposed to these stressors
in the aquatic environment. Physiological changes, such as elevations in Hsps, may be instrumental in
determining the stress level and health of an organism and subsequently the quality of its
environment. Hsps have been studied in a variety of fish, utilizing various tissues, experimental
designs and endpoints (Hsp family, mMRNA transcripts or protein expression). This thesis focuses on
the regulation of Hsp70 and therefore only this family will be described further in this section. In
regards to teleosts and hsp70, upregulation of mMRNA transcripts have been demonstrated in response
to acute heat shock in silver sea bream (Sparus sarba) liver (Deane and Woo, 2005), black sea bream
(Mylio macrocephalus) fibroblasts (Dean and Woo 2006); gill of common killifish (Fundulus
heteroclitus; Fangue et al., 2006), rainbow trout gonadal (RTG-2) cell lines (Ojima et al., 2005a,b),
primary cultures of goldfish (Carassius auratus) caudal fin cells (Kondo et al., 2004); liver and
muscle of common carp (Cyrprinus carpio; Ali et al., 2003), and embryo cells of Japanese flounder
(Paralichthys olivaceus; Yokoyama et al., 1998). Protein expression has also been shown to be
upregulated under a variety of conditions and species, including changes to salinity (Long jawed
mudsucker [Gillichthys mirabilis: Kultz, 1996] and common carp ([De Wachter et al., 1998]),
exposure to pathogens (Forsyth et al., 1997; Ackerman and Iwama, 2001; Deane et al., 2004) and
rainbow trout hepatocytes (Philip et al., 2012). Increased expression of Hsp70 has also been
demonstrated in cells due to hypoxia (Mestril et al., 1994; Kobayashi and Welsh, 1995) and chemical
toxicants (Boone and Vijayan, 2002a). In contrast to the inducible form, Hsc70 is relatively constant
as there was no change detected in cadmium-treated or heat-shocked rainbow trout hepatocytes
(Boone & Vijayan, 2002a), top minnow hepatocytes (White et al., 1994; Norris et al., 1995), or in
response to heavy metal exposure or hypoxia in rainbow trout RBCs (Currie et al., 1999). Some
contrasting results remain, as an increase in Hsc70 mRNA was observed in zebrafish (Danio rerio)
embryos and medaka (Oryzias latipes) cell lines in response to heat shock (Santacruz et al., 1997).
Physical stressors did not affect the expression of liver Hsp70, despite the transient elevation in
cortisol and glucose levels after stressor exposure (Vijayan et al., 1997; Washburn et al., 2002).
Overall the expression of Hsp70 is consistently upregulated in various tissues of multiple species in
4



response to a variety of stressors, though the degree of induction is dependent on species, tissue, and
experimental design. The majority of studies in regards to fish and Hsp70 expression show causal
evidence for Hsp70 regulation by stressors; however, there is a lack of mechanistic research which

would fully elucidate its regulation.

1.1.3 Extracellular Hsp70 (eHsp70)

There are various stress proteins released into the extracellular milieu to help maintain homeostasis.
eHsp70 was first observed being released into the extracellular space in the squid giant axon and
subsequently taken up by neurons when exposed to a heat stressor (Tytell et al., 1986). It was next
observed in mammals when Hightower and Guidon (1989) observed the release of 71, 73 and 110 kD
Hsps in cultured rat embryo cells, in the absence of necrosis. Recent studies have recently confirmed
the release of Hsps from a variety of mammalian models. Whole animal studies have established
release into plasma in rat [Fisher 344] (Johnson et al., 2005; Campisi and Fleshner, 2003) and release
from various primary cell cultures in vitro, including human cell lines (Lancaster and Febbraio,
2005), rat peripheral blood mononuclear cells (Hunter-Lavin et al., 2004), natural killer cells (Gastpar
et al., 2005), human tumor cells (Mambula and Calderwood, 2006), and human B cells (Clayton et al.,
2005). eHsp70 release has also detected from established cell lines such as human liver carcinoma
(HepG2; Vega et al., 2010), human T98G glioma cells and differentiated LA-N-5 neuroblastoma cells
(Guzhova et al., 2001).

To date, no research has been published regarding the mechanism of release of ehsp70 or the effect
of eHsp70 in lower vertebrates. In fish, recently eHsp70 was detected in the culture medium of
peripheral blood lymphocytes (PBL) of grass carp (Ctenopharyngodon idella) in vitro (Zhang et al.,
2011), but no study has looked at the mechanism of release from cells in lower vertebrates.

1.1.3.1 Mechanism of Hsp70 Release in Mammalian Models

To traverse the semipermeable plasma membrane, proteins have adapted to be actively transported
across this barrier. Briefly, secreted proteins encode an N-terminal hydrophobic leader sequence
which can be inserted into the ER membrane allowing them to translocate across this membrane
where the leader sequence is then cleaved. The protein is then passed along cellular organelles until
these structures fuse with the plasma membrane (Tytell, 2005). Recently, non-classical secretion has
been implicated in several proteins which lack a leader sequence despite having primarily

extracellular roles, such as interleukin-1p (Andrei et al., 1999). There are currently several hypotheses
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for leaderless release of Hsp70 from the cell; however, whether the release is dependent on species or

is tissue specific still remains to be determined (Mambula and Calderwood, 2006).

The release of Hsp70 by cell necrosis, in part, contributes to circulating or medium levels of eHsp70
(Calderwood et al., 2005; Pockley and Multhoff, 2010). However, assays for other intracellular
enzymes show no correlation with the rate of Hsp70 release, suggesting that this protein is actively
released from the cells (Broquet et al., 2003, Hunter-Lavin et al., 2004; Lancaster and Febbraio,
2005). The exact mechanism of release has yet to be elucidated in any organism; however, several
have been speculated. The classical secretion pathway was eliminated as a possibility through the
inability of Brefeldin A, an antagonist of transport through the ER-Golgi system, to modulate eHsp70
levels (Lancaster and Febbraio, 2005; Broquet et al., 2003). However, monensin, an antagonist of
transport through the Golgi did inhibit release (Hunter-Lavin et al., 2004), suggesting that the Golgi
may play a role. Golgi-mediated Hsp70 release has been linked to its localization on the plasma
membrane of lysosomes (Hunter-Lavin et al., 2004). These secretory lysosomes have been proposed
as a possible method of Hsp70 release as the rate of Hsp70 secretion is highly correlated to the
lysosomal marker LAMP1 on the cell surface (Mambula and Calderwood, 2006). These secretary
lysosomes will migrate to the cell surface and release their contents into the extracellular space. This
pathway has been observed in macrophages stimulated with LPS and ATP (Andrei et al., 1999;
Andrei et al., 2004). Cells that use secretory lysosomes are usually derived from the haematopoietic
lineages (Blott and Griffths, 2002), indicating a cell-specific method of release as eHsp70 has been
observed from various cell types. Secretion by this method is also regulated by ATP-binding cassette
(ABC) transport proteins at the plasma membrane. Interestingly, this mechanism of release appears to
be only active post heat shock, as basal levels were not affected by the non-specific ABC transport
inhibitor glibenclamide in prostate carcinoma cell lines (Mambula and Calderwood, 2006). This lends
increasing complexity to the release of this protein. Another possible mechanism is the secretion of
exosomes which are small membrane vesicles secreted from all cell types. In this method, once the
exosome enters the extracellular environment it will either lyse releasing its contents (De Maio, 2011)
or, alternatively, the entire exosome will communicate with a target cell (Mathivanan et al., 2010).
Hsp70 has been detected in exosomes derived from human peripheral blood lymphocytes (PMBC’s;
Lancaster and Febbrio et al., 2005), human tumor cells (Gastpar et al, 2005) and rat hepatocytes
(Conde-Vancells et al., 2008). While exosomal protein composition varies depending in the cell type
of origin, conserved sets of proteins have been identified in exosomes regardless of origin including,

Hsp70, metabolic enzymes, and annexin (membrane trafficking and fusion) (Mathivanan et al., 2010).
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Though Hsp70 is present in the plasma membrane (Arispe and De Maio, 2000), particularly in
association with phosphatidylserine (PS; Arispe et al., 2004; Schilling et al., 2009) and other
sphinglolipids (Gehrmann et al., 2008; Sugawara et al., 2009), treatment with the raft disrupting drug
methyl-p-cyclodextrin, had no effect on Hsp70 release (Lancaster and Febbraio, 2005; Broquet et al.,
2003). The release of Hsp70 may differ based on cell type, both in regards to the amount of Hsp70
released and the pathways involved. This is especially the case in heat shocked cell, as the stressor
activates alternative pathways of release (Mambula and Calderwood, 2006). The mechanism behind
leaderless release of various cytokines, and heat shock proteins has interesting applications in our
knowledge of the dynamics of intracellular signaling. This is especially important during times of
stress, as the heat shock response is essential to cellular survival. Very little is known about the
modulation of eHsp70 release in fish during times of stress. Elucidation of this regulation has

important implications if eHsp70 were to be used as a biomarker of stress in the aquatic environment.

1.1.3.2 Immunoregulatory Effects of eHsp70

One of the major roles for eHsp70 is thought to involve modulation of the innate immune system;
however, the effects of circulating eHsp70 and the physiological implications are far from clear
(Pockley and Multhoff, 2010). The immunoregulatory effects of Hsp70 have not been studied in fish
and this is an important area as pathogens are found ubiquitously in environment, and Hsps may be

essential in mounting an effective immune response (Deane and Woo, 2011).

In mammalian models, Hsp70 appears to interact with various receptors on the plasma membrane of
target cells. Depending on the cellular origin of Hsp70, there have been completely contrasting
results, as eHsp70 has been demonstrated to have both pro-inflammatory and anti-inflammatory
properties (Pockley et al., 2008). In mammals, exogenous applications of Hsp70 have demonstrated
primarily pro-inflammatory properties, while endogenous application has been shown to be anti-
inflammatory (Pockely et al., 2008). The mechanism behind this phenomenon has yet to be
elucidated. It was first demonstrated that Hsp70 could bind to CD14 (Asea et al, 2002) a covalently
anchored receptor to the cellular membrane via glycosylphosphatidylinositol. This receptor lacks
intrinsic signaling capabilities (Chen et al., 2004) and, therefore, acts in conjunction with
transmembrane receptors such as toll-like receptors (TLRs). TLRs will subsequently elicit the nuclear
factor — kB (NF-kB) pathway. Activation of TLRs by heat shock has been shown in a series of Hsps,
including 60, 70 and gp96 (Asea et al, 2002; Vabulas et al., 2001; Vabulas et al., 2002; Vabulas and
Wagner, 2005). Members of the NF-xB family are nuclear transcription factors essential for
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regulation of the immune stress responses, apoptosis and cellular differentiation. These signaling
pathways are tightly regulated and closely coordinated with other signaling pathways (Oeckinghaus et
al., 2011). The upregulation of pro-inflammatory cytokines through this pathway upon treatment with
exogenous Hsp70 implicated eHsp70 as an important modulator of the innate immune system.
However, further work demonstrated that activation through this pathway was due, in part, to
contamination with bacterial endotoxins such as lipopolysaccharide (LPS; Gao and Tsan, 2003a), as
most recombinant Hsp70 is produced in Escherichia coli. Both Hsp60 and Hsp70 are known to
associate with and increase the immune-stimulating effects of LPS (Habich et al., 2005; Osterloch et
al., 2008 and Tsan and Gao, 2009). With this taken into account, highly-purified Hsp70 from murine
liver was reported to have no cytokine effects at concentrations as high as 200-300 pg/ml; however,
LPS-contaminated Hsp70 at concentrations as low as 0.05-0.1 pg/ml were able to induce cytokines
(Wallin et al., 2002). Further studies confirmed that other Hsps such as gp96 were also incapable of
upregulating cytokines through the NF-kB pathway (Reed et al., 2003) and Hsp70 had no effect on
112 cytokine genes in lymphocytes (Tsan and Gao, 2009). Because Hsp60, gp96 and Hsp70 can bind
and enhance the immune-stimulating effects of LPS this indicates that Hsps are important in the in
vivo recognition of Gram-negative bacterial infection and that it will modulate the response via
TLRA4. Regardless of previous discrepancies, the immunoregulatory effects of Hsp70 are still viable
(Henderson, et al., 2010). For instance, while Hsp72 did not up-regulate expression of 1L-6 and
TNFa2 in murine hepatocytes, this protein at concentrations of 100 ng/ml and 1000 ng/ml
upregulated the expression of macrophage inflammatory protein 2 (MIP-2/CCL4), suggesting
regulation of pro-inflammatory chemokines (Galloway et al., 2008). The concentration of Hsp70 is
important as higher concentrations (20-50 ug) have been demonstrated to have cytotoxic effects

(rabbit arterial smooth muscle cells; Johnson et al., 1995)

Hsp70 has also been demonstrated to bind to the LDL-binding proteins CD91 and the tumor necrosis
family member CD40 (Tytell, 2005). CD40 plays a major role in the maturation of antigen presenting
cells (APC) through binding to its counter receptor on activated T cells (Tytell, 2005). Mycobacterial
Hsp70 can bind to CD40 which may indicate the protein’s ability to activate APCs and release
cytokines (CCL3, CCL4, and CCL5; Wang et al., 2001). Furthermore, Hsp 60, 70, and 90 can all bind
to lectin-type oxidized LDL receptor 1 (LOX-1) (Theriault et al., 2005, Delneste et al., 2002). It has
also been proposed that receptor recognition will vary within members of the same HSP family
(Theriault et al., 2005). Receptors such as TLR, CD40, and CCR5 may be adapted for transmembrane

signaling, while CD91 and SR may play a more important role in internalization of HSP (Theriault et
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al., 2005). The application of exogenous Hsp70, for any purpose, has yet to be investigated in lower
vertebrates yet the interaction of Hsp70 with target tissues suggest novel roles for this protein in
autocrine, paracrine and even endocrine signaling. This not only has important implications in
possible novel signaling pathways, essential in our understanding of the stress response, but it also
has interesting applications in the health field, as the role of Hsp70 as a signaling molecule is already
being investigated for cancer therapies (Schmitt et al, 2007; Murshid et al. 2011).

1.1.3.3 Hsp70 and Lipid Membranes

In addition to receptors, it has also been demonstrated that Hsp70 will interact directly with lipid
membranes which is important in not only understanding both the mechanism of release but also
characterizing the effects of Hsp70 on target cells. Interaction of Hsp70 with membranes is important,
particularly during times of stress, as permeability of membranes will change in response to stressors
and may have further physiological implications. Both Hsp70 and Hsp90 are known to associate with
these micro-domains which are important in both assembly and sorting platforms for signal
transduction complexes, and intercellular interactions. Most studies regarding the interaction of
Hsp70 and lipids have been carried out using either artificial membranes or membranes isolated from
mammals (De Maio, 2011). Leakage of fluorescent dye was observed from lysosomes (lipid
composition: lecithin, cephalin, and phosphatidylinositol) when they were exposed to human Hsp70
or mycobacterial Hsp65 (Alder et al., 1990). When Hsp70 (5-22.5 pg/ml) was added to planar
phospholipid bilayers composed of either the former composition or simply
diphytanoylphosphatidylcholine (DPPC), stepwise increases in electrical conductivity resembling the
formation of ion-conducting channels were observed (Alder et al., 1990). Interestingly, the addition
of Hsp70 to these membranes also promotes the insertion of other proteins into the membranes (Adler
et al., 1990). Hsp70 has also been shown to form ATP-dependent, cation-selective channels in
artificial lipid bilayers (lipid composition: phosphatidylserine and phosphatidylthanolamine) (Arispe
et al., 2002). At concentrations of 15 ng/ml both isoforms of Hsp70 will promote the fusion of
phosphatidylserine liposomes. Hsp70 can also bind to sulphogalactolipids which are found in the
outer leaflet of the plasma membrane primarily in neurons. This is due to the highly conserved feature
of the ATPase domain of HSP70 and binding can inhibit the ATPase activity of HSP70 (Arispe et al.,
2002). Furthermore, potassium channels in human promonocyte cells are activated when exposed to
30-100 pg of a 2:3 mixture of Hsc70 and Hsp70 (Negulyaev et al., 1996). In rabbit aortic smooth

muscle cells concentrations of 20 — 50 pg/ml were reported to be cytotoxic (Johnson et al., 1995).
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There is a lack of information, beyond speculation, regarding the role of eHsp and the interaction that
it has with the lipid bilayer. The interaction between Hsp70 and the plasma membrane become

important when assessing the extracellular role of this protein.

The idea that treating damaged cells and tissues with exogenous Hsp70 to increase survival of the
targeted cells has been explored in cultured arterial smooth muscle cells (Johnson et al., 1990;
Johnson et al., 1993; Johnson et al., 1995), and prevented axotomy-induced cell death of sensory
neurons but not motor neurons in neonatal mouse model of sciatic nerve transections (Houenou et al.,
1996; Lietal., 1994; Lo et al., 1995). When a 1:1 mixture of Hsp70/Hsc70 was injected into the eye
of the albino rat after light exposure, significantly less photoreceptor degradation was observed when
compared with the controls (Barbe et al., 1988; Tytell et al., 1994; Yu et al., 2001). Further
cytoprotective effects were seen in a variety of in differentiated neuroblastoma cells and primary
cultures of embryonic chick motor neurons (Guzhava et al., 2001). These studies suggest that the
interaction of Hsp70 with lipid membranes may be beneficial for an organism in the stress response.
However, little is known about such interactions of Hsp70 with membranes in non-mammalian
models. For the first time this study will reveal changes in eHsp release in the plasma of erythrocytes
and the medium of hepatocytes. The release of Hsp70 will be monitored in the presence of stress
hormones and pharmaceuticals to further elucidate the conditions under which eHsp is released from

the cell.

1.1.4 Effects of Stress Hormones (Glucocorticoids and Catecholamines) on eHsp70

The primary effect, in response to stress, is the release of catecholamines (epinephrine and
nonepinephrine) which are released by the chromaffin cells near the head kidney in teleosts
(Wendelaar Bonga, 1997). These hormones have low resting levels (1nM), but are rapidly elevated
post stressor (20 nM); however, this increase is transient (Wendelaar Bonga, 1997). In mammals,
Johnson et al. (2005) suggested that the release of extracellular Hsp72 during exposure to stress is
mediated in part by catecholamines via stimulation of the a.1-adrenergic receptor-mediated pathway.
Adrenergic receptors are a class of G-protein-coupled receptors that are the primary targets of
catecholamines. Interestingly, rats treated with either labetolol (alpha/beta adrenergic antagonist) or
prozosin (alpha-adrenergic blocker) completely blocked the stress induced increase in extracellular
HSPs (Johnson et al., 2005). It was concluded that activation of al- adrenoceptors elevates circulating
HSP72, whereas activation of B-adrenoreceptors inhibits circulating Hsp72 in tail shock stress
(Johnson et al., 2005). This indicates a role in stress hormonal regulation of the cellular heat shock
10



response by catecholamines as this elevation was not seen with glucocorticoids (Johnson et al., 2005).
Another notable class of stress hormones is glucocorticoids, which in contrast to catecholamines
remain in circulation for a longer period, mediating the effects of stress. The primary glucocorticoid
in teleosts is cortisol (Mommsen et al., 1999). This hormone is secreted by the adrenal gland in
mammals, or interrenal cells (analogous to the adrenal cortex) of the head kidney in teleosts. Plasma
cortisol levels are elevated in response to stress in fish and involve the activation of the
hypothalamus-pituitary-interrenal (HP1) axis (Mommesen et al., 1999) (Fig 1.2). Briefly, a stressor will
stimulate the release the hypothalamic neuropeptide corticotropin releasing factor (CRF) which acts
on the pituitary gland to stimulate the release of adrenocorticoptropic hormone (ACTH). ACTH will
subsequently stimulate the interrenal cells to release cortisol. Cortisol will subsequently exert its
effects on target tissues by binding to either the glucocorticoid receptors (GR) or mineralocorticoid
receptors (MR) (lwama et al., 2006). In teleosts, cortisol will work to restore homeostasis during
stress by regulating osmotic and metabolic adjustments in target tissues. It is important to examine the
interaction involved in the release of stress hormones and their effect on the expression and
subsequent release of stress proteins such as Hsp70. In fish the effects of cortisol on heat shock
proteins are varied. Cortisol has been shown to attenuate the HSP response because of its effect on
HSF, which regulates heat shock genes (Iwama et al., 2006). Interestingly, GR will modulate levels
of intracellular Hsp70 in macrophages and fibroblasts in sea bream which was correlated with
increased cell survival (Deane et al., 2006). In rainbow trout hepatocytes, it was demonstrated that
while cortisol will not affect the rate of protein degradation, it will reduce de novo synthesis post
stressor (Boone et al., 2002b). Comparatively the constitutive form, Hsc70, is up-regulated by cortisol
in rainbow trout liver (lwama et al., 2006), which may lead to an increase of the stress threshold in
animals. Cortisol and epinephrine attenuated the heat shock-mediated elevation in extracellular Hsp70
levels in RBCs at 24 hours post heat shock exposure (Henrickson, 2010). Though preliminary studies
have been completed, the effects of stress hormones on Hsp70 release and the importance of eHsp70

in circulation is still far from clear.
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Figure 1.2: The Hypothalamus-Pituitary-Interrenal (HPI) axis

In teleosts, the stress axis activation involves the release of corticotropin releasing factor (CRF) from the hypothalamus,
which in turn stimulates the pituitary corticotropes to secrete adrenocorticotropic hormone (ACTH). ACTH stimulates
the interrenal tissue of the teleost head kidney (analogous to the adrenal cortex in mammals), leading to the stimulation
of corticosteroid biosynthesis. Cortisol, the primary corticosteroid in teleosts, primarily exerts its effects by binding to

either the glucocorticoid receptors (GR) or mineralocorticoid receptors (MR).
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1.2 Experimental Rationale

All research regarding the release of Hsp70 and its possible roles in immunoregulatory function and
intercellular signaling have been carried out in mammalian models. There have been no studies of
eHsp70 in fish, beyond preliminary detection in the medium in response to LPS exposure (Zhang et
al., 2011) or stress hormones (Henrickson, 2010). It has been proposed that eHsp70 during stress may
be essential for the maintenance of homeostasis and may have important physiological implications
on the health of the organism, but this is yet to be tested. Given this, measurement of eHsp70 in fish
has practical applications for studying the impact of stress in fish, using minimally invasive measures.
Therefore this project will, for the first time, try and characterize the release of eHsp70 in rainbow
trout (Oncorhynchus mykiss) both in vivo and in vitro and examine how its release is modulated by
various stressors and the stress hormone cortisol. The hypotheses tested are: i) Hsp70 will be released
into the plasma and its release is modulated in response to stressor exposure, ii) stressor—induced
cortisol elevation will modulate extracellular release of Hsp70 in rainbow trout hepatocytes, and iii)

eHsp70 will elicit an immune response in trout hepatocytes.

1.3 Research Objectives

1. Determine stressor-induced changes in plasma Hsp70 levels in rainbow trout in vivo (Chapter 2)

2. Establish stressor-induced release of Hsp70 from trout hepatocytes in vitro (Chapter 3)

3. Determine the role of cortisol in regulating Hsp70 release from trout hepatocytes in vitro (Chapter
3)

4. Determine the effect of immune-stimulant on eHsp70 release, and its modulation by cortisol, in
trout hepatocytes (Chapter 4)

5. Determine the effect of exogenous Hsp70 exposure on immune response in trout hepatocytes
(Chapter 4)
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Chapter 2

Modulation of Plasma Hsp70 Levels in Rainbow Trout

2.1 Introduction

An organism’s response to stress can be generally categorized into primary, secondary and tertiary
responses. The primary response is characterised by the rapid release of catecholamines, epinephrine
and norepinephrine, in addition to the release of corticosteroids (Wendelaar Bonga, 1997). Cortisol,
the primary corticosteroid in teleosts, primarily exerts its effects by binding to either the
glucocorticoid receptors (GR) or mineralocorticoid receptors (MR) (lwama et al., 2006). The
secondary response is characterized by an increase in metabolic rate and a subsequent increase in
gluconeogenesis and plasma glucose. The prolonged effects of stress are classified under the tertiary
response in which the aforementioned physiological changes will lead to reduction in growth and

reproduction (Wendelaar Bonga, 1997).

One aspect of the primary stress response involves changes at the cellular level to re-establish
homeostasis. This is characterized by the heat shock response, which is essential in increasing the
survival of a cell in response to a variety of stressors (Pardue et al., 1992). In the presence of a
stressor, such as heat, changes occur in membrane permeability leading to a drop in cytosolic pH and
changes in ion homeostasis as well as a decrease in the rate of transcription and translation effectively
halting cell growth and proliferation (Ritcher et al., 2010). Degradation of the cytoskeleton and
localization of internal organs are also affected leading to a breakdown in intracellular transport
processes. The subsequent heat shock response is characterized primarily by the induction of heat
shock proteins (HSPs) which can be broadly categorized into seven classes, based on intracellular
function (Richter et al., 2010). The class of heat shock proteins which act as molecular chaperones are
comprised of five families of highly conserved ubiquitous proteins. In general, these HSPs offer
cytoprotection during stressful periods through folding and refolding of denatured proteins,
maintaining protein structure, protein translocation across membranes, preventing protein
aggregation, and degradation of unstable proteins (see reviews, Parsell and Lindquist, 1993 and
Kregel, 2002). They are classified into families based on their molecular mass ranging from the large
Hsps (>110 kiloDalton; kDa) to small Hsps (>40 kDa). Hsps are not only highly conserved among
species but they also comprise 5-10% of the total proteins found in the cell during unstressed periods

(Pockley, 2003). One of the most abundant and highly conserved of these proteins is the 70 kDa
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family, comprising the inducible HSP70 and the constitutive HSC70. The intracellular expression of
these two isoforms in response to stressors has been well characterized in animals, including fish (see

review lwama et al., 1999).

The interaction between the primary endocrine stress response and the cellular stress response is
still far from clear. While cortisol and Hsps has been previously documented in fish (Vijayan et al.,
2005) the results are variable. This suggests that the effects of cortisol on Hsps are dependent on
experimental design, species, and even tissue type. Cortisol attenuates the heat shock response, in gill
and liver of rainbow trout (Oncorhynchus mykiss; Basu et al., 2001; Boone et al., 2002a) and common
carp exposed to copper (Cyprinus carpio; De Boeck et al., 2003); however, exogenous cortisol
exposure did not affect hepatic levels of Hsp70 or hsp70 mRNA levels in silver sea bream (Sparus
sarba) in vitro or in cutthroat trout (Oncorhynchus clarkii) in vivo (Ackerman et al., 2000). While
cortisol also decreased hsp90 mRNA abundance in primary cultures of trout hepatocytes (Sathiyaa et
al., 2001), protein expression of Hsp90 was elevated in vivo in the trout liver (Vijayan et al., 2003).
These variations highlight the need for establishing a baseline of how the organismal stress response

in vivo will affect the cellular stress response, as this is far from clear (Ritcher et al., 2010).

Although the role of intracellular Hsp70 has been well characterized, the extracellular release of
Hsp70 (eHsp70)(Tytell et al., 1986; Hightower and Guidonin, 1989) has been observed and several
novel roles for this protein have been speculated (Calderwood et al., 2007). However, the mechanism
of release from the cell and the possible functions this protein may have once in the extracellular
milieu has yet to be established. Preliminary research in mammals suggests that the release of
extracellular Hsp70 (eHsp70) is stimulated by a variety of pathological and environmental stressors
and may signal danger to the organism (Calderwood, 2007). It is known that Hsp70 lacks the leader
sequence which allows proteins to be secreted through the endoplasmic reticulum (ER) and the Golgi
apparatus (Calderwood et al., 2007). Consequently, several methods of release have been
hypothesized in mammalian models, including: i) release through cell necrosis (Calderwood et al.,
2007), ii) active transport across the plasma membrane by ATP binding cassette (ABC) protein
transporters (Mambula and Calderwood., 2006), iii) exosomal secretion (Hunter-Lavin et al., 2004;
Lancaster and Febbraio., 2005) and iv) direct association with membranes (Alder et al., 1990;
Gehrmann et al., 2008). However, no conclusive results on the mode of secretion of HSP70 have been
reported. Also, a functional role for eHSP70 is unclear, but recent studies have hypothesized an

immunoregulatory role for this protein in mammalian models (Calderwood, 2007)
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While most studies on eHsps have been carried out in mammalian models, very little is known
about eHsp dynamics in response to stress in lower vertebrates. While further work on the
physiological implications of plasma Hsp70 are required, the characterization of plasma Hsp70 in fish
has important implications in monitoring the stressed state of the organism, and the quality of their
environment. Therefore, the objectives of this study were to i) to further refine already developed
methods for immunodetection of Hsp70 (Henrickson, 2010) in order to quantify plasma Hsp70 levels,
and ii) to determine if stressor exposure (heat shock) will alter plasma Hsp70 levels in rainbow trout

in vivo.
2.2 Materials and Methods

2.2.1 Experimental Fish

Immature rainbow trout (110 + 20 g body mass) were obtained from Alma Research Station (Alma,
Ontario) and maintained at the University of Waterloo Aquatic Facility, at 12 £ 1°C on a 12-h light:
12-h dark cycle. The fish were fed once daily to satiety with commercial trout pellet (Martin Mill,

Elmira, Ontario). The fish were acclimated for 2 weeks before the experiments.
2.2.2 Experimental Design

2.2.2.1 Short-term Heat Shock Response

Groups of 12 fish each were separated into four 100 L tanks in a static system containing well
water. Water in two tanks was heated to a temperature of approximately 25°C (+12°C above
ambient), while two tanks were maintained at ambient temperature (13°C). Fish were subjected to the
+12°C heat shock for one hour after which they were brought back to 13°C within 15 minutes. Six
fish from each of the heat shocked and control (no heat shock) groups were sampled immediately
following heat shock and at 4 and 24 h post-heat shock. Fish were quickly netted and euthanized with
an overdose of 2-phenoxy ethanol (1 ml/1L well water; Sigma, St Louis, MO, USA). Blood was
collected in tubes containing 500 ul physiological saline (1x Hanks medium, 5mM NaHCOs3 1.5 mM
CaCl; + 5 mM Glucose) with 2mM EDTA per fish and centrifuged for five minutes at 3000 x g to

separate the plasma which was stored separately then blood at -80°C for later analysis.

16



2.2.2.2 Long-term Heat Shock Response

Two groups of 6 fish each were divided into two 100 L tanks in a flow through system using well
water maintained at 13°C exactly as above. They were acclimated for a minimum of two weeks. One
group of fish was transferred into a tank maintained at 23°C (heat shock group: +10°C heat shock for
one hour), while the other group was transferred to another tank maintained at 13°C (control group).
Fish were then transferred back to their original tanks at the end of the one hour heat shock exposure.
Repeated plasma samples were collected at 1, 4, and 7 days for measuring eHSP70 concentration
later. Fish were anaesthetized with 2- phenoxy ethanol (non-lethal dose of 1:10,000; Sigma) and 300
pl of blood was taken from caudal vein with a syringe (22 %2 G). They were also tagged on the first
day with fin clippings for identification on subsequent sampling days. Fish were then returned to the
tank where they recovered within 10 minutes. On day 7, fish were lethally anaesthetized with an
overdose of 2-phenoxy ethanol (1 ml/1L well water; Sigma). Each fish were bled by caudal puncture
into a sterilized centrifuge tube containing 500 pl physiological saline (1x Hanks medium, 5mM
NaHCO3 1.5 mM CaCl, + 5 mM Glucose) with 2mM EDTA. Blood was centrifuged for 5 min at

5000 x g, and plasma was collected and stored separately for Hsp70 detection later.
2.2.3 Sample Analysis

2.2.3.1 Plasma Cortisol and Glucose

Plasma cortisol levels were analyzed using ®H cortisol radioimmunoassay following established
protocols (Ings and Van der Kraak, 2006). Plasma glucose was measured calorimetrically as

described previously (Bergmeyer, 1983)

2.2.3.2 Hsp70 ELISA

Plasma Hsp70 was measured using a competitive sandwich ELISA according to Specker and
Anderson (1994). Briefly, Chinook salmon Hsp70 recombinant protein (Stressgen) was used to coat
wells of a medium binding 96-well plate with 50 mM carbonate buffer, pH 9.6. After washing with
Tris-buffered saline with Tween 20 (TTBS) and blocking with 1% BSA, previously incubated
samples or standards was added (1:1 ratio of homogenate to polyclonal rabbit anti-salmon Hsp70
primary antibody; 1:100,000, StressMarq). After overnight incubation, wells were washed and a
horseradish peroxidase conjugated goat anti-rabbit secondary antibody (1:5000; BioRad) diluted in
5% skim milk was added to each well. Following al hour incubation the detection reagent was added

(41 mM TMB in 200 mM potassium citrate, pH 4). After 1 h the reaction was stopped with 8.5M
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acetic acid in 0.5 M sulfuric acid. Wells were read at 450 nm using a microplate reader (VersaMax,
Molecular Devices, CA, USA).

2.2.3.3 Enzyme Activity: Lactate Dehydrogenase

Lactate dehydrogenase (LDH: EC 1.1.127) activity was measured in the plasma to assess putative
cellular rupture and cytosolic contamination. LDH were measured in 50 mM imidazole-buffered
enzyme reaction (0.12 mM NADH initiated with 1 mM pyruvic acid; pH 7.4; Sigma) at 22°C by
continuous spectrophotometry at 340 nm using a microplate reader (VersaMax) as described

previously in Vijayan et al. (2006).

2.2.4 Statistical Analysis

The experimental design utilized a two-way ANOVA for statistical comparison between treatment
(control and heat shock) and time as independent factors. Significant differences were compared
using the Holm-Sidak post hoc test with the level of significance for all tests set at p<0.05. The data
was log transformed, wherever necessary, to meet the assumptions of homogeneity of variance,
although non-transformed data are shown in the figures. Results are presented as mean + standard

error of mean (SEM) for all groups.

2.3 Results

2.3.1 Hsp70 Validation

Validation of an immunoassay is characterized by precision, sensitivity, and accuracy (Specker and
Anderson, 1994). The primary antibody (Polyclonal rabbit anti-salmon Hsp70) was previously
shown to cross react with the inducible Hsp70 protein in rainbow trout (Henrickson, 2010). The
refinement of the ELISA to detect low levels of the plasma Hsp70 included validation of the
immunoassay. Precision is expressed as the reproducibility of a result indicated by intra-assay and
inter-assay coefficient of variation (%CV= [SD/mean]*100), and should general be <20% (Specker
and Anderson, 1994). The overall all intra-assay precision was calculated to be 3.46% and the inter-
assay 25.55% (See Appendix A). Sensitivity can be defined as the least detectable sample
concentration that is significantly different from the zero standards, which was determined by running
a series of low standards to determine the lowest standard different from the zero (Specker and
Anderson, 1994). For this ELISA the lowest detectable limit was determined to be 5 ng/ml. Accuracy
can be evaluated by measuring parallelism and recovery. A serial dilution of heat shocked RBCs (Fig
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2.1B) shows step-wise decreases with increasing dilution, mirroring the standard curve, ensuring that
samples can be run different dilutions. The standard curve (shown as % B/Bo) ranges from 100% to
approximately 30% (Fig 2.1 A). Taken together the ELISA was able to reliably detect levels of

plasma and tissue Hsp70.
2.3.2 Short-term Heat Shock Response

2.3.2.1 Plasma Hsp70 levels

Over the 24 h sampling period there was no statistically significant treatment (control vs. heat shock)
or time effects (1, 4 and 24 h) in plasma Hsp70 levels (Fig: 2.2 A).

2.3.2.2 Enzyme Activity: Lactate dehydrogenase (LDH)

There was no temporal differences or treatment effect in plasma LDH levels between the control and
heat-shocked trout over a 24h period (Fig. 2.2 B).

2.3.3 Long-term Heat Shock Response

2.3.3.1 Plasma Cortisol and Glucose levels

When exposed to a +10°C heat shock (23°C) plasma cortisol levels were significantly decreased (2.7-
fold) at 7 d when compared with 1d. However, there was no statistical difference between 4d and 1d
or 7d post-heat shock. In the absence of heat shock, at each sampling time point (1d, 4d and 7d) there
was no statistical difference in plasma cortisol levels between control and heat shocked fish (Fig 2.4
B).

At 1d plasma glucose levels were 1.2 fold higher in controls (4.7+ 0.2 mM), compared to the heat
shocked group (3.9 £ 0.2 mM). At both 7d and 4 d there was no statistical difference in plasma

glucose levels between control and heat shocked fish (Fig 2.4 A).

2.3.3.2 RBC Hsp70 levels

Exposure to a +10 °C heat shock above ambient temperature caused a 1.7-fold increase in heat-
shocked RBC Hsp70 levels (431 £ 91.1 ng/ml) at 1 d post heat shock when compared to control
levels (256 + 47.9 ng/ml). By 4 d and 7 d there was no statistical difference in RBC Hsp70 levels
between control and heat-shocked fish RBC Hsp70 levels. There was a significant treatment effect
with heat-shocked fish having significantly higher Hsp70 levels compared to the control group (Fig

2.3A).
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2.3.3.3 Plasma Hsp70 levels

There was a temporal difference in plasma Hsp70 levels in response to stress in the present study.
Two-way ANOVA indicated a significant sampling time effect (1 d, 4 d and 7d); plasma Hsp70 levels
were significantly higher at each sampling day compared to the previous sampling day (Fig. 2.3B).
Also, there was significant interaction between treatment (heat shock vs control) and sampling time in
the present study. In the absence of heat shock, there was a 1.6-fold increase in plasma Hsp70 levels
in the control fish at day 7 compared to day 1, while there was no statistical difference between day 4
and day 1 control fish. In the heat shocked group, plasma hsp70 levels were significantly higher at
day 4 and day7 compared to day 1, while there was no statistical difference in hsp70 levels between
day 4 and day7 (Fig. 2.3 B). In the heat shock group, there was a significant decrease in plasma
Hsp70 levels at day 1 (1.6-fold) and day 7 (1.3-fold) compared to the control group. There was no

difference in plasma Hsp70 levels between the control and heat shock group at day 7.

2.3.3.4 Plasma Lactate Dehydrogenase levels

There was no temporal difference in LDH levels nor was there a difference between levels in control

or heat-shocked fish at each sampling time point
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Figure 2.1: Standard Curve and Serial Dilution

Hsp70 standard curve for the ELISA (A) from a serial dilution of recombinant chinook salmon Hsp70 protein. The B/Bo
(percent bound) values are plotted along the y-axis along with their corresponding salmon Hsp70 concentration (ng/ml)
on the x-axis. Inset shows a semi-log plot with absorbance on the y-axis and Hsp70 (ng/ml) on the x-axis. A serial
dilution of heat shocked RBCs (+10°C above ambient temperature) using the ELISA (B). The dilution factor is shown

along the x axis and corresponding Hsp70 values along the y-axis.
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Figure 2.2: Short Term Heat Shock Response:

Plasma Hsp70 (A) and lactate dehydrogenase (LDH) levels (B) in rainbow trout exposed to heat shock. Plasma samples
were collected from trout exposed to either no heat shock (control) or one hour heat shock (+12°C above ambient
temperature) and then allowed to recover at ambient temperature (13°C). Samples were collected immediately at 1, 4, and
24 hours post heat shock. Inset shows significant treatment effect (p <0.05; two way ANOVA); values represent means +
SEM (n = 5-6). Bars with different letters (a, b) are significantly different (p<0.05, two way repeated measures ANOVA).

22



(1 Control c
Il Heat Shock
200 1 B l
ey a
£ A
(@)] a
£ 1s0{ a
E T
N T
) 100 A b
I
©
£
(_% 50 A
a
0
A 1 4 7
1 Control
600 b Hl Heat Shock
500
€ 400 - ab ab
~
g a ab
o 300 T ab
N~
o T
) 200
T
100 -
0 . : :
1 4 7
B Days Post Heat Shock

Figure 2.3: Long Term Heat Shock Response:

Plasma Hsp70 (A) and intracellular Hsp70 (B) levels in rainbow trout exposed to heat shock. Plasma samples
were collected from trout exposed to either no heat shock (control) or one hour heat shock (+10°C above ambient
temperature) and then allowed to recover at ambient temperature (13°C). Samples were collected immediately at
1, 4, and 7 days post heat shock. Inset shows significant treatment effect (p <0.05; two way ANOVA); values
represent means + SEM (n = 5-6). Bars with different capital letters (A,B,C) indicate significant time effect, while
bars with different lower case letters (a, b, ¢) denote significant treatment effect (p<0.05, two way repeated

measures ANOVA).
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Figure 2.4: Long Term Stress Response

Plasma glucose (A), cortisol (B) and lactate dehydrogenase (LDH) levels (C) in rainbow trout exposed to heat
shock. Plasma samples were collected from trout exposed to either no heat shock (control) or 1 h heat shock (+10°C
above ambient temperature) and then allowed to recover at ambient temperature (13°C). Samples were collected at
1, 4, and 7 d post-heat shock. Values represent means + SEM (n = 5-6). Bars with different letters are significantly

different (p<0.05, two way repeated measures ANOVA).
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2.4 Discussion:

A competitive antibody-capture ELISA that specifically detects inducible Hsp70 concentration in
rainbow trout plasma and tissue was developed. Quantification of these proteins has been carried out
using a variety of methods, such as western blotting which only gives a semi-quantitative
representation of changes in Hsp expression. Comparatively, ELISASs are a sensitive method,
especially for quantification of proteins that are in low abundance in cells. ELISAs have been used
previously in mammalian studies (Skidmore et al., 1995), and semi-quantitative ELISAs have also
been developed to increase the specificity of Hsp70 detection in fish (Vijayan et al., 1997; De Boeck
et al., 2003; Parmini & Rani, 2008). However, there is no commercially available ELISA kit available
for fish. In the present study, the use of a salmonid Hsp70 antibody and standards made of
recombinant salmon Hsp70 protein ensured specificity to the species of interest and this was
confirmed through western blotting (Henrickson, 2010).

For the first time we show that Hsp70 is released into the plasma in rainbow trout. We further
demonstrate that this release is modulated over the long-term, by both heat and handling stress. The
intracellular RBCs levels of Hsp70 were elevated in both studies as expected by 24 h post heat shock
(Henrickson, 2010 and Fig: 2.2A). However, when examining plasma Hsp70 level over the short-term
sampling period, no significant difference between control and heat shocked groups were observed
(Fig: 2.2A). Interestingly when fish were sampled over 7d we again observed release of Hsp70 into
the plasma; however, this release was attenuated by heat shock (Fig: 2.3A).The lack of correlation
between RBC Hsp70 levels and plasma levels suggests that either extracellular Hsp70 levels may not
be entirely dependent on intracellular levels, or more likely RBCs are not the primary source of
Hsp70 in the plasma. The cellular source of plasma Hsp70 is indeterminable and may be a result of
the release by multiple tissues. While not directly comparable, these results are in contrast to
mammalian models which have shown Hsp70 elevation in vitro in a variety of cells in response to
heat shock (Guzhova et al., 2001; Hunter-Lavin et al., 2004; Lancaster and Febbraio, 2005;
Calderwood and Mambula 2006) as well as exercise (Walsh et al., 2001). Over the long term
sampling, lower plasma Hsp70 levels in heat-shocked fish compared with the controls at both 4d and
7d could be attributed to protein degradation; however, there are also alternative explanations based
on mammalian models. Firstly, lower plasma Hsp70 suggests an increased demand intracellularly
which may restrict the release into the extracellular environment, through yet unidentified
mechanisms. This heat induced restriction in Hsp70 was observed to only occur over a certain heat

threshold in human prostate cancer (PC-3) and human prostate adrenocarcinoma (LNCaP) cell lines
25



(Mambula and Calderwood, 2006). Secondly, the decreased levels in the plasma, despite intracellular
elevation may indicate an increase in cellular uptake of Hsp70. It has been hypothesized that Hsp70 is
released in order to aid cells deficient in this protein (Calderwood et al., 2007). Receptor mediated
endocytosis has been previously demonstrated in vitro in human antigen presenting cells (APCs;
Arnold-Schild et al., 1999) and in human neuroblastoma cells (Guzhova et al., 2001).

Another novel finding of this study was the modulation of plasma Hsp70 by handling stress. While it
has been previously established that handling stress does not affect intracellular Hsp70 levels in
rainbow trout (Vijayan et al., 1997), and was further confirmed in this study, the rise in plasma
Hsp70 over the 7d period in non-heat shocked fish suggests a longer-term modulation of this protein
in circulation by a handling stressor (Fig: 2.3 A). The lack of correlation between intracellular and
extracellular Hsp70 indicates that the release may not be entirely dependent on intracellular levels;
however, the physiological implications remain to be determined.

Enhanced energy demand due to temperature elevation will cause metabolic adjustments to maintain
homeostasis (Iwama et al., 2006). The effect of heat shock on cortisol, glucose and tissue Hsp70
levels have been discussed previously (Henrickson, 2010). When fish were sampled over a longer
time period (7d) heat shock elicited both an organismal and cellular stress response in rainbow trout.
The organismal stress response was evidenced by elevated plasma cortisol and glucose levels, which
are key indicators of stress (Ilwama et al., 2006). While plasma cortisol was not elevated in the heat
shock group as observed in the first study (Fig: 2.4B) this is expected as cortisol returned to resting
levels by 24h, and the second study had sampling over the course of 7d. Furthermore, it has been
previously established that cortisol will increase gluconeogenesis in the liver (Aluru et al., 2007;
Sathiyaa et al., 2009) and given that plasma cortisol levels were not elevated in response to heat shock
the corresponding rise in glucose levels was not observed (Fig:2.4A).

The ability to measure the amount of Hsp70 in the blood has particular importance as it allows for
repeated sampling of blood from the same animal, eliminating the need to sacrifice the whole animal
to collect other tissues. Heat shock in red blood cells has been well documented (Currie et al., 1997,
Currie et al., 1999) and Hsp70 levels have been shown to increase significantly with exposure to heat
shock, which was confirmed in this study. The increase in Hsp70 levels may have a protective role in
defending the cells against proteotoxicity associated with heat shock (Hightower, 1991; Iwama et al.,
2006; Deanne & Woo, 2011).

In conclusion, we developed a sensitive ELISA to quantify both intracellular and plasma Hsp70 levels

in rainbow trout. We further demonstrate that plasma Hsp70 is modulated by both heat shock and
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handling stress over a 7d period. While this suggests the importance of this protein in both the cellular

and generalized stress response, the physiological implications of eHsp70 remains to be determined.
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Chapter 3

Modulation of Hsp70 Release in Rainbow Trout Hepatocytes

3.1 Introduction

The stress response can be broadly categorized into organismal and cellular responses. The
organismal stress response is characterized by the release of catecholamines and glucocorticoids.
Cortisol, the primary glucocorticoid in teleost fish, is responsible for various physiological processes
such as immunoregulation, growth, and reproduction (Mommesen et al., 1999). Cortisol is synthesized
in the head kidney interrenal tissue in teleosts, analogous to the adrenal cortex of mammals.
Activation of the hypothalamus-pituitary-interrenal axis in fish is necessary for the synthesis and
secretion of cortisol. Briefly, corticotropin releasing factor (CRF) produced in the hypothalamic
preoptic area stimulates the pituitary corticotropes to secrete adrenocorticotropic hormone (ACTH).
ACTH stimulates the biosynthesis and secretion of cortisol from the interrenal tissue (Iwama et al.,
2006). The effects of cortisol on target tissues are mediated by either the glucocorticoid receptor (GR)
or mineralocorticoid receptor (MR). Most teleost species express a single MR and two GRs (GR1 and
GR2), with the exception of zebrafish where only one GR has been detected in the genome (Alsop
and Vijayan, 2008, 2009). The glucocorticoid receptor is known to associate with several heat shock
proteins, specifically Hsp56, Hsp70 and Hsp90 (Basu et al., 2003).

The cellular stress response is characterized by the expression of heat shock proteins (Hsps) which are
a large family of highly conserved proteins essential for establishing cellular homeostasis (see
reviews by Parsell and Lindquist, 1993; Kregel, 2002). Hsps are categorized by molecular weight
with the most extensively studied group being Hsp70 (heat shock proteins ~ 70 kDa). Of the two
isoforms, one is constitutively expressed (Hsc70), and the other is induced during times of stress
(Hsp70). The primary role of intracellular Hsp70 is cytoprotection and it is responsible for reducing
protein aggregation and refolding denatured proteins, thus improving cell survival when exposed to a
stressor (Parsell and Lindquist, 1993; Kregel, 2002). While the intracellular role of Hsp70 has been
well characterized in fish (see reviews lwama et al., 1999; Deane and Woo, 2011), little is known
about Hsps released into the extracellular space (eHsps) in both mammals and lower vertebrates.
There is increasing evidence from mammalian studies that Hsp70 is released into the extracellular
environment (eHsp70) from different tissues, including brown fat (Campisi and Fleshener, 2003),
neuronal cells (Tytell et al., 1986), glial cells (Guzhova et al., 2001), B cells (Clayton et al., 2005),

tumor cells (Gastpar et al., 2005), and human peripheral blood mononuclear cells (Lancaster and
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Febbraio, 2005). Furthermore, the release of this protein is independent of cell death, suggesting
active secretion from the cells (Broquet et al., 2003; Hunter-Lavin et al., 2004; Hightower et al.,
1989). Recently, studies in fish have shown that Hsp70 is released into the circulation in vivo
(Chapter 2) as well as from cells in vitro, including peripheral blood lymphocytes (Zhang et al., 2011)
and red blood cells (Henrickson, 2010), but the mechanisms involved have yet to be studied in fish.
The stress-steroid cortisol has been shown to regulate the intracellular expression of Hsps in fish. For
instance, elevated cortisol levels attenuate the intracellular heat shock response in several species of
fish, including cutthroat trout (Oncorhynchus clarkii; Ackerman et al., 2000), rainbow trout
(Oncorhynchus mykiss; Basu et al., 2001: Boone et al., 2002) and the Mossambique tilapia
(Oreochromics mossambicus; Basu et al., 2001). Cortisol also attenuated the gene expression of
hsp90 in primary cultures of trout hepatocytes (Sathiyaa et al., 2001). In sea bass head kidney cortisol
caused an increase in Hsp70 and Hsp90 levels at both 3 and 7 d post treatment (Celi et al., 2012) and
Hsp90 and Hsc70 were both increased above control levels in the liver when exposed to elevated
levels of cortisol (via intraperitoneal injection) in rainbow trout (Vijayan et al., 2003). However,
cortisol injections had no effect on Hsp70 levels in sea bream (Deane et al., 2000). The mode of
action of cortisol in modulating the Hsp70 expression in fish tissues is far from clear. While GR
signaling is critical for cortisol action, the role of receptor activation in Hsp70 modulation has not
been assessed. This may be an important factor as elevated levels of cortisol, similar to that seen in
stressed fish, down regulate GR expression in fish (Vijayan et al., 2003).

Taking these findings into account, the present study tested the hypothesis that stressed levels of
cortisol seen in trout will enhance the release of Hsp70 from fish cells and this response is mediated
by GR activation. A well-established GR antagonist, mifepristone (RU486), was used to
pharmacologically block the activation of GR as described previously (Aluru and Vijayan, 2007).
Trout hepatocytes in primary culture were used as a model cell system to test Hsp70 regulation
because liver is a key target for cortisol action (Mommesen et al., 1999). Trout hepatocytes have been
used previously to assess stress hormone modulation of the heat shock response (Boone et al., 2002b).
While several studies have examined the effects of steroid hormones such as cortisol on intracellular
Hsp70 levels, this is the first study to examine the modulatory effects of cortisol on the release of
Hsp70 in fish.
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3.2 Materials and Methods

3.2.1 Experimental Fish

Immature rainbow trout (150+ 20 g mean body mass) were obtained from Alma Research Station
(Alma, Ontario) and maintained at the University of Waterloo Aquatic Facility, at 12 £ 1°Cona 12:
12-h light dark cycle. The fish were fed once daily to satiety with commercial trout pellet (Martian

Mill, Elmira, Ontario). The fish were acclimated for 2 weeks before the experiments.

3.2.2 Primary culture of trout hepatocytes

Trout hepatocytes were isolated by in situ perfusion of liver with collagenase (Sigma, St Louis, MO,
USA) exactly as described before (Sathiyaa and Vijayan, 2003; Aluru and Vijayan, 2007). Trypan
blue dye exclusion method was used to confirm hepatocyte viability (> 95%). Cells were plated in six
well tissue culture pates (Sarstedt Inc., NC, USA) at a density of 1.5 million cells/well (0.75 million
cells/ml) in L-15 medium and were maintained at 13°C for 24 h. For all experiments, samples were
collected and the cells and media separated by centrifugation (13,000 x g, 1 min). The cell pellet and

media were stored at -80 for later analysis.

3.2.3 Experimental Design

To test whether Hsp70 was being released from hepatocytes and whether this was being modulated by
cortisol, hepatocytes from five independent fish were exposed to control media (L-15) or media
containing cortisol (100 ng/ml; Sigma), mifepristone (1000 ng/ml Sigma), or a combination of
mifepristone and cortisol. In the combination group, cells were incubated with mifepristone 0.5 h
before the addition of cortisol. The cells were then subjected to a 1 h heat shock (+15°C above
ambient). At the end of the experimental period (4 or 24 h post heat shock), the medium was
collected, and the cells were centrifuged (13,0009 for 1 min), supernatants removed, and the cell

pellets were flash frozen on dry ice and stored at -80 °C.
3.2.4 Sample Analysis

3.2.4.1 Intracellular Hsp70 levels

Hsp70 expression was measured using a direct trout Hsp70 enzyme-linked immunosorbent assay
(ELISA) following the protocol of Specker and Anderson (1994) with slight modifications. Briefly,
all samples were diluted to 2 pg/ml in coating buffer (15 mM Na,COs; 35 mM NaHCOs; pH 9.6) and
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100 pl of each sample was added to a medium binding 96 well plate (Corning, MA, USA) in
duplicate. Chinook salmon Hsp70 recombinant protein (Stressgen, NY, USA) was used to create a
standard curve (0 ng/ml — 100 ng/ml) in coating buffer and 100 ul of each were added to the wells in
duplicate. After overnight incubation at 4°C the plate was washed with Tris-buffered saline with
0.05% Tween 20 (TTBS) and blocking with 1% bovine serum albumin (BSA; Sigma). After a two
hour incubation at room temperature with primary antibody (polyclonal rabbit anti-salmon HSP 70
(1:100,000; StressMarq Biosciences, BC, Canada) wells were washed and a horseradish peroxidase
conjugated goat anti-rabbit secondary antibody (1:3000; BioRad, CA, USA) diluted in 5% skim milk
was added to each well. Following al hour incubation the detection reagent was added (41 mM TMB
in 200 mM potassium citrate, pH 4). After 1 hour the reaction was stopped with 8.5M acetic acid in
0.5 M sulfuric acid. Wells were read at 450 nm using a microplate reader (VersaMax, Molecular
Devices, CA, USA).

3.2.4.2 Hsp70 Release

Hsp70 in the medium was measured using a competitive sandwich ELISA according to Specker and
Anderson (1994). Briefly, chinook salmon (Oncorhynchus tshawytscha; Hsp70 recombinant protein
(Stressgen) was used to coat wells of a medium binding 96-well plate with 50 mM carbonate buffer,
pH 9.6. After washing with Tris-buffered saline with Tween 20 (TTBS) and blocking with 1% BSA,
previously incubated samples or standards was added (1:1 ratio of homogenate to polyclonal rabbit
anti-salmon Hsp70 primary antibody; 1:100,000, StressMarq). After overnight incubation, wells were
washed and a horseradish peroxidase conjugated goat anti-rabbit secondary antibody (1:5000;
BioRad) diluted in 5% skim milk was added to each well. Following al hour incubation the detection
reagent was added (41 mM TMB in 200 mM potassium citrate, pH 4). After 1 h the reaction was
stopped with 8.5M acetic acid in 0.5 M sulfuric acid. Wells were read at 450 nm using a microplate
reader (VersaMax, Molecular Devices, CA, USA).

3.2.4.3 Enzyme Activity: Lactate dehydrogenase (LDH)

Lactate dehydrogenase (LDH: EC 1.1.127) activity was measured in the media to assess putative cell
rupture and cytosolic contamination. LDH activity was measured in 50 mM imidazole-buffered
enzyme reaction (0.12 mM NADH; 1 mM pyruvic acid; pH 7.4) at 22°C by continuous
spectrophotometry at 340 nm using a microplate reader (VersaMax: Molecular Devices Corp) exactly

as described previously (Vijayan et al., 2006). The blank and sample were run in duplicate.
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3.2.5 Statistical Analysis

All statistical analysis were performed using Sigmaplot 11 (Systat Software Inc, Chicago, USA) and
data is shown as mean + standard error of mean (SEM). Statistical comparisons used two way
repeated measures analysis of variance (ANOVA). The data was log transformed, wherever
necessary, to meet the assumptions of homogeneity of variance although non-transformed values are
shown in the figures. Significant differences between treatment groups were compared using the

Holm-Sidak post hoc test. A probability level of p<0.05 was considered significant.

3.3 Results

3.3.1 Intracellular Hsp70 Levels

There was a 4.2-fold increase in intracellular Hsp70 levels at 4 h post heat shock, which was seen to a
greater extent at 24 hours where there was an 8.1-fold increase in Hsp70 above levels at 4 h.
Furthermore, while Hsp70 levels in the 4h control (5.8 £ 1.22 pg/mg of protein) and 4h heat shock
groups (24.5+ 7.0 pg/ mg of protein) were not statistically different (Fig.3.1 A) at 24 h the heat-
shocked hepatocytes had 19-fold higher Hsp70 levels (199.5 + 80 pug/ mg of protein) when compared
to controls (10.0 = 3.1ug/ mg of protein; Fig.3.1A). In both the absence and presence of heat shock,
there was no statistical difference in hepatic Hsp70 levels in any of the treatments (cortisol,
mifepristone, or a combination of cortisol and mifepristone; Fig 3.1 B); however, at 4h, heat-shocked
hepatocytes had 2.7-fold higher levels of Hsp70 when compared to controls and at 24 h heat-shocked

hepatocytes had 14-fold higher levels of Hsp70 when compared to non-heat shocked controls.

3.3.2 Extracellular Hsp70 Levels

At both 4 and 24 h post-heat shock, Hsp70 levels in the control and heat shock groups were not
statistically different (Fig.3.2A). While levels of Hsp70 in the medium were 1.4-fold less in heat
shocked cells at 24 h compared to 4 h, there was no significant difference in Hsp70 levels in the
medium of the control group at either 4 or 24 h (Fig 3.2 A).

In the absence of heat shock, 4 h post treatment (Fig 3.2 B) there was no statistical difference in
medium Hsp70 levels between control (60.4+ 9.07ug/ mg of protein) and cortisol-treated hepatocytes
(66.5+ 38.1 pug/ mg of protein); however, there was a 2.0-fold decrease in Hsp70 levels in medium of
mifepristone treated hepatocytes (30.0 + 2.3 pg/ mg of protein) and a 1.9-fold decrease in medium
Hsp70 of hepatocytes treated with a combination of cortisol and mifepristone (31.7+ 2.8 pg/ml; Fig

3.2 B), respectively. At 24 h post-heat shock (Fig 3.2 C) however there was a 3.1-fold decrease in the
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amount of medium Hsp70 detected in cortisol treated hepatocytes (14.0 + 5.6 pg/ mg of protein)
when compared to Hsp70 levels in medium of untreated controls (43.1 £ 4.0pg/ mg of protein).
Addition of mifepristone (35.8 + 6.1 g/ mg of protein) and a combination of mifepristone and
cortisol (36.0 + 4.4ug/ mg of protein) abrogated this decrease.

At 4 h post-heat shock exposure medium Hsp70 levels were statistically lower in cortisol (4.2-fold),
mifepristone (3.2-fold) and the combination of mifepristone and cortisol-treated (8.2 - fold)
hepatocytes when compared to the medium of untreated controls. Medium Hsp70 levels were
statistically lower in cortisol (2.8 fold), mifepristone (2.6 fold) and the combination of mifepristone
and cortisol-treated (6.5 fold) hepatocytes when compared to the medium of control hepatocytes (37.4

+ 5.7 pg/ mg of protein).

3.3.3 Cell Viability: Lactate Dehydrogenase (LDH)

Cell viability was unaffected as there was no statistical difference in levels of LDH, an intracellular

enzyme, detected in the medium as either temporally or a result of treatments (Fig 3.5 A and B)
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Figure 3.1 Intracellular HSP70 levels

Hsp70 levels of rainbow trout hepatocytes subjected to either heat shock in vitro at 4 h and 24 h (A) or treated with cortisol
and its receptor antagonist at 4 h (B) and 24 h (C) after a heat shock. Hepatocytes were exposed to either control media,
cortisol (100 ng/ml), RU486 (mifepristone; 1,000 ng/ml), or a combination of RU486 + cortisol (in the combination group,
RU486 was added to the hepatocytes 30 min before cortisol addition), and subjected to a heat shock (+15°C above ambient
temperature [13°C] for one hour before allowing recovery at ambient temperature. Samples were collected at 4, and 24
hours post heat shock. Hsp70 was detected via a direct ELISA using a polyclonal rabbit anti-salmonid antibody (1:10,000
dilution). Values represent means + SEM (n = 5). Bars with different letters (a, b) are significantly different (p<0.05, two

way repeated measures ANOVA).
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Figure 3.2 Extracellular Hsp70 levels

Hsp70 levels in medium collected from rainbow trout hepatocytes subjected to either heat shock in vitro (A) or
exposed to cortisol and its receptor antagonist at 4 h (B) and 24 h (C) after a heat shock. Hepatocytes were exposed
to either control media, cortisol (100 ng/ml), RU486 (1,000 ng/ml), or a combination of RU486 + cortisol (in the
combination group, RU486 was added to the hepatocytes 30 min before cortisol addition), and subjected to a heat
shock (+15°C above ambient temperature [13°C] for one hour before allowing recovery at ambient temperature.
Medium samples were collected at 4, and 24 hours post heat shock. Hsp70 was detected via a competitive ELISA
using a polyclonal rabbit anti-salmonid antibody (1:100,000 dilution). VValues represent means + SEM (n =5). Bars
with different letters (a, b) are sianificantly different (p<0.05, two way repeated measures ANOVA).
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Figure 3.3 Lactate Dehydrogenase (LDH) levels

LDH levels in medium collected from rainbow trout hepatocytes subjected to heat shock in vitro at 4 (A) and 24 hours
(B) post heat shock. Hepatocytes were exposed to either control media, cortisol (100 ng/mL), RU486 (mifepristone;
1,000 ng/ml), or a combination of RU486 + cortisol (in the combination group, RU486 was added to the hepatocytes 30
min before cortisol addition), and subjected to a heat shock (+15°C above ambient temperature (13°C) for one hour
before allowing recovery at ambient temperature. Medium samples were collected at 4, and 24 hours post heat shock.
Values represent mean £ SEM (n = 5). Bars with different letters (a, b) are significantly different (p<0.05, two way

repeated measures ANOVA).
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3.4 Discussion

The results of this study demonstrate for the first time that Hsp70 is actively released from rainbow
trout hepatocytes into the extracellular medium and that this release is modulated by physiologically
relevant levels of cortisol. This observation provides a framework for elucidating how stress
hormones can modulate the cellular stress response, and whether they mediate extracellular stress
signaling. The cortisol-mediated decrease in medium Hsp70 levels in the absence of heat shock
implicates a novel role for GR in cell stress signaling.

In order to measure Hsp70 in the medium we developed a competitive sandwich ELISA to quantify
levels of eHSP (see Chapter 2), as detection via western blotting was not possible due to low levels of
medium Hsp70. Comparatively, intracellular Hsp70 was quantified using a direct ELISA, which
differs from more traditional methods previously used to report these levels, such as western blotting,
because the ELISA measures absolute concentration. The increase of Hsp70 in the liver post heat
shock has been previously documented at both the tissue level (Koban et al., 1991; Forsyth et al.,
1997) and the cellular level (Koban et al., 1987; Vijayan et al., 1997). Previous work has shown that
cortisol attenuates the expression of intracellular Hsp70 levels in fish (Basu et al., 200; De Boeck et
al., 2003; Boone and Vijayan, 2002 a,b; Henrickson, 2010). However, in the present study, cortisol
did not affect intracellular Hsp70 levels in trout hepatocytes (Fig 3.1 A and B). While the reason is
not known, a similar absence of cortisol-mediated effects on Hsp70 expression was observed in vitro
in head kidney preparations (Sparus aurata: Celi et al., 2012) and hepatocytes (Sparus sarba: Deane
et al., 1999; rainbow trout: Philip et al., 2012) and in vivo cutthroat trout liver (Oncorhynchus clarkii:
Ackerman et al., 2000). Differences in the effect of cortisol on Hsp expression suggests that results
may depend on several factors, including tissue type, fish species or experimental conditions.

This study demonstrates for the first time that 24 h after the addition of cortisol there is a significant
decrease in medium Hsp70 levels and that this effect can be abrogated with the addition of the GR
antagonist, mifepristone, suggesting that the release of Hsp70 may be GR-mediated (Fig: 3.2 B). The
regulation of Hsp70 by GR has been shown before in sea bream fibroblasts and macrophages (Deane
et al., 2006). Intracellular levels were not modulated by cortisol in the present study; however,
whether intracellular levels are indicative of extracellular release remains to be determined. The
observed decrease in medium Hsp70 levels after the addition of cortisol at 24 h may be due to several
possibilities. Firstly, cortisol may act intracellularly to attenuate the release of Hsp70 through an
unknown mechanism or Hsp70 may be subject to re-uptake. Though there was no change in

intracellular Hsp70 levels after the addition of cortisol it has previously been established that cortisol
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will lower nascent Hsp70 synthesis (Boone et al., 2002b) suggesting that eHsp70 release may also be
dependent, in part, on de novo synthesis. However, our data supports the possibility that Hsp70 may
be subject to re-uptake by hepatocytes as there was an observable decrease in medium Hsp70 levels
of cortisol treated hepatocytes at 4 hours compared to 24 hours. While this decrease could be
attributed to protein degradation, it has been previously reported that cortisol does not affect the rate
of protein degradation intracellularly in hepatocytes (Boone et al., 2002b). Furthermore, uptake of
Hsp70 has been established previously in mammalian models including human macrophages and
dendritic cells expressing the cell surface protein CD40 (Becker et al., 2002), human neuroblastoma
cells (Guzhova et al., 2001), human peripheral blood lymphocytes (Fujihara and Nadler, 1999) and
antigen presenting cells (Castellino et al., 2000).

The novel finding of GR-mediated release of Hsp70 highlights the importance of the generalized
stress response on the cellular stress response. Briefly, the effect of cortisol on target tissues is
mediated intracellularly by the glucocorticoid receptor (GR) and in the absence of hormonal
activation, GR exists as a heterodimer of Hsp90, Hsp70 and several other co-chaperones (Pratt and
Toft, 2008) . The amount of Hsp70 in the final heterocomplex is variable and the reasons for this are
unknown but may be tissue-specific, lending more complexity to GR regulation of Hsp70.
Mifepristone is a well-established antagonist which has been previously found to pharmacologically
inhibit the transcription factor activity of GR (Aluru and Vijayan, 2008). Whether GR is modulating
the release of Hsp70 by altering intracellular levels or regulating this protein through association with
membrane associated GR isoforms (Lowenberg et al., 2007) has yet to be determined. Interestingly,
in the presence of heat the effect of cortisol no longer appears dependent on GR, and mifepristone
independently suppresses the release of eHsp70. This suggests that heat may up-regulate an
alternative pathway of release which is more highly regulated by cortisol and sensitive to
mifepristone, in order to encourage the cell to retain Hsps to maintain homeostasis during times of
stress. The differential regulation of Hsp70 release has been demonstrated before, as Hsp70 release
was only regulated through ABC transporters in the presence of heat (Mambula and Calderwood,
2006). We propose that in the absence of heat shock, stress hormones will encourage the cell to retain
heat shock proteins through modulation of cytosolic hormone receptors, however in the presence of
heat shock it will act more rapidly through modulation of yet unidentified mechanisms to maintain
homeostasis by limiting extracellular release of Hsp70. Given that an alternative pathway is sensitive
to mifepristone regulation, this suggests that Hsp70 release could be regulated through non-genomic

intracellular signaling as it has been shown to induce phosphorylation of the extracellular signal-
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regulated kinase (ERK/MAPK) signaling pathway (Chen et al., 2012) or through modulation of the
plasma membrane as mifepristone has also been shown to affect membrane order in rainbow trout
hepatocytes (Dindia et al., 2012). Further work needs to be completed to fully understand the
regulation behind stress signaling and eHsp70 release. Finally the observation that Hsp70 is released
in the absence of cell death (as measured by lactate dehydrogenase) indicates a role for active
secretion of this protein, however, further work is required to elucidate possible mechanisms of
release and the biological significance of this release remains to be investigated in fish.

In conclusion, the novel role of GR signaling in regulating eHsp70 levels during stress has
implications in our understanding of how the stress induced endocrine response affects the cellular
heat shock response. Furthermore, because heat shock was able to differentially modulate the effects
of cortisol on eHsp70 levels this suggests that there may be greater physiological implications in

regards to the stress signaling abilities of this molecule.
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Chapter 4

Modulation of Extracellular Hsp70 in Rainbow Trout

4.1 Introduction

The cellular stress response is characterized by an induction of heat shock proteins (Hsps), which are
a family of highly conserved ubiquitous proteins essential for maintaining cellular homeostasis
(Kregel et al., 2002). These proteins have been characterized from bacteria to mammals and are
classified by molecular weight, ranging from the large >110 kDa family to the small heat shock
protein family that are < 40 kDa (Kregel at al., 2002). The Hsp70 family is the most extensively
studied, and they have a variety of intracellular roles based on isoform. Mammalian cells contain
several different isoforms, including the constitutively expressed Hsc70, stress inducible Hsp70,
mitochondrial Hsp75, and Grp78 localized in the endoplasmic reticulum (Schmitt et al., 2007). Hsp70
has been implicated in various essential intracellular roles, specifically acting as intracellular
chaperones, folding nascent or denatured proteins, assisting in the assembly of multi-protein
complexes and transporting proteins across cellular membranes (Parsell and Lindquist, 1993 and
Kregel, 2002; Schmitt et al., 2007). While most work has been completed in mammals, Hsps have
also been well characterized in fish, both in whole animal studies and primary cell cultures (see
review by Iwama et al., 1999, Chapter 3, Chapter 4), though the effects of the generalized stress
response on the cellular stress response have yet to be fully elucidated.

New roles for Hsp70 are continuously being discovered and the detection of this protein in the
extracellular milieu has led to speculation of a role in immune regulation (De Maio, 2011).
Extracellular Hsp70 (eHsp70) was first observed to be released from glial cells in the giant squid
axon (Tytell et al, 1986), but has since been observed to be released from various mammalian cell
types (see review by De Maio, 2011). In teleosts eHsps have been detected in grass carp
(Ctenopharyngodon idella) from peripheral blood lymphocytes (Zhang et al., 2011), plasma of
rainbow trout (Oncorhynchus mykiss) (Chapter 2) and extracellular media of trout red blood cells in
culture (Henrickson, 2010).

The mechanism by which Hsp70 is released from the cell and what role it plays once released has yet
to be fully characterized in mammals or lower vertebrates (De Maio, 2011). Once released eHsp70 is
expected to have immunoregulatory targets and roles (Calderwood, 2007). eHsp70 specifically binds
to Toll like receptors (TLR) on antigen presenting cells (APC; Asea et al., 2002) and exogenous

application of recombinant Hsp70 has been shown to modulate cytokine protein levels in rat
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hepatocytes (macrophage inflammatory protein-2; Galloway et al., 2008) and human macrophages
(Asea et al., 2003), however the results vary based on both species and tissue type. The mechanism of
extracellular release and the role of Hsp70 on target cells have yet to be elucidated in fish,
underscoring the novelty of this study.

Given that Hsp70 has been implicated as having immunoregulatory effects, the modulation of these
proteins in response to an immune stimulant is important to establish its roles in both the adaptive and
innate immune responses. Lipopolysaccharide (LPS), a major component of the outer membrane of
gram negative bacteria, will up-regulate cytokines through activation of the CD14 receptor (Wright et
al., 1990). Upon stimulation with LPS, an association of Hsp70/Hsp90 with chemokine receptors, and
the TLR4/CD14 receptor complex in lipid rafts was initiated, indicating a role for lipid bound Hsp70
in bacterial recognition by the innate immune system (Schmitt et al., 2007). In human PMBCs,
treatment with LPS significantly inhibited the expression of Hsp70 (Schroeder et al., 1999). Hsp70
has been shown to associate with high affinity to LPS (Byrd et al., 1999) and will suppress LPS-
induced production of pro-inflammatory cytokines through modulation of nuclear factor-kappa B
(NF-xB), a key transcription factor that mediates important functions including survival, apoptosis,
proliferation, and inflammation (Oeckinghaus et al., 2011) as well as augmenting the production of
anti-inflammatory cytokines (Stolte et al., 2009).

In fish LPS has been previously shown to regulate immune responsive genes (Engelsma, 2002;
MacKenzie et al., 2006) and increase the cellular stress response and metabolic capacity of trout
hepatocytes (Philip et al., 2012). Elevated cortisol levels have recently been shown to have
immunosuppressive effects in fish (Tort, 2011), and cortisol is known to modulate immune function
by inhibiting LPS-induced cytokine expression in fish immune cells (Zou et al., 2000; Engelsma et
al.,2003; MacKenzie et al., 2006). Preliminary effects of endotoxin shock on heat shock proteins in
fish show that intracellular levels will significantly increase in rainbow trout hepatocytes following
LPS treatment (Philip et al., 2012). The extracellular release of Hsp70 in response to LPS exposure
has been preliminarily reported in common carp (Zhang et al., 2011), however its physiological
implications have yet to be elucidated. No research has yet been reported on the effects of hsps on
immune function in fish. Therefore, this study tested the hypotheses that i) endotoxin shock (LPS
treatment) will increase the release of eHsp70 in trout hepatocytes and this is modulated by cortisol,

and ii) salmon Hsp70 stimulates the innate immune response in rainbow trout hepatocytes.
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4.2 Materials and Methods

4.2.1 Experimental fish

Immature rainbow trout (150+ 20 g mean body mass) were obtained from Alma Research Station
(Alma, Ontario) and maintained at the University of Waterloo Aquatic Facility, at 12 £ 1°Cona 12:
12-h light dark cycle. The fish were fed once daily to satiety with commercial trout pellet (Martian

Mill, Elmira, Ontario). The fish were acclimated for 2 weeks before the experiments.

4.2.2 Primary culture of trout hepatocytes

Trout hepatocytes were isolated by in situ perfusion of liver with collagenase (Sigma, St Louis, MO,
USA) exactly as described before (Sathiyaa and Vijayan, 2003; Aluru and Vijayan, 2007). Trypan
blue dye exclusion method was used to confirm hepatocyte viability (> 95%). Cells were plated in six
well tissue culture pates (Sarstedt Inc., NC, USA) at a density of 1.5 million cells/well (0.75 million

cells/ml) in L-15 medium and were maintained at 13 C for 24 h.
4.2.3 Experimental Design

4.2.3.1 Modulation of Hsp70 release from immune-stimulated cells

The temporal profile of basal Hsp70 release and its modulation by either cortisol (100 ng/ml) or LPS
(30 ng/ml) was examined by treating trout hepatocytes over a 24 h period. Freshly isolated trout
hepatocytes were plated and the cells allowed to recover for 2 h before replacing the medium with the
respective treatments. 20 pl of media was collected at 0, 1, 2, 4, 6, 18 and 24 h and stored at -30 °C
for Hsp70 analysis later. This was repeated with hepatocytes isolated from 4 independent fish.
To test whether Hsp70 is released from LPS treated (immune -stimulated) cells, trout hepatocytes in
primary culture were exposed to either control media or media containing 10 pg/ml or 30 pug/ml LPS
concentrations for 24 h. LPS was used in this experiment to mimic the effects of endotoxin and the
concentration used has been shown before to elicit an immune response in trout hepatocytes (Philip et
al., 2012). To examine if the release was modulated by the stress steroid cortisol, the above treatments
were also carried out either with or without cortisol (100 ng/ml). A subset of these treatment cells
were also subjected to a 1 h heat shock (+15°C above ambient) to 28°C and allowed to recover at
ambient temperature for 23 h. At the end of the experimental period, the media and cells (obtained by
centrifuging at 13,000 x g for 1 min) were flash frozen on dry ice and stored at -80 °C. The
experiment was repeated with hepatocytes isolated from five independent fish.
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4.2.3.2 Hepatocyte response to Hsp70 exposure

To assess the effect of exogenous Hsp70 on cellular response, hepatocytes from six independent fish
were exposed to either control media or media containing recombinant salmon Hsp70 (Stressgen, NY,
USA,; 40 or 400 ng/ml) with and without LPS (30 pg/ml) over a 24 h period. At the end of the
experimental period, the media and cells (obtained by centrifuging at 13,000 x g for 1 min) were flash
frozen on dry ice and stored at -80 °C. The experiment was repeated with hepatocytes isolated from

five independent fish.
4.2.4 Sample Analysis

4.2.4.1 Intracellular Hsp70 levels

Hsp70 expression was measured using a direct trout Hsp70 enzyme-linked immunosorbent assay
(ELISA) following the protocol of Specker and Anderson (1994) with slight modifications. Briefly,
all samples were diluted to 2 pg/ml in coating buffer (15 mM Na,COs; 35 mM NaHCOs; pH 9.6) and
100 pl of each sample was added to a medium binding 96 well plate (Corning, MA, USA) in
duplicate. Chinook salmon Hsp70 recombinant protein was used to create a standard curve (0 ng/ml —
100 ng/ml) in coating buffer and 100 ul of each were added to the wells in duplicate. After overnight
incubation at 4°C the plate was washed with Tris-buffered saline with 0.05% Tween 20 (TTBS) and
blocking with 1% bovine serum albumin (BSA; Sigma). After a two hour incubation at room
temperature with primary antibody (polyclonal rabbit anti-salmon Hsp70 (1:100,000; StressMarq
Biosciences, BC, Canada) wells were washed and a horseradish peroxidase conjugated goat anti-
rabbit secondary antibody (1:3000; BioRad, CA, USA) diluted in 5% skim milk was added to each
well. Following al h incubation, the detection reagent was added (41 mM TMB in 200 mM
potassium citrate, pH 4). After 1 h the reaction was stopped with 8.5M acetic acid in 0.5 M sulfuric
acid. Wells were read at 450 nm using a microplate reader (VersaMax, Molecular Devices, CA,
USA).

4.2.4.2 Hsp70 Release

Hsp70 in the medium was measured using a competitive sandwich ELISA according to Specker and
Anderson (1994). Briefly, chinook salmon Hsp70 recombinant protein (Stressgen) was used to coat
wells of a medium binding 96-well plate with 50 mM carbonate buffer, pH 9.6. After washing with

Tris-buffered saline with Tween 20 (TTBS) and blocking with 1% BSA, previously incubated

samples or standards was added (1:1 ratio of homogenate to polyclonal rabbit anti-salmon Hsp70
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primary antibody; 1:100,000, StressMarq). After overnight incubation, wells were washed and a
horseradish peroxidase conjugated goat anti-rabbit secondary antibody (1:5000; BioRad) diluted in
5% skim milk was added to each well. Following al h incubation the detection reagent was added (41
mM TMB in 200 mM potassium citrate, pH 4). After 1 h the reaction was stopped with 8.5M acetic
acid in 0.5 M sulfuric acid. Wells were read at 450 nm using a microplate reader (VersaMax,
Molecular Devices, CA, USA).

4.2.4.3 Lactate dehydrogenase activity

Lactate dehydrogenase (LDH: EC 1.1.127) activity was measured in the media to assess putative cell
rupture and cytosolic contamination. LDH activity was measured in 50 mM imidazole-buffered
enzyme reagent (0.12 mM NADH; 1 mM pyruvic acid; pH 7.4) at 22°C by continuous
spectrophotometry at 340 nm using a microplate reader (VersaMax: Molecular Devices Corp) exactly

as described previously (Vijayan et al., 2006). The blank and samples were run in duplicate.

4.2.4.4 Quantitative real time PCR (gPCR)

Total RNA was isolated from hepatocytes using Trizol reagent according to the manufacturer’s
instructions (Invitrogen, CA, USA) and the concentration determined at 260/280 nm using a
Nanodrop spectrophotometer (Thermo Scientific, IL, USA). The RNA samples were DNase-treated
(MBI Fermentas, ON, Canada) to avoid genomic contamination. cDNA was synthesized from 1 pg of
total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA,
USA) according to the manufacturer’s instructions. The mRNA abundance of target genes were
measured using gene-specific primers (see Table 1) exactly as described before (Aluru and Vijayan,
2007). PCR products were subjected to melt curve analysis to confirm the presence of a single
amplicon. Control reactions were conducted with no cDNA template and with RNA to determine the
level of background or genomic contamination. Standard curves and gene quantification were carried
out exactly as previously described (Aluru and Vijayan, 2007). EF1a threshold cycle (CT) values
were similar across all experimental treatment and hence used for the normalization of transcript

abundance. The mMRNA abundance with treatment was expressed as percentage of control.

4.2.5 Statistical Analysis

All statistical analysis were performed using Sigmaplot 11 (Systat Software Inc, Chicago, USA) and
data is shown as mean + standard error of mean (SEM). Statistical comparisons used two way

repeated measures analysis of variance (ANOVA). The data was log transformed, wherever
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necessary, to meet the assumptions of homogeneity of variance although non-transformed values are
shown in the figures. Significant differences between treatment groups were compared using the

Holm-Sidak post hoc test. A probability level of p<0.05 was considered significant.

4.3 Results

4.3.1 Hsp70 Release from immune-stimulated hepatocytes

4.3.1.1 Intracellular Hsp70 Levels

Heat shock exposure elevated intracellular Hsp70 levels by 41-fold compared to the control group at
24 h post-heat shock (Fig.4.1A). In both the control hepatocytes and those subjected to heat shock,
there was no statistical difference in hepatic Hsp70 levels in any of the treatments (low dose LPS,
high dose LPS; a combination of cortisol and low LPS or a combination of cortisol and high LPS)

when compared to untreated controls.

4.3.1.2 Extracellular Hsp70 Levels

When we treated hepatocytes with LPS there was a 17-fold increase in medium Hsp70 at 24 h when
compared with untreated controls (Fig 4.2B). There was no statistical difference temporally in
eHsp70 release with any of the treatments over the 24 h period. However there was a significant 1.6-
fold increase in medium Hsp70 levels of LPS-treated hepatocytes when compared to Hsp70 levels in
the medium of both cortisol treated and untreated controls.

In order to determine if the above response was modulated by heat shock, cells were subject to a 1h
acute heat shock (+15 °C above ambient temperature). We observed that when subjected to this heat
shock (Fig 4.1 B), there was a significant increase in Hsp70 levels of high dose LPS treated
hepatocytes (7.7-fold; 9.06 = 3.0 pug/ml) when compared to low-dose LPS treated hepatocytes (1.7 £
0.8 pg/ml). There was no statistical difference between Hsp70 levels in hepatocytes treated with
cortisol either in combination with low or high dose LPS when compared to untreated controls.

In the absence of heat shock, there was a significant decrease (8-fold) in the amount of eHsp70
detected in cortisol treated hepatocytes (1.2 £ 0.5 pg/ml) when compared to medium of untreated
controls (9.8 = 2.2 pg/ml; data not shown). Interestingly, when treated with high-dose LPS there was
a significant decrease (2-fold) in Hsp70 levels (4.6 + 1.3 pug/ml) when compared to the medium of
untreated controls. There was no statistical difference between any of the other treatments (low-dose

LPS, a combination of cortisol and low-dose LPS, or a combination of cortisol and high-dose LPS).
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4.3.2 Hepatocyte response to Hsp70 exposure

4.3.2.11IL-1p and IL-8

In order to test whether exogenous Hsp70 would upregulate immunoregulatory genes we treated the

cells with both a high and low dose of Hsp70, in combination with LPS. As a result, when cells were

treated with LPS we observed an expected increase (20-fold) in IL-1p (Fig 4.4A) and a 2.6 fold

increase in IL-8 (Fig 4.4B) compared to untreated controls. Treatment with Hsp70 did not modify this

response.

4.3.3 Cell Viability

Cell viability was unaffected as there was no statistical difference in levels of LDH, an intracellular

enzyme, detected in the medium as either temporally or a result of treatments (Fig 4.2)

R: CCTTCAGCTTGTCCAGCAC
Aluru etal., 2010

Gene ID GenBank Primer sequences (5°-3) and reference Temp | Amplicon
Accession # © size (bp)
IL-1B AJ223954 F: GGAGAGGTTAAAGGGTGGCGA 60 121
R: TGCCGACTCCAACTCCAACA
Gioacchini et al., 2008
IL-8 AJ279069 F: CACTGAGATCATTGCCACTCTGA 60 81
R: ATGACCCTCTTGACCCACGG
Gioacchini et al., 2008
EF la AF498320.1 F: CATTGACAAGAGAACCATTGA 56 95

Table 4.1: Gene specific primers [forward (F) and reverse (R)] for quantitative real time PCR for

Interleukin 1B (IL-1p), interleukin 8 (IL-8) and elongation factor 1o (EF-1a), along with their

appropriate references, GenBank Accession numbers, melting temperature and amplicon size.
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Figure 4.1 Hsp70 levels in medium collected from rainbow trout hepatocytes over a 24 h

period

Hepatocytes were exposed to either control media, cortisol (100 ng/ml), or LPS (30 ug/ml). Medium samples were
collected at 1, 2, 4, 6, 18 and 24 hours post heat shock. Hsp70 was detected via a competitive ELISA using a
polyclonal rabbit anti-salmonid antibody (1:100,000 dilution). Inset shows significant treatment effect (p <0.05; two
way ANOVA); values represent mean + SEM (n = 4). Bars with different letters (a, b) are significantly different
(p<0.05, two way repeated measures ANOVA).
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Figure 4.2: Hsp70 levels in rainbow trout hepatocytes (A) and Hsp70 levels in medium (B)

collected from rainbow trout hepatocytes subjected to heat shock in vitro

Hepatocytes were exposed to either control media, cortisol (100 ng/ml), high (30 pg/ml) or low (10 pg/ml) of LPS, or a
combination of high or low LPS + cortisol. Cells were then subjected to a heat shock (+15°C above ambient temperature
[13°C] for one hour before allowing recovery at ambient temperature. Medium samples were collected 24 hours post heat
shock. Hsp70 levels in hepatocytes were detected via a direct ELISA using a polyclonal rabbit anti-salmonid antibody
(1:10,000 dilution), and Hsp70 levels in the medium were detected via a competitive ELISA (1:100,000 dilution). Values
represent means + SEM (n = 5). Bars with different letters (a, b) are significantly different (p<0.05, two way repeated

measures ANOVA).
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Figure 4.3: Lactate Dehydrogenase (LDH) levels

LDH levels in medium collected from rainbow trout hepatocytes subjected to a 1 h heat shock in vitro at 24
hours post heat shock. Hepatocytes were exposed to either control media, cortisol (100 ng/ml), high (30
pg/ml) or low (10 pg/ml) of LPS, or a combination of high or low LPS + cortisol. Cells were then subjected to
a heat shock (+15°C above ambient temperature [13°C] for one hour before allowing recovery at ambient
temperature. Medium samples were collected 24 hours post heat shock. Values represent means + SEM (n =
5).
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Figure 4.4 Effect of HSP70 treatment on expression of immune-responsive genes

(A) IL-1b (B) IL-8 in trout hepatocytes either in the presence (30 pg/ml) or absence of LPS. Hepatocytes
were exposed to either control, low levels (40 ng/ml) or high levels (400 ng/ml) of Hsp70. All values
represent mean + SEM (n = 4 independent fish); bars with different letters are significantly different within
each No LPS or with LPS group; LPS group significantly different from the No LPS group (two-way

repeated measures ANOVA, p<0.05).
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4.4 Discussion

In this study we demonstrate for the first time that extracellular Hsp70 is modulated by exposure to an
immune stimulant in rainbow trout hepatocytes. Interestingly, modulation by both LPS and cortisol
appear to be dependent on the presence or absence of an acute heat shock, suggesting modulation of
heat activated intracellular signaling cascades in modulating extracellular release. We further
demonstrate that exogenous Hsp70 is not able to elicit an immune response in rainbow trout

hepatocytes.

4.4.1 Effect of Endotoxin Shock on Hsp70 Release

A novel finding of this study was that eHsp70 release is modulated by endotoxin stimulation in
rainbow trout hepatocytes, emphasizing the importance of eHsp70 during an immune challenge (Fig
4.1 and 4.2). The release of heat shock proteins in response to bacterial endotoxins have yet to be
characterized in fish; however, preliminary studies in mammals have shown modulation via
endotoxin exposure of small Hsps in human intestinal epithelial cells (Kojima et al., 2004) and an
increase in exosomal Hsp70 from murine macrophages in response to mycobacteria (Anand et al.,
2010). The modulation of Hsps was in part due to activation of the MAP kinase signaling pathways
(Kojima et al., 2004) through which LPS has been shown to regulate the release of pro-inflammatory
cytokines such as tumor necrosis factor (TNF) and high mobility group box 1 (HMGB1) from murine
macrophages (Chen et al., 2004) implicating a possible role for these secondary signaling cascades in
modulating the release of Hsp70. HMGBL1, is a primarily cytosolic protein which has been previously
suggested to be secreted in a similar fashion to Hsp70 through ATP binding cassette (ABC)
transporters on the plasma membrane (Mambula and Calderwood, 2006). The induction of Hsps after
LPS-stimulation showed significant elevation by 24 h, suggesting that eHsp70 levels may be
regulated through intracellular mechanisms in a stressor-dependent manner as cortisol did not
modulate eHsp70 during this time period. This was in contrast to our previous work (Chapter 3) in
which cortisol decreased medium Hsp70 levels at 24 h. Reasons for this discrepancy could be
attributed to divergent cortisol responses in trout which have been shown to modulate the intracellular
heat shock response (LeBlanc et al., 2012), and may be reflected in the extracellular release. Though
this is unlikely to be the sole reason it highlights the importance of cortisol in modulating eHsp70,
particularly in combination with additional stressors such as heat or endotoxin exposure. While it has
been established that cortisol treatment will abolish LPS-induced intracellular Hsp70 expression in

rainbow trout hepatocytes (Vijayan et al., 2010; Philip et al., 2012), it did not regulate intracellular
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levels of Hsp70 in common carp head kidney phagocytes in response to LPS-mediated increases in
Hsps and GR expression (Stolte et al., 2009), nor was it observed in the current study (Fig 4.2A).
Previous work in sea bass exposed to elevated levels of cortisol (via intraperitoneal injection) had
increased intracellular Hsp70 levels in head kidney at 3d and 7d post treatment but not before 24h
(Celi et al., 2012). eHsp70 levels appeared to be modulated, in part, by intracellular Hsp70 levels and
therefore over a longer time scale modulation in response to cortisol may have been seen in the
medium. Further work in vivo would be required to confirm this. Given this information, we tested
the hypothesis that endotoxin-mediated Hsp70 release would be modulated by cortisol. As 24 h was
the only time point that showed significant elevation in LPS-treated hepatocytes above untreated
controls, this was used as the sampling time in our subsequent experiments.

Interestingly, release of Hsp70 was differentially regulated by LPS in the presence of heat shock. In
contrast to the results discussed above, LPS significantly reduced the amount of medium Hsp70 at
24h (Fig 4.1 B). However, when hepatocytes were subjected to heat shock and stimulated with LPS
we again observed a significant rise in medium Hsp70. This differential regulation in the presence of
heat shock may be due to the modulatory effects of elevated intracellular Hsp70 levels, or other heat
induced proteins, on heat activation of signaling cascades. This indicates that regardless of stressor
the release of eHsp70 is highly regulated by levels of intracellular Hsp70. p38 mitogen activated
protein (MAP) kinase and extracellular signal-regulated kinase (ERK) signaling cascades have been
previously shown to modulate the release of cytokines (IL-8 and IL-6) from human bronchial
epithelial cells (Laan et al., 2009). LPS is known to stimulate p38 MAP kinase pathways (Herleer et
al., 1999) and heat has been shown to induce signaling pathways such c-Jun NH2- terminal kinases
(INK; apoptotic-signaling pathway) and ERK (survival pathway; Ma et al., 2001; Woessmann et al.,
1999; Gabai et al., 2002). Therefore, the increase in Hsp70 after an acute heat shock may be due, in
part, to the up-regulation of intracellular signaling cascades by both heat and endotoxin exposure.
Alternatively, in the absence of heat shock LPS appears to act in a suppressive fashion, attenuating
the release of eHsp70 through an unidentified pathway. Further work using pharmacological agents to
modulate intracellular signaling cascades could further clarify how LPS is able to differentially
modulate the release of Hsp70. However, regardless of mechanism, the effect of endotoxin shock on
the cellular stress response is important to maintain cellular homeostasis by retaining Hsp70 to better
increase cellular survival, in a similar way to cortisol (Chapter 3). However, after an acute heat
shock, LPS will encourage the release of these proteins which may assist neighboring cells deficient

in Hsp70, to increase survival in response to an immune challenge, suggesting a role for this protein

52



in paracrine signaling (Mambula and Calderwood, 2006). In the presence of heat shock, eHsp70
levels were unaffected by cortisol administration in combination with LPS; however, if treated
individually LPS will stimulate the release of Hsp70 and cortisol will attenuate the release, this may
be an adaptive cellular response that elevates eHsp70 regardless of other stressors when subject to an
immune challenge. The exact mechanism, as well as the biological significance of eHsp70 release

remains to be determined in future studies

4.4.2 Immunoregulatory effects of Hsp70 on rainbow trout hepatocytes

To the best of our knowledge studies on the effects of exogenous Hsp70 in teleosts have not yet been
examined. However, given that Hsp70 has been implicated as having immunoregulatory roles,
elevation may be an indicator of overall health of an organism. In mammalian models exogenous
Hsp70 has been shown to activate potassium channels in promonocytes (Negulyaev et al., 1996) and
stimulate the production of IL-1, IL — 6, IL-12, and TNF —a in human monocytes (Asea et al.,
2000). However, Basu et al.(2000) did not observe stimulation of cytokines or maturation of dendritic
cells after exposure to exogenous Hsp70. Follow-up research into these discrepancies concluded that
much of the presumed immunoregulatory role of Hsp70 was due to LPS contamination of
recombinant Hsp70 (Tsan and Gao, 2009). Therefore while the immunoregulatory role of eHsp70
does not induce cytokines to the degree that was once believed (Tsan, 2011), treatment with
recombinant Hsp70 was observed to stimulate the release of macrophage inflammatory protein 2
(MIP-2) from rat hepatocytes (Galloway et al., 2008), suggesting that Hsp70 may be an inducer of
chemokines in the liver. Therefore we examined, for the first time, the extent to which exogenous
Hsp70 was able to regulate both key cytokine (IL-1) and chemokine (IL-8) genes in rainbow trout
hepatocytes. The recombinant Hsp70 used in this study was not further purified post receipt from the
manufacturer though preliminary work did not induce a response in either IL-8 and IL-1p (Fig: 4.4 A
and B) after treatment with either high (400 ng/ml) or low doses of Hsp70 (40 ng/ml). The
concentrations of Hsp70 were chosen to be physiologically relevant, as observed previously in
rainbow trout plasma (chapter 2). LPS significantly elevated the expression of these genes which has
been previously reported in rainbow trout (Philip et al., 2012). Overall, while Hsp70 did not regulate
immune responsive genes further experiments are required to fully elucidate the physiological role of
eHsp70. Specifically, the effect of eHsp70 may be tissue-specific, especially if the primary
extracellular role is immunoregulatory then it can be hypothesized that target tissue may not be the

liver. Given that hepatocytes elicit a strong heat shock response, Hsp70 release, and subsequent
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modulation by both cortisol and LPS further suggests that hepatic derived eHsp70 may have
alternative target tissues.

In conclusion we show for the first time that eHSP70 is actively released from rainbow trout
hepatocytes and that this is modulated by exposure to both cortisol (discussed previously in chapter 3)
and LPS treatment in rainbow trout hepatocytes. Interestingly, modulation by both LPS and cortisol
appear to be dependent on the presence or absence of an acute heat shock suggesting the regulation of
eHsp70 by the intracellular heat shock response. Furthermore while treatment of exogenous Hsp70
has been examined in various mammalian cell types, this was the first time it was examined in fish.
Overall, further work needs to be completed on both the mechanism of release and the role of Hsp70
once it is released to fully understand how exposure to endotoxins and stress hormones modulate
extracellular levels. Regardless of how stress hormones and endotoxin exposure modulate the release
of eHsp70 from the cell it is clear that its release and continued presence in the extracellular
environment is essential in times of stress, which may have broader implications in the overall health

of the organism.
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Chapter 5

General Conclusion

Heat shock proteins are essential for the survival of cells during periods of stress. As such, their
intracellular role has been well characterized; however, their possible functions in the extracellular
milieu have yet to be conclusively proven. While the release of Hsp70 and the immunoregulatory
functions of eHsp70 have been studied in mammals, there have only been a few studies in fish
addressing the release of Hsp70 into the extracellular environment (Henrickson, 2010; Zhang et al.,
2011). This thesis presents, for the first time, the release of Hsp70 into the circulation in response to
stress in fish.
The first hypothesis tested was that eHsp70 was released into the plasma in response to a heat shock
(+10-12°C above ambient temperature) in rainbow trout in vivo (Chapter 2). Furthermore, circulating
levels of Hsp70 were quantified in the plasma using an in-house developed competitive ELISA.
Interestingly, while there was a significant increase in Hsp70 at 4 h post heat shock when compared
to 1h and 24 h, over a long period the plasma heat shock response was lower at 4 d and 7d post-heat
shock compared to 1d. Therefore, while Hsp70 may be elevated in the plasma at 4 h, it is either
subject to degradation, or uptake by target tissues. Plasma Hsp70 levels appear to be due to secretion,
as opposed to cell lysis, because there were no differences in plasma LDH levels, a cytoplasmic
marker indicative of cell lysis. Further studies are required to understand the mode of release and the
modulation of plasma Hsp70 levels in response to stress. Because circulating Hsp70 may be
indicative of chronic stress in fish this could have interesting applications as a non-lethal biomarker.
To further examine how eHsp70 levels were modulated by stress, the hypothesis that cortisol would
regulate Hsp70 levels was tested using rainbow trout hepatocytes as a model (Chapter 3). While in
vivo results may vary, this gave us a controlled environment to examine the release of Hsp70 in
response to the stress hormone cortisol. Interestingly, 24 h after cortisol treatment there was a
significant decrease in eHsp70 levels compared to control. This attenuation was abolished after the
addition of the GR antagonist, mifepristone, suggesting a novel role for GR in regulating the release
of eHsp70 in trout hepatocytes. Interestingly, the GR mediated release of Hsp70 was abrogated by
heat shock suggesting that cellular content of Hsp70 may modulate GR signaling. Similarly, changes
in cell signaling event in response to cellular Hsp70 content has been observed before with ABC
transporters (Mambula and Calderwood, 2006). However, further work is warranted to understand the
mechanism(s) leading to eHsp70 release in trout hepatocytes. Another interesting result from this
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chapter was the significant decrease in eHsp70 levels in medium of hepatocytes from 4 h to 24 h after
a heat shock. This suggests that eHsp70 is either subject to protein degradation or protein uptake,
further supporting a role for Hsp70 in intercellular signaling (Fig 5.1). In this regard, further studies
can be carried out using labeled Hsp70 to determine if Hsp70 is localized intracellularly.

In Chapter 4, the modulation of Hsp70 by bacterial endotoxins (LPS) was examined, as well as
whether eHsp70 levels were further regulated by heat shock and stress hormones. LPS-mediated
release of Hsp70 was differentially regulated by heat shock. In the absence of heat shock, LPS-treated
hepatocytes (30 pg/ml) showed a significant decrease in eHsp70 when compared to controls.
However, in the presence of heat shock, there was no change in Hsp70 release from basal levels. In
heat-shocked cells, high-dose LPS treatment elicited significantly more eHsp70 release when
compared to hepatocytes treated with a low dose of LPS (10 pg/ml). Interestingly, when we examined
the rate of release over 24 h, there was significantly more eHSP70 in LPS treated hepatocytes
compared to controls at 24 h. These contrasting results require further study.

Lastly, the ability of Hsp70 to elicit an immune response in rainbow trout hepatocytes was studied.
Though we saw no regulation of some cytokine genes with exogenous Hsp70 treatment, the results
are preliminary at best and will have to be fully characterized in the future. These may include
examining upregulation of other key cytokines, which have been previously shown to be up-regulated
in rat hepatocytes (Galloway et al., 2008). Examining the effects of eHsp70 on intracellular signaling
(MAP kinases and NF-xB) may also assist in determining the effects of this protein on target cells.
Furthermore, whether the effects of Hsp70 are tissue-specific also remains to be determined by
examining the effects of eHsp70 on other cell types.

In conclusion, this study demonstrates for the first time the release of Hsp70 in trout plasma in vivo
and the modulation of this response by heat and handling stress. Subsequent in vitro experiments
further established modulation of eHsp70 release by both cortisol and endotoxin shock (LPS) from
trout hepatocytes. In contrast to our original hypothesis, all stressors that we used to modulate eHsp70
failed to increase levels above basal, with the exception of LPS, and in many instances significantly
decreased the amount of Hsp70 released into the plasma or medium. Further research involving
mechanisms behind this regulation may have important implications in our understanding of cell
stress signaling, and may have broader consequences on the health of the organism, and also in stress

detection for environmental monitoring.
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Figure 5.1: Modulation of eHsp70 Levels:

A simplified schematic of possible role for eHsp70 during stress. Exposure to heat shock (A) causes a rise in intracellular
levels in rainbow trout hepatocytes, but levels of eHsp70were significantly decreased in the medium. Treatment with the
stress hormone cortisol (B) and the bacterial endotoxin, LPS (C) did not change basal intracellular Hsp70 levels, but caused
a significant decrease in eHsp70 levels when compared to basal levels. LPS was also observed to increase eHsp70 levels
over a 24 h period. Modulation by stressors in combination is also discussed further in each specified chapter. Possible role
for eHsp70 in autocrine and paracrine signaling, and in modulating immunoregulatory functions, warrants further research.

Presence of plasma Hsp70 levels may suggest a role in endocrine signaling, but this remains to be tested (Adapted from
Henderson, 2010).
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Appendix A

ELISA Protocols and Validation Tables

5.1 Antibody-Capture Competitive Trout Hsp70 Enzyme-Linked
Immunosorbent Assay Detailed Protocol

Day 1:

1) A medium binding 96 well plate (Costar) was coated with 200 pl chinook salmon Hsp70
recombinant protein (60 ng/mL; Stressgen) in coating buffer ( 15 mM Na,COs; 35 mM NaHCOs; pH
9.6).

2) A standard curve Hsp70 recombinant protein was serial diluted in dilution buffer (0.1 M phosphate
buffered saline, pH 7.4, 0.05% Tween 20). Standards ranged from 0 ng/ml to 100 ng/ml with the total
volume of each standard being 0.4 ml. To tubes containing these standards, 0.4 ml of polyclonal
rabbit anti-salmon Hsp70 primary antibody (1:100,000; StressMarq) was added (1:1 ratio). The tubes
were then incubated with constant rocking overnight at 4°C.

3) To prepare the samples dilute either homogenized RBCs (1:1 ration of RBCs to Tris +Protease
Inhibitor [PI]) or plasma (5x) to a final volume of 0.25 ml in dilution buffer (0.1 M PBS; pH 7.4;
0.05% Tween 20). To these tubes add 0.25 ml of polyclonal rabbit anti-salmon Hsp70 primary
antibody (1:100,000; StressMarq). The tubes were then incubated with constant rocking overnight at
4°C.

Day 2:

4) Using a plate washer (BioRad) the plate was washed with at least 250 ul of washing buffer (TTBS
(20 mM Tris, pH 7.4, 300 mM NaCl, 0.05% Tween 20)) 4 times.

5) The plate was blocked with a 200 ul/well of blocking solution (1% bovine serum albumin (Fisher
Scientific) in 1x TTBS) for one hour at room temperature with constant shaking. Wash plate as
described in step 4.

6) 200 ul of either the Ab:standard or the Ab:sample was distributed from the incubated tubes to each
well (200 ul/well). The standards were added in triplicate and the samples in duplicate. The plate was
then incubated overnight at 4°C, with constant rocking.

Day 3:
7) Plate contents were washed as described in step 4 and reacted with enzyme bound secondary

antibody. Add 200 pl/well of horseradish peroxidase conjugated goat anti-rabbit secondary antibody
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(1:5,000; BioRad) diluted in 5% skim milk. Incubated for 2 hours at room temperature, with constant
shaking.

8) Wash plate as described in step 4. Add the enzyme substrate (200 ul/well), 3,3°,5,5-
tetramethylbenzidine (TMB) (41 mM). Incubate at room temperature for 30 minutes. The reaction
was stopped with 8.5M acetic acid in 0.5 M sulfuric acid

9) The plate was read immediately at 405 nm using a microplate reader (VersaMax).

Table A.1: Competitive ELISA Intra-assay variation
CV% was calculated for each set of replicates (n=3) within the standard curve of each ELISA run.
These values were averaged, and standard deviation (SD) was calculated to determine average CV%

(o/SD*100). % Bound over unbound (B/Bo) was calculated to determine the sensitivity of the assay.

Mean absorbance (405 nm)

ng

Hsp70/ml 1 2 3 Mean SD %CV  %B/Bo
100 0.294 0.289 0.289 0.291 0.003 1 100
80 0.356 0.343 0.327 0.342 0.015 43 87.6
60 0.413 0.381 0.374 0.389 0.021 5.3 74.5
40 0.512 0.493 0.497 0.501 001 2 62.5
20 0.675 0.649 0.715 0.680 0.033 4.9 46.0
10 0.832 0.787 0.815 0.811 0.022 2.8 35.7
5 0.942 1.002 0.914 0.953 0.045 4.7 314
0 1.078 1.123 1.064 1.088 0.031 2.8 26.7
Average 3.5
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Table A.2: Competitive ELISA Inter-assay variation. CV% was calculated for each set of

replicates (n=4) , which represent 4 ELISA standard curves run on different days within the standard

curve of each ELISA run. These values were averaged, and standard deviation (SD) was calculated to
determine average CV% (o/SD*100).

Mean absorbance (405 nm)

ng Hsp70/ml 1 2 3 4 Mean SD %CV
100 1.088 1.083 1.25 1.206 1.156 0.073 6.3
80 0.953  1.005 1121 0.131 0.803 0.392 489
60 0.811 0.927 1.03 1.007 0.944 0.086 9.0
40 0.680 0.833 0.933  0.959 0.85 0.109 12

20 0.501 0.678 0.853 0.071 0.525 0.291 552
10 0.389  0.527 0.671  0.675 0.566 0.118 209
5 0.342  0.417 0.605 0.6 0.491 0.115 233
0 0.291  0.304 0.558 0.51 0.415 0.120 288
Average 25.6
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5.2 Direct Trout Hsp70 Enzyme-Linked Immunosorbent Assay Detailed
Protocol

Day 1:

1) A medium binding 96 well plate (Costar) was coated with 100 pl of either standards (ranging from
0-200 ng/ml) of 200 pl chinook salmon Hsp70 recombinant protein (60 ng/ml; Stressgen) or samples
diluted to 2 pg/ml in coating buffer (15 mM Na,COs; 35 mM NaHCOs; pH 9.6). Both samples and
standards were done in duplicate

Note: The coating buffer was made fresh each day and was cold (4°C) when diluting samples and the
recombinant protein.

2) Each plate was incubated with constant rocking overnight at 4°C.

Day 2:
3) Using a Plate Washer (BioRad) the plate was washed with at least 250 ul of washing buffer (TTBS

(20 mM Tris, pH 7.4, 300 mM NaCl, 0.05% Tween 20)) 4 times.

4) Block each plate with a 150 pl/well of blocking solution (1% bovine serum albumin (Fisher
Scientific) in 1x TTBS) for one hour at room temperature with constant shaking. Wash plate as
described in step 3.

5) 100 pl of polyclonal rabbit anti-salmon Hsp70 primary antibody (1:10,000; StressMarq) was
added. Allow plates to incubate for 2 h at room temperature with constant shaking. Wash plate as
described in step 3

6) Add enzyme bound secondary antibody (100 pl/well of horseradish peroxidase conjugated goat
anti-rabbit secondary antibody (1:3,000; BioRad) diluted in 1% skim milk)). Incubate for 1 h at room
temperature, with constant shaking. Wash plate as described in step 3

7) Add the enzyme substrate (200 ul/well), 3,3°,5,5’-tetramethylbenzidine (TMB) (41 mM). Incubate
at room temperature for 1 h. Stop the reaction with 8.5M acetic acid in 0.5 M sulfuric acid

8) Read immediately at 405 nm using a microplate reader (VersaMax).
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Table A.3: Direct ELISA Intra-assay variation. CV% was calculated from samples run in

duplicate (n=2) within the standard curve of each ELISA run. These values were averaged, and

standard deviation (SD) was calculated to determine average CV% (o/SD*100). % Bound over

unbound (B/Bo) was calculated to determine the sensitivity of the assay.

Mean absorbance (405 nm)

ng Hsp70/ml 1 2 Mean SD %CV
200 0.234 0.225 0.229 0.007 3

150 0.207 0.202 0.205 0.004 1.8
100 0.102 0.144 0.123 0.029 23.9
50 0.057 0.048 0.052 0.006 11.6
25 0.037 0.032 0.034 0.004 11.3
10 0.021 0.02 0.02 0.001 3.9
5 0.012 0.011 0.011 0 4.4
0 0.004 0.003 0.004 0.001 16.5
Average 9.55

Table A.4: Direct ELISA Inter-assay variation. CV% was calculated for each set of replicates

(n=5) , which represent 4 ELISA standard curves run on different days within the standard curve of

each ELISA run. These values were averaged, and standard deviation (SD) was calculated to

determine average CV% (c/SD*100).

Mean absorbance (405 nm)

ng Hsp70/ml 1 2 3 4 5 Mean SD %CV
200 0.436 0.139 0.165 0.229 0.223 0.2384 0.104 43.8
150 0.285 0.118 0.124 0.205 0.164 0.179 0.061 34.2
100 0.138 0.072 0.099 0.123 0.125 0.111 0.023 21.0
50 0.101 0.046 0.041 0.052 0.057 0.059 0.022 36.8
25 0.04 0.024 0.024 0.034 0.027 0.030 0.006 21.1
10 0.027 0.014 0.013 0.02 0.016 0.018 0.0051 283
5 0.013 0.008 0.008 0.011 0.007 0.0094 0.002 23.9
0 0.009 0.006 0.006 0.004 0.001 0.006 0.003 51.6
Average 32.4
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