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Abstract

There are sex differences in degenerative disease prevalence in humans. Most models of
degenerative disease use male animals. Examining female and male responses to stress
may give insight into disease prevalence. Heat shock proteins are chaperones linked to
damaged proteins in degenerative diseases and may be expressed differentially in females
and males. My goal was to characterize the induced expression of Hsp70 and Hsp27 in
the brain and the heart of female and male rats. Rats were heat shocked, brains and hearts
were removed 24 hours after, and western analyses were done to quantify the expression
of these proteins. Immunofluorescence was used to localize Hsp70 and Hsp27 in the
hippocampus. Overall, male rats have significantly greater induced expression of both
Hsp70 and Hsp27 in the brain. In the hippocampus, Hsp70 was localized in blood vessels
and microglia, and Hsp27 was localized in astrocytes, following heat shock. Therefore,
the difference in expression of heat shock proteins seen in the brain and the heart of male
and female rats following heat shock suggests that sex hormones may have an impact on

degenerative disease prevalence.
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HSP90 HSPC, the 90 kDa family of heat shock proteins

HSP110 HSPH, the 100 kDa family of heat shock proteins

NeuN Neuronal nuclei protein

Ibal Ionized calcium binding adaptor molecule 1

PD Parkinson’s disease

SEM Standard error of the mean

xi



Acknowledgements

I feel so lucky to have had the opportunity to work with Dr. Currie and I greatly appreciate
how he always left his door open to me. I thoroughly enjoyed talking to him and learning
from him. He provided me with invaluable lessons on data, lab techniques, science, research,
and life. I will always appreciate the endless patience he had for me, and the help he provided
me with, while reviewing my thesis. His love for teaching and research is inspiring and
provided me with continual motivation for my research and future career plans. I would like
to sincerely thank my supervisor, Dr. Currie, for all his optimism, support and guidance
throughout my masters program and for making every bit of it an incredibly positive
experience.

I was also very fortunate to work with Dr. Esser, who also always left his door open to me
and provided me with guidance throughout my masters program and on my future career
goals for medicine. He was a fountain of knowledge, especially on topics related to research,
science and medicine. Dr. Esser had endless patience and advice and made every bit of my
masters a positive experience. I would like to sincerely thank my co-supervisor, Dr. Esser, for
inspiring me to work towards becoming the best student I can be-whether that be in research
or in my plans for medicine.

Only after [ met Kay did I realized the importance of beginning every project with a positive
outlook, persevering through challenges, and remaining optimistic regardless of the outcome.
Kay provided me with tireless help with my lab techniques, ideas while writing my thesis,
and a life lesson on every topic that came my way. I am forever grateful that I met you during
my masters program and I hope you know that you will never get rid of me! I would like to
sincerely thank you for everything you’ve done for me, and your boundless confidence in me
to pursue my future goal of medicine.

I would also like to thank my supervisory committee that included: Dr. Tara Perrot, Dr.
Kazue Semba, Dr. Gary Allen, and Dr. William Baldridge. I will always appreciate our
meetings together, your endless support and suggestions for my project and, the patience and
the time you spent on reading and reviewing my final thesis. I would like to sincerely thank
you all for your support and encouragement.

For all of those whom I befriended during my masters, I would like to take this opportunity to
thank you for your continued support, encouragement, laughs, assistance, and sharing of
ideas of science and future endeavors. The optimism you all provided me with was priceless
and helped me to overcome any challenge I was faced with during my masters program.
Many sincere thanks to: The Department of Medical Neuroscience, and The Department of
Pharmacology, and, especially, the members of the (old) 15E lab.

Chikako and Quinn: I couldn’t have asked for better lab mates and feel so fortunate to have
worked beside you during my masters program. You are both very inspiring individuals and I
learned so much from both of you. I wish you the best on all your future endeavors and I
hope to always keep in touch.

Most importantly, I would like to thank my parents and my sisters. To my parents: you have
provided me with endless support and unwavering love throughout my masters program. I
will be forever grateful for your positive outlook, reassurance, and encouragement to do
whatever brings me happiness. To my sisters: You are both amazing role models and have
always pushed me to become the best I can be. Both of you have footsteps that are hard to
follow behind, which continues to challenge me. I sincerely thank all of you.

xii



Introduction

As a result of the increased life expectancy in developed countries, chronic
diseases, like neurodegenerative diseases, are becoming more common (Hebert et al.,
2003). In the aging population there are several degenerative diseases that have a strong
prevalence for either males or females. In the brain these disease include amyotrophic
lateral sclerosis (ALS), Alzheimer’s disease (AD), and Parkinson’s disease (PD).
Similarly, in the heart, cardiovascular diseases have a strong bias for male or female,
depending on age. However, most research into these diseases tends to be done in male
animal models of disease utilizing males. One common feature of all these diseases of
aging is the accumulation of abnormal protein aggregates and the cellular response to
proteotoxicity with altered expression levels of various heat shock proteins. In this thesis,
I will characterize the levels of two heat shock proteins in the brain and heart of normal
and heat shocked adult female and male rats. This characterization may provide insights

into female and male differences in disease prevalence.

Disease prevalence in the brain

Amyotrophic lateral sclerosis is a neurodegenerative disease of upper and lower
motoneurons. In North America and European countries, the incidence of ALS is 1.5
times greater in men, compared to women, between the ages of 15-85. ALS incidences
increase with age, with peak incidence in men being between the ages of 70-74 and peak
incidence in women being between the ages of 65-74. Between the ages of 25-55
however, men are two times more likely than women to be diagnosed with ALS. In

contrast, between the ages of 55-75, men are only 1.5 times more likely than post-



menopausal women to be diagnosed with ALS (Huisman ef al., 2011a). This suggests
that estrogen in women may be a factor in the prevalence of ALS in females and males.

Alzheimer’s disease is a degenerative condition and the most common form of
dementia in people over the age of 60. AD is most often diagnosed between the ages of
65-69 years of age, and especially in women, where prevalence is approximately twice
that in men (Moschetti ef al., 2012). This female prevalence appears to be linked to the
levels of estrogen in women, as this disease occurs approximately 10-20 years past the
age at which most women begin menopause (Kawas et al., 1997; Gao et al., 1998;
Hampel et al., 2011). This suggests the decline in estrogen in post-menopausal women
may make women vulnerable to AD.

Parkinson’s disease is a degenerative disease of the central nervous system (CNS)
resulting from death of dopaminergic neurons in the substantia nigra. PD is 1.5 to 2 times
more common in men, compared to women, and the average age for diagnosis is usually
between the ages of 50-60 years. Given that menopause affects women between the ages
of 45-65 and the majority of cases of PD are diagnosed between the ages of 50-60, it
appears that the age of menopausal women coincides with the age of greatest PD
diagnoses (Van Den Eeden et al., 2003), which highlights estrogen levels as a possible

factor contributing to PD onset (Kompoliti, 2003).

Disease prevalence in the heart
In Canada and the United States, cardiovascular diseases (CVD) are the most
common cause of death. The most common types of CVD are those affecting the vessels

of the heart leading to blockages and total or partial ischemia. There are sex differences



in prevalence of cardiovascular diseases (Safford ef al., 2012) in that men are more likely
to have a CVD than women. Estrogen levels appear to decrease the risk of cardiovascular
disease in premenopausal women. However, the incidence of CVD in men and women
equalize as the estrogen levels decrease in post-menopausal women (Masood et al.,
2010). Men and women also differ in the severity of injury following a heart attack.
Although pre-menopausal women are less likely to have a heart attack than men (Smiley
& Khalil, 2009), men suffer less damage following a heart attack, compared to pre- and

post-menopausal women (Canto ef al., 2012). Estrogen likely plays a role in CVDs.

Sex bias in animal models of disease

According to research funding agencies, like the Canadian Institutes of Health
Research, Heart and Stroke Foundation of Canada and the Dalhousie Medical Research
Foundation, medical research is funded on the premise that the results, often achieved
through the use of animal models, will one day be translatable to human conditions.
Diseases affecting the cardiovascular and nervous systems affect males and females
disproportionately. Despite the US National Institutes of Health Revitalization Act in
1993 mandating that women and minorities be included in research studies (Wald &Wu,
2010; Zucker & Beery, 2011), males remain the predominate sex used in animal studies
of these diseases. Studies that use animal models for predicting the effectiveness of
treatment strategies have remained controversial because of recurrent failure of results
from animals to translate to clinical trials. Recent examples of these studies include
treatments for stroke and for myocardial infarction (van der Worp et al., 2010).

Treatments for both conditions have been studied with animals in the laboratory, but have



failed in large clinical trials (van der Worp et al., 2010). The lack of research done in
female animal models may be a major factor contributing to the failures seen in clinical
trials related to therapeutics.

Examination of over 2,000 animal studies revealed that 80% of published
scientific articles on human diseases had a strong male bias, most pronounced being in
neuroscience and pharmacology (Beery & Zucker, 2011). Surprisingly, 75% of the
studies in three highly cited immunology journals did not provide the sex of the animal
models used (Beery & Zucker, 2011). The paucity of research including female animals
is often stated because of concerns with variations seen in data due to the fluctuations of
estrogen levels during the estrous cycle. Female rats have a 4-day ovarian cycle that must
be taken into consideration in experiments where hormones might influence results
(Wald & Wu, 2010). In order to take into consideration the varying levels of estrogen
during the estrous cycle, compared to males, four times as many female animals,
corresponding to the four stages of the estrous cycle, may be required in a study. Taking
estrogen levels into consideration is important in order to develop results that can be
translatable to human populations for purposes of studying disease manifestation and
therapeutics to treat and manage diseases.

Potential new therapeutics may go undiscovered by exclusion of female subjects
in research. Certain estrogen replacement therapies may help to prevent heart diseases,
like atherosclerosis, and neurological diseases, like ALS, PD, and AD (Brinton, 2008;
Gold & Voskuhl, 2009; Fait & Vrablik, 2012). Furthermore, studying the use of
therapeutics on male animal models of disease may not only eliminate the potential for

further progress in treatment of diseases in women, but may also have potentially harmful



consequences when given to women. Sex differences in plasma volume, body weight,
and gastric emptying time factor into pharmacokinetic variability, including the
dimensions of drug bioavailability, volume of distribution, metabolism, and elimination
(reviewed by Franconi et al., 2007). Failing to include both sexes in research design and
analyses has led to treating both men and women with drugs that were studied only in
men. As a result, women have experienced various drug efficacy and side-effect profiles,
compared to men, leading to the withdrawal of prescription drugs (Fish, 2008; Holdcroft,
2007). Due to adverse effects in women, in 2005, eight out of ten prescription drugs were
withdrawn from the United States market (Simon, 2005). Sex differences in susceptibility
to diseases, manifestation of diseases and therapeutic strategies indicates studying these
factors in both sexes is important in order to fully understand the disease.

Studying the stress response in female and male animals in diseases should begin
at a fundamental level. One common feature of neurodegenerative diseases is the
accumulation of abnormally folded protein within cells. These intracellular protein
aggregates seem to be proteotoxic and the proteotoxicity induces expression of various
heat shock proteins (HSP). Heat shock proteins are in all cells of the body and protect the
cells against physical and chemical stressors, including proteotoxicity. HSP act as
molecular chaperones (Benarroch, 2011) and are involved in a variety of degenerative
diseases, such as ALS, AD, PD and CVD buffering the effects of the various stressors,
like reactive oxygen species (Renkawek ef al., 1994; Xu & Wick, 1996; Maatkamp et al.,
2004; Muchowski & Wacker, 2005; Huang et al., 2006; Sharp et al., 2007; reviewed by
Xu et al., 2012). Studying the characterization of these proteins will enable researchers

and clinicians to better target the factors that are contributing to pathology associated



with degenerative diseases and the therapeutics to treat or better manage these diseases in

both females and males.

Expression of heat shock proteins

Heat shock proteins were discovered in 1962, and are a set of highly conserved
chaperone proteins found in eukaryotes and prokaryotes (Ritossa, 1962; Ritossa, 1996).
Some HSP are constitutively expressed in cells to promote proper folding and assembly
of polypeptides and are instrumental for normal signaling and protein trafficking. Other
HSP are rapidly induced in response to cellular stress, like hyperthermia and ischemic
injury, and function to prevent the formation of protein aggregates (Benarroch, 2011).

Mammalian HSP have been classified into five families according to their
molecular mass (in kDa): HSP110 (HSPH), HSP90 (HSPC), HSP70 (HSPA), HSP40
(DNAJ) and small HSP (HSPB, 15-30 kDa) including Hsp27 (Lindquist and Craig, 1988;
Kampinga et al., 2008). Each family of HSP is composed of members that have
constitutive and induced expression. For example HSP70 family includes two isoforms,
Hsc70 (HSPAS) and Hsp70 (HSPA1A). Hsc70 is highly expressed under normal
conditions, whereas, Hsp70 is expressed at high levels following stress (Currie &
Tanguay, 1991; Tanguay ef al., 1993). Similarly, Hsp27 (HSPB1) is expressed normally
in some cells and tissues and is highly inducible in other cells and tissues (Plumier ef al.,
1997a; 1997b; Krueger-Naug et al., 2000).

Synthesis of HSP is regulated by heat shock transcription factors. Several Hsp
interact with the heat shock transcription factor 1 (HSF1) to maintain it in an inactive

state in the cytoplasm. Following stress, with accumulation of damaged proteins,



regulatory Hsp such as Hsc70 or Hsp90 dissociate from HSF1, and bind to damaged
protein. Freed HSF1 trimerizes, becomes phosphorylated and translocates to the nucleus
where it binds to the heat shock element on DNA and initiates the transcription of new
heat shock proteins (Shi et al., 1998). As Hsp are synthesized and accumulate, they
renature damaged protein through their chaperone function and also to bind to monomers
of HSF1 and inactivate its transcriptional activity (reviewed by Noble et al., 2008).

Hsp70 and Hsp27 have several functions. Hsp70 is the highly inducible member
of the 70 kDa family of HSP and functions at very low levels in most cells and tissues
under normal conditions. Hsp70 is involved in the folding of proteins, and under stress
Hsp70 prevents the aggregation of unfolded proteins and can even refold aggregated
proteins (Hartl & Hartl, 2002). Many nonlethal but noxious stimuli induce a high
expression of Hsp70 and other Hsp (Currie & Tanguay, 1991). Subsequent to the
induction of Hsp70, cells and tissues have a remarkable resistance to further metabolic
injury (Currie ef al., 1988; Currie et al., 1993). In addition, Hsp70 proteins ensure the
coordinated regulation of protein translocation, import and folding, and limit cellular
damage following stress by their ability to prevent protein aggregation and to restore the
function of denatured proteins (Parsell & Lindquist, 1993).

Finally, Hsp70 also acts as a signaling molecule suppressing cell death pathways.
Following potentially lethal stress, Hsp70 regulates the release of cytochrome ¢ from
mitochondria interfering with programmed cell death pathways. The interaction with
cytochrome c also regulates the activation of procaspase 9 suppressing cell death. Both

these actions appear to depend on the chaperone function of Hsp70 (Mosser et al., 2000).



In comparison, Hsp27 acts as a: 1) molecular chaperone (Diaz-Latoud et al.,
2005) by inhibiting actin polymerization (Weiske, 2001), 2) an antioxidant by reducing
the effect of tumor necrosis factor-a-mediated cell death, by phosphorylation (Mehlen et
al., 1995), and 3) suppressor of signaling events, leading to apoptosis, by blocking
cytochrome c release therefore suppressing caspase-3 (Pandey et al., 2000). Importantly,
the functional diversity of Hsp27 appears to be regulated by its phosphorylation state
(Rogella et al., 1996).

Under normal conditions in the cytosole, Hsp27 is in an oligomeric form and
following a stress, the monomeric Hsp27 becomes phosphorylated by several
mechanisms, including mitogen-activated-protein-kinases, which causes Hsp27 to either
stay in a monomeric phosphorylated form or for it to dimerize. Monomeric
phosphorylated Hsp27 can then bind to actin and prevent protein damage and apoptosis.
In contrast, dimeric phosphorylated Hsp27 targets denatured proteins to the proteasome
(Ferns et al., 2006). Normal levels of Hsc70 and Hsp27 in the rat may provide neurons
with a line of defense against protein misfolding and aggregation resulting from
neurodegenerative diseases that impair normal neuronal functioning (Chen and Brown,
2007).

Aggregation, accumulation and deposition of abnormally folded proteins are
mechanistic unifying features of degenerative disorders, like AD (Kopito & Ron, 2000)
and CVD (Wang & Robbins, 2006). HSP70 and HSP27 families of HSP are implicated in
degenerative diseases, because of their localization in the aggregates and by their
constitutive and induced expression in organs like the brain and the heart (Wilhelmus e?

al.,2007; Xu et al., 2011). In order to understand the sex differences in disease



prevalence and in how these proteins function in the brain and the heart, we first need to
recognize the constitutive and induced expression patterns in both male and female

animals.

Sex differences in expression of heat shock proteins in the brain

There are sex differences in neurological disease prevalence (Huisman et al.,
2011b; Van Den Eeden ef al., 2003) and HSP are strongly associated with various
degenerative diseases of the brain. For these reasons it seems important to examine the
expression of HSP in both male and female animal models, as noted above. As noted
above, most research on expression of HSP has been done in male animals.

Curiously, in a study that used various regions of the brain in both female and
male rats to examine the constitutive levels of several Hsp, the results were reported for
the females and males as a combined group, except in one region: the hypothalamus
(Bodega et al., 2002). Hsp70 levels were greater in the hypothalamus of 3-week old male
rats, compared to same age female rats. By 8 months of age, female rats had greater
levels if Hsp70 in the hypothalamus, compare to male rats.

In the brain of adult male rats, Hsp70 is present at very low levels (Krueger et al.,
1999). Following hyperthermic treatment, Hsp70 levels in male rats significantly
increased in the hippocampus, specifically in glial cells, at 3, 6, 12 and 24 hours
following hyperthermic treatment, compared to controls that were not heat shocked.
Similarly, using female rats, Hsp70 was significantly increased within 4 hours following
heat shock, and was detected in glial cells and vascular cells in the cerebral cortex and

hippocampus (Krueger ef al., 1999; Bechtold et al., 2000; Pavlik ef al., 2003).



Most studies examining the Hsp27 levels in the brain are done in male animals.
Hsp27 is undetectable in the cerebral cortex of unstressed male rats, and is present
normally in the brain stem and spinal cord (Plumier ef al., 1997b). After heat shock, by 2
hours, Hsp27 is expressed at high levels in many cells (mostly glial) in the male rat brain
including the hippocampus (Krueger-Naug ef al., 2000; Bechtold & Brown, 2003).
Hsp27 levels peaked at 24 hours following hyperthermia and returned to constitutive or
basal levels only after more than 6 days (Krueger-Naug et al., 2000). Thus, most research
on the induced expression of Hsp70 and Hsp27 has been done in male rats and there is
little or no information on the expression levels of Hsp70 and Hsp27 in the female rat

brain.

Sex differences in expression of heat shock proteins in the heart

Cardiovascular diseases are also associated with protein damage and abnormally
folded proteins. HSP are recruited to damaged proteins, and through their chaperone
function they attempt to restore cellular and protein homeostasis (Lindquist & Craig,
1988). While there is less information available on expression of HSP in the female brain
following heat shock treatment, some limited information is available in the female heart.

Three to four-month old male and female rats have differences in expression
levels of Hsp70 and Hsp27. Baseline levels of Hsp70 are significantly greater in female
rats, compared to male rats. In contrast, male rats had significantly greater levels of
Hsp27, compared to female rats at baseline (Voss et al., 2003). Nine weeks following
ovariectomy, the cardiac levels of Hsp70 in female rats drop significantly, compared to

Hsp70 levels before ovariectomy. The cardiac Hsp70 levels in ovariectomized female rats

10



were similar to cardiac levels in male rats. Ovariectomized female rats receiving E2
supplements had significantly greater cardiac Hsp70 levels, compared to female rats nine
weeks post-ovariectomy (Voss et al., 2003). Taking these results into consideration,
estrogen appears to have an effect on cardiac levels of Hsp70 in three to four-month old
Sprague Dawley rats (Voss et al., 2003). Age of rats may also have an effect on cardiac
Hsp70 levels because there are no sex differences in levels of Hsp70 in two-month old
rats (Shinohara et al., 2004; Paroo et al., 1999; Bae & Zhang, 2005).

Following a stressor, like hyperthermia, there also appears to be sex differences in
the expression of cardiac Hsp70 and Hsp27. Twenty-four hours following hyperthermic
treatment, two-month old male rat hearts had significantly greater expression of Hsp70,
compared to female hearts, or control male hearts (Shinohara et al., 2004). Levels of
Hsp70 in heat shock female hearts are similar to female control hearts (Shinohara et al.,
2004).

Similarly, exercise training increases core temperature and cellular stress leading
to the induction of heat shock proteins in both male and female rats. Control male and
female two month-old rats have similar levels of cardiac Hsp70. Following an acute bout
of exercise (treadmill running) male rats have significantly greater cardiac Hsp70 levels,
compared to female rats (Paroo et al., 1999). Following two weeks of daily E2 injections,
male rats have significantly less cardiac Hsp70, compared to the control male rats.
However, post-exercise female rats have similar levels of cardiac Hsp70, compared to
post-exercise and E2-treated female and male rats (Paroo ef al., 1999). Following an
acute bout of exercise, female cardiac Hsp70 levels are unaffected, whereas male cardiac

Hsp70 levels significantly increased compared to control animals. However, E2
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supplementation in male rats appears to suppress cardiac Hsp70 levels following acute
exercise, whereas female cardiac Hsp70 levels are unaffected (Paroo et al., 1999).
Estrogen appears to be one factor contributing to the sex differences in cardiac Hsp70
levels following a stressor, like exercise.

In six-month old control rats, cardiac Hsp70 levels were similar in both male and
female rats. Following 14 weeks of exercise, both male and female cardiac Hsp70 levels
were increased significantly and more so in males (Thorp et al., 2007). After ischemia
and reperfusion injury, hearts from control (no exercise training) female rats recovered
their ventricular function more strongly than male control hearts. After ischemia and
reperfusion injury, hearts from exercise-trained male rats had significantly greater
ventricular function, compared to control male rats, but hearts from exercise-trained
female rats had similar ventricular function as control female rats. Therefore, acute
exercise training is beneficial for male cardiac function following a stress like ischemia

and reperfusion (Thorp ef al., 2007).

Expression of heat shock proteins in the diseased brain

Amyotrophic lateral sclerosis, Parkinson's disease, and Alzheimer's disease are all
neurodegenerative diseases that have an accumulation of intracellular and extracellular
protein aggregates, protein misfolding, and neuronal loss in the central nervous system
(Muchowski & Wacker, 2005). In ALS, motor neurons of the spinal cord and motor
cortex are selectively lost (Martin, 1999). In PD dopaminergic neurons in the substantia
nigra are lost (Martin, 1999). In AD neuronal loss is prominent in the entorhinal cortex

and hippocampus (Martin, 1999; Bruijn ef al., 2004; Schapira & Olanow, 2004).
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Neurons are post mitotic and are therefore unable to dilute the toxic effects of
misfolded and damaged proteins through cell division. Thus neurons are especially
vulnerable to aggregated and misfolded proteins and often die by apoptosis (Muchowski
& Wacker, 2005). HSP function as chaperones to prevent apoptosis, protein misfolding,
and protein aggregation. HSP are potent suppressors of neurodegenerative diseases
(Renkawek et al., 1994; Muchowski & Wacker, 2005). Transgenic upregulation of Hsp27
and Hsp70 in animal models of neurodegenerative diseases seem to be protective by

buffering the toxicity of aggregated or damaged proteins (Patel ez al., 2005).

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis is a neurodegenerative disorder characterized by
upper and lower motoneuron death. The most common cause of ALS is due to increased
reactive oxygen species causing protein damage leading to cellular death. Superoxide
dismutase-1 is an abundant cytoplasmic enzyme that neutralizes reactive oxygen species.
Mutant superoxide dismutase-1 is related to 20% of familial forms of ALS and more than
90 genetic mutations of the superoxide dismutase gene are known that lead to
motoneuron degeneration (reviewed by Cleveland & Rothstein, 2001). Aggregates of
mutant superoxide dismutase-1 results in motoneuronal damage, such as calcium channel
disregulation and activation of caspase-3 and potentially leading to cells death (reviewed
by Cleveland & Rothstein, 2001).

Chaperone proteins, like Hsp70 and Hsp27 are key factors associated with
preventing protein aggregations and blocking the mitochondrial apoptotic pathway, thus

suppressing cellular death. When motoneurons express mutant forms of superoxide
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dismutase-1, aggregates of superoxide dismutase are formed with Hsp70 promoting
survival (Shinder et al., 2001). A double transgenic mouse model overexpressing Hsp27
and the mutant superoxide dismutase showed delayed decline in motor strength and
significantly greater improvement in the number of functional motor units and increased
survival of spinal motor neurons, compared to the transgenic mouse that overexpressed
only the mutant superoxide dismutase gene (Sharp et al., 2007; Maatkamp et al., 2004).
Similarly, in several mutant superoxide dismutase mouse models of ALS,

elevated levels of Hsp70 and Hsc70 were found in insoluble aggregates with the mutant

proteins (Liu et al., 2005).

Alzheimer’s disease

Heat shock proteins are also thought to have a role in AD. The pathology
associated with AD is the presence of extracellular plaques and intraneuronal
neurofibrillary tangles, which lead to the loss of synapses and neurons (reviewed by
Nelson et al., 2012). Neurofibrillary plaques are composed of amyloid beta peptides
(reviewed by Nelson ef al., 2012), and accumulation of these peptides precedes the
appearance of neurofibrillary tangles and senile plaques observed in regions affected
early in AD, such as the hippocampus and entorhinal cortex (Gouras et al., 2000).
Specific amyloid beta proteins, like amyloid beta-42 are primary factors contributing to
neuronal apoptosis, through activation of the p53-Bax pathway (Zhang et al., 2002) seen
in patients with AD. Apoptosis associated with activation of the p53-Bax pathway is
related to the oxidative damage caused by the amyloid beta peptides. Products released

from amyloid beta peptides create hydroxyl radicals and nitro-oxidative stress
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(Butterfield et al., 2002). Along with oxidative damage, protein aggregation of mis-
folded proteins occurs in the brains of patients with AD. Aggregates of the amyloid beta
protein form extra-cellularly in senile plaques, whereas the hyperphosphorylated tau
protein accumulates intracellularly and forms neurofibrillary tangles (reviewed by
Wilhelmus et al., 2007).

Heat shock proteins are involved in protecting neurons against aggregations of
mis-folded proteins and the oxidative stressors from reactive oxygen species created in
the AD brain. Accumulation of misfolded protein leads to induction of the heat shock
response where Hsp70 facilitates protein refolding in the endoplasmic reticulum.
Alternately misfolded protein is degraded in the proteasomes or lysomes facilitating
cellular survival. Mis-folded proteins in the brain cause the astrocytes and microglial
cells surrounding the senile plaques and neurofibrillary tangles to increase the expression
of Hsp27, which indirectly aid in the refolding of proteins (Shinohara et al., 1993;
Shimura et al., 2004). Hsp70 has an ATP binding domain, which allows direct interaction
with damaged proteins and to help to re-fold them into their proper conformation
(reviewed by Wilhelmus et al., 2007).

Although an increase in reactive oxygen species and aggregated proteins
accumulate with age leading to increased intracellular levels of heat shock proteins, the
levels of heat shock proteins remain inadequate in preventing AD. Increased levels of
damaged and mis-folded proteins may be the result of an overall decrease in protein

chaperone activity in aged cells (Csermely, 2001).
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Parkinson’s disease

PD is characterized by loss of midbrain dopaminergic neurons in the nigrostriatal
dopaminergic pathway and the presence of alpha synuclein in cytoplasmic aggregates,
termed Lewy bodies and Lewy neurites (Schapira, 1997; Aridon ef al., 2011). There are
several factors that contribute to the pathology associated with PD. One factor is the
aggregation of alpha synuclein that makes up the Lewy bodies. Alpha synuclein also has
a role in neurotransmitter and vesicle release and turnover (Aridon et al., 2011).
Disrupted synaptic vesicle function leads to build up of catecholamines, like dopamine, in
the cytoplasm of neurons. This is because mutations in alpha-synuclein in dopaminergic
neurons may result in a reduced number of vesicles available for the storage of dopamine
and the accumulation of this neurotransmitter in the cytoplasm (reviewed by Lotharius
and Brundin, 2002; Aridon ef al., 2011). Along with the accumulation of dopamine in the
cytoplasm, there is also an accumulation of dopamine metabolites, such as superoxide
ions, dopamine-quinone species, and hydroxyl radicals, which are cytotoxic and lead to
oxidative damage if not converted to their non-cytotoxic forms. In PD, there is an
abnormal increase in these reactive oxygen species (reviewed by Lotharius & Brundin,
2002; Bellucci ef al., 2012). Therefore, the mutations in alpha-synuclein may lead to
dopaminergic neuron degeneration seen in PD (reviewed by Lotharius & Brundin, 2002;
Bellucci ef al., 2012). In addition to mutations in alpha-synuclein, other mutations in PD-
related genes, like PARK 1, PARK2, and PARK3 may lead to oxidative stress through
mitochondrial dysfunction and accumulation of misfolded proteins leading to

neurodegeneration (Lotherius & Brundin, 2002). Like in ALS and AD, HSP prevent
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oxidative damage and neurodegeneration seen in PD (Renkawek ef al., 1994; Maatkamp
et al., 2004; Muchowski & Wacker, 2005; Huang ef al., 2006; Sharp et al., 2007).

Heat shock proteins, act as suppressors of alpha synuclein aggregation by
inhibiting alph synuclein fibril formation, therefore, preventing aggregation of proteins,
vesicle malfunctioning and buildup of cytoplasmic dopamine (Huang et al., 2006).
Preventing metabolite buildup in neurons leads to decreased reactive oxygen species and
cell death. In animal models of PD, Hsp70 interacts with the apoptosis protease activating
factor-1 and blocks the assembly of a functional apoptosome, therefore preventing
dopaminergic cell death. Apoptosis-inducing factor is blocked by Hsp70, which leads to
prevention of chromatin condensation and apoptosis. Additionally, Hsp27 blocks
cytochrome c, preventing cell death (Kalmar & Greensmith, 2009).

The common features of neurodegenerative diseases of the aging brain are
accumulation of damaged or misfolded protein, and recruitment of various HSP to these
aggregates of damaged protein, along with age related decline in the expression of HSP
(Csermely, 2001). Current treatments for neurodegenerative diseases are targeted at
managing the symptoms, rather than the factors that may cause the disease, such as
accumulation of mis-folded proteins and decreased expression of chaperone proteins. A
preventative strategy to combat the accumulation of mis-folded proteins might be to

increase the levels of heat shock proteins in areas vulnerable to degeneration.

Expression of heat shock proteins in the diseased heart
Cardiovascular disease is a chronic inflammatory condition that usually begins at

an early age but does not become pathological until later in life, once hyperlipidemia
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leads to the aggregation of lipid proteins within blood vessels (Kilic & Mandal, 2012).
Foam cells then form and propagate the inflammatory process (Kilic & Mandal, 2012).
Pathology associated with CVD is inflammatory with generation of reactive oxygen
species, and subsequent protein and cellular damage (reviewed by Xu et al., 2012). Other
stressors, like physical exertion, drug toxicity, or hypertensive agents, lead to a rise in
blood pressure that causes the arterial wall to stretch. Elevation in blood pressure causes
protein damage in smooth muscle cells. Protein damage directly or indirectly activates
the heat shock transcription factor-1 leading to increased expression of various HSP
including Hsp70 (Xu & Wick, 1996). Elevated levels of Hsp70 appear to be beneficial
during acute injury such as ischemia, but may be detrimental during chronic injury such
as chronic hypertension (Xu & Wick, 1996). In diseased states, Hsp70 has protective
effects but the stress may reach a level where the HSP can no longer provide protection
from diseases (Zhu et al., 2003).

Circulating levels of Hsp70 may also be associated with severity of coronary
artery disease. For example, while a majority of patients with myocardial ischemia had
detectable levels of serum HSP70, patients without coronary artery disease or ischemia
had significantly higher Hsp70 serum levels (Zhu ef al., 2003). On the other hand, Hsp70
increases in response to stress, as seen in chronic heart failure. The concentration of
circulating Hsp70 was significantly higher in patients with severe chronic heart failure,
compared to patients with mild chronic heart failure (Gombos et al., 2008).

Hearts also respond to transient stressors such as hyperthermia. Mouse, rat and
rabbit hearts all respond to heat shock treatment with increased levels of Hsp70 that

peaks at about 24 hours and declines slowly still being detectable 2 weeks later
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(Karmazyn et al., 1990; Currie et al., 1993; Plumier et al., 1995). Most interesting is the
acquisition of myocardial protection from ischemic injury that is associated with high
levels of Hsp70 (Plumier et al., 1995). After heat shock treatment, high levels of Hsp70
are found in blood vessels within the heart and this localization may protect the entire
myocardium from reperfusion injury and the reintroduction of molecular oxygen and free
radical injury (Leger ef al., 2000). The arterial wall is an integrated functional component
of the cardiovascular system that must continually adapt to stress. Vascular cells express
high levels of HSP, both constitutively and induced, which allows the vessel walls to
maintain homeostasis (Xu & Wick, 1996; reviewed by Xu et al., 2012).

Hsp27 is at high levels normally in skeletal and cardiac muscle cells (Voss et al.,
2003; Leger et al., 2000). Hsp27 is significantly greater in vascular cells of healthy
individuals, compared to atherosclerotic plaques (Martin-Ventura et al., 2004; Park et al.,
2006; Robinson et al., 2010).

Hsp27 is also highly regulated in the heart after heat shock treatment (Currie &
Tanguay, 1991). Hsp27 exists in the cytoplasm as interchangeable monomers, dimers,
and oligomers, and each form has distinct functions. Hsp27 monomers regulate actin
filament fragmentation by binding to the end of actin fibers and capping them (Guay et
al., 1997; Mounier & Arrigo, 2002). Large multimeric organization of Hsp27 has
chaperone function in cells (Mounier & Arrigo, 2002).

Heat shock proteins protect cells against damage through maintenance of proper
functioning of proteins. The maintenance of proper protein functioning is done by
increasing the expression of Hsp70 and the expression and phosphorylation of Hsp27.

Increased expression of HSP appears to help protect the cardiovascular system, as higher
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levels of phosphorylated Hsp27 is correlated with healthy individuals (Martin-Ventura et
al., 2004; Park et al., 2006; Robinson et al., 2010).

Additionally, increased Hsp70 levels correlate with those suffering from
cardiovascular diseases, but then levels appear to peak at a critical point that may differ
depending on the individual and the disease. With age, the levels of HSP decrease and
damaged proteins accumulate (Colotti ef al., 2005). Maintenance of HSP levels may help
to prevent progression of cardiovascular diseases or limit damage to the cardiovascular

system.

Sex specific gonadal hormones

Sex specific disease prevalence may be related to gonadal hormones. The most
obvious hormonal differences between females and males are the circulating levels of
estrogen and testosterone, respectively. Additionally, in females levels of progesterone
may also influence disease prevalence. Age-related hormonal changes increase the risk of
neurodegenerative and cardiovascular diseases (Kalin & Zumoff, 1990; Margo & Winn,
2006; Barron & Pike, 2012). Throughout the lifetime, the brain and heart are hormonally
responsive organs and are therefore affected by the fluctuating levels of sex hormones,
especially with age (Kalin & Zumoft, 1990; Margo & Winn, 2006; Barron & Pike, 2012).
In this thesis, I will focus my discussion on the regulatory role of estrogen on heat shock

proteins.
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Estrogen in the brain and heart

There are three types of biologically active estrogens, estrone, estriole and 17-
beta-estradiol (E2). E2 is produced by the ovaries and is the most concentrated in plasma
during reproductive years and is the most potent in estrogenic effects. Plasma E2
concentrations fluctuate throughout the estrous cycle in females (Wojtys et al., 2002). For
example E2 plasma level concentrations range from 499 to 573 pg/mL, in diestrus; 145 to
2178 pg/mL, in proestrus; 161 pg/mL, in estrus; and 401 pg/mL, in metaestrus (Shaikh,
1971).

Premenopausal women between 20 and 50 years of age have E2 plasma
concentrations of approximately 81 pg/mL, whereas postmenopausal women between 51
and 65 years of age have E2 plasma concentrations of approximately 35 pg/mL. On
average males have E2 plasma concentrations of approximately 18 pg/mL that is
consistent between of 20 and 65 years of age (Massafra et al., 2002).

Besides its physiological role in the female reproductive system, E2 modulates the
cardiovascular and nervous systems by activation of the estrogen receptors that can alter
gene transcription in the nucleus or acutely activate kinase signaling in the cytosol. There
are two estrogen receptors, estrogen receptor-alpha (ER-a) with a molecular mass of 67
kDa and estrogen receptor-beta (ER-f) with a molecular mass of 59 kDa. Both estrogen
receptors are highly homologous and expressed in both the nervous system and the
cardiovascular system (reviewed by Kumar ef al., 2011).

In the hippocampus, ER are found in interneurons throughout the dentate gyrus
and striatum radiatum with the number of positive cells and intensity of immunoreactivity

is equivalent in female and male rats (Weiland et al., 1997). However, there may be sex
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differences in the localization of ER-a in the hippocampus. Researchers Romeo et al.
(2005) show that ER-a may be more abundant in dendritic spines of CA1 region of the
female hippocampus compared to the male hippocampus. In the female rat hippocampus,
ER-o immunoreactivity is predominantly in the nuclei of interneurons, in the CA1 region
and in the hilus of the dentate gyrus (Milner et al., 2001). Some ER-o immunoreactivity
is localized in the perikarya, in dendritic spines, axons and axon terminals of pyramidal
and granular cells within the CA1 region. Some extranuclear ER-o immunoreactivity is
localized in astrocytes throughout the hippocampal formation (Milner ef al., 2001).

In the male rat hippocampus, ER-o immunoreactivity is predominantly in the
nuclei of pyramidal cells of the CA1 and CA3 regions (Sakuma et al., 2009).

In comparison, ER-f3 immunoreactivity is localized to similar hippocampal
regions in both female and male rats, including the dentate gyrus, CA1, and CA3 regions,
and most is non-nuclear. Furthermore, ER-3 immunoreactivity is localized in the
cytoplasm, dendritic spines, dendrites, axons and axon terminals of pyramidal and
granule cells (Azcoitia et al., 1999; Milner et al., 2005; Sakuma et al., 2009).

In the human heart, ER-o and ER- f are expressed in the vascular endothelial and
smooth muscle cells and cardiomyocytes in both men and women (Grohé et al., 1997).
Similarly, in the mouse heart, there are no sex differences in the expression or
distribution of ER-a or ER-f} (Lizotte ef al., 2009). ER-a is expressed in the cytosolic,
sarcolemmal and nuclear fractions from ventricular tissue. The sarcolemmal fraction
contains the greatest abundance of ER-a (Lizotte ef al., 2009). ER- f is expressed in the
cytosolic and nuclear fractions, and is barely detectable in the sarcolemmal fraction from

ventricular tissue. The nuclear fraction contains significantly greater abundance of ER-f3,
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compared to the sarcolemma fraction (Lizotte et al., 2009). Estrogen and estrogen
precursor stimulation caused a greater activation of ER-a in female cardiomyocytes
compared to male cardiomyocytes (Groh¢ et al., 1997).

E2 binding to estrogen receptors can lead to either acute or long-term cellular
changes, termed non-genomic or genomic signaling, respectively. Non-genomic signaling
leads to rapid cellular changes activating membrane-bound receptors. E2 binding causes
activation of phosphatidyl inositol-3-OH kinase/AKT pathway leading to increased nitric
oxide synthase and inhibition of apoptosis through phosphorylation and degradation of
pro-apoptotic proteins (reviewed by Stice & Knowlton, 2008).

Upon activation of the genomic pathway, the E2 and estrogen receptor complex
translocates to the nucleus and binds to the estrogen response element and increases the
transcription of genes that lead to upregulation of estrogen responsive genes (reviewed by
Stice & Knowlton, 2008).

In addition to estrogen, Hsp90 also binds to estrogen receptors (Milne & Noble,
2008). The estrogen receptors are normally bound to Hsp90. When E2 binds to the
receptor, Hsp90 is displaced and free to bind to the HSF1, leading to decreased
trimerization of HSF1 and decreased transcription of HSP (Milne & Noble, 2008).
Estrogen and the estrogen receptor translocate to the nucleus and bind to the estrogen
response element, increasing transcription of estrogen regulated genes (Milne & Noble,
2008). However, if there is stress and damaged proteins present, Hsp90 chaperones the
damaged proteins leaving HSF1 free to trimerize, translocate to the nucleus and increase
the transcription of HSP (Milne & Noble, 2008). This is the proposed mechanism for

estrogen regulation of HSP expression.
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The effects of estrogen on the expression of heat shock proteins in the brain

Estrogen supplementation in males increases the levels of HSP in the
hippocampus. Six hours after the administration of E2 in male rats, there is significantly
more Hsp27 and Hsp70 immunoreactive cells in cerebral blood vessels, compared with
the brains of control rats (Lu ef al., 2002). Additionally, immunoreactive Hsp27 levels in
astrocytes and in hippocampal neurons are increased in the brains of E2 treated animals
(Lu et al., 2002). Also, in the brains of animals given E2, the heat shock transcription
factor-1 levels are significantly greater, compared to animals that did not receive E2
supplementation (Lu ef al., 2002).

Similarly, in the cortex, HSF1 is at a lower level after heat shock treatment in
ovariectomized female rats treated with estrogen rather than with testosterone, and
perhaps Hsp70 levels were also lower in the cortex of estrogen-treated rats, compared to
testosterone-treated rats (Papasozomenos & Papasozomenos, 2008). Hsp70 is linked with
gonadal hormones and estrogen levels may influence the expression of heat shock protein

in the brain.

The effects of estrogen on the expression of heat shock proteins in the heart
Normally, female rats have significantly more Hsp70 and less Hsp27 in the heart,
compared to males (Voss ef al., 2003). Supplemented estrogen in males increases cardiac
Hsp27 and Hsp70 mRNA and protein levels (Szalay ef al., 2006). E2 administration in
males increased expression of Hsp32, Hsp60 and Hsp70 mRNA, compared to the sham-
treated rats (Szalay et al., 2006). E2 administration appears to increase Hsp70 mRNA

levels by directly increasing the mRNA levels of the heat shock transcription factor-1
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(Papacontantinou et al., 2003). Although, other factors may influence heat shock protein
expression in the heart, male animals given estrogen supplementation have increased
levels of HSP. In females, estrogen supplementation does not significantly influence the
levels of HSP (Voss et al., 2003; Paroo et al., 1999).

Following a stressor, like exhaustive exercise, E2 leads to decreased levels of
Hsp70 in male but not female rats. E2 treated male rats subjected to a single bout of
intense exercise (treadmill running) had 2-4 times less cardiac Hsp70, compared to
vehicle treated male rats. E2 supplementation in females rats had no effect on Hsp70
levels in the hearts and levels of Hsp70 are comparable to those of exercised male rats
(without E2 treatment) (Paroo et al., 1999). Estrogen supplementation leads to decreased
Hsp70 levels following exercise in the male heart (Paroo et al., 1999).

Furthermore, 24 hours following heat-shock treatment, male rat hearts had
significantly greater levels of Hsp70 and better myocardial contractile recovery after
ischemia, compared to female hearts. After heat shock, hearts from ovariectomized
females had levels of Hsp70 that were comparable to hearts of male rats. After heat
shock, hearts from E2 treated ovariectomized females had levels of Hsp70 that were
significantly less than hearts from males or intact females that were not treated with E2

(Shinohara et al., 2004).

Summary, hypotheses and objective
It seems clear that in the heart there are basal and induced differences between
females and males in the levels of Hsp70 and Hsp27. In the brain these male and female

differences in levels of Hsp70 and Hsp27 have not been explored. However, it seems
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reasonable to expect sex differences in levels of HSP because of the differences in
prevalence of diseases of proteopathies in the brain and the heart. Due to differences in
the prevalence of diseases associated with abnormal protein folding, my hypothesis is
that there are sex differences in, either or both, the baseline and induced levels of Hsp70
and Hsp27 in the brain and the hearts of female and male rats.

Thus the objective of this work is to characterize the levels of Hsp70 and Hsp27
in the brain and heart of female and male control rats and in female and male rats 24
hours after heat shock treatment, and to identify cell types expressing Hsp70 and Hsp27

in the hippocampus of female and male rats.
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Materials and Methods

Animal groups

Male and female Sprague-Dawley rats (Charles River, Quebec, Canada; 225-250
g) were cared for in accordance with the Guide for Care and Use of Experimental
Animals of the Canadian Council on Animal Care. The experimental procedures used
were approved by the Dalhousie University Committee on Laboratory Animals. There
were four groups of rats: control females, heat shock females, control males, and heat
shock males. All the rats were raised in the same colony room with 12 hour light/dark
cycle (7 am/7 pm) and were provided with food and water ad libitum. A total of 32 rats

were processed for immunofluorescence and 32 were processed for western blot analyses.

Vaginal Swabbing

All female rats were vaginally swabbed to determine their phase in the estrous
cycle before control or heat shock treatment and again 24 hours later, immediately before
the animals were killed. This procedure consisted of a person holding the rat while
another person took a 1 mL syringe containing 0.2 mL of saline to flush the vagina. The
0.2 mL of saline was withdrawn from the vagina and was then placed on a slide for
analysis. This procedure was performed in order to determine the stage of the estrous
cycle for each female rat.

The vaginal smears were stained with a Diff-Quik staining kit (Dade Behring,
B4132-1A). The kit is comprised of three solutions, in which the smears were dipped for

2 minutes each. They were dipped in the following order: Fixative (methanol), Solution 1
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(Xanthene dye), and then Solution 3 (Thiazine Dye, Azure A and Methylene blue). The
vaginal smears were left to dry overnight, and cells were then examined under a light

microscope in order to categorize the stage of estrous.

Heat shock procedure

All animals were housed in the Carleton Animal Care Facility for at least one
week following arrival, before receiving heat shock. All animals were handled and
weighed each day to minimize stress on the day of heat shock.

The animals were brought to the laboratory early on the day of heat shock and
allowed to settle. The animals were weighed and given an intra-peritoneal injection of
sodium pentobarbital (CEVA, McGill, 35 mg/kg). Once the animals were anesthetized,
based on pedal reflex, a lubricated thermometer was inserted rectally. The control rats
were constantly monitored but were not warmed. The heat shock rats were placed on an
insulated heating pad (48 °C), covered, and constantly monitored. Once the core body
temperature reached 42 °C, this temperature was maintained for 15 minutes, by adjusting
the heating pad. After 15 minutes at 42 °C, the animals were removed from the pad and
given a subcutaneous injection of 3 mL of saline and then subsequent injections of 1 or 2
mL of saline throughout the day until the animals began drinking on their own. All
control and heat shock rats were handled gently and encouraged to drink and eat. Once
the rats became ambulatory and drank and ate on their own, they were placed in a clean
cage. The control and heat shock rats were then returned to their homeroom and

monitoring continued into the evening.
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Tissue preparation

At 24 hours following control or heat shock treatment, 64 animals were deeply
anesthetized with an intra-peritoneal injection of sodium pentobarbital (100 mg/kg).
Animals were perfused transcardially with saline (0.9% sodium chloride) for
approximately one minute to remove blood. The brains and hearts were removed from the
rats. The whole hippocampus was removed from the brain and the hearts were cut and

separated into the ventricles and atria. Tissues were stored at -70 °C for western analysis.

Protein fractionation

Hippocampal samples were homogenized with plastic wands chilled at 4 °C
attached to a motorized pestle (Sigma) and the heart tissue was homogenized with a Bio-
Gen homogenizer (Pro Scientific) both in a 0.32 M sucrose solution made in 0.1 M
sodium phosphate buffer (pH = 7.4) with one protease inhibitor tablet (Roche). The
protein concentration was determined by the Bio-Rad Bradford Assay and read in an
ELx800 UV spectrophotometer (Bio-Tek Instruments, Inc.; Winooski, VT) at 595 nm.
Samples were then aliquoted and stored at -70 °C.

Protein samples (n = 6, heat shock female and heat shock male; n =5, control
female and control male) containing 10 pug of hippocampal protein and 5 pg of heart
protein were separated by electrophoresis on a Bio-Rad mini-Protean apparatus. Protein
samples were solubilized in sodium dodecyl sulfate sample buffer (5% B3-
mercaptoethanol + Laemmli Sample Buffer, Bio-Rad), heated for 10 minutes at 95 °C,
and then loaded onto a 4% polyacrylamide stacking gel (made with 1.25 mL of upper

Tris (0.5 M Tris-HCI, pH = 6.8, and 0.4% sodium dodecyl sulfate), 500 uL of 30%
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acrylamide and 0.8% bis-acrylamide, 80 uL of ammonium persulfate, 5 uL of
N,N,N’,N’-tetramethylethylenediamine (TEMED), and 3.17 mL of distilled water). A
Precision Plus Protein Kaleidoscope molecular weight marker (Bio-Rad) was also loaded
beside the protein samples. The samples were migrated through the stacking gel at 75 V
for approximately 20 minutes until stacked and then the samples were fractionated by
electrophoresis in a 10% polyacrylamide separating gel (made with 2.5 mL of lower Tris
(1.5 M Tris-HCI, pH = 8.8, and 0.4% sodium dodecyl sulfate), 3.32 mL of 30%
acrylamide and 0.8% bis-acrylamide, 150 pL of ammonium persulfate, 5 uL of TEMED,
and 4.03 mL of distilled water) at 125 V for approximately 1.5 hours.

Following electrophoretic separation, fractionated proteins were electroblotted
from the polyacrylamide separating gel onto Immobolin-P polyvinylidene fluoride
membranes (Millipore, Missisauga, ON). Membranes were wetted with methanol, and
then with 1 x Tris Buffered Saline (0.02 M Tris-base and 0.14 M NaCl) with 0.1%
Tween-20 (TBS-T, Sigma Aldrich). Proteins were electroblotted to the membrane at 100
V for approximately 2 hours. Membranes were then air dried for approximately 48 hours,

so that protein can dry on the membrane.

Western analysis

After air drying for 48 hours, membranes were wetted with methanol, rinsed with
TBS-T, and then put in 1 x TBS-T made with 5% low fat skim milk (blotto) for 1 hour to
block non specific labeling. Each antibody was applied individually to the membrane.
Before applying a new antibody, the membranes were washed overnight in TBS-T.

Preparation of antibodies was as follows: primary mouse antibody specific for the
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inducible Hsp70 (Enzo Scientific, ADI-SPA-810) was diluted at 1:2000 in blotto.
Primary rabbit antibody specific for Hsp27 (Enzo Scientific, ADI-SPA-801) was diluted
1:10 000 in blotto.

Antibodies specific for 3-Actin and B-Tubulin were used to control for the amount
of protein loaded in each lane. The primary rabbit antibody specific for 3-Actin (Sigma
Aldrich, A2066) was diluted at 1:25000 in blotto, and was incubated on the membranes
containing heart proteins. The primary mouse antibody specific for 3-Tubulin (Sigma
Aldrich, T4026) was diluted at 1:250 000 in blotto and was incubated on the membranes
containing hippocampus proteins. B-Actin and B-Tubulin were levels were consistent and
uninfluenced by stress, which was confirmed by replicat western blots (data not shown).

Incubation of the primary antibody on the membranes was overnight
(approximately 15 hours) in the refrigerator (4 °C) with gentle agitation on an orbital
shaker. In order to remove excess primary antibody, membranes were first dipped a few
times in TBS-T and then washed 3 x 20 minutes with TBS-T on an orbital shaker at room
temperature. For detection of Hsp27 and Hsp70, membranes were then incubated with
secondary peroxidase conjugated chicken anti-rabbit IgG (Santa Cruz, sc-2963) and
peroxidase conjugated chicken anti-mouse IgG (Santa Cruz, sc-2962), respectively. The
incubations were done at a 1:10 000 dilution (in blotto) shaking at room temperature for
one hour.

To remove excess secondary antibody, membranes were first dipped a few times
in 1 x TBS-T and then washed 3 x 20 minutes in 1 x TBS-T at room temperature on an

orbital shaker. Peroxidase-labeled proteins were detected using the enhanced
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chemiluminescence plus (ECL+) Western Blot Detection Kit (Amersham, Arlington

Height, IL) and visualized on a Typhoon (Amersham).

Densitometric measurement

Densitometric measurements for western analysis were performed using Image-J
processing software analysis in Java. Hippocampal Hsp70 and Hsp27 density
measurements were normalized to the density measurement of B-tubulin in the same lane.
Cardiac Hsp70 and Hsp27 density measurements were normalized to the density

measurement of 3-actin in the same lane.

Statistical analysis

Data were expressed as mean + standard error of the mean (SEM). Statistical
anaylses were performed using GraphPad Prism 5.0 for Mac (GraphPad Software Inc.).
One-way Analysis of Variance, and T-tests were used to determine significance, and
Tukey’s post-hoc comparison was used to determine the significant differences. P < 0.05

was used to determine significance.

Immunofluorescent microscopy

At 24 hours following control or heat shock treatment, 32 animals were deeply
anesthetized with an intra-peritoneal injection of sodium pentobarbital (100 mg/kg).
Animals were perfused transcardially with 0.9% saline for approximately one minute to
remove blood. They were then perfused with 4% paraformaldehyde made in 0.1 M

sodium phosphate buffer (pH = 7.4, 4 °C) for approximately two minutes. Tissues were
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then harvested for immunofluorescence microscopy. Brains were then post-fixed in 4%
paraformaldehyde in 0.1 M sodium phosphate buffer (pH = 7.4) for approximately 48
hours at 4 °C, followed by immersion in 30% sucrose made up in 0.1 M phosphate buffer
(pH = 7.4). Serial coronal 30 um sections of the brain were cut on a freezing microtome
(Leica) then stored in a refrigerator (4 °C) in Millonig’s buffer (0.1M sodium phosphate
with 0.03% sodium azide, pH = 7.4) until being processed for immunofluorescence

microscopy.

Hsp70 immunofluorescence

The free-floating 30um coronal brain sections were washed 3 X 10 minutes in
PBS-T, and sections were incubated in 1% hydrogen peroxide made in PBS-T for 20
minutes. Sections were washed 3 x 10 minutes in PBS-T before incubating for one hour
in 2% donkey serum in PBS-T (Millipore). Hippocampal sections immunoreacted with
antibodies against Hsp70, were also immunoreacted with antibodies against either glial
fibrillary acidic protein (GFAP), neuronal nuclei (NeuN), ionized calcium binding
adaptor molecule 1 (Ibal), or Factor VIII. The sections were incubated for one hour at
room temperature and then put at 4 °C on an orbital shaker for 3 days (see Table 1 for
antibody information).

After 3 days of incubating in the primary antibodies, sections were washed 3 x 10
minutes in PBS. Sections were then incubated on an orbital shaker at room temperature
for two hours in fluorescent secondary antibodies diluted in 2% donkey serum (see Table

1 for secondary antibody information).
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Immunoreactivity specificity controls

For the primary antibodies against Hsp70, GFAP, Ibal, or Factor VIII, two
specificity controls (no primary added and no secondary added) were done with 2 or 3
sections of hippocampus. For the primary NeuN polyclonal rabbit antibody conjugated to
Alexa Fluor 488 the no primary specificity control sections were incubated with donkey
anti-rabbit IgG antibody conjugated to Alexa Fluor 488 and with donkey anti-mouse IgG
antibody conjugated to Alexa Fluor 555. After the two-hour incubation, sections were
washed in PBS for two hours (12 X 10 minute washes).

In dim-light, sections were mounted on Superfrost brand slides and coverslipped

with fluorescent mounting media (Sigma-Aldrich).

Hsp27 immunofluorescence

Free-floating 30 um coronal brain sections were washed 3 X 10 minutes in PBS-
T, and then incubated in 1% hydrogen peroxide made in PBS-T for 20 minutes. Sections
were washed 3 x 10 minutes in PBS-T before incubating for one hour in 2% donkey
serum (Millipore). Hippocampal sections immunoreacted with antibodies against Hsp27,
were also immunoreacted with antibodies against either GFAP, NeuN, Ibal or Hsp70.
The sections were incubated for one hour at room temperature and then put at 4 °C on a
shaker for 3 days (see Table 2 for antibody information).

After 3 days of incubating in the primary antibodies, sections were washed 3 x 10
minutes in PBS. Sections were then incubated on a shaker at room temperature for two
hours in fluorescent secondary antibodies diluted in 2% donkey serum (see Table 2 for

secondary antibody information).
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Immunoreactivity specificity controls

For the primary antibodies against Hsp27, NeuN, Ibal, or Factor VIII, two
specificity controls (no primary added and no secondary added) were done with 2 or 3
sections of hippocampus. For the primary GFAP monoclonal mouse antibody conjugated
to Cy3 the no primary specificity control sections were incubated with donkey anti-rabbit
IgG antibody conjugated to Alexa Fluor 488 and with donkey anti-mouse IgG antibody
conjugated to Alexa Fluor 555. After the two-hour incubation, sections were washed in
PBS for two hours (12 X 10 minute washes).

In dim-light, sections were mounted on Superfrost brand slides and coverslipped

with fluorescent mounting media (Sigma-Aldrich).
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Table 1. Hsp70, GFAP, NeuN, Ibal, and Factor VIII primary and secondary antibodies

for Immunofluorescence microscopy

Primary antibodies Secondary antibodies
Hsp70 monoclonal mouse antibody at donkey anti-mouse IgG antibody
1:500 (Enzo Scientific, ADI-SPA-810) conjugated to Alexa Fluor 488 at 1:500

(Invitrogen, A21202)

donkey anti-mouse IgG antibody
conjugated to Alexa Fluor 555 at 1:500
(Invitrogen, A31570)

GFAP polyclonal rabbit antibody at 1:500 donkey anti-rabbit IgG antibody
(Dako, Z0334) conjugated to Alexa Fluor 488 at 1:500
(Invitrogen, A21206)

NeuN polyclonal rabbit antibody *
conjugated to Alexa Fluor 488 at 1:500
(Millipore, ABN78A4)

Ibal polyclonal rabbit antibody at 1:500 donkey anti-rabbit IgG antibody
(Wako, 019-19741) conjugated to Alexa Fluor 488 at 1:500
(Invitrogen, A21206)

Factor VIII polyclonal rabbit at 1:500 donkey anti-rabbit IgG antibody
(Oncogene Research Products, PC313) conjugated to Alexa Fluor 555 at 1:500
(Invitrogen, A31570)

* The NeuN polyclonal rabbit antibody conjugated to Alexa Fluor 488 no primary
control sections were incubated with donkey anti-rabbit [gG antibody conjugated
to Alexa Fluor 488 at 1:500 (Invitrogen, A21206) and with donkey anti-mouse IgG

antibody conjugated to Alexa Fluor 555 at 1:500 (Invitrogen, A31570).
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Table 2. Hsp27, GFAP, NeuN, Ibal, and Hsp70 primary and secondary antibodies for

Immunofluorescence microscopy

Primary antibodies Secondary antibodies
Hsp27 polyclonal rabbit antibody at 1:500 donkey anti-rabbit IgG antibody
(Enzo Scientific, ADI-SPA-801) conjugated to Alexa Fluor 488 at 1:500
(Invitrogen, A21206)
GFAP monoclonal mouse antibody *
conjugated to Cy3 at 1:500 (Sigma,
C92050)
NeuN monoclonal mouse antibody at 1:500 donkey anti-mouse IgG antibody
(Millipore, MAB377) conjugated to Alexa Fluor 555 at 1:500
(Invitrogen, A31570)
donkey anti-mouse IgG antibody
conjugated to Alexa Fluor 488 at 1:500
(Invitrogen, A21202)
Ibal monoclonal mouse antibody at 1:500 donkey anti-mouse IgG antibody
(Abcam, ab15690) conjugated to Alexa Fluor 555 at 1:500
(Invitrogen, A31570)
Hsp70 monoclonal mouse antibody at donkey anti-mouse IgG antibody
1:500 (Enzo Scientific, ADI-SPA-810) conjugated to Alexa Fluor 555 at 1:500
(Invitrogen, A31570)

* The GFAP monoclonal mouse antibody conjugated to Cy3 no primary control
sections were incubated with donkey anti-mouse IgG antibody conjugated to Cy3
at 1:500 (Jackson Immuno Research, 715-165-151) and with donkey anti-rabbit

IgG antibody conjugated to Alexa Fluor 488 at 1:500 (Invitrogen, A21206).
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Results

Whole hippocampus western analysis

Hsp70 and Hsp27 levels were detected by western analysis in the hippocampus of
control and 24 hours heat shock female and male rats. B-tubulin levels were detected and
served as a loading control and for normalization of the levels of Hsp70 and Hsp27.

By western analysis, little or no Hsp70 was detected in the hippocampus of
control female and control male rats (Figure 3.1 A). Hsp27 was easily detectable and at
similar levels in the hippocampus of control female and male rats (Figure 3.1 A).
Statistical analysis, using an unpaired two-tailed t-test, revealed no differences in levels
of Hsp70 (Figure 3.1 B) or Hsp27 (Figure 3.1 C) in the hippocampus between control
female (n = 5) and male (n = 5) rats (p > 0.05).

Hsp70 and Hsp27 levels in the hippocampus were low in control female rats and
appeared to be increased in female rats 24 hours following heat shock treatment (Figure
3.2 A). Statistical analysis, using an unpaired two-tailed t-test, revealed significantly
greater levels of Hsp70 (p < 0.05; Figure 3.2 B) and Hsp27 (p < 0.05; Figure 3.2 C) in the
hippocampus of heat shock female (n = 6) rats, compared to control female (n = 5) rats.

Hsp70 and Hsp27 levels in the hippocampus were low in control male rats and
appeared to be increased in male rats 24 hours following heat shock treatment (Figure 3.3
A). Statistical analysis, using an unpaired two-tailed t-test, revealed significantly greater
levels of Hsp70 (p < 0.01; Figure 3.3 B) and Hsp27 (p < 0.01; Figure 3.3 C) in the

hippocampus of heat shock male (n = 6) rats, compared to control male (n = 5) rats.
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Hsp70 and Hsp27 levels in the hippocampus were easily detectable 24 hours
following heat shock treatment in both female and male rats (Figure 3.4 A). Heat shock
male rats appeared to have greater levels of Hsp70 and Hsp27 than heat shock female
rats. Statistical analysis, using an unpaired two-tailed t-test, revealed significantly greater
levels of Hsp70 (p < 0.05; Figure 3.4 B) and Hsp27 (p < 0.05; Figure 3.4 C) in the

hippocampus of heat shock male (n = 6) rats, compared to heat shock female (n = 6) rats.

Immunofluorescent microscopy

Immunoreactivity specificity controls

Hsp70 immunoreactivity was detectable in the hippocampus in a few cells in the
control male rat (Figure 3.5 A), and in many cells in the heat shock male rat (Figure 3.5
B) with the primary Hsp70 monoclonal mouse antibody and the secondary donkey anti-
mouse IgG antibody conjugated to Alexa Fluor 555 or the donkey anti-mouse IgG
antibody conjugated to Alexa Fluor 488. No Hsp70 immunoreactive cells were detected
in the hippocampus with omission of the primary Hsp70 monoclonal mouse antibody
(Figure 3.5 C) or omission of the secondary donkey anti-mouse IgG antibody conjugated
to Alexa Fluor 555 (data not shown) or the secondary donkey anti-mouse IgG antibody
conjugated to Alexa Fluor 488 (Figure 3.5 D).

Hsp27 immunoreactivity was detected in the hippocampus in a few cells in the
control male rat (Figure 3.5 E), and in many cells in the heat shock male rat (Figure 3.5
F) with the primary Hsp27 polyclonal rabbit antibody. No Hsp27 immunoreactive cells

were detected with omission of the primary Hsp27 polyclonal rabbit antibody (Figure 3.5
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G) or omission of the secondary donkey anti-rabbit IgG antibody conjugated to Alexa
Fluor 488 (Figure 3.5 H).

GFAP immunoreactivity was detected in many astrocytes in the hippocampus of
the control rat with primary GFAP polyclonal rabbit antibody and the secondary donkey
anti-rabbit IgG antibody conjugated to Alexa Fluor 488 (Figure 3.6 A). No
immunoreactivity was detected with omission of the primary GFAP polyclonal rabbit
antibody (Figure 3.6 B) or with omission of the secondary donkey anti-rabbit IgG
antibody conjugated to Alexa Fluor 488 (Figure 3.6 C). GFAP immunoreactivity was also
detected in many astrocytes in the hippocampus of the control rat with primary GFAP
monoclonal mouse antibody conjugated to Cy3. No immunoreactivity was detected with
omission of the primary GFAP monoclonal mouse antibody conjugated to Cy3 or with
incubation with inappropriate secondary donkey anti-mouse IgG antibody conjugated to
Cy3, or with secondary donkey anti-rabbit IgG antibody conjugated to Alexa Fluor 488
(data not shown).

NeuN immunoreactivity was detected in many neurons in the hippocampus of the
control male rat with the primary NeuN monoclonal mouse antibody and the donkey anti-
mouse IgG secondary antibody conjugated to Alexa Fluor 488 (Figure 3.6 D). No
immunoreactive neurons were detected with omission of the primary NeuN monoclonal
mouse antibody (Figure 3.6 E) and with the omission of the donkey anti-mouse IgG
secondary antibody conjugated to Alexa Fluor 488 (Figure 3.6 F). NeuN
immunoreactivity was also detected in many neurons in the hippocampus of the control
male rat with primary NeuN polyclonal rabbit antibody conjugated to Alexa Fluor 488.

No immunoreactivity was detected with omission of the primary NeuN polyclonal rabbit
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antibody conjugated to Alexa Fluor 488 or with incubation with inappropriate secondary
donkey anti-rabbit IgG antibody conjugated to Alexa Fluor 488, or with secondary
donkey anti-mouse IgG antibody conjugated to Alexa Fluor 555 (data not shown).

Ibal immunoreactivity was detected in many microglia in hippocampus of a
control male rat with the primary Ibal polyclonal rabbit antibody and the secondary
donkey anti-rabbit IgG antibody conjugated to Alexa Fluor 488 (Figure 3.6 G). No
immunoreactive microglia were detected with omission of the primary Ibal polyclonal
rabbit antibody (Figure 3.6 H) and with the omission of the secondary donkey anti-rabbit
IgG antibody conjugated to Alexa Fluor 488 (Figure 3.6 I). Ibal immunoreactivity was
also detected in many microglia in hippocampus of a control male rat with the primary
Ibal monoclonal mouse antibody and the secondary donkey anti-mouse IgG antibody
conjugated to Alexa Fluor 555. No Ibal immunoreactivity was detected with omission of
the primary Ibal monoclonal mouse antibody or the secondary donkey anti-mouse IgG
antibody conjugated to Alexa Fluor 555 (data not shown).

Factor VIII immunoreactivity was detectable in and around small blood vessels in
the hippocampus of the control male rat with primary Factor VIII polyclonal rabbit
antibody and the secondary donkey anti-rabbit IgG antibody conjugated to Alexa Fluor
555 (Figure 3.6 J). No immunoreactivity was detected with omission of the primary
Factor VIII polyclonal rabbit antibody (Figure 3.6 K) and with omission of the secondary

donkey anti-rabbit IgG antibody conjugated to Alexa Fluor 555 (Figure 3.6 L).
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Immunofluorescent double labeling for Hsp70 and GFAP, NeuN, Ibal, and Factor
VIIL

Hsp70 immunoreactivity was undetectable in the hippocampus of control female
rats (Figure 3.7 A1) and was detectable in many cells and small blood vessels 24 hours
following heat shock in the hippocampus of female rats (Figure 3.7 B1). Hsp70
immunoreactivity was detectable in a few cells of the hippocampus of control male rats
(Figure 3.7 C1) and in many cells and small blood vessels 24 hours following heat shock
in the hippocampus of male rats (Figure 3.7 D1). GFAP immunoreactivity was detectable
in many cells in the hippocampus in control female (Figure 3.7 A2), heat shock female
(Figure 3.7 B2), control male (Figure 3.7 C2), and heat shock male (Figure 3.7 D2) rats.
Merged micrographs (Figure 3.7 A3, B3, C3, D3) of Hsp70 and GFAP immunoreactivity
show no colocalization of Hsp70 and GFAP.

Immunofluorescent double labeling for Hsp70 and NeuN (Figure 3.8) revealed
similar Hsp70 immunoreactivity as before. Hsp70 was undetectable in the hippocampus
of control female rats (Figure 3.8 A1) and was detectable in many cells and small blood
vessels of the hippocampus 24 hours following heat shock in female rats (Figure 3.8 B1).
Hsp70 immunoreactivity was detectable in a few cells of the hippocampus of control
male rats (Figure 3.8 C1) and in many cells and small blood vessels of the hippocampus
24 hours following heat shock in male rats (Figure 3.8 D1). NeuN immunoreactivity was
detectable in many cells in the hippocampus of control female (Figure 3.8 A2), heat
shock female (Figure 3.8 B2), control male (Figure 3.8 C2), and heat shock male (Figure
3.8 D2) rats. Merged micrographs (Figure 3.8 A3, B3, C3, D3) of Hsp70 and NeuN

immunoreactivity show no colocalization of Hsp70 and NeuN.
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Immunofluorescent double labeling for Hsp70 and Ibal (Figure 3.9) revealed
similar Hsp70 immunoreactivity as before. Hsp70 immunoreactivity was undetectable in
the hippocampus of control female rats (Figure 3.9 A1) and was detectable in many cells
and small blood vessels of the hippocampus 24 hours following heat shock in female rats
(Figure 3.9 B1). Hsp70 immunoreactivity was detectable in a few cells of the
hippocampus in control male rats (Figure 3.9 C1) and in many cells and small blood
vessels of the hippocampus 24 hours following heat shock in male rats (Figure 3.9 D1).
Ibal immunoreactivity was detectable in many cells in the hippocampus of control
female (Figure 3.9 A2), heat shock female (Figure 3.9 B2), control male (Figure 3.9 C2),
and heat shock male (Figure 3.9 D2) rats. Merged micrographs (Figure 3.9 A3, B3, C3,
D3) of Hsp70 and Ibal immunoreactivity show some colocalization of Hsp70 and Ibal.
After heat shock in the female, Hsp70 immunoreactivity (Figure 3.9 B3, arrows) was
detected mostly in Ibal negative cells and in some small blood vessels. After heat shock
in the male, Hsp70 immunoreactivity (Figure 3.9 D3, arrows) was detected in some Ibal
immunoreactive cells and some small blood vessels.

Immunofluorescent double labeling for Hsp70 and Factor VIII (Figure 3.10)
revealed similar Hsp70 immunoreactivity as before. Hsp70 immunoreactivity was
undetectable in the hippocampus of control female rats (Figure 3.10 A1) and was
detectable in many cells and small blood vessels of the hippocampus 24 hours following
heat shock in female rats (Figure 3.10 B1). Hsp70 immunoreactivity was not detectable
in the hippocampus of control male rats (Figure 3.10 C1) and was detected in many cells
and small blood vessels of the hippocampus 24 hours following heat shock in male rats

(Figure 3.10 D1). Factor VIII immunoreactivity was detectable in many small blood
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vessels in the hippocampus of control female (Figure 3.10 A2), heat shock female (Figure
3.10 B2), control male (Figure 3.10 C2), and heat shock male (Figure 3.10 D2) rats.
Merged micrographs (Figure 3.10 A3, B3, C3, D3) of Hsp70 and Factor VIII
immunoreactivity show colocalization of Hsp70 and Factor VIII, particularly in small
blood vessels after heat shock (Figure 3.10 B3, D3). Hsp70 immunoreactive cells that
were negative for Factor VIII immunoreactivity are also evident (Figure 3.10 B3, D3,

arrows).

Immunofluorescent double labeling for Hsp27 and GFAP, NeuN, Ibal, and Hsp70

Hsp27 immunoreactivity was undetectable in the hippocampus of a control female
rat (a few fluorescent red blood cells are evident) (Figure 3.11 A1) and was detectable in
small blood vessels and many astrocytes in the hippocampus 24 hours following heat
shock in a female rat (Figure 3.11 B1). Hsp27 immunoreactivity was detectable at a low
level in some astrocytes in the hippocampus of this particular control male rat (Figure
3.11 C1) and in some small blood vessels and many astrocytes 24 hours following heat
shock in the hippocampus of a male rat (Figure 3.11 D1). GFAP immunoreactivity was
detectable in many astrocytes in the hippocampus of control female (Figure 3.11 A2),
heat shock female (Figure 3.11 B2), control male (Figure 3.11 C2), and heat shock male
(Figure 3.11 D2) rats. Merged micrographs (Figure 3.11A3, B3, C3, D3) of Hsp27 and
GFAP immunoreactivity show some colocalization of Hsp27 and GFAP (arrows),
particularly after heat shock.

Immunofluorescent double labeling for Hsp27 and NeuN (Figure 3.12) revealed

the more consistent pattern of Hsp27 immunoreactivity, particularly for the hippocampus

44



of the control male. Hsp27 immunoreactivity was undetectable in the hippocampus of
control female rats (Figure 3.12 A1) and was detectable in small blood vessels and many
astrocytes of the hippocampus 24 hours following heat shock in female rats (Figure 3.12
B1). Hsp27 immunoreactivity was undetectable in the hippocampus of control male rats
(a few fluorescent red blood cells are evident) (Figure 3.12 C1) and was detectable in
some small blood vessels and many astrocytes of the hippocampus 24 hours following
heat shock in male rats (Figure 3.12 D1). NeuN immunoreactivity was detectable in
many neurons in the hippocampus of control female (Figure 3.12 A2), heat shock female
(Figure 3.12 B2), control male (Figure 3.12 C2), and heat shock male (Figure 3.12 D2)
rats. Merged micrographs (Figure 3.12 A3, B3, C3, D3) of Hsp27 and NeuN
immunoreactivity show no colocalization of Hsp27 and NeuN.

Immunofluorescent double labeling for Hsp27 and Ibal (Figure 3.13) revealed a
similar pattern of Hsp27 immunoreactivity as before. Hsp27 immunoreactivity was
undetectable in the hippocampus of control female rats (a few fluorescent red blood cells
are evident) (Figure 3.13 A1) and was detectable in small blood vessels and many
astrocytes of the hippocampus 24 hours following heat shock in female rats (Figure 3.13
B1). Hsp27 immunoreactivity was undetectable in the hippocampus of control male rats
(Figure 3.13 C1) and was detected in some small blood vessels and many astrocytes of
the hippocampus 24 hours following heat shock in male rats (Figure 3.13 D1). Ibal
immunoreactivity was detectable in many cells in the hippocampus of control female
(Figure 3.13 A2), heat shock female (Figure 3.13 B2), control male (Figure 3.13 C2), and
heat shock male (Figure 3.13 D2) rats. Merged micrographs (Figure 3.13 A3, B3, C3,

D3) of Hsp27 and Ibal immunoreactivity show no colocalization of Hsp27 and Ibal.
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Immunofluorescent double labeling for Hsp27 and Hsp70 (Figure 3.14) revealed
similar patterns of Hsp27 immunoreactivity and Hsp70 immunoreactivity as seen before.
Hsp27 immunoreactivity was detectable in a few small blood vessels in the hippocampus
of control female rats (Figure 3.14 A1) and was detectable in small blood vessels and
many astrocytes in the hippocampus 24 hours following heat shock in female rats (Figure
3.14 B1). Hsp27 immunoreactivity was detectable in a few small blood vessels in the
hippocampus of control male rats (Figure 3.14 C1) and was detected in some small blood
vessels and many cells in the hippocampus 24 hours following heat shock in male rats
(Figure 3.14 D1). Hsp70 immunoreactivity (red) was undetectable in the hippocampus of
control female rats (Figure 3.14 A2) and was detectable in many cells and small blood
vessels in the hippocampus 24 hours following heat shock in female rats (Figure 3.14
B2). Hsp70 immunoreactivity was undetectable in the hippocampus of control male rats
(Figure 3.14 C2) and was detectable in small blood vessels and in many cells in the
hippocampus 24 hours following heat shock in male rats (Figure 3.14 D2). Merged
micrographs (Figure 3.14 A3, B3, C3, D3) of Hsp27 and Hsp70 immunoreactivity show
some colocalization of Hsp27 and Hsp70 in small blood vessels and in many cells,

particularly after heat shock (Figure 3.14 B3, D3; arrows).

Heart western analysis
Hsp70 and Hsp27 levels were detected by western analysis in the heart of control
and 24 hours heat shock female and male rats. B-actin levels were detected and served as

a loading control and for normalization of the levels of Hsp70 and Hsp27.
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By western analysis, little or no Hsp70 was detected in the heart of control female
and control male rats (Figure 3.15 A). Hsp27 was detectable in the heart at similar levels
in both control female and control male rats (Figure 3.15 A). From left to right on the
membrane, control female rats were in the following stages of the estrous cycle:
metaestrus, metaestrus, diestrus, metaestrus, and diestrus. Statistical analysis revealed no
significant differences between Hsp70 (Figure 3.15 B) and Hsp27 (Figure 3.15 C) levels
in hearts of control female (n = 5) and male (n = 5) rats (p > 0.05).

Hsp70 and Hsp27 levels in the heart were low in control female rats and appeared
to be increased in female rats 24 hours following heat shock treatment (Figure 3.16 A).
Statistical analysis revealed significantly greater levels of Hsp70 (p < 0.05; Figure 3.16
B) and Hsp27 (p < 0.001; Figure 3.16 C) in the hearts of heat shock female (n = 6) rats,
compared to control female (n = 5) rats.

Hsp70 and Hsp27 levels in the heart were low in control male rats and appeared
to be increased in male rats 24 hours following heat shock treatment (Figure 3.17 A).
Statistical analysis revealed significant differences in Hsp70 (*, p < 0.05; Figure 3.17 B)
and Hsp27 (**, p <0.01; Figure 3.17 C) levels in the hearts of control male (n = 5) and
heat shocked male (n = 6) rats.

Hsp70 and Hsp27 levels in the hearts of female and male rats were easily
detectable 24 hours following heat shock treatment (Figure 3.18 A). From left to right on
the membrane (Figure 3.18 A) heat shock female rats are in the following stages of the
estrous cycle: estrus, proestrus, estrus, estrus, metaestrus, and proestrus. Statistical

analysis revealed no difference in Hsp70 (Figure 3.18 B) levels and a significant
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difference in Hsp27 (Figure 3.18 C) levels in the hearts of female (n = 6) and male (n =

6) rats (*, p < 0.05) 24 hours following heat shock treatment.
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Figure 3.1: Western analysis of Hsp70 and Hsp27 levels in the hippocampus of control
rats. Rats were perfused 24 hours following control treatment. Little or no Hsp70 was
detected in both the hippocampus of control male and the control female rats (A). Hsp27
was detectable at similar levels in the hippocampus of both control male and female rats
(A). From left to right on the membrane, control female rats were in the following stages
of the estrous cycle: metaestrus, metaestrus, diestrus, metaestrus, and diestrus. Statistical
analysis revealed no significant differences in Hsp70 (B) and Hsp27 (C) levels in the
hippocampus of control male (n = 5) and female (n = 5) rats (p > 0.05). Data are

presented as mean = SEM.
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Figure 3.2: Western analysis of Hsp70 and Hsp27 levels in the hippocampus of control
and heat shocked female rats. Rats were perfused 24 hours following control treatment
and 24 hours following heat shock treatment. Hsp70 and Hsp27 levels appeared to be
increased 24 hours following heat shock treatment in the hippocampus (A). From left to
right on the membrane (A), female sham treated rats are in the following stages of the
estrous cycle: metaestrus, metaestrus, diestrus, metaestrus, and diestrus, and female heat
shocked rats are in: estrus, proestrus, estrus, estrus, metaestrus, and proestrus. Statistical
analysis revealed significant differences in Hsp70 (B) and Hsp27 (C) levels in the
hippocampus of control female (n = 5) and 24 hours after heat shock female (n = 6) rats

(*, p <0.05). Data are presented as mean + SEM.
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Figure 3.3: Western analysis of Hsp70 and Hsp27 levels in the hippocampus of control
and heat shocked male rats. Rats were perfused 24 hours following control treatment and
24 hours following heat shock treatment. Hsp70 and Hsp27 levels appeared to be
increased 24 hours following heat shock treatment in the hippocampus (A). Statistical
analysis revealed significant differences in Hsp70 (B) and Hsp27 (C) levels in the
hippocampus of control male (n = 5) and 24 hours after heat shock male (n = 6) rats (**,

p <0.01). Data are presented as mean + SEM.
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Figure 3.4: Western analysis of Hsp70 and Hsp27 levels in the hippocampus of heat
shock female and heat shock male rats. Rats were perfused 24 hours following heat shock
treatment. Hsp70 and Hsp27 levels were easily detectable 24 hours following heat shock
treatment in the hippocampus (A). From left to right on the membrane (A) female heat
shock rats are in the following stages of the estrous cycle: estrus, proestrus, estrus, estrus,
metaestrus, and proestrus. Statistical analysis revealed significant differences in Hsp70
(B) and Hsp27 (C) levels in the hippocampus of 24 hours after heat shock female (n = 6)
and 24 hours after heat shock male (n = 6) rats (*, p < 0.05). Data are presented as mean

+ SEM.
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Figure 3.5: Specificity of Hsp70 and Hsp27 immunoreactivity. Little or no Hsp70
immunoreactivity was detected in the hippocampus of a control male rat (A). Hsp70
immunoreactivity was abundant 24 hours after heat shock treatment (B).
Immunoreactivity was not detected with omission of the primary Hsp70 monoclonal
mouse antibody (C) or omission of the secondary Alexa Fluor 488 donkey anti-mouse
antibody (D). A few cells were Hsp27 immunoreactive in the hippocampus of a control
male rat (E). Hsp27 immunoreactivity was abundant 24 hours after heat shock treatment
(F). Immunoreactivity was not detected with omission of the primary Hsp27 polyclonal
rabbit antibody (G) or omission of the secondary Alexa Fluor 488 donkey anti-rabbit
antibody (H) in hippocampus of a heat shock male rats. The scale bar represents 100

microns.
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Figure 3.6: Specificity of GFAP, NeuN, Ibal, and Factor VIII immunoreactivity. Many
cells were immune-reactive with primary GFAP polyclonal rabbit antibody (A). No
immunoreactivity was detected with omission of the primary GFAP polyclonal rabbit
antibody (B) and with the omission of the Alexa Fluor 488 donkey anti-rabbit antibody
(C). Many cells were immunoreactive with primary NeuN monoclonal mouse antibody
(D). No immunoreactivity was detected with omission of the primary antibody (E) and
with the omission of the secondary Alexa Fluor 488 donkey anti-mouse antibody (F).
Many cells were immunoreactive with primary Ibal polyclonal rabbit antibody (G). No
immunoreactivity was detected with omission of the primary polyclonal rabbit antibody
(H) and with the omission of the Alexa Fluor 488 donkey anti-rabbit antibody (I). Many
cells were immunoreactive with primary Factor VIII polyclonal rabbit antibody (J). No
immunoreactivity was detected with omission of the primary Factor VIII polyclonal
rabbit antibody (K) and with the omission of the Alexa Fluor 555 donkey anti-rabbit

antibody (L). The scale bar represents 100 microns.
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Figure 3.7: Hsp70 and GFAP immunoreactivity in hippocampus of female and male rats.
Hsp70 immunoreactivity (red) was undetectable in the hippocampus of control female
rats (A1) and was detectable in many cells and small blood vessels 24 hours following
heat shock in the hippocampus of female rats (B1). Hsp70 immunoreactivity was
detectable in a few cells of the hippocampus of control male rats (C1) and in many cells
and small blood vessels 24 hours following heat shock in the hippocampus of male rats
(D1). GFAP immunoreactivity (green) was detectable in many cells in the hippocampus
in control female (A2), heat shock female (B2), control male (C2), and heat shock male
(D2) rats. Merged micrographs (A3, B3, C3, D3) of Hsp70 and GFAP immunoreactivity
show no colocalization of Hsp70 and GFAP. Arrows indicate Hsp70 immunoreactive

cells. The scale bar represents 100 microns.
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Figure 3.8: Hsp70 and NeuN immunoreactivity in the hippocampus of female and male
rats. Hsp70 immunoreactivity (red) was undetectable in the hippocampus of control
female rats (A1) and was detectable in many cells and small blood vessels of the
hippocampus 24 hours following heat shock in female rats (B1). Hsp70 immunoreactivity
was detectable in a few cells of the hippocampus of control male rats (C1) and in many
cells and small blood vessels of the hippocampus 24 hours following heat shock in male
rats (D1). NeuN immunoreactivity (green) was detectable in many cells in the
hippocampus of control female (A2), heat shock female (B2), control male (C2), and heat
shock male (D2) rats. Merged micrographs (A3, B3, C3, D3) of Hsp70 and NeuN
immunoreactivity show no colocalization of Hsp70 and NeuN. Arrows indicate Hsp70

immunoreactive cells. The scale bar represents 100 microns.
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Figure 3.9: Hsp70 and Ibal immunoreactivity in the hippocampus female and male rats.
Hsp70 immunoreactivity (red) was undetectable in the hippocampus of control female
rats (A1) and was detectable in many cells and small blood vessels of the hippocampus
24 hours following heat shock in female rats (B1). Hsp70 immunoreactivity was
detectable in a few cells of the hippocampus in control male rats (C1) and in many cells
and small blood vessels of the hippocampus 24 hours following heat shock in male rats
(D1). Ibal immunoreactivity (green) was detectable in many cells in the hippocampus of
control female (A2), heat shock female (B2), control male (C2), and heat shock male
(D2) rats. Merged micrographs (A3, B3, C3, D3) of Hsp70 and Ibal immunoreactivity
show some colocalization of Hsp70 and Ibal. After heat shock in the female, Hsp70
immunoreactivity (B3, arrows) was detected mostly in Ibal negative cells and in some
small blood vessels. After heat shock in the male, Hsp70 immunoreactivity (D3, arrows)
was detected in some Ibal immunoreactive cells and some small blood vessels. The scale

bar represents 100 microns.
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Figure 3.10: Hsp70 and Factor VIII immunoreactivity in the hippocampus of female and
male rats. Hsp70 immunoreactivity (green) was undetectable in the hippocampus of
control female rats (A1) and was detectable in many cells and small blood vessels of the
hippocampus 24 hours following heat shock in female rats (B1). Hsp70 immunoreactivity
was not detectable in the hippocampus of control male rats (C1) and was detected in
many cells and small blood vessels of the hippocampus 24 hours following heat shock in
male rats (D1). Factor VIII immunoreactivity (red) was detectable in many small blood
vessels in the hippocampus of control female (A2), heat shock female (B2), control male
(C2), and heat shock male (D2) rats. Merged micrographs (A3, B3, C3, D3) of Hsp70
and Factor VIII immunoreactivity show colocalization of Hsp70 and Factor VIII,
particularly in small blood vessels (B3, D3). Arrows indicate Hsp70 immunoreactive
cells that were negative for Factor VIII immunoreactivity. The scale bar represents 100

microns.
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Figure 3. 11: Hsp27 and GFAP immunoreactivity in the hippocampus of female and
male rats. Hsp27 immunoreactivity (green) was undetectable in the hippocampus of
control female rats (a few fluorescent red blood cells are evident) (A1) and was
detectable in small blood vessels and many astrocytes in the hippocampus 24 hours
following heat shock in female rats (B1). Hsp27 immunoreactivity was detectable at a
low level in some astrocytes in the hippocampus of control male rats (C1) and in some
small blood vessels and many astrocytes 24 hours following heat shock in the
hippocampus of male rats (D1). GFAP immunoreactivity (red) was detectable in many
astrocytes in the hippocampus of control female (A2), heat shock female (B2), control
male (C2), and heat shock male (D2) rats. Merged micrographs (A3, B3, C3, D3) of
Hsp27 and GFAP immunoreactivity show some colocalization of Hsp27 and GFAP.
Arrows indicate Hsp27 immunoreactive astrocytes that are also positive for GFAP

immunoreactivity. The scale bar represents 100 microns.
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Figure 3.12: Hsp27 and NeuN immunoreactivity in the hippocampus of female and male
rats. Hsp27 immunoreactivity (green) was undetectable in the hippocampus of control
female rats (A1) and was detectable in small blood vessels and many astrocytes of the
hippocampus 24 hours following heat shock in female rats (B1). Hsp27 immunoreactivity
was undetectable in the hippocampus of control male rats (a few fluorescent red blood
cells are evident) (C1) and was detectable in some small blood vessels and many
astrocytes of the hippocampus 24 hours following heat shock in male rats (D1). NeuN
immunoreactivity (red) was detectable in many neurons in the hippocampus of control
female (A2), heat shock female (B2), control male (C2), and heat shock male (D2) rats.
Merged micrographs (A3, B3, C3, D3) of Hsp27 and NeuN immunoreactivity show no
colocalization of Hsp27 and NeuN. Arrows indicate Hsp27 immunoreactive astrocytes.

The scale bar represents 100 microns.
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Figure 3.13: Hsp27 and Ibal immunoreactivity in the hippocampus of female and male
rats. Hsp27 immunoreactivity (green) was undetectable in the hippocampus of control
female rats (a few fluorescent red blood cells are evident) (A1) and was detectable in
small blood vessels and many astrocytes of the hippocampus 24 hours following heat
shock in female rats (B1). Hsp27 immunoreactivity was undetectable in the hippocampus
of control male rats (C1) and was detected in some small blood vessels and many
astrocytes of the hippocampus 24 hours following heat shock in male rats (D1). Ibal
immunoreactivity (red) was detectable in many cells in the hippocampus of control
female (A2), heat shock female (B2), control male (C2), and heat shock male (D2) rats.
Merged micrographs (A3, B3, C3, D3) of Hsp27 and Ibal immunoreactivity show no
colocalization of Hsp27 and Ibal. Arrows indicate Hsp27 immunoreactive astrocytes.

The scale bar represents 100 microns.
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Figure 3.14: Hsp27 and Hsp70 immunoreactivity in the hippocampus of female and male
rats. Hsp27 immunoreactivity (green) was detectable in a few small blood vessels in the
hippocampus of control female rats (A1) and was detectable in small blood vessels and
many astrocytes in the hippocampus 24 hours following heat shock in female rats (B1).
Hsp27 immunoreactivity was detectable in a few small blood vessels in the hippocampus
of control male rats (C1) and was detected in some small blood vessels and many cells in
the hippocampus 24 hours following heat shock in male rats (D1). Hsp70
immunoreactivity (red) was undetectable in the hippocampus of control female rats (A2)
and was detectable in many cells and small blood vessels in the hippocampus 24 hours
following heat shock in female rats (B2). Hsp70 immunoreactivity was undetectable in
the hippocampus of control male rats (C2) and was detectable in small blood vessels and
in many cells in the hippocampus 24 hours following heat shock in male rats (D2).
Merged micrographs (A3, B3, C3, D3) of Hsp27 and Hsp70 immunoreactivity show
colocalization of Hsp27 and Hsp70 in small blood vessels and in many cells. Arrows

indicate Hsp27 and Hsp70 immunoreactive cells. The scale bar represents 100 microns.
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Figure 3.15: Western analysis of Hsp70 and Hsp27 levels in the hearts of control rats.
Rats were perfused 24 hours following control treatment. No Hsp70 was detected in heart
of both control female and control male rats (A). Hsp27 was detectable in the heart at
similar levels in both control female and control male rats (A). From left to right on the
membrane, control female rats were in the following stages of the estrous cycle:
metaestrus, metaestrus, diestrus, metaestrus, and diestrus. Statistical analysis revealed no
significant differences between Hsp70 (B) and Hsp27 (C) levels in hearts of control

female (n = 5) and male (n = 5) rats (p > 0.05). Data is presented as mean = SEM.
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Figure 3.16: Western analysis of Hsp70 and Hsp27 levels in the hearts of control and
heat shock female rats. Rats were perfused 24 hours following control treatment and 24
hours following heat shock treatment. Hsp70 and Hsp27 levels appeared to be increased
in the hearts 24 hours following heat shock treatment (A). From left to right on the
membrane (A), control female rats are in the following stages of the estrous cycle:
metaestrus, metaestrus, diestrus, metaestrus, and diestrus, and heat shock female rats are
in: estrus, proestrus, estrus, estrus, metaestrus, and proestrus. Statistical analysis revealed
significant differences in Hsp70 (*, p < 0.05) (B) and Hsp27 (***, p <0.001) (C) levels
in the hearts of control female (n = 5) and heat shock female (n = 6) rats. Data are

presented as mean + SEM.
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Figure 3.17: Western analysis of Hsp70 and Hsp27 levels in the hearts of control and
heat shock male rats. Rats were perfused 24 hours following control treatment and 24
hours following heat shock treatment. Hsp70 and Hsp27 levels appeared to be increased
in the heart 24 hours following heat shock treatment (A). Statistical analysis revealed
significant differences in Hsp70 (*, p < 0.05) (B) and Hsp27 (**, p <0.01) (C) levels in
the hearts of control male (n = 5) and heat shocked male (n = 6) rats. Data are presented

as mean = SEM.
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Figure 3.18: Western analysis of Hsp70 and Hsp27 levels in the hearts of heat shock
female and heat shock male rats. Rats were perfused 24 hours following heat shock
treatment. Hsp70 and Hsp27 levels were easily detectable 24 hours following heat shock
treatment in the hearts (A). From left to right on the membrane (A) heat shock female rats
are in the following stages of the estrous cycle: estrus, proestrus, estrus, estrus,
metaestrus, and proestrus. Statistical analysis revealed no difference in Hsp70 (B) or
Hsp27 (C) levels in the hearts of female (n = 6) and male (n = 6) rats. Data are presented

as mean = SEM.
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Discussion

The major findings in this thesis are that: 1) In the hippocampus, Hsp70 and
Hsp27 levels are significantly greater in male rats, compared to levels in female rats, 24
hours after heat shock treatment. 2) In the hippocampus, Hsp70 is colocalized in
microglia and blood vessels, Hsp27 is colocalized in astrocytes, and Hsp70 and Hsp27
are closely associated in blood vessels and astrocytes, respectively, in female and male
rats 24 hours after heat shock treatment. 3) In the heart, Hsp70 and Hsp27 levels are
similar in female and male rats, at baseline and 24 hours after heat shock treatment.
These results are important for understanding sex differences in neurodegenerative and

cardiovascular disease prevalence.

Hsp70 and Hsp27 expression in the hippocampi of control rats

In the absence of stress, Hsp70 and Hsp27 are expressed at low levels in the brain.
In this study, western analyses indicate that Hsp70 levels in the hippocampus are similar
in control female male rats (Figure 3.1B). This finding is consistent with previous studies
(Olazabal et al., 1992a; Thorp et al., 2007) and supports the notion that there are no sex
differences in the baseline levels of Hsp70 in the hippocampus of female and male rats.
The low level of Hsp70 observed in the hippocampus of control animals is also similar to
that seen in other studies done exclusively with male rats (Currie and White, 1983; David
et al., 1994; Armstrong et al., 1996; Krueger et al., 1999).

In the present study, Hsp27 levels in the hippocampus were not different between
control female rats and control male rats (Figure 3.1 C). This finding appears to be the

first comparison of constitutive Hsp27 levels in the hippocampus of female and male rats.
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The low level of Hsp27 observed in the hippocampus of control animals is also similar to
that seen in other studies done exclusively with male rats (Plumier ef al., 1996; 1997a;
1997b; Krueger-Naug et al., 2000). While Hsp27 is at low levels in the hippocampus,
Hsp27 is abundant in the brain stem and spinal cord in control male rats (Plumier ef al.,

1997b).

Hsp70 and Hsp27 expression in the hippocampi of heat shock rats

In the current study, hippocampal Hsp70 levels are greater in both the female
(Figure 3.2 B) and male (Figure 3.3 B) rats compared control rats, 24 hours after heat
shock treatment and hippocampal Hsp70 and Hsp27 levels are greater in male rats,
compared to female rats, 24 hours after heat shock treatment (Figure 3.4 B). In fact, the
highly inducible nature of Hsp70 in the brain or other tissues has been examined for
many years (Schlesinger et al., 1982; Currie & White, 1983; David et al., 1994;
Armstrong et al., 1996; Krueger ef al., 1999; Bechtold ef al., 2000). While these studies
examined male rats, it is also clear that Hsp70 is inducible to high levels in the
hippocampus of female rats (Pavlik ef al., 2003).

In my study, Hsp70 hippocampal induced levels were significantly greater in male
rats, compared to female rats. (Figures 3.4 B). Similarly, following an acute stressor, such
as tail shock, Hsp70 levels are significantly greater in the hippocampus in male rats,
compared to female rats. Although I did not measure E2 plasma levels to compare to Hsp
levels, Nickerson ef al. (2006) found that the estrous cycle had no impact on induced

levels of Hsp70 in the brain of female rats.
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While Hsp70 is at low levels in the rat brain, the constitutively expressed Hsc70 is
abundant in the brain (Manzerra et al., 1997). Hsc70 has similar chaperone functions as
Hsp70 and likely regulates HSF1. The lower levels of induced Hsp70 observed in the
hippocampus of female rats may be related to higher levels of Hsc70 in the absence of
stress (Paroo et al., 1999). Hsp70 and Hsc70 may be involved in the interaction between
estrogen and its receptor, since both Hsp70 and Hsc70 have been found to bind E2
(Gacad & Adams, 1998).

Hsp27 is expressed at high levels in the hippocampus after heat shock in both
female (Figures 3.2 C) and male (Figures 3.3 C) rats and it is clear that Hsp27 expression
is greater in males than in females after heat shock (Figures 3.4 C). My finding of the
highly inducible nature of Hsp27 after heat shock is similar to other studies done with
male rats (Krueger-Naug et al., 2000; Bechtold & Brown, 2003). My finding of greater
expression of Hsp27 in the hippocampus of male rats after heat shock appears to be the

first comparison of inducible Hsp27 levels in female and male rats.

Antibody specificity

Negative and positive Hsp70 immunofluorescence in the hippocampus of control
male (Figure 3.5 A) and heat shock male (Figure 3.5 B) rats, respectively, suggests the
immunoreactivity is specific for the inducible Hsp70. The negative immunofluorescence
for the no primary antibody (Figure 3.5 C) and no secondary antibody (Figure 3.5 D) also
suggest the specific nature of the immunoreaction for Hsp70.

Finding Hsp27 immunofluorescence in a few cells in the hippocampus of a

control male rat (Figure 3.5 E) and many cells after heat shock in a male rat (Figure 3.5
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F) suggests the immunoreactivity is specific for Hsp27. The negative
immunofluorescence for the no primary antibody (Figure 3.5 G) and no secondary
antibody (Figure 3.5 H) also suggest the specific nature of the immunoreaction for
Hsp27.

GFAP immunofluorescence in the hippocampus of heat shock male rat (Figure
3.6 A) is specific for the glial acidic fibrillary protein in astrocytes, as suggested by the
no primary antibody (Figure 3.6 B) and no secondary antibody (Figure 3.6 C) negative
immunoreaction.

NeuN immunofluorescence in the hippocampus of heat shock male rat (Figure 3.6
D) is specific for the neuronal nuclei in neurons, as indicated by the no primary antibody
(Figure 3.6 E) and no secondary antibody (Figure 3.6 F) negative immunoreaction.

Ibal immunofluorescence in the hippocampus of heat shock male rat (Figure 3.6
G) is specific for the ionized calcium binding adapter molecular protein in microglia, as
indicated by the no primary antibody (Figure 3.6 H) and no secondary antibody (Figure
3.6 1) negative immunoreaction.

Factor VIII immunofluorescence in the hippocampus of heat shock male rats
(Figure 3.6 J) is specific for the factor VIII protein in and around blood vessels, as
indicated by the no primary antibody (Figure 3.6 K) and no secondary antibody (Figure

3.6 L) negative immunoreaction.

Hsp70 and Hsp27 immunofluorescence in the hippocampus of rats
The low level of Hsp70 immunofluorescence in the hippocampus of control

female and control male rats (Figures 3.7 - 3.11) is similar to that seen in previous studies
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(Armstrong et al., 1996; Pavlik et al., 2003). By immunofluorescence, Hsp70 is not
detected in control female rats (Pavlik ef al., 2003) and by immunohistochemistry Hsp70
is not detected in control male rats (Armstrong et al., 1996). Hsp70 immunofluorescence
24 hours after heat shock treatment in female and male rat hippocampi is detectable and
is colocalized with Ibal (Figure 3.9 B and D) and with Factor VIII (Figure 3.10 B and D)
immunofluorescence, which is indicative of immunoreactivity in microglia and blood
vessels, respectively (Theilen & Kuschinsky, 1992; Maeda et al., 2008). Hsp70 was not
however colocalized with either GFAP (Figure 3.7 B3 and D3) or NeuN (Figure 3.8 B3
and D3) immunofluorescence and is similar to previous findings (Lee et al., 2002).

My finding of Hsp70 localization in microglia and blood vessels is similar to
previous studies showing Hsp70 colocalized in microglia, oligodendrocytes and blood
vessels, using OX-42 antibody, GSII lectin antibody, and histological morphology,
respectively (Pavlik et al., 2003). Similarly, Hsp70 has also been localized in vimentin-
positive glia (astrocytes) in the hippocampus of male rats after heat shock (Krueger et al.,
1999).

In this study, Hsp27 immunofluorescence in the hippocampus of control female
and control male rats was at low levels (Figures 3.11 - 3.14). This finding is similar to
previous work done with only male animals (Plumier et al., 1996; 1997; Krueger-Naug et
al., 2000). Following heat shock, Hsp27 immunofluorescence is detectable and is
colocalized with GFAP immunofluorescence (Figure 3.11 B3 and D3). Hsp27
immunofluorescence is not colocalized with NeuN or Ibal immunofluorescence (Figure
3.12 or 3.13). Colocalization of Hsp27 with GFAP is indicative of immunoreactivity in

astrocytes (Plumier et al., 1997a; Lee et al., 2002; Bechtold & Brown, 2003). Hsp27
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appears not to be localized in neurons or microglia as indicated by the NeuN and Ibal
immunofluorescence, respectively (Lee et al., 2002; Maeda et al., 2008).

My finding of Hsp27 immunoreactivity in astrocytes in both female and males is
similar to previous studies that were done in male animals only (Krueger-Naug et al.,
2000; Bechtold & Brown, 2003). My study appears to the first showing localization of
Hsp27 in astrocytes in the female hippocampus.

Following heat shock, Hsp27 immunofluorescence is associated with some Hsp70
immunofluorescence in the hippocampus of female and male rats 24 hours after heat
shock (Figure 3.14 B and D). The male rats have greater levels of both Hsp70 and Hsp27,
compared to the female rats, 24 hours after heat shock treatment (Figure 3.14 B & D). As
well, Hsp70 colocalized with microglia and in small blood vessels, Hsp27 is in
astrocytes, and Hsp27-expressing astrocytes are in close proximity to Hsp70-expressing
blood vessels, which was evident in the hippocampus of both females and males 24 hours
after heat shock treatment (Figure 3.14). The resulting cellular damage within the blood
vessels 24 hours following heat shock treatment likely induced the expression of Hsp70.
Normally, astrocytes associate with endothelial cells in blood vessels in the brain to help
protect the blood brain barrier, especially following stress (Bechtold & Brown, 2003).
Heat shock treatment likely caused increased permeability in the endothelial cells and
cellular damage. As a result, Hsp27-expressing astrocytes in association with the Hsp70-
expressing endothelial cells in the blood vessel wall may be facilitating restoration of
homeostasis following heat stress (Plumier et al., 1996; Krueger-Naug et al., 2000;

Pavlik et al., 2003).
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Heat shock triggers thermal and osmotic stressors that induce protein instability
and aggregation, leading to activation of the HSF1 in order to maintain protein
homeostasis (Cotto & Morimoto, 1999). For example, heat shock triggers hypo-osmotic
stress in mammalian cells leading to activation of HSF1 and iso-osmotic conditions
restore activated HSF1 to normal levels (Caruccio ef al., 1997). Hsp27 levels are also
induced following stress (heat shock, ischemia, etc.) and is a good marker of reactive
gliosis (Plumier et al., 1997a). Elevated expression of Hsp27 after heat shock facilitates
protein repair and actin filament reorganization and stabilization (Lavoie et al., 1995) and

prevents apoptosis through inhibition of caspase activity (Garrido et al., 1999).

Hsp70 and Hsp27 expression in the hearts of control rats

In control rats, cardiac Hsp70 levels were low. In this study, western analysis
indicates that Hsp70 levels in the heart are similar in control female rats and control male
rats (Figure 3.15 B) and this result is similar to that of a previous study comparing hearts
of female and male rats (Thorp et al. 2007). In contrast, other research has shown sex
differences in the expression of cardiac Hsp70 levels in control animals (Voss ef al.,
2003). Western analysis revealed that Hsp70 expression in control female rat hearts is
significantly greater, compared to the levels of Hsp70 in control male rat hearts (Voss et
al., 2003). While there may be sex differences in expression of Hsp70 in the hearts of
control animals, it is clear that the cardiac level of Hsp70 in control male animals is low
(Currie and White, 1983; Currie et al., 1988; Karmazyn et al., 1990; Plumier et al., 1995;

Leger et al., 2000; Thorp et al. 2007).
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In the present study, Hsp27 levels in hearts are detectable and are not significantly
different between control female rats and control male rats (Figure 3.15 C). This finding
appears to be in contrast to previous work showing that Hsp27 in control male rat hearts
was significantly greater, compared to the levels of Hsp27 in control female rat hearts
(Voss et al., 2003) but in fact in my study, the trend was that control male hearts had
more Hsp27 than the control female hearts. The level of Hsp27 observed in the hearts of
control animals is also similar to that seen in other studies done exclusively with male

rats (Leger et al., 2000).

Hsp70 and Hsp27 expression in the hearts of heat shock rats

In the present study, Hsp70 is expressed at high levels 24 hours after heat shock
treatment in both female (Figure 3.16 B) and male (Figure 3.17 B) hearts compared to
control rats. The induced expression of Hsp70 in female and male hearts appears to be at
approximately equal levels (Figures 3.18 B). This observation in my study is in contrast
to male rats having significantly greater expression of Hsp70 in the heart, compared to
hearts of female rats, after exercise training on a treadmill (Paroo et al., 1999). Whether
by exercise or heat shock, the highly inducible level of Hsp70 in the heart has been
observed before (Schlesinger et al., 1982; Currie & White, 1981; 1983; Currie et al.,
1988; Karmazyn et al., 1990; Plumier ef al., 1995; Hoch et al., 1996; Shinohara et al.,
2004; Lam et al., 2012). While these studies examined male rats, it is also clear that
Hsp70 is inducible to high levels in the heart of female rats (Thorp et al., 2007).

In my study, Hsp27 is expressed at high levels in the heart after heat shock in both

female (Figures 3.16 C) and male (Figures 3.17 C) rats and Hsp27 expression is greater
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in males than in females after heat shock (Figures 3.18 C). My finding of the inducible
nature of Hsp27 in the heart after heat shock is similar to other studies done with male
rats (Currie and Tanguay, 1991; Hoch et al., 1996; Leger et al., 2000). Similarly to male
rats, female rats have induced cardiac Hsp27 levels compared to control rats, however the
induction of Hsp27 levels may be less in female rats, compared to male rats. The lower
level of induction of Hsp27 in female rats hearts may be related to other factors
associated with the activation of HSF1, such as E2 plasma levels, levels of Hsp90 and
cortisol levels. These factors are different in females and males (Massaftra et al., 2002; Li

& Sanchez, 2005; Elakovic et al., 2007) and any may modulate the heat shock response.

Effects of estrogen on expression of HSP

An obvious difference between females and males is the levels of circulating
estrogen. Women have approximately 2 to 4 times greater plasma levels of E2, compared
to men (Massaftra et al., 2002) and plasma levels of E2 in female rats is also greater
compared to male rats (Pratchayasaku ef al., 2011). E2 functions by binding to ER-a or
ER-B. Interestingly, the density and distribution of ER-a and ER-f are not different in
female and male rat hearts (Grohé et al., 1997; Lizotte et al., 2009). In the hippocampus
the overall density of ER-a and ER-f are not different between female and male rats.
Similarly the distribution of ER-p in the hippocampus is not different between female and
male rats. However, the distribution of ER-a in the female hippocampus is widespread,
and is present in both nuclear and extranuclear sites in the pyramidal and granule cells
and in their dendrites and axons (Milner et al., 2001; 2005; Romeo et al., 2005). In

female rats, ER-a are also found in astrocytes throughout the hippocampus (Milner ef al
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2005). In male rats, the ER-a primarily located in pyramidal cells in the CA1 and CA2
regions of the hippocampus (Azcoitia ef al., 1999; Milner et al., 2001; 2005; Sakuma et
al., 2009).

The difference in ER-a distribution in the hippocampus may regulate the estrogen
signaling pathways. Estrogen receptors in the nuclei act by genomic signaling and those
bound to the plasma membrane, act by non-genomic signaling. The ER-a acts by both of
these signaling pathways in the hippocampus, whereas the ER-3 acts primarily by non-
genomic signaling, as it is located in extranuclear sites in the hippocampus (Milner et al.,
2001; Milner et al., 2005). The sex differences in plasma estrogen levels, signaling
pathways and the hippocampal distribution of the ER-a, may contribute to some of the
sex differences in expression of heat shock proteins in the hippocampus.

As mentioned above, in the female and male hearts there is no difference in ER-a
and ER-f density or distribution (Groh¢ et al., 1997; Lizotte et al., 2009). In fact in the
heart E2 may be regulating HSP independent of ER-a and ER-P. Tamoxifen, an estrogen
receptor antagonist, does not alter Hsp70 levels in intact females, indicating that estrogen
is regulating expression of HSP independently of nuclear ER-a and ER-B (Paroo ef al.,
2002). While E2 levels may be the regulator of differential expression of HSP in the
female and male hearts, but in my study, basal levels of Hsp70 are similarly low in
control female and control male hearts. By western analysis, the low levels of Hsp70,
particularly in the heart, make it a challenge to compare levels between females and
males. However, analysis by enzyme-linked immunosorbent assay for Hsp70 in
unstressed rats indicates approximately twice as much Hsp70 in the female heart

compared to male heart (Voss ef al., 2003).
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In this thesis, in unstressed rats, Hsp27 levels tend to be higher in male
hippocampus and heart compared to female hippocampus and heart. Indeed, particularly
in the heart, Hsp27 is significantly more abundant in unstressed males compared to
unstressed female rats (Voss ef al., 2003). Removal of E2 by ovariectomy in unstressed
female rats reduces the levels of Hsp70 in the heart to levels similar to male rats (Voss et
al., 2003). Replacement of E2 in ovariectomized females or supplementation of E2 in
male rats elevated Hsp70 levels in the heart to the levels seen in unstressed intact females
(Voss et al., 2003). In unstressed conditions, it seems that estrogen may regulate levels of
HSP differentially in females and males.

Estrogen may also regulate the expression of HSP following stressful conditions.
In this thesis, the levels of Hsp70 and Hsp27 are greater in hippocampus of heat shock
male rats compared to heat shocked female rats in the hippocampus. In the heart, the
level of Hsp70 is slightly greater (not significantly) in the heat shock female rats,
compared to the heat shock male rats, and the level of Hsp27 is slightly greater (not
significantly) in the heat shocked male rats compared to heat shock female rats. Hsp70
levels are shown to be significantly greater in hearts of male rats compared to female rats
after 2 weeks of treadmill exercise training (Paroo ef al., 1999). E2 supplementation in
male rats suppressed the exercise induced increase of Hsp70 in the hearts to the level
seen in hearts of female rats (Paroo et al., 1999). Removal of E2 by ovariectomy
significantly increased the level of Hsp70 in the hearts of exercised rats compared to
intact female rats (Paroo et al., 2002). A similar increase in Hsp70 in the heart is seen in

ovariectomized rats compared to intact female rats after heat shock treatment (Shinohara
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et al., 2004). Therefore, circulating estrogen levels may have an effect on the sex
differences in expression of heat shock proteins in both the heart and the brain of rats.

As discussed in this thesis, estrogen seems to be regulating the expression of HSP
differentially between males and females. Interestingly, ovariectomized rats that were
treated with E2 had increased levels of Hsp90 in the hypothalamus, compared to
ovariectomized rats that were not given E2 (Olazabal ef al., 1992b). This suggests that E2
in female rats may regulate higher Hsp90 levels in the cortex and hypothalamus,
compared to that in male rats (Elakovic ef al., 2007). However in other tissues, including
the heart, Hsp90 levels are higher in male rats (Voss ef al., 2003). Interaction of Hsp90
with both the estrogen receptor and the HSF1 may account for these differences. The
estrogen receptor is maintained in the cytoplasm bound to Hsp90 (Milne & Noble, 2008).
Estrogen freely penetrates cell membranes and binds with the estrogen receptor in the
cytoplasm, releasing Hsp90. Freed Hsp90 can bind and inactivate any free HSF1 in the
cytoplasm, thus suppressing the transcription of various heat shock genes regulated by
HSFI1. In normal conditions, Hsp90 and/or Hsc70 bind and maintain HSF1 in an inactive
state in the cytoplasm (Zou et al., 1998; Guo et al., 2001; Anckar & Sistonen, 2011).
Metabolic stressors such as heat shock, intense exercise, or ischemia leads to the
accumulation of damaged or denatured proteins within cells. Various HSP including
Hsp90 and Hsc70 are recruited to damaged proteins, freeing HSF1. HSF1 trimerizes,
becomes phosphorylated, and translocates to the nucleus and binds to the heat shock
elements in the promoter region of heat shock genes and increases their transcription

(Morimoto, 1998; Anckar & Sistonen, 2011). Thus E2 interaction with its receptors and
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Hsp90 may be regulating the differential expression of various HSP in females and males
(Milne & Noble, 2008).

In addition to interacting with HSF1, and estrogen receptors, Hsp90 (and Hsc70)
also interacts with glucocorticoid receptors (Pratt, 1993; Jones et al., 2004). These
interactions of Hsp90 may also explain the differential glucocorticoid levels in females
and males after various stresses. Following a stressor, female rats have less activation of
HSF1 and less expression of HSP, and higher cortisol levels compared to male rats
(Jezova et al., 1994; Beiko et al., 2004; Li & Sanchez, 2005). High glucocorticoid levels
binding to the glucocorticoid receptors free Hsp90 that binds and inactivates HSF1 (Li &
Sanchez, 2005). These sex differences in response to stress may be indicative of
differential activation of the hypothalamic pituitary adrenal axis in that following an
acute stress, levels of cortisol secretion are greater and maintained at higher levels in
females, compared to males (Galluci ef al., 1993; Kant et al., 1983).

Estrogen may mediate protection through a mechanism that stabilizes cellular
membranes and prevents protein denaturation, resulting in less oxidative stress and
expression of heat shock proteins (Paroo ef al., 2002). E2 dampens oxidative stress by
increasing antioxidants following injury (Essig & Nosek, 1997; Kher et al., 2005).
Oxidative stress leads to activation of the p38 mitogen activated protein kinase, nuclear
factor kappa B and accumulation of inflammatory cytokines, like tumor necrosis factor,
that may lead to activation of the apoptotic pathways (reviewed by Kher ef al., 2005). In
a normal state, male rats have significantly greater phosphorylated (activated) p38
mitogen activated protein kinase, compared to females, indicating that normally females

have lower levels of oxidative stress (Wang et al., 1998). Lower levels of oxidative stress
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in females may be a factor contributing to sex differences in degenerative disease
prevalence, that disproportionately affect males, compared to females. As stated
previously, this sex difference equalizes once women begin menopause, and E2 levels
drop drastically. Low levels of E2 play a role in the development of degenerative
diseases. In neurodegenerative and cardiovascular diseases, damaged proteins aggregate
and lead to proteotoxicity and the release of reactive oxygen species (Muchowski &

Wacker, 2005; reviewed by Xu et al., 2012).

Conclusions and future directions

HSP are differentially regulated in female and male rats. Overall, male rats have
greater induced levels of Hsp70 and Hsp27 in the hippocampus and similar induced
levels of Hsp70 and Hsp27 in the heart, compared to levels in female rats, 24 hours after
heat shock treatment. In the hippocampus 24 hours after heat shock, Hsp70 is expressed
in microglia and small blood vessels, and Hsp27 is expressed in astrocytes and astrocytic
processes around small blood vessels. Sex differences in E2 regulation of the expression
of HSP in the brain after stress may help to explain neurodegenerative disease
prevalence. The age-related accumulation of damaged proteins in neurodegenerative and
cardiovascular disease induces a sex-specific heat shock response that appears to be
regulated at the level of E2 interacting with the estrogen receptor and Hsp90. This
interaction may explain sex differences in disease prevalence.

In this thesis several questions have arisen that should be addressed. The levels of
Hsp90, Hsc70, and HSF1 should be determined after heat shock in both females and

males in order to understand the sex-specific induction of the HSP. In addition, estrogen
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and HSP levels need to be examined in young and old animals to determine age-related

changes in the interaction between E2 and HSP.
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