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ABSTRACT

Understanding mechanisms of cellular survival in the adult dorsal root ganglion
(DRG) neuron is important in identifying targets for disease intervention and treatment in
the peripheral nervous system (PNS). I have used DRG neurons to study signal
transduction mechanisms involved in adult DRG neurotrophin-independent survival and
response to stressful stimuli to understand mechanisms of neuroprotection and to enhance
cellular survival after insult so that other processes, such as regeneration, can occur.

Dorsal root ganglion (DRG) sensory neurons become less dependent upon
neurotrophins for their survival as they mature. In Chapter 2 we show that adult DRG
sensory neuronal cultures are able to survive for at least two weeks in culture in the
absence of nerve growth factor (NGF). The use of pharmacological inhibitors of cellular
signalling pathways confirmed the importance of the phosphoinositide kinase-3 (PI 3-K)
and protein kinase C (PKC) pathways in this neurotrophin-independent neuronal survival.

Chapter 3 shows concurrent studies investigating the role of stress-activated
signalling pathways and the small heat shock protein, Hsp27, in protecting PC12 cells
from heat shock (HS) and NGF withdrawal-induced apoptosis. PC12 cells and a stable
cell line overexpressing Hsp27 (HSPC cells) were subjected to a physiological heat stress.
Hsp27 associated with Akt and p38MAPK after stress and HS resulted in rapid activation
of Akt followed by p38 MAP kinase signalling, with phosphorylation and intracellular

translocation of Hsp27 also detectable. Hsp27 protected NGF-differentiated PC12 cells
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against NGF-withdrawal treatment and phosphorylation of Akt was maintained in both
the heat-shocked and NGF-withdrawal treated HSPC cells compared to the parental cells.

Our studies of Hsp27 in PC12 cells formed the basis for the experimental work
outlined in Chapters 4 and 5. We investigated the possibility that Hsp27 may contribute to
adult DRG neurotrophin-independent survival. Unlike adult DRG neurons in vitro,
neonatal DRG neurons require NGF for survival; withdrawal of NGF results in apoptosis
of a majority of neonatal neurons. Constitutive Hsp27 expression was higher in adult
DRG neurons compared to neonates. After HS, Akt activation and upregulation of Hsp27
expression occurs in both adult and neonatal neurons. Increasing endogenous Hsp27 by
HS in neonatal neurons was able to inhibit NGF withdrawal-induced apoptosis. Hsp27
siRNA treatment of adult neurons effected a decreased expression of Hsp27, which
correlated with increased apoptosis. Hsp27 siRNA also blocked the HS-induced rescue of
neonatal neurons after NGF withdrawal. These results indicate that physiologically
induced upregulation of Hsp27 is sufficient to provide some degree of neuronal
protection. This induction appears to be regulated by transcriptional activation of HSF-1
as shown by HSF-1 nuclear translocation and EMSA analyses of HSF-1 binding to
nuclear protein.

These results provide further evidence that adult DRG neuronal survival depends
on multiple factors; one of significant importance is Hsp27. My studies show that this
protein and its interactions with other signalling intermediates play important roles in
neuronal survival. Further assessment of Hsp27’s protein interactions and regulation will
hopefully contribute to elucidating factors important for adult DRG neurotrophin-

independent neuronal survival.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 The Dorsal Root Ganglia

Somatosensory information from the periphery must be conveyed long distances
in order to be perceived and processed by the brain. Dorsal root ganglion (DRG) neurons
mediate the sensory modalities of touch, nociception, proprioception, and temperature, as
they transduce stimuli and transmit information from the periphery to the central nervous
system (CNS). Positioned at all spinal levels (cervical, thoracic, lumbar and sacral),
DRGs contain heterogeneous populations of sensory neurons that have a pseudo-unipolar
morphology. These neurons extend a central axon that bifurcates into two branches: one
that projects to the dorsal horn of the spinal cord, and the second to the periphery
(Gardner et al., 2000). In cell culture, extensions protruding from the cell body are
referred to as ‘neurites’. The sensory neurons contained within a DRG express receptors
for various neurotransmitters and substances, such as neurotrophins, and these play a

fundamental role in their development and function.

1.1.1 Development of the rodent DRG and the role of neurotrophins

Throughout embryonic and postnatal development, DRG neurons are dependent
on trophic support from various neurotrophins (NTs) not only for their survival, but also
for axonal growth and proper target innervation (Snider and Silos-Santiago, 1996). NTs

are target-derived soluble factors that serve many functions during neuronal development



— they promote survival of neurons at various stages of development, regulate
proliferation, axonal growth and target innervation (Snider and Silos-Santiago, 1996;
Lentz et al., 1999; Ernfors, 2001) . The first neurotrophin to be discovered and
characterized, nerve growth factor (NGF) (Levi-Montalcini and Booker, 1960; Mobley et
al., 1976), paved the way for discovery of the other family members, such as brain-
derived nerve factor (BDNF) (Leibrock et al., 1989; Hohn et al., 1990), neurotrophin-3
(NT-3) (Maisonpierre et al., 1990), and neurotrophin 4/5 (NT-4/5) (Berkemeier et al.,
1991; Ip et al., 1991), and their importance has been intensely studied over the years. In
DRG neurons, the neurotrophins NGF, NT-3, NT-4/5, and BDNF, which are all
structurally related, regulate growth and survival of neurons as well as influence the
production of different neuronal phenotypes (Thoenen, 1991; Lewin, 1996; Lentz et al.,
1999).

The type of neurotrophin that promotes survival and growth of sensory neurons is
specific to the particular cell type and age (Phillips and Armanini, 1996). For example,
many cells in the embryonic DRG are dependent on NGF for survival (Ernfors et al.,
1993; Mu et al., 1993; Phillips and Armanini, 1996), as evidenced in studies where
inhibition of transduction initiated by NGF binding to its receptor resulted in neuronal
cell death (Vogelbaum er al., 1998). Similarly, studies have shown that a proportion of
rodent DRG neurons at age E12.5 depend on BDNF for survival (Acheson et al., 1995).
Remaining embryonic DRG neurons past age E14.5 and until birth depend on NGF,
NT-3, and NT-4/5 for survival, and post birth are primarily dependent on NGF in the
early postnatal period (Memberg and Hall, 1995). During early postnatal life, there is a

change in neurotrophin receptor expression such that there is a decrease in the percentage



of cells expressing TrkA (40%) and a concomitant increase in the proportion of neurons
expressing the receptors for glial cell line-derived neurotrophic factor (GDNF) (40%)
(Bennett et al., 1996; Molliver and Snider, 1997; Molliver et al., 1997). Thus, compared
with the embryonic period, the adult DRG has significantly fewer neurons expressing
TrkA and, although these cells remain NGF responsive, they no longer require NGF for
their survival (Lindsay, 1988; Verge et al., 1992; McMahon et al., 1994; Snider, 1994)

(see Figure 1.1).

1.1.1.1 The role of neurotrophins in DRG neurons in vitro

To date, the mechanism responsible for the switch in NGF-dependence to NGF-
independence following the maturation of DRG neurons is unclear. However, it is clear
that trophic factors play an important role in proper neuronal development. Based on in
vitro experiments, late embryonic (E15) and early postnatal (P2) rat DRG neurons will
undergo significant cell death following NGF withdrawal (Eichler and Rich, 1989;
Wagstaft et al., 1999). Additionally, embryonic DRG neurons that have been cultured to
age postnatal day 7 or less undergo apoptosis when NGF is withdrawn from the culture
medium (Lindsay, 1988; Memberg and Hall, 1995; Lewin, 1996). However, experiments
have also shown that when embryonic neurons (E15) are cultured for three weeks in the
presence of NGF, they are subsequently able to survive NGF withdrawal (Eichler and
Rich, 1989; Tong et al., 1996). It is evident that sensory neurons are dependent on NGF
for survival if cultured during late embryonic or early postnatal development, but will

lose this dependence once adulthood is reached.



1.1.1.2 The role of neurotrophins in DRG neurons in vivo

Studies employing in vivo methodologies have demonstrated the dependence of
embryonic and early postnatal neurons on neurotrophins for survival. Treatment of
newborn rats with anti-NGF serum caused a significant decrease in the number of DRG
neurons, whereas similar treatment augmented with NGF prevented this loss,
demonstrating the importance of NGF in the survival of newborn DRG neurons (Yip et
al., 1984). In the adult DRG, neurons have been shown to be NGF-independent in vivo as
well as in vitro. Experiments examining the effects of anti-NGF on recovery after injury
by nerve crush showed that there were no differences between injured and uninjured
ganglia, demonstrating that the survival of these adult neurons was indeed NGF-
independent (Rich et al., 1984; Diamond ef al., 1992).

In adulthood, neurons can respond to neurotrophins by undergoing neuritogenesis.
NGF receptor signalling pathways are obviously functional in adult neurons, as NGF
binding to its receptor may result in activation of signalling pathways such as the
phosphatidylinositol 3-kinase (P13-K) pathway, which is required for neonatal survival
(Vogelbaum et al., 1998). Based on studies using sympathetic neurons, it has also been
shown that NGF in cultures derived from adult animals is not important for survival, but
does play an important role in neurite growth, as use of inhibitors of NGF pathways do
not result in cell death (Orike et al., 2001). There is likely interaction between signalling
intermediates and potentially through proteins not directly involved in neurotrophin
signalling. Therefore, it is imperative to understand the mechanisms underlying adult

DRG neurotrophin-independent survival.







































responsiveness of DRG neurons to neurotrophins, no differences have been found
between DRG cell populations and Hsp expression. Hence, further investigation was

needed to determine the role of Hsp27 in DRG neuronal survival.

1.3.2.1.3 Chaperone Function

Studies of the function of Hsp27 have focused upon apoptosis and the
cytoskeleton mechanism, and it seems that the functions involved in these processes
cannot be studied in isolation from its role as a chaperone. Chaperones are proteins that
are considered highly conserved across species and play roles in events such as protein
folding and apoptosis. Consequently, chaperones are considered part of the fundamental
cellular machinery that aids in many of its functions. A variety of insults to a cell can
often result in specific responses that are suitably adapted to deal with the outcome —
whether or not the cell can repair itself or eventually succumb to the insult depends on the
functionality of its machinery; in many cases, chaperones may act during at least one part
of the response process. Chaperones tend to aid in maintaining a ‘favourable’
environment in which proteins can fold properly and remain stable (Soti and Csermely,
2002b; Walter and Buchner, 2002).

Proteins must be properly folded into their three-dimensional structures to
function. Although first described as a spontaneous process, protein folding is a complex
process that involves other proteins. Ultimately, proteins achieve their lowest energy
state only upon proper folding. As proteins have specific functions, their production and
activity must be regulated (Zhang et al., 2002). A misfolded or non-native protein has

exposed hydrophobic regions that tend to bind to each other and possibly form insoluble
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aggregates. Formation of non-native proteins may interfere and hinder normal cellular
processes such as transcription, translation or protein degradation. Such aggregation is
seen in neurodegenerative Alzheimer’s disease and manifested as senile plaques (Kopito,
2000). In direct opposition to this process, chaperones can prevent protein aggregation
and facilitate protein folding into its proper three-dimensional structure (see Figure 1.5).
In addition, during its life span a protein may undergo a number of conformational
changes or modifications that are also facilitated or assisted by chaperones (Soti and
Csermely, 2002b; Walter and Buchner, 2002).

Most Hsps are classified as chaperones, and as a result, play an important role in
defence against injury, in non-neuronal and neuronal cells. In vitro studies have
elucidated the importance of Hsps in response to injury by inducing their expression or
causing overexpression via introduction of exogenous Hsp. The importance of Hsps in
injury have also been studied in vivo using transgenic animals (Latchman, 2005).
Although Hsp70 has been the most widely studied Hsp, Hsp27 is also known for its cell
protective role, and the mechanisms of its action will be discussed in the following
section.

The chaperone function of Hsp27 depends upon its formation into large oligomers
and the ability to prevent aggregation of unfolded proteins (Jakob et al., 1993; Merck et
al., 1993). In addition, a study using 1H NMR spectroscopy has determined that the C-
terminal extension of the Hsp27 protein structure is required for its chaperone activity
(Lindner et al., 2000).

Hsp27 may act in concert with other chaperones to gather and sequester unfolded

proteins so that proper folding may occur via other heat shock proteins (Ehrnsperger et
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1.5 Figures

Figure 1.1: Timeline showing stages of rat DRG neuronal development and the
neurotrophins that are necessary for cellular survival. Also shown is expression of Trk
receptors during development (Ernfors ef al., 1993; Mu et al., 1993; Acheson et al., 1995
Memberg and Hall, 1995; Bennett et al., 1996; Phillips and Armanini, 1996; Molliver an

Snider, 1997; Molliver et al., 1997).
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"CHAPTER 2
FACTORS CONTRIBUTING TO NEUROTROPHIN-INDEF NI INT

SURVIVAL OF ADULT SENSORY NEURONS

2.1 Introduction

Mechanisms contributing to programmed cell death or apoptosis in neural cells
have been extensively studied in the developing and neurotrophin-dependent nervous
system. Sensory neurons of the dorsal root ganglia (DRG) are dependent upon
neurotrophins such as NT-3 and NGF for their embryonic differentiation and
development, although by the late embryonic period, the majority of these neurons are
dependent upon NGF for their survival (White et al., 1996). Neurons cultured from the
embryonic and early postnatal period show a requirement for NGF for their maintained
survival in vitro. During the first postnatal week there is a switch in the neurotrophin
responsiveness such that 40-50 % of the originally NGF-dependent neurons now respond
to GDNF (Molliver et al., 1997). However, also within this postnatal period, the DRG
sensory neurons lose their dependence upon trophic factors for survival and an increasing
population of neurons survive in serum-free medium in the absence of added trophic
factors (Virdee and Tolkovsky, 1996). The majority of postnatal DRG neurons are
considered to be independent in terms of survival, although trophic factors are still
required for neuritogenesis (Kimpinski et al., 1997; Lindsay, 1998; Vogelbaum et al.,

1998).

" This chapter has been published in: Dodge, M.E., Rahimtula, M., Mearow, K.M. (2002) Factors
contributing to neurotrophin-independent survival of adult sensory neurons. Brain Research, 953: 144-56.
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The molecular mechanisms underlying this change from survival dependence to
independence are not fully understood. There are a number of intracellular signalling
pathways activated in response to NGF bin ng to its receptors, Trk and p75, including
the Ras=> mitogen activated protein kinase MAPK), the phosphoinositide 3-kinase (PI3-
K) and protein kinase C (PKC) pathways (Kaplan and Stephens, 1994; Kaplan and Miller,
1997). Activation of PI3-K by both Ras-d¢ .endent and independent means is a major
determinant of neurotrophin-dependent cell survival in many cell types, including both
sympathetic and sensory neurons (Philpott et al., 1997; Crowder and Freeman, 1998;
Klesse and Parada, 1998; Mazzoni et al., 1999). In contrast, the contribution of the
activation of MEK and MAPK via Ras is not as clear cut with some studies indicating a
role in survival and others suggesting that it is not required for survival (Borasio et al.,
1993; Nobes and Tolkovsky, 1995; Creedon et al., 1996; Virdee and Tolkovsky, 1996;
Klesse and Parada, 1998; Mazzoni ef al., 1999; Orike et al., 2001b).

Our previous results with embryonic and neonatal DRG sensory neurons have
shown that the downstream activation of Akt by PI3-K is required for NGF-dependent
survival, while MAPK plays a minor role. Inhibition of PI3-K by L.Y294002 or
expression of a dominant-inhibitory form of Akt resulted in decreased survival by 48 h,
while inhibition of MEK and MAPK activation using PD98502 or U0126 had little effect
on decreasing neuronal survival (Mearow et al., 1998).

In addition to the PI3-K and Ras-! APK pathways, binding of NGF to Trk also
results in the activation of PLCy, which acts to increase intracellular Ca and protein

kinase C (PKC) activation via production of inositol triphosphates and diacylglycerol
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(Kaplan and Stephens, 1994). PLCy activation appears to play more of a role in
promoting neuritogenesis in PC12 cells (Stephens er al., 1994). Although the role of
PKC in promoting neurotrophin-dependent cell survival is not as well studied, inhibition
of some forms of PKC does lead to cell death (Battiani, 2001).

Most of the work examining the requirement of various signalling intermediates
on neuronal survival has been done in developing and neurotrophin-dependent neurons.
There have been several recent studies that investigated signalling pathways in more
mature neurons. Adult sympathetic neurons acquire NGF-independence, and the PI3-K
pathway has been shown to be required for maintained survival in vitro in the absence of
NGF (Orike et al., 2001b). In another study, embryonic DRG neurons grown in culture
for 21 d were able to survive NGF withdrawal; unlike the sympathetic neurons, these
neurons were resistant to PI3-K inhibition, although NGF was still present in the cultures
(Vogelbaum et al., 1998).

In the present report we have used young adult rat DRG neurons to study the
effects of inhibition of signalling pathway intermediates on survival in the absence of
NGF, with our primary objective being to determine what mechanisms are important in
the neurotrophin-independent survival of these sensory neurons. We have assessed the
influence of pharmacological inhibitors using cell survival assays combined with the
evaluation of protein expression studies to help understand the specifics of signal

transduction and apoptosis in primary sensory neurons.
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2.2 Materials and Methods
2.2.1 Cell Culture

Primary DRG neurons were dissected from young adult (4-5 week old) male
Sprague-Dawley rats and cultured as described previously (Kimpinski et al., 1997,
Kimpinski et al., 1999). In brief, ganglia were extracted from all spinal cord levels and
incubated in 0.25 % collagenase (Invitrogen/Life Technologies, Burlington, Ontario) for
45 min at 37°C. Next, they were incubated in 0.25% trypsin (Invitrogen) for 20 min at
37°C, and the ganglia were then dissociated by a series of manual triturations using
polished pasteur pipettes. The cell suspension was centrifuged at 1000 rpm and the
resulting cell pellet was suspended in serum-free Neurobasal medium (Invitrogen)
supplemented with B27 additives and antimitotics (cytosine arabinoside, 10 uM). Cells
were plated at a density of approximately 500-1000 cells per well of a 96-well plate for
survival assays, and at 5000-7000 neurons per well of a 12-well plate for protein analysis.
Media was supplemented with 50 ng/mL NGF (Cedarlane Labs, Hornsby, Ontario) where

appropriate.

2.2.2 Culture Treatments

Stock concentrations of all inhibitors were made in dimethyl sulfoxide (DMSO).
Cells were fed with fresh medium and 48 h after plating, medium was supplemented with
various inhibitors added to appropriate wells. Cells were fed every 2 d afterward,
supplementing media with inhibitors and/or NGF where appropriate. In some

experiments, anti-NGF IgG (500 ng/ml) or control rabbit IgGs (500 ng/ml) (Cedarlane
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tablet (Roche Scientific, Laval, QC). Following determination of protein concentrations,
50 pg of protein per lane was electrophoresed on 10 % SDS polyacrylamide gels. After
transfer, the blots were blocked in 3 % milk/TBST (Tris-buffered saline and Tween-20 at
0.2 % v/v) and incubated with primary antibodies overnight at 4°C. Following
incubation with appropriate HRP-tagged secondary antibodies (Chemicon International,
Temecula, CA), bands were visualized with enhanced chemiluminesence (ECL;
Amersham) and exposed to x-ray film. Primary antibodies used were pAkt, Akt, p44/42
MAPK, pGSK-3B, GSK-3B, pp70S6K, pPKC3 (Cell Signalling, Mississuaga, Ontario),
and ERK (Santa Cruz Biotechnology, Santa Cruz, CA).

In order to address the possibility that there was endogenous NGF in cultures that
did not have added NGF we used an immunoprecipitation method. NGF was
immunoprecipitated from 1-2 ml of culture medium from plates cultured with or without
50 ng/ml of NGF. The anti-NGF antibody described above was used for this purpose.
The precipitated samples were electrophoresed on a 12 % acrylamide gel, along with
known amounts of NGF (serial dilutions - 10 ng, 5 ng, 1 ng, 100 pg, 10 pg and 1 pg) and
then probed with the same anti-NGF antibody and detected as above. The antibody was

only able to detect as high as 10 pg of the loaded NGF standard.

2.2.5 Preparation of the Recombinant Adenoviral DNA

Original cDNA of dominant negative Ras N-17 was purchased from CLONTECH
Laboratories Inc. This cDNA was digested with the appropriate restriction enzymes and

ligated into the plasmid pIRES2-EGFP (CLONTECH Laboratories Inc). Subsequently,
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the cDNA insert plus the IRES-EGFP cassette was isolated and gel-purified, and ligated
into the adenoviral pShuttle vector according to manufacturer directions (CLONTECH
laboratories Inc) and from this a recombinant adenovirus was selected which expressed
the Ras N-17 construct. Infection of neurons and HEK293 cells with this virus results in
an inhibition of the Ras-MAPK pathway assessed by phosphorylation of MAPK in

response to either NGF or IGF (data not shown).

2.2.6 Statistical Analysis

Data represent the mean of at least 3 experiments, with 4-6 internal replicates in
each experiment, and are expressed as percentages relative to control values (which were
taken to represent 100 %). Data were plotted as mean + SEM, and significance was
determined using one-way ANOVA, followed by post-hoc testing with Dunnett’s or

Bonferroni’s test for multiple comparisons.

2.3 Results
2.3.1 Sensory neurons survive in the absence of NGF

Neurons from young adult rats were plated in 96-well plates either in the absence
of NGF, plus NGF (50 ng/ml), anti-NGF antibody (IgG) (500 ng/ml) or control IgG (500
ng/ml) and their survival followed over a 2 wk period. Survival was assayed using two
techniques, Trypan Blue exclusion and MTS assay as outlined in the Materials and
Methods. Quantitation of Trypan Blue exclusion in the presence or absence of NGF,

anti-NGF and control IgGs was undertaken on the first day after plating and every second
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day thereafter. The number of blue neurons out of a total of 100 neurons per well were
counted (3 wells per condition at each time point) and the data then expressed relative to
the control condition (Figure 2.1A). In these cultures, if the data are presented as the ratio
of blue cells to those excluding trypan blue an initial 15-20 % loss of cells due to the
dissociation protocol is observed, although the percentage of surviving neurons remains
relatively constant thereafter. However, the data are presented relative to the control
values for direct comparison with the MTS assay. In Figure 2.1B, the results of the
MTS assays are presented for the same culture conditions and time points. Since each
time point has its own control, the data are expressed relative to the control for that time
point. As can be observed, there is no difference between any of the experimental
conditions, and the estimation of survival is comparable between the two different assays.
The addition of NGF does not have any detectable influence on neuronal survival. We
also tested the effect of anti-NGF to preclude the possibility that there was some
endogenous NGF being released into the culture medium even in the absence of added
NGF. As seen in Figure 2.1, the addition of anti-NGF did not influence the survival of
the cells over the time course examined. In addition, we tried to estimate the amount of
endogenous NGF that might be present in these cultures, using immunoprecipitation, and
while we could detect NGF in the medium of the treated cultures, we could not detect
NGF in the non-NGF or anti-NGF treated cultures (data not shown, level of sensitivity
was > 10 pg/ml). A recent report indicating that young adult neurons could survive in the
absence of NGF over a relatively short period of time (4 d), also estimated the amount of
NGF in non-NGF or anti-NGF treated cultures to be negligible at 0.7 + 0.3 pg/ml (Hall er

al., 2001).
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2.3.3 Effect of inhibitors of MAP Kinase pathway

Our previous work had indicated that the Ras-MAPK pathway was not critical for
survival in neurotrophin-dependent neonatal DRG neurons (Mearow et al., 1998). Here
we tested the importance of the MAPK pathway in the survival of adult neurons by
adding the MEK inhibitor U0126 to cell cultures at various concentrations. The effect of
U0126 on the survival of neurons in the presence or absence of NGF is illustrated in
Figure 2.4. As expected we observed little or no cell death in the presence of NGF,
although there was an increase in apparent survival at 72 h with 10 and 50 pM
concentrations of inhibitor (Figure 2.4A); in the absence of NGF (Figure 2.4B), again
there is little difference compared to the control condition. Similar effects with the MEK
inhibitor PD98059 have been previously reported with embryonic neurons, although these
authors did not comment on these observations (Klesse and Parada, 1998). We have
consistently observed this apparent increase in survival in the presence of the MEK
inhibitor, which may be related to the increased phosphorylation of Akt that we detect in
these conditions (see Section 2.3.6) (Jones et al., 2003). These results further support the

notion that MAPK is not a major determinant of cell survival in these neurons.

2.3.4 Effect of inhibitors of the PKC pathway

PLCy is another target activated by NGF, and has been shown to play a role in
neurotrophin dependent differentiation and survival (Kaplan and Miller, 1997). In
preliminary experiments we found that inhibition of PLCy with the selective inhibitor

U73122 had no significant effect on survival (data not shown), and thus did not
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investigate it any further. However, one other signalling intermediate that can be activated
via IP3 and DAG production subsequent to PLCy activation is PKC and we were
interested in determining the influence of PKC on survival. The role of PKC in
neurotrophin signalling is not well understood. Studies have reported that PKC is
involved in neuronal differentiation and survival although the contribution of the different
isoforms is not clear (Zirrgiebel et al., 1995; Wert and Palfrey, 2000; Wooten et al.,
2000). We used several different inhibitors of PKC in our studies, including
chelerythrine chloride, bisindolylmaleimide I and rottlerin. Chelerythrine chloride is a
potent competitive inhibitor of the conserved catalytic sites of PKC (ICsq = 0.66 uM) and
its effects on cell survival are presented in Figure 2.5. In the presence of NGF (Figure
2.5A), the lowest concentration of chelerythrine used (1 upM) had no significant effect on
survival. However, at the higher concentrations, there was a clear inhibitory influence,
with survival decreasing to less than 50 % by 3-4 d of treatment at 10 and 50 puM
concentrations (p<0.001). In the absence of NGF (Figure 2.5B), there was no further
increase in the effect of chelerythrine on survival and although there appears to be
increased survival in the presence of NGF, these results were not significantly different.
Another PKC inhibitor, bisindolylmaleimide I, acts by binding competitively to
the ATP-binding site of PKC (ICso = 87 nM). This inhibitor had no significant effects on
neuronal survival (Figure 2.6A). We employed a third inhibitor, rottlerin, which is a
selective inhibitor of the PKC3 isozyme (IC50 = 3-6 uM for PKC9; IC50 = 30-40 uM for
PKCa and PKCp), but again this inhibitor had little effect on neuronal survival in our

assays (Figure 2.6B). The data for both these inhibitors are from cultures in the absence
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of NGF. Since we were primarily interested in the survival in the NGF-free cultures, we
did not carry out parallel experiments in the presence of NGF, particularly in cases where
there was little effect in the absence of NGF.

Thus our data suggest that there is some differential contribution of PKC isoforms
to the survival of these adult neurons; however, we are not able to determine which PKC

class is the major determinant.

2.3.5 Involvement of other intermediates

Since our results had shown contribution of PI 3-K and PKC to survival, we then
investigated the potential involvement of other regulators of these pathways. In other
studies we have employed adenoviruses expressing either dominant inhibitory or
constitutively active forms of Ras to further examine the contribution of Ras to signal
transduction (Mearow et al., 1998) (unpublished observations). We have constructed
adenoviruses expressing a dominant-negative RasN17 with an EGFP epitope tag.
Because Ras can also activate PI 3-K in addition to its actions on Raf 2 MAPK, we
examined whether the RasN17 would influence survival in the adult neurons. In
embryonic neurons, this same construct results in about 50 % loss of neurons by 48 h in
the presence of NGF (Mearow et al., 1998) (unpublished observations).

Neurons were infected with the virus 2 d after plating and survival assessed at 48-
96 h later; a control EGFP adenovirus was used to assess viral toxicity. As shown in
Figure 2.7A, expression of N17 (detectable due to the co-expression of the EGFP)

resulted in 25-30 % decrease in survival in the absence of NGF (p<0.001). These results
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effect on the combination of lithium plus LY294002 or plus the RasN17, we found little
protective effect, which was not what we would have expected if GSK3 activity was
playing an important role in the effects of PI 3-K inhibition on survival. We are currently
constructing adenoviruses to express wild-type and constitutively active GSK3 to further

study the role of GSK3 in the survival of DRG neurons.

2.3.6 The effect of the inhibitors on the activation of signalling intermediates

In order to confirm that the inhibitors used did have the expected effects on their
respective targets (despite apparent lack of effect in the biological assays) we carried out
immunoblotting experiments. Neurons were plated for 24 h in the absence of NGF and
then treated with the appropriate inhibitors for 1 hr prior to 15 min stimulation with NGF.
This short-term stimulation with NGF has been shown to result in the phosphorylation of
downstream signalling intermediates and is used to assess the activation state of the
kinases (Kaplan and Miller, 1997, 2000; Kimpinski and Mearow, 2001). Neuronal
lysates were then collected and subjected to SDS-PAGE electrophoresis. The resulting
blots were probed with phospho-specific antibodies against phospho-PKC8, phospho-Akt,
phospho-GSK and phospho-MAPK, followed by blotting with antibodies to detect total
protein levels. Results from representative blots are presented in Figure 2.8. In the
absence of NGF, these adult neurons show detectable levels of the phospho-forms of most
of the intermediates examined (first lane in all the blot strips). We observe this routinely
in our cultures and suggest that this is indicative of a constitutive or basal level of

activation, which in itself could be important for both survival and neuritogenesis
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(Kimpinski et al., 1999; Kimpinski and Mearow, 2001). However, the addition of NGF
to the cultures results in the increased phosphorylation of the targets (second lane).
When the neurons are pre-incubated with the inhibitors prior to the NGF stimulation, the
upregulation of the appropriate targets is blocked. Thus in Figure 2.8A, in the presence of
1.Y294002, the NGF-induced phosphorylation of Akt is blocked; the effect on the
phosphorylation of GSK is much more modest. Similarly, in the presence of U0126,
phosphorylation of MAPK is completely inhibited. Reprobing of the same blots with
Akt, GSK and MAPK demonstrate that there is no loss of expression of these proteins.
Although we did not have antibodies to non-phospho-PKC, these are the same blots
probed with Akt, GSK and MAPK, indicating that there is no difference in protein
loading that would account for the loss or decrease in the phospho-specific signal. For
PKC, we used an antibody against the delta isoform as we had originally hypothesized
based on the literature that this would be the isoform important for NGF-stimulated
events. NGF clearly results in phosphorylation of PKC3 (Figures 2.8A and B), and this
appears to be inhibited by all the inhibitors used in panel A. The U73122 compound is a
selective inhibitor of PLCy, which might be expected to also inhibit activation of the
downstream PKC. PDKI1 has also been reported to phosphorylate PKC (Toker, 1998)
and since PDK1 is downstream of PI 3-K, 1.Y294002 inhibition of PI 3-K could result in
PDK1 inhibition as well. In panel B, the effects of the selective PKC inhibitors are
presented, and it can be seen that chelerythrine is most effective in inhibiting the
phosphorylation of PKC3. While this antibody is reported to be selective for PKCS (Cell

Signalling Technologies), it is possible that it does cross-react with the other isoforms of
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3.2 Materials and Methods
3.2.1 Reagents

Reagents used in the lysis buffer included glycerol, Nonidet P-40, sodium fluoride
and sodium vanadate, PMSF, all obtained from Sigma Chemicals (St. Louis, MO).
Protease inhibitor tablets were obtained from Roche Diagnostics (Laval, QC). U0126,
LY294002, SB203580 were obtained from CalBiochem (San Diego, CA). The
expression vector, pPEGFP-C2 was from Clontech Laboratories (Palo Alto, CA), while the
hamster Hsp27 cDNA was a kind gift of Dr. J. Landry (Universite de Laval, Quebec City,
Quebec, Canada). Lipofectamine 2000 and all cell culture media and supplements were
from Invitrogen Corp. (Mississauga, Ont.). The PC12 cell line was originally obtained
from the American Tissue Type Collection (ATCC, Manassas, VA.), and maintained in

DMEM with 10 % FCS.

3.2.2 Culture and Treatment of Cells

PC12 cells were transfected with the Hsp27/EGFP ¢cDNA using Lipofectamine
2000 according to the manufacturer’s instructions (Invitrogen Corp, Burlington, Ont.).
The efficiency of positive transfection was estimated from the percentage of green
fluorescing live cells to be approximately 40 %. Subsequently, stable transfectants were
selected with G418 (Geneticin, 15 ug/ml, Invitrogen). The cell line selected was termed
HSPC cells. In experiments, both the parental PC12 line and the HSPC cells were used
for comparison. In some experiments, we also used transient transfectants of Hsp27 for

comparison with the PC12 cells.
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The HSPC and PC12 cells (ATCC, Manassas, VA) were grown at 37°CinD M
(Invitrogen Corp) supplemented with 10 % fetal bovine serum : d penicillin-
streptomycin (100 U/ml) in a humidified atmosphere of 95 % air, 5 % CO2. Cellsw :
seeded in either 6- or 12-well plates for experimental manipulations.

For heat shock treatment, medium on the cells was changed to fresh medium 1 |
prior to the treatment, and then the plates were exposed to a 45 ' water bath for 151
in some experiments the cells were pre-incubated in the inhibitors for 1 h prior to he:
shock. Subsequently, cells were sampled either within 5 min of heat shock, or allow to
recover at 37°C for various periods of time. At the time of sampling, medium was
aspirated from the cells and the cells washed with TBS (tris-buffered saline, pH 7.5) d
collected in TBS after scraping with a rubber policeman. Following pelleting of the lls,
the cell pellet was suspended in protein lysis buffer (1 % NP40, 10 % glycerol in TB
plus protease inhibitors, ]| mM sodium vanadate, and sodium fluoride). After cell lys
and centrifugation of the lysate at 10,000rpm for 5 min, the supernatants were used 1
determine protein concentrations using the BCA protein assay (Pierce Chemicals,

Rockford, IL.).

3.2.3 Western Blot Analyses

Equivalent amounts of protein (50 ug) were subjected to SDS-PAGE (10 %
7.5-15 % gradient gels) (Kimpinski and Mearow, 2001). Following transfer to
nitrocellulose, the blots were first stained with Ponceau Red to assess the equivalen:  of
protein loading. Following washing with TBS, the blots were subsequently probed with

antibodies to Hsp27 (Stressgen, Victoria, BC, or Santa Cruz Biotech, Santa Cruz, C ),
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protein A-agarose beads (25 pl of a 1:1 slurry of beads to lysis buffer) and overnight
incubation at 4°C. After centrifugation and removal of the supernatant, the IP complexes
were washed 3 times with 5x volume of lysis buffer, followed by one final wash with
TBS and removal of the wash solution. 50 ul of 2x Laemmli SDS sample buffer were
added to the samples, and after heating at 95°C for 4 min, SDS-PAGE (10 % acrylamide)
was carried out followed by Western blot analyses with the appropriate antibodies. In
several experiments, the supernatant was also subjected to Western blotting to confirm

complete IP of the Hsp27 from the lysates (data not shown).

3.2.5 Immunocytochemistry

PC12 and HSPC cells were plated and grown in 16-well chamber slides (Nunc,
VWRCanlab, Mississauga, Ont). For immunocytochemistry, the medium was aspirated
and the cells fixed with 4 % paraformaldehyde in PBS (phosphate buffered saline),
permeabilized and blocked with 0.1 % triton X-100, in TBS with 3 % BSA and
subsequently incubated in the primary antibodies overnight at 4°C. Antibodies used were
Hsp27 (rabbit polyclonal, Stressgen Corp) and phospho-Hsp27 (UBI). Secondary
antibodies labeled with Cy2 or Cy3 (Jackson Immunoresearch Labs, West Grove, PA) or
with FITC (Santa Cruz) and conventional fluorescence or scanning laser confocal
microscopy were used to visualize immunolabeled cells. For double labeling, cells were
first exposed to the pHsp27 primary antibody overnight at 4°C, followed by the
appropriate secondary antibody and washing; the second primary antibody (the Hsp27

antibody) was incubated for 2 h at 37°C, followed by the appropriate secondary antibody.
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The cells were coverslipped with glycerol for microscopy. Digital im es were collected

and composite figures prepared using Adobe Photoshop.

3.2.6 MTS Cell Survival Assay

Cell survival was assayed using the Cell Titer 96 Aqueous Assay (Promega Corp,
Madison, WI) according to manufacturer’s protocol. Medium volume in 96-well plate
cultures was adjusted to 100 ul, and 10 pl/well of the MTS (3-(4,5-d nethylhiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-suflophenyl)-2H-tetrazolium) and PMS (phenazine
methosulfate) solution added. Plates were incubated at 37°C for 2 h 1d the absorbance

of the soluble formazan product read at 490 nm with an ELISA plate reader.

3.2.7 Statistical Analysis

Data were analyzed for significance using one-way ANOVA, followed by post-
hoc testing with Dunnett’s or Bonferroni’s test for multiple comparisons. Data were
expressed as percentages relative to control values (which were taken to represent 100
%). All experiments were replicated a minimum of 3 times, although the IP experiments

were performed 5 times.

3.3 Results
3.3.1 Overexpression of Hsp27-EGFP fusion protein in PC12 cells
A cDNA for hamster Hsp27 (Lavoie ef al., 1990) was subcloned into the Hind III

site of the pEGFP-C2 cloning vector. Following determination of the correct orientation
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of insertion, the new construct (Hsp27-EGFP) was transfected into PC12 cells using
Lipofectin 2000. The efficiency of transfection was approximately 40 %, as determined
by the percentage of brightly fluorescing green cells and subsequently, a stable cell line
(HSPC) was selected with geneticin (G148) (Figure 3.1A). As observed with Western
blotting analyses these cells expressed a fusion protein of approximately 52 kD (Hsp27
fused to EGFP), which could be identified with either antibodies to Hsp27 or GFP, in
addition to the endogenous Hsp27 (Figure 3.1B). In addition, in some experiments,
transiently transfected PC12 cells were employed as a comparison with the stable

transfectants.

3.3.2 Exposure of PC12 and HSPC cells to heat stress

Cultures of both PC12 and HSPC cells were exposed to a heat stress of 45°C for
15 min, and samples collected S min, 1 h, 3 h, 6 h and 24 h after the heat treatment.
Equivalent amounts of protein (50 ug) were electrophoresed and probed with antibodies
to Akt, p38 MAPK and Hsp27 (Figure 3.2). As shown in Figure 3.2, activation of Akt
(assessed by the phospho-specific S473 Akt antibody) occurred rapidly and has already
peaked within minutes of the end of the heat stress. In the PC12 cells (Figure 3.2A), this
phosphorylation decreased within 1 h and returned to control levels by 3 h. In contrast,
phosphorylation of Akt was prolonged in the HSPC cells (Figure 3.2B). Quantitation of
the results of several different experiments (n=4-6) indicates that the pAkt levels in the
PC12 cells were back to control values by 3 h, while those of the HSPC cells were

maintained at significantly increased levels for more than 6 h after the heat shock (Figure
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3.2C, pAkt panel, p< 0.001). However, the total Akt levels did not differ significantly
between the PC12 and the stable or transient transfectants.

There was also a modest increase in phosphorylated p38 MAPK (Figure 3.2A, B),
which remained elevated above control levels in both the PC12 and HSPC cells (Figure
3.2C, pp38 panel, p<0.05).

With respect to Hsp27, in both the PC12 (Figure 3.2A) and the HSPC (Figure
3.2B) cells there was an upregulation of Hsp27 expression by 3 h after the stress, which
continued to increase over the 24 h period (Figure 3.2C, Hsp27 panel, p<0.001).

We also examined the influence of several pharmacological inhibitors on the
activation of Akt and p38 by heat shock, and representative results are shown in Figure
3.3. In these experiments, the cells were sampled after a 1 h recovery period at 37°C. In
the absence of the heat shock, there was little phospho-Akt in either the PC12 (Figure
3.3A) or HSPC cells (Figure 3.3B), which was increased after the heat shock. In the
PC12 cells, there was also phosphorylation of p38 observed after the heat shock, while in
the HSPC cells there was detectable p-p38 in both the control and heat shocked cells. In
the presence of the PI3-kinase inhibitor, LY294002 (10 uM), there was no
phosphorylation of Akt detected, indicating that the response requires the upstream
activation of PI3-K. The p38 MAPK inhibitor, SB203580 (5 uM), resulted in a modest
depression of the activation of p38 MAPK after the heat shock in the PC12 cells, although
there was less of an influence on the HSPC cells after heat shock. It should be noted that

this inhibitor has an influence on the activity of p38 rather than on its activation. We also
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employed the MEK inhibitor, U0126 as an internal control for the effects of the

inhibitors, and it had little influence on the parameters examined.

3.3.3 HSP27 is phosphorylated with stress and this results in nuclear localization

Hsp27 is known to be phosphorylated by MAPKAP-K2 subsequent to the
activation of p38 MAPK. Most efforts to detect phosphorylation have relied on either
isoelectric focusing (IEF) or gel chromatography. We attempted to detect differential
phosphorylation of Hsp27 using IEF gels, and found with HS that 3 species were
detectable, compared to the 1-2 species in the control specimens (Figure 3.4A); pl values
were estimated to be 4.5, 5.1 and 6 using IEF standards, similar to results for other cell
types (Landry et al., 1991). In the unstimulated HSPC cells (Figure 3.4B), there were 3
species also detectable, suggesting that overexpression may result in constitutive
phosphorylation, perhaps due to decreased dephosphorylation by phosphatases. In
addition we were able to detect pHsp27 using a phospho-specific antibody that recognizes
the consensus sequence around the Serl5 site in human Hsp27. In order to determine
whether this antibody would also recognize the rodent pHsp27-serl5, we used human
HEK?293 and Hel a cells and compared the response after heat shock to that from PC12
cells. As shown in Figure 3.4C, this antibody is able to recognize both human and rat
phosphorylated Hsp27. Furthermore, it is also able to recognize the hamster Hsp27-fusion
protein as seen in Figure 3.4D.

Following Hsp27 phosphorylation, it has been reported that the cellular

distribution of Hsp27 changes, with nuclear or perinuclear localization being observed
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(Arrigo et al., 1988; Nakatsue et al., 1998; Geum et al., 2002). We have used
immunocytochemistry with the phospho-Hsp (pHsp)- specific antibody and confocal laser
scanning microscopy to examine whether these sorts of changes also occur in PC12 cells
and whether there was any difference between the PC12 and the HSPC cells (Figures
3.5A-1, PC12 cells, and Figures 3.5 J-O, HSPC cells). In PC12 cells, in the control
conditions most of the pHsp was cytosolic (Figures 3.5A-C), although after HS
differential localization was observed (Figures 3.5 D-I). In cells fixed 5 min after the end
of the 15 min HS, there was a clear increase in the pHsp staining, both cytoplasmic and
with increased nuclear staining (Figures 3.5E, F); there was little or no non-
phosphorylated Hsp27 observed in the nucleus (Figures 3.5D, F). After a 1 h recovery
period, there was a redistribution in many cells, with pHsp27 localization now being most
prominent in the peripheral cytoplasm (Figures 3.5H, I).

In the HSPC cells, we observed that even in the control conditions, there was
some nuclear punctate staining for pHsp (Figures 3.5J-L), but we could also detect
distinct perinuclear localization in some cells after a 1 h recovery period (Figures 3.5M-
0). We suggest that the increased expression of Hsp27 in these cells results in increased
phosphorylation and a redistribution of Hsp27 in a manner that allows the cells to respond

more readily to potentially lethal stresses.

3.3.4 Hsp27 forms immunoprecipitable complexes with Akt and p38 MAPK
Because of a report indicating that Hsp27 could bind to Akt (Konishi et al., 1997),
we undertook immunoprecipitation analyses. For these experiments we used the PC12

cells primarily, as we found that the presence of both the fusion protein and the
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endogenous Hsp27 in the HSPC cells made the interpretation of the results somewhat
confusing due to the similar sizes of the fusion protein and the IgG heavy chain. We used
anti-Hsp27 (Stressgen Corp) for immunoprecipitation, followed by Western blotting with
Hsp27, Akt and p38 MAPK antibodies. The immune complexes were electrophoresed
and the blots probed with a series of antibodies. As shown in Figure 3.6A, both p38 and
Akt were co-immunoprecipitated with the Hsp27. In the lysates from the heat shocked
cells, both phospho-Akt and phospho-p38 were detectable; we were unable to detect
INK/SAPK, MAPKAP-K2 or MAPK in these complexes. By 6 h after the stress, the
amount of Akt and p38 associated with Hsp27 has decreased. The time course of the
pAkt detection seems to be different from that observed with the Western blots (Figure
3.2) where phospho-Akt detected in the total cellular lysates is decreased back to control
levels by 3h. However, one possible explanation for this may be that the Akt complexed
with the Hsp27 is protected from dephosphorylation and thus in the immunoprecipitates
pAkt is detected over a somewhat prolonged time course (see Discussion).

We also examined the effect of treatment with SB203580 (an inhibitor of p38
MAPK activity) on complex precipitation in order to determine whether p38-dependent
phosphorylation of Hsp might play a role in the complex formation or dissociation. As
shown in Figure 3.6B, there was little observable difference at the early time point,
although at the 60 min recovery time point there was less pAkt and Akt, as well as pHsp
detectable in the immunoprecipitates. This suggests that p38 activity associated with
phosphorylation of Hsp27 may play a role in complex formation, although further

investigation is required to confirm this possibility.
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3.3.5 HSPC cells are more resistant to NGF-withdrawal

PC12 cells can be differentiated into neuron-like cells by treatment with NGF in
low serum or serum-free medium. The differentiated cells become flattened and put out
neuritic-like processes. Once differentiated, these cells rely on the presence of NGF for
their continued survival; if the NGF is washed out of the medium (and/or neutralized by
the use of anti-NGF antisera), the PC12 cells will undergo apoptosis, which is almost
complete by 72 h post-NGF withdrawal.

Control PC12 and HSPC cells were treated with NGF to induce differentiation and
were cultured in the presence of NGF for 7 d. NGF was removed from the cells and the
extent of apoptosis was assessed over the subsequent 72 h. Two methods of assessing
cell death were employed. In the first, a colorimetric cell survival assay in which the
optical density (OD) values correlate with number of viable cells was used. Figure 3.7
presents the results of the MTS assay experiments. It is clear that the HSPC cells were
less vulnerable to the effects of NGF withdrawal than the non-Hsp overexpressing PC12
cells. Additionally, control and experimental cultures were subjected to propidium iodide
(PI) staining 24 and 48 h after NGF withdrawal, and the results corresponded with those

of the MTS assays (data not shown).

3.3.6 Signalling pathways activated by NGF withdrawal

We then examined the effects of NGF withdrawal on the Akt, p38, and Hsp27
expression. Representative results are shown in Figure 3.8. Interestingly, the presence or
absence of NGF did not appear to have any detectable influence on the expression of

Hsp27 (Figure 3.8A). Phospho-Akt and p38 were increased after NGF withdrawal in
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caspase 3. There was less detectable cleaved caspase 9 and 3 in the PC12 cells
overexpressing Hsp27, compared to the non-transfected PC12 cells. However, it should
also be noted that there was not complete inhibition of the caspases in these experiments,
nor complete blockade of PARP cleavage. This may be related to the fact that neither
differentiation nor cell death in this particular model is synchronous, as well as the fact
that the transient transfectants had much lower levels of Hsp27 expression, compared to
the stable cell line.

These results support our observations that there was less apoptosis detectable in
the Hsp27-overexpressing cells after NGF withdrawal, and further support the

interpretation that Hsp27 can protect cells from NGF withdrawal-induced cell death.

3.4 Discussion

In this study we have shown that heat shock treatment of PC12 and HSPC cells
results in the rapid activation of Akt and p38 MAPK. Inhibition of PI3-K blocks the
activation of Akt, but has no effect on p38 MAPK, and inhibition of p38 has little
influence on Akt activation. Hsp27 expression is upregulated in both cell types by 3h
after heat shock. Phosphorylation of Hsp27 occurs after heat shock in both PC12 and
HSPC cells, although there appears to be an increased level of phosphorylated Hsp27 in
basal conditions in the HSPC cells. Heat shock also results in changes in the cellular
localization of pHsp27 from primarily cytoplasmic to nuclear and perinuclear sites; the
appearance of granules in the nuclei of the cells may correspond to the heat shock
granules previously described in other cell types (Arrigo et al., 1988). The

overexpression of Hsp27 also protects differentiated HSPC cells from cell death that
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normally occurs within 24-48 h after NGF withdrawal. Following NGF withdrawal,
pAkt levels remain elevated in the HSPC cells compared to the PC12 cells, similar to
what was observed in the non NGF-differentiated cells. Furthermore, we also observed
increased PARP cleavage in the PC12 cells compared to the HSPC cells.
Immunoprecipitation experiments demonstrated that Hsp27 forms a complex with Akt
that also includes p38MAPK. Furthermore, heat shock did not result in a clear
dissociation of the complex. Taken together with the observations that phosphorylation
of Akt is maintained or prolonged with Hsp27 overexpression, it is possible that Hsp27 is
protecting Akt from dephosphorylation.

Heat stress or mild hyperthermia can result in the acquisition of tolerance, the
ability of cells to withstand subsequent usually lethal stresses. The mechanisms
underlying this phenomenon are subject to much investigation, with tolerance usually
ascribed to the increased expression of one or more Hsps (Ohtsuka and Suzuki, 2000;
Garrido et al., 2001). However, post-translational modifications such as phosphorylation
that modulate Hsp function, as well as increased expression of Hsps are dependent upon
intracellular signalling cascades that are activated in response to the various stressors
(Rouse et al., 1994; Lavoie et al., 1995; Guay et al., 1997). While p38 is activated by a
range of stresses and plays a role in apoptosis (Kato et al., 1999; Mielke and Herdegen,
2000), there is emerging evidence for its involvement in processes that could contribute to
survival. One target of p38 is MAPKAP-K2, which phosphorylates Hsp27,
phosphorylation which modulates both the chaperone activity and anti-apoptotic effects

of Hsp27 (Preville et al., 1998; Rogalla et al., 1999; Charette et al., 2000).
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NGF withdrawal from NGF-dependent neural cells often results in apoptosis.
Growth factor receptor activation of the PI3-K -> Akt and Ras-> MAPK pathways are
survival promoting, while p38 activation is associated with neuronal death following
growth factor withdrawal (Xia et al., 1995; Harding et al., 2001). In our experiments, p-
p38 was increased both by the addition and withdrawal of NGF. In addition, pAkt levels
were maintained following NGF withdrawal in the overexpressing PC12 cells.
Expression of the endogenous Hsp27 or overexpression of the fusion protein was not
altered by NGF. We also found that Hsp27 levels in the NGF-differentiated PC12 and
HSPC cells were not different from those in the non-differentiated cells. This is in
contrast to what has been observed with Hsp70, wherein NGF-differentiated cells lose
their ability to induce Hsp70 in response to stress (Dwyer et al., 1996; Hatayama et al.,
1997).

However, as pointed out above, there was still cell death in the overexpressing
cells (as seen in the survival assays, and the detection of caspase and PARP cleavage).
This is similar to what has been recently reported for the protective effect Hsp105 in
PC12 cells, where overexpression of Hsp105 resulted in 10-40 % protection in response
to various stressors, but still resulted in significant cell death and significant PARP
cleavage (Hatayama et al., 2001).

Several mechanisms have been put forward to account for the antiapoptotic
functions of Hsp27 in addition to its chaperone and actin stabilizing activities, including
preventing the interaction of the Daxx with Ask1 (Charette et al., 2001), preventing
activation of caspases 9 and 3 (Garrido ef al., 1999; Pandey et al., 2000), interacting with

and inhibiting release of cytochrome ¢ (Concannon et al., 2001; Paul et al., 2002). In our
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study we saw less activation of PARP, which was accompanied by a modest decrease in
caspase 9 and 3 activation (as detected by the presence of the small cleavage products) in
the Hsp-overexpressing cells compared to PC12 cells after NGF withdrawal. We did not,
however, undertake experiments to directly determine the influence of Hsp27
overexpression on caspase levels or activation.

While Hsp27 has been shown to exert protective influences in a number of non-
neural cellular models, there have been few studies examining its effects or regulation in
neural cells. Recent reports have demonstrated that viral transfer of Hsp27 also protects
neuroblastoma and primary neonatal DRG neurons against lethal thermal stress, NGF
withdrawal and axotomy-induced cell death (Costigan et al., 1998; Lewis et al., 1999;
Wagstaff et al., 1999). A number of studies have shown that following hyperthermia,
ischemia or neural injury, Hsp27 expression is increased in the CNS in both neurons and
glial cells (Bechtold and Brown, 2000; Currie et al., 2000; Krueger-Naug et al., 2000;
Akbar et al., 2001; Murashov et al., 2001). However, these studies did not examine the
potential mechanisms underlying these effects.

Hsp27 was previously found to form a complex with Akt after heat stress in COS
cells, with gradual dissociation during the recovery period (Konishi et al., 1997). These
authors suggested that Hsp27 might function as a chaperone to alter the conformation of
the enzyme for its activation upon stress stimulation. Further, a recent report indicates
that Akt, p38 and Hsp27 form a complex in damaged motor neurons, and these authors
too propose that such a complex may maintain Akt in a biologically active conformation
(Murashov et al., 2001), although they do not present any data demonstrating Akt

activation. Akt has also been shown to be associated with the Hsp90, in such a way that
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Hsp25/27 and a-crystallin, have been shown to be upregulated by stress. Hsp27 has
protective effects against heat shock, oxidative stress and other models of cellular injury
in a variety of cell types, including neurons (Landry et al., 1989; Lewis et al., 1999;
Wagstaff et al., 1999; Benn et al., 2002; Zourlidou ef al., 2004; Arrigo ef al., 2005;
Latchman, 2005).

Dorsal root ganglion (DRG) sensory neurons are known to be dependent upon
neurotrophins for their embryonic development and differentiation. During this early
embryonic period their dependence is based upon neurotrophins such as NT-3 and NGF;
however, dependence is shifted primarily to NGF during late embryonic development
(Ruit et al., 1992; Memberg and Hall, 1995; White et al., 1996; Molliver and Snider,
1997; Vogelbaum et al., 1998). It is well established that early neonatal DRG neurons are
dependent on NGF for survival, and when NGF is withdrawn from culture, these neurons
die via an apoptotic mode of cell death, likely by inhibition of pro-survival signalling
(eg., PI3K— Akt), and activation of pro-apoptotic genes c-Jun and Bax (Deckwerth et al.,
1996; Tong et al., 1996; Datta et al., 1997; Vogelbaum et al., 1998).

On the other hand, adult DRG neurons do not require NGF for survival and
survive up to two weeks in culture in the absence of NGF (Dodge et al., 2002). The
mechanism by which developing DRG neurons become less sensitive to harmful stimuli
as they progress to adulthood is the subject of much study and a number of molecular
candidates, including Hsp27, have been suggested (Benn et al., 2002; Walsh et al., 2004;
Fernyhough et al., 2005). For example, it has been reported that the developmental

regulation of Hsp27 may play a role in the decreased vulnerability of mature DRG

122




neurons to trophic factor withdrawal (Costigan et al., 1998; Lewis et al., 1999; Benn et
al., 2002). Hsp27 is constitutively expressed in subpopulations of motor and sensory
neurons in the adult rat nervous system (Plumier ez al., 1997), and overexpression of
exogenous Hsp27 in neonatal DRG neurons protects them from cell death due to both
peripheral nerve injury and NGF withdrawal (Lewis et al., 1999; Wagstaff et al., 1999).
Based upon our previous work (Mearow et al., 2002) and that of others noted above, we
were interested in further examining whether the intrinsic differences in expression of
Hsp27 were a key factor in the NGF-independence of adult DRG neurons, and
determining whether a physiologically relevant manipulation might be sufficient for
neuronal protection. Our results confirm that constitutive expression of Hsp27 is minimal
in neonatal neurons, whereas levels are significantly higher in adults both in cultures and
intact DRGs. In addition, a stress consisting of non-lethal heat shock results in increased
phosphorylation and expression of endogenous Hsp27 in both neonatal and adult neurons,
and this upregulation of Hsp27 in neonatal cultures prior to NGF withdrawal rescues
these neurons from cell death normally seen by NGF withdrawal alone.

We have also used siRNA specific for Hsp27 and examined its effects on both
Hsp27 expression and neuronal survival in adult and neonatal neurons. Decreased Hsp27
expression correlated with increased cell death in adult neurons and pretreatment with
siRNA inhibited the heat-shock induction of Hsp27 and protection against cell death in

the neonatal neurons.
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4.2 Materials and Methods
4.2.1 Cell Culture

Primary DRG neurons were dissected from young adult (4-5 wks old) or postnatal
day 2 (P2) Sprague-Dawley rats. Animals were anaesthetized with Somnotol and
sacrificed by decapitation. The usage of animals was approved by the Institutional
Animal Care Committee, St. John’s, NL, Canada. DRG neurons from young adults were
cultured as described previously (Dodge et al., 2002). In brief, ganglia were extracted
from all spinal cord levels and incubated in 0.25 % collagenase type II (Invitrogen/Life
Technologies, Burlington, Canada) for 45 min at 37°C, and then incubated with 0.25 %
trypsin (Invitrogen) for 20 min at 37°C. The ganglia were dissociated by a series of
manual triturations using polished Pasteur pipettes. The cell suspension was centrifuged
at 1000 rpm and the resulting cell pellet was suspended in serum-free Neurobasal medium
(Invitrogen) supplemented with B27 additives and antimitotics (10 uM cytosine
arabinoside, Sigma, St. Louis, MO, USA). P2 neurons were cultured similarly with the
following changes: DRGs were not incubated with collagenase but were incubated with
trypsin for 45 min at 37° C, followed by incubation in DNAse A (10 mg/mL) for 5 min at
room temperature. Dissociation was by manual trituration and suspension of cells was in
serum-free Neurobasal medium supplemented with B27 additives, N, and antimitotics.
Cells were plated at a density of 5000-7000 cells per well of a 12-well plate for protein
analysis. Cells to be plated on culture slides were centrifuged on a 30 % Percoll

(Amersham Biosciences, Quebec) gradient and plated at a density of 200-300 cells per
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well. Medium was supplemented with 50 ng/mL NGF (Cedarlane Labs, Hornsby,

Canada) where appropriate.

4.2.2 Cell Culture Treatments

For NGF withdrawal experiments, P2 DRG neurons were plated with medium
supplemented with 50 ng/mL NGF. For protein experiments, cultures were left for 3-4 d
to allow for elimination of non-neuronal cells. Cells were then washed three times over a
period of 3-4 h to withdraw NGF from the medium, leaving cells in an NGF-free
environment; medium was also supplemented with anti-NGF IgG (500 ng/mL). Protein
was collected at various time points afterwards. For culture slides and survival assays,
NGF withdrawal was performed by the same procedure and survival was assayed at
various time points afterwards by either propidium iodide or TUNEL labelling methods.
Controls for these experimental conditions were cultures maintained in medium
containing NGF.

For heat shock treatment, culture plates were immersed in a 45°C water bath for 15
min. Cells were allowed to recover for varying intervals after heat shock and sampled for
protein analysis or fixed for immunocytochemistry.

siRNA was introduced into cells using the AMAXA nucleofection system (AMAXA
Inc, Maryland, USA). DRGs were dissociated by incubating with dispase (2 mg/mL
collagenase type II; 5 mg/mL protease, Sigma; 0.1 mg/mL Dnase, Sigma) for 45 min at
37°C, followed by manual triturations with a polished Pasteur pipette. Cells to be plated

in 12-well plates were spun down at 500 rpm for 5 min and the pellet resuspended in
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AMAXA nucleofector solution to which negative control siRNA or Hsp27 siRNA was
added. The suspension was then placed in a cuvette, and transfected using program G-13.
Cells to be plated in glass chamber slides were first subjected to a 30 % Percoll gradient
before transfection. Negative control siRNA tagged with Alexa Fluor 546, and two
Hsp27 siRNA sequences were transfected into neurons at a concentration of 2 uM each.
Target sequences for silencing Hsp27 gene expression were: S’UCA CUG GCA AGC
ACG AAG A3’ and 5°’GAG UGG UCU CAG UGG UUC A3’; the siRNA was
synthesized and purchased commercially (Dharmacon, Colorado, USA). Negative
control siRNA was purchased from Qiagen (Mississauga, Canada), target sequence
S’AAT TCT CCG AAC GTG TCA CGT3’. After transfection with the AMAXA system,
cells were incubated in medium containing 10 % FCS (Invitrogen) for 10 min, then plated

in medium void of FCS and allowed to recover for 24 h.

4.2.3 Western Blotting

Culture medium was aspirated and cells were removed with ice-cold Tris-buffered
saline (TBS) with sodium vanadate (200 mM). Cell pellets were suspended in protein
lysis buffer consisting of 10 % glycerol, 1 % Nonidet P-40, sodium vanadate (200 mM),
sodium fluoride (200 mM), and one protease inhibitor cocktail tablet (Roche Scientific,
Laval, QC). Cell lysates were then centrifuged at 10,000 rpm for 10 min. For
experiments involving subcellular fractionation, protein was extracted using the
Subcellular Proteome Extraction Kit (Calbiochem, La Jolla, CA). Protein concentrations

were determined using the BCA protein assay (Pierce Chemicals, Rockford, IL, USA).
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Equivalent amounts of protein (30 ug) were electrophoresed on 10 % SDS-
polyacrylamide gels. Following transfer to nitrocellulose, blots were stained with
Ponceau Red to assess the equivalency of protein loading. Following washing with TBS,
the blots were blocked in 3 % milk-TBST (Tris-buffered saline and Tween 20 at 0.2 %
V/V) and probed with polyclonal antibodies to pHsp27 (1:800, Affinity Bioreagents, CA),
Hsp70 (1:10,000, Stressgen, Victoria, B.C), Hsp27 (1:2000, Stressgen), MAPK (1:1000,
Santa Cruz Biotechnologies, California), pAkt (1:1000) and Akt (1:1000, Cell Signalling,
Mississauga, Canada). Blots from several experiments were quantified using

densitometry.

4.2.4 Immunocytochemistry

Adult and neonatal neurons were plated on 16-well glass chamber slides (Nunc,
VWR Canlab, Mississauga, ON, Canada). The medium was aspirated and cells were fixed
with 4 % formaldehyde in phosphate-buffered saline (PBS), permeabilized with 0.1 %
Triton-X and blocked with 10 % goat serum in PBS. Immunocytochemistry on whole
DRG sections involved extracting whole DRGs from adult and neonatal rats, and freezing
them in tissue freezing media (TBS, Triangle Biomedical Sciences, Durham, N.C.) at -
70°C until ready to use. DRGs were cryosectioned in 8 um (for adults) and 16 pm (for
neonates) slices, and sections were placed onto glass slides. The sections were fixed in
4% formaldehyde, permeabilized in 0.2 % Triton-X and blocked in 10 % goat serum in
PBS. Subsequently, cells and sections were incubated with a polyclonal primary antibody

to Hsp27 (1:250, Stressgen) or pHsp27ser15 (1:100, Affinity Bioreagents) overnight at
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4°C. Secondary antibodies labelled with Cy2 or Cy5 (1:100, Jackson Immunoresearch

Laboratories, West Grove, PA, USA) and conventional fluorescence or scanning laser

confocal microscopy was used to visualize the immunolabeled cells.

4.2.5 Cell Survival Assays

Cell survival was assessed in 16-well chamber slides. For propidium iodide (PI)
labelling, medium was aspirated and PI was added to wells at a concentration of 10
ug/mL. PI was then washed off with Hanks Balanced Salt Solution (Invitrogen) and the
cells fixed using an immunocytochemistry protocol. Cell survival was determined from
four different fields in each well, counting the number of cells that excluded PI, and then
calculating the values into a percentage of survival relative to control values. In some
experiments we employed TUNEL labelling (In situ Cell Death Detection Kit, POD,
Roche Applied Science, Indianapolis, USA). This involved fixing of cells in 4 %
formaldehyde in PBS, permeabilization with 0.1 % Triton-X, and blocking with 10 %
goat serum in PBS. TUNEL reaction mixture was added to chamber wells for 1 h. Cell
survival counts were performed and subsequently, Hsp27 (1:250) primary antibody was
added and incubated overnight at 4°C, followed by washing and detection with Cy-2
labeled secondary antibody. Cell survival is the percentage of live cells compared to total
cell numbers. For siRNA experiments, control conditions indicate wells that had been

transfected with negative control siRNA.
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4.2.6 Statistical Analysis

Data were analyzed for significance using one-way ANOV A, followed by post-
hoc testing with Tukey’s test for multiple comparisons. Data were expressed as
percentages relative to control values. All experiments were replicated a minimum of

three times. Data are expressed as the mean + SEM. *p<0.05, **p<0.01, ***p<0.001

4.3 Results
4.3.1 Expression of Hsp27 is developmentally regulated

Whole cryosections of adult and neonatal postnatal day 2 (P2) rat dorsal root
ganglia were probed with a primary antibody to Hsp27 and immunoreactivity was
detected with Cy-2 secondary antibodies (Figures 4.1 A and B). Immunoreactivity in
adult sections was robust (Figure 4.1A), and present in most cells in all areas of the
ganglion. The majority of labelled cells were of the medium to large sized category and
there was no difference in expression of Hsp27 among ganglia of different spinal areas
(cervical, thoracic, lumbar or sacral — data not shown). Conversely, neonatal DRG
sections showed minimal Hsp27 staining (Figure 4.1B) and these results were consistent
throughout all spinal levels. As seen in Figure 4.1C, cultures of adult neurons show
intense staining, and Hsp27 can also be seen extending into neuritic processes. Growth
cones and contact points show staining for Hsp27, which suggests a role for this
chaperone in the maintenance of the cytoskeleton and in cell adhesion. On the other

hand, the presence of Hsp27 in neonatal cultures is not as extensive, although it is seen in
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some neurites (Figure 4.1D). This corresponds to the low constitutive levels present in
whole ganglion seen in Figure 4.1B.

To further demonstrate the differences in Hsp27 expression between adult and
neonatal neurons, cell counts and western blotting were performed to quantitate
expression and protein levels. Approximately 80 % of neurons in adult sections showed
staining, whereas only 20 % of neonatal neurons were immunoreactive (Figure 4.2A).
Western blotting experiments of whole DRG lysates showed similar results as cell counts;
adult levels were taken as 100 % Hsp27 expression and neonatal levels were expressed in
comparison to adults (Figure 4.2B). Adult and neonatal DRG primary neuronal cultures
also showed differential staining for Hsp27. The number of cells expressing Hsp27 in
vitro was counted 24 h, 48 h and 72 h after plating for both adult and neonatal cultures
and expressed as a percentage of total cells present (Figure 4.2C). The presence or
absence of NGF in the cultures had no effect on the percentage of adult cells expressing
Hsp27, as 80 % of cells were immunopositive for Hsp27. The percentage of neonatal
neurons positive for Hsp27 was significantly less (~25 %) than that in adult neurons and
remained at this level for the duration of the experiment. Western blotting data also
supported these results, although neonatal Hsp27 expression from cell culture lysates was
slightly higher than that from whole DRGs (Figure 4.2D). This data suggests that
dissociation may cause an increased expression of Hsp27 in some neonatal cells but does

not result in an overall increase in numbers of cells expressing Hsp27.
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variety of cell types. Cultures of adult and neonatal neurons were exposed to a heat stress
of 45°C for 15 min, and samples were collected at recovery periods of S min, 1 h,3h,6 h
and 24 h after the stress. Equivalent amounts of protein (30 ug) were electrophoresed on
SDS-polyacrylamide gels and probed with an antibody to pHsp27SlS, Hsp27or pAkt 547
(Figure 4.4). Results show that as early as 1 h after heat shock Hsp27 becomes
phosphorylated in both adult (Figure 4.4A) and neonatal neurons (Figure 4.4B). Total
levels of Hsp27 were significantly elevated (p< 0.05) by 3 h after heat shock and
continued to rise over the experimental period (p< 0.01). Furthermore, increased Akt
activation (phosphorylation of Akt) was observed in both adult (Figure 4.4C) and neonate
(Figure 4.4D) cultures after heat shock and this returned to control levels by 3 h of
recovery. These results show that even though neonatal neurons have low levels of Hsp27
expression, they can be induced to increase Hsp27 expression after a heat stress and that
both the neonatal and adult cultures respond to the acute stress in a similar way —
inducing Hsp27 expression after a lag time and an initial activation of Akt, which could
potentially play a role in promoting neuronal survival as we have previously shown for

PC12 cells (Mearow et al., 2002).

4.3.4 Endogenous Hsp27 induction protects neonatal neurons from NGF
withdrawal-induced cell death.

Cells were plated in the presence of NGF, and 3 h prior to NGF withdrawal were
heat shocked for 15 min at 45°C. Following NGF withdrawal, survival was assessed at

24 h and 48 h by propidium iodide staining (Figures 4.5A and 4.5B). As seen previously,
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there was no significant difference in cellular survival between cells maintained in NGF
up to 48 h after the beginning of the experiment. When cells were heat shocked, there was
a significant decrease in survival to 65 % 48 h afterwards (Figure 4.5B). Our
observations suggest that while adult neurons are quite resistant to a variety of cell
stresses, neonatal neurons tend to be more susceptible to certain stresses, such that there is
usually an initial loss of a proportion of the neurons. This could be indicative of different
populations of neurons, although we have not investigated this in any detail. Cultures that
contained no NGF showed significant decreases in cell survival at 24 h (Figure 4.5A), and
more dramatically at 48 h (Figure 4.5B) after withdrawal. However, when heat shock
was given 3 h before NGF withdrawal, the induction of Hsp27 expression significantly
improved cellular survival and delayed neuronal apoptosis. 24 h after withdrawal, there

is a significantly higher percentage of cellular survival (85 % as opposed to 55 % in the
absence of NGF) (Figure 4.5A). Cell death 48 h after heat shock without NGF in the
culture medium was also decreased (60 % survival as opposed to 35 % in the absence of
NGF) (Figure 4.5B). Figure 4.5C shows levels of Hsp27 expression by Western blotting,
and Figures 4.5D and 4.5E present these results quantitatively. In all conditions where
heat shock was given, Hsp27 levels are significantly higher than without heat shock,
regardless of whether NGF was present or withdrawn. These data indicate that the
induction of Hsp27 prior to NGF withdrawal contributes to increased cellular survival in

the face of NGF withdrawal.
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4.3.5 Hsp27 siRNA inhibits the rescue of neonatal neurons from NGF-withdrawal by
heat shock.

To further investigate the contribution of Hsp27 to cell survival, we used a siRNA
approach to decrease Hsp27 expression. Neonatal neurons were transfected with either a
scrambled negative control siRNA or a cocktail of 2 Hsp27 siRNAs and plated in medium
supplemented with NGF. Transfection resulted in approximately 45-50 % efficiency
(data not shown). siRNA was introduced into cultures and left for 24 h before beginning
the experiment. Cells were heat shocked and/or subsequently underwent NGF
withdrawal. Survival was assayed by TUNEL labelling and results are shown in Figure
4.6A (scrambled siRNA) and Figure 4.6B (Hsp27 siRNA). At 24 h and 48 h after NGF
withdrawal there was a significant decrease in survival. Heat shock given prior to NGF
withdrawal provides some rescue of neurons from apoptosis. However, as seen in Figure
4.6A and 4.6B, neonatal neurons transfected with Hsp27 siRNA were not rescued from
NGF withdrawal induced apoptosis, indicating that induction of Hsp27 via heat stress is
sufficient to rescue neonatal neurons from apoptosis after NGF withdrawal. Western
blotting data of this experiment (Figure 4.6C) shows that siRNA effectively inhibited the
expression of Hsp27, both constitutively (first 4 lanes) and after heat stress (last 4 lanes).
These results also show that siRNA used in these experiments is specific for Hsp27, as no
change in another heat shock protein, Hsp70, was detected. Figure 4.6D shows TUNEL
labelling results of neonatal cells 48 h after NGF withdrawal. Nuclear staining shows
cells that are undergoing apoptosis (small arrows), whereas large arrows indicate cells

lacking TUNEL labelling. Hsp27 immunostaining is shown in Figure 4.6E, indicating
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decreases in cell survival were seen in siRNA conditions beginning 24 h after transfection
(<20 % cell death) and survival continued to decrease up to 72 h afterwards (up to about
30 % cell death). However, as Figure 4.7B shows, not all cells that displayed lack of

Hsp27 staining appeared to be dying.

4.4 Discussion

The results of this study show that the small heat shock protein Hsp27 is
expressed differentially between neonatal DRG neurons and adult DRG neurons both in
vivo and in culture, and that this expression in adult neurons may be a contributing factor
to their NGF-independent survival. Both adult cultures and whole DRG cryosections
were constitutively strongly immunoreactive for Hsp27, whereas expression levels in
neonatal cultures were low in comparison. When cultures were subjected to sublethal
heat stress, activation of Akt occurred for a brief period of time immediately after the
stress and endogencus Hsp27 expression was significantly induced in both adult and
neonatal cultures. Hsp27 siRNA served to significantly decrease endogenous Hsp27
levels in adult neuronal cultures and also caused some cell death over time. Induction of
endogenous Hsp27 in neonatal neurons was able to protect these cells from NGF
withdrawal-dependent cell death. Furthermore, when neonatal neurons were transfected
with Hsp27 siRNA to suppress induction of Hsp27, the apparent Hsp27-dependent rescue
was not observed. Our results demonstrate the importance of Hsp27 in survival of DRG
neuronal cultures and are similar to those reported by others using exogenous
overexpression of Hsp27 by herpes simplex viral-based vectors (HSV) (Lewis et al.,

1999; Wagstaff ez al., 1999; Benn et al., 2002).
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"CHAPTER 5

REGULATION OF HSP27 EXPRESSION

5.1 Introduction

Studies of the cellular response to stress have focused on induction of heat shock
proteins (Hsps) as one of the most common occurrences among virtually all organisms.
Stress responses result in changes in gene expression, with resultant changes in protein
expression. The induction of these proteins via stress responses are one of a number of
changes in protein expression and activation that serves to prevent apoptosis due to
detrimental stressors, such as heat shock, oxidative stress and UV, and to repair cellular
damage.

Hsp70 and Hsp90 have both been shown to be inducible with stress in the nervous
system and to provide protection against insults (Ohtsuka and Suzuki, 2000; Richter-
Landsberg and Goldbaum, 2003; Franklin et al., 2005). Hsp27, a member of the small
heat shock protein family, is also shown to be upregulated by stress and provide
protection in neurons as well as other cell types (Landry et al., 1989; Lewis et al., 1999,
Wagstaff ef al., 1999; Benn et al., 2002; Zourlidou et al., 2004; Arrigo et al., 2005;
Latchman, 2005). In response to heat stress, the transcription factor heat shock factor-1
(HSF-1) has been reported to play a crucial role in cell protection (Wu, 1995; Pirkkala et

al., 2001; Christians et al., 2002; Ahn and Thiele, 2003). HSF-1 is a member of the heat

‘A portion of the data in this chapter has been published in: Dodge, M.E., Wang, J., Guy, C., Rankin,
S., Rahimtula, M., Mearow, K.M. (2006) Stress-induced heat shock protein 27 expression and its role in
dorsal root ganglion neuronal survival. Brain Research Molecular Brain Research 1068: 34-48.
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antibodies labelled with Cy2 or Cy5 (1:100, Jackson Immunoresearch Laboratories, West
Grove, PA, USA) and conventional fluorescence or scanning laser confocal microscopy

was used to visualize the immunolabeled cells.

5.2.5 Electromobility Shift Assay (EMSA)

Oligonucleotides complementary to the heat shock element (HSE, 5> CTA GAA
GCT TCT AGA AGC TTC TAG 3’ and 5° CTA GAA GCT TCT AGA AGC TTC TAG
3’, Integrated DNA Technologies) or NF-kB consensus sequence (5’AGT TGA GGG
GAC TTT CCC AGG 3’ and 5° GCC TGG GAA AGT CCC CTC AACT 3’) were
annealed by incubating 10 pmol of each probe in a 10 pL reaction containing 20 mM Tris
HCI (pH 8.4) and 50 mM KCIl. Tubes were then heated to 80°C for 5 min, then slowly
cooled to room temperature. Half of these mixtures were end-labelled with [y->*P] dATP
by incubating annealed oligonucleotides with 5X forward reaction buffer and 10U T4
polynucleotide kinase (Invitrogen). For preparation of cold competition probes, 100 pmol
of oligonucleotide was used for annealing in a 10 pL reaction and 10 pmol (1 pL), which
is approximately 100 fold excess of the hot probe, was used for each reaction.

Protein was collected using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents Kit (Pierce Biotechnology Inc, Rockford, IL, USA). An equal amount of
protein (20 ug) from each sample was used in 25 pL binding reactions, which consisted
of 1 ug poly dI-dC, 2X binding buffer (20 mM Tris pH 7.5, 100 mM NaCl, 2 mM EDTA,
10% glycerol and 10 mg/mL BSA), labelled probe, and for competition and supershift

assays, with either unlabeled probe or 2 nLL HSF-1 antibody (Affinity Bioreagents).
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Protein lysate volumes were made to equal 5 pL. by addition of buffer C (20 mM Hepes
pH 7.8, 25 % glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA and 0.5 mM
PMSF). To determine specificity of DNA binding, unlabeled competitor DNA was added
to the binding reactions and allowed to incubate for 10 min at room temperature.
Following this incubation, labelled probe was added and samples were further incubated
for 20 min at room temperature. Samples were then electrophoresed ona 5 %
nondenaturing polyacrylamide gel in 0.5X TBE for 1.5 h at 120 V and visualized by

autoradiography.

5.2.6 Real Time RT-PCR

RNA was isolated using Trizol reagent (Invitrogen) as per the manufacturer’s
instructions and was subsequently treated with DNase (Ambion, Austin, TX) to remove
traces of contaminating DNA. RNA was reverse transcribed to cDNA using MMLV
reverse transcriptase (Invitrogen) prior to use as template for real-time PCR amplification
using the following PCR primer pairs: HSF-1 plus S’ AAGCCTGAGAGGGATGACAC;
HSF-1 minus S>’TTCGACTGCACCAGTGAGAT; Hsp27 plus 5°
AAGGAAGGCGTGGTGGAGAT; Hsp27 minus 5> CCTGGAGGGAGCGTGTATTTC;
GADPH plus 5> CCATCACCATCTTCCAGGAG; GADPH minus 5’
CCTGCTTCACCACCTTCTTG. PCR amplification was performed using the Roche
LightCycler (Laval, QC) and quantified using SYBR green I. Hsp27 and HSF-1 mRNA

expression was subsequently normalized using the housekeeping gene GADPH.
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CHAPTER 6

DISCUSSION

This thesis involved an investigation of the signal transduction mechanisms in
DRG neurons potentially necessary for their survival during neurotrophin-independence
in adulthood, emphasizing the importance of Hsp27 as an anti-apoptotic factor in
response to stressful stimuli. Testing of my hypotheses in some instances required
preliminary experimentation using PC12 cell lines for the study of neurotrophin signal
transduction mechanisms. The ultimate goal of this thesis, however, has been to
understand potential mechanisms responsible for DRG neuronal survival with the hope
that my results will further the understanding of how PNS neurons respond to stress and
injury.

Multiple signal transduction pathways and intermediates have been identified
within the DRG and attempts have been made to determine their relative importance with
regards to survival. This thesis has focused on cellular survival, as in order for PNS
regeneration to occur, it is essential that there must first be a healthy cellular environment
in which to promote growth. Although select intermediates have been proposed to be key
players, there are still unknown variables in signalling pathways that remain to be
elucidated. Neurotrophin-dependent developing DRG neurons have been one model used
to determine signalling intermediates important for neuronal survival. It is as important
to determine signal transduction events in the neurotrophin-independent adult neurons, as

mature neurons are most commonly involved in neurological injury or disease.
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to elucidate their function in neurons have also been effective (Benn et al., 2002; Kalwy
et al., 2003), although in our studies we have primarily used the physiological stimulus of
heat shock to stimulate a stress response. During stressful stimuli in our experiments,
phosphorylation of Hsp27 and activation of Akt and p38MAPK occurs. Complexes
involving Hsp27, Akt and p38MAPK resulted after heat stress and these complexes have
been observed in other cell types as well, such as neutrophils (Rane et al., 2003). These
findings lend further evidence to the importance of Hsp27 and its ability to interact with
multiple signalling intermediates in pathways involved in cellular survival.

Hsps are also developmentally regulated (Morimoto et al., 1992). We found that
Hsp27 is differentially expressed in DRG neurons with low levels of expression in
postnatal neurons compared to adult neurons, and subsequently investigated Hsp27 as a
contributor to NGF-independent survival of adult DRG neurons. At the time of these
studies, there were few hypotheses regarding the role of Hsp27 in DRG neuronal survival,
although since the commencement of my studies there have been other reports
demonstrating its importance in prevention of apoptosis (Costigan et al., 1998; Lewis et
al., 1999; Wagstaff et al., 1999). Our studies of differentiated PC12 cells (Chapter 3)
showed that Hsp27 can prevent apoptosis due to NGF-withdrawal, and we applied the
same technique to determine whether Hsp27 could prevent apoptosis during NGF-
withdrawal of postnatal DRG neurons. That it was possible to rescue these neurons lends
support to my second hypothesis, which is that low levels of Hsp27 in neonatal neurons
account in part for their dependence on NGF for survival and it is the abundance of

Hsp27 in adult DRG neurons that imparts, at least partially, their NGF-independence.
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We suggest that induction of Hsp27 after heat stress is likely to be part of an
element of cell preservation and protection, as this induction occurs in multiple cell types
throughout the body. In vivo studies investigating the effect of sciatic nerve axotomy on
neuronal survival showed that surviving neurons are strongly immunoreactive for Hsp27,
suggesting a protective function for Hsp27 in neuronal survival after injury (Lewis et al.,
1999). Induction of Hsps has been observed after peripheral and central nerve injury in
rat models. These observations have implications for not only injury but also for
neurodegenerative disease. Consideration of studies documenting induction of Hsp
expression provides an explanation for induction of Hsps as a pre-conditioning method to
protect against further stress (Currie et al., 2000; Li et al., 2003; Valentim et al., 2003;
Dhodda et al., 2004).

As we determined Hsp27 to be significant in promoting survival in DRG neurons,
we investigated the mechanism of Hsp27 induction. A number of techniques were
employed to determine if HSF-1 was also involved in Hsp27 induction in DRG neurons,
as it is in a number of other cell types. Unfortunately, many tools available for use, such
as antibodies, were human specific and thus were difficult to use with our rat primary
neuronal cell cultures. In addition, another problem was the relatively low levels of HSF-
1 present in neurons compared to other cell types such as Hela or PC12 cells. However,
we obtained results for our western blotting, ICC and EMSA experiments involving DRG
neurons, and found that heat stress resulted in nuclear translocation of HSF-1 as well as
induction of its DNA-binding ability to the HSE found in the Hsp27 promoter.

Additionally, our investigations of alternate regulators of Hsp27 induction in adult

DRG neurons led us to the conclusion that NF-kB may play a role in the heat shock
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response, as its DNA-binding activity increased following heat shock. There is a region
in the Hsp27 promoter similar to the NF-xB consensus sequence with only a 1 bp
difference, and further experiments will be required to determine whether NF-xB binds
directly to the Hsp27 promoter and induces expression. Likewise, increases in NF-xB
DNA-binding activity was observed in PC12 cells after heat shock and further studies
will be needed to further determine if it directly influences Hsp27 induction.
Determination of signal transduction pathways important in adult DRG
neurotrophin-independent survival is important as it allows for understanding of the
workings within the adult PNS and identifies possible targets and mechanisms for
interventions after injury or onset of disease. The result of stressful stimuli on body
tissues and organs is complex and one that is multi-cellular in nature. It is the nature of
the stimuli that will dictate cellular behaviour and the survival outcome of cells within
these tissues and organs. The ability of Hsps to act both as chaperones and as
intermediates in anti-apoptotic signalling may be necessary for neuroprotection to occur.
Hsp induction can be time specific, stimulus specific, and cell specific, and it must be
considered that cells require Hsps for normal functioning and become part of an essential
protection and repair mechanism in these cells after stress. In fact, mutations of Hsp
genes are implicated in diseases of hereditary motor neuropathy, as this results in axonal
loss and reduced neuronal survival (Evgrafov et al., 2004). Constitutive Hsp27 is
involved in stabilizing the actin cytoskeleton, as we have demonstrated in our laboratory
(Williams et al., 2005). Cellular survival promoting effects of Hsp27 induction after

stress have been extensively examined in this thesis, which lends strong evidence to
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be difficult, as abundance of the target protein in a sample may be a problem, and
different methods of sampling can alter how proteins will interact.

Our observations led us to investigate the regulation of Hsp27 in these neurons,
especially because HSF-1 was found in significantly smaller quantities compared to other
cell types. Through the use of promoter-bashing techniques it will be possible to
determine exactly what genes and regions of the Hsp27 promoter are important in its
induction. Promoter-bashing is a technique that requires transfection of target DNA
sequences into cells and due to the recent availability of systems, such as Amaxa, to
increase efficiency of transfection of primary neuronal cultures, we now have the ability
to perform many experiments using primary cultures, in preference to using cell lines.
The postulation that other factors may be, at least in part, responsible for Hsp27 induction
may be investigated using techniques such as microarray and ChIP. These techniques can
identify genes involved in the response to stresses such as oxidative stress, heat, UV and
ischemia.

As outlined in my thesis, Hsp27 is important for neurotrophin-independent
survival of adult DRG neurons in response to physiological heat stress. However, Hsps,
including Hsp27 are expressed in other cell types as well. It is necessary to determine
why only certain neuronal cell types express or upregulate Hsp27 and some do not.
Beyond the difficulty of working with post-mitotic DRG neuronal cultures, additional
difficulties may also arise. For certain techniques, finding reagents that are rat-specific is
also difficult and, therefore, may involve custom production of reagents or first using cell

lines for initial experiments.
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It seems as if we have only scratched the surface of the role of Hsp27 and other
Hsp families in mammalian cells, as its ubiquitous expression and scope of action appears
to be quite broad and across many cell types and even species. It is hoped that the in vitro
experiments presented in this thesis can provide a basis for therapeutic and treatment

paradigms for the PNS.
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