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ABSTRACT

The ability o f the small heat shock protein 27 (Hsp27) to prevent apoptotic neuronal 

death has been examined in primary sensory and motor neurons. The first part of the 

thesis investigates whether there is a correlation between the expression of Hsp27 and 

the survival o f adult and neonatal sensory and motor neurons. Peripheral nerve injury is 

well known to induce a substantial death o f neonatally injured, but not of adult injured 

sensory and motor neurons. In the adult, sciatic nerve axotomy results in a rapid 

upregulation of Hsp27 expression in all injured sensory and motor neurons. In 

contrast, sciatic nerve injury performed at birth induces Hsp27 upregulation only in a 

very small proportion (-5% ) of injured neurons. Those neonatal neurons that express 

Hsp27 after nerve injury survive, and those that do not undergo apoptosis. The 

hypothesis that Hsp27 functions as an intrinsic neuronal survival factor is directly 

tested. Employing viral vectors to induce human Hsp27 expression in neonatal sensory 

neurons in vitro and neonatal motor neurons in vivo, Hsp27 is demonstrated to rescue 

both sensory and motor neurons from nerve injury induced cell death. Delivery o f an 

antisense human Hsp27 construct with a Herpes-Simplex viral vector to knockdown 

endogenous Hsp27 is shown to induce apoptotic cell death in adult primary sensory 

neurons. These findings suggest that Hsp27 is both necessary and sufficient for cell 

survival in these neurons. Immunohistochemical analysis o f the apoptotic pathway 

reveals that Hsp27 inhibits apoptosis in sensory neurons by acting downstream of 

cytochrome-c release from the mitochondria but upstream of caspase-3 activation. The 

contribution o f post-translational changes in conferring a survival role for Hsp27 is 

studied by examining the ability o f a non-phosphorylatable mutant o f Hsp27 to protect 

neonatally injured motor neurons from death in vivo, and by investigating changes in 

the phosphorylation of Hsp27 on S eri5 after nerve injury. These findings suggest 

phosphorylation is important in the neuroprotective role o f Hsp27.

These findings that all injured adult sensory and motor neurons upregulate Hsp27 and 

survive and that only a minority o f neonatal sensory and motor neurons upregulate 

Hsp27 and most die, together with the demonstration that Hsp27 sense expression can 

rescue neonatal cells while antisense constructs induce adult neuronal death, indicate



that Hsp27 is indeed an intrinsic neuronal survival factor. That the Hsp27 in all adult 

injured sensory and motor neurons is phosphorylated, while constitutively expressed 

Hsp27 is not, as well as the failure of a non-phosphorylatable mutant Hsp27 to rescue 

cells, suggests that post-translational as well as transcriptional regulation o f Hsp27 is 

important for promoting neuronal survival. The survival o f sensory and motor neurons 

depends on the presence o f intrinsic factors that include Hsp27, preventing full 

activation the apoptotic pathway.
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Chapter 1: Introduction

1.1 General Introduction

Cell death is a prominent event within the nervous system distinguished by two 

distinct pathways; apoptosis and necrosis. During development, apoptotic cell death 

is a naturally occurring phenomenon, important for the maturation o f the nervous 

system. For adult neurons, cell death is inappropriate or pathological and may be an 

underlying feature o f injury, trauma, aging, and neurodegenerative diseases. The 

mechanisms of apoptotic cell death are similar in both the mature and immature 

nervous system and depend on a delicate balance between factors that promote 

survival or inhibit death versus those that induce death and suppress survival. The 

developmentally-regulated susceptibility o f neonatal neurons to apoptotic death has 

driven the search to identify molecules that can promote neuronal survival. Such 

survival-promoting factors can act either exogenously as extrinsic survival factors or 

within the cell as intrinsic survival factors, with much recent research focusing on the 

role o f intrinsic molecules that promote neuronal survival. The small heat shock 

protein Hsp27 has been recently implicated as having a role in the survival o f sensory 

neurons, and although reports indicate its expression within injured motor neurons, no 

positive data linking this expression with a survival function in motor neurons has 

been established. This thesis examines the ability o f Hsp27 to act as an intrinsic 

survival factor by inhibiting apoptotic cell death in sensory and motor neurons.

1.2 Mechanisms of cell death

Apoptotic cell death is an active, regulated process affecting cells, topographically 

and temporally dispersed throughout the organism. Often referred to as cell-suicide, 

apoptosis is a stereotypical mode of cell death defined by the activation o f highly 

regulated sequence o f intracellular biochemical events involving dedicated cell-death 

machinery which mostly activate a cascade of death-effector cystine aspartate 

protelytic enzymes, known as caspases. Caspase activation leads to characteristic 

morphological internal manifestations such as cell shrinkage, cytoplasmic and nuclear 

condensation, DNA fragmentation and phagocytois (McConkey et al., 1996). 

Apoptosis occurs autonomously during development, although inappropriate 

apoptosis is associated with neurological diseases in the adult. Necrotic death (also 

known as exogenous cell death) results from destruction o f the cell by external insults
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Chapter 1: Introduction

such as injury, energy depletion, toxic insults, hypoxia and other factors and causes a 

massive phenomenon that affects regional groups o f cells leading to cell swelling, 

disruption o f the nuclear and cytoplasmic membrane integrity and leads to 

inflammation (Walker et al., 1988).

1.3 Developmental neuronal death

Developmental programmed cell death is a widespread phenomenon in many types of 

neurons as well as in many tissues outside the nervous system. Neuronal death is 

essential for the normal development of the central and peripheral nervous system and 

occurs at different developmental stages during embryogenesis and postnatal 

development via a phylogenetically conserved apoptotic mechanism known as 

Programmed Cell death (PCD). PCD appears to have evolved as an adaptive 

mechanism to control final cell numbers, although the precise biological and 

functional reason why post-mitotic neurons are produced in numbers greater than the 

adult, only to be significantly reduced soon afterwards, in some cases even before the 

period o f target contact and innervation remains uncertain (Yaginuma et al., 1996). 

Nevertheless, it is believed to play an important role in establishing accurate and 

correct connectivity and optimal organization which is essential for the development 

o f the nervous system (Oppenheim, 1991). However, some knockout animals with 

defective cell death genes (such as BAX) (Knudson et al., 1995) or overexpressed 

genes inhibiting apoptotic cell death (such as Bcl-2) (Martinou et al., 1994) have 

significantly increased cell numbers in their CNS but maintain normal life spans, 

indicating that neuronal PCD is not essential for the organism’s survival.

Depending on the neuronal type, programmed cell death during early development 

results in the loss o f between 20-90% o f the initial number o f neurons, depending on 

the class o f neurons studied (Oppenheim, 1991; Yamamoto and Henderson, 1999). 

Programmed cell death o f rat sensory neurons peaks between embryonic ages 17 

(E l7) and E l9, a period that overlaps with neurogensis (Coggeshall et al., 1994) and 

also coincides with the critical period o f axon outgrowth and target innervation (for 

review Oppenheim, 1991; Coggeshall et al., 1994). The developmental death of 

motor neurons is more pronounced since they are initially produced in excess 

between E9 and E ll-1 2 , prior to a 60-67% peak loss o f the motor neuron population

12



Chapter 1: Introduction

between E13-E18 (Harris and McCaig, 1984; Lance-Jones, 1982; Oppenheim et al., 

1986) and extends until postnatal day 3 (P3) (reviewed in Sendtner et al., 2000) 

during the critical period o f axon outgrowth and target innervation (for review, see 

Oppenheim, 1991). The susceptibility o f the majority o f neurons to undergo apoptotic 

cell death during PCD and the survival o f others is believed to be regulated by both 

extrinsic and intrinsic influences (reviewed in Oppenheim, 1996; Pettmann and 

Henderson, 1998).

1.4 Mechanisms of programmed cell death

L4.1 PCD by trophic factor deprivation.

The survival of immature (embryonic and postnatal) neurons is highly dependent on 

the availability o f target-derived trophic factors. This was described by Viktor 

Hamburger and Rita Levi Montalacini (1949), who directly related the survival of 

developing chick motor neurons with influences provided by the target tissue and 

innervation of their targets (for review, see Hamburger, 1992; Hamburger, 1975). 

Their work laid the foundation for the Neurotrophin Hypothesis (reviewed in 

Lindsay, 1996; Davies, 1996; Purves D, 1988; Levi-Montalcini, 1987) which 

proposed that competition for a limited supply o f target-derived trophic factors 

among immature targets enhances the survival of neurons with the correct 

connectivity and the elimination of neurons with inappropriate (or absent) 

connections (reviewed in Oppenheim, 1991; Caldero et al., 1998; Burek MJ and 

Oppenheim, 1998). Since then, target-derived growth factors have been categorized 

as playing a central role in modulating synaptic activity at the neuromuscular endplate 

during development (Sendtner, 1998), in addition their role as extrinsic survival 

factors which promote the survival o f developing neurons (reviewed in Henderson et 

al., 1993; Henderson et al., 1998; Oppenheim, 1996).

What seems clear is that at different developmental stages, and within different 

neuronal subpopulations at the same stage, extrinsic growth factor survival 

dependence is different (Buchman and Davies, 1993). For example, developmental 

motor neuron death is in genetically manipulated mice that do not make skeletal 

muscle, approximately 80% of neurons die (Grieshammer et al., 1998), whereas in 

Schwann cell deficient mice, a similar number o f motor neurons also die

13



Chapter 1: Introduction

(Riethmacher et al., 1997), suggesting that the survival o f many motor neurons are 

dependent on factors from more than one source (Davies, 1998b). This is supported 

by data indicating that glial derived neurotriohic factor (GDNF), the most potent 

survival factor known for motor neurons (Henderson et al., 1994) is expressed by 

embryonic Schwann cells during early PCD and promotes survival of motor neurons 

after nerve injury (Houenou et al., 1996b; Li et al., 1995). Reg-2 is also secreted from 

schwann cells and promotes motor neuronal survival in vivo (Livesey et al., 1997). 

The effect o f GDNF is synergised by cardiotrophin-1 (CT-1), a cytokine made in 

skeletal muscle but not Schwann cells during PCD (Arce et al., 1998). Other growth 

factors in combination are also known to have synergistic survival promoting effects 

on motor neurons (see Sendtner et al., 2000 for review).

Neurotrophic factors promote survival and suppress apoptosis via the activation of 

specific signal transduction pathways (Lindsay, 1996; Kaplan and Miller, 2000). 

Neurotrophins, which comprise o f structurally and functionally related polypeptides 

include nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3) and NT-4/5, which activate the Trk receptors (TrkA for NGF, 

TrkB for BDNF and NT4/5 and TrkC for NT-3) (Barbacid, 1995; Bothwell, 1995) 

which are cell-surface receptors with intrinsic tyrosine kinase activity. Receptor 

binding causes auto-phosphorylation of their cytoplasmic tail, which serve as docking 

sites for other molecules within the survival pathway, such as PLCy (Obermeier et al., 

1994), PI-3K (Obermeier et al., 1993; Baxter et al., 1995), and adaptor proteins such 

as She (Greene and Kaplan, 1995). These signal transduction molecules coordinate 

neuronal survival (Dudek et al., 1997; Datta et al., 1997) by activating the NFkB 

pathway (Ozes et al., 1999; see Miller and Kaplan, 2001).

1.4.2 PCD indeyendent o f  trophic factors

In addition to the availability o f neurotrophic factors, the dynamic regulation o f 

intrinsic death-inducing or survival factors contribute to developmental neuronal 

death, with PCD in some neuronal populations regulated by molecules that actively 

trigger cell death. For example, early in development, even before targets are 

innervated, a subpopulation o f motor neurons are thought to demonstrate autonomous
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cell death (Oppenheim, 1996), which is independent of growth factors and 

reminiscent o f the developing nematode nervous system (Horvitz, 1999).

Before PCD begins, motor neurons express the pro-apoptotic Fas/Apo/CD95 death 

receptor (referred to here as Fas), its ligand FasL, which actively triggers cell death o f 

motor neurons during development (Raoul et a l ,  1999; Horvitz, 1999; Raoul et a l , 

2000). Fas is a member o f the TNF-death receptor family of transmembrane proteins 

which clusters at the membrane surface. Binding o f its ligand FasL to its external 

‘death domain’ results in activation via its cytoplasmic adaptor protein, FADD (or 

M ortl), o f caspase-8 , which initiates downstream apoptotic events (reviewed in Raoul 

et a l ,  2000). Inhibition of Fas-activated death pathways prevents apoptosis of 

embryonic motor neurons cultured in the absence of growth factors, suggesting 

apoptosis o f developing motor neurons deprived of growth factor support occurs via 

the Fas-mediated pathway (Raoul et a l ,  1999). Notably, even when embryonic motor 

neurons are cultured in optimal levels of growth factor in vitro, 50% die on activation 

o f Fas, which is consistent with the extent o f PCD in vivo (Raoul et a l ,  2000). Those 

motor neurons resistant to Fas activation express high levels of FLIP, an inhibitor of 

caspase - 8  activation, and expression o f FLIP increases in motor neurons cultured in 

the presence of growth factors (Raoul et a l ,  1999) indicating that growth factors 

mediate inhibition of Fas-induced death at multiple levels in vitro (Raoul et a l,

2000). It is possible that growth factors in vivo inhibit Fas activation during PCD, 

whereas Fas-mediated death occurs in those neurons deprived of sufficient levels of 

growth factor. Therefore neurotrophins, in addition to promoting the cell survival 

pathway, may act to suppress a default apoptosis pathway, such that the survival of 

neurons depends on a complex interplay o f survival factors and any inbalance in these 

inputs may lead to cell death.

Conversely, while neurotrophic factors act to suppress the Fas-mediated cell death in 

motor neurons, in different cells NGF can also induce apoptosis. For example, in 

retinal ganglion cells, NGF induces cell death via activation of the p75 low-afGnity 

neurotrophin receptor, (p75^™) (Frade and Barde, 1998; Frade and Barde, 1999). 

p7 SNTR -g ^ member o f the Fas/TNFrl receptor family, and is expressed at high levels 

in motor neurons during PCD and in other systems, with the activation of p 7 5 ^ ^  by
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NGF in the absence of TrkA expression, causing cell death (Frade et a l ,  1996; Frade 

and Barde, 1999; Yeo et a l ,  1997). p75 receptor plays an active role in triggering 

apoptosis and is likely to be responsible for the autonomous growth factor- 

independent PCD of specific motor neuron subpopulations during development 

(Oppenheim, 1991; Raoul et a l ,  2000).

Other important contributors to neuronal survival during development are the highly 

regulated interplay between pro- and anti-apoptotic members o f the Bcl-2 family, 

homologues o f the ced-9 c.elegans gene family (Tsujimoto and Shimizu, 2000; Merry 

and Korsmeyer, 1997; Kaplan and Miller, 2000; Miller and Kaplan, 2001). The pro- 

apoptotic death-inducers; Bax, Bcl-Xs, Bad, Bak and Bik and the anti-apoptotic death 

repressors; Bcl-2 and Bc1-Xl are important in determining the fate o f motor neurons 

during development (Merry and Korsmeyer, 1997; Deckwerth et a l ,  1996; Martinou 

et a l, 1994; Parsadanian et a l ,  1998; Zanjani et a l ,  1996) and following growth 

factor withdrawal (Li et a l ,  2001; Deckwerth et a l ,  1998).

To conclude, the susceptibility of some neurons to undergo apoptosis during PCD 

while others survive is believed to be regulated by numerous influences; i) the 

functional interaction o f motor neurons with their target and the availability of target- 

derived growth factors, ii) the understanding that the baseline sensitivity to apoptosis 

is dependent on a delicate balance o f developmentally expressed pro- and anti- 

apoptotic factors, (reviewed inPettmann and Henderson, 1998) iii) the ratio of 

presence versus absence o f intrinsic and extrinsic death factors which actively trigger 

cell death in some neuronal populations.

1.5 Death of adult neurons

In general, adult neurons are less susceptible to death than immature neurons, 

although pathological neuronal cell death can occur in response to traumatic injury to 

the CNS, environmental toxins, infectious agents, genetic diseases, and 

neurodegenerative diseases. Loss o f neurons by apoptosis occurs in diseases that 

include Alzheimer’s, Parkinson’s, Huntington’s and motor neuron disease, which 

over time produce a gradual and irreversible loss of specific sets o f post-mitotic
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neurons. Aging may be considered a terminal phase o f development o f an organism 

and may also produce specific neuronal loss by apoptosis.

Apoptotic death o f mature and immature neurons occurs by similar mechanisms. 

Nevertheless, adult neurons are more resistant to injury-induced apoptotic death than 

immature neurons. For example, adult primary sensory and motor neurons survive 

following sciatic nerve axotomy (Groves et al., 1997; Ma et al., 2001; Noven et al., 

1993; Tandrup et al., 2000), whereas they die if  injury is performed at birth (Lowrie 

and Vrbova, 1992; Himes and Tessler, 1989; Kuno, 1990; Oliveira et al., 1997; 

Snider et al., 1992; Lowrie et al., 1987). This age-dependent susceptibility to death 

may reflect underlying mechanisms of PCD, involving a developmentally regulated 

survival dependence on targets. For instance, it is widely accepted that adult neurons 

are independent on trophic support for survival (Acheson et al., 1995; Davies, 1998a), 

therefore the death of immature but not mature neurons may be due to neurotrophic 

factor deprivation when injury separates the neuronal cell body from its target, 

interrupting intra-axonal transport o f neurotrophic factors (Terenghi, 1999; Lindsay, 

1996; Davies, 1996). Alternatively, the p75 low affinity neurotrophin receptor 

P7 5 NTR, -g implicated in both PCD and axotomy induced cell death of immature motor 

neurons. Following neonatal axotomy, motor neurons upregulate p75 and its 

activation by NGF after nerve injury and in vitro significantly increases the rate of 

apoptosis (Sedel et al., 1999; Wiese et al., 1999b), while systemic administration of 

p75 antisense oligonucleotides reduces the extent o f apoptosis. p 7 5 ^^  

overexpressing mice result in the loss of adult facial motor neurons after axotomy 

(Majdan et al., 1997), whereas null knockout mice have increased neuronal numbers 

(Van der Zee et al., 1996; Davies, 1998a; Yeo et al., 1997), while in vitro, NGF 

antagonises the survival promoting effects of BDNF & NT-3 on motoneurons (Wiese 

et al., 1999b). Fas is also involved in developmental motor neuronal death following 

growth factor deprivation (Raoul et al., 1999) and is present in adult motor neurons 

death after ischemic injury (Sakurai et al., 1998). Thus, both Fas- and p75^^- 

mediated cell death are developmental phenomena not seen at later stages in injury 

induced death.
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The survival of adult but not neonatal neurons after injury could represent either 

differences in dependency on trophic support for survival or the upregulation or de 

novo expression o f developmentally-expressed intrinsic survival factors that are 

capable o f either inhibiting cell death and/or promoting survival \vhen a neuron is 

injured or separated from its target.

1.6 Neuronal survival factors

1.6.1 Extrinsic survival factors

Target-derived neurotrophic factors have been well studied in an attempt to identify 

the key molecules that promote and maintain neuron survival. Exogenous application 

of neurotrophic factors can support neonatal sensory and motor neuron survival in 

vitro and after injury in vivo, and more than a dozen neurotrophic factors have been 

identified and characterized on a molecular level to be capable o f preventing neuronal 

death, in particular motor neuron death after neonatal axotomy. Such trophic factors 

include brain derived neurotrophic factor (BDNF) (Sendtner et al., 1992), 

cardiotrophin-1 (CT-1) (Pennica et al., 1995; Pennica et al., 1996), cardiotrophin-like 

cytokine (CLC) (Senaldi et al., 1999; Shi et al., 1999), cytokine ciliary neurotrophic 

factor (CNTF) (Sendtner et al., 1991; Sendtner et al., 1997), glial-derived 

neurotrophic factor (GDNF) (Li et al., 1995; Henderson et al., 1994), interleukin - 6  

(IL-6 ) (Oppenheim, 1996), neurotrophin-3 (NT-3)(Eriksson et al., 1994), 

neurotrophin-4 (NT-4) (Hughes et al., 1993; Henderson et al., 1993), leukaemia 

inhibitory factor (LIF) (Hughes et al., 1993; Henderson et al., 1993), insulin-like 

growth factor (IGF)-l and IGF-2 (Arakawa et al., 1990; N eff et al., 1993) and 

platelet-derived growth factor (PDGF) (Oppenheim, 1991). Neutrophic factors such 

as NGF, BDNF and NT-3 are also important for the survival o f sensory and 

sympathetic neurons during development and after neonatal nerve injury (see Davies, 

1998a and; Davies, 1998b for review; Buchman and Davies, 1993; Liebl et al., 1997; 

Zhou and Rush, 1995).

Acting alone, or in combinations with others (the multifactorial hypothesis) 

(Oppenheim, 1991) neurotrophic factors have now been shown to have synergistic 

survival promoting effects on embryonic motor neurons in vitro (Arakawa et al., 

1990; Arce et al., 1998; Oppenheim, 1996) and/or in vivo, and may rescue motor
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neurons from axotomy-induced death (Sendtner et a l ,  2000). The secreted 

neurotrophic factor, Reg-2 (Livesey et a l ,  1997) also acts as an extrinsic survival 

factor to a subpopulation of motor neurons by stimulating the PKB/Akt signalling 

pathway via the CTNF-related cytokine activation pathway (Namikawa et a l ,  2000; 

Nishimune et a l ,  2000).

However, it is currently unclear whether the effects o f neurotrophic factor-mediated 

neuronal survival is pharmacological, or physiologically relevant (reviewed in 

Oppenheim, 1996) since motor neuron numbers are only slightly affected by null 

mutations o f single genes encoding neurotrophic factors; CTNF, BDNF, NT-3, 

GDNF, CT-1 and NT-4/5 and their receptors (DeChiara et a l ,  1995; Liu et a l ,  1995; 

Liu and Jaenisch, 2000). Moreover, recent treatments with neurotrophic factors, either 

alone, or in combination, have only transiently promoted neuronal survival and failed 

to achieve long-term motor neuron survival after neonatal nerve injury (Eriksson et 

a l ,  1994; Vejsada et a l ,  1998). As a consequence, the traditional view of target 

factor regulation as the main controlling influence over motor neuron survival has 

been questioned, and it is now proposed that altered expression o f intrinsic survival 

factors may play a more direct role in motor neuron survival.

1.6.2 Intrinsic survival factors

Several families of intracellular proteins have been shown to suppress apopotic 

pathways and are important in neuronal survival. Members o f the Inhibitor of 

Apoptosis (LAP) family, comprising o f NIAP, XIAP/hILP, C-LAP1/HIAP2, c- 

IAP2/HIAP1, Survivin and BRUCE (LaCasse et a l ,  1998; Deveraux and Reed, 1999) 

have been shown to delay the neuronal death o f neonatal neurons after nerve injury 

(Perrelet et a l ,  2000), most likely via caspase inhibition (Deveraux et a l ,  1998; 

Deveraux and Reed, 1999; Duckett et a l ,  1998; Perrelet et a l ,  2000).

The anti-apoptotic members o f the Bcl-2 family, Bcl-2 and B cI-Xl, are intrinsic 

survival factors that inhibit motor neuron death (Parsadanian et a l ,  1998), with 

overexpression o f Bcl-2 significantly reducing the extent of motor neuronal death 

during development (Martinou et a l ,  1994; Farlie et a l ,  1995) and after neonatal 

nerve injury (Dubois-Dauphin et a l ,  1994) and after adult dorsal root avulsion
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(Yamada et a l ,  2001) and models of neurodegenerative diseases (Iwahashi et a l , 

1997; Vukosavic et a l ,  1999; Zanjani et a l ,  1996). Bcl-2 is expressed during extreme 

vulnerability to axotomy-induced death, although its overexpression is capable of 

inhibiting axotomy-induced death o f both facial and spinal motor neurons (Dubois- 

Dauphin et a l ,  1994). These factors mainly inhibit apoptosis by blocking 

cytochrome-c redistribution (Narita et a l ,  1998; Kluck et a l ,  1997; Yang et a l ,  1997) 

and can also protect cells from programmed cell death (Martinou et a l ,  1994; Farlie 

et a l ,  1995; Zanjani et a l ,  1996) or growth factor withdrawal (reviewed in Li et a l ,

2001). Interestingly, Bcl-2 deficient mice show only a small reduction in motor 

neuronal loss during development, but a greater loss in the postnatal period 

(Michaelidis et a l ,  1996), suggesting the loss o f bcl-2 may be compensated by other 

bcl- 2  family members and that it is not important for the survival during early 

development but is important for postnatal neuronal survival (Pinon et a l ,  1997).

Another potential intrinsic survival factor is the small heat shock protein Hsp27, 

which can inhibit Fas-mediated apoptosis (Charette and Landry, 2000; Mehlen et a l, 

1996b). Hsp27 has also been shown to act synergistically with Bcl-2 to augment 

cellular protection from programmed cell death (Paul and Arrigo, 2000; Guenal et a l ,  

1997). In view of this, this thesis investigates the intrinsic survival properties of 

Hsp27 in sensory and motor neurons.

1.7 Heat Shock Proteins

In response to metabolic disturbances and injuries the cell mounts a stress response 

vsdth the induction o f a variety o f proteins, most notably members the heat shock 

protein family (Hsps). These proteins serve to protect cells against damage induced 

by physiological stress, and their induction strongly correlates with increased survival 

to external challenges such as heat shock, oxidative stress, and noxious chemicals 

(Huot et a l ,  1991; Lavoie et a l ,  1993; Wu and Welsh, 1996; Arata et a l ,  1995). 

Typically, Hsps fulfil cryoprotective and molecular chaperone functions, and their 

expression, induced by even mild stress, effectively ‘conditions’ or protects the cell 

from subsequent damage (Lindquist and Craig, 1988).
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Mammalian Hsps have been categorized into two main families according to their 

apparent molecular weight; the small Hsps (sHsps) family consists o f proteins 

exhibiting monomeric molecular masses ranging between 9-42 kDa (reviewed in 

Arrigo and Landry, 1994), which include Hsp 10 (found in mitochondria and in 

bacteria as GroES), Hsp 16.5, Hsp27, Hsp32 (or Heme oxygenase-1 [HO-1]), Hsp42, 

aA- and oB-crystallin. Large Hsps include Hsp60, Hsp70, Hsp90, and Hspl 10/105. 

Hsps are further classified based on their inducibility, constitutive or regulative 

expression, and targeting to different sub-cellular compartments. These proteins 

further fall into two sub categories; those that accelerate apoptosis such as Hsp60 and 

Hsp 10 (Samali et al., 1999; Xanthoudakis et al., 1999) and those that inhibit apoptosis 

such as Hsp70 and Hsp27 (Mehlen et al., 1999; Samali and Cotter, 1996; Jaattela et 

al., 1998; Mosser et al., 1997).

1.8 Hsp27

The 27kDa small heat shock protein, Hsp27 belongs to the a-crystallin sHsp family 

which comprise of approximately 40 diverse, paralogously related (ie. originated by 

gene duplication from a common ancestral gene) proteins constitutively expressed in 

virtually all organisms, including distant prokaryotic and eukaryotic ancestors (Fig 

1.1a) (de Jong et al., 1998). sHsp share high sequence homology within the 

conserved 90 amino acid C-terminal sequences and short conserved, phenylaline-rich 

stretches near the N-terminus (MacRae, 2000). Hsp27 shares highest sequence 

homology with aA- and aB-crystallin (de Jong et al., 1998) (Fig 1.1b) whose normal 

function include the protection of the lens of the eye by preventing misfolded or 

damaged proteins from aggregating and clouding vision (Graw, 1997; reviewed in 

Tardieu, 1998). Sequence modelling of the a-crystallin domain predicts a structure 

predominantly consisting o f two hydrophobic P-pleated sheet motifs, separated by a 

hydrophilic region o f variable length, with at least two a-helical regions in the N- 

terminus, which combined with the variable C-terminal extensions modulates the 

properties o f diverse members o f the a-crystallin family (Fig 1.2a) (de Jong et al., 

1998; Merck et al., 1993; Kim et al., 1998). Hsp27 is expressed in a wide variety of 

tissues and many cell types at specific stages during development and 

differentiation(Gemold et al., 1993a; Kim et al., 1998). Expression is essential for
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Genealogy of sHsp superfamily.
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A. Phylogénie tree o f small Hsps and a -  
crystallins, based on homologous amino-acid 
sequences presented at positions 1-108. This 
unrooted tree was constructed according to 
neuighbour-joining method (Saintou and Nei, 
1987), using the program NEIGHBOURS. 
Branch lengths are proportional to the 
evolutionary distances. (This figure was taken 
from DeJong et al., 1998).

B. Sequence alignment o f the five known human 
iso forms o f Hsp27. Sequence alignment was 
done using the P1LEÜP program (Devereux et 
al, 1984). Conserved identical residues in at least 
four sequences are in h/ach; similar residues in 
all five sequences are in grey. Secondary 
structures, as indicated by arrows (P-sheets) and 
cylinders (a-helices) were predicted according 
to Rost et al., (1994). The last eight, 10 and 18 
residues o f the aA-, aB-crystallin and Hsp27 
(positions 256 and onwards, respectively, have 
high flexible extensions (Carver et al, 1995). 
Serine residues (S) outlined in red box indicate 
phosphorylatable serine residues on human 
Hsp27. The following accession numbers were 
used; Homo Sapien aA-crystallin (P02489),
H.sapien Hsp20 (Kato et al, 1994), H.sapien 
Hsp27 (P04792) and P.lucidia Hsp27 (U8550I). 
This figure was taken from DeJong et al., 1998).
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embryonic survival since null mutations result in the death of embryonic stem (ES) 

cells (Mehlen et al., 1997b).

Hsp27 is a multifunctional protein that mediates multiple important cellular functions 

such as maintenance o f cell growth and development (reviewed in Marcuccilli and 

Miller, 1994; Ciocca et al., 1993) and RNA stabilization (Carper et al., 1997). Hsp27 

possesses a cryoprotective function important for facilitating cellular repair in 

stressed cells including a molecular chaperone activity that prevents proteins from 

irreversible aggregation and refolds damaged proteins (Jakob et al., 1993). Hsp27 

also mediates cell mobility and stabilizes the actin cytoskeleton, functioning as an 

actin capping-protein and inhibiting actin polmerisation, thus modulating actin 

dynamics (Benndorf et al., 1994; Lavoie et al., 1993; Lavoie et al., 1995; Miron et al., 

1991; Mairesse et al., 1996). This may be important in reorganization o f the 

cytoskeletal network during the recovery stage after stress (Miron et al., 1991; Lavoie 

et al., 1993).

The induction of Hsp27 in non-neuronal cells correlates very strongly with resistance 

to cell death in response to various physiological stresses (summarized in Figure 1.3). 

These include: i) environm ental stresses such as UV irradiation (Wong et a l ,  2000; 

Trautinger et a l ,  1996; Nozaki et a l ,  1997; Trautinger et a l ,  1996), heat shock 

(Lavoie et a l ,  1993), tumor promoters, toxic chemicals (Huot et a l ,  1991), and 

metabolic poisons such as cadmium chloride, mercuric chloride, or sodium arsenic 

(Wu and Welsh, 1996); ii) physiological stresses such as oxidative stress (Mehlen et 

a l ,  1996b; Mehlen et a l, 1993), hyperthermia (Trautinger et a l ,  1997), and iii) 

pathophysiological stresses such as inflammatory cytokines (De et a l ,  2000; 

Saklatvala et a l ,  1991; Ito et a l ,  1996), altered metabolism, and extreme pH. In 

addition, Hsp27 counteracts TNFa mediated disruption of actin architecture (Mehlen 

et a l ,  1996a; Rogalla et a l ,  1999) by inhibiting Fas/APO-1 mediated extrinsic 

apoptosis after application o f TNFa, straurosporine (Mehlen et a l ,  1996b), cisplatin 

(Garrido et a l ,  1997), actinomycin-D or campthothecin in mice fibrosaroma cells 

(Samali and Cotter, 1996), monoblastoid cells (Mehlen et a l ,  1996b) and NlH-373- 

ras cells (Mehlen et a l ,  1997a). Recent data suggest Hsp27 mediates
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Dynamics of sHsp quaternary structure

i

^ A / W \  Hsp25

S78 S82 T143

WDPF
N-terminal ExtensionDomain

a-crystallin
Domain

(~91-180aa)

^^A /W \ Human Hsp27 

aB-crystallin 

Hsp16.5 (rice) 

Hsp16.5 (MJann)

Hsp26 
S.cerevisiae

Flexible
C-terminal

Figure 1.2

Dynamics of sHsp Quaternary Structure. A. Ribbon diagram of an a-crystallin 
domain dimer from Hspl6.5, a structural homologue of Hsp27 viewed along the 
crystallographic two-fold symmetry axis (each molecule is represented in yellow and 
blue, protein binding domains (PBD) in red). Each unit is composed of nine ^-strands 
in two sheets, two short a-helices and one short P-strand at the variable N-terminal 
extension. The N- and C-termini are indicated. B. Tetramer composed of two dimers 
related by a non-crystallagraphic four-fold symmetry. C. Overall conformation of 
sHsp in the large oligomeric structure, each tetramer is a distinct colour. Hsp27 
typically forms oligomers of 600-800kDa when unphosphorylated, and is the 
conformation of Hsp27 that acts as an actin-capping protein. D. Conserved structural 
domains and phosphorylation sites on Hsps closely related to Hsp27. The WDPF 
domain located at the N-terminal contains a conserved phosphorylatable Serine 15, 
other conserved phophorylatable serines (Ser82/87) are located in the variable N- 
terminus next to the conserved a-crystallin domain. The Hsp25 and human Hsp27 
have flexible C-terminals. Phosphorylation determines sHsp quaternary dynamics, with 
phosphorylation of Hsp27 (on Ser87) resulting in its dissociation from the large 
oligomeric structure to dimers and monomer species. Panels A-C taken from Kim et al, 
1998, for panel D, see Lambert et al., 1999.
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cardioprotection following reperfusion ischemic injury in the canine heart (Sanada et 

al., 2001).

1.9 Hsp27 in the Nervous System

In the mammalian nervous system, Hsp27 is expressed during development (Gemold 

et al., 1993a) in the spinal cord and cerebellar Pukinje neurons in the rat embryo 

(Gemold et al., 1993b), with constitutive Hsp27 expression also detected in cranial 

and spinal motor nuclei as well as in primary sensory neurons and their central 

processes (Plumier et al., 1997). Induction of Hsp27 occurs in neurons and glia after 

ischemic injury, with substantial upregulation detected in the Bergmann glial cells in 

the cerebellum after hypothermic-induced ischemia (Sanz et al., 2001; Valentim et 

al., 2001; Kato et al., 1999), and the cerebellum after intraperitoneal injection of 

kainic acid, a model o f in vivo apoptosis and limbic epilepsy (Akbar et al., 2001). 

Hsp27 is induced in rat septum and hippocampus following fimbria-fomix nerve 

lesions (Anguelova and Smirnova, 2000). Increased Hsp27 has also been detected in 

injured retinal ganglion cells after optic nerve transection (Kmeger-Naug et al., 2002) 

or with retinal glaucoma (Tezel et al., 2000) and this correlates with the protection o f 

retinal ganglion neurons from centrally induced ischemic injury (Yokoyama et al., 

2001b).

1.10 Hsp27 as a putative intrinsic neuronal survival factor

Prior mild heat shock protects dorsal root ganglion (DRG) sensory neurons against 

apoptosis induced by NGF withdrawal (Mailhos et al., 1994; Mailhos et al., 1993), 

demonstrating that induction of heat shock protein protects peripheral nervous system 

neurons from death. Using a PCR-based subtractive hybridisation method, Costigan 

et al. (1998), identified that an upregulation o f Hsp27 occurs in adult primary sensory 

neurons days after sciatic nerve axotomy. Lewis et al. (1999) demonstrated that 

adenoviral delivery of human Hsp27 protected neonatal sensory and sympathetic 

neurons from apoptosis induced by NGF withdrawal (Lewis et al., 1999). In addition, 

human Hsp27 delivered by a disabled Herpes-Simplex Virus vector was shown to 

protect neonatal DRG neurons and ND7 cells from heat shock treatment at 48°C, 

from NGF-withdrawal or serum-withdrawal induced death and chemical insult 

induced by retinoic acid treatment (Wagstaff et al., 1999). Based on these studies and
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Biological pathways of Hsp27 in response to cellular stress

Stress activation and cellular defence 
mechanisms of Hsp27

Hsp27 antl-apoptotic 
protective mechanisms

Pathophysiological 
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Figure 1.3

Schematic representation summarizing the stress-induced upregulation of Hsp27 expression and 
Hsp27s protective mechanisms to mediate cell survival in response to cellular stress. Hsp27 is 
induced by environmental stresses such as (A) heat shoek and toxic chemicals that denature proteins 
which activate Heat Shock Factor-1 (HSF-1) transcription factor initiating expression of Hsp genes. B. 
Exposure to UV irritation damages DNA and activates apoptosis by cytochrome-c release from the 
mitochondria and the Fas/FasL cell death pathway. Pathophysiological stresses such as fever, 
inflammation, infection, tissue injury and ischemia/reperfustion injury increase Hsp27 via multiple 
mechanisms (C). Physiological stresses increase the reactive oxygen species (ROS) and altered 
metabolic state resulting in activation of the apoptotic pathway via mitochondrial cytochrome-c release 
(D). Induced or constitutively expressed Hsp27 is a multifunctional protein mediating cellular functions 
to contributing to cell survival after stress; unphosphorylated Hsp27 exists as in large oligomeric 
structures and functions as a molecular chaperone, refolding denatured non-functional proteins in an 
ATP-dependent, reduced glutathione-dependent manner (1) or as an actin-capping protein, inhibiting F- 
actin polymerization and protecting cells from apoptosis by preventing cytoskeletal degradation and 
translocation of pro-apoptotic proteins to the mitochondria (2). Hsp27 can directly inhibit apoptosis by 
inhibiting the mitoehondrial-dependent intrinsic apoptotic pathway (3), or mitochondrial-dependent (4) 
and independent (5) death receptor extrinsic apoptotic pathway. Hsp27 also protects against the harmful 
effects of ROS by increasing glutathione levels, which act to reduce ROS (6).
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the fact that injury-induced Hsp27 upregulation correlates with protection o f non- 

neuronal cells, it is been postulated that Hsp27 may act an intrinsic survival factor to 

promote the survival o f injured neurons. In Chapter 2 Hsp27 expression in sensory 

and motor neurons after nerve axotomy are studied. The patterns of expression after 

sciatic nerve injury performed at birth and in the adult are compared, since injury at 

these times results in two very different survival patterns. In Chapter 3, the question 

o f Hsp27’s ability to confer neuronal survival is addressed using viral vectors to 

artificially induce overexpression of Hsp27 in sensory neurons in culture and motor 

neurons in vivo.

1.11 Protective functions of Hsp27

The protective effect of Hsp27 in many tissue types after injury has led to a variety of 

investigations in different cell types aimed at elucidating the mechanism(s) mediating 

these protective effects. The major focus has been on apoptotic cell death. Evidence 

indicates that Hsp27 negatively regulates cell death by interfering with multiple 

apoptotic signalling pathways, as outlined in Figure 1.4.

1.11.1 Intrinsic mitochondrial-dependent apoptotic pathway

One major pathway of apoptosis involves the release of cytochrome-c from the 

mitochondria, which allows it to associate with a protein known as Apoptosis 

Protease Activating Factor-1 (Apaf-1), triggering its oligomerization. This complex 

recruits and induces auto-activation o f the inactive pro-caspase-9 protelytic enzyme 

forming the apoptosome complex, which initiates downstream caspase activation that 

continues the apoptotic process. Recently, research has focused on addressing which 

specific events o f the apopotic pathway are targeted by Hsp27 to ultimately inhibit 

apoptosis. A study by Garrido et al. (1999) demonstrated that Hsp27, similar to the 

anti-apoptotic molecule Bcl-2, prevents the activation of pro-caspase-9 and pro- 

caspase-3 in U937 human leukemic cells exposed to anti-cancer drugs. Further 

analysis demonstrated that unlike Bcl-2, Hsp27 could not prevent the release of either 

AIF (Apopotisis initating factor) or cytochrome-c release from the mitochondria 

(Garrido et al., 1999b). Co-immunoprecipitation studies o f Hsp27 transfected U927 

cells treated with the anti-cancer drug, etoposide, indicate that Hsp27 directly
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Figure 1.4 Anti-apoptotic and survival promoting mechanisms of Hsp27
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or cleavage and activation o f pro-apoptotic Bid, allowing 
its translocation to the mitochondria where it initiates 
pearmeabilization o f the membrane, therefore converging 
the mitochondrial apoptotic pathway. Recent evidence 
indicates Hsp27 exerts an indirect negative influence on 
tBid translocation to the mitochondria by inhibiting actin 
polymerization/ depolymerization (4). Flsp27 has further 
been shown to inhibit the slow Fas-mediated caspase- 
independent apoptotic pathway, by direct interaction with 
DAXX (5), preventing downstream pJNK mediated 
apoptosis.

Hsp27 may also promote the cell survival (yellow) pathway 
by direct association with Akt/PKB (6), which initiates 
gene transcription via NFkB pathway and phosphorylates 
and inactivates pro-apoptotic BAD and and procaspase-9, 
preventing the release o f cytochrome-c from the 
mitochondria. Flsp27 also protects against ROS by 
increasing glutathione levels, preventing activation o f Ask-
I.
References: (1) Bruey at al., 2000, (2) Concannon at al., 2001; 
Panday at al., 2000, (3) Garrido at al., 1999, Kamradt at al., 2001, 
(4) Paul at al., 2002, (5) Charatta & Landry, 2000, Charatta at al., 
2000, (6) Konishi at al., 1997, Murashov at al., 2001
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associates with cytochrome-c after its release from the mitochondria, (Bruey et al.,

2000), preventing it from complexing with Apaf-1 and procaspase-9. This 

consequently inhibits apotosome complex formation (Hu et al., 1999; Qin et al., 

1999), and downstream caspase events (Slee et al., 1999) that lead to cell death. Other 

reports suggest Hsp27 may act downstream of the event of cytochrome-c release from 

the mitochondria, with direct inhibition of caspase-3 activation (Concannon et al., 

2001; Pandey et al., 2000), although others disagree (Garrido et al., 1999; Bruey et 

al., 2 0 0 0 ).

1.11.2 Extrinsic mitochondrial-dependent apoptotic pathway 

In non-neuronal cells, Hsp27 has been shown to prevent apoptotic cell death by 

inhibiting the mitochondria-dependent and mitochondria-independent extrinsic 

apoptotic pathways, as well as promoting the cell survival pathway. Recent evidence 

indicates phosphorylated Hsp27 may inhibit the caspase-dependent Fas-mediated 

apoptotic pathway by inhibiting apoptosis upstream o f the release of cytochrome-c 

from the mitochondria (Paul et al., 2002; Samali et al., 2001). In this pathway. Fas 

ligand (FasL) binding to the Fas receptor activates caspase - 8  via the Fas-associated 

death domain (FADD; also known as M ortl), which in turn cleaves and activates Bid 

(tBid) a pro-apoptotic member o f the Bcl-2 family (Tsujimoto and Shimizu, 2000; Li 

et al., 1998), which destabilizes Bax and Bak and induces mitochondrial cytochrome- 

c release (Desagher et al., 1999; Li et al., 1998; Luo et al., 1998). Using transfected 

HeLa lines, Paul et al. (2002), report that Hsp27, in a dose-dependent manner, 

indirectly inhibits caspase processing by inhibiting actin degradation. As a 

consequence, this inhibits the translocation of cleaved Bid (tBid), a pro-apoptotic 

member of the Bcl-2 family, to the mitochondria, which initiates release o f 

cytochrome-c from the innermitochondrial space (Li et al., 1998; Luo et al., 1998) 

and subsequent activation o f downstream caspases. The precise mechanism by 

means o f which Hsp27 acts at the level o f actin binding to prevent cell death is 

uncertain, although it is possible that Hsp27 interacts with actin binding proteins such 

as the focal adhesion protein, hic-5/ARA55, identified by yeast 2 hybrid-assay (Jia et 

al., 2001), or RhoA, a nucleotide exchange protein identified to co-immunoprecipitate 

with Hsp27 in smooth muscle (Bitar et al., 2002).

29



Chapter 1: Introduction

1.11.3 Extrinsic mitochondrial-independent apoptotic pathway

A yeast-two hybrid assay has found that Hsp27 also associates with DAXX, a 

mediator o f Fas-induced caspase-independent pathway o f apoptosis (Charette and 

Landry, 2000; Charette et al., 2000). In the presence of Ask-1, DAXX dissociates 

with Fas (Ko et al., 2001) and promotes apoptosis induced by Fas-ligation (Perlman 

et al., 2001; Torii et a l ,  1999). Hsp27 has been shown to increase the survival of 

transfected HEK293 cells by inhibiting Fas-mediated apoptosis through its interaction 

with DAXX (Charette and Landry, 2000; Charette et a l ,  2000), thus implicating 

Hsp27 as a direct inhibitor o f the extrinsic mitochondria-independent apoptotic 

pathway. The studies that have investigated the molecular mechanisms underlying 

Hsp27’s ability to promote cell survival have all been performed in cell-free extracts 

or in transfected cell lines in vitro.

1.11.4 Cell survival pathway

Hsp27 has also been implicated in the survival pathway involving the 

serine/theronine kinase Akt (also known as protein kinase B (PKB) or RAC-PK), 

which is part of the PI-3 kinase cascade (Burgering and Coffer, 1995), with is known 

to prevent cell death by inhibiting cytochrome-c release from mitochondria (Kennedy 

et a l ,  1999), as well as phosphorylating and inactivating pro-caspase-9 and the 

forkhead transcription factor (FKHRL-1) (Brunet et a l ,  1999; Cardone et a l ,  1998). 

Hsp27 co-immunoprecipitates with Akt/PKB in oxiditative stressed COS-7 cells 

(Konishi et a l ,  1997), and in rat lumbar ventral horn o f the spinal cord 4 days after 

adult sciatic nerve axotomy (Murashov et a l ,  2001). Although the physiological 

relevance o f the direct interaction o f Hsp27 with Akt/PKB has not yet been 

determined, it is possible that Hsp27 may also promote neuronal survival via an 

Akt/PKB mediated mechanism.

The extent of Hsp27’s survival functions in non-neuronal cells appears to be highly 

dependent upon its phosphorylation state, which in turn mediates the highly dynamic 

quaternary structure of Hsp27. In Chapter 5 the contribution of phosphorylation in 

the ability o f Hsp27 to protect neurons from undergoing cell death is investigated.
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Chapter 2. Hsp2 7 expression in sensory and motor neurons

2.1 Introduction
2.1.1. Hsp27 in the peripheral nervous system

A low level o f constitutive expression o f Hsp27 has been described within specific 

subpopulations o f adult primary sensory neurons in the dorsal root ganglia (DRG), 

specifically medium and large sized (AÔ- and Ap-mechanoeceptor) sensory neurons 

(Costigan et al, 1998, Plumier et al, 1997). Low levels o f expression in adult lumbar 

motor neurons have also been reported.

2.1.2. Induction of Hsp27 after injury in the peripheral nervous system

An injury-induced upregulation o f Hsp27 in adult sensory neurons was first identified 

using a PCR-based subtractive hybridisation assay (Costigan et al., 1998). Injury to 

adult sensory neurons did not however, regulate Hsp56/60, Hsp70 or Hsp90 (Costigan 

et al., 1998). The overexpression o f Hsp27 by adenovirus or HSV-1 viral vector 

delivery has been shown to protect cultured neonatal sensory and sympathetic neurons 

from apoptosis induced by NGF-withdrawal (Lewis et al., 1999), heat shock or 

chemical insult induced by retinoic acid treatment (W agstaff et al., 1999). These data 

suggest that Hsp27 may have a survival role in primary sensory neurons.

2.1.3. Aim

Although Hsp27 is known to be upregulated in adult sensory neurons after axotomy, 

whether there is a link between this upregulation and the subsequent death or survival 

o f sensory is not known. Sciatic nerve damage in adult peripheral nervous sytem 

results in very little neuronal death (Ma et al., 2001; Tandrup et al., 2000; Noven et al., 

1993), whereas considerable death o f both sensory and motor neurons occurs after 

neonatal injury (Lowrie and Vrbova, 1992; Himes and Tessler, 1989; Kuno, 1990; 

Oliveira et al., 1997; Snider et al., 1992), although the extent and time course varies 

(reviewed in Greensmith and Vrbova, 1996). Little is known about the regulation and 

function o f Hsp27 expression in adult and neonatal motor neurons after peripheral 

nerve injury. The aim o f this Chapter is twofold; firstly to study the constitutive and 

induced pattern o f Hsp27 expression in rat sensory and motor neurons following adult 

and neonatal nerve injury. Secondly, to specifically investigate the expression of 

Hsp27 in motor neurons with respect to neuronal survival after neonatal nerve injury.
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2.2 Methods

2.2.1 Surgical Procedures

Sprague-Dawley rats were used following Massachusetts General Hospital Animal 

Care guidelines. For adult (200-250g) and postnatal day 19 (P I9) rats anaesthesia was 

produced by halothane inhalation (induction, 4%; maintenance, 2.5%) and for postnatal 

day 0 (PO) (animals no older than 12hrs) newborn pups by hypothermia by placing in 

ice for 5-7 minutes.

2.2.2 Sciatic nerve injury Under aseptic conditions the left sciatic nerve o f adult and 

P19 rats was exposed at mid thigh level, ligated and transected distal to the ligation, 

followed by two layered wound closure using 5.0 and 3.0 sutures for the muscle layer 

and skin respectively. Rats were allowed to recover before returning to their cage. For 

PO pups, an incision was made in the left thigh and the sciatic nerve exposed above the 

popliteal fossa, ligated with 6.0 sutures, and cut immediately distal to the ligation. The 

wound was closed with cyanocylate (Vetbond^'^, 3M) and the pup allowed to recover 

and returned to its mother. In some neonatal animals 2pi o f 2.5% ftuorogold (FG, 

Molecular Probes) was injected under the perineurium of the sciatic nerve, using a glass 

micropipette attached to a Hamilton syringe, prior to ligation to label the motor neuron 

pool.

2.2.3 Tissue Harvesting

At selected intervals following nerve injury or inflammation (Id , 3d, 5d, 7d and 2 

weeks) («=2-3 per time point, per age group) adult animals were terminally 

anaesthetized by carbon dioxide (CO 2 ) asphyxiation followed by exsanguination, PO to 

P14 animals were euthanized by 200mg/ml pentobarbital. The sciatic nerve was 

exposed and followed up to locate the L4 and L5 dorsal root ganglia (DRGs). The 

meningeal membrane surrounding the spinal cord was broken, and the dorsal roots 

were traced up to the entry zones o f the spinal cord and the L4/L5 region o f the spinal 

cord was identified. The L4 and L5 DRGs ipsilateral to the injury (ipsi) were isolated, 

and the L4/L5 lumbar spinal cord segments rapidly removed. The ipsilateral side was 

carefully separated from the uninjured contralateral (contra) side, followed by division 

o f the ventral horn (VH) from the dorsal horn (DH). All tissue was frozen on dry ice 

and processed for either Western blot or RNA extraction for Northern blot analysis. 

Material from naïve animals was removed from both sides.
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For immunocytochemistry, adult (w=8 ) and P26 {n=2) animals were terminally 

anaethetized by halothane inhalation, neonatal animals (P0-P14) («=2-3 for each age 

category) by 2 0 0 mg/ml sodium pentobarbitone injection and perfused transcardially 

with 0.9% saline (adults; 200ml, neonates 5-20ml) followed by 4% paraformaldehyde 

in 0.1 M phosphate buffer (pH 7.4) (PB) (adults; 740ml, neonates 15-50ml). The L4 

and L5 DRG and the L4/L5 lumbar spinal segments were identified as mentioned 

above, removed and post-fixed overnight and cryoprotected in 20% sucrose in O.IM PB 

for 3 hrs at 4°C.

2.2.4 Northern Blot analysis

Total cellular RNA was extracted from homogenous tissue samples by acid/phenol 

extraction according to (Chomczynski and Sacchi, 1987). RNA (lOpg/sample) was 

separated on 1.5% formaldehyde-agrose gels and blotted onto Hybond-N+ nylon 

membranes using strandard conditions. Filters were prehybridised and hybridised in a 

standard solution containing 50% formaldehyde, 5x SSC, 5x Denhard’s, 1% SDS and 

lOOjig/ml sheared herring sperm DNA at 42°C then washed in O.lx SSC, 0.1% SDS at 

42°C. The Hsp27 cDNA probe was derived from a 800bp insert in pBlusecipt KS+ and 

isolated as described above. A 240bp rat cyclophillin PGR product was produced using 

primers Cycl; 5’-TTGGGRCGCGTCTGCTTCA-3’ and Cyc2; 5’- 

GCCAGGACCTGTATGCTTCA-3’. At least two independent Northern Blots were 

obtained from RNA extracted from different pools o f animals were used for each 

observation.

2.2.5 Western Blot Analysis

Pooled L4 and L5 DRGs or L4/L5 ventral horn from the rat lumbar region for 

ipsilateral and contralateral were lysed in lOOmM Tris (pH 6 .8 ), 2% SDS, 20% glycerol, 

10% )^mecaptoethanol (25pl/0.5mg protein), homogenized, boiled and spun at 

14,000rpm for 1 min and protein quantified (BCA kit. Pierce). Protein samples 

(20pg/sample) were separated on SDS-acrylamide gels (4-15% Tris-HCl gels, BioRad) 

and transferred to Immobilon-P membrane (0.45pm, Millipore). Primary antibody 

incubation was performed with anti-Hsp25 (1:2000) in 5% milk in PBS plus 0.05% 

Tween20. The membranes were incubated with peroxidase labeled anti-rabbit antibody 

(1 :5000, Amersham Life Sciences) and signal visualized on Kodak XL-ORL film using
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the Renaissance chemiluminescent detection assay (New England Biolabs). To check 

for equal protein loading, membranes were stripped and stained for mouse anti-PGP 9.5 

antibody (1:1000, Accurate Chemical & Scientific Corp, New York). Densitometric 

analysis, using Photoshop (Adobe), was used to calculate mean fold increase from 

triplicate experiments.

2.2.6 Immunohistochemistry

Cryosections (10pm) o f the L4 DRG or L4/L5 lumbar spinal cord, mounted on Silane- 

coated slides (Sigma), were incubated in blocking solution (O.IM PBS, 0.2% Triton X- 

100 (Tx-lOO) (Sigma) and 20% normal goat serum (NGS) (Vector Laboratories) for 1 

hr at room temperature (RT). Hsp27 was detected by incubation with an antibody to 

the murine homologue o f Hsp27; anti-Hsp25 (1:1000, Stressgen) in 0.1% Tx-lOO O.IM 

PBS overnight at 4°C. (This anti-Hsp25 antibody has been shown to specifically and 

exclusively detect the murine Hsp25 and the homologue in the rat Hsp27, (Head et al, 

1994, Plumier et al, 1996), and recognises phosphorylated and non-phosphorylated rat 

Hsp27 protein). Sections were washed by 3x 5-minute washes in O.IM PBS, followed 

by 3hr incubation at room temperature with 0.1% Tx-lOO in O.IM PBS containing Cy3- 

conjugated horse anti-rabbit secondary antibody (1:300; Jackson ImmunoResearch), 

then washed (3x 5-minute washes in O.IM PBS) and coverslipped using Permanent- 

mount mounting medium (Molecular Probes). For non-fluorescent 

immunohistochemistry, a biotin-conjugated anti-rabbit secondary antibody ( 1 :2 0 0 ; 

Vector) was used, and detected with the indirect HRP-DAB reaction using standard 

Vectorstain™ kit (ABC kit. Vector), and lightly counterstained with a Nissl stain before 

coverslipping using DPX (Fisher).

TSA direct Flurescien sisnal amplification immunostainins. For double labeling with 

Hsp27 and the activation transcription factor (ATF-3) or the active form o f caspase-3, 

the green direct Flurescein Signal Amplification detection method (NEN, Boston) was 

used for detection o f the first immunoreaction (ATF-3 or active caspase-3) before 

incubation with the antibody for the second immunoreaction (Hsp25) as mentioned 

above. This technique enables double immunohistochemistry using two primary 

antibodies from the same host species (Michael et al., 1997). Sections were pre

incubated in TNB blocking buffer (O.IM Tris-buffered saline, pH7.4 containing 1% 

blocking reagent) for 1  hr at room temperature, followed by incubation with rabbit anti-
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ATF-3 (1:2000; Santa Cruz Biolabs) or active caspase-3 (1:2000, Cell Signalling) in 

TNB Blocking buffer overnight at room temperature. After 3x 5-minute washes in 

TSA wash Buffer (O.IM Tris, pH 7.5, 0.15M NaCl, 0.05% Tween20) the sections were 

incubated with biotin conjugated anti-rabbit antiserum (1:100; Vector Laboratories) in 

dilution buffer for 2 hrs at room temperature followed by incubation with streptavidin- 

HRP (1:100) in dilution buffer for 30mins and a final incubation with Flurophore FITC 

(1:50 in amplification dilutant) for 7-lOmins at room temperature. Following 3 washes 

in TSA wash buffer, sections were incubated with anti-rabbit Hsp25 antibody (1:2000) 

and processed for fluorescent immunohistochemistry as above. Control sections, to 

check absence o f cross reactivity using this method were processed in parallel, where 

incubated identically except omitting the primary anti-HSP25 antibody incubation. For 

all immunoreactions, all sections for each time point after nerve transection were 

processed in parallel and on the same slide, and fluorescent images were analyzed and 

captured under a Nikon microscope equipped with a digital camera (Nikon Spot). In 

some PO axotomised animals retrograde labelling by flurogold (instead o f ATF-3) to 

identify injured neurons with axons projecting through the sciatic nerve was detected 

under the UV filter o f the epiflourescent microscope.

2.2.7 Detection of Apoptosis

The ApopTag Fluorescein Kit (Intergen) was used to detect apoptotic cells in situ by 

terminal deoxynucleotide transferase (TdT)-mediated dUTP nick-end labeling 

(TUNEL) o f DNA fragments produced during the apoptotic process. According to the 

manufacturer’s instructions, paraformaldehyde-fixed tissue sections were equilibrated 

in reaction buffer before incubation with TdT and digoxigenin-labeled dUTP at 37°C 

for 60 min. Following incubation with a FITC-conjugated anti-digoxigenin antibody to 

detect the inserted dUTP, the tissue sections were processed for immunofluorescent 

labeling o f Hsp27 or ATF-3, respectively. Bisbenzimide (Hoechst 33342; Calbiochem) 

at a concentration o f 1 0  pg/ml was included in the first o f the ensuing washing steps for 

staining o f chromatin.

2.2.8 Quantitative Analysis of neonatal lumbar motor neurons

PO rat pups underwent sciatic nerve axotomy and were terminally anaesthetised 1, 2, 3, 

5, 7 and 14 days after surgery {n=5 per group). Lumbar spinal cord sections were 

removed, serially sectioned and the tissue processed for Hsp27 and ATF-3
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immunostaining as mentioned above. Estimates o f the total number o f lumbar motor 

neurons was determined by profile counts on the ipsilateral and contralateral side to the 

sciatic nerve injury in 10pm transverse lumbar spinal cord section sections (50pm 

apart), beginning at the most caudal section containing the sciatic motor neuron pool 

(identified by the presence o f ATF-3 immunoreactivity and ending with the most rostral 

ATF-3 positive section (Clarke and Oppenheim, 1995). Only neurons with visible 

nuclei and cell diameters > 1 0 pm  were counted, and sections were far enough apart 

within the spinal cord to ensure that no single cell was counted more than once. In 

parallel, the number o f motor neurons positive for expression o f Hsp27 was counted in 

the ipsilateral and contralateral lumbar spinal cord sections. The number o f motor 

neurons immunopositive for ATF-3 either alone or in co-expression with Hsp27 was 

also counted in the ipsilateral side. Counts were made from five animals {n=5) for each 

o f the 7 groups. For any individual animal, the value for each o f the following; (i) total 

number o f ipsilateral and contralateral lumbar motor neurons, (ii) total number o f 

Hsp27 expressing motor neurons in the ipsilateral and contralateral lumbar motor 

neuron population (iii) the total number o f ATF expressing motor neurons, and (iv) 

total number o f ATF-3 expressing motor neurons also expressing Hsp27 in the 

ipsilateral lumbar motor neuron population was summed and final value taken as a 

mean o f all five animals. The total profile count for the motor neurons at any given 

time point is represented as actual values and as relative values, in which the later, the 

absolute number o f sciatic motor neurons on the ispilateral side is expressed as the 

percentage o f absolute number o f sciatic motor neurons on the contralateral control 

side. The number o f motor neurons expressing Hsp27 is represented as a proportion of 

the total lumbar motor neuron population. As a measure o f the number o f injured 

motor neurons expressing Hsp27, the percentage o f ipsilateral ATF-3 positive profiles 

also immunopostive for Hsp27 was determined. Statistical significance was assessed by 

ANOVA and the t-test. All data values are expressed as mean from 5 animals ± S.E.M.
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2.3 Results

2.3.1 Constitutive expression of Hsp27 in sensory and motor neurons.

In naïve adult animals. Northern and Western blot analysis indicate low-level 

constitutive Hsp27 expression in the L4 and L5 DRG {rr=2) (Fig2.1a and c), with L4 

immunostaining indicating limited expression predominantly in medium and large 

sized cells (Costigan et al., 1998). Low-level Hsp27 constitutive expression is also 

detected in L4 and L5 segments o f the ispilateral ventral horn (VH) o f the spinal cord 

o f naïve animals («=3) (Fig2.2a and b), which can be attributed to, based on the size 

and location o f the cellular stain, to specific expression within motor neurons (Fig2.2c).

2.3.2 Induction of Hsp27 after adult peripheral nerve injury

After adult sciatic nerve axotomy the level o f Hsp27 mRNA and protein expression 

significantly increases in inpsilateral L4 and L5 sensory DRG neurons and motor 

neurons in the L4/L5 ventral horn o f the spinal cord relative to naïve control, as 

detected over a 7d timecourse for Northern blot analysis (w=4) and two weeks for 

Western blot analysis («=3), and a 7 day time point for immunohistochemical detection 

{n=2) (Fig 2.1a and Fig2.2a). Both in sensory and motor neurons, the upregulation at 

the mRNA level was detected as early as 24hrs post injury (Costigan et a l ,  1998) 

occurring in sensory neurons 48hrs following sciatic nerve axotomy, a level which was 

maintained for at least one week (Fig 2.1 a). Elevated Hsp27 protein levels in the DRG 

was detected Id after axotomy (1.9 fold o f naïve), with peak protein expression 

occurring 3 days after axotomy (3.5-fold), and this was maintained for 2 weeks post 

injury the longest time examined (Fig 2.1b). Similarly, upregulation o f Hsp27 mRNA 

in the ventral horn ispilateral to the nerve injury occurs within one day, with an increase 

in Hsp27 protein levels detectable 12 hours after injury, a 2-fold peak induction by 3 

days, and levels remain elevated for at least 2 weeks (Fig 2.3b).

Since the axons in the sciatic nerve make up approximately 60-70% of the L4 DRG 

neurons (Himes and Tessler, 1989; W oolf et a l ,  1995) the ispilateral L4 DRG from 

adult animals after sciatic nerve transection comprises a mixed population o f cells with 

injured and uninjured axons (Fig 2.1c). Sensory neurons with injured axons can be 

identified by immunostaining for the activation transcription factor-3 (ATF-3) 

(Fig2.1e), which is a specific marker for axotomized neurons (Tsujino et a l ,  2000). 

Figure 2.1 shows that 7 days following adult sciatic nerve axotomy every injured ATF-
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Hsp27 expression in injured adult sensory neurons
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Figure 2.1

Hsp27 upregulation in adult injured sensory neurons after sciatic nerve axotomy. A.
Northern blot for Hsp27 in adult L5 ipsilateral dorsal root ganglion (DRG) («=4, pooled samples) 
in unoperated naïve animals (N), 1 day following CFA injection (Id CFA) and 1, 2 and 7 days 
following sciatic nerve axotomy (Axotomy). Cyclophilin (CYC) acts as a loading control. B. 
Western blot analysis of the time course of Hsp27 protein upregulation in adult ipsilateral L4 and 
L5 DRG in naïve uninjured animals (N) and 12brs, 1, 2, 3, 5, 7 days and 14 days following adult 
sciatic nerve axotomy («=3, pooled L4 and L5 samples). PGP9.5 acts as a loading control. The 
fold increase of Hsp27 protein relative to naïve control levels and normalized for loading are 
shown below each lane. C. Schematic representation of the L4 DRG illustrating not all L4 DRG 
cells have axons projecting via the sciatic nerve; many contribute to more peripheral nerves, 
therefore not all DRG neurons are axotomized by sciatic nerve transection. Adult ipsilateral L4 
DRG co-immunostained 7 days following sciatic nerve axotomy with anti-Hsp27 {red, D) and 
anti-ATF-3 (green; E) to label injured cells. High ji^agnitlcation the injured (g, G) and uninjured 
regions (h, H) of the merged image (F) show all injured DRG neurons (green, ATF-3 
immunopositive cells) express high levels of Hsp27 (red, G), compared to low level constitutive 
Hsp27 expression in the uninjured (ATF-3 immunonegative) neurons (H). * or ** denote image 
taken from Costigan et al, 1998 or Lewis et al, 1999 respectively. Scale Bars; ISOpm (D-F), 
50pm (G-H).
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3 positive sensory neuron is also intensely stained for Hsp27, when compared to 

neighbouring uninjured (ATF-3 negative) neurons exhibiting constitutive levels of 

Hsp27 expression (Fig 2.1b) (n=2). 1 days after axotomy, high levels o f Hsp27

expression is present in the cytoplasm o f small, medium and large sized cells, 

indicating that all sensory neuronal subtypes upregulate Hsp27 after neuronal injury.

As in sensory neurons, all injured, ATF-3 positive motor neurons in the ispilateral 

L4/L5 lumbar ventral horn show more intense Hsp27 immunostaining (Fig 2.2e) («=2) 

7 days after sciatic nerve axotomy relative to constitutive Hsp27 immunostaining levels 

in uninjured motor neurons in the contralateral ventral horn (Fig 2.2c,d). Expression of 

Hsp27 was examined for over a timecourse o f l-7days after axotomy («=2 per group; 

naïve, 1, 2, 3, 5, 7d after injury), with upregulation detected as early 24hrs after injury. 

Intense Hsp27 immunostaining in lamina I and II in the ispilateral but not the 

contralateral dorsal horn (DH) o f the spinal cord was also detected (Fig 2.2c) consistent 

with indications o f anterograde transport o f Hsp27 along the central axon o f primary 

afferents (Costigan et al., 1998; Plumier et al., 1997).

2.3.3. Induction of Hsp27 after neonatal peripheral nerve injury

In order to assess if  elevated Hsp27 expression levels in adult injured sensory and 

motor neurons correlates with their survival after injury, we investigated the expression 

o f Hsp27 in sensory and motor neurons injured at birth (PO), an age when extensive 

injury-induced death occurs (Kuno, 1990; Oliveira et al., 1997). During the first 

postnatal week, very low or negligible levels o f constitutive Hsp27 protein expression 

was detected by western blot analysis in uninjured ispilateral DRGs from age-matched 

naïve control animals (Fig2.3a,c) («=3-4) or in DRGs contralateral to the sciatic nerve 

injury (Fig2.2a,b). After postnatal day 0 (PO) sciatic nerve axotomy, Hsp27 protein 

was significantly upregulated in the injured DRG, with induction occurring within 

24hrs post-injury and levels maintaining elevated for I week following injury (Fig2.3a) 

(«=3-4). Hsp27 is also substantially induced in ispilateral DRG 48hrs following injury 

at P2 (Fig 2.2b) («=4). Double immunocytochemistry with ATF-3 and Hsp27 indicates 

that virtually all o f the surviving, injured (ATF-3 positive) neurons express Hsp27 

24hrs after PO axotomy (Fig 2.3e), which was apparent at all time points examined 

from 1, 2, 3, 5 and 7 days after injury at birth («=2 per group).
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Hsp27 expression in injured aduit motor neurons
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Figure 2.2
Hsp27 upregulation in adult injured motor neurons after sciatic nerve axotomy. A. Northern 
blot for Hsp27 in adult L4/L5 ipsilateral ventral horn (VH) («=4, pooled samples) in unoperated 
naïve animals (N), 1 and 2 days following sciatic nerve axotomy (Ax). Cyclophilin (CYC) acts as a 
loading control. B. Western blot analysis of the time course of Hsp27 upregulation in adult 
ipsilateral and contralatral ventral horn of L4/L5 lumbar region of the spinal cord in naïve 
uninjured animals (N) and 12hrs, 1, 2, 3, 5, 7 and 14 days following adult sciatic nerve axotomy 
(«=3, pooled). PGP9.5 acts as a loading control. The fold increase of Hsp27 protein relative to 
naïve control levels and normalised for loading are shown below each lane. L4/L5 lumbar region 
of adult spinal cord co-immunostained 7 days following sciatic nerve axotomy with anti-Hsp27 
{green, C) and anti-ATF-3 (red; D). High magnification of the merged images (E) of the 
ipsilateral (ipsi) sciatic motor neuron pool (outlined in C and D) shows all injured motor neurons 
{red, ATF-3 immunopositive neurons) express high levels of Hsp27 (green). * denote image taken 
from Costigan et al, 1998. Scale Bars = 200pm for C and D, 100pm for E)
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Similar to sensory neurons, the expression o f Hsp27 protein is below detection in the 

L4 and L5 segments o f uninjured ventral horn neurons o f the spinal cord from naïve 

animals one week o f age or younger (Fig 2.4a) («=3). However, axotomy at birth also 

substantially upregulates Hsp27 in the ispilateral ventral horn (Fig 2.4a) (w=4), with an 

increase detected as early as 3 hours after the injury and peak expression observed at 7 

days after the injury. All the surviving injured motor neurons, either identified by 

retrograde labelling with ftuorogold (Fig 2.4d) or ATF-3 immunostaining (Fig 2.5b) are 

immunopositive for Hsp27 5- and 7-days after PO injury, respectively (w=2). Neonatal 

PO axotomy also results in upregulation o f Hsp27 expression in lamina I and in the 

deeper superficial lamina (Fig 2.4 and Fig 2.5 inset), which indicates that Hsp27 is 

anterogradely transported along the central axon to the peripheral terminal in the spinal 

cord. The absence o f Hsp27 immunostaining in contralateral uninjured motor neurons 

suggests a lack o f contralateral effects of the PO injury on Hsp27 expression (Fig 2.4 

and Fig 2.5).

Immunostaining combined with morphological assessment by a Nissl stain on spinal 

cords from animals one week after injury at birth, clearly illustrates both that the 

majority o f injured sciatic motor neurons die after PO axotomy (Lowrie and Vrbova,

1992), and that virtually all the remaining surviving motor neurons are intensely stained 

for Hsp27 (Fig 2.6) («=3). Quantitative analysis was performed to further assess the 

correlation o f Hsp27 expression with the survival o f motor neurons after injury at birth, 

(i) Total counts o f the number o f ispilateral and contralateral motor neurons in the 

sciatic lumbar motor neuron pool was counted after unilateral PO sciatic nerve 

axotomy, and in parallel, (ii) the expression o f Hsp27 within these motor neuron 

populations was determined. Absolute motor neuron number refers to the mean number 

o f lumbar motor neurons counted in 13-16 10pm sections (50pm apart spanning the 

entire L4 and L5 segments) per animal, (analysed at Od (naïve control), 1, 3, 5, 7 and 14 

days after PO axotomy, «=4, 4, 5, 4, 3 respectively) (Fig 2.7b). Relative motor neuron 

number represents the number o f ipsilateral lumbar motor neurons as a percentage o f 

the contralateral control lumbar population at the specified age (Fig 2.7a).

Following PO axotomy, motor neuron survival was analysed in the lumbar motor 

neuron population after 1, 2, 3, 5, 7 days and 2 week survival times, with a substantial
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Hsp27 expression in injured neonatal sensory neurons

POAx (ipsi) Naïve (ipsi) POAx (contra)

1d 2d 3d 5d 7d 1d 2d 3d 5d 7d 1d 2d 3d 5d 7d

Hsp27

PGP9.5 —  —  —  

B* . n«p27 Hsp27

contra P2AKj^hrs) *V ^ 'ip s i

Figure 2.3

Postnatal expression of Hsp27 in the DRG and upregulation in a proportion of 
injured DRG neurons after neonatal sciatic nerve axotomy. A. Western blot analysis 
indicating Hsp27 upregulation in the ipsilateral (ipsi) and contralateral (contra) L4 and L5 
DRG 1, 2, 3, 5 and 7 days following sciatic nerve axotomy performed at birth (POAx), 
and in the ipsilateral side (ipsi) of naïve uninjured animals («=3-4 per group, pooled). 
PGP9.5 acts as a loading control. B. Hsp27 immunostaining in L4 DRG 48hrs after 
postnatal day (P2) sciatic nerve axotomy (P2Ax) shows dramatic upregulation in the 
ipsilateral (ipsi) injured DRG, with a relatively few contralateral DRG neurons expressing 
Hsp27 («=4). Immunostaining of L4 DRG of 1 day old naïve animals (C) or 1 day 
following sciatic nerve axotomy at birth (POAx) (D) with anti-Hsp27 {red) shows 
induction of Hsp27 in DRG neurons even 24hrs after PO nerve injury. E. Double 
immunohistochemistry with anti-Hsp27 {red) and anti-ATF-3 {green) 24hrs post POAx, 
shows a not all injured DRG {green, ATF-3 immunopositive neurons) express high levels 
of Hsp27 {red). * denotes image taken from Lewis et al, 1999. Scale Bars = 100pm
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decrease in motor neuron survival (-80% ) occurring after 1  day and with a further 

decline, although to a lesser extent from 1 to 7 days following injury (Fig 2.7a). 

Beyond 7 days, no further decrease occurs, and the number o f surviving motor neurons 

in the lumbar motor neuron pool is < 1 0 % of the number present in the intact 

contralateral lumbar motor neuron pool. A  small decline in absolute number o f lumbar 

motor neurons was detected in the uninjured contralateral pool 3 days after injury, 

which could possibly be a consequence o f the final stages o f programmed cell death o f 

motor neurons that occurs between E14 and P3 (reviewed in Sendtner et al., 2000).

To assess any link between the expression o f Hsp27 and motor neuron survival after PO 

axotomy (Fig 2.6), the number o f motor neurons expressing Hsp27 was counted within 

the ipsilateral and contralateral sciatic motor neuron pool for up to 2  weeks after 

axotomy at birth. Although there is substantial upregulation o f Hsp27 expression within 

hours after neonatal sciatic nerve injury (Fig 2.4a), the upregulation only occurs in a 

small population o f injured motor neurons (-5%  o f the total pre-nerve injury) (Fig 

2.7a). As the injured sciatic motor neurons die, which occurs largely over the first 

24hrs (Fig2.7a) (Oliveira et al., 1997), the number o f Hsp27 positive lumbar motor 

neurons although small in absolute terms, becomes an increasingly large proportion of 

the surviving motor neurons (Fig2.7a), with 71.9 ± 3.3% of the remaining motor 

neurons in the ispilateral lumbar motor neuron pool expressing Hsp27 one week 

following PO axotomy (Fig2.7a), compared to 2.54 ± 0.3% in the contralateral lumbar 

motor neuron pool. The contralateral lumbar motor neuron population only begins to 

express Hsp27 constitutively some time after 2 weeks after birth (Fig 2.7). To directly 

assess the expression o f Hsp27 specifically within the injured motor neuron population 

after PO axotomy, sections were double immunostained for Hsp27 and ATF-3 (to 

identify injured neurons), and number o f ATF-3 positive neurons also expressing 

Hsp27 was determined 1, 3, 5 and 7 days after neonatal injury (w values as above). The 

percentage of the surviving injured ATF-3 positive sciatic motor neurons (detected by 

ATF-3 immunoreactivity) expressing Hsp27 is 22.2 ± 2.3% 24hrs after injury, but 

increases to 8 6 . 6  ± 3.0% 3days after PO axotomy (Fig 2.7c), suggesting a selective loss 

o f those neurons not expressing Hsp27.
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Hsp27 upregulation in injured motor neurons at birth
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Figure 2.4

Hsp27 upregulation in neonatal injured motor neurons after sciatic nerve 
axotomy at birth. A. Western blot analysis of the onset of Hsp27 expression (3- 
18hrs) and its longer term expression (ld-7d) in the ipsilateral (ipsi) and 
contralateral (contra) sides of the ventral horn of the L4/L5 lumbar region of the 
spinal cord in naïve uninjured animals (N) and 3, 6, 12 and 18hrs, and 1, 2, 3, 5 and 
7 days following sciatic nerve axotomy performed at birth (POAx) («=2-3, 
pooled). PGP9.5 is a loading control. B. Hsp27 immunostaining of L4/L5 lumbar 
region of neonatal spinal cord 5 days following PO sciatic nerve axotomy with anti- 
Hsp27 {red) shows upregulation of Hsp27 in ipsilateral motor neurons and the 
dorsal horn. No immunostaining is present in the contralateral control motor 
neurons or dorsal horn. High magnification of ventral horn (VH) on the ipsilateral 
lesioned side shows all Hsp27 positive motor neurons (C) are of sciatic origin, 
determined by retrograde labeling with fluorogold (D, FG). High magnification of 
the ipsilateral dorsal horn (DH) shows Hsp27 upregulation in the central terminals 
of sensory neurons located within lamina I and deeper lamina III and IV (E). Scale 
bars = 200pm (B) and 100pm (C-E).
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2.3.4 Negative correlation of Hsp27 with injury-induced neuronal apoptosis

To further examine whether Hsp27 expression contributes to a differential 

susceptibility of injured neonatal neurons to undergo cell death, we utilized fluorescent 

Hsp27 immunohistochemistry in conjunction with the TUNEL technique (to identify 

fragmentation o f DNA) and bisbenzimide (Hoechst) staining (to visualize pyknotic 

nuclei, representative o f condensed chromatin), which used collectively are indicators 

that neurons undergoing apoptotic cell death (Gavrieli et al., 1992). Analysis o f  spinal 

cords from animals 24 and 48 hours post injury at birth {n=2> per group), no TUNEL 

positive motor neurons undergoing apoptosis ever expressed Hsp27 (Fig 2.8a, b). 

Correspondingly, motor neurons immunoreactive for Hsp27 were never identified as 

undergoing apoptosis, determined by the absence o f TUNEL labelling and absence o f 

pyknotic nuclei (Fig 2.8a, b). This was consistent for every Hsp27 immunopositive 

neuron analysed throughout the sciatic lumbar region o f the spinal cords taken from 

animals axotomized at birth (65 consecutive 10pm sections were analysed per animal, 

«=3 per group; 24hr and 48hr post-PO axotomy). TUNEL combined with either NeuN 

immunostaining, a marker for neuronal cells (Mullen et al., 1992), or ATF-3 

immunostaining demonstrate that injured motor neurons undergo apoptosis without 

losing their immunoreactivity (Fig 2.9 c-g). Double immunostaining with Hsp27 and 

the activated form of caspase-3 (using an antibody that recognises the cleaved product 

o f pro-caspase-3), to identify cells committed to apoptosis (reviewed in Nicholson and 

Thomberry, 1997), showed no co-localization o f active caspase-3 with Hsp27 

immunostaining in motor neurons 48hrs after PO axotomy (Fig 2.9) (10 sections 

analysed per animal, «=3). Interestingly abundant caspase-3 immunopositive profiles 

are present in many cell types in the ventral horn o f the spinal cord, some o f which 

could be programmed cell death o f spinal intemeurons (Lowrie and Lawson, 2000; 

Oliveira et al., 1997), however, several o f the larger caspase-3 positive profiles were 

located within close proximity to the Hsp27 immunopositive injured motor neurons, 

suggesting that these cells may be injured sciatic motor neurons undergoing apoptosis 

that are active for caspase-3 and possessing shrunken cytoplasm.
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Expression of Hsp27 in motor neurons 7days after sciatic 
nerve axotomy eariy (PO) or late (P19) in deveiopment.

Hsp27 (POAx)

Hsp27 (P19ÀX) D

contra

Hsp27 F ATF3 G Merged

Figure 2.5

Hsp27 upregulation 1 week following neonatal and early adult injured motor neurons 
after sciatic nerve axotomy. Double immunohistochemistry for Hsp27 {red, A and C) and 
ATF-3 {green , B and D) on L4/L5 lumbar region of the spinal cord 7 days following sciatic 
nerve axotomy performed at birth (POAx) (A and B) or PI9 (C and D). All ATF-3 injured 
neurons express Hsp27 1 week after injury at birth (A and B) No Hsp27 is expressed in the 
contralateral side of the spinal cord in PO axotomized animals (A, inset), which also shows 
Hsp27 expression in the ipsilateral motor neurons and dorsal horn. Hsp27 is constitutively 
expressed at low levels in PI9 motor neurons contralateral to the injuiy, with upregulation of 
Hsp27 in motor neurons within the sciatic motor neuron pool 7 days after P19 axotomy (C, 
red). High magnification of Hsp27 expression (E) and ATF-3 immunoreactivity (F) in the 
ipsilateral (ipsi) sciatic motor neuron pool 7 days after PI9 axotomy shows all injured motor 
neurons {green , ATF-3 immunopositive neurons) express high levels of Hsp27 {red, G). Scale 
Bars = 200 (C,D) lOOgM (E-G)

47



Chapter 2. Hsp27 expression in sensory and motor neurons

2.4 Discussion

2.4.1 Expression of Hsp27 within the peripheral nervous system

In sensory neurons the expression o f Hsp27 is first detected by embryonic day (E) 15 

and increases slightly by birth, with a progressive upregulation over the postnatal 

period to reach constitutive expressed adult levels o f by P21 (Costigan et al., 1998). 

While the detailed developmental expression pattern for Hsp27 in motor neurons is 

currently unknown, negligible Hsp27 protein expression is seen in early postnatal life, 

with constitutive levels reflective o f adult expression levels reached between 2  weeks 

and one month after birth. Given that Hsp27 expression is undetectable in sensory and 

motor neurons during the active growth period during development (E l4 -E l9) 

(Jackman and Fitzgerald, 2000), Hsp27 is unlikely to play a significant role in neuronal 

outgrowth (Skene, 1989), distinct to proteins such as GAP-43, which are 

developmentally regulated at the time o f axon growth and are reexpressed after injury 

(Chong et al., 1994).

Data presented here shows that every injured adult sensory and motor neuron 

upregulates the expression o f Hsp27 (Fig2.1a and 2.3e) and that Hsp27 is upregulated 

in surviving sensory and motor neurons after neonatal nerve injury (Fig 2.3 and 2.4). 

Taking into account the ability o f Hsp27 to protect non-neuronal cells from a variety of 

external stresses, the significant induction o f Hsp27 in adult and neonatal sensory and 

motor neurons after peripheral nerve injury is consistent with a role for Hsp27 in the 

protection o f peripherally injured neurons from cell death.

2.4.2 Correlation between Hsp27 expression and neuronal survival after injury

The survival o f neurons in response to peripheral nerve injury is critically dependent on 

developmental age. The majority, if  not all, adult sciatic sensory and motor neurons 

survive following an injury to their peripheral axons (Ma et al., 2001; Noven et al.,

1993), although some delayed loss o f these neurons occurs by 8  weeks, which is maybe 

due to factors unrelated to the injury such as lack o f electrical stimulation (M a et al., 

2001; Tandrup et al., 2000).

In striking contrast, injury to neonatal dorsal root ganglion (DRG) (Himes and Tessler, 

1989; Oliveira et al., 1997) and motor neurons (Kuno, 1990; Lowrie and Vrbova, 1992; 

Snider et al., 1992) results in massive neuronal death within a week o f peripheral nerve
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Hsp27 expression in surviving motor 
neurons after injury at birth
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Figure 2.6

Hsp27 expression in motor neurons 7 days after sciatic nerve injury at birth.
Hsp27 immunostaining (A and B) and Nissl staining (C and D) on the ipsilateral 
(A and C) and the contralateral (B and D) ventral horn (VH) of the L4/L5 lumbar 
region of the spinal cord from 7 day old rats (P7) axotomized at birth. Hsp27 
immunoreactivity is seen in a subpopulation of motor neurons within the spinal 
cord in the ventral horn (arrows, A). In contralateral VH, Hsp27 is rarely 
observed in the sciatic motor neurons (B). Nissl staining identifies the sciatic 
motor neuron population (outlined), and reveals that neurons positive for Hsp27 
constitute the majority of remaining neurons in the sciatic motor neuron pool (C), 
highlighting the fact that almost all surviving motor neurons in the injured spinal 
cord express Hsp27.
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injury. This rapidly occurring and highly extensive injury-induced neuronal death is not 

inclusive o f all injured neurons, with a very small proportion o f injured sensory and 

motor neurons survive neonatal axotomy. Reports to the extent o f the neuronal loss 

after neonatal nerve injury in the literature vary (summarised in Table 2.1), and is most 

likely due to variations in counting methodologies and type o f injury. Nevertheless, this 

widespread death is extremely rapid, with the majority o f apoptotic death occurring 

within 24 hours (Oliveira et al., 1997; Sugimoto et al., 1999; Whiteside et al., 1998).

SENSORY NEURONS MOTOR NEURONS

Injury
Neuronal loss 

(time point 
analysed)

Ref Injury
Neuronal 
loss (and 

time point )
Ref

PI Crush 40-50% of 7d (Yip et al., 1984) PO sciatic 90% (Lowrie et al., 1987)
L4/L5 crush

PO Crush 50-90% of L4- 4wks (Schmalbruch, 1987) PO sciatic 90% 6-8 (Greensmith and Vrbova,
L6 crush wks 1996)

PO sciatic 50%ofL5 5-10 (Himes and Tessler, PO facial nerve 93% 7d (Kuzis et al., 1999)
Axotomy days 1989) crush facial

MNa PO sciatic 32%ofL4/L5 Iwk (Rich and Hollowell, PO sciatic 99% 7d (Schmalbruch, 1984)
z. Axotomy 1990) Axotomy

PO sciatic 50%ofL4/L5 6d (Nothias et al., 1993) PO sciatic 99% 7d (Sendtner et al., 1992)
Axotomy Axotomy
PO sciatic 75%ofL5 7d (Cheema et al., 1994)
Axotomy
Adult sciatic 17% ofL4-L5 3wks (Rich et al., 1987) Adult avulsion 35% 3 (Chai et al., 2000)
axotomy wks
Adult sciatic 14%ofL5 8wks (Tandrup et al.. Adult axotomy 4 (Anneser et al., 2000)

5 axotomy 2000) wks
k Adult L5 50% ofL5 30d (Himes and Tessler, Adult C7 21% 8wks (Ma et al., 2001)

axotomy 1989) spinal nerve (C7
axotomy MNs)

Adult sciatic 18%ofL4-L5 26 (Rich et al., 1989) Adult facial 19-25% 12 (Johnson and Duberley,
axotomy days nerve cut wks 1998)

Table 2.1 Reported losses o f adult and neonatal DRG and motor neurons losses after 

peripheral nerve injury

The molecular and genetic mechanisms underlying the age-dependent vulnerability o f 

sensory and motor neurons to death after axonal injury are presently unknown, 

although they may be related to the programmed cell death that occurs in these neurons 

from E l3 until shortly after birth (Henderson, 1996; Sendtner et al., 2000; Coggeshall 

et al., 1994). The susceptibility o f neurons to undergo apoptosis during the period o f 

programmed cell death suggests that immature neurons are more prone to the activation 

o f apoptotic pathways than mature neurons, possibly reflecting age-dependent 

differences in the presence or absence o f extrinsic survival and death factors, and in the 

balance o f intrinsic pro- and anti-apoptotic factors (Henderson et al., 1998; Raoul et al., 

1999).
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Quantitative analysis of the number of motor neurons 
expressing Hsp27 after injury at birth
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Figure 2.7

Hsp27 is upregulated in surviving injured motor neurons in neonates. Quantitative 
analysis of the number of motor neuron profiles in the entire L4/L5 lumbar region of the 
spinal cord from rat pups injured at birth (PO). A. Relative numbers of the sciatic motor 
neuron population represented as the percentage of the contralateral control sciatic motor 
neuron population, and the proportion of these expressing Hsp27 {dark gray) in the 
ipsilateral (i) and the contralateral (c) L4/L5 region of uninjured PO animals (Od) and Id, 3d, 
5d, 7d and 2 weeks and 1 month after axotomy on the day of birth {n= 4, 4, 5, 5, 4 and 3 
respectively.) B. Absolute numbers of the mean total motor neuron numbers in the entire 
L4/L5 lumbar region obtained from profile counts in the ipsilateral (i) and contralateral (c) 
sciatic motor neuron pools, which indicate the axotomy-induced loss of motor neurons 
relative to normal developmental motor neuron death in early postnatal life. C. The number 
of injured motor neuron profiles, identified by ATF-3 immunoreactivity that also express 
Hsp27 in the ipsilateral motor neuron pool of uninjured PO animals (Od) and Id, 3d, 5d and 1 
week after axotomy performed at birth {n= 4, 4, 5 and 5 respectively). Error bars indicate ± 
SEM.
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The susceptibility o f most sensory and motor neurons to death following neonatal 

axotomy, and the ability o f a tiny proportion to survive may therefore reflect their 

relative maturity and dependency on target-derived neurotrophic factors for survival 

(White et al., 1993), with interruption of this supply resulting in o f the death of the less 

mature neonatally axotomized neurons. Alternatively, the vulnerability to undergo 

apoptotic death may also reflect the developmental expression of various specific 

intrinsic molecules that promote neuronal survival or prevent apoptosis.

The data present here is consistent with previous reports o f an immediate and massive 

loss o f -95%  of neonatal injured motor neurons following sciatic nerve injury at birth 

(Fig3.4) (Lowrie et al., 1987; Greensmith et al., 1994). Although only a tiny proportion 

o f motor neurons survive one week after injury at birth, 80-90% of these surviving 

neurons express Hsp27, as opposed to -5 %  in naïve uninjured motor neurons (Fig 

2.7a). Furthermore, neurons expressing Hsp27 do not undergo injury-induced 

apoptosis (Fig 2.10 and 2.9), suggesting a selective survival o f cells expressing Hsp27. 

Consistent with this, only a small proportion 22.2 ± 2.2% of the total injured (using 

ATF-3 immunoreactivity as a marker) sciatic motor neuron population express Hsp27 

early following PO axotomy, although 7 days after injury 86.6% ± 3.1% of the injured 

motor neurons express Hsp27 (Fig 2.7c), suggesting the selective survival of motor 

neurons expressing Hsp27, and the death of motor neurons not expressing Hsp27.

The underlying mechanisms determining Hsp27 upregulation in the surviving injured 

neonatal motor neurons are not known. While it is possible that motor neurons 

expressing Hsp27 constitutively at birth are the same population that upregulate its 

expression after axotomy and survive, this cannot be demonstrated directly. However 

this seems unlikely considering the very small population o f motor neurons (1.14 ± 

0.34% o f the total intact motor neuron population) that constitutively express Hsp27 at 

birth or early in postnatal development in uninjured animals (Fig 2.7a) relative to a 

much larger Hsp27 expressing motor neuron population (71.9 ± 3.3% after 7 days) in 

the injured animals. Moreover, the significant motor neuron loss after PO injury and the 

fact that the motor neuron population expressing Hsp27 represents only a proportion o f 

the entire injured motor neuron population indicates injury alone is insufficient to 

induce Hsp27 expression in neonatal neurons. In support o f this, Hsp27 is not
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Motor neurons undergoing apoptosis after injury 
at birth do not express Hsp27
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Figure 2.8

Hsp27 is not expressed in motor neurons undergoing apoptosis detected by 
TUNEL labeling. A. Hsp27 immunostaining (red) combined TUNEL labeling 
(green) in the ventral horn of the lumbar L4/L5 spinal cord 24hrs after sciatic 
nerve axotomy performed on the day of birth. No overlap of Hsp27 expression 
and TUNEL positive motor neurons undergoing apoptosis was detected (n=3 per 
group; 24 and 48hr after PO injury). C. ATF-3 immunohistochemistry (red)  and 
TUNEL labeling (green) indicate that specifically the injured motor neurons are 
undergoing apoptosis. Panels B and D represent high magnification images of 
boxes highlighted in A and C respectively, combined with bisbenzimide 
chromatin staining (blue) confirm cells are apoptotic by pyknotic nuclei. To 
ensure TUNEL-positive profiles within the ventral horn of the spinal cord 
actually represent neuronal cells, sections were immunostained for the neuronal 
marker, NeuN (red, E). A composite image in panel G shows an example of 
TUNEL-positive nuclear profile (green, F) colocalizes with one of the motor 
neurons expressing NeuN (red, E). A rrow s  identify TUNEL-positive nuclear 
profiles in all panels, arrow  heads identify Hsp27-positive motor neurons. Scale 
bars = 150pm.
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expressed in injured motor neurons undergoing apoptosis (as identified by using 

TUNEL-labelling or active caspase-3 immunoreactivity) (Fig 2.8 and Fig 2.9). This 

argues against the hypothesis that all injured motor neurons upregulate Hsp27 after PO 

axotomy and die independent o f Hsp27 expression, or that different motor neuron 

populations upregulate Hsp27 after injury and the original population downregulate 

Hsp27 expression and subsequently die.

Specific motor neuron populations may be predisposed to injury-induced upregulation 

o f Hsp27 and consequent survival after injury, whereas other motor neurons lacking 

such a predisposition are unable to upregulate Hsp27 and subsequently die, accounting 

for the massive motor neuron loss after neonatal nerve injury. What determines this 

predisposition and in which motor neuron subpopulations it occurs is currently 

unknown.

2.4.3 Regulation of Hsp27

It is presently not known what upstream factors regulate Hsp27 mRNA and protein 

levels, its transcriptional activators, repressors, or modulators or mRNA stability. Its is 

also not know whether the development of constitutive expression of Hsp27 in sensory 

and motor neurons, that becomes detectable sometime between P I4 and P21 (Costigan 

et a l ,  1998) (Fig 2.7) and its induction after nerve injury (that fully manifest by P19) is 

mediated by the same or similar mechanisms. In the adult, Hsp27 is induced by injury 

to all neurons with axons in the peripheral nervous system, which includes motor 

neurons, sensory neurons and sympathetic neurons (Lewis et a l ,  1999; Nomura et a l ,

2001). Since these are heterogenous in their sensitivity towards growth factors (Kuno, 

1990; Lowrie and Vrbova, 1992; Sheard et a l ,  1984), it is unlikely that the presence o f 

absence o f a single growth factor is responsible. Some other positive or negative signal 

universal to peripheral axonal injury may be responsible, -  one that is fully switched on 

after the first few postnatal days and which each o f these different neuronal cell types 

can respond to. Hsp27 regulation is not limited to the peripheral nervous system, with 

Hsp27 being upregulated in glial cells in the CNS after nerve injury, for example, in the 

hippocampus after nerve lesion (Anguelova and Smirnova, 2000), ischemic injury 

(Sanz et a l ,  2001; Valentim et a l ,  2001), hypothermic injury (Krueger-Naug et a l ,  

2000; White et a l ,  1993) or on administration o f kainite (Akbar et a l ,  2001). The 

expression o f Hsp27 in the brain is mostly in glial cells, although Hsp27 expression is
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Injured motor neurons expressing Hsp27 are not 
immunopositive for active caspase-3

Figure 2.9

Hsp27 expressing motor neurons do not express active caspase-3 two days 
after sciatic axotomy at birth. A. Double immunostaining with Hsp27 {red, A 
and B) and active-caspase-3 {green, C) in the ventral horn of the lumbar L4/L5 
spinal cord 2 days after sciatic nerve axotomy performed on the day of birth 
(PO). D. High magnification in a merged image of Hsp27 (B) and caspase-3 (C) 
immunostaining in the ipsilateral ventral horn shows no co-localization of the 
expression of Hsp27 with active caspase-3 {n=2 per group; 24 and 48hr after PO 
injury). Arrows identify large caspase-3 positive profiles located within the 
sciatic motor neuron pool, which may represent injured motor neurons 
undergoing apoptosis. Scale bar = 100pm.
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detected in injured retinal ganglion cells (Krueger-Naug et al., 2002) and in retinal 

glaucoma (Tezel et al., 2000), and its induction correlates with the protection o f  retinal 

ganglion neurons from centrally-induced ischemia injury (Yokoyama et al., 2001b).

2.4.4 Conclusion

Upregulation o f Hsp27 expression occurs in all adult sensory and motor neurons after 

peripheral nerve injury. Hsp27 in early postnatal motor neurons is dramatically 

upregulated, but only in a tiny fraction o f the total motor neuron population after injury 

at birth. Those neonatal motor neurons that express Hsp27 survive. The absence o f any 

Hsp27 expressing motor neurons undergoing apoptosis (as determined by TUNEL or 

active caspase-3 immunostaining) is compatible with the hypothesis that Hsp27 

promotes neuronal survival. A schematic illustration o f the correlation between Hsp27 

expression and differential susceptibility to injury-induced death is summarized in 

Figure 2.10.
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Expression of Hsp27 correlates with motor neuron 
survival after peripheral nerve injury.

Neonate (PO) B  Adult (P19)

Postnatal
development
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Tunel
Positive
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positive MN j
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INJURED

contra

Upregulation of Hsp27 in a proportion 
of injured neonatal motor neurons
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INJURED
contra

Significant loss of injured motor 
neurons 7 days post-PO axotomy. 
All surviving MNs express Hsp27.
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Upregulation in all injured 
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8 weeks

ipsi INJURED contra

Minimal loss of MN 8 weeks after 
sciatic nerve injury.

Figure 2.10

Schematic representation of the correlation between Hsp27 and the differential 
susceptibility to injury induced death. Hsp27 expression is absent in motor neurons 
in the early neonate (A) {unfilled profiles), but developmental expression increases 
during postnatal development with all motor neurons expressing a low-level 
constitutive expression by postnatal age P19 {lightly filled profiles) (B). Unilateral 
sciatic nerve axotomy in adult animals induces expression of Hsp27 in all injured 
motor neurons {dark profiles) (E), but does not result in motor neuron death until at 
least 8 weeks post-injury (F). Unilateral sciatic nerve injury in the neonate at birth 
(PO) induces expression of Hsp27 undergoing apoptotic cell death {green profiles). 7 
days after PO injury, all injured motor neurons have died apart from those expressing 
Hsp27 {dark profiles) (D).
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Chapter 3.Hsp27 as an intrinsic survival factor

3.1 Introduction
3.1.1 Neonatal nerve injury
Neonatal sensory and motor neurons are highly dependent on trophic factor support for 

their survival. Removal o f this supply from immature neurons in culture or interruption 

o f this supply by neonatal axotomy results in substantial neuronal loss by apoptosis. 

For many years now, neurotrophins have served as the protypic gene family which 

regulate the survival o f neonatal sensory and motor neuron after nerve injury (see 

Oppenheim, 1996). However, accumulating evidence indicates neurotrophic factors are 

insufficient to maintain long-term neuronal survival after injury, since BDNF, GDNF, 

CT-1, NT-3 and the cytokines CTNF and LIF alone or in various combinations are 

unable to halt the death o f axotomized neonatal neurons 3 weeks after injury (Eriksson 

et al., 1994; Vejsada et al., 1998; Vejsada et al., 1994), suggesting that other factors 

may contribute to neonatal neuronal survival after injury (Oppenheim, 1996). Such 

factors could be intracellular survival-promoting molecules, commonly referred to as 

intrinsic survival factors.

3.1.2 Aims.

In Chapter 2, the upregulation o f Hsp27 in subpopulations o f adult and neonatal 

sensory and motor neurons after peripheral nerve injury was shown to be strongly 

correlated with neuronal survival. The primary aim in this Chapter is to directly test the 

hypothesis that Hsp27 can act as an intrinsic survival factor. Using viral vector 

delivery, the ability o f human Hsp27 to rescue primary sensory and motor neurons from 

growth factor withdrawal or peripheral nerve injury-induced death in vitro and in vivo 

respectively is tested. A secondary aim will use viral vectors to elucidate the anti- 

apoptotic mechanism by which Hsp27 promotes sensory neuronal survival in vitro.
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3.2 Methods

All virus protocols were carried out according to the strict biosafety guidelines issued 

by Massachusetts General Hospital and Geneva Medical School, Switzerland. All 

experiment were carried out at Biosafety level 2 with allocated virus tissue culture and 

animal surgery areas maintaining appropriate containment and disposal o f virus.

3.2.1 Herpes Simplex amplicon Viral vectors

Schematic illustration o f the construction and assembly o f the Herpes Simplex virus 

(HSV) amplicon vector is shown in Figure 3.1. In brief, this involves cotransfection o f 

a permissive cell line with the bacterial amplicon plasmid containing the gene o f 

interest and two non-coding viral sequences {ori and pac  signals) with the large DNA 

constructs (either large cosmid DNA sequence (method 1) or bacterial artificial 

chromosome (BAG) (method 2) (Saeki et al., 1998; Saeki et al., 2001)) containing HSV 

viral genes required for viron assembly and packaging. The plasmid backbone, cosmids 

and BAG constructs were all obtained from Xandra Breakefield (Dept Neurogenetics, 

Harvard University, Boston) as part o f an ongoing collaboration.

Construction o f  plasmids Three plasmids were constructed (see Fig 3.1); HSV 

amplicon vectors expressing (i) human Hsp27 in the sense orientation [HSV- 

hHsp27(S)], (ii) human Hsp27 in the antisense orientation [HSV-hHsp27(AS)] and 

lacZ  gene [HSV-LacZ]. The human cDNA for the human Hsp27 gene was obtained 

previously (Lewis et al., 1999), the gene encoding lacZ  was excised from the 

expression pcDNA4/V5-His/LacZ plasmid (Invitrogen). For the HSV-hHsp27(S) 

contract, a 790bp H indlll-Sm al fragment containing the human Hsp27 coding 

sequences and a poly(A) signal from the pBSKll+ plasmid (Stratagene) (Lewis et al., 

1999) was obtained and unidirectionally cloned into the Hindlll-EcoRV  site in the 

multiple cloning site o f pHGGX plasmid (based on the pcDNA2.1 plasmid 

(Invitrogen)), downstream o f the GMV promoter. The ‘sense’ orientation o f  inserted 

human Hsp27 DNA was checked by multiple restriction digest reactions using Kpnl, 

N ael and Nhel (0.5pl NEB) enzymes for unique restriction sites within the human 

Hsp27 coding sequence and enzymes for sites present in the flanking multiple cloning 

sites. The DNA from several ‘sense’ clones [pHGGX-hHsp27(S)] were seleced to 

ensure the correct reading frame and absense o f point or frame shift mutations by DNA 

sequencing using flanking 5 ’ T7 and 3 ’ BGH reverse primer sequences. For the HSV-
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Generation of the HSV amplicon viral vector
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Figure 3.1

Schematic illustration of the strategy to produce the HSV amplicon viral vector. A. The gene of 
interest is cloned into the pHGCX amplicon plasmid. The pHGCX plasmid contains a enhanced green 
fluorescent protein (cGFP) marker gene under the control of the HSV-1 intermediate-early 4/5 
promoter (IE 4/5), and also contains a ^-lactamase gene that confers ampicillin resistance {Ampf), an 
E.coli origin of DNA replication ColE ori, and two non-coding viral sequences; a HSV-1 ori and a 
DNA cleavage/packaging signal pac, which are required for correct packaging of the amplicons. The 
gene of interest inserted via use of a multiple cloning site under the control of a CMV promoter. Three 
amplicon constructs were made; the human Hsp27 gene cloned in frame in the sense orientation (HSV- 
hHsp27(S)), in the antisense direction (HSV-hHsp27(AS)) and LacZ gene as a second reporter gene to 
check correct expression of the genes downstream of the CMV promoter (HSV-LacZ) (B). The 
pHGCX amplicon plasmid is co-transfected into a permissive cell line with helper functions, provided 
by either (1) a library of 5 overlapping cosmids deleted for the pac signals or (2) by a bacterial artificial 
chromosome (BAC) defective in pac (fHSV-ApacA270+) and the ICP27 gene (provided by the 
pEBHICP27 plasmid). In the presence of these HSV-1 helper functions, the circular amplicon 
containing the two c/^-acting viral elements {ori and pac) can be replicated and amplified as head-to- 
tail concatemers, and packaged into HSV-1 particles (virions) as ~150kb linear DNA (C), which are 
harvested 3 days after the initial transfection, concentrated and particle yield determined (particles/ml) 
ready for in vitro or in vivo applications. D. The HSV-amplicon posses several advantages such as 
large transgene capacity, the ability to infect mitotic and post-mitotic cell types, from a wide variety of 
species, the ease of construction, and limited cytotoxicity and immunogenicity due lack of viral coding 
sequences and the absence of helper viruses.
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hHsp27(AS) contruct, the poly(A) signal was removed from the 790bp Hindlll-Sm al 

fragment containing the human Hsp27 coding sequence by restriction digest with Nhel 

(NEB) rendering a 565bp Hindlll-Nhel fragment which was blunt-ended using T4 

DNA polymerase in the presence o f dNTPs and unidirectionally cloned into the EcoRV  

site within the pHGCX plasmid multiple cloning site. The ‘antisense’ orientation was 

determined by restriction digest as mentioned mentioned above and selected clones 

[pHGCX-hHsp27(AS)] sequenced to confirm the antisense orientation. The entire 

coding sequence for human Hsp27 in the reverse orientiation under the control o f the 

cytomegalovirus (CMV) promoter has been shown to knockdown endogenous Hsp27 in 

previous antisense experiments (Samali et al., 2001; Paul and Arrigo, 2000). A 

H indlll-Xhol 3056bp fragment containing the lacZ  coding sequence was excised from 

the pcDNA4/V5-His/lacZ expression plasmid and unidirectionally directly cloned into 

the H indlll and Xhol multiple cloning sites within the pHGCX plasmid. The cloning 

orientation and the reading frame was checked as mentioned previously.

Amplification and yreyeration o f  Cosmid or BAC and ICP27 DNA HSV-1 helper 

functions required for amplicon packaging and replication are provided by either comid 

DNA (method 1) or an artifical BAC (method 2). Method 1 utilizes the cosmid set 

C6Aa48a, which represents 5 overlapping DNA sequences (cos6 Aa, cosl4 , cos28, 

cos49Aa and cos56, each ~70kb) encoding the HSV-1 genome deleted for p a d  signals. 

A non-packagable HSV-1 genome is reconstituted via five homologous recombination 

events o f the cosmids to produce helper functions required for producion o f infectious 

virus progeny (Cunningham and Davison, 1993). The cosmid DNA sequences were 

amplified using Qiagen maxiprep kit, according to the manufacturers instructions 

(Qiagen). Due to instability o f the cosmid DNA and complicated preparation o f cosmid 

DNA the method to produce HSV amplicon vectors was switched to utilizing bacterial 

artifical chromosome (BAC) to provide helper functions for HSV amplicon vector 

(method 2). The fHSVApac270+ BAC (~178kb) deleted for p a d  signals was amplified 

using the Qiagen DNA replication kit for Large Constructs (Qiagen) and the 

pEBHICP27 plasmid containing the ICP27 gene was amplified sing the Qiagen 

maxiprep kit according to the manufacturers instructions. DNA yield was determined 

by optical density (OD) measurements at 260nm using a spectrometer. Both methods 

used in the HSV vector amplicon preperation resulted in high titre stocks that infected 

cells with equal efficiency.

62



Chapter 3.Hsp27 as an intrinsic survival factor

Generation and yroya^ation o f  the amplicon virons 70pg o f each cosmid DNA was 

pooled and digested with P a d  (Promega, lOU/pg DNA at 37°C for 3hrs) to excise the 

HSV-1 inserts, purified by phenol;chloroform extraction, and resuspended in 70pl TE 

(pH7.6) (lOmM Tris, Im M  EDTA) and DNA concentration using spectromoter 

analysis at 260nm. V ER 02.2 cells, specialized vero-derived cells (African green

monkey kidney cells), which constitutively express the HSV-1 ICP27 protein were 

grown in Dulbecco’s minimal medium (DMEM) containing 10% fetal bovine serum 

(FBS) and plated at a density o f 1x10^ cells per 60mm diameter tissue culture dish. 

The following day, the cells were co-transfected with 2jug o f pHSV amplicon DNA 

(expressing human Hsp27 or LacZ) and 6 //g o f each cosmid DNA or 2jug BAC DNA 

with 2pg ICP27 gene using LipofectAMINE procedure, according to the instructions 

provided by the manufacturer (GibcoBRL). Briefly, 300pl OPTI-MEM (GibcoBRL) 

containing the amplicon plasmid DNA and the cosmid or BAC DNA was mixed with 

300pl OPTI-MEM containing 44pl LipofectAMINE and incubated at room 

temperature for 45mins. Next, the cells were washed once with 2x 5ml OPTI-MEM, 

and 3.6ml OPTI-MEM added to the plate. The DNA/LipofectAMINE solution was 

added (drop-wise) to the cells and incubated at 37°C for 6 hrs. Following incubation, 

the cells were washed three times with OPTI-MEM, 3ml o f DMEM containing 2% FBS 

were added, and the cells incubated for 60hrs. The vector particles were harvested 

three days after transfection by scraping the cells into the medium, the suspension was 

frozen (in dry ice and ethanol water bath) and thawed at 37°C three times, sonicated 

and the cell debris removed by centrifugation (lOmins, 1400 x g). V ER02.2 cells were 

used because they transfect at high efficiently and they also constitutively express the 

HSV-1 ICP27 protein, therefore providing the genes in trans necessary for virion 

packaging.

Concentration o f  vector stocks Vector stocks were purified and concentrated by 

filtration though a 0.8-«g pose size cellulose nitrate membrane (Nalgene, Rochester, 

NY) and centrifuged for 3hrs at 100,000 x g  through 25% sucrose (in PBS) (Lim et al., 

1996). The pellet was resuspended overnight at 4°C in Hank’s Buffered Saline Solution 

(HBSS) and the titre o f the vector determined as described below.

Titration o f  the vector stocks To determine vector titres (Transducing units (TU) per 

millilitre), V ER02.2 or HEK293 cells were plated out 1 day prior to infection at 3x10^
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cells/well in a 24-well plate. On the day o f titration, media was removed and replaced 

with 250pl serial dilutions o f vector stocks in DMEM/2%FBS and incubated for 24hrs. 

The next day the number o f green (GFP positive) fluorescent cells were counted using 

an inverted fluorescent microscope equipped with a filter set for detection o f enhanced 

GFP. The titre stock is the (number o f GFP positive cells/well) x dilution factor x 4 

transducng units (TU)/ml. Typically titres o f 10^-10^ TU/ml were obtained for HSV 

amplicons produced by either the cosmid method (method 1) or via the BAC method 

(method 2 ).

3.2.2 Adenovirus vectors

Adenovirus production Adenovirus expressing the human Hsp27 [Adv-hHsp27(S)] 

gene was used previously (Lewis et al., 1999). Recombinant virus was purified on CsCl 

gradients (Graham and Prevec, 1995), plaque-titered on HEK293 cells, and checked for 

wild-type contamination by PGR for the E l A gene. All recombinant viruses expressed 

LacZ as a marker for viral infection. Recombinant viruses expressing only LacZ (Adv- 

LacZ) or only GFP (Adv-GFP) were used as negative controls.

Adenovirus motor neuron infection Postnatal day 3 (P3) neonates or P19 rats were 

anesthetized with Ethrane (Abott) and the left sciatic nerve exposed at mid-thigh level 

and transected. The proximal stump was capped with a small diameter capsule 

containing 2.5pM  recombinant adenovirus vector expressing human Hsp27 gene (Adv- 

Hsp27(S) (Lewis et al., 1999) at 1x10^, 1x10^, 5x10^, 1x10^ and 1x10^ particles/ml 

titers («=3, 4, 6 , 7 and 5 respectively). 2.5pl o f 2.5% fluorogold (Molecular Probes,) 

was placed in the capsule to label the total sciatic motor pool. Animals treated with 

flurogold only (FG, w=9) or adenovirus expressing p-galactosidease only at a titre o f 

1x10^ particles/ml (Adv-LacZ, n=6) were used as controls. The sciatic motor neurons 

were dual infected with recombinant Hsp27 adenovirus vector and an adenovirus vector 

expressing the green fluorescent protein (GFP) to monitor retrograde transport and 

protein expression (Perrelet et al., 2000). To determine numbers o f surviving motor 

neurons after adenovirus infection, motor neuron counting was done according to 

Perrelet et al. (2000), with the total number o f fluorogold labeled sciatic motor neurons 

from serial 30pm sections counted from the entire ipsilateral sciatic motor neuron pool. 

All counts were performed blind to the treatment group. Statistical significance was 

assessed by ANOVA and the t-test. All data values are expressed as mean ± S.E.M and
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are representative o f 3 or more individual experiments. The adenoviral infection 

experiments were done in collaboration with Daniel Perrelet and Ann Kato, Centre 

Médical Universitaire, Geneva, Switzerland.

3.2.3 Tissue culture

Adult primary DRG culture Animals were terminally anaethetized by CO 2  inhalation 

and exsanguinated as described in Chapter 2. Lumbar DRGs were removed aseptically 

and placed into Hanks Buffered Saline Solution (HBSS) and IM  HEPES on ice. DRGs 

were collected by brief centrifugation, the media was removed by aspiration, and cells 

digested in 5mg/ml collagenase (Roche), 1 mg/ml Dispase II solution (Roche) for 2hrs 

at 37°C. Following a wash in DMEM (Cellgro), 10% fetal bovine serum (FBS; 

GibcoBRL) and lOOU/ml penicillin and lOOpg/ml streptomycin antibiotic (Pen-Strep; 

Sigma), cells were then incubated in 0.25% trypsin (GibcoBRL) for 8  minutes at 37°C. 

Following this, 2.5% trypsin inhibitor (Sigma) was added and the cells washed twice in 

DMEM, 10% FBS, Pen-Strep. Cells were mechanically dissociated by trituration 

(approximately 10 times) using a flame polished Pasteur pipette in the presence o f 50pl 

DNase inhibitor (lU /p l, Sigma), and spun at lOOOrpm for 10 minutes through a 15% 

Bovine serum cushion (BSA-fatty acid free; Sigma). The cell pellet was resuspended 

in 5ml DMEM, 10% FBS, 1% pen-Strep and spun at lOOOrpm for 10 minutes through a 

percoll gradient (I.13g/m l Percoll (Sigma) in 1ml Hanks Buffered Saline Solution 

(HBSS) (xlO), 1ml 0.35% NaHCOg, 5ml H 2 O, 30pl IM  HCl, 3ml) to reduce the number 

o f non-neuronal cells. The pellet and lower layer o f the percoll gradient was 

resuspended and briefly centrifuged in 40ml DMEM, 10% FBS, Pen-Strep to collect 

the cells for plating. The cell pellet was resuspended in 1ml Neurobasal™ media 

(GibcoBRL) containing B27-supplement (GibcoBRL), Pen-Strep and lOpM Ara-c (an 

anti-mitotic agent to prevent division o f non-neuronal cells) (Sigma). The number o f 

phase-bright cells in lOpl determined by counting using a hygrometer and cells were 

plated onto poly-lysine (500pg/ml; sigma) and laminin (5mg/ml) coated 8 -well 

chamber sides (Becton and Dickenson) or 24- or 96-well plates at 3000-5000, 10  ̂ and 

10"̂  cells/well respectively, and maintained at 37°C and 5% carbon dioxide.

PO primary DRG culture Sensory DRG neurons were cultured from PO animals as for 

adult primary cultures described above, except with the following revisions. PO animals
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(no older than 12hrs) were decapitated and ganglia removed. Cells were digested in a 

5mg/ml collagenase (Roche), Img/ml Dispase II solution (Roche) for Ihr at 37°C. The 

percoll gradient filtration step was omitted and the cell pellet resuspended after the 

BSA centrifugation in 1ml F-12 media (GibcoBRL) containing N2-supplement 

(GibcoBRL), 0.5% FBS, Pen-Strep, lOOng/ml 2.5S NGF (Promega). Cells were pre

plated on uncoated plates for 1.5 hours at 37°C to reduce non-neuronal cells. Non- 

adherant neuronal cells were recovered from the plates by gently pipetting them with F- 

12 medium (0.5% serum), centrifuged and plated on poly-lysine (500pg/ml; sigma) and 

laminin (5mg/ml) coated 8 -well chamber sides or 24-well plates at 3000-5000 and 

10,000 cells/well respectively. Cells were grown at 37°C in 5% CO 2  and fed every 

48hrs.

Infection o f  primary DRG cultures with HSV amplicon vector For infection, half o f the 

original volume o f media was removed and the concentrated vector was added to adult 

and PO cultures 24hrs and 6 hrs after plating, respectively, at multiplicities o f infection 

(m.o.i.) o f 1,2,5 or 10). After 8 hrs infection and maintained at 37°C and 5% CO 2  cells 

were washed by adding half the original volume o f DMEM and 0.5% FBS and removal 

o f the volume. The cells are washed a total o f 5 times, each time adding and 

removing o f the original volume, ensuring that the cells are maintained in media at 

all times. In the final wash, F-12 plating media containing N2 supplement was added 

the cells.

NGF withdrawal survival assay NGF was withdrawn from PO dissociated cultures 8 hrs 

after viral infection at the time o f virus-containing media was removed. Replacement 

media containing either anti-NGF polyclonal antiserum (1:300) or NGF-containing 

medium (lOOng/ml) for control was added to the cells, and cultured for up to 3 days at 

37°C and 5% CO 2 .

Cell survival assay:- Total counts For counts of total neuronal survival, the number of 

surviving sensory neurons was done on 50mm^ section o f wells plated with 

10,000cells/well o f a 24 well plate, 24, 48 and 72 hrs post-NGF withdrawal. Counts 

were initatied on the day o f viral vector removal and NGF withdrawal, with a wash 

step and media replacement to remove dead cells prior to each count. Cells with round, 

phase-bright bodies and intact neurites were counted as surviving neurons. Due to the 

high efficiency o f sensory neuron infection, total cell counts were sufficient to compare 

the effect o f human Hsp27 or GFP on the survival o f neonatal DRG neurons after NGF
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withdrawal, without the need for visualization o f infection with GFP fluorescence or 

immunostaining for human Hsp27. All treatment groups were processed identically 

and done in triplicate, and the experiment repeated a total o f two times. Values 

represent the mean % neuronal loss (± SEM) from the initial cell population from each 

triplicate experiment.

Cell survival assay:- MTT assay For MTT assay, 10"̂  cells were plated in each well o f 

a 96-well plate. 48hrs after NGF withdrawal the MTT assay was performed using the 

CellTiter 96Aq kit (Promega). All treatment groups were processed identically and 

done in triplicate, and the experiment repeated a total o f two times. Values represent 

the mean (± SEM) % neuronal loss from the initial cell population from each triplicate 

experiment.

3.2.4 Immunohistochemistry

For immunohistochemical staining o f cultured cells, cells were fixed after removal o f 

media with 4% Paraformaldehyde for 15 minutes at room temperature. Cells were 

washed three times in O.IM PBS and blocked in blocking solution (O.IM PBS, 0.2% 

Triton X-100 (Tx-lOO) (Sigma) and 20% normal goat serum (NGS) (Vector 

Laboratories) for 1 hr at room temperature (RT). Cells were incubated with the 

following primary antibodies; mouse anti-human Flsp27 (a monoclonal antibody 

specific for the human Hsp27 isoform, 1:500, Stressgen), mouse-anti neurofillament 

200 (NF200; 1:500; Sigma), rabbit anti-TrkA (1:750, generously provided by from L. 

Reichardt, University o f California at San Fancisco), biotin-conjugated isolectin B4 

from Griffonia simplicifolia (IB4; 40pg/ml; Sigma) in 0.1% Tx-lOO O.IM PBS 

overnight at 4°C. Slides were gently washed by 3x 5-minute washes in O.IM PBS, 

followed by 3hr incubation at room temperature with 0.1% Tx-lOO in O.IM PBS 

containing Cy3-conjugated horse anti-rabbit secondary antibody (1:300; Jackson 

ImmunoResearch) or Cy3-conjugated anti-mouse (1:300; Jackson ImmunoResearch) or 

Cy3-conjugated avidin (1:200, Vector Laboratories) then washed 3x for 5 minutes in 

O.IM PBS and coverslipped using ProLong™ Antifade mountant (Molecular Probes), 

and visualized under Nikon fluorescent microscope. Each individual immunostaining 

experiment was performed in duplicate, and images representative o f each experiment. 

For double immunostaining o f PO DRG cultures after NGF withdrawal, anti-rabbit 

active caspase-3 (1:500, Cell Signalling) and anti-mouse cytochrome-c (1:1000,
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Pharmingen, San Diego) antibodies were used together in the primary antibody 

incubation, and detected using Cy3-congugated anti-rabbit (1:300, Jackson 

ImmunoLabs) and Cy5-conjugated anti-mouse (1:300, Jackson Immunolabs) 

respectively, followed by normal coverslipping with ProLong Antifade™ mountant 

(Molecular probes) and visualized using a confocal microscope.

For GFP immunohistochemical staining o f spinal cord tissue sections from animals 

infected with Adv-GFP, a rabbit polycolonal anti-GFP primary antibody (1:500, 

Molecular Probes) was used, and immunostaining protocol done as mentioned in 

Chapter 2.

3.2.5 Western Blot analysis

Primary adult sensory neurons cultured infected with HSV amplicons were harvested 

by scraping media and cells and centrifugation. Samples are pooled from two 

experiments each containing 80,000 cells and processed for Western Blot analysis as 

mentioned in Chapter 2. Filters were probed for human Hsp27 expression by 

incubation with monoclonal anti-human Hsp27 (1:5000; Stressgen) and detected using 

anti-mouse HRP-congugated secondary antibody (1:2000; Amersham).
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3.3 Results

3.3.1 Human Hsp27 rescues neonatal sensory neurons from NGF-withdrawal in 

vitro

The survival o f dissociated embryonic or postnatal sensory neurons in vitro is critically 

dependent on the supply o f exogenous neurotrophic factors, in particular NGF (Eichler 

and Rich, 1989). Previous work has shown that 48hr after NGF withdrawal, 

approximately 60% of neonatal DRG neurons die (Eichler and Rich, 1989; Lewis et al., 

1999; W agstaff et al., 1999) and that upregulation o f human Hsp27 by adenovirus gene 

delivery can rescue 70% o f these neurons, resulting in only a loss o f approximately 

40% o f neonatal DRG neurons after NGF withdrawal (Lewis et al., 1999). However, 

the efficiency o f infection was limited with use o f this viral vector and infection with a 

control adenovirus expressing LacZ decreased the number o f surviving neonatal 

sensory neurons in vitro, indicating slight toxicity effects associated the use o f this 

adenovirus vector for gene delivery to neonatal sensory neurons in culture, therefore 

obscuring the complete survival properties o f Hsp27 and the infection rate was limited.

In order to confirm the extent to which Hsp27 can rescue neonatal sensory neurons 

from NGF withdrawal, human Hsp27 was introduced into neonatal DRG neurons using 

a Herpes Simplex amplicon virus vector. The suitability o f this viral vector as a tool for 

gene delivery to study the function o f genes in vitro and in vivo was characterized in 

adult sensory neurons in vitro. Firstly, GFP expression is detected specifically in adult 

DRG neurons and not non-neuronal cells in culture after 8 hrs infection with a HSV 

vector expressing GFP at 5 m.o.i (Fig 3.2a), with this GFP expression lasting for at 

least 7 days in culture (data not shown). Total cell counts over a one week period o f 

adult sensory neurons infected with HSV-amplicon expressing GFP (HSV-GFP) at 1, 2, 

and 5 m.o.i (Fig 3.2b) indicate infection has minimal cytotoxic effects. Wild type 

Herpes Simplex virus has an inherent natural neurotropism to infect sensory neurons 

(Jones, 1998). To assess if  this vector maintains the capacity to infect all subtypes o f 

sensory neurons, adult DRG neurons in culture were infected with HSV vector 

expressing GFP (24hrs after infection at 5 m.o.i.) were colocalized, by immunostaining, 

with specific neuronal subtype markers; TrkA, (to identify NGF-responsive, small and 

medium diameter, peptide containing neurons, (Averill et al., 1995; McMahon et al., 

1994; Molliver et al., 1995), 1B4 (to identify non-peptide containing GDNF-derived
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Adult sensory neurons infected with HSV-GFP 
amplicon in vitro
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Figure 3.2

Infection of adult sensory neurons by the HSV amplicon vector in vitro. Adult 
primary DRG neurons were grown in culture for 24hrs before infection with HSV-GFP 
(5m»o.i) for 8hrs. High level of GFP expression is detected 24hrs post infection (A), 
with GFP protein being transported along the neurites. B, To assess cytotoxic effects 
of amplicon infection, total neuronal counts in a 50mm^ area were performed every 
12hrs for ld-7d after infection (plates infected at 1, 2 and 5 m.o.i). No decrease in the 
number of adult sensory neurons over 1 week from time of infection indicate HSV- 
GFP amplicon infection is not cytotoxic to adult sensory neurons in vitro. Typically the 
50mm2 area contained 150-200 neurons, 50-70% exhibiting GFP expression. Data 
shown are means of triplicates from a single experiment. The experiment was repeated 
three times with similar results. GFP expression of HSV-GFP infected adult sensory 
neurons {green) colocalizes with immunostaining for three neuronal subtype markers; 
Neurofilament (NF200, C), TrkA (D) and 1B4 (E) {red), indicating the HSV amplicon 
vector infected each neuronal subtype without bias. Panels C-D are representative of 
duplicate immunoreactions. Scale bars = 50pm (A), 100pm (C-E).
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responsive small diameter neurons (Plenderleith et al., 1988; Plenderleith and Snow, 

1993) and neurofilament (NF200; to identify large diameter cells with mylinated axons 

(Lawson and Waddell, 1991; Lawson et a l ,  1993; Price, 1985) (Fig 3.2c-e), and 

demonstrates that HSV infects all neuronal subtypes with equal specificity. A high 

efficiency o f infection was achieved (53.3 ± 2.9% and 73.1 ± 4.8% o f adult sensory 

neurons express in vitro 24hrs after infection an 8 hr infection at 5 and 10 m.o.i. 

respectively o f triplicates in two separate experiments (data not shown), (Fig 3.3a and 

c). A very high level o f transgene expression is achieved as demonstrated by the 

expression o f human Hsp27 in adult DRG cells 24hrs after infection with a HSV 

amplicon vector expressing human Hsp27 (HSV-hHsp27(S)), detected by 

immunohistochemical analysis (Fig3.3b, typical representation o f duplicate 

immunoreactions, performmed a total o f two times) and western blot analysis (pooled 

samples from two experiments o f 80,000 cells infected) (Fig 3.3e).

The survival o f neonatal sensory neurons after NGF withdrawal after infection with 

HSV vector expressing human Hsp27 was assessed by two methods; total cell counts 

and the MTT metabolic assay, (which is a measure cell viability determined by 

mitochondrial dehydrogenase enzymatic activity). The number o f surviving sensory 

neurons was done on 50mm^ section o f wells plated with 10,000cells/well o f a 24 well 

plate, 24, 48 and 72 hrs post-NGF withdrawal. 3 days after NGF withdrawal and vector 

infection 80.4 ± 4.7% and 73.4 ± 2.4% of the sensory neurons survived when infected 

with HSV-hHsp27(S) in the presence or absence o f NGF, respectively, compared to

58.2 ± 6.3% and 43.9 ± 5.8% after control infection with HSV-GFP (Fig 3.4a), which 

indicates 22.2% and 29.5% more surviving neonatal sensory neurons on infection with 

human Hsp27 in the presence and absence o f NGF respectively. These values are 

consistent with the 18-20% and 26-30% increase in neonatal sensory neuron survival in 

the presence and absence o f NGF, respectively, achieved adenovirus delivery o f human 

Hsp27 (Lewis et a l ,  1999). (Values are the means ± SEM o f triplicates from a single 

experiment, with similar results obtained in two separate runs). We found no 

difference between the GFP-infected and uninfected controls at each time point in the 

presence or absence o f NGF (data not shown). For a more sensitive measure of 

neonatal sensory neuron survival in the presence o f human Hsp27 after NGF 

withdrawal, neuronal viability was determined using the MTT metabolic assay 48hr
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Human Hsp27 expression by HSV-hHsp27(S) 
infected adult sensory neurons in vitro
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Figure 3.3

Infection of adult sensory neurons in culture with HSV amplicon 
expressing human Hsp27. GFP expression (A and C) indicates a high 
efficiency of HSV-vector infection when adult primary DRG neurons are 
infected at 5m.o.i with HSV-vector expressing human Hsp27 gene [HSV- 
hHsp27(S)](A) or expressing GFP [HSV-GFP] (C). Immunostaining with 
anti-human Hsp27 (which does not recognize rat Hsp27) 24hrs after 
infection indicates a high level of human Hsp27 transgene expression in 
HSV-hHsp27(S) infected cells (B), but not in HSV-GFP infected control 
cells (D). E. Western blot analysis indicates human Hsp27 expression only 
in sensory neurons infected with HSV-hHsp27(S) but not in uninfected or 
HSV-GFP infected controls (pooled samples from 2 experiments of 80,000 
cells/experiment infected at 5m.o.i). Scale bars = lOOpm.
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after NGF withdrawal. Only 14.3 ± 2.3% and 21.4 ± 3.8% of sensory neurons infected 

with HSV-hHsp27(S) at 10 or 5 m.o.i respectively die 48hrs after NGF withdrawal (Fig 

3.4b), compared with 34.4 ± 6.2% and 35.5 ± 2.8% in uninfected controls or HSV-GFP 

infected control at 5 m.o.i, respectively. These results, together with the total cell 

counts confirm that Hsp27 possess significant survival-promoting effects on neonatal 

sensory neurons, and that HSV viral vector delivery sufficient to enable human Hsp27 

to promote survival o f neonatal rat sensory neurons in vitro.

3.3.2 Human Hsp27 promotes survival of neonatal injured motor neurons in vivo 

Embryonic, but not adult motor neurons can be cultured in vitro, however, in 

collaboration with C. Henderson (Marseilles, France) we identified that all purified 

motor neurons express Hsp27 and are therefore unsuitable to test the effect o f Hsp27 on 

the survival on motor neurons in culture. Instead, the ability o f Hsp27 to promote 

motor neuron survival o f neonatal motor neurons after injury was investigated, by 

applying adenovirus to the proximal end o f a cut sciatic nerve from P3 neonates at the 

time o f injury, with adenovirus expressing human Hsp27 (Adv-hHsp27) (Fig 3.5a). 

The adenovirus is taken up by the damaged nerve terminals and retrogradely 

transported up the injured axons to the motor neuron cell bodies, where the hHsp27 

gene is transcribed and translated to render the functional human Hsp27 protein. In 

previous experiments, this viral construct has produced functional human Hsp27 

protein that is capable o f rescuing DRG and sympathetic neurons from NGF 

withdrawal-induced death in vitro (Lewis et al., 1999).

Death of injured neonatal motor neurons

Motor neuron survival was assessed by counting the retrogradely-labelled fluorogold 

(FG) positive profiles (Fig 3.5b and c) (ie. the number o f flurogold positive profiles on 

consecutive 30pm spinal cord sections throughout the L4/L5 sciatic motor neuron pool 

per animal was counted, «=3-7 per treatment group), which was applied together with 

the adenovirus at the time o f injury to the proximal cut end o f the sciatic nerve. 

Previous studies have shown that the number o f fluorogold positive neurons is an 

accurate measure o f the number o f surviving injured sciatic motor neurons (Perrelet et 

al., 2000; Yamada et al., 2001). Using this analysis technique, the sciatic L4/L5 motor
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Human Hsp27 promotes neonatal sensory 
neuron survival in vitro
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Figure 3.4

Human Hsp27 protects PO sensory neurons from NGF-withdrawal induced death in 
vitro. Six hours post-plating, PO DRG cultures were infected with HSV-amplicons expressing 
human Hsp27 [HSV-hHsp27(S)] or GFP [HSV-GFP] as a control. NGF withdrawal was done 
8hrs after infection by addition of anti-NGF (1:300) or NGF (lOOng/ml) for controls. A. 
Neonatal sensory neuronal survival was assessed by counting the total surviving neurons in a 
50mm^ area of each well Id, 2d and 3d after NGF-withdrawal. Typically this area contained 
150-200 neurons at the time of NGF withdrawal. Infection with HSV-hHsp27(S) increased 
neuronal survival in the presence and absence of NGF relative to the HSV-GFP infected 
controls. Data shown are the means ± SEM of triplicates from a single experiment. The 
experiment was repeated with similar results. B. Neuronal survival was also assessed using a 
MTT assay 48hrs after NGF-withdrawal from cultures infected with either HSV-hHsp27(S) 
or HSV-GFP at 5 or lOmoi. Cultures infected with HSV-hHsp27(S) at 5 and 10 m.o.i had a 
13.4 ± 2.3% and 20.1 ± 3.8% increase in neonatal survival 48hrs after NGF withdrawal 
relative to the uninfected controls. HSV amplicon infection did not affect neonatal sensory 
neuronal survival in the presence of lOOng/ml NGF (control). Data shown are the means ± 
SEM of triplicates from a single experiment. The experiment was repeated with similar 
results.
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neuron population contains 1800-1900 cells at P3 developmental age (see Perrelet et 

ah, 2000). The mean number o f fluorogold positive sciatic motor neurons one week 

following P3 nerve lesion in control animals (fluorogold only, «=9)) or after infection 

with p-galactosidase expressing virus (Adv-LacZ, «= 6 ) is 912 ± 64 and 953 ± 33 

respectively (Fig 3.5d), indicating sciatic nerve axotomy in P3 animals results in a loss 

o f 50-60% of the total sciatic motor neuron population.

Prevention o f  death o f  injured neonatal motor neurons

Infection o f the motor neurons with adenovirus expressing human Hsp27 (Adv- 

hHsp27) at titres o f 10^-10^ virus particles/ml, results in a dose dependent increase in 

the number o f surviving motor neurons (Fig 3.5d) (^=3,4,6,7 for infection at 10^, 10^, 

5xl0^and 10*). Following infection with 10* virus particles/ml, a 22.2 ± 3.3% increase 

in the number o f fluorogold (surviving) motor neurons was observed when compared 

with Adv-LacZ treated controls (50.7 ± 3.5% and 74.9 ± 3.3% motor neuron survival 

for Adv-LacZ and Adv-hHsp27(10*), repectively) (Fig 3.5d). The efficiency o f 

adenovirus infection o f motor neurons, determined in this study and previous studies 

(A. Kato, personal communication and Perrelet et ah, 2000) was estimated to be 23%, 

based on the percentage o f fluorogold positive motor neurons also expressing either p- 

galactosidase or GFP after Adv-LacZ or Adv-GFP infection respectively, when 

infected at an age when injury does not induce motor neuron death. This indicates a 

rescue o f 95.6% o f injured motor neurons infected with Adv-hHsp27.

GFP expression is detected in injured sciatic motor neurons o f animals co-infected with 

Adv-GFP and Adv-hHsp27 one week after P3 sciatic nerve transection (Fig 3.5e) 

(«=3), but not when Adv-GFP was co-infected with either Adv-LacZ (Fig 3.5f). This 

indicates (i) successful retrograde infection o f motor neurons with the adenovirus, and 

efficient protein expression o f the introduced transgene, and (ii) that the presence o f 

Adv-hHsp27 is required for survival o f the GFP-expressing injured motor neurons. In 

animals co-infected with Adv-GFP and Adv-hHsp27 the number o f GFP positives 

profiles was 300 one week after P3 sciatic nerve transection («=3) (Fig 3.5e), 

suggesting a 16-20% efficiency o f co-infection o f these two viruses together in motor 

neurons, whereas no GFP positive neurons were infected with Adv-GFP alone or when 

co-infected with Adv-LacZ (Fig 3.5f)
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Human Hsp27 promoted survival of injured neonatal 
motor neurons in vivo
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Figure 3.5

Adenovirus delivery of human Hsp27 promotes survival of neonatal motor 
neurons after sciatic nerve injury at birth in vivo. Schematic illustration showing 
the sciatic nerve axotomy and delivery technique for upregulation of human Hsp27 in 
neonatal motor neurons, by retrograde transport of recombinant Hsp27 expressing 
adenovirus and fluorogold labeling to identify the sciatic motor neuron pool (A). 
Fluorogold-labeled motor neurons in the ventral horn of the lumbar spinal cord 
section (30pm) from a P3 injured animal (B and C; higher magnification). D. The 
survival of motor neurons 7 days after P3 sciatic nerve axotomy was assessed after 
infection with human Hsp27 expressing adenovirus [Adv-hHsp27] at 10̂ , 107, 5x10^ 
and 10* viral particles/ml («=3,4,6 and 7 respectively, black bars). A dose-dependent 
neuroprotective effect was seen on infection with Adv-hHsp27, with 74.9% lumbar 
motor neurons surviving on infection at 10*, a 22% increase in survival rate compared 
to untreated fluorogold (FG) controls, which similar to the P-galactosidase expressing 
adenovirus control [Adv-LacZ] at 10*, results in the death of approximately 50% the 
lumbar injured motor neurons (n=9 and 6 for FG and LacZ controls respectively, 
light gray bars). Approximately 23% of motor neurons are efficiently infected at 10* 
viral particles/ml, indicating 95.65% of the injured Adv-hHsp27 infected motor 
neurons survive. Immunostaining with an anti-GFP antibody of L4/L5 lumbar spinal 
cord 7 days after P3 axotomy and co-infection with adenovirus expressing GFP [Adv- 
GFP (control)] and Adv-hHsp27 (E) shows GFP positive profiles, whereas co- 
infection with Adv-GFP and Adv-LacZ (F) results in no GFP positive profiles, 
indicating motor neuron loss in the absence of human Hsp27. All results are 
representative of three or more individual experiments. */?<0.05 versus fluorogold 
controls. Scale bars = 100pm.
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3.3.3 Excess overexpression of human Hsp27 is neurotoxic

There is no significant difference between the numbers o f motor neurons 1 week after 

Adv-LacZ treatment in P3 animals (at 10^-10^ virus particles/ml, data not shown) and 

in uninfected (fluorogold only) controls animals, indicating that the application of the 

adenovirus is not toxic to motor neurons in vivo at these high titres (Fig 3.6d). 

However, infection o f motor neurons in P3 animals with Adv-hHsp27 expressing 

human Hsp27 at titres o f 1x10^ resulted in a loss, rather than an enhanced survival rate 

o f injured motor neurons, when compared with infection o f the same virus at titres of 

1x10^ or with uninfected or Adv-LacZ infected controls (data not shown). Also, 

infection o f injured motor neurons from P I9 animals, an age when all motor neurons 

upregulate Hsp27 (Fig 2.6c) and axotomy does not result in motor neuron loss (ie. 1852 

± 98 fluorogold positive neurons remain one week post-axotomy compared to 1879 ± 

58 motor neurons in uninjured controls) with high titres o f Adv-hHsp27 results in a 

similar loss, with a reduction in the number o f surviving ftuorogold-labelled motor 

neurons to 1507 ± 47 (Fig 3.6d) after infection at titres o f 1x10* compared to 1844 ± 5 8  

with titres o f 1x10*. Co-infection o f Adv-GFP with Adv-hHsp27 at 1x10* (Fig 3.6c), 

but not 1x10* (Fig 3.6b) or co-infection with Adv-LacZ atlxlO* (Fig 3.6a) resulted in 

the loss o f GFP labelled motor neurons.

3.3.4 Putative anti-apoptotic mechanism for Hsp27 in protecting sensory neurons 

in culture in vitro

The fact that human Hsp27 prevents the death o f neonatal sensory neurons after NGF 

withdrawal and the death o f motor neurons after neonatal nerve injury, both o f which 

are apoptotic in nature (Eichler and Rich, 1989; Deshmukh and Johnson, Jr., 1998; 

Lewis et al., 1999; Oliveira et al., 1997), strongly indicates that Hsp27 promotes 

neuronal survival by inhibiting the apoptosis pathway. To investigate the point at 

which Hsp27 interacts and inhibits apoptotic cell death, neonatal PO dissociated 

cultures were infected with HSV-hHsp27(S) or HSV-GFP and components o f the 

apoptotic pathway analysed 12hrs after NGF withdrawal by immunocytochemistry. 

Figure 3.7(c-f) is a representative example o f double immunocytochemistry for 

cytochrome-c and the active form o f caspase-3, where each immunoreaction was 

performed in triplicate in 2 separate experiments in which 5000cells/well were infected 

with viral vectors at 5 m.o.i.
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Excessive expression of Hsp27 is neurotoxic to 
adult motor neurons in vivo
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Figure 3.6

Excessive overexpression of Human Hsp27 negatively influences motor neuron 
survival after P19 axotomy in vivo. A. The survival of motor neurons 7 days after 
PI9 sciatic nerve axotomy was assessed after infection with human Hsp27 expressing 
adenovirus [Adv-hHsp27] at 10* and 10̂  viral particles/ml (n^l and 5 respectively, 
black bars). Overexpression of human Hsp27 by adenoviral vector expression at 
titres of 10̂  viral particles/ml decreased motor neuron survival compared to naïve and 
fluorogold (FG) controls {gray bars, n=5 and 6 respectively). GFP immunostaining of 
the ventral horn of L4/L5 lumbar spinal cord from P19 animals 7 days after co- 
infection of Adv-GFP and Adv-LacZ (control) or Adv-GFP and Adv-hHsp27 at 10* 
(C) or Adv-hHsp27 at 10̂  (D) show GFP immunopositive motor neuron profiles only 
in those animals treated with Adv-LacZ or Adv-hHsp27 at 10*. GFP positive profiles 
are not detected on treatment of Adv-GFP and Adv-hHsp27 at 10̂ , indicating loss of 
motor neurons with excessive overexpression of human Hsp27. All results are 
representative of three or more individual experiments. *p<0.05 versus fluorogold 
(FG) controls (ANOVA). Error bars indicate ± SEM. Scale bar = 100pm.
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Typically, PO sensory neurons deprived o f NGF undergo apoptosis (Eichler and Rich, 

1989), and this was estimated by observation o f cells positive for active caspase-3 to be 

10-15% (550-750 cells/well) o f the total neonatal sensory population. Healthy cells do 

not express caspase-3 (Fig 3.7b) have punctate cytochrome-c staining (Fig ?>.Id,, filled  

arrows) indicating cytochrome-c sequestered within the mitochondria. Cells 

undergoing apoptosis (identified by caspase-3 staining. Fig 3.7b) have diffuse 

cytoplasmic staining indicating cytochrome-c release from the mitochondria {unfilled 

arrow heads). All the caspase-3 immunopositive profiles analysed that were not 

infected with vector (Fig 3.7d, red) show diffuse cytochrome-c staining (Fig 3.7e blue, 

open arrow heads), indicating cytoplasmic spread o f cytochrome-c as it is released 

from mitochondria (Deshmukh and Johnson, Jr., 1998; see also Duckett et al., 1998). 

All other cells not expressing caspase-3 had punctate cytochrome-c immunostaining 

(Fig 3.7e blue, asterix). Caspase-3 immunostaining was not observed in any cell 

infected with HSV-hHsp27(S) (Fig 3.7c, green) (250 cells analysed). Interestingly, a 

small proportion (-10% ) o f cells infected with HSV-hHsp27 had diffuse cytochrome-c 

staining, but were not immunopositive for active capspase-3 (Fig 3.7e, filled  arrow  

heads). This effect was never seen in HSV-GFP control infected cells (Fig. 3.7g-i, 

estimate o f 230 cells analysed). Quantiative analysis indicates that 19.3 ± 3.1% of 

HSV-GFP infected cells express active caspase-3 and have diffuse cytochrome-c 

staining, with no cell identified to be caspase-3 immunopositive and have punctate 

cytochrome-c staining (Fig 3.7j, 199 cells examined). In contrast, only 2.5 ± 0.3% of 

HSV-hHsp27(S) infected cells were caspase-3 positive with diffuse cytochrome-c 

staining, wheras 13.2 ± 1.9% showed diffuse cytochrome-c staining but no active 

caspase-3 immunoreactivity (Fig 3.7j, 206 cells examined). These observations suggest 

that Hsp27 inhibits apoptosis upstream of caspase-3 activation, and downstream of 

cytochrome-c release from the mitochondria.
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Human Hsp27 prevents the activation of caspase-3 in PO 
sensory neurons 12hrs post-NGF withdrawal
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Figure 3.7

HSV-hHsp27(S) infected PO sensory neurons do not express active caspase-3 12hrs after 
NGF withdrawal in vitro. PO dissociated sensory neurons immunostained 12hrs after NGF 
withdrawal with cytochrome-c (A, blue) and active caspase-3 (B, red). Healthy PO DRG 
neurons have punctate cytochrome-c staining {blue, filled arrow heads), whereas cells 
undergoing cell death identified by active caspase-3 immunoreactivity {red, B) have diffuse 
cytoplasmic (extramitochondrial) cytochrome-c staining {unfilled arrow heads). HSV- 
hHsp27(AS) infected cells (C, green) do not express caspase-3 (D, red), although some have 
diffuse cytochrome-c staining {unfilled arrow head) while others, also caspase-3 
immunonegative, have punctuate cytochrome-c staining {arrow), also seen in uninfected cells 
{asterix). Some cells infected with control HSV-GFP vector (G, green) are caspase-3 positive 
(H, red) and have diffuse cytochrome-c staining (I, blue). J. Quantitative analysis of the 
percentage of HSV-hHsp27(S) and HSV-GFP infected cells with diffuse cytochrome-c and 
active caspase-3 staining (199 and 206 cells respectively, from 3 separate experiments). All 
images are representative of observations in duplicate immunoreactions, performed in three 
individual experiments. Scale bar = 50pm.
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3.4 Discussion

3.4.1 Hsp27 as an intrinsic survival factor for injured neonatal neurons

I have demonstrated that human Hsp27 can protect neonatal sensory neurons from 

NGF-withdrawal induced death in vitro and neonatal motor neurons from axotomy- 

induced cell death in vivo. Effective survival promoting function was achieved by gene 

delivery techniques either using a Herpes Simplex virus amplicon vector or an 

adenovirus vector.

The HSV amplicon vector is useful for gene delivery to sensory neurons in vitro since 

it infects sensory neurons in culture with very high efficiency, low cytotoxicity and 

extremely high transgene expression, rendering the introduced foreign protein fully 

functional, as demonstrated by the ability o f human Hsp27 to protect neonatal sensory 

neurons from NGF-induced withdrawal. The adenovirus used to deliver human Hsp27 

to motor neurons injured at birth has been used previously to produce functional human 

Hsp27 capable o f rescuing DRG and sympathetic neurons from NGF withdrawal- 

induced death in vitro (Lewis et al., 1999).

A 22% increase in the number o f surviving neonatal motor neurons after P3 injury was 

detected on infection with adenovirus expressing human Hsp27 (Adv-hHsp27) at 1x10* 

virus particles/ml. The efficiency o f adenoviral infection o f injured neurons in vivo at 

this concentration is approximately 23% (Perrelet et al., 2000), indicating survival o f 

95.5% of injured motor neuron infected with the adenovirus expressing human Hsp27. 

All injured motor neurons expressing human Hsp27 survive for one week after neonatal 

nerve injury. However, the survival o f motor neurons over an extended period o f time 

will need to be established to confirm Hsp27s role as an intrinsic neuronal survival 

factor to motor neurons in vivo. Electrophysiological analysis will also determine if 

Hsp27 expression not only prevents neuronal death, but also protects the functional 

integrity o f injured motor neurons. Mechanical injury, such as avulsion injury results 

in regression o f neuronal processes as well as neuronal loss, therefore it will be 

interesting to investigate the ability o f Hsp27 to rescue and maintain functionality o f 

after different types o f nerve injury.
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Interestingly, while the upregulation o f  human Hsp27 by adenovirus expression in vivo 

acts as a neuroprotectant to injured neonatal motor neurons, its excessive 

overexpression by application o f high titres o f adenovirus (1x10^ particles/ml) induces 

cell death in both P3 and mature (P I9) injured motor neurons, - a developmental age 

where motor neurons are independent o f their targets for survival and axotomy does not 

result in massive motor neuron death (reviewed in Greensmith and Vrbova, 1996) (Fig 

2.5c). Several possibilities may explain this occurrence; firstly, a shift in the dynamic 

equilibrium of Hsp27 occurring in large oligomers or smaller multimers and dimers 

(Lambert et al., 1999; Rogalla et al., 1999), resulting in Hsp27 adopting a conformation 

which does not confer its protective properties. Secondly, excessive amounts of Hsp27 

may cause irreversible aggregates o f human Hsp27 and rat Hsp27 hetero-complexes 

that may be unable to function synergistically in preventing apoptosis, or may 

agglomerate and consequently block intracellular signalling and traffic events 

important for normal cell functioning. Dysfunction o f Hsp27s molecular chaperone 

activity may account for neurotoxicity o f high levels o f Hsp27 (Jakob et al., 1993), with 

moderate levels effective at refolding denatured proteins within injured motor neurons, 

whereas excessive overexpression o f Hsp27 may result in unnecessary and uncontrolled 

molecular chaperone activity, affecting functionally active native proteins and 

compromise cell viability.

3.4.2 Extrinsic and intrinsic neuronal survival factors

Neonatal sensory and motor neuron survival in vitro and after injury can be supported 

by exogenous application neurotrophic factors, discussed in Chapter 1. The 

physiological significance o f the action o f these growth factors (Oppenheim, 1996) is 

being challenged since treatments with neurotrophins, either alone, or in combination, 

have only transiently promoted neuronal survival and failed to achieve long term motor 

neuron survival after neonatal nerve injury (Vejsada et al., 1998; Eriksson et al., 1994; 

reviewed in Oppenheim, 1996). Furthermore, null mutations o f single genes encoding 

neurotrophic factors, such as GDNF, BDNF, NT-3 and NT-4/5, and their receptors does 

not significantly affect motor neuron numbers (DeChiara et al., 1995; Li et al., 1995; 

Liu and Jaenisch, 2000). This may perhaps be attributed to the fact that neurotrophic 

factors may only protect motor neurons within the precise developmental period that 

these neurons depend on neurotrophic factors for survival. If this is the case.
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neurotrophic factors will be incapable o f supporting motor neuron survival after injury 

once motor neurons mature and become independent o f target-derived neurotrophic 

factors for survival.

Intrinsic survival factors may mediate neuronal survival by promoting the cell survival 

pathway or inhibiting the cell death pathway. Anti-apoptotic members o f the Bcl-2 

family are important in motor neuronal survival after injury. Upregulation of Bcl-2 in 

overexpressing transgenic mice, reduces the death o f neonatal axotomized motor 

neurons (Dubois-Dauphin et al., 1994), and its upregulation using a disabled Herpes 

Simplex Virus, protects 50% o f adult lumbar motor neurons from death following 

proximal ventral root avulsion (Yamada et al., 2001), an injury normally resulting in 

substantial death o f the adult injured motor neurons (Koliatsos et al., 1994).

Members o f the inhibitor o f apoptosis (LAP) family, comprising o f NAIP (neuronal 

apoptosis inhibitor protein), XIAP (X-chromosome LAP), HLAPl and HLAP2 (human 

LAP 1/2) (LaCasse et al., 1998; reviewed in Deveraux and Reed, 1999) have also been 

shown to act as intrinsic neuronal survival factors in vitro and in vivo (Simons et al., 

1999; Xu et al., 1999; Xu et al., 1997). Using a similar adenovirus gene delivery 

technique to the one used here, NAIP rescued neonatal motor neurons from injury- 

induced death (Perrelet et al., 2000) most likely via inhibition o f procaspase-9 

(Deveraux et al., 1998; Deveraux and Reed, 1999). Recently, XLAP and NAIP were 

identified to be under the direct regulation of GDNF (Perrelet et al., 2002), providing 

the first evidence associating GDNF with anti-apoptotic proteins, and indicating a 

putative mechanism underling GDNF-mediated motor neuronal survival. Furthermore, 

IT A (the chicken homologue o f HlAP-2) (Digby et al., 1996) which is capable o f 

rescuing sensory and sympathetic neurons from NGF withdrawal and knockdown by 

antisense induces neuronal death (Wiese et al., 1999a), is dramatically induced (up to 

20 fold) by NGF and CTNF (Sendtner et al., 2000) indicating that members o f the LAP 

family may mediate the downstream signalling pathways for neurotrophic-factor 

mediated survival o f injured neonatal neurons.

Based on the late onset and the pattern o f Hsp27 expression in neonatal motor neurons, 

it will be interesting to investigate if  specific neurotrophic factors regulate its
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expression during development or after nerve injury, and if  specific neurotrophic 

factors can act cooperatively with Hsp27 to promote neuronal survival.

3.4.3 Anti-apoptotic mechanism of Hsp27 in sensory neurons

Hsp27 may contribute to cell survival by inhibiting apoptosis through several distinct 

mechanisms outlined in Figure 1.4. The studies investigating the molecular mechanism 

of Hsp27 have mostly been done in transfected cell lines, and it is currently not known 

if these mechanisms are true for the expression o f Hsp27 in neurons.

Using viral vector for gene delivery, human Hsp27 is shown to inhibits the apoptosis o f 

PO dissociated DRG cultures after NGF withdrawal. Hsp27 is shown, furthermore, to 

interrupt apoptosis downstream of cytochrome-c release from the mitochondria and 

upstream o f caspase-3 activation, and this is the first demonstration o f Hsp27’s anti- 

apoptotic mechanism in neurons. These observations suggest that at least one o f the 

anti-apoptotic actions o f Hsp27 in sensory neurons is its interaction with cytochrome-c, 

preventing it from complexing with Apaf-1 and subsequent recruitment and activation 

o f pro-caspase-9 (Bruey et al., 2000) (Fig 1.4). Alternatively or additionally, Hsp27 

may directly inhibit the activation o f caspase-3 (Concannon et al., 2001; Pandey et al., 

2000) preventing subsequent downstream apoptotic signalling events.

Evidence established in non-neuronal cells indicates Hsp27 can also inhibit both the 

caspase-dependent, and the caspase independent mechanisms o f the extrinsic apopotic 

pathway (reviewed in Figure 1.4). Hsp27 can inhibit Fas-mediated apoptosis through 

its interaction with DAXX (Charette and Landry, 2000; Charette et al., 2000) or by 

inhibiting translocation o f  cleaved Bid (tBid), a pro-apoptotic member o f the Bcl-2 

family, to the mitochondria (Paul et al., 2002), preventing the mitochondrial release o f 

cytochrome-c.

In this study, the ability o f Hsp27 to inhibit Fas-mediated apoptosis in neurons, either 

by direct or indirect interaction with either DAXX or tBid was not investigated. 

However, it is possible that this anti-apoptic mechanism of Hsp27 occurs in neurons, 

since the extrinsic cell death receptor Fas/Apo-l/CD95, are involved in developmental 

motor neuron death during growth factor deprivation (Raoul et al., 1999; Raoul et al..
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2000) or adult motor neuron death after ischemic injury (Sakurai et al., 1998). As 

developmental expression and injury induced upregulation o f Hsp27 and Fas coincide 

in neurons, it is possible that Hsp27 may inhibit Fas-mediated apoptosis via inhibition 

o f DAXX or tBid actions in neurons.

Hsp27 has also been shown to interact with Akt/PKB kinase important in the cell 

survival pathway (Konishi et al., 1997; Murashov et al., 2001). Akt/PKB can prevent 

adult neurons from avulsion injury induced death (Namikawa et al., 2000), and its 

expression in adult motor neurons following sciatic nerve axotomy is coordinated with 

the upregulation o f Hsp27 and p38 (Murashov et al., 2001), suggesting an alternative 

mechanism by which Hsp27 may contribute to the survival adult motor neurons after 

axotomy, via promoting the cell survival pathway, and not via an anti-apoptotic 

mechanism.

Hsp27 mediated inhibition o f apoptosis demonstrated here used a wild type isoform of 

human Hsp27 that is capable o f being phosphorylated. The phosphorylated form of 

Hsp27 is the active species which is shown to inhibit apopotosis (via DAXX or tBid 

mediated interactions) or promote survival pathways (via Akt/PKB interaction) in non

neuronal cells, it would be interesting to determine the contribution o f phosphorylation 

in inhibition of activation o f caspase-3 or cytochrome-c, and in general, to Hsp27s anti- 

apoptotic mechanisms in neurons.

3.4.4 Conclusion

Expression o f human Hsp27 is shown to be capable o f rescuing sensory neurons in 

vitro and motor neurons in vivo from injury-induced death. Hsp27 is also shown to 

inhibit apoptosis upstream o f caspase-3 activation and downstream o f cytochrome-c 

release from the mitochondria. These data confirm that Hsp27 plays an important role 

as an intrinsic survival factor to both sensory and motor neurons. Further 

characterization o f the duration that Hsp27 confers neuronal protection, the optimal 

level for protection, the mechanisms by which Hsp27 contributes to neuronal survival, 

and its ability to act as an intrinsic survival factor in degenerating adult neurons, will 

need to be established if  its to be developed as a potential candidate for preventing 

neuronal death after different types o f nerve injury or neurodegenerative diseases, such
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as a amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA) and diabetic 

neuropathy.
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Chapter 4. Antisense Hsp27 in sensory neurons

4.1 Introduction

4.1.1 Correlation between the physiological upregulation of Hsp27 after injury 
and its intrinsic neuronal survival properties

Numerous studies link the expression of Hsp27 with increased cell survival, and in 

Chapter 2 the expression o f Hsp27 in injured neurons was shown to strongly correlate 

with their survival after adult and neonatal nerve injury. In Chapter 3, Hsp27 was 

shown to act as a neuronal survival factor, capable o f preventing injury-induced 

neuronal death via an anti-apoptotic mechanism. This Chapter addresses the issue 

whether Hsp27 functions as a neuronal survival factor in physiologically relevant 

situations, ie. after nerve injury.

4.1.2 Antisense technology

The analysis o f the physiological relevance o f Hsp27 is difficult due to the absence o f 

specific pharmacological tools such as agonists or antagonists. In addition a transgenic 

knockout o f Hsp27 is unavailable as they are embryonic lethal (Mehlen et al., 1997b). 

One method to examine the functional role o f Hsp27 has been to increase protein 

expression by viral vector gene delivery, as was done in Chapter 3. Alternatively, 

Hsp27 can be applied exogenously, as it has into retinal ganglion cells after injection 

into the vitreous and electroporation, and this increases retinal ganglion survival after 

an ischemia-reperfusion injury (Yokoyama et al., 2001a). Another approach is to 

attempt to reduce endogenous gene expression by antisense (AS) administration to 

knockdown its function. Short DNA or RNA antisense oligonucleotides (ODN’s) can 

be used but have limitations, such as chemical instability, variability in effect, and non

specific delivery to the tissue. Antisense delivery via viral vectors has advantages over 

conventional ODN’s, in that gene delivery is targeted to specific tissue and even cell 

types, with AS production within the cell, minimizing its degradation as well as 

maintaining continued expression to maximize knockdown effect. However 

application o f this technique remains difficult.

4.1.3 Antisense induced cell death in non-neuronal cells

Recent studies have used antisense to investigate Hsp27’s cell survival promoting 

functions. Mairesse et al., (1996) demonstrated progressive growth arrest and altered 

actin organization after treatment with the growth inhibitor (TPA) o f antisense Hsp27 

transfected MCF-7 cells, which normally constitutively express high levels o f  Hsp27
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(Dunn et al., 1993; Mairesse et al., 1996). In similar experiments, stably transfected 

murine podocytes with Hsp27 antisense report similar alterations in actin cytoskeleton 

and were unable to prevent PAN (puromycin aminonucleoside)-induced nephritic 

syndrome in the kidney (Smoyer and Ransom, 2002). Antisense Hsp27 has been shown 

to reduce thermoprotection and decrease the survival o f Jukarat cells after subsequent 

heat shock treatment at 48°C (Samali et al., 2001; Wu and Welsh, 1996), and prevent 

Hsp27-mediated resistance o f embryonic stem cells to cadmium chloride, mercuric 

chloride and sodium arsenite cytotoxic stress (Wu and Welsh, 1996). Antisense 

hHsp27 has also reduced survival o f U937 cells treated with etoposide (Bruey et al., 

2000) or HeLa cells from stauropsorine treatment (Paul et al., 2002). All the above 

studies were performed in transfected cell lines in vitro. It is not known if  these 

mechanisms are also true for Hsp27 expressed in neuronal cells.

4.1.4 Aim

The aim o f this Chapter is to elucidate the physiological role of elevated Hsp27 in 

sensory neurons after injury with respect to its function as an intrinsic survival factor. 

Using HSV-amplicon viral vectors for antisense gene delivery, the effect o f knockdown 

o f endogenous Hsp27 in adult sensory neurons in vitro and in vivo and its effects on 

neuronal survival has been investigated.
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4.2 Methods

Primary adult DRG cultures were infected with HSV vector as detailed in Chapter 3. 

Two methods to address cell survival were used; (i) total cell counts o f adult DRG 

cultures before infection o f HSV amplicon vector and 8hrs after vector infection, and 

every 12hrs thereafter for upto 3 days, (ii) MTT assay done 48hrs after vector- 

infection, according to the protocol in Chapter 3. All treatments for the cell survival 

assays were done in triplicate, and repeated a total o f two times, and values expressed 

as the % mean (± SEM) o f neuronal survival o f triplicate wells from one representative 

experiment.

4.2.1 HSV amplicon vector infection in vivo

The HSV amplicon vectors were prepared as mentioned in Chapter 3. Adult rats were 

anesthetized by halothane inhalation (induction, 4%; maintenance, 2.5%). To check 

HSV amplicon neuronal infection in vivo, direct steriotaxic injection o f GFP-expressing 

amplicon vector (HSV-GFP) {n=2) into the dorsal horn o f the lumbar spinal cord at 2pi 

(1x10^ particles/ml) over 30mins using a mechanical microinjector. Following 

injection, closure o f the wound was done using 5.0 and 3.0 sutures for the muscle layer 

and skin respectively, and the animals allowed to recover before returning to their cage. 

Retrograde infection with the HSV vector was done as illustrated in Figure 4.5, by 

exposure o f the left sciatic nerve at mid-thigh level, followed by nerve transection and 

placement o f a small diameter capsule containing lOpl recombinant HSV vector at 

1x10^ particles/ml titers, and secured in position using cyanocylate adhesive 

(Vetbond^*^, 3M), followed by wound closure as for normal adult sciatic nerve axotomy 

described in Chapter 2. Animals were divided into 4 treatment groups («=12 per 

group) with each group infected with HSV amplicon vectors expressing GFP (HSV- 

GFP), human Hsp27 (HSV-hHsp27(S)), antisense construct for human Hsp27 (HSV- 

hHsp27(AS)), p-galacosidease (HSV-LacZ). In vivo HSV-amplicon vector infection 

was done jointly in collaboration with Isabelle Decostered, Centre Hospitalier 

Universitaire Vandois (CHUV) Lausanne in Switzerland.

4.2.2 Tissue harvesting

Animals were terminally anaesthetized by halothane inhalation and perfused with 4% 

paraformaldehyde (according the procedure in Chapter 2) 3d after direct spinal cord
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injection o f HSV-GFP («=2), and Id, 3d, 5d, 7d, lOd and 2 weeks after remote 

infection o f the transected sciatic nerve {n=2 per time point for each treatment group). 

The spinal cord was removed at the site o f injection for the direct injected animals, and 

the ipsilateral and contralateral L4 and L5 DRG and the lumbar L4/L5 spinal cord 

removed and processed for immunohistochemistry (see Chapter 2).

4.2.3 Immunohistochemistry

Immunohistochemical staining o f cultured adult sensory neurons was followed 

according to that mentioned in Chapter 3, plus the following ammendments; primary 

antibodies used were rabbit anti-Hsp25 (1:1000, Stressgen), mouse anti-NeuN (1:1000, 

Calbiochem), anti-rabbit active-caspase-3 (1:500, Cell Signalling), anti-rabbit active 

caspase-9 (1:500, Cell Signalling). For experiments involving double 

immunohistochemistry, samples were simultaneously incubated with antibodies for 

endogenous Hsp27 (rabbit anti-Hsp25; 1:2000, Stresgen) and mouse NeuN (1:1000 

mouse-NeuN). After the last wash, cells were coverslipped with VectorShield™ 

mounting medium containing DAPI (Bisbenzimide) (Vector Labs) to enable 

visualisation o f cell nuclei. Cells with clearly fragmented nuclei were identified using a 

normal epifturescent microscope and were scored as apoptotic neurons. Double 

immunohistochemistry by simultaneous incubation with anti-rabbit active caspase-3 

(1:500, Cell Signalling) and anti-mouse cytochrome-c (1:500, Pharmingen) antibodies 

was detected using Cy3-congugated anti-rabbit (1:300, Jackson ImmunoLabs) and Cy5- 

conjugated anti-mouse (1:300, Jackson Immunolabs) respectively, followed by normal 

coverslipping with ProLong Antifade™ mountant (Molecular probes) and visualized 

using a confocal microscope (Lieca, Nussiolch, Germany).

For immunohistochemical analysis o f tissue after HSV amplicon infection in vivo, L4 

DRG and lumbar L4/L5 spinal cord tissue was serially sectioned (10pm sections) and 

GFP was visualized under direct epifturescent microscope. To check the second 

promoter (CMV promoter) driving the gene o f interest is being effectively transcribed 

to produce a functional protein, p-galactosidase assay was done on tissue from animals 

treated with HSV-LacZ, where Lac-Z is in place o f the transgene (See Figure 3.1). 

Sections from animals treated with HSV-hHsp27(AS) or HSV-GFP (control) were 

blocked for Ihr in TNB Blocking buffer (O.IM Tris-buffered saline, pH7.4, containing
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1% blocking reagent), and processed for double labelling with Hsp27 and the active 

capsase-3 or caspase-9 or ATF-3 using the TSA red direct Flurescein Signal 

Amplification detection method (NEN, Boston) as mentioned in Chapter 2. Sections 

were incubated with either rabbit anti-ATF3 (1:2000; Santa Cruz Biolabs) or rabbit 

anti-active caspase-3 (1:2000, Cell Signalling) or rabbit anti-active caspase-9 (1:2000, 

NEN) in TNB buffer (O.IM Tris-buffered saline, pH 7.4, containing 1% blocking 

reagent) overnight at 4°C. After 3x 5-minute washes in TSA wash Buffer (O.IM Tris, 

pH 7.5, 0.15M NaCl, 0.05% Tween20) the sections were incubated with biotin 

conjugated anti-rabbit antiserum (1:100; Vector Laboratories) in dilution buffer for 2hrs 

at room temperature followed by incubation with streptavidin-HRP (1:100) in dilution 

buffer for 30mins and a final incubation with Flurophore Tryamide (1:50 in 

amplification dilutant) for 7-lOmins at room temperature. Following 3 washes in TSA 

wash buffer, sections were incubated with anti-rabbit Hsp25 antibody (1:2000) and 

processed as for normal fluorescent immunohistochemistry, except using an AMCA- 

conjugated anti-rabbit secondary antibody (1:200, Vector Laboratories) according to 

the protocol in Chapter 2. Control sections, to check absence of cross reactivity using 

this method were processed in parallel, where incubated identically except omitting the 

primary anti-HSP25 antibody incubation. For all immunoreactions, all sections for 

each time point after nerve transection were processed in parallel and on the same slide, 

and fluorescent images were analyzed and captured under a Nikon microscope 

equipped with a digital camera (Nikon Spot).

4.2.4 P-Galactosidase (lacZ) reporter gene expression

The expression o f lacZ in the L4 DRG and L4/L5 region o f the spinal cord o f animals 

treated with HSV-LacZ was determined using the X-galactosidase (X-Gal) reaction 

(Lazik et al., 1996). Briefly, 10pm perfused tissue sections were incubated overnight at 

37°C in a humidity chamber with 1 mg/ml X-Gal (5-bromo-4-chroro-3-indoly-P-0- 

galactopyranodside) dissolved in DMSO and 35mM potassium ferrocyanide 

[KFe3 (CN)6 ], 35mM potassium ferricyanide [K4Fe(CN)ô-H20], 2mM M gCh, 0.02% 

NP-40, and 0.01% sodium deoxycholate in O.IM PBS. The sections were washed in 

PBS and lightly counterstainied in Neutral Red (Sigma), dehydrated and converslipped 

with DPX mountant (Fisher).
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Antisense Hsp27 knocksdown endogenous rat Hsp27
in adult sensory neurons in vitro

Figure 4.1

Antisense human Hsp27 knocksdown endogenous Hsp27 in adult primary sensory neurons in 
vitro. Double immunostaining of adult primary DRG cultures 24hrs post-plating with antibodies for 
Hsp27 (red. A) and NeuN (green). All adult sensory neurons express Hsp27 after 24hrs in culture, 
which is determined by complete colocalization of Hsp27 with the NeuN neuronal marker (yellow, 
B). Immunostaining for rat Hsp27 of adult primary DRG neurons infected for 8hrs at Sm.o.i, 24hrs 
post-plating, with HSV-amplicon vector expressing Human antisense Hsp27 [HSV-hHsp27(AS)] 
shows HSV-hHsp27(AS) infected cells (green, C) no longer express endogenous Hsp27 (red, D), 
with the merged image (E) confirming knockdown by introducing the human Hsp27 antisense. All 
results are representative of three or more individual experiments. Scale bars = 100pm.
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4.3 Results

4.3.1 Knockdown of endogenous Hsp27 by antisense human Hsp27

To assess if  Hsp27 expression is essential for the survival o f adult sensory neurons in 

vitro, the effect o f knockdown o f endogenous Hsp27 by infection with HSV amplicon 

vector expressing antisense (AS) human Hsp27 was investigated. After 24hrs in 

culture, all adult sensory neurons express Hsp27, demonstrated by double 

immunolabeling with Hsp27 and NeuN, a non-specific neuronal marker (Fig 4.1a and 

b). Effective knockdown o f endogenous rat Hsp27 was observed in individual 24hr 

cultured adult sensory neurons 12hr post-infection with a vector expressing antisense 

human Hsp27 construct (HSV-hHsp27(AS)) (Fig 4.1 c-e). On an individual cell basis, 

every HSV-hHsp27(AS), but not HSV-GFP control infected cell did not express 

endogenous Hsp27, detected immunohistochemically, (approximately 300 cells 

analysed 6hrs after infection at 5 m.o.i, from two individual experiments o f duplicates, 

containing 3000 cells/well). A global decrease in Hsp27 expression was difficult to 

detect by western blot analysis, which may be attributed due to the massive amount o f 

endogenously expressed rat Hsp27, requiring a very high level o f AS transgene 

expression as well as a high efficiency o f HSV-hHsp27(AS) vector infection to observe 

a substantial knockdown effect on the total Hsp27 protein level. Interestingly, a much 

lower efficiency o f infection o f adult sensory neurons was achieved with HSV- 

hHsp27(AS) (approximately 30-40%, an observation from all experiments with HSV- 

hHsp27(AS) infection) compared with infection with HSV-GFP or HSV-hHsp27(S) 

(71.4 ± 4.2% adult sensory neurons are infected with 5 m.o.i HSV-GFP for 8hrs (data 

not shown)) after 24hrs, as determined by the proportion o f GFP expressing cells from 

the total sensory neuron population.

4.3.2 Knockdown of endogenous Hsp27 by AS induced apoptotic death in vitro

The effect o f the knockdown o f endogenous Hsp27 was investigated in culture by 

immunoassay o f HSV-hHsp27(AS) infected neurons for cell death markers. Pyknotic 

nuclei (visualized with bisbenzimide (Hoechst) staining, which represents condensed 

chromatin in cells undergoing cell death) was apparent in all HSV-hHsp27(AS) 

infected neurons but not in uninfected or HSV-GFP control infected neurons (data not 

shown) (Fig 4.2), indicating that knockdown o f endogenous Hsp27 in adult sensory 

neurons results in cell death (approximately 300 cells analysed 6hrs after infection at 5
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Antisense knockdown of endogenous Hsp27
kills adult sensory neurons in vitro

HSV-hHsp27(AS)

Rat Hsp27

Hoechst

merged

Figure 4.2

Antisense knockdown of endogenous Hsp27 induces the death of adult primary 
sensory neurons in vitro. GFP localization {green, small arrow A) to indicate HSV 
amplicon infection expressing antisense human Hsp27 [HSV-hHsp27(AS)] combined with 
rat Hsp27 immunostaining {red, arrow head, B) of adult primary DRG cultures infected 
24hrs post-plating. Panel D shows the healthy uninfected cell expressing endogenous 
Hsp27 {red, arrow head) has healthy nuclei, whereas the HSV-hHsp27(AS) infected cell 
{green, small arrow), does not express endogenous Hsp27 and is undergoing cell death 
which is indicated by condensed chromatin and pyknotic nuclei of bisbenzimide staining 
{blue, C). All experiments were done in triplicate, and the experment repeated two or more 
individial times. Scale bar = 50pm
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Antisense induces apoptotic cell death in
sensory neurons in vitro

Caspase-3 Caspase-9

HSV-hHsp27(AS) HSV-hHsp27(AS)

caspase-3 caspase-9

Hoechst Hoechst

mergedmerged

Figure 4.3

Antisense induced apoptotic death in adult primary sensory neurons in vitro.
GFP localization {green, arrow, A and E) indicates infection with HSV amplicon 
expressing antisense human Hsp27 [HSV-hHsp27(AS)] of adult primary DRG 
cultures, infected 24hrs post-plating. Immunostaining for the active form of 
caspase-3 (B) and caspase-9 (E) indicates HSV-hHsp27(AS) expressing neurons 
coexpress active caspases. Bisbenzimide staining {blue, C and G) show condensed 
chromatin and pyknotic nuclei in cell infected with HSV-hHsp27(AS) and express 
active caspase-3 (D) and active caspase-9 (H) enzymes. All experiments were done 
in triplicate, and the experiment repeated two or more individual times. Scale bars = 
50pm.
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m.o.i, from two individual experiments o f duplicates, containing 3000 cells/well). 

HSV-hHsp27(AS) infected neurons were also immunopositive for active caspase-3 (Fig 

4.3a and b) and active-caspase-9 (Fig 4.3c and d), and possess pyknotic nuclei (Fig 4.3c 

and g) (approximately 200 cells analysed 6hrs after infection at 5 m.o.i, from two 

individual experiments o f duplicates, containing 5000 cells/well, respectively) 

indicating that the mode o f cell death is apoptotic. To confirm that knockdown of 

endogenous Hsp27 by HSV-hHsp27(AS) results in death o f the adult sensory neurons, 

quantitative analysis o f cell survival by total cell counts and o f cell viability by the 

MTT assay was performed, as in Chapter 3. The number o f adult dissociated neurons 

in 50mm^ 24-well plate was determined before vector infection (occurring 24hrs post

plating) and every 12hrs post-infection for up to 3 days. The number o f surviving 

sensory neurons infected with HSV-hHsp27(AS) at 5 and 10 m.o.i dramatically 

decreased 12 hr after infection, compared to no significant decline in sensory neuron 

numbers in HSV-GFP infected or uninfected controls (Fig 4.4a) (typically this area 

contained 200-300 neurons prior to HSV amplicon infection, and the experiment 

performed in triplicate, and repeated twice). Correspondingly, MTT cell viability 

assay 48hrs post-infection, showed no decrease in neural survival o f HSV-GFP infected 

or uninfected controls, whereas a dose dependent decrease in sensory neuronal survival 

was observed on infection with HSV-hHsp27(AS) at 5 and 10 m.o.i (Fig 4.4b) (the 

experiment was done in two individual experiments, each time in triplicate, o f infection 

o f  1000 cells/well). Together these data suggest that infection with HSV-hHsp27(AS) 

knockdowns endogenous Hsp27 in adult sensory neurons, which is sufficient to induce 

apoptotic cell death, and therefore infers that upregulation o f Hsp27 in adult sensory 

neurons in cultures is essential for their survival.

4.3,3. Preliminary Supporting data 

Knockdown of Hsp27 in sensory neurons in vivo

To investigate if the upregulation o f Hsp27 in adult sensory neurons after peripheral 

nerve injury is fundamental to their survival, the effect o f antisense knockdovm of 

Hsp27 on adult sensory neurons was analysed in vivo. GFP expression 3d after direct 

injection o f the HSV-GFP control vector into the superficial lamina o f the spinal cord 

(Fig 4.6a) (w=2) and the brain (data not shown, n=2) demonstrates efficient neuronal 

infection o f novel use o f this viral vector in vivo. Transgene delivery to injured sensory 

neurons was achieved by placing a cuff containing the HSV amplicon viral vector on
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Antisense Hsp27 kills adult sensory neurons in culture
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Figure 4.4

Knockdown of endogenous Hsp27 by antisense induces death of adult primary sensory 
neurons in vitro. Adult DRG cultures infected 1 day after plating with HSV-amplicons 
expressing antisense human Hsp27 [HSV-hHsp27(AS)] or GFP [HSV-GFP] as a control 
infected at 5 or 10 m.o.i. A. Total cell counts: Adult sensory neuronal survival was assessed 
by counting the total number of surviving neurons in a 50mm^ area of each well before 
infection, and 12hrs, Id, 2d and 3d following vector infection. Typically this area contained 
150-200 neurons at the time of NGF withdrawal. Infection with HSV-hHsp27(AS) 
significantly decreased as early as 12hrs after infection compared with no vector or HSV- 
GFP infected controls. Data shown are the means ± SEM of triplicates from a single 
experiment. The experiment was repeated a total of twice with similar results. B. Cell 
viability assay: Neuronal survival was assessed using a MTT cell viability assay 48hrs after 
infection with either HSV-hHsp27(S) or HSV-GFP at 5 or lOm.o.i. An 45.2 ± 6.3% and 55.3 
± 3.9% decrease in adult sensory neuronal viability occurred on infection with HSV- 
hHsp27(AS) at 5 and 10 m.o.i respectively, relative to the uninfected controls. Data shown 
are the means ± SEM of triplicates from a single experiment. Similar experiments were done 
two times with similar results.
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the proximal end o f a cut sciatic nerve (see Fig 4.5), allowing retrograde transport o f 

the vector along the injured axons to the neuronal cell body where infection occurs, 

with delivery to L4 DRG sensory neurons 8 days after infection (Fig 4.6c-e) (w=2 per 

group, analysed 3d, 5d, 8d and 14d after infection). To confirm efficient expression o f 

the transgene (driven by a CMV promoter downstream of the IE4/5 promoter which 

drives GFP expression (see Fig 3.1)), P-galactosidase in L4 DRG (Fig 4.6f-g) (w=2) and 

in motor neurons within the L4/L5 lumbar spinal cord (Fig 4.6h) was found after 

infection with HSV-LacZ. Human Hsp27 was also detected by immunostaining 

animals in treated with HSV-hHsp27(S) (data not shown, L4 and L5 DRG, «=2), 

demonstrating transgene as well as GFP expression in sensory and motor neurons.

Fewer sensory neurons in the ipsilateral L4 DRG were observed to express GFP 8 days 

after infection with HSV-hHsp27(AS) (Fig 4.7a, w=2) (relative to HSV-hHsp27(S) and 

HSV-GFP controls (Fig 4.6c-e) {n=2 per group, 15-20 sections analysed). However, 

double staining with Hsp27 and the active form o f capase-3 ipsilateral L4 and L4 DRG 

tissue from animals infected with HSV-hHsp27(AS), indicated that GFP positive 

injured sensory neurons do not express endogenous Hsp27, and that these AS infected 

cells stain for active caspase-3 (Fig 4.7a-c, «=2, 15-20 sections analysed). HSV-GFP 

control infected neurons did not stain for active caspase-3 and all had high levels o f 

Hsp27 (Fig 4.7d-f, rr=2, 15-20 sections analysed). Axonal injury by itself does not 

induce caspase-3 activation in adult sensory neurons, as demonstrate by ATF- 

3/caspase-3 double staining (Fig 4.7g-i «=2, 15-20 sections analysed). Counts o f the 

number o f infected cells staining for endogenous Hsp27 and active caspase-3 was 

determined (Fig 4.7j). 98.1 ± 1.9% o f HSV-GFP infected cells expressed Hsp27, and 

none expressed active caspase-3 (63 cells from 13 sections, rv=2). Conversely, only 

25.7 ± 4.3% o f HSV-hHsp27(AS) infected cells were immunopositive for endogenous 

Hsp27, with 74.3 + 5.3% o f HSV-hHsp27(AS) infected cells expressing active caspase- 

3 (24 cells from 16 sections, rr=2).
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Schematic representation of the technique for 
HSV amplicon infection of neurons in vivo
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Figure 4.5

Schematic illustration of the method to infect sensory and motor neurons of adult rats with the 
HSV amplicon vector in vivo. A. The sciatic nerve, comprising of both afferent sensory neurons that 
have cell bodies in the L4, L5 and L6 DRG with central terminals in the dorsal horn of the spinal cord, 
and efferent motor neurons with cell bodies in the ventral horn of the spinal cord is schematically 
represented (positions of L4-L6 DRGs in the adult rat are highlighted in box in B). The sciatic nerve 
of adult rats is transected and a capsule containing lOpl HSV amplicon vector (typically 10^-10  ̂
particles/ml) placed and secured on the distal end of the cut nerve. The amplicon vector retains the 
ability of the wild type HSV virus to reterogradely transport up the axon. After 8 andlO days 
recovery, GFP expression is detected in the sensory neurons of the DRG and motor neuron in the 
ventral horn of the spinal cord, respectively.
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Figure 4.6

HSV amplicon vector infects central and peripheral nervous neurons by direct 
injection or by reterograde transport along the axon from a distal site of application.
A. 2.5)il HSV-GFP was directly injected into the dorsal horn of the spinal cord using a 
steriotaxic apparatus. GFP is present in neurons within lamina I-IV at the site of injections 
3 days after injection («=2), and is present in axonal processes of infected neurons 
indicating HSV amplicon has the ability to transport along neuronal axons. For panels B- 
H, the amplicon vector was applied at the time of sciatic nerve axotomy, to the distal end 
of the cut nerve. GFP expression is detected in the L4 DRG 8 days after application of 
HSV-hHsp27(S) (C, n=2) and HSV-GFP (D, n=2), with no GFP expression detected in 
uninfected controls (B, n=2) or the contralateral DRG of infected animals (data not 
shown). To check the gene of interest is expressed by the CMV promoter in infected 
neurons in vivo, P-galactosidase is detected in the DRG (E, n=2) and motor neurons of the 
spinal cord (G, n=2) 8 and 10 days respectively after application of HSV-LacZ, and is not 
detected in uninfected animals (H, n=2) or animals infected with HSV-GFP with no 
reporter LacZ gene (F, n=2). Scale bars = 200pm in A,G and H, 100pm in B-F.
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4.4 Discussion

4.4.1 Hsp27 is essential for sensory neuron survival

All sensory neurons upregulate Hsp27 after 24 hrs in culture, and after nerve injury in 

vivo. Using HSV-amplicon mediated delivery o f antisense human Hsp27, the 

knockdown o f the endogenous upregulation o f Hsp27 has been demonstrated, and that 

this induces apoptotic cell death in sensory neurons in vitro. Preliminary data suggests 

that this is also the case in adult injured sensory neurons in vivo. This indicates that 

Hsp27 is both necessary and sufficient for survival o f adult sensory neurons in culture 

and after nerve injury, implicating an essential role for Hsp27 in adult sensory neuronal 

survival after nerve axotomy or in dissociated culture.

The fact that antisense Hsp27 induces apoptosis o f sensory neurons may explain the 

low efficiency o f infection achieved with HSV-hHsp27(AS) infection o f sensory 

neurons in vitro and in vivo, since most infected cells may have died prior to the time at 

which infection efficiency was determined.

Antisense Hsp27 delivery by retrograde infection with HSV-hHsp27(AS) knocksdowns 

Hsp27 in adult injured sensory neurons in vivo and induces apoptosis in these neurons. 

This is compatible with the in vitro data where knockdown o f Hsp27 in sensory 

neurons induces apoptotic cell death. However, further quantitative characterization of 

the effectiveness o f human Hsp27 antisense to knockdown endogenous rat Hsp27, as 

well as the efficiency HSV amplicon-mediated delivery o f human antisense to sensory 

neurons in vivo, will be needed to determine the extent to which upregulation of 

endogenous Hsp27 contributes to the survival o f adult sensory neurons after injury in 

vivo. Full characterization o f the efficiency o f gene delivery to sensory neurons in vivo 

is required to completely interpret the contribution o f an introduced transgene to a 

particular phenotypic change. Furthermore, the ability o f this system to deliver 

antisense genes, and the effectiveness o f endogenouse gene knockdown also needs to 

be further characterized.

4.4.2 Conclusion

Using an antisense knockdown approach, I have demonstrated that Hsp27 expression is 

essential for the survival o f adult sensory neurons. In addition, I have shown that the 

HSV-1 amplicon vector is able to deliver genes to sensory neurons in vivo.
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Antisense hHsp27 induces adult sensory 
neuronal death in vivo
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Figure 4.7

HSV-hHsp27(AS) infected adult sensory neurons are positive for the active form of 
caspase-3 in vivo. Double immunostaining for endogenous rat Hsp27 or ATF-3 with an 
antibody specific for active caspase-3 in L4 DRG sensory neurons 8 days after sciatic 
nerve axotomy and administration of HSV-hHsp27(AS) or HSV-GFP to the transected 
nerve. In HSV-hHsp27(AS) treated animals GFP expression (A) shows reduced 
endogenous Hsp27 expression by inmmunostaining (B) and colocalization with the active 
form of caspase-3 (C n=2, 15-20 sections analyzed). In animals treated with HSV-GFP, 
GFP-positive infected cells (D) have normal expression of endogenous Hsp27 (E) and do 
not express active caspase-3 (F) (n=2, 15-20 sections analyzed). Double immunostaining 
for ATF-3 (H) express caspase-3 (I) indicates that only the HSV-hHsp27(AS) infected 
cells (G) is active for caspase-3 (n=2, 15-20 sections analyzed). Inset images; low 
magnification of the entire DRG. J. Proportion of HSV-hHsp27(AS) and HSV-GFP 
profiles expressing rat Hsp27 and active caspase-3 (total number of neurons = 24 and 63 
from 16 and 13 sections of HSV-hHsp27(AS) and HSV-GFP treated animals (n=2), 
respectively). Scale bars = 100pm
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Chapter 5: Phosphorylation ofHsp27

5.1 Introduction

5.1.1 Phosphorylation of Hsp27

In addition to transcriptional regulation, non-neuronal tissue culture studies indicate 

that the capacity o f Hsp27 to protect cells from cell death is also regulated by 

phosphorylation (Huot et al., 1996). This provides an immediate and transient response 

to cellular stress (Arrigo and Landry, 1994). The phosphorylated form o f Hsp27 

confers resistance to stress induced cell death in non-neuronal cells, for example in 

CHO cells treated with cytochalasin D (Lavoie et al., 1995). In addition, the 

phosphorylated form of Hsp27 has been shown to interact and inhibit the function o f 

specific molecules within the apoptotic pathway, including DAXX and tBid, and 

promotes cell survival by interaction with Atk/PKB (Konishi et al., 1997; Paul et al., 

2002).

Hsp27 contains three amino terminal serine residues: Seri 5, Ser78 and Ser82 

(equivalent to Ser86 on the murine homologue, Hsp25), which are all phosphorylated in 

vitro in response to growth factors and heat shock (Mehlen et al., 1997a; Rogalla et al., 

1999). The specific role o f phosphorylation of Hsp27 at each individual site is not 

completely understood, although phosphorylation at Ser82, the most commonly 

phosphorylated, is believed to be important in the macromolecular structure o f Hsp27, 

with phosphorylation at this site resulting destabilization o f the amino-terminal 

intermolecular interactions (Lambert et al., 1999) and the subsequent dissociation of 

Hsp27 from large oligomers to smaller dimers and monomers (Lambert et al., 1999). 

The role o f phosphorylation o f Hsp27 at Seri 5 and Ser78 in neurons has not been 

widely studied.

5.1.2 Aim

In view o f the importance o f phosphorylation of Hsp27 in its ability to confer cellular 

survival properties, and because phosphorylated Hsp27 isoforms interact with specific 

parts o f the apoptotic or survival pathway, I have investigated in this Chapter the 

phosphorylation o f Hsp27 in injured adult and neonatal sensory and motor neurons. 

Analysis o f phosphorylated residue(s) and whether these contribute to the 

neuroprotective function o f Hsp27 have been investigated. In addition an attempt has 

been made to identify the key signalling kinases that mediate phosphorylation.
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5.2 Methods

5.2.1 Surgical procedures

Adenovirus motor neuron infection Remote adenoviral infection o f motor neurons o f 

P3 neonates was performed as described in Chapter 3. The small diameter capsule 

placed on the distal stump contained 2.5\x\ recombinant adenovirus at 1x10^ and 1x10^ 

particles/ml titers («=3 and 5 respectively), where the vector expressed a mutated 

human Hsp27 gene [Adv-hHsp27(m)], where 3 serine residues (Seri 5, Ser78, Ser82) 

were changed to alanine residues by PCR-mediated site-directed mutagenesis 

(generously provided by (Martin et al., 1997)). Animals treated with flurogold only 

(FG, w=9) or adenovirus expressing p-galactosidease only at a titre of 1x10^ 

particles/ml (Adv-LacZ, «=6) were used as controls. The surviving motor neurons were 

determined as discussed in Chapter 3. All counts were performed blind to the treatment 

group. Statistical significance was assessed by ANOVA and the t-test. All data values 

are expressed as mean ± S.E.M and are representative results from 3 or more individual 

experiments. The adenoviral infection experiments were done in collaboration with 

Daniel Perrelet and Ann Rato, Centre Médical Universitaire, Geneva, Switzerland.

Intrathecal catheter implantation Adult rats (250-300g) were anaesthetised by 

halothane inhalation (induction, 4%; maintenance, 2.5%). For intrathecal injections, 

rats were placed in a steriotaxic apparatus in a flat skull configuration, carefully 

maintained by nose clip and rat ear bars. A small (2cm) incision is made in the skin 

along the midline and the atlanto-occipital membrane was exposed and a transverse slit 

made with a 25G needle at the base o f the cisternal membrane. The distal end o f a 

13cm saline-filled catheter consisting o f PE 10 tubing (with a lose knot tied at the 10cm 

mark) was threaded through the opening in the cistema magna, such that 8.5cm o f the 

catherter is guided caudally through the sacral incision using curved hemostatic forceps 

and along the intrathecal space o f the spinal cord where the end locates over the 

lumbosacral enlargement (L3-L5) o f the spinal cord. The catheter position was fixed 

by suturing in two independent places on each side o f the knot, which acted as a stop to 

prevent the catheter from pulling out o f position and the wound closed leaving 2.5cm of 

catheter free above the skull. Saline was infused during insertion, and after final 

placement to ensure patency. The animal was monitored closely to allow recovery for 

at least 3 days, and any animals exhibiting any postoperative neurological or motor 

impairment or significant weight loss (>20% body weight) during this period were
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immediately euthanased. The animals were randomly assigned to treatment groups 

(w=2-4 per group) and intrathecal (i.t) drug injections were performed manually by 

lightly anaesthetizing the animal by halothane inhalation and using a lOpl Hamilton 

syringe to inject 5pi drug volumes over a 2 minute period followed by injection o f lOpl

0.9% saline solution over 1 minute using a 25pl Hamilton syringe to flush the drug into 

the intrathecal spinal cord space. The entire procedure takes less than 5 minutes. 

Successful i.t injections were assured by following movement o f an air bubble in the 

tubing between the syringe and the cannula and by the absence of leakage. Following 

the experiments, the catheter placement was assessed by dissection, and data from 

animals with poor placement or unsuccessful injections were excluded. Catheter 

placement was done 2-3 days prior to additional surgery, and drugs were administered 

12hrs before sciatic nerve axotomy, at the time o f sciatic nerve axotomy and every 

12hrs thereafter, for up to 3 days following injury.

Sciatic nerve injury and tissue harvestins Adult («=8) and PO («=8) animals were 

anaesthetized by halothane inhalation or hypothermia respectively and sciatic nerve 

transacted as mentioned in Chapter 2. At selected intervals following nerve injury (Id , 

3d, 5d and 7d) {n=2 per time point, per age) or 3d after adult sciatic nerve axotomy and

1.t administration of kinases inhibitors {rr=2 per treatment group), the animals were 

terminally anaesthetized, perfused with 4% paraformaldehyde, the L4 and L5 DRGs 

and L4/L5 region of the spinal cord dissected and tissue processed for 

immunohistochemistry.

5.2.2 Drugs and solutions (for in vivo)

Six groups o f animals were injected with the following drugs. The p38 kinase inhibitor, 

SB203580 (2-(4-flurophenyl)-2-(4-methylsulfmylphenyl)-5-(4-pyridyl)imidozone, 

hydochloride; Chemicon) dissolved in 10% DMSO, to make concentrations o f 

0 .4pg /lp l and Ipg/pl, MAPKAPK-2 inhibitor (Calbiochem) dissolved in 10% DMSO 

to make concentrations 0.5pg/pl and Ipg/pl. (This inhibitor is also known as Hsp25 

kinase inhibitor, which competitively inhibits the substate and non-competitively 

inhibits with ATP (Hayess and Benndorf, 1997); and GF10903X (PKC inhibitor; 

((Toullec et al., 1991); Calbiochem) dissolved in 10% DMSO for a 0.4pg/pl solution. 

Vehicle control animals were administered 10% DMSO in sterile 0.9% saline solultion 

(Sigma). The following drugs were administrated intrathecally to the following animal 

groups; i) 2pg SB203580 (w=4) ii) 5pg SB203580 (w=4), in) 5pg MAPKAPK2
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inhibitor (w=2), iv) lOjig MAPKAPK2 inhibitor (w=2), v) 4)ig GF109203X («=3), vi) 

the control group received intrathecal saline/10% DMSO control («=2). Additional 

experiments were performed; a) 2pg SB203580 and 5pg MAPKAPK2 inhibitor {n = 2\ 

b) 2pg SB203580 and 4pg GF109203X {n = 2\ c) 5pg MAPKAPK2 inhibitor and 4pg 

GF109203X {rr=2\ d) lOpg U129 {n=2).

5.2.3 Tissue Culture {in vitro drugs and solutions)

Adult primary DRG cultures were performed as described in Chapter 3. 24hrs after 

culture, cells were incubated with either IL -ip  (2-20ng/ml) (Calbiochem) or phorbol 

12-myristate-13-acetate (PMA; Calbiochem) (50nM -lpM ) for 2hrs before fixing the 

cells in 4% paraformaldehyde for 15 minutes before processing for 

immunohistochemistry. In parallel experiments, cells were incubated with SB203580 

(2pM -5pM ) (Chemicon) or GF109203X (O .lpM -lpM ) (Sigma) for 30 minutes prior to 

the incubation with either IL -ip  (20ng/ml) or PMA (50nM) for 2hrs. Cells were then 

fixed with 4% paraformaldehyde for 15 minutes, washed x3 in PBS and processed for 

immunohistochemistry. Images recorded are representative o f the concentration with 

the optimal level o f pH sp27(Serl5) immunostaining.

5.2.4 Immunohistochemistry

The green direct Fluorescein Signal Amplification detection method (NEN, Boston) 

was used for all immunohistochemical staining procedures with sheep anti- 

phosphoHsp27(Serl5) (1:500, Upstate Biotechnology, NY), and was performed 

according to the details referenced in Chapter 2. The protocol for the second antibody 

reaction was followed according to Chapter 2, except for the following amendments; 

anti-rabbit Hsp25 (1:1000 for tissue sections, 1:3000 for cultured cells, Stressgen) and 

rabbit anti-ATF-3 (1:250; Santa Cruz) used independently or in conjunction, or rabbit 

anti-caspase-3 (1:500; Cell Signalling), mouse anti-NeuN (1:1000, Calbiochem), rabbit 

anti-phospho-p38 (Cell Signalling, 1:500). To ensure absence o f non-specific antibody 

binding in immunoreactions o f cultured sensory neurons, the primary antibody was 

omitted in control wells. After the last wash, sections were coverslipped using ProLong 

Antifade^^ mountant (Molecular probes) except where in the experiment for active 

caspase-3 staining where sections are coverslipped using Vectormount containing 

DAPI (Vector Labs) to visualise nuclei. In all experiments each treatment group was
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processed together on the same slide and control sections omitting the primary antibody 

incubation were processed in parallel.

5.2.5 Western blot analysis and immunoprécipitation

Western blots were done according to the procedures mentioned in Chapter 2. 

Immunoprécipitation was done as follows, to enable detection o f human Hsp27 protein 

in the samples. Ventral horns 7 days after P3 sciatic axotomy and treatment with 

advenoviruses expressing human Hsp27 or LacZ or non-phosphorylatabe mutant ( « = 6  

per group) were lysed in ice cold RIPA buffer (O.OlMTris (pH7.2), 0.15M NaCl, 1% 

TritonX-100, 0.1% SDS, 1.0% sodium deoxycholate, 0.02% sodium azide) containing a 

cocktail o f protease inhibitors (Minicomplete, Roche). Protein concentration was 

determined using the EGA assay kit (Pierce). Protein lysates was pre-absorbed with 

Ipg  mouse IgG (Santa Cruz) and 75pi protein Sepharose A (Amersham Life Sciences) 

for 3hrs at 4°C, followed by immunoprécipitation with 3pg anti-human Hsp27 

(Stressgen; a mouse monoclonal antibody that specifically recognizes human Hsp27 

and does not cross react with rodent Hsp27) overnight at 4°C followed by precipitation 

with protein A-sepharose beads for 4hrs at 4°C. Centrifuged beads were washed four 

times in ice-cold RIPA buffer and reconstituted in lysis buffer (lOOmM Tris (pH 6 .8 ), 

2% SDS, 20% glycerol, 10% bromo-mecaptoethanol) see below) and processed for 

western blot analysis. An equal amount o f each sample was immunoprecipitated with 

3pg mouse IgG in parallel as a control. Samples were subject to SDS-PAGE and 

transferred to Immobilon-P membrane (0.45pm, Millipore) as mentioned in Chapter 2. 

Primary antibody incubation was performed using anti-human Hsp27 (1:5000) or anti- 

phospho Hsp27(ser78) (1:200, Upstate) in 5% milk in PBS plus 0.05% Tween20, 

followed by incubation with peroxidase (HRP) conjugated anti-mouse antibody 

(1:2000, Amersham Life Sciences) or HRP-conjugated anti-sheep antibody (1:2000, 

Upstate) and signal visualized on Kodak XL-ORL film (Kodak) using the Renaissance 

chemiluminescent detection assay (New England Biolabs).
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5.3. Results

5.3.1 Non-phosphorylatable Hsp27 is unable to promote survival of neonatal 

injured motor neurons

To test if  phosphorylation o f Hsp27 is important for its function as a neuronal survival 

factor, we assessed the ability o f  a non-phosphorylatable mutant o f Hsp27, delivered by 

adenovirus infection (see Chapter 3) to prevent neonatal motor neuron cell death in 

vivo. An adenovirus expressing Hsp27 mutant (Adv-hHsp27(m)), in which three N- 

terminal phosphorylatable serine residues (Seri 5, Ser76, Ser82) were changed to 

alanine, producing a non-phosphorylatable Hsp27 protein (Mehlen et al., 1997a; 

Rogalla et al., 1999) was unable to rescue P3 injured motor neurons, unlike wild type 

human Hsp27 expressed by Adv-hHsp27 (Fig 5.1a). This non-phosphorylatable mutant 

human Hsp27 protein is produced at comparative levels to the wild type human Hsp27 

(Fig 5. lb), and it is unable to be phosphorylated (Fig 5.1c).

5.3.2 Hsp27 is phosphorylated on S eri5 in all injured adult sensory and motor 

neurons in vivo

Double immunostaining o f adult DRG 3 days post-axotomy with Hsp27 and a phospho- 

H sp27(Serl5) specific antibody indicates constitutively expressed Hsp27 is not 

phophorylated on this residue (Fig 5.2f). In contrast, sensory neurons immunopositive 

for pH sp27(Serl5) were observed in a subpopulation o f injured cells following axonal 

injury, identified by ATF-3 nuclear staining and upregulated Hsp27 protein levels (Fig 

5.2c, compare with Fig 2.1). 3 days following axotomy, a subpopulation o f adult 

injured (ATF-3 positive) DRG sensory neurons are immunopositive for pHsp27(Serl5) 

(Fig 5.3c-d) (w=2 for each group; naïve. Id, 3d, 5d, 7d) with negligible phosphorylation 

in uninjured naïve L4 DRG cells (Fig 5.3a) (n=2). Similarly, motor neurons in the 

L4/L5 lumbar region in naïve adult are not immunopositive for phospho-Hsp27(Serl5), 

whereas all injured (ATF-3 positive) adult motor neurons are immunopositive for 

phospho-Hsp27(Serl5) (Fig 5.4a) when examined 1 day to 1 week after axotomy (n=2 

for each time point; naïve. Id, 3d, 5d, 7d, approximately 12-18 sections per animal). 

Sciatic nerve transection increases Hsp27 in the superficial lamina o f the dorsal horn, as 

result o f transport o f the protein to the central terminals (Fig 2.2c), but unlike motor or 

sensory neuron cell bodies, these central terminals are not immunopositive for 

phospho-Hsp27(Ser 15) (Fig 5.4a), although the reason for this difference is currently 

unknown. Similar to sensory neurons, phosphorylation o f Hsp27 is restricted to the cell
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Non-phosphorylatable mutant of human Hsp27 is 
unable to rescue Injured neonatal motor neurons in vivo
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Figure 5.1

Adenovirus delivery of a non-phosphorylatable mutant of human Hsp27 is 
unable to promote survival of neonatal motor neurons after sciatic ner\e injury 
at birth in vivo. The survival of motor neurons 1 week after P3 sciatic nerve 
axotomy was assessed after infection with adenovirus expressing a triple mutant of 
human Hsp27, where 3 serine residues have been mutated to alanine (SI5A, S78A, 
S82A) to mimic the non-phosphorylatable form of Hsp27 [Adv-hHsp27(m)]. A. 
Treatment of P3 animals with fluorogold (FG) only and p-galactosidase expressing 
adenovirus [Adv-LacZ] at 10̂  viral particles/ml {light grey bars) {n=9 and 6 for FG 
and LacZ controls respectively) results in the death of approximately 50% the lumbar 
injured motor neurons. No effect on the number of surviving motor neurons was seen 
in animals treated with Adv-hHsp27(m) at 10* and 10̂  viral particles/ml (n=3 and 5 
respectively, dark gray bars), when compared with the increase of motor neurons on 
treatment with Adv-hHsp27 at 10* expressing wild type human Hsp27 {stripped bars, 
p<0.05 vs flurogold controls, n^l). B. Western blot analysis showing comparable 
levels of human Hsp27 protein expression in the ventral horn of the spinal cord after 
treatment with adenovirus expressing wild type human Hsp27 [Adv-hHsp27] or 
treatment with adenovirus expressing mutant human Hsp27 [Adv-hHsp27(m)], but 
not in Adv-LacZ treated animals {n=6 per group). MCF-7 acts as a positive control. 
C. Immunoblot for phospho-Hsp27(Ser78), which specifically recognizes 
phosphorylated serine?8 which is only present on the human, but not rat Hsp27 shows 
phosphorylation of wild type human Hsp27 from Adv-hHsp27 treated animals but not 
of the non-phosphorylatable mutant Hsp27 isoform of Adv-hHsp27(m) treated 
animals («=6 per group). All results are representative of three or more individual 
experiments.
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bodies o f the injured motor neurons, and constitutively expressed Hsp27 is not 

phosphorylated.

5.3.3. p38 and PKA mediate pHsp27(Serl5) phosphorylation in sensory neurons in 

vitro

In contrast to injured sensory neurons in vivo, where all upregulated Hsp27 appears 

immunopositive for pHsp27(Serl5), the presence o f phospho-Hsp27(Serl5) was 

detected on only a selected population o f sensory neurons in vitro (Fig 5.6a and b), 

determined by pH sp27(Serl5) and NeuN double immunostaining 24hrs after culture, 

when all sensory neurons upregulate and express Hsp27 (Fig 4.1a,) but not all these 

neurons are positive for pH sp27(Serl5) (Fig 5.5a). Interestingly, the neurites are 

immunopositive for unphosphorylated Hsp27, but pH sp27(Serl5) is not detected, 

comparable to the situation occurring in the spinal cord after sciatic nerve injury (Fig 

2.2c and Fig 5.5c and d) (images representative o f triplicate immunoreactions).

Hsp27 acts as a substrate for a variety o f kinases (see Fig 5.9), although their action on 

the phosphorylation o f Hsp27 at the Seri 5 site is presently unknown. In order to 

determine which kinases may be responsible for the phosphorylation o f Hsp27 on 

serine 15 in sensory neurons in vitro, the presence o f pH sp27(Serl5) was analysed after 

2hr incubation period with IL-1 (20ng/ml) or PMA (50nM) 24hrs after the time of 

plating. IL-1, a specific activator o f p38 MAP kinase (Ahlers et al., 1994; Guesdon 

and Saklatvala, 1991) induced the phosphorylation o f pHsp27(SerI5) in all sensory 

neurons (Fig 5.51), with I hr prior incubation with the p38 inhibitor, SB203580 (2pM ) 

suppressing phosphorylation in small and large diameter sensory neurons. In addition, 

pre-treatment with (5pM ) MAPKAP-K2 inhibitor (Hsp25 kinase inhibitor) also 

suppressed IL-1 induced pHsp27(Serl5) phosphorylation in small and large diameter 

sensory neurons (data not shown). Similarly, all sensory neurons treated with PMA, 

an activator o f PKC (Kasahara et a l ,  1993; Oishi and Yamaguchi, 1994) were 

immunopositive for pHsp27(Serl5) and that this was suppressed in all large, and some 

small diameter sensory neurons on pre-treatment with PKC inhibitor, GF109203X 

(lOOnM). (Images are representative o f duplicate immunoreactions done a total o f two 

times, at two different time points (24hrs and 48hrs after plating) with similar results).
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Phosphorylation of Hsp27 in adult sensory neurons
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Figure 5.2

Hsp27 is phosphorylated on SerinelS in adult sensory neurons 3 days after sciatic nerve injury.
Triple immunostaining of ipsiiaterai L4 DRG 3 days after adult sciatic nerve axotomy with anti-Hsp27 and 
anti-ATF-3 combined (A, red) and an antibody that recognizes phospho-Hsp27(Serl5) (B, green). Sensory 
neurons expressing high levels of Hsp27 are immunopositive for pHsp27(Serl5) (E). pHsp27 is localized 
within the cytoplasm, with the red immunostaining the nucleus attributed to ATF-3 immunoreactivity (E). 
Minimal pHsp27(Serl5) immunoreactivity (G) is detected within a region of the L4 DRG with low level 
Hsp27 immunostaining (F and H) (see also Figure 2.1). («=2, 12-16 sections analyzed). Scale bar = 200pm 
in A and B, 100 pm in C-H)
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5.3.4. pHsp27(Serl5) phosphorylation is mediated by p38, MAPKAP-K2 and PKC 

in sensory neurons in vivo

To investigate if  p38, MAPKAPK-2 and PKC mediate Hsp27 phosphorylation on serl5  

in injured sensory neurons in vivo, we determined the effect o f intratheacal (i.t) 

administration o f inhibitors to each kinase on the induction o f pH sp27(serl5) in adult 

sensory neurons 3 days after nerve axotomy. Substantial knockdown o f pHsp27(Serl5) 

occurred in an estimated 60-80% of injured (ATF-3 positive) sensory neurons in the L4 

DRG on treatment o f animals with 2-5pg o f SB203580 every 12hrs for 3 days post 

axotomy (Fig 5.6c and g) {n=2 for 2pg and 4pg, approximately 10-12 sections 

analysed) compared to DMSO treated axotomized control animals (Fig5.6a and e) 

(w=2, 10-12 10pm sections). Interestingly, suppression o f pH sp27(Serl5) induction was 

observed in to occur in virtually all the small-diameter, but not large-diameter sensory 

neurons (Fig 5.6c and g), which correlates with the axotomy-induced upregulation o f 

phospho-p38 in small diameter neurons (Fig 5.6i) (4-6 sections analysed). 

Administration o f 5-lOpg MAPKAP-K2 inhibitor also prevented induction o f 

pHsp27(Serl 5) in approximately 90% of small and some large diameter sensory 

neurons (Fig 5.6f and h) («=2 for 5pg and lOpg, approximately 10-12 sections 

analysed), whereas treatment with 4pg GF109203X prevented the induction o f 

pHsp27(Serl5) in the medium and large diameter sensory neurons (Fig 5.6j) («=2, 10- 

12 sections analysed). Quantitative analysis to determine the extent to which each 

kinase was capable o f suppressing the induction pH sp27(Serl5) in injured sensory 

neurons was not performed, due to the failure o f the pH sp27(Serl5) antibody in 

Western blot analysis.

5.3.5. Age-dependent induction of pHsp27(Serl5) phosphorylation in injured 

sensory neurons in vivo

To further investigate if  phosphorylation o f Hsp27 at serine 15 contributes towards 

neuronal survival after injury, we analysed its induction in sensory neurons after early 

neonatal injury, at a time where a significant proportion o f injured neurons undergo cell 

death (Lewis et al., 1999). L4 DRG sensory neurons 48 hr after PO axotomy show 

intense Hsp27 immunostaining (Fig 5.7c) («=3, per time point o f Id, 3d, 5d, and 7d 

post injury with 1 0  sections analysed per animal), whereas naïve uninjured controls 

showed light staining («=3, 10 sections analysed). Intense immunostaining for
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pHsp27(Ser15) induction in a subpopulation of 
injured aduit sensory neurons

Naïve L c  ^  & 3d Ax

pHsp27(ser15) pHsp27(ser15)

—  ATF-3ATF-3

merged

Figure 5.3

Hsp27 is phosphorylated on SerinelS in all injured adult sensory neurons 3 days 
after sciatic nerve injury. Adult L4 ipsiiaterai DRG from naïve animais (w=2, A and 
B) or from animals 3 days after sciatic nerve axotomy («=2, C and D) double 
immunostained for ATF-3 {red) and pHsp27(Serl5)(gree«). High magnification of 
the merged image of C and D show that a subset of injured ATF-3 immunopositive 
{red) sensory neurons are also positive for pHsp27(Serl5) immunoreactivity {green) 
(E). Sections were analyzed from L4 DRG id, 2d, 3d, 5d and 7d after injury, n=2 per 
group with similar results. Scale bars = 100pm
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pHsp27(Ser15) is induced in all injured 
adult motor neurons

ATF-3

contra

B  ATF-3
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mergedcontra —

Figure 5.4

Hsp27 is phosphorylated on SerinelS in all injured adult motor neurons 3 days 
after sciatic nerve injury. Adult L4/L5 lumbar spinal cord immunostained 3 days 
following sciatic nerve axotomy (ipsi) for pHsp27(Serl5) {green. A) and ATF-3 {red, 
B) («=2). High magnification of pHsp27(Serl5) (C) and ATF-3 (D) immunostaining 
the ipsiiaterai (ipsi) axotomized sciatic motor neuron pool of show that all phospho- 
Hsp27(Serl5) positive neurons {green) are also immunopostive for ATF-3 {red) (E), 
Similar results were observed on analysis of 12-18 sections from L4/L5 lumbar spinal 
cord from animals Id, 2d, 3d, 5d and 7d after injury, «=2 per group. Scale bars = 
200pm
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phosphorylated Hsp27 on serl5 (Fig 5.7d) was not observed in uninjured naïve sensory 

neurons (Fig 5.7b) («=3, per time point o f naïve, Id, 3d, 5d, and 7d post injury with 10 

sections analysed per animal). Interestingly, only -60%  the Hsp27 expressing DRG 

cells (Fig 5.7e) or ATF-3 expressing injured DRG cells (Fig 5.7h) neurons were 

observed to also express pH sp27(Serl5) (Fig 5.7e and j)  («=3, per time point of naïve. 

Id, 3d, 5d, and 7d post injury with 10 sections analysed per animal).

5.3.6. pHsp27(Serl5) immunopositive injured neonatal sensory neurons do not 

undergo apoptosis

Double immunostaining for pH sp27(Serl5) and active caspase-3, combined with 

bisbenzimide (Hoechst) staining, was done on L4 DRG 12hrs and 24hrs after injury at 

birth, to assess if  the injured ATF-3 positive, pHsp27(Serl5)-immunonegative DRG 

sensory neurons are the subpopulation undergoing injury-induced neonatal apoptotic 

cell death. An inverse correlation between cells immunopositive for pHsp27(Serl5) 

and caspase-3 was observed in L4 DRG neurons 24hrs after PO axotomy (Fig 5.8) (w=3, 

for 12hr and 24hrs after POAx, and 6 - 8  sections analysed per animal). All caspase 

positive neurons had pyknotic nuclei, indicative o f the cells within the chromatin 

condensation phase o f apoptosis, whereas all cells positive for pHsp27(Serl5) had 

healthy nuclei. Caspase-3 immunostaining was not detected in the contralateral or in 

naïve uninjured DRGs (data not shown) («=3).
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Induction of pHsp27(Ser15) in adult sensory neurons in vitro

Hsp27

pSer15NeuN

pSer15Hsp27

pSer15 ■
Figure 5.5

Phosphorylation of Hsp27 on SerinelS can be induced in aduit sensory neurons in 
vitro. Adult dissociated sensory neurons cultured for 24hrs and immunostained for the 
neuronal marker NeuN (A, green) and pHsp27(Serl5) (B, red) or Hsp27 (C, green) and 
pHsp27 (D, red), show that not all sensory neurons including those that express Hsp27 
are immunopositive for pHsp27(Serl5). Double immunostaining with Hsp27 and 
pHsp27(Serl5) show Hsp27 but not pHsp27(Serl5) immunoreactivity in the neurites. 
pHsp27(Serl5) and Hsp27 double immunostaining on 1 day old adult dissociated DRG
cultures, incubated for 2hrs in the presence of 20ng/ml IL-1 (E,F) o r  PMA (I,J),
with or without pre-incubation with 2pM SB203580 (p38 inhibitor) (G,H) or .........
GF109203X (K, L) (PKC inhibitor) respectively. All Hsp27 positive neurons are 
pHsp27(Serl5) immunopositive on IL-1 treatment (E,F) which is suppressed on prior 
incubation with SB203580 (G,H). All Hsp27 positive neurons are pHsp27(Serl5) 
immunopositive on PMA treatment (I,J) which is suppressed specifically in larger 
diameter neurons on prior incubation with GFI09203X (K,J). All images are 
representative of duplicate immunoreactions performed in two separate experiments, in 
24hr and 48hr old cultures. Scale bars = 100pm
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5.4 Discussion

5.4.1 Neuronal survival and Hsp27 phosphorylation

In non-neuronal cells, phosphorylation o f Hsp27 is shown to be important for cell 

survival after heat shock and other stress (Huot et al., 1996; Lavoie et al., 1995; 

Trautinger et al., 1996; Guay et al., 1997; Huot et al., 1995; Landry and Huot, 1995). 

We have found that delivery o f a non-phosphorylatable mutant o f hHsp27 does not 

rescue neonatal motor neurons from injury-induced death, indicating that 

phosphorylation o f Hsp27 may be essential for its neuroprotective function in neonatal 

motor neurons in vivo.

Human Hsp27 contains three amino terminal serine residues; Seri 5, Ser78, and Ser82 

(equivalent to Ser8 6  on the murine homologue, Hsp25), all o f which, were mutated to 

alanine in this non-phosphorylatable mutant, therefore further studies using individual 

serine mutants will need to be done in order to identify which serine residue(s) are 

important in mediating Hsp27s survival properties in neurons in vivo.

5.4.2 Injury-induced phosphorylation of Hsp27 on serine 15 is important for its 

survival properties

Hsp25 (the murine homologue o f Hsp27) only contains two phosphorylatable-serine 

residues; Seri 5 and Ser8 6  (see Fig 1.2). We find that Hsp27 is phosphorylated on 

Seri 5 in all adult injured sensory and motor neurons in vivo, and that endogenously 

expressed Hsp27 is not phosphorylated on this serine residue. Furthermore, in neonates 

induction o f pHsp27(serl5) occurs in only in a subpopulation of injured sensory 

neurons, with these neurons not undergoing injury-induced apoptotic death. Together, 

these results suggest that phosphorylation o f Hsp27 on serine 15 may play an important 

role in mediating neuronal survival after injury. Further observations directly linking 

pH sp27(Serl5) with neuronal survival will need to be done in order to determine if  

phosphorylation o f Hsp27 on this residue is responsible, alone or in part, for protecting 

adult and neonatal sensory and motor neurons from injury-induced cell death. 

Furthermore, determining the underlying mechanisms mediating Seri 5 phosphorylation 

in only a subpopulation o f cells expressing injury-induced upregulated Hsp27 after 

neonatal nerve injury will be key to understanding the regulation o f phosphorylation o f 

Hsp27 on Seri 5 in injured sensory and motor neurons.
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Modulation of induction of pHsp27(Ser15) in 
injured sensory neurons in vivo
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Figure 5.6

p38 and PKC kinase inhibitors suppress induction of Hsp27 phosphorylation on SerinelS in 
sensory neurons after adult sciatic nerve axotomy. Double immunohistochemistry for 
pHsp27(Serl5) and ATF-3 of the ipsiiaterai L4 DRG 3 days after sciatic nerve axotomy and 
intrathecal administration of kinase inhibitors for 3 days at 12hr intervals. pHsp27(serl5) (B, 
green) is detected in a subpopulation of ATF-3 positive, injured DRG sensory neurons (A, red) in 
control DMSO treated animals («=2, 10-12 sections analyzed). In animals treated with the p38 
MARK inhibitor SB203580 (2pg), pHsp27(Serl5) immunostaining (C, green) is detected only in a 
very small subpopulation of ATF-3 positive injured neurons (D, red) («=2,10-12 sections analyzed). 
High magnification shows pHsp27(Serl5) immunoreactivity is present in injured (ATF-3 positve) 
neurons of all sizes in the DMSO control treated animals (E, green) and mainly large diameter 
neurons in animals treated with 5p,g SB203580 (F, green). Animals treated with MAPKAPK-2 
inhibitor (5 and lOpg) (H and I respectively) show reduced pHsp27(Serl5) {green) 
immunoreactivity in small diameter injured ATF-3 positive {red) DRG neurons («=2, 10-12 sections 
analyzed). Animals treated with GF109203X (4pg) PKC inhibitor (J) show reduced pHsp27(Serl5) 
{green) immunoreactivity in large diameter injured ATF-3 positive {red) DRG neurons {n=2, 10-12 
sections analyzed). Phospho-p38 is detected in small cells of L4 DRG 3 days after axotomy. Scale 
bars = 100 pm 120
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Phosphorylation o f Hsp27 regulates its structural organization and conformation (see 

Fig 5.9). Unphosphorylated Hsp27 exists as large oligmers o f 600-800kDa (see Fig 

1.2) that function as molecular chaperones (Jakob et al., 1993; Rogalla et al., 1999) and 

are capable o f binding to F-actin as actin capping proteins, inhibiting polymerisation 

(Benndorf et al., 1994; Miron et al., 1991; Lavoie et al., 1995). Phosphorylation of 

Hsp27 is believed to induce intramolecular conformational changes and disrupt the 

intermolecular interactions between subunits within the oligomer, resulting in its 

dissociation to monomers and dimers (Lambert et a l ,  1999; Rogalla et a l ,  1999) and 

increased resistance to cell death (Huot et a l ,  1996; reviewed in Landry and Huot,

1999)

The specific role o f phosphorylation o f Hsp27 at Seri 5, that is located within the 

conserved N-terminal hydrophobic m otif is important in the stabilization of 

intermolecular interactions within the large oligomeric structure (Lambert et a l ,  1999). 

Its phosphorylation may therefore be important for de-oligomerization o f Hsp27 to 

dimers (Benndorf et a l ,  1994; Lambert et a l ,  1999). This dissociation may contribute 

to Hsp27’s protective function, since Hsp27 dimers are the likely conformation which 

bind to cytochrome-c to prevent caspase-dependent apoptosis (Bruey et a l ,  2000), as 

well as being the principal species involved in intracellular protein relocalization (see 

Arrigo and Landry, 1994for review ; Rogalla et a l ,  1999). Other activities o f Hsp27 

dimers include reduction o f its inhibitory action on actin polymerisation, allowing 

polymerisation to occur and stabilization o f the actin cytoskeleton in stressed cells 

(Benndorf et a l ,  1994; Lavoie et a l ,  1995; Guay et a l ,  1997; Huot et a l ,  1996). Serl5 

phosphorylation may also be important in mediating amino-terminal interactions of 

Hsp27 with other proteins, such as PKB/Akt (Konishi et a l ,  1997), F-actin or granzyme 

A (Benndorf et a l ,  1994; Beresford et a l ,  1998).

Phosphorylation of Ser82, which is located in a highly variable region in the connecting 

peptide between the a-crystallin domain and the N-terminal domain (de Jong et a l ,  

1988) results in the destabilization o f amino-terminal intramolecular interactions 

(Lambert et a l ,  1999) and the subsequent dissociation o f large oligomic Hsp27
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Phosphorylation of Hsp27 in injured neonatal sensory neurons.
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Figure 5.7

Phosphorylation of Hsp27 on serine 15 in injured neonatal sensory neurons 48hrs after 
sciatic nerve axotomy at birth. Double immunostaining of L4 DRG for Hsp27 (A  and C, red) 
and pHsp27(Serl5) (B  and D, green) from naïve animals (A  and B) and animals 48hrs after sciatic 
axotomy at birth (POAx) (C and D). Sensory neurons are intensely stained for both Hsp27 (C) and 
pHsp27(Serl5)(D) 48hrs after axotomy, with very low level Hsp27 expression and undetectable 
pHsp27(Serl5) immunoreactivity in age-matched naïve controls (A  and C). High magnification of 
the merged image for Hsp27 (C) and pHsp27(Serl5) (D ) immunostaining indicate that not all 
Hsp27 expressing sensory neurons are immunopositive for pHsp27(Serl5) (E). Double 
immunostaining for ATF-3 (F and H, red) and pHsp27(Serl5) (G and I, green) of L4 DRG 48hrs 
after POAx show only a subpopulation of injured ATF-3 immunopositive sensory neurons (H, red) 
are immunopositive for pHsp27(Serl5)(I, green) in the injured animals (J). No immunostaining 
was detected in age-matched naïve controls (F and C). Sections were analyzed from n=2 from 24 
and 48hrs after PO axotomy. Scale bars = 100pm
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supramolecular structures to small dimeric and multimer species (Lambert et al., 1999; 

Rogalla et al., 1999) (See Fig 5.9). The phosphorylation o f Ser82 preserves cytoskeletal 

stability and thus cell viability by eliminating its inhibitory actin polymerization action 

(Landry and Huot, 1999), allowing cytoskeletal reorganization in stressed cells. 

Phosphorylation o f Ser82 may also induce conformational changes resulting in the 

exposure o f Seri 5 phosphorylation, and the N-terminal domain for inteaction with F- 

actin (Lambert et al., 1999). Although we were unable to directly analyse the 

phosphorylation o f Ser82 (which corresponds to Ser8 6  in rat) in injured sensory or 

motor neurons due to the unavailability o f specific antibodies, it is possible based on 

other in vivo studies (Meier et al., 2001) that phosphorylation o f both S e ri5 and Ser82 

may occur after peripheral nerve injury. The role o f phosphorylation on Ser78 is 

largely unknown, but since it is not conserved across species isoforms (for example, 

Hsp25), it may not be important in mediating Hsp27 protective functions.

5.4.3 Activation of Hsp27 phosphorylation

Hsp27 is a substrate for a variety o f kinases (Kato et al., 2001b), including the stress- 

activated p38/SAPK2a mitogen activated kinase (MAPK) and a down-stream substrate, 

MAPKAPK-2 (MAPK-activated protein kinase protein kinase-2) (Guay et al., 1997; 

Rouse et al., 1994). The p38 MAPK signalling cascade regulates Hsp27 

phosphorylation after various types o f stress (Hedges et al., 1999; Landry et al., 1989; 

Huot et al., 1996), with evidence o f S e ri5 and Ser87 phosphorylation by p38 and 

MAPKAPK-2 upon induction o f cell damaging stimuli (Guay et al., 1997; Huot et al., 

1995). There is a coordinated upregulation of p38 and Akt/PKB with Hsp27 in adult 

motor neurons following sciatic nerve axotomy (Murashov et al., 2001), and a direct 

association o f Hsp27 with MAPKAP-K2 and Akt/PKB in these neurons (Murashov et 

al., 2001), indicating p38 and MAPKAPK2 are the probable kinases regulating injury- 

induced Hsp27 phosphorylation in motor neurons.

PKC can actively phosphorylate Hsp27 and confer its survival properties (Kato et al., 

2001b). In non-neuronal cells, both MAPKAPK2 and PKC-mediated phosphorylation 

o f serine residues Seri 5, Ser78 and Ser82 in vitro are believed to confer Hsp27 survival 

properties (Landry et al., 1992; Ahlers et al., 1994; Stokoe et al., 1992; Engel et al., 

1995). The data presented in this Chapter indicates Hsp27 phosphorylation on Seri 5 in
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Negative correlation between pHsp27(Ser15) and active 
caspase-3 in neonatal sensory neurons after PO axotomy.

Figure 5.8

Neonatal sensory neurons expressing active caspase-3 are not immunopositive for 
pHsp27(Serl5) 24hrs after sciatic nerve axotomy performed at birth. A high 
magnification composite image of ipsiiaterai L4 DRG 24hrs after PO axotomy, co- 
immunostained for pHsp27(Serl5) (green) and active caspase-3 (red), combined with 
bisbenzimide (bhw) chromatin staining to identify pyknotic nuclei of apoptotic cells. 
Sensory neurons expressing active caspase-3 have condensed chromatin identified by 
pyknotic nuclei. Cells immunopositive for pHsp27(Serl5) have health nuclei and are not 
immunopositive for active caspase-3. No caspase-3 immunostaining was detected in age- 
matched naïve controls or contralateral L4 DRG. This image is representative of 
immunoreactions from 6-8 sections per animal per group; 24 and 48hrs, («=3). Scale bars 
= 100pm
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a subpopulation of injured sensory neurons in vivo is mediated via both the p38 

signalling pathway and by PKC.

The exact kinase p38 or PKC isoforms mediating this phosphorylation are unknown, as 

is the specific effect o f this phosphorylation on neuronal survival. It is likely that Hsp27 

phosphorylation by the p38 and the MAPK pathway is distinct from PKC mediated 

phosphorylation (reviewed in Maizels et al., 1998), and may occur in different 

populations o f sensory neurons. PKCÔ is the major isoform that phosphorylates Hsp27 

in vitro (Maizels et al., 1998), although PKCs has been shown to phosphorylate Hsp27 

in vitro (Maizels et al., 1998) and is expressed in large-medium sensory neurons in the 

DRG (Khasar et al., 1999 and unpublished data). PK C a has also been shown to 

phosphorylate Hsp27 in vitro (Gaestel et al., 1991) and directly associates with Hsp27 

and RhoA (a ras-related neucleotide binding and hydrolysing protein) in smooth 

muscle (Bitar et al., 2002) indicating that PKC-mediated phosphorylation may directly 

influence Hsp27’s function as an actin binding protein important in stabilizing the 

cytoskeleton (Wang and Bitar, 1998). Hsp27 can also be phosphorylated by cGMP- 

dependent protein kinase (cGK/PKG) at threonine 143 (Thr^"^ )̂ in platelets (Butt et al., 

2001) suggesting that additional, yet unidentified kinases may regulate Hsp27 

phosphorylation at threonine or tyrosine residues, contributing to regulation o f actin 

polymerisation (Butt et al., 2001) and cell survival functions. Adenosine acting though 

adenosine Ai receptor (A%R) induces activation o f p38 and phosphorylation o f Hsp27 

via a tyrosine kinase and PKC (Dana et al., 2000), is correlated with Hsp27-mediated 

protection against myocardial infarction. Epidermal growth factor kinases (EGF 

kinase), another tyrosine kinase is also implicated in Hsp27 phosphorylation (Dana et 

al., 2000; Wong et al., 2000). The identification o f further threonine and tyrosine 

kinases involved Hsp27 phosphorylation and their contribution to Hsp27’s cell survival 

properties needs to be examined in more detail.

5.4.4. Conclusion

Translational and phosphorylation regulation o f Hsp27 are important for its ability to 

confer cellular survival. Phosphorylation o f Hsp27 on Serine 15 in a subpopulation of 

injured sensory neurons may contribute, but is not necessary for H sp27’s 

neuroprotecive role in vivo. Analysis o f single serine mutants will elucidate the serine 

residues responsible.
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Summary of kinases mediating Hsp27 phosphorylation
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Figure 5.9

Schematic illustration of putative kinase enzymes important in phosphorylation of Hsp27.
Phosphorylation of Hsp27 is important in determining Hsp27’s quaternary structure. Unphosphorylated 
Hsp27 exists as large 600-800kDa oligomers that function as actin-capping protein capable of binding 
to the barbed ends of actin and inhibiting actin polymerization and depolymerization. Large Hsp27 
oligomers also function as molecular chaperones, and have been shown to associate with Akt/PKB 
kinase. Phosphorylation of Hsp27 results in subsequent dissociation of oligomeric structures to small 
dimers and monomer species which are the principal species conferring cellular survival. Hsp27 is a 
substrate for a variety of kinases, with Hsp27 phosphorylation predominantly mediated via the p38 
MAPK signalling cascade. Activated (phosphorylated) p38 may directly phosphorylate Hsp27 or 
indirectly via phosphorylation and activation of MAPKAPK-2 (MAPK activating protein kinase-2) 
which specifically phosphorylated Seri 5 and Ser82. Hsp27 may also be directly phosphorylated by 
PKC, and possibly by p38. Hsp27 may be a substrate for Akt/PKB kinase phosphorylation, a direct 
association occurs in cells. Other kinases have may also influence Hsp27 phosphorylation such as lL-1 
acting indirectly via the p38 kinase pathway. References: 1) Stokoe et al, 1992a, 2) Ahlers et al, 1994, 
3) Gaestel M, 1991, Maizels et al., 1998, 4) Saklava et al, 1991, 5) Konishi et al, 1997, 6) Gaestel et al, 
1991, 7) Saklavata et al., 1991 and 8) Butt et al, 2001.
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The work presented in this thesis shows that 1. The expression o f Hsp27 correlates with 

the survival o f adult and neonatal sensory and motor neurons after peripheral nerve 

injury. 2. Overexpression o f Hsp27 by adenovirus gene delivery rescues motor neurons 

from neonatal axotomy-induced apoptosis. 3. One mechanism by means o f which 

Hsp27 mediates its survival promoting function is downstream of cytochrome-c release 

from the mitochondria. 4. The knockdown o f Hsp27 by antisense administration 

induces apoptotic cell death, indicating that the expression o f Hsp27 is essential for the 

survival o f at least sensory neurons in culture and after peripheral nerve injury. 5. A 

non-phosphorylatable mutant o f hHsp27 is unable to promote the survival o f injured 

neonatal motor neurons, and Hsp27 is phosphorylated after nerve injury, suggesting 

that phosphorylation is important in Hsp27’s survival functions.

Collectively, this data leads to the following conclusions; (i) Hsp27 is able to act as an 

intrinsic survival factor, (ii) expression in neonates results in differential susceptibility 

to cell death, and (iii) phosphorylation in addition to translational expression is 

important for its regulation.

6.1 Hsp27 expression and neuronal survival is dependent on developmental age

The relationship between the expression o f Hsp27 and survival of neonatal motor 

neurons after injury at birth indicates that motor neurons not expressing Hsp27 are 

more susceptible to undergo apoptotic cell death. The findings that Hsp27 does not 

reach adult levels o f constitutive expression in sensory and motor neurons until late in 

development (~P19), and that all the neurons upregulate Hsp27 after peripheral nerve 

axotomy and survive, is consistent with the hypothesis that susceptibility to axonal 

injury induced neuronal death is related to the developmental expression o f Hsp27. 

Why only a proportion o f injured neurons in the neonate upregulate Hsp27, whereas all 

adult injured neurons upregulate its expression remains uncertain.

6.2 Regulatory mechanisms of Hsp27

What factors regulate the expression Hsp27 in neurons? The signal transduction 

pathways and upstream factors regulating Hsp27 mRNA and protein levels, its 

transcriptional activators, repressors and modulators o f mRNA stability are currently
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unknown. It is also not known whether the mechanisms regulating the induction of 

Hsp27 in all injured neurons, that only fully manifests by P I9, are the same 

mechanisms that regulate the constitutive expression of Hsp27 in neurons, which 

occurs sometime after P I4. W hat also remains uncertain is whether only induced 

Hsp27 confers neuronal survival or whether constitutively expressed Hsp27 also plays 

a role in maintaining neuronal survival?

Hsp27 is only upregulated in sensory neurons in response to peripheral axonal injury, 

and is not affected by injury to their central axons (dorsal rhizotomy) (Costigan et al, 

1998) or by peripheral inflammation induced by CFA injection into the rat hindpaw 

(Chapter 2 and Costigan et al., 1998). This indicates that interruption o f the connection 

between the cell body and its peripheral target is the main influence regulating the 

expression o f Hsp27. The injury-induced upregulation o f Hsp27 occurs in all adult 

neurons with axons in the peripheral nervous system, which includes motor, primary 

sensory and sympathetic neurons (Lewis et al., 1999; Nomura et al., 2001). Since these 

neurons are heterogeneous in their sensitivity towards growth factors (Kuno, 1990; 

Lowrie and Vrbova, 1992; Sheard et al., 1984) it is most unlikely that the presence or 

absence o f a single growth factor is responsible for Hsp27’s upregulation. It is likely 

that some other signal is responsible, one that is expressed postnatally and which all o f 

these different cell types can respond to. Upregulation o f Hsp27 has been demonstrated 

in models o f ischemic brain damage (W agstaff et al., 1996; Sanz et al., 2001; Valentim 

et al., 2001) and hypothermia (Krueger-Naug et al., 2000) indicating that regulation of 

Hsp27 also occurs in the central nervous system.

One approach to identify the transcription factors that influence the regulation o f Hsp27 

would be to identify the promoter region by in silica cloning combined with 

conventional molecular biology techniques such as PCR or screening a genomic library 

and then perform reporter assays.

6.3 Protective mechanism of Hsp27 in neurons

Hsp27 has been shown to exert a direct, negative influence on apoptotic signalling by 

acting at multiple sites in different apoptotic signalling pathways (Summarised in Fig
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1.4). Two predominant hypotheses have been proposed for Hsp27 protective ability to 

inhibit mitochondrial-dependent apoptosis. One hypothesis suggests Hsp27 acts

downstream of mitochondria, by directly associating with cytochrome-c and

subsequently down-regulating apoptosome formation (Bruey et al., 2000). The

alternative hypothesis proposed by Paul et al., (2002) suggests that Hsp27 acts

indirectly, upstream of the mitochondria, at the level o f actin binding, thus preventing 

filament degradation and stabilizing the actin cytoskeleton during the acute phase o f 

stress. This would act to prevent the subsequent redistribution o f intracellular tBid to 

the mitochondria, inhibiting tBid-mediated mitochondrial release o f cytochrome-c 

(Paul et al., 2002). These two hypotheses may account for Hsp27s ability to prevent the 

intrinsic- and mitochondrial-dependent extrinsic apoptotic pathways, respectively. 

Alternatively, Hsp27 has been shown to inhibit mitochondrial independent apoptotic 

pathway by directly interacting with DAXX (Charette and Landry, 2000; Charette et 

al., 2000). Data presented in Chapter 3 suggests that at least one o f the anti-apoptotic 

actions o f Hsp27 in sensory neurons is downstream of cytochrome-c release from the 

mitochondria.

Hsp27 may prevent neuronal death not only by an anti-apoptotic mechanism, but also 

via a mechanism that promotes the cell survival pathway. Hsp27 has been shown to 

interact with Akt/PKB (Konishi et al., 1997), which inhibits apoptosis and promotes 

cell survival. The fact that Akt/PKB prevents injury-induced motor neuron death in 

neonates after hypoglossal nerve axotomy (Namikawa et al., 2000) and a coordinated 

upregulation of Hsp27, p38 and Akt/PKB occurs in adult motor neurons after sciatic 

nerve axotomy (Murashov et al., 2001) warrants further studies to investigate if Hsp27 

promotes neuronal survival via an Akt/PKB-mediated mechanism.

Hsp27 represents, therefore, a dynamic stress-induced survival molecule that is a 

central player in a complex system o f signalling that integrates survival and death 

signals, and prevents neuronal cell death by anti-apoptotic (intrinsic and extrinsic) and 

other survival pathways (Akt/PKB signalling). Since post-mitotic neuronal cells are 

irreplaceable, multiple mechanisms are vital to prevent their death. The ability o f 

Hsp27 to directly and indirectly inhibit apoptosis at multiple sites suggests that this
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molecule may be fundamental in determining the intricate balance between neuronal 

survival versus neuronal death.

Hsp27 is not the only Hsp to display anti-apoptotic functions. Hsp70 inhibits 

mitochondria-dependent apoptosis by inhibiting o f apoptosome function via Apaf-1 

interaction (Beere et al, 2000, Seleh et al, 2000), whereas Hsp90 mediate cell survival 

via the non-apoptotic pathway, by maintaining Akt/PKB kinase activity (Sato S et al,

2000). Therefore, Hsp27 appears to converge the anti-apoptotic actions o f both Hsp70 

and Hsp90.

6.4 Physiological importance o f the phosphorylation of Hsp27

Phosphorylation is an immediate, transient, and stress-induced mode o f regulation o f 

Hsp27 function, and appears to be a major mechanism conferring its ability to protect 

cells against stress (Guay et al., 1997; Lavoie et al., 1995; Rogalla et al., 1999). 

Phosphorylation represents another level o f regulation, other than transcriptional 

regulation, o f Hsp27 function, and can be mediated by activation o f specific kinases, 

inactivation o f co-enzyme kinase inhibitors, or inactivation o f specific phosphatases. 

The challenge, therefore, is to determine which signal transduction pathways initiate 

these changes, what kinases are responsible for this phosphorylation, on which specific 

residues, and how important is this phosphorylation in mediating Hsp27 survival 

promoting effects in neurons?

The mechanism by which Hsp27 promotes cell survival is likely to be dependent on 

Hsp27’s phosphorylation state (Lavoie et al., 1995 and Chapter 5). The triple non- 

phosphorylatable mutant o f Hsp27 did not protect neonatal motor neurons from 

axotomy-induced death. However, the change o f three serine residues to alanine 

residues within a small area on the N-terminus may cause a significant conformational 

change in secondary structure, and thus may possibly indirectly affect Hsp27’s 

function(s). As a consequence, it is currently uncertain if the failure o f this mutant to 

protect neurons from death is directly attributable to its inability to be phosphorylated. 

Future studies to investigate the effect o f single serine mutants, which are unlikely to
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induce significant conformational alterations, will help determine if  phosphorylation is 

critical for the neuroprotective function o f Hsp27 and elucidate the key residues 

responsible for this function.

6.5 Does Hsp27 act synergistically with other factors to promote neuronal 

survival?

Using gene delivery techniques, overexpression o f Hsp27 was shown to rescue injured 

neonatal motor neurons from apoptosis, indicating that Hsp27 is capable o f promoting 

neuronal survival in vivo. Knockdown of Hsp27 by anti sense induced sensory neuronal 

death by apoptosis, suggesting that Hsp27 expression is essential for survival. It is not 

currently known, however, if  Hsp27 can prevent neuronal death alone, independent o f 

other factors, or if  it requires the presence of auxiliary co-factors or survival proteins 

for its neuroprotective functions. An example o f one o f such a co-factor is the anti- 

apoptotic Bcl-2 protein, since Hsp27 has also been shown to act synergistically with 

Bcl-2 to augment the protection o f cells from programmed cell death (Paul and Arrigo, 

2000; Guenal et al., 1997). One approach to determine if Hsp27 can promote neuronal 

survival in the absence o f Bcl-2 would be to assess the ability of overexpressed Hsp27 

to protect adult and neonatal neurons from axotomy induced death in Bcl-2 deficient 

mice.

Hsp27’s function may also be mediated or dependent on neurotrophic factors, since 

parallels can be drawn between the neuronal survival and growth factor mediated 

expression o f Hsp27. Two neurotrophic factors PDGF (platelet derived neurotrophic 

factor) and FGF (fibroblast growth factor) have been shown to phosphorylate Hsp27 

and mediate cell survival in non-neuronal cells in vitro (Saklatvala et al., 1991), and are 

also capable o f protecting neonatal injured motor neurons from neuronal death 

(reviewed in Oppenheim, 1996; Kuzis et al., 1999). It is therefore interesting to 

speculate whether Hsp27’s neuroprotective function is regulated by PDGF and FGF or 

other growth factors, in a similar the way that GDNF regulates the neuroprotective 

function o f the intrinsic LAP survival factor (Perrelet et al., 2002).
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6.6 Relevance of Hsp27 in preventing pathological neuronal death

Overexpressed Hsp27 is capable o f rescuing axotomized neonatal motor neurons from 

apopotic cell death (Chapter 3). Apoptosis occurs in many neuordegenerative diseases 

and it will be interesting to establish if Hsp27 is capable o f protecting adult neurons 

from death in neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) 

and spinal muscular atrophy (SMA) (reviewed in Honig and Rosenberg, 2000; and 

Sastry and Rao, 2000).

In the paralysé  mouse (where the pmn  gene is mutated), a murine model o f spinal 

muscular atrophy (SMA) o f early onset, (a human inherited disease o f progressive 

motor neuron degeneration), the expression o f Hsp25 (the mouse homologue o f Hsp27) 

is decreased in motor neurons compared with control mice (Fieri et al., 2001) and that 

this down-regulation parallels lumbar motor neuron loss (Houenou et al., 1996a). This 

suggests that loss o f Hsp27 may contribute to degenerative cell death in motor neuron 

diseases. What needs to be established is whether Hsp27 introduced by viral vectors 

can prevent the progression o f this motor neuron degeneration. Interestingly, 

overexpression of bcl-2 in pmn mice did not delay the onset o f the disease or prolong 

the survival o f paralysé  mice, although it did inhibit motor neuron degeneration and 

motor neuron cell death (Sagot et al., 1995a), similar to the effects o f the neurotrophic 

factors GDNF and CNTF (Sagot et al., 1995b; Sagot et al., 1996).

A subtype o f autosomal dominant familial ALS is due to mutations within the essential 

cytosolic antioxidant Cu/Zn superoxide dismutase (SO D l) gene (Rosen et al., 1993), 

which regulates intracellular oxidative stress and the accumulation o f harmful reactive 

oxygen species (ROS). Overexpression o f mutated SOD-1 (G93A) results in classical 

postnatal degeneration o f motor neurons (Gurney et al., 1994), which can be delayed in 

Bcl-2 overexpressing mice (Kostic et al., 1997), suggesting anti-apoptotic proteins can 

delay the pathogenesis o f this disease. The fact that Hsp27 protects cells from the 

harmful effects o f ROS (Mehlen et al., 1997a), and protect neonatal motor neurons 

from injury-induced apoptosis (Chapter 3), suggests that Hsp27 may also potentially 

prevent motor neuron degeneration in SOD-1 (G93A) transgenic mice. Furthermore, 

Hsp27 chaperone activity may also promote the refolding and solubilization o f protein
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aggregates occurring as a consequence o f SOD-1 (G93A) mutant proteins. Glutamate 

excitotoxicity is also considered a pathomechanism o f ALS (reviewed in Choi, 1992) 

and neuronal death after ischemic injury (Choi and Rothman, 1990). Hsp27 has been 

shown to protect neurons from excitotoxic death induced by ischemic and hypothemic 

injury (Bechtold and Brown, 2000).

Overexpression and abnormal modification o f a-crystallin and Hsp27 is associated 

with Alexander’s disease (Head et al., 1993) and Huntingtion’s disease (Renkawek et 

al., 1999). a-crystallin is also found to be phosphorylated on Ser59 (equivalent to 

Serine82 on Hsp27) in brains with Alexander’s disease or Alzheimer’s disease (Kato et 

al., 2001a) which may be a cause or consequence o f the pathogenesis o f the disease. 

Future studies to investigate the consequence o f dysregulation of Hsp27 

phosphorylation in this and other neurodegenerative diseases will be o f value to 

elucidate the functional consequences o f Hsp27 phosphorylation or dephosphorylation.

6.7 Conclusion

Hsp27 protects non-neuronal cells from a variety o f insults and inhibits apoptosis via 

multiple mechanisms. I have now shown that it is also a neuroprotective factor for 

sensory and motor neurons. This validates the importance o f further investigations to 

elucidate Hsp27’s exact neuroprotective mechanism, what is responsible for its 

upregulation as well as determining if Hsp27 is capable of preventing apoptosis- 

mediated degeneration o f neurons in neurological disorders.
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