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Abstract

The process of programmed cell death or apoptosis plays a critical role in the 
development of the nervous system and ensures that the correct number of neurons are 
finally present (Wyllie et a l, 1980). Post-mitotic neurons undergo programmed cell 
death, the extent of which is determined by the availability of trophic factors derived from 
the target field (Oppehneim 1991). However, early in development extensive cell death is 
observed when proliferating neuroblasts cease dividing and differentiate into mature 
non-dividing neurons and during adulthood when neuronal cell death occurs abnormally 
as a result of excitotoxicity, anoxia and ischemia (Robert-Lewis et a L, 1993).

The neuronal cell line, ND7 (Wood et al., 1991), was used as a model system to 
analyze the processes involved in neuronal development. ND7 cells can be maintained in 
continuously growing culture in the presence of serum. When transferred to serum-free 
medium, the ND7 cells are induced to cease dividing and undergo morphological 
differentiation, acquiring numerous dendritic processes typical of differentiated neurons 
(Wheatley et al., 1991). Following transfer to serum-free medium a number of cells die 
rather than differentiate. Biochemical and morphological analysis confirmed that ND7 
cells were dying by apoptosis when serum-starved (Wyllie et al., 1980). However, not 
all cells died when transferred to serum-free medium, suggesting that cells had the choice 
to either die or differentiate. Indeed, apoptosis can be regulated in ND7 cells. Addition 
of RA to differentiating cells enhanced cell death whereas addition of cAMP promoted 
both survival and differentiation. Furthermore, apoptosis was dependent on de novo 
protein synthesis and was inhibited by aurintricarboxylic acid which is known to inhibit 
the nuclease activity responsible for the DNA degradation characteristic of this mode of 
cell death.

The heat shock response and the heat shock proteins (hsps) have been implicated in 
the protection of cells against a variety of stresses (Lindquist 1986; Lindquist and Craig
1988). Indeed, heat shock conferred ND7 cells protection against apoptosis. An 
increase in the level of hsp synthesis was paralleled by an increase in cell survival. 
Furthermore, heat shock protected neonatal rat primary dorsal root ganglia neurons from 
NGF deprivation, establishing the ND7 cell line as a suitable model to study the effects of 
heat shock on apoptosis in sensory neurons.

To determine the role played by individual heat shock proteins in the protection 
against apoptosis, the two major inducible hsps, hsp90 and hsp70, were over expressed 
in ND7 cells. Cell lines over expressing either hsp 90 or hsp 70 showed no significant 
difference in survival following transfer to serum-free medium indicating that these hsp 
alone do not mediate the protective effect of heat stress. However, cell lines over 
expressing hsp 90 and hsp 70 were significantly more resistant to heat than the parental 
ND7 cells, showing for the first time that over expression of hsp 70 and hsp 90 can 
confer thermotolerance to neuronal cells.
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1.1. Programmed Cell Death

1.1.1. Necrosis, programmed cell death and apoptosis

Programmed cell death is a ubiquitous cellular developmental fate, alternative to 

differentiation or cell division. Pathological necrosis occurs accidentally, following 

gross environmental changes in response to noxious agents, viral infection, anoxia, 

ischemia and disease resulting in tissue damage and inflammation. As opposed to 

necrosis, programmed cell death occurs under physiological conditions but can also 

be triggered by stimuli causing pathological necrosis and is essential during 

development of an organism, in morphogenesis and organ homeostasis (Wyllie et 

al., 1980; Alison and Sarraf 1992; Vaux 1993).

The term programmed refers not only to the fact that cell death occurs at 

spatially and temporally precise stages of development but also that it occurs in 

individual cells as a sequence of defined morphological changes (Kerr 1969; Kerr 

1971; Kerr and Searle 1972). These morphological changes are presently known 

as apoptosis (Kerr et al., 1972) but were in the past given different names such as 

necrobiosis (Walter and Israel 1974), cellular degeneration (Glucksman 1951), 

shrinkage necrosis (Kerr 1969; Kerr 1971; Kerr 1972; Kerr and Searle 1972a) and 

necrosis (Hammar and Mottet 1971; Saunders 1966) as a result of not being 

recognised as a sequence of events representing a unique process. The recognition 

of apoptosis as a unique process was further hindered by its inconspicuous nature 

(Kerr 1969; Kerr 1971) and by sharing common features with necrosis (Wyllie et 

al., 1980).

1.1.2. Morphological features of apoptosis

The importance of apoptosis can only be appreciated when compared to 

necrosis. When cells have been exposed to noxious agents, lack of oxygen 

(anoxia), nutrients (ischemia) or injury they may still recover. However, if the 

injury is too severe and cells loose control of their osmotic balance they will 

undergo necrotic degeneration (Laiho and Trump 1975).
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Morphologically, early signs of necrosis are a loosely textured chromatin that 

may be moderately clumped; the appearance in mitochondria of small, electron 

microscope-lucent, clearly defined opaque granules (Kerr 1969); dispersed 

ribosomes and dilation of the endoplasmic reticulum with numerous vesicles. As a 

result of inner membrane changes associated with loss of ATP synthesis (Laiho 

and Trump 1975), mitochondria swell, affecting energy production leading to loss 

of osmotic control as the ion pumps malfunction allowing the flow of ions in and 

out of the cell down their concentration gradients. The ribosomes and lysosomes 

disrupt and the nucleus swells but retains its shape before organelle, plasma and 

nuclear membranes rupture giving cells the characteristic 'ghost' appearance. 

Chromatin may appear uniformly compacted across the nucleus (pyknosis) just 

before dispersing and disappearing in discrete masses (karyorrhexis) (Wyllie et al., 

1980). Once the plasma membrane has been disrupted cellular contents are spilled 

into the intracellular space eliciting an inflammatory response.

The morphological features of apoptosis have been described for various 

systems (Kerr 1971; Crawford er fl/., 1972; Kerr era/., 1974; Searle era/., 1975; 

Wyllie et al., 1980) but they have not always been recognised as part of the same 

phenomenon. The morphological sequence of events in an apoptosing cell is 

usually as follows. The chromatin condenses around the periphery of the nuclear 

membrane which remains intact but starts convoluting; nuclear pores are visible and 

undamaged in areas of the nuclear membrane where the chromatin has not 

condensed. The nucleolus enlarges and scattered granules appear in the nucleus 

preceding its fragmentation (Wyllie et al., 1980). The cytoplasm condenses, the 

cell volume reducing by up to 30% (Ohyama et al., 1981), any microvilli or cell 

projections, if present, are retracted. There is crowding of the organelles but they 

remain intact and functional whilst the endoplasmic reticulum fuses with the plasma 

membrane contributing, together with the concomitant reduction in cellular volume, 

to an increase in the surface area to volume ratio that results in extensive plasma 

membrane convolution or 'blebbing'.
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Blebbing or 'boiling' of the cytoplasmic membrane is associated with disruption of 

the cytoskeleton and is a common feature of apoptosis and cell injury caused by 

toxic agents (Nicotera et al., 1992). Dying cells have usually detached and 

separated from their neighbours at this stage. With reference to apoptosis it has 

been cited under a variety of different names (Wyllie et a i, 1980). Zeiosis was 

used to describe the appearance of the surface of cultured neurons (Costero and 

Pomerat 1951) and the death induced by cell-mediated immune attack (Sanderson 

1977) but the term has been associated with reversible phenomena (Cooper et at., 

1975) and was therefore clearly not suitable to describe a sequence in the pathway 

of programmed cell death. The term popcorn cytolysis (Wyllie et al., 1980) was 

used to depict cell death produced by sensitized T cells.

When the nuclear membrane fragments, the chromatin may be either in 

pyknosis or in crescent shape bound by single or double membrane. During the 

last stages of apoptosis the chromatin structure and texture can resemble that of 

chromatin in the early stages of necrosis. This has gained it the term of secondary 

necrosis and has also added to the confusion between the two processes. Surface 

blebs start budding off the main cell body forming what are known as apoptotic 

bodies. Apoptotic bodies are highly refractile, vary in number, size and 

components and can be readily identified under the light microscope. .However, 

small apoptotic bodies could easily be missed by light microscopists and this 

together with the scattered single cell incidence of apoptosis contributed to its late 

recognition as a distinct process. Although the components of apoptotic bodies 

vary they usually contain nuclear and cytoplasmic components which enables their 

distinction from autophagic vacuoles (Wyllie et al., 1980). The condensed 

cytoplasm within the apoptotic bodies reflects their ability to exclude water. The 

intact mitochondria supply the energy for this process as indicated by their ability to 

take up Ca^+ and carry out respiratory functions (Kerr 1970).
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As with membrane blebbing, apoptotic bodies have been given a variety of other 

names, these include the acidophilic. Councilman bodies observed in the liver (Kerr 

1971, 1972), tingle bodies in the lymphoid germinal centers (Searle et al., 1975), 

karyolitic bodies in the gut crypts (Kerr and Searle, 1980), sarcolytes in striated 

muscle fibre in the regressing tadpole tail (Weber 1969) and Civatte bodies, 

sunburn cells and satellite dyskerdosis in the skin (Wyllie et al., 1980). All these 

terms are now redundant.

Apoptotic bodies are as a norm engulfed by neighbouring cells or released into 

the adjacent lumen (for example in glandular epithelium), sometimes being 

phagocytosed by macrophages but without the accompanying inflammation 

associated with necrosis (Wyllie et al., 1980). Once within the ingesting cell, 

phagosomes containing apoptotic bodies fuse with the lysosomes of engulfing cells 

and rapid degeneration ensues. Lysosome production increases in viable cells in 

tissues undergoing extensive apoptosis (Kerr and Searle, 1972a). It has been 

suggested that lysosomes within the dying cells may be involved in their demise, 

but lysosomes, like other organelles, remain intact in apoptosing cells (Searle et al., 

1975). Apoptotic bodies that escape ingestion by neighbouring cells or that in 

culture conditions float off into the medium, undergo secondary necrosis 

resembling necrosing cells going through pyknosis and karyorrhexis. Under the 

light microscope it is possible to distinguish degenerating apoptotic bodies from 

necrotic cells and autophagic vacuoles by their smaller size, their spherical or ovoid 

shape, the presence of membrane-bound fragments containing nuclear remnants and 

by a clear halo that surrounds them (Wyllie et al., 1980).

1.1.3. Biochemical markers for apoptosis

Environmental traumas cause cellular injury and necrosis mainly by interfering 

with the cells ability to produce energy. A decrease in ATP production impairs the 

activity of the membrane ion-pumps, which as a result of malfunctioning, are 

unable to keep the osmotic gradient across the membrane by stopping the inward 

flow of Ca^+ and Na^+ ions and the outward flow of K+ ions down their 

concentration gradients.
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This results in a water influx that leads to 'cell ballooning' concomitant with 

cessation of macromolecular synthesis, a decrease in intracellular pH as a 

consequence of anaerobic glycolisis, followed by the rupture of organelle and 

plasma membranes (Alison and Sarraf 1992). There is a lack of universal 

biochemical markers for apoptosis. However, there are several criteria that are met, 

at least in part, by all apoptosing cells and tissues studied. DNA fragmentation in 

apoptosing cells and the delay of apoptosis by macromolecular synthesis inhibition 

have become biochemical hallmarks for apoptosis (Wyllie 1980; Schwartz et al., 

1990; Oppenheim et al., 1990; Martin et al., 1992). Studies of apoptosis in 

immature thymocytes have implicated elevated free cytosolic Ca^+ in the pathway 

leading to DNA fragmentation and thus, as a trigger for death.

I). The role of calcium in programmed cell death

The importance of Ca^+ in the regulation of physiological processes is well 

established. Recently, it has become apparent that a breakdown in Ca^+ 

homeostasis also underlies the development of certain pathological and cytotoxic 

events (for review see Nicotera et al., 1992). High free intracellular Ca^+ levels can 

mediate cell death by disrupting the cytoskeleton and activating Ca^+- stimulated 

enzymes in an uncontrolled manner (Orrenius et al., 1989). Depletion of 

intracellular Ca^+ will result in the death of chick embryonic nodose neurons before 

they become dependent on neurotrophic factors (Larmet et al., 1992) and free 

cytosolic Ca^+ levels will determine the dependence of sympathetic neurons on 

neurotrophic factors (Koike et al., 1989).

However, toxic cell killing may occur by Ca^+ independent mechanisms 

(Nickas et al., 1992; Cohen and Duke 1984; Ucker 1991) and elevated per se 

need not result in cell death (Orrenius et al., 1989; McConkey et al., 1989b). 

Thus, elevated Ca^+ cannot be used on its own as a marker for apoptosis as 

variations in free cytosolic Ca^+ concentrations can mediate many cellular responses 

(Nicotera et al., 1992).
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ii). Calcium-stimulated catabolic enzymes

A hallmark of apoptosis is the appearance of a chromatin 'ladder' when DNA 

from apoptosing cells is fractionated on agarose gels. This chromatin ladder 

consists of oligonucleosome-sized fragments that result from the specific cleavage 

of linker DNA between nucleosomes by an as yet unidentified endonuclease (Wyllie 

1980). The size of these fragments corresponds to approximately 180 bp (the 

length of DNA wrapped around a nucleosome) and multiples thereof. The same 

ladder pattern is observed when high molecular weight cellular DNA is digested 

with micrococcal endonuclease (Wyllie 1980) which confirmed the predicted 

structure of the nucleosome, namely DNA wrapped around a core of histone 

proteins in a 'beads on a string' like structure (Alison and Sarraf 1992). Studies 

using glucocorticoid-treated immature thymocytes as a model for apoptosis have 

shown that this genomic digestion is mediated by an endogenous, nuclear 

endonuclease activated by Ca^+ and Mg^+, and indirectly by glucocorticoids 

(Wyllie 1980; Alnemeri and Litwack 1989) as first suggested (Cohen and Duke 

1984). These steroid hormones do not serve as a stimulus for apoptosis in other 

systems, for example, long term exposure of rat hippocampal neurons to 

glucocorticoids endanger their survival and may result in necrosis (Masters et al.,

1989).

Glucocorticoid treatment induces Ca^+ uptake, but high levels of cytosolic Ca^+ 

are unlikely to be solely responsible for cell death (Alnemeri and Litwack 1989). 

Furthermore, the glucocorticoids may act by inducing de novo synthesis of novel 

proteins that mediate a disruption of Ca^+ homeostasis leading to endonuclease 

activation and DNA degradation (Cohen and Duke 1984; Morris et al., 1984). It is 

still unclear whether the endonuclease needs to be synthesised de novo due to a 

rapid turnover or whether it is expressed constitutively and only requires activation.

Evidence supporting the role of a calcium-dependent endonuclease in apoptosis 

is four-fold. Firstly, when the level of free intracellular Ca^+ is raised in fresh 

thymocytes by treatment with Ca^+ ionophores in the absence of androgen, 

apoptosis is rapidly triggered (Morris et al., 1984).
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Secondly, when Ca^+ blocking agents are used in the presence of glucocorticoids, 

apoptosis is blocked (McConkey et al., 1989a,b). Thirdly, both endonuclease 

inhibitors, zinc and aurintricarboxilic acid (ATA), block thymocyte apoptosis in the 

presence of glucocorticoids (Cohen and Duke 1984; Wyllie et al., 1984). ATA not 

only affects endonuclease activity but may inhibit DNA degradation by acting 

upstream of the apoptotic pathway by a plethora of non-specific effects including 

disruption of DNA-protein interactions and RNA, DNA and protein synthesis 

(Zeevalk et al., 1993). Fourthly, thymocytes incubated in the presence of 

micrococcal endonuclease exhibits the same pattern of DNA fragmentation as when 

treated with glucocorticoids (Wyllie 1980).

Ca^+ activated endonuclease activity resulting in DNA fragmentation can be 

triggered by different stimuli in a variety of systems. For example, neurons 

treated with high glutamate concentrations (Kure et al., 1991) and macrophages 

treated with the fungal toxin, gliotoxin, (Warning 1990); neurotrophic 

factor-deprived PCI2 cells and sympathetic neurons (Batistatou and Greene 1991; 

Batistatou and Greene 1993), bacterial-infected intestinal cells (Zychlinsky et al., 

1992), Baculovirus infection of insect cells (Crook et al., 1993) and HIV-1 

infection of T cells (Meyaard et a i, 1992) all result in DNA digestion and death by 

apoptosis. In addition, differentiation can trigger apoptosis and DNA fragmentation 

as in lens fiber cells (Appelby and Nodak 1977) and HL-60 cells (Martin et al., 

1990b). Not all cells possess Ca^+ and Mg^+-dependent endonucleases but still 

exhibit specific cleavage of their DNA (Cohen and Duke 1984). Other 

Ca^+-dependent enzymes, transglutaminases, have been implicated in apoptosis 

(Fesus and Thomazy 1987).

Transglutaminases exist in two major forms, a Ca^+ - independent cytosolic or 

soluble form and a Ca^+-dependent particulate form. Soluble or 'tissue' 

transglutaminase (tTG) activity is present in a variety of cell types whereas 

particulate transglutaminase activity appears to be restricted to terminally 

differentiated cells (eg. differentiated kératinocytes), in association with the plasma 

membrane (Rubin and Rice 1986).
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Transglutaminases are involved in protein post-translational modifications, 

catalysing covalent crosslinks between glutaminyl and lysyl residues of proteins 

(Melino et a i, 1988; Denning and Verma 1991).

These covalent crosslinks form protein nets that are detergent resistant and 

confer apoptotic bodies of dying cells resistance to physicochemical agents (Fesus 

et al., 1989). Retinoic acid (RA) has been postulated to induce tTG activity and 

mRNA expression in promyelocytic HL-60 cells, mouse macrophages (Chiccoca et 

al., 1989) and rat tracheal cells. This RA action was mediated via the retinoic acid a 

and p nuclear receptors (Denning and Verma 1991). In the human neuroblastoma 

cell line Sk-N-BE-2 an increase in tTG activity correlated with a higher apoptotic 

rate following induction of differentiation and growth arrest (Piacentini et al., 

1991).

In the mouse neuroblastoma cell line N18 an increase in tTG activity correlates 

with both low levels of polyamines, which can be used as substrates, and with 

differentiation and the appearance of neurite outgrowth, implicating tTG in the 

stabilisation and crosslinking of the cytoskeleton (Maccioni and Seeds 1986). The 

measurement of transglutaminase activity as a marker for apoptosis is only 

applicable in a few model systems, however,

iii). M acrom olecular synthesis

One of the most important differences between apoptosis and necrosis is the 

active participation of the dying cell in its own demise. The notion that cells commit 

suicide by activating a genetic death program is best illustrated by studies of 

glucocorticoid-induced apoptosis which showed that apoptosis of these cells could 

be prevented by inhibition of macromolecular synthesis using drugs that interfere 

specifically with RNA and protein synthesis (Morris et al., 1984).

Ca^+ ionophore-induced apoptosis and activation of the endonuclease was also 

blocked by macromolecular synthesis inhibition concomitantly with a decrease in 

nuclease activity (McConkey et al., 1990b; Umansky et al., 1981).
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There are many reports in the literature describing inhibition or delay of apoptosis 

following incubation with RNA and protein synthesis inhibitors in a wide range of 

cells and tissues (Duke and Cohen 1984; Morris et al., 1984; Wadewitz and 

Lockshin 1988; Butty an et a l, 1989; Martin et al., 1988; Schwartz et al., 1990; 

Oppenheim er fl/., 1990; Ishida etal., 1992).

It is concluded from these reports that macromolecular synthesis inhibition 

protects cells from death by blocking the expression of death genes or proteins. 

However, a growing number of cases exist in which macromolecular synthesis not 

only does not interfere with the onset of death but may actually induce it (Martin et 

al, 1990b; Rukenstein e ta l,  1991).

Cytotoxic T lymphocyte-mediated killing (Cohen et al., 1992), TNF-induced 

cell death (Cohen et a i, 1992), bacterial infection (Zychlinsky et al., 1992) and 

fungal gliotoxin (Waring 1990) are all examples of RNA and protein 

synthesis-independent programmed cell deaths. Moreover, the RNA synthesis 

inhibitor actinomycin D has been used to trigger cell death in rat hepatocytes and 

baculovirus-infectedcells (Searle etal., 1977; Crook etal., 1993).

In conclusion, programmed cell death or apoptosis is triggered by different 

stimuli which converge in a final sequence of events involving an endonuclease 

activity that triggers DNA fragmentation. However, DNA fragmentation is unlikely 

to solely account for the kinetics and morphological sequence of events that define 

apoptosis. With reference to the existence of death gene-encoded proteins there are 

two possible scenarios. In systems in which macromolecular synthesis inhibition 

blocks death, survival signals keep death factors in check. If these signals are 

removed the cell will activate the death program by transcribing death genes and 

synthesizing death proteins. Alternatively, in systems in which macromolecular 

synthesis inhibition results in rapid cell death, signals that promote survival by 

suppressing death factors are depleted, thus allowing the activation of the death 

program. A compromise between the seemingly opposing scenarios would involve 

either the rapid turnover of death factors in macromolecular synthesis dependent 

systems and the short half-life of 'survival' factors in systems in which activation 

of death is independent of macromolecular synthesis.
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iv). Genes involved in programmed cell death

Characterisation of genes whose expression is regulated during apoptosis will 

not only provide insights into the molecular mechanism of cell death but could also 

provide biochemical markers for cell death.

Several putative marker genes of apoptosis have been identified. During 

metamorphosis in the tobacco hornworm Manduca sexta, two instances of 

intersegmental muscle (ISM) degeneration result in the same pattern of novel 

protein synthesis. The functions of these proteins are still unclear but ISM 

involution is delayed in the presence of protein synthesis inhibition (Wadewitz and 

Lockshin 1988).

The testosterone-repressed prostate message-2 gene (TRMP-2) was isolated 

from the regressing rat prostate gland (Buyttan et al., 1989). Expression of this 

gene increases dramatically during rat prostate regression, renal atrophy and digital 

necrosis (Buttyan et a i, 1989) but does not always correlate with apoptosis. No 

increase in TRMP-2 expression was detected in either neurons undergoing 

apoptosis (Martin et a i, 1992) or HSV-1 infected cells showing cytopathic effects 

(CPE) (Johnson et al., 1992). HSV-1-induced CPE, however, exhibit 

characteristics of both programmed cell death and necrosis. TRMP-2 shows 

significant sequence homology to sulfated glycoprotein-2 (SGP-2) or clusterin, a 

highly glycosylated testis specific protein. TRMP-2 and SGP-2 appear to be 

encoded by non-allelic genes which could yield similar but functionally unrelated 

products as SGP-2 appears to have no connection to cell death. TRMP-2 is 

speculated to be involved in attracting lymphocytes to apoptosing tissues to clear 

dead cells (Buttyan et al., 1989).

The PD-1 gene was isolated from an interleukin-3 (IL-3)-dependent cell line, 

LyD9, that undergoes apoptosis when deprived of IL-3 (Ishida et al., 1992). The 

PD-1 protein shares homology with the consensus sequence found in cytoplasmic 

region of signal transducing proteins associated with the immune recognition 

receptors. Expression levels of PD-1 mRNA increase in the murine haematopoietic 

progenitor LyD9 cell line, a murine T-cell hybridoma and the thymus in response to 

different death stimuh.
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The causal effect of this protein in apoptosis and the possible function of PD-1 are 

still unknown (Ishida et a l, 1991).

1.2. Incidence of Program m ed Cell Death

1.2.1. Systems affected by programmed cell death

The importance of apoptosis and programmed cell death is reflected by its 

ubiquitous incidence. It affects a wide range of cell types and organs at different 

stages of development, playing an essential role during metamoiphosis (Schwartz et 

a l, 1990; Schwartz and Truman 1982), organ atrophy and morphogenesis during 

embryonic development (Saunders 1966; Glucksmann 1951). It has also been 

implicated in viral infection (Crook et al., 1993; Meyaard et a l,  1992), tumour 

regression (Trauth et al., 1989; Searle and Lawson 1975) and neurodegenerative 

diseases (Horvitz and Chalfie 1991). Apoptosis not only occurs naturally and 

spontaneously (Ellis et al., 1991; Glucksmann 1951; Saunders 1966) but can be 

induced experimentally in response to physiological and pathological stimuli 

(McConkey and Orrenius 1991; Zheng et al., 1991). Immature thymocytes can 

undergo apoptosis via stimulation of their T-cell receptor complex (McConkey and 

Orrenius 1991), irradiation (Nelipovich et al., 1988) prostaglandins (McConkey et 

al., 1990), treatment with adenosine (Kizaki et al., 1988) and ATP (Zheng et al.,

1991) or when exposed to glucocorticoids (Wyllie 1980), Ca^+ ionophores (Cohen 

and Duke 1984) and dioxin (McConkey et al., 1988).

Other cells in the immune system can also undergo apoptosis in response to 

differentiation stimuli (Martin etal., 1990b), activation (Duke 1991, Nickas etal.,

1992) and growth factor deprivation (Askew et al., 1991). The development of 

the vertebrate nervous system has also served as a good model for the study of 

programmed cell death because up to 80% of some neuronal populations die before 

reaching their targets (Oppenheim 1991) and both the inappropriate inhibition or 

induction of cell death at critical stages can result in disease (Oppenheim 1991).
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Recently, intense research using the nQmatodQCaenorhabditis Elegans and the 

vertebrate immune system as models has provided much information that may allow 

the identification of a number of conserved mechanisms involved in programmed 

cell death.

1.2.2. Programmed cell death during development

i). Invertebrate development

Cell death occurs naturally and predictably during development (Horvitz and 

Chalfie 1991). Programmed cell death in invertebrates is essential for the 

elimination of vestiges and larval organs during metamorphosis. In the homworm 

Manduca sexta, the intersegmental muscle degeneration is triggered by a decrease 

in ecdysteroid titre following ecdysis of the moth (Wadewitz and Lockshin 1988). 

The motor and inter neurones that control these muscles undergo programmed cell 

death when no longer needed in response to a decline in the hormone 

20-hydroxy ecdy sone titre (Truman and Schwartz 1984). Intersegmental muscle 

(ISM) degenerates in two phases: during the first few days after pupation when the 

anterior and posterior most muscles involute and immediately after ecdysis when 

the rest of the muscles degenerate. In both instances muscle involution is 

dependent upon gene expression (Schwartz et al., 1990) and novel protein 

synthesis (Wadewitz and Lockshin 1988). Moreover, the novel proteins 

synthesised are the same at both stages of muscle regression (Wadewitz and 

Lockshin 1988). Four cDNA clones were isolated from regressing ISM and one 

was found to encode the heat shock protein polyubiquitin (see 1.3.).

The relevance of an increase in polyubiquitin expression during ISM involution 

could be be related to its function of targeting proteins for degradation by 

non-lysosomal proteinases (Hershko 1988). Interestingly, polyubiquitin is a 

component of cytoplasmic inclusions in Alzheimer's disease and other 

neurodegenerative disorders (Mori et a i, 1987). The role of the other mRNAs that 

were upregulated and of those mRNAs that appeared to be downregulated during 

muscle regression in Manduca sexta is still unknown (Schwartz et al., 1990).
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In the giant silkworm Antheraea polyphemus ISM is regulated by two hormones: 

the peptide eclosion hormone and the steroid 20-hydroxyecdysone (Schwartz and 

Truman 1982). A dechne in ecdysteroids at the onset of adulthood is a prerequisite 

for muscle atrophy. Only then does the release of eclosion peptide hormone 

triggers ISM degeneration.

In a similar case of steroid-dependent muscle maintenance, the ani muscle in 

rats requires testosterone for normal function (Ellis et al., 1991). In the fly 

Drosophila melanogaster programmed cell death of muscles and neurons seems to 

have evolved independently and occurs following eclosion and wing spreading 

behaviour, respectively (Kimura and Truman 1990). Although the release of an 

eclosion signal from the head suggests the involvement of eclosion hormone as is 

the case for M. sexta (Schwartz and Truman 1982; Fahrbach and Truman 1987) the 

evidence remains circumstantial. Ecdysis behaviour, however, is only able to delay 

muscle breakdown as commitment to muscle degeneration occurs prior to ecdysis, 

whereas fly confinement suppressed not only wing-spreading behaviour but also 

the signal that induces neuronal death (Kimura and Truman 1990). Lysosome 

production increases four to six fold during muscle atrophy in A. polyphemus 

(Lockshin and Beaulaton 1974) and is blocked by inhibitors of RNA and protein 

synthesis that also preserve the muscle. However, when muscle preservation is 

achieved by control through the nervous system, the number of lysosomes present 

is the same as during the early stages of degradation (Lockshin and Beaulaton 

1974a). Lysosomes play a role in the lytic process in muscle involution, but 

contractile proteins are not digested within them and they do not mediate the onset 

of apoptosis (Wyllie et a l, 1980).

The genetics and development of the nematode C. Elegans has been extensively 

characterised (Ellis et a l, 1991). This organism consists of 1090 somatic cells of 

which 131 cells undergo programmed cell death. The position of each cell is 

predetermined and has been mapped (Sulston 1976), and it is always the same cells 

that die, 80% being of neuronal origin (Horvitz and Chalfie 1991). In total, 23% of 

neuronal cells die during C. Elegans development
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Mutants have been isolated which have defective genes that affect the determination 

of which cells will die (cell specification: ces-l, ces-2 or egg-laying defective: 

egl-1), genes that are involved in triggering and suppressing the death program (cell 

death abnormal: ced-3, ced-4 and ced-9), in the engulfment of dead cells 

{ced-1,2,5,6J,8 & 10) and the degradation of pycnotic DNA once within the 

engulfing cell (nuclease-1) (Ellis etal., 1991a).

The egl-I mutation causes the ectopic expression of the complete cell death 

pathway in HSN (hermaphrodite specific neurons) neurons which innervate the 

vulval muscles and are necessary for egg laying (Ellis and Horvitz 1986). HSN 

cells normally die in males but egl-I hermaphrodites are unable to lay eggs. A 

dominant mutation in ces-1 prevents the death of four pharynx neurons and ces-2 

controls the deaths of two of these neurons by negatively regulating ces-1 (Ellis and 

Horvitz 1991). These mutations cause programmed cell death via a ced-3 

mdiced-4- dependent pathway, for example, in egl-1 mutants that are also defective 

in ced-3 or ced-4, the HSN neurons survive (Ellis and Horvitz 1986).

Although ced-3 and ced-4 are different genes the ced-3;ced-4 phenotype is the 

same as either the ced-3 or ced-4 phenotype (Ellis and Horvitz 1986). In mosaic 

animals only cells that have activated ced-3 or ced-4 genes will die, and in 

ced-3;ced-4 animals, cells that would normally die, survive. These surviving cells 

will differentiate and develop like their aunts or sisters. For example, the M4 

pharynx neuron that is rescued from death in a ced-3 mutant, develops and 

differentiates like its sister but functions imperfectly, suggesting that it has evolved 

away from the normal M4 pharynx neuron differentiation fate (Avery and Horvitz

1987). Therefore, programmed cell death in C. elegans is not essential for survival 

but contributes to developmental fine-tuning.

A gain of function mutation of the ced-9 gene prevents normal developmental 

death in C. elegans (Hengartner et al., 1992). ced-9 is believed to be expressed 

constitutively and to antagonise ced-3 and ced-4 activity. Inactivation of ced-9 is 

lethal and ced-3; ced-4 mutants complement ced-9 loss of function mutants.
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The human oncogene hcl-2 ,that prevents or delays apoptosis of B and T cells (see

1.2.3.), is able to behave like ced-9 and rescue cells that would die in wild type 

C.elegans (Vaux et a i, 1993). The ability of bcl-2 to substitute ced-9 suggests 

ced-9 could be the bcl-2 homologue in invertebrates and that bcl-2 is likely to act by 

inhibiting mammalian ced-3 and ced-4 homologues (see 1.2.3.). The mammalian 

homologue of ced-3 protein is interl^ékin-1 (^-converting enzyme (ICE); ced-3 

protein is proposed to function as a cysteine protease in the initiation of 

programmed cell death in C. Elegans (Yuan et al., 1993).

Over expression of ced-3 and mouse ICE causes Rat-1 cells to undergo 

apoptosis (Miura et al., 1993). The cell death induced by over expression of ICE 

in RA-1 cells can be inhibited by bcl-2 as well as by over expression of the crmA 

gene, a specific inhibitor of ICE (Miura et a l, 1993).

Recognition and engulfment of dying cells is not the cause of cell death in C. 

elegans (Hedgecock et al., 1983). Mutations in the genes regulating engulfment 

alter the kinetics of disposal of dead cells but not their occurrence. These genes are 

grouped into two sets that act in distinct and parallel processes that are partially 

redundant (Ellis et a i, 1991). In ced-1 and ced-2 mutants, dying cells persist, 

arrested at the highly refractile stage in the normal progression of programmed cell 

death ( Ellis et a l, 1991a). Eventually cells shrink and disintegrate. In the male, 

the death of some cells is dependent upon engulfment by a neighbouring cell. If 

the engulfing cell is destroyed the doomed cell lives (Sulston et al., 1980). In 

normal animals, dying cells are phagocytosed by their neighbours and their 

pycnotic nuclei degraded. Mutations in the gene encoding the endonuclease, nuc-1, 

(Sulston 1976) prevent degradation of the DNA in the dying cell. This 

endonuclease is either not made in dying cells or requires phagocytosis to be 

activated as DNA remained undegraded in unengulfed corpses (Hedgecock et al.,

1983).

Pathological death in C. elegans differs morphologically from programmed cell 

death and corresponds to mutations that cause cell death by ced-3  and 

independent mechanisms.
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Dominant mutations deg-1 and mec-4 (Driscoll and Chalfie 1991), cause neurons 

to swell and degenerate forming large vacuoles. These genes are thought to encode 

transmenbrane receptors, their mutant products causing channels in the plasma 

membrane to open provoking swelling and lysis of neurons. Both deg-1 and mec-4 

phenotypes are rescued if a third gene, mec-6, is inactivated suggesting that these 

deaths occur by a common pathway. It is unlikely that deg-1 and mec-4 normally 

function in cell death as mutants that inactivate these genes do not affect survival of 

any cells (Chalfie and Wolinsky 1990).

In conclusion, C. elegans has provided a valuable model for the study of 

programmed cell death. The process of cell death is, in most cases, 

cell-autonomous or lineage-dependent rather that dependent on external factors or 

cell-cell interactions (Ellis et a l, 1991). The genetics of cell death seems to have 

been conserved through evolution,

ii). V ertebrate development

A great number of cells from various tissues and organs die during vertebrate 

development (Glucksmann 1951). In vertebrates, elimination of unwanted cells 

occurs when cells have been generated in excess, have completed their function or 

have developed improperly and may be harmful to the organism. Extensive cell 

death occurs during the process of sculpting the digits in reptiles, birds and 

mammals (Saunders and Fallon 1967; Fallon and Cameron 1977). The same 

process occurs, but to a lesser extent, in the chicken mutant talpid^ which develops 

webbed toes (Hinchcliffe and Thorogood 1974). Ducks which normally have 

webbed toes have little interdigital death (Ellis et al., 1991) supporting the notion 

that interdigital death is required for digit separation.

The extent of death between digits has evolved to be different in different 

animals as an environmental adaptation of the foot. What causes this type of 

programmed cell death is still undetermined but a block in cell division may be 

linked to the programmed cell death observed in the posterior junction of the wing 

bud with the body wall (ie. the Post Necrotic Zone, (PNZ)(Saunders 1966; 

Webster and Gross 1970).
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In mice, the morphogen retinoic acid (RA), enhances cell death in the core of 

the limb, a region which always corresponds with zones of programmed cell death 

in control embryos. The morphogenic effects of RA in the chick limb could be 

caused by RA interference with precartilagenous mesenchyme condensation and, 

therefore, with the process of bone formation (Allés and Sulik 1989). Half of the 

spinal motor neurons also undergo programmed cell death in the chick at a critical 

stage in development (Oppenheim et al., 1990).

The death of these cells, which were produced in excess of their targets, is 

dependent on macromolecular synthesis and can be induced by target deprivation or 

axotomy suggesting that their survival is regulated by a neurotrophic factor 

(Oppenheim et al., 1990).

Most forms of programmed cell deaths in vertebrates are hormonally regulated. 

The importance of cell death in the development of sexual dimorphism is 

exemplified in birds by the death of cells in the song production control center, in 

females but not in males (Konishi and Akutagawa 1985) and in rats by the death of 

the spinal neurons of the bulbous cavemosus contolling two muscles in the penis, 

in females but not in males (Nordeen et al., 1985). The Mullerian ducts of 

mammals remains functional in females but regresses in males whereas the 

Wolffian duct remains in the males but regresses in the female (Ortiz 1945). The 

preservation of the Mullerian duct in one sex but not in the other is regulated 

specifically by a Mullerian-inhibiting factor that shows homology to TGF-p (Cate et 

al., 1986) and has additional effects on sexual differentiation (Behringer 1990) 

suggesting its role as a general sex hormone rather than a regulator of cell death.

The death of cells in the regressing prostate gland in response to changes in 

androgen levels (Issacs 1984), of mammalian endometrium in response to changes 

in menstrual cycle regulating hormones (Kerr et al., 1972), the homeostasis of the 

thymus and the regression of the anuran tadpole tail during metamorphosis (Kerr et 

al., 1974: Lockshin 1981) are other examples of hormonally regulated programmed 

cell death. Harmful cells like self-reactive T cells and neutrophils (Henson and 

Johnston 1987) are selectively eliminated by the body by activating a 

developmentally regulated death program.
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Cell death also eliminates cells that develop incorrectly. For example, retinal 

neurons in the retinocollicular projection of the rat eye that project their axons 

improperly, are deleted (Ellis et al., 1991 ).

1.2.3. Apoptosis in the vertebrate immune system

The development and function of the immune system involves cell death of a 

spectrum of cells making it a good model for the study of this biological process 

(Golstein etal., 1991). Apoptosis is a widespread phenomenon in the immune 

system. It affects B and T lymphocytes in the germinal centers of the lymphoid 

follicles and thymus, respectively (Hockenberry et al., 1991), haematopoietic 

precursor cell lines derived from the bone marrow (Askew et al., 1991; Baffy et 

al., 1993; Nunez et al., 1990; Williams et al., 1990), a variety of lymphocytic 

leukemia cells (Forbes et al., 1992; Bansal et al., 1991b), tolerance and negative 

selection of immature thymocytes (McConkey and Orrenius 1991), downregulation 

of the immune response (Duke 1991), high affinity antibody production (Mapara et 

al., 1993), HIV infected T cells (Meyaard et al., 1992), monocyte survival during 

infection (Mangan e ta l, 1992) and cytotoxic T cell-mediated killing (Duke 1991).

Immature thymocytes can undergo apoptosis in response to various stimuli 

including y irradiation (Sellins and Cohen 1987) and hypothermia (Sellins and 

Cohen 1991).

Treatm ent of thymocytes with glucocorticoids, Ca ionophores, 

non-physiological toxins eg. dioxin (McConkey et al., 1988) and physiological 

ligands eg. ATP (Zheng et a l, 1991) and stimulation of the T-cell receptor (TCR) 

will result in death by apoptosis by a mechanism that involves elevation of 

intracellular Ca^+ concentration and activation of a Ca^+-dependent nuclear 

endonuclease implicated in DNA fragmentation (Wyllie 1980; Cohen and Duke 

1984; McConkey et a l, 1988). Thymocyte apoptosis following an increase in 

intracellular Ca^+ occurs in the absence of a second signal and insufficient protein 

kinase C (PKC) activation.
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If thymocytes are treated simultaneously with agents that elevate intracellular Ca^+ 

eg. glucocorticoids and with a strong PKC activator eg. interleukin-1 or phorbol 

esters, apoptosis is blocked (McConkey etal., 1990; McConkey et al., 1989).

' During positive selection, selection of immature thymocytes bearing a TCR 

able to recognize antigen in the context of either MHC I or MHC II molecules 

presented by accessory cells, will involve a second signal (IL-1) binding to a 

coreceptor (CD4 or CDS) leading to PKC activation. During negative selection, 

immature thymocytes that react with self-antigens or are unable to recognize 

antigen presented by accessory cells are eliminated by apoptosis (McConkey and 

Orrenius 1991; Duke 1991).

The 'two signal' hypothesis may also account for non-responsiveness (clonal 

anergy) of mature T-lymphocytes following TCR stimulation in the absence of a 

second signal (Duke 1991). Signals that induce immature thymocyte death during 

negative selection also induce clonal anergy of peripheral matureT-lymphocytes 

indicating that the outcome of these signals is dependent solely on developmental 

status (McConkey and Orrenius 1991). Similarly activation of B cells via their 

antigen receptor can trigger either proliferation or apoptosis depending on their 

maturation stage. Moreover, Ca^+ ionophore treatment leads to growth inhibition 

and apoptosis of activated B cells in the absence of IL-2, which can activate PKC, 

or in the presence of IL-4 that acts via a PKC independent pathway (Vazquez et al.,

1991). E series prostaglandins (PGE) are known immunosuppressants (McConkey 

and Orrenius 1991), their inhibitory actions mediated by cAMP accumulation. 

cAMP induces apoptosis of rat thymocytes by what is thought to be a 

Ca^+-dependent mechanism without an increase in cytosolic Ca^+ concentration. 

The pretreatment of thymocytes with PKC activators prevented cAMP-induced 

apoptosis suggesting interactions between the PKC and PKA signalling pathways 

(McConkey etal., 1990a; Dowd and Miesfeld 1992).

At the molecular level, the survival of thymocytes that would otherwise undergo 

apoptosis may be dependent on the activity of the oncoprotein bcl-2. The bcl-2 

gene was discovered as a result of its overexpression in human follicular 

lymphomas bearing the t(14;18) chromosome translocation (Tsujimoto gf a/., 1984).
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The bcl-2 protein was first detected in the mitochondria (Hockenberry et al., 1990) 

but is now known to be present in the cytoplasm (Jackobson et at., 1993) and 

seems to be involved in preventing cell death and enhancing survival rather than 

inducing proliferation (Strasser et a i, 1991).

This notion first arose when ectopic expression of bcl-2 prolonged survival of 

growth factor-deprived haemopoietic cell lines (Nunez et at., 1990; Vaux et a l, 

1988). Moreover, bcl-2 overexpression will protect thymocytes, peripheral T cells 

and activated T cells from growth factor deprivation and immature thymocytes in 

particular, from glucocorticoids, y irradiation, Ca^+ ionophores and TCR 

activation-induced apoptosis (Strasser er a/., 1991; Sentman e ta l,  1991; Siegel et 

al, 1992). Bcl-2 is normally expressed in tissues that have apoptotic cell turnover 

and within these tissues expression is restricted to long-lived progenitor cells that 

renew lineages, eg. stem cells or post-mitotic cells with extended life-spans, 

eg.neurons (Hockenberry et a l, 1991).

Although some reports argue that immature thymocytes over expressing the 

bcl-2 gene in transgenic mice escape negative selection (Siegel et a l, 1992) or that 

negative selection is retarded, there is no evidence of clonal deletion being affected 

in that self-tolerance was not compromised in the transgenic mice (Siegel et a l, 

1992; Strasser fl/., 1991; Sentman e ta l, 1991).

On the other hand, transgenic mice over expressing bcl-2 in B cells were prone 

to spontaneously develop systemic autoimmune diseases (Strasser et a l, 1991) and 

an exaggerated and extended antibody response to immunization due to both 

increased number and extended survival of plasma cells. The development of 

diseases such as Systemic Lupus Erythromatosus (SLE) may result from the 

increased probability of secretion of autoantibodies by these long-lived plasma cells 

(Strasser er a/., 1991).

The differential effects of bcl-2 on T and B cells in transgenic mice, in which B 

cell numbers are greatly elevated compared to those of T cells, may reflect the 

difference in normal life-spans of these cell types (Katsumata et a l, 1992). Bcl-2 

has recently been shown to function in an antioxidant pathway at sites of free 

radical generation (Hockenberry et a l, 1993) blocking damage to lipid membranes.
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Bcl-2 is thus able to regulate the balance between life and death in a variety of cell 

lineages, including T cells (Siegel et a l, 1992; Katsumata et a l, 1992), neuronal 

cells (Allsopp et al., 1993; Garcia et a l 1992) fibroblasts (Evan et al., 1993) and 

endothelial cells (Bissonnette etal., 1992) in response to various stimuli (Baffy et 

al., 1993; Strasser et al., 1991; Garcia et al., 1992) triggering different signalling 

pathways.

These include, for example, IL-3 withdrawal and glucocorticoid treatment 

(Baffy et al., 1993; Strasser et al., 1992), neurotrophic factor deprivation (Garcia 

et al., 1992), infection of insect cells with baculovirus (Alnemeri et al., 1992), and 

of BHK cells infected with alphavirus (Levine et al., 1993). These stimuli must 

share a common final pathway in which bcl-2 exerts its effects. Bcl-2 expression, 

however is unable to rescue cilliary neurotrophic factor-dependent neurons or some 

haematopoietic cells (Allsopp et al., 1993) and its expression during development 

does not always correlate with patterns of death in the embryo (Veis et al., 1993).

Although described as an oncogene, bcl-2 can also antagonise the effects of 

certain other oncogenes in different systems. Constitutive expression of the 

oncogene c-myc in growth factor-dependant myeloid cells can lead to apoptosis, 

rather than cell cycle arrest upon growth factor withdrawal (Askew et al., 1992).

Bcl-2 is able to block apoptosis induced by c-myc overexpression in a variety of 

cell lines of diverse types (Bissonnette et al., 1992; Shi et al., 1992; Evan et al., 

1993). Although Bcl-2 is not thought to act at the level of transcription; it mediates 

its effects by complexing with other proteins. Bcl-2 heterodimerises with a 

conserved homologue, Bax, in a similar fashion to myc-max protein interactions 

(Amati et al., 1993) whose varying degrees of dimerization determine the final 

transcriptional activity of the complex (Ayer et al., 1993). Bcl-2 homodimers will 

promote survival, whilst Bax homodimers will lead to cell death. Bcl-2-Bax 

heterodimers undermine the capacity of Bcl-2 to promote survival (Oltavi et al., 

1993; Boise et al., 1993).
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The p53 gene is also implicated in apoptosis. Characterised as a tumour 

suppressor gene, p53 can cause growth arrest, or induce apoptosis, when 

introduced into cell lines that have lost endogenous p53 expression (Baker et al., 

1990 (Yonish-Rouach et al., 1991). Lack of p53 expression will protect 

thymocytes from apoptosis induced by agents that cause DNA-strand breakage, 

such as Y irradiation and the topoisomerase II inhibitor etopside (Clarke et al.,

1993). The tumour suppressor activity of p53 in cells with damaged DNA induces 

cell cycle arrest in the phase so that the damage can be repaired.

This repair mechanism may involve the activity of the enzyme ADP-ribose 

polymerase which has been linked to activation of the endonuclease that causes the 

characteristic DNA ladder in apoptosing thymocytes (McConkey and Orrenius

1991). If the damage to DNA is beyond repair, the p53 is thought to mediate the 

induction of apoptosis as division of cells carrying damaged DNA is likely to result 

in mutations and aneuploidy (Lane 1992).

Knockout mutations in another tumour suppressor gene, retinoblastoma, cause 

extensive cell death in the immune and nervous system of transgenic mice, but 

whether the cell death that occurs is apoptotic remains to be defined (Lee et al., 

1992; Jacks et al., 1992).

Other genes involved in enhancing cell survival are the Baculovirus p35 and the 

Epstein Barr virus latent gene LMP-1 both capable of blocking apoptosis of infected 

insect cells, increasing viral virulence (Clem et al., 1991), and of activated B 

lymphocytes (Henderson et al., 1991), respectively. p35 has no homology to bcl-2 

but LMP-1 induces bcl-2 strongly suggesting they act via a common mechanism. 

The bcl-2 protein can substitute the adenoviral E lB  in preventing ElA-induced 

apoptosis of primary BRK cells (Rao et al., 1992).

Cytotoxic T-lymphocyte (CTL)-mediated cell killing shares the morphological 

characteristics of apoptosis (Duke 1991) but occurs independently of 

macromolecular synthesis and, in some cases, of DNA fragmentation (Ucker et al.,

1992). It is still unclear how CTL induces apoptosis in target cells.
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Tumour Necrosis Factor a (TNFa) can induce apoptosis of some tumour cells but 

is a poor candidate for the triggering of CTL mediated DNA fragmentation as it is 

slow acting and can only induce apoptosis in a limited number of tumour cells and 

cells co-expressing the Fas (APO-1) antigen despite Fas being related to the TNF 

receptor (Yonehara et a l, 1989; Oehm et al., 1992; Watanabe-Fukanaga et at.,

1992). The APO-1 or Fas antigen is found on the cell surface of mammalian 

lymphocytes and lymphomas (Trauth et al., 1989). When Fas expressing cells are 

incubated with anti-Fas monoclonal antibody they undergo apoptosis (Trauth et al., 

1989; Mapara era/., 1993).

This observation has implications for the treatment of tumours expressing Fas 

(Trauth et al., 1989) as they regress following treatment with anti-Fas antibody and 

for the development of autoimmune disease in Ipr mice as the Ipr mutation causes 

defects in the Fas antigen (Watanabe-Fukanaga et al., 1992). It is clear that 

programmed cell death is the developmental fate of many cells in the immune 

system and that the balance between life and death has profound implications in its 

normal development and functioning. This also applies to the nervous system.

1.2.4. Programmed cell death in the vertebrate nervous system

Naturally occurring cell death is intimately linked to the development of the 

nervous system (Glucksman 1951; Cowan et al., 1984). Ensuring that the final 

number of neurons produced matches the size and number of available targets, and 

that the formation of axonal paths and synaptic connections are those required 

following migration and differentiation of neuroblasts, is of utmost importance for 

the normal functioning of the nervous system (Oppenheim 1991).

Cell death occurs at various stages during the development of the nervous system, 

namely, during mitosis of proliferating neuroblasts due to aberrant mitosis, 

following separation of the surface ectoderm and the neural tube (Kallen 1965), 

during differentiation of competent ectodermal cells into neural plate cells, 

following mitotic arrest preceding differentiation (Carr and Simpson 1982) and 

once differentiation is accomplished, due to either lack of neurotrophic factors, 

following afferent input, or synapse formation and neuronal activity (Kallen 1965;
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Oppenheim 1991). Whether the massive neuronal cell death which occurs naturally 

in the nervous system (affecting sensory, sympathetic, parasympathetic, motor and 

inter neurons, in both the central and peripheral nervous system, eliminating upto 

80% of some neuronal populations) is genetically programmed is still a matter of 

debate (Oppenheim 1991).

Neuronal cell death is not genetically programmed, unlike the developmental 

death in the wing bud of the chick embryo (section 1.2.2.).

Transplantation experiments have shown that the fate of cells in the wing bud 

PNZ is restricted at stage 17, determined at stage 22, but only expressed at stage 24 

(Mottet and Hammer 1972; Saunders 1966). These cells cannot be rescued by 

altering experimental conditions after stage 22, indicating that degeneration and 

death can be cellular developmental fates and that regulation of this fate is subject to 

similar regulation mechanisms to those which define the development of other 

phenotypic traits (Oppenheim 1991). Conversely, natural cell death in the nervous 

system can be modified by experimental conditions (Oppenheim 1987), is not 

spatially restricted and unlike programmed cell death in the invertebrate C. elegans 

(Ellis et al., 1991), appears to be lineage-independent. For example, chick 

motomeuron death can be blocked by suppressing neuromuscular activity 

(Oppenheim 1987). This does not imply that lack of neural activity is sufficient for 

survival, but that it may be necessary. Whether or not the death in neuronal 

populations is genetically programmed, the cascade of events leading to neuronal 

degradation may well be under genetic control and thus neurons may die by 

apoptosis in response to certain stimuli (eg. neurotrophic factor deprivation) (Martin 

et al., 1988; Oppenheim et al, 1990; Scott and Davies 1990).

The period immediately following the arrival of neuronal axons in their target 

fields during embryonic development coincides with massive naturally occurring 

neuronal death. The target does not determine the number of neurons initially 

generated, but neuronal death can be dramatically increased if the target is removed 

early in development, or conversely, dramatically reduced if an extra target is added 

(for review see Oppenheim 1987). The fate of neurons at the time of target 

innervation seems dependent on epigenetic factors.
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Neurotrophins, neural activity and synaptic connections all appear to be involved in 

determining the number of neurons finally present (Oppenheim 1989). 

Neurotrophic factors, derived from targets, have been linked to the survival of 

sensory, sympathetic and motor neurons.

Nerve Growth Factor (NGF), the first neurotrophin to be purified, has 

pleiotrophic effects including maintenance, differentiation, survival and 

proliferation (in the presence of fibroblast growth factor) of sympathetic and 

sensory neurons (Levi-Montalcini 1987; Cattaneo and McKay 1990).

NGF can regulate gene expression at the level of transcription (Jensen et al.,

1992) and can induce differentiation of a human neuroblastoma cell line and of the 

rat adrenal pheochromocytoma-derived cell line, PC I2, used as a model for 

sympathetic neurons (Greene 1974; Jensen etal., 1992).

Evidence from in vivo and in vitro studies supports a role for NGF in the 

survival and maintenance of neuronal cells (Levi- Montalcini 1987). High 

extracellular K+ can induce the expression of the high affinity NGF receptor in the 

immortalized sympathoadrenal neuroblast MAH cell line (Birren et al., 1992) and 

thus may be involved in inducing NGF responsiveness. The NGF requirement of 

sympathetic neurons has been extensively characterised (Greene 1977). Anti-NGF 

antibody injected into newborn rodents destroys the peripheral sympathetic nervous 

system (Cohen 1960). The same effect is observed if retrograde transport is 

interrupted (Johnson 1978). NGF (Korsching and Thoenen 1983) and NGF 

mRNA (Shelton and Reichardt 1984) are detectable at very low levels in the targets 

of sympathetic neurons and addition of exogenous NGF decreases naturally 

occurring death in sympathetic ganglia (Oppenheim et al., 1982). Sympathetic 

neurons do not respond to NGF early in development, therefore NGF is not 

thought to stimulate fiber outgrowth (Coughlin and Collins 1985) although it 

induces axonal branching and an increase in neurite numbers. In the adult, NGF 

seems necessary for maintenance of the neuronal phenotype (eg. NGF increases 

tyrosine hydroxylase activity, a marker for neuronal differentiation) rather than for 

survival (Thoenen and Barde 1980).
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Depolarization of sympathetic neurons by elevated extracellular K+ 

concentrations and nicotinic agonists can render sympathetic neurons 

NGF-independent at a stage in development when the appropriate (L-type) Ca^+ 

receptors are expressed (Koike et al., 1989). In PC12 cells, NGF induces the 

expression of two proteins related to a family of Ca^+-binding proteins that could be 

involved in the NGF-dependent survival mechanism (Masiakowski and Shooter

1988). NGF is not the only factor capable of mediating neuronal survival. 

CyclicAMP analogues can maintain sympathetic neurons alive in the absence of 

NGF (Edwards et a i, 1991) and has been reported to phosphorylate a similar 

group of proteins as does NGF (Halegoua and Patrick 1980).

However, cAMP is unable to induce the same NGF-induced morphological 

features (eg. enlarged neuronal cell bodies) (Rydel and Greene 1988). 

Furthermore, morphology and neurite outgrowth in NGF or cAMP-treated cells 

suggest that these agents act via distinct pathways. NGF appears to mediate 

survival in a cAMP-dependent kinase-independent way (Rydel and Greene 1988). 

In other NGF responsive cells, such as PCI2 and sensory neurons, NGF and 

cAMP-induced differences in morphology and neurtite outgrowth, similarly suggest 

a differential mode of action (Halegoua and Patrick 1980; Ritcher-Landsberg and 

Jastorff 1986), further confirming that NGF and cAMP mediate neuronal survival 

by two distinct pathways that appear to share protein phosphorylation as a common 

primary effect.

A cAMP-dependent pathway could mediate sympathetic neuronal survival early 

in development when these cells do not require NGF for survival (Rydel and 

Greene 1988). cAMP is able to induce differentiation in neuroblastoma cells in 

culture (Prasad 1974). It has been proposed that, in neuroblastomas, a mutation in 

the cAMP phosphodiesterase gene, possibly due to viruses, chemical carcinogens 

or ionizing radiation, gives rise to an abnormally active cAMP phosphodiesterase 

(PDE) enzyme. The enhanced PDE activity depletes cellular cAMP and results in a 

decrease in activity of the neurotransmitter receptor-associated adenylate cyclase 

(AD), leading to AD insensitivity to dopamine and noradrenaline (Prasad 1974).

44



Death of motomeurons of the lateral lumbar column, during normal development, is 

prevented by analogues of cGMP (Weill and Greene 1984) further implicating 

cyclic nucleotides in a mechanism mediating neuronal survival.

The protective effect of NGF is mimicked not only by cAMP but by 

depolarization and ionizing radation in sympathetic neurons. Depolarizarion 

brought about by high extracellular K+ may mediate survival by a mechanism 

similar to that of NGF as high K+ induces expression of the high affinity NGF 

receptor and NGF responsiveness (Birren et al., 1992). Ionizing radiation 

increases intracellular cAMP levels and thus may mediate survival via a common 

mechanism with cAMP analogues (Martin et al., 1992).

In contrast, the antimetabolite pyrimidine, cytosine arabinoside (AraC), kills 

non-dividing rat sympathetic neurons in a fashion resembling death by NGF 

deprivation (Martin et al., 1990a). AraC is commonly used in neuronal primary 

cultures to eliminate proliferating cells as it inhibits DNA synthesis. At high 

concentrations, however, it also induces neuronal death by interfering with the 

NGF signal transduction pathway (Martin et al., 1990a).

The death of NGF-deprived sympathetic neurons occurs by apoptosis (Martin et 

al., 1988). In the absence of growth factor, neurites of dying neurons are 

disrupted. The endoplasmic reticulum dilates following the accumulation of lipid 

droplets and changes occur in the nuclear membrane, while the mitochondria and 

lysosomes remain intact. Further confirmation of death by apoptosis has emerged 

from biochemical analysis. Following NGF deprivation, inhibitors of RNA and 

protein synthesis are able to delay death (Martin et al., 1992; Martin et al., 1988). 

However, 50% of neurons cannot be rescued by cyclohexamide following either 12 

hours (Edwards et al., 1991) or 27 hours (Martin et al., 1992) of growth factor 

deprivation, whereas NGF and cAMP analogues are still able to rescue most 

neurons (Edwards et al., 1991). The discrepancy in the time at which 

cyclohexamide becomes ineffective, is attributed to different methods of analysis 

(Martin et al., 1992).
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The protective action of NGF could be exerted at the level of transcription by 

repression of a killer protein(s) at the level of mRNA synthesis, by acting through 

post-translational modifications that would keep the constitutively present killer 

protein(s) inactive, or by interfering with the synthesis of killer protein(s) at the 

level of translation.

The latter scenario seems the least likely as NGF is not known to mediate gene 

regulation at the level of translation but has been shown to regulate the expression 

of mRNA synthesis of specific proteins (Tiercy and Shooter 1986). Nevertheless, 

there is evidence that NGF and cAMP analogues suppress the death program in 

sympathetic neurons by acting at the post-translational level (Edwards et al., 1991).

If NGF were to regulate killer protein(s) expression at the level of translation, 

however, the mRNA for this protein(s) would be very unstable and have a rapid 

turnover such that little protein would be present following a block in RNA 

synthesis (Martin etal., 1992).

DNA degradation, another hallmark of apoptosis, has been detected in both 

primary cultures of sympathetic neurons and the PC12 cell line (Edwards et al., 

1991). In PC12 cells, this degradation was blocked by the addition of nuclease 

inhibitor ATA (Batistatou and Greene 1991). In contrast to sympathetic neurons, 

PC I2 cells undergo apoptosis following NGF removal in a transcriptional and 

translational-independent manner. Furthermore, programmed cell death is 

promoted by RNA and protein synthesis inhibition in PCI2 cells (Rukenstein et al.,

1991). RNA and protein synthesis inhibitors can delay cell death induced by 

growth factor deprivation in sensory, parasympathetic and motor neurons 

(Oppenheim and Prevette 1990; Scott and Davies 1990). Thus, induction of cell 

death in cultures of primary neurons by trophic factor deprivation seems to involve 

gene activation in neuronal populations that depend on NGF or other growth 

factors for survival.

The NGF requirements and the patterning of sensory neuron connections has 

been extensively characterized (Davies 1987). Dependence of sensory neurons on 

NGF for survival may be determined by their origin, i.e. whether they were derived 

from the placode or the neural crest (Davies and Lindsay 1988).
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Brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), support the 

survival of sensory neurons (Davies et al., 1986; Barde et al., 1982) and of other 

neuronal populations. BDNF, was purified from mammalian brain, can be 

distinguished from NGF on the basis of its antigenic and functional properties and 

exerts its effects on embryonic sensory neurons and neurons of the central nervous 

system (Barde et a l, 1982). NT-3 supports the survival of some sensory neurons, 

including proprioceptive neurons and is present in skeletal muscle (Mudge 1991; 

Davies 1986; Davies e ta l, 1986).

Both BDNF and NT-3 can promote motor neuron survival in vitro (Henderson 

et al., 1993) and in vivo (Sendtner et a l, 1992; Yani et a l, 1992; Oppenheim et a l,

1992). Adult and neonatal motor neurons transport BDNF and NT-3 in a 

retrograde fashion; both express the BDNF and NT-3 receptors, and embryonic 

motor neurons express NT-3 mRNA transiently. BDNF and NT-3 mRNAs are 

present in muscle during development at the time when motor neuron axons are 

growing into muscle and competing for survival factors (Henderson et a l, 1993). 

The expression of BDNF and NT-3 receptors in mature neurons and the induction 

of BDNF expression in Schwann cells following peripheral nerve lesion (Meyer et 

al, 1992) suggests that these neurotrophins may also be involved in both mediating 

mature motomeuron integrity and promoting regeneration after injury (Oppenheim 

e ta l,  1992; Yani e ta l,  1992).

Another neurotrophin that acts as a lesion factor is Ciliary Neurotrophic Factor 

(CNTF) (Thoenen 1991). CNTF promotes sensory and motor neuron survival, but 

is expressed neither in muscle or other targets, nor is it secreted. Retrogade axonal 

transport of CNTF is increased by peripheral nerve injury (Curtis et a l, 1993). 

Other factors have been implicated in neuronal survival. In spinal cord cultures, 

neuronal death is enhanced by antisera that block interleukin-la (IL-l)a-induced 

proliferation of T cells. Neurons could be rescued by addition of IL -la and to a 

lesser extent XL-Ip (Brenneman et al, 1992).

At the molecular level, the proto-oncogenes bcl-2 (Garcia et a l, 1992) and c-fos 

(Smeyne et a l, 1993) and the HSV-1 yi 34.5 gene (Chou and Roizman 1992), 

have been implicated in enhancing neuronal survival.

47



Bcl-2 can protect various cell types from undergoing apoptosis in response to a 

variety of stimuli (section 1.2.3.)- Over expression of bcl-2 can rescue sympathetic 

neurons from apoptosis induced by NGF deprivation (Garcia et al., 1992). 

Sensory neurons dependent on one or more neurotrophic factors (BDNF, NT-3 or 

NGF) are also rescued by bcl-2 overexpression following growth factor 

withdrawal. Bcl-2 is unable to rescue CNTF-dependent cilliary neurons.

Furthermore, sensory neurons incubated with CNTF become non-responsive to 

the protective effects of bcl-2 (Allsopp et at., 1993), suggesting distinct pathways 

of neuronal apoptosis analogous to those triggered by different stimuli in immature 

thymocytes (Sentman et al., 1991). In developing neurons, two different 

mechanisms of apoptosis are distinguished by their sensitivity to bcl-2 and appear 

to be influenced by environmental signals to which the neurons are exposed 

(Allsopp etal., 1993).

Continuous c-fos expression precedes cell death in vivo, in cell populations 

undergoing terminal differentiation (Smeyne et al., 1993). In the nervous system, 

c-fos expression was apparent in cells that were genetically programmed to 

degenerate, and in several regions of the brain following injection of the neurotoxin 

kainic acid (Smeyne et al., 1993). c-fos expression was detected as early as six 

hours before the first biochemical evidence of cell death, suggesting that the c-fos 

gene product may be a component of the regulation pathway of some types of cell 

death. The activity of proto-oncogenic transcription factors such as c-fos and c-jun 

can be affected by the redox state of the cell, c-fos and c-jun expression is induced 

upon growth factor withdrawal in lymphoid cell hnes that undergo programmed cell 

death during serum starvation, implicating c-fos and c-jun in an early step in the 

genetic death program in which bcl-2 also plays a role (Collota et al., 1992; 

Hockenberry et al., 1993). Recent evidence supports bcl-2 function in an 

antioxidant pathway to prevent apoptosis (Hockenberry et al., 1993). Since c-fos 

expression can be induced by oxidative stress (Crawford et al., 1988), and bcl-2 

functions in an antioxidant pathway to prevent apoptosis, the c-fos expression 

observed in terminally differentiating cell populations could mirror a free-radical 

mediated-apoptotic mechanism (Hockenberry et al., 1993).
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The HSV-1 Yi34.5 gene appears to block the onset of apoptosis in infected 

human neuroblastoma cells by preventing total cellular protein shut off following 

initiation of viral DNA replication. Mutant viruses lacking Yi34.5 were unable to 

block the triggering of apoptosis in the infected host and thus, were unable to 

replicate efficiently, their capacity to replicate in the CNS reduced 100,000-fold as 

compared to wild-type virus (Chou and Roizman 1992). 

i). Death and disease in the nervous system

Most neuronal death during vertebrate CNS development is determined by the 

access of neurons to their corresponding targets, competition for synaptic sites and 

neuronal activity of afferents and efferents (section 1.2.4.). During adulthood, 

once the pattern of neuronal networks has been established, massive neuronal cell 

death may be abnormally triggered by a variety of stimuli, resulting in impairment 

of brain functions. Anoxia, blood clots and ischemia following a stroke or cardiac 

arrest, can lead to unusually high concentrations of excitatory amino acids being 

released causing extensive cell damage. Glutamate, an excitatory amino acid, is the 

major excitatory neurotransmitter in the mammalian brain thought to play an 

important role in the formation of memory in the healthy brain (Lynch and Bandry

1984). Furthermore, neuronal loss resulting from the toxic effects of glutamate is 

associated with several neurological disorders such as Parkinsons disease (Caine et 

a l, 1986); Huntington's disease (Young et a l, 1988) and particularly Alzheimer's 

disease (AD) (De Boni and Mac Lachlan 1985). The evidence linking glutamate 

and AD is based on the observation that glutamate exposure can induce the 

formation of paired helical filaments in human spinal cord neurons similar to those 

found in AD brains and in the fact that the cholinergic projection neurons of the 

basal forebrain (one of the main neuronal populations affected in AD brains) are 

thought to mediate the memory functions of the brain (Selkoe 1992).

The mechanism involved in the transition of glutamate from neurotransmitter to 

neurotoxin may involve excessive release, abnormal leakage, impaired uptake of the 

amino acid and altered receptor sensitivity or may depend on neuronal energy levels 

(Barnes 1988; Maragos et a l, 1987; Choi 1988; Novelli e ta l ,  1988; Cox et a l,

1989).
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For example, in energy compromised neurons, lower cellular ATP levels decrease 

the activity of the ion pumps reducing the membrane potential and thus releasing 

the voltage-dependant Mg^+ block on the (N-methyl-D-aspartate) NMDA receptor 

channel.

The altered receptor sensitivity results in even low levels of glutamate 

becoming toxic to partially depolarized neurons (Lysko et a i, 1989). Insights into 

glutamate receptor function have provided support for the theory postulating 

glutamate and related compounds as the cause of neuronal loss observed in certain 

neurological disorders (Choi 1988). The subcellular mechanism of glutamate 

toxicity remains unclear but is thought to involve an increase in intracellular Ca^+ 

levels resulting in death by apoptosis in certain neuronal populations (Kure et al., 

1991); but not in others (Dessi et a i, 1993).

ATA can delay the onset of apoptosis in neuronal cells by inhibiting the 

endonuclease activity responsible for DNA degradation (Batistatou and Greene 

1991). Protection of hippocampal and retinal rat neurons from glutamate toxicity 

and death by apoptosis, however, is mediated by the ability of ATA to act as an 

NMDA receptor competitive agonist (Roberts-Lewis et al., 1993; Samples and 

Dubinsky 1993; Zeevalk et al., 1993). Cerebellar and cortical neurons can be 

protected from the excitotoxic effects of gl^atmate if heat shocked prior to glutamate 

exposure (Rordof et al., 1991; Lowenstein et al., 1991). The protective effect of 

heat shock was paralleled by an induction of the heat shock response and in 

particular by expression of the inducible hsp 70 and hsp 90 (Rordorf et al., 1991; 

Lowenstein et al., 1991). However, glutamate itself did not induce the heat shock 

response suggesting that heat shock proteins may not be directly involved with the 

effects of glutamate but may still confer protection from its effects (Lowenstein et 

al., 1991).

Apoptosis is triggered in sympathetic and sensory neuronal cultures by NGF 

withdrawal (Martin et al., 1988; Martin et al., 1992; Johnson and Deckwerth

1993). This model system mimics the effects of target-derived support deprivation 

caused by axotomy (Martin et al., 1988).
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Although the survival promoting effects of trophic factors like NGF were thought 

to be essential only during development, adult neurons require NGF to maintain a 

mature phenotype and for correct functioning (Greene 1977). Thus, trophic factor 

deprivation, abnormalities of its receptor or defective intracellular processing and 

transport could lead to death of neuronal populations that respond to such factors 

resulting in neurological diseases (Snider and Johnson 1989).

Direct evidence linking trophic factor deprivation and neurological diseases is 

still elusive. Interestingly, NGF mRNA levels are highest in the hippocampus and 

neocortex, target areas of the basal forebrain cholinergic neurons which are the 

neuronal population most affected in AD brains (Snider and Johnson 1989).

1.3. Heat Shock Proteins and the Heat Shock Response

1.3.1.Mammalian heat shock proteins

The heat shock proteins (hsps) were first characterised as a small group of 

proteins that accumulated in cells as a response to elevated temperatures (Welch and 

Feramisco 1982; Lindquist and Craig 1988). Hsps have been classified into 

families (hsp 90,70, 60 and small hsps) according to their molecular weight 

(Lindquist and Craig 1988 and table 1.3.1.). The relevance of this classification 

has been substantiated by DNA and protein sequence data, reflecting the high 

degree of homology between members of the same family across species (Yang and 

Feige 1992). Not all members of the main stress protein families are 

stress-inducible. Cognate hsps (eg. hsc 70) are expressed constitutively carrying 

out similar function as inducible members of the stress protein families (Gething 

and Sambrook 1992). The importance of hsps is reflected by their exceptional 

evolutionary conservation and by the fact that they, or related proteins, are also 

present in unstressed cells carrying out vital housekeeping functions. In unstressed 

cells, the hsps are involved in cellular functions resulting in cell growth, 

differentiation and death (Richards et a i,  1988; Buyttan et al., 1988; Wu and 

Morimoto 1985; Kohdaera/., 1991).
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They associate and interact with a host of different proteins that include viral tumour 

proteins (LaThangue and Latchman 1988; Schuch et al., 1985), the tumour 

suppressor protein p53 (Pinhasi-Kimhi et al., 1986), steroid hormone receptors 

(Baulieu and Catelli 1989). Expression of individual hsp can be regulated during 

development in both invertebrates and vertebrates (Dailey and Golomb 1992; Walsh 

et al., 1989) , during the cell cycle (Wu and Morimoto 1985; Morimoto et al.,

1990) and in tissues undergoing regression (Buyttan etal., 1988).

Members of the hsp 70 family are involved in the early stages of protein 

maturation (Hartl and Martin 1992) (see table 1.3.1). Mitochondrial and secretory 

precursors are bound by cytosolic hsp 70 as they emerge from the translation 

machinery and are kept in an antifolding state that enables their translocation 

through membranes (Ang et al., 1991). An hsp-70 related protein in the lumen of 

the HR, glucose regulated protein 78, completes translocation into the HR and binds 

misfolded or mutant proteins preventing their secretion (Schlesinger 1990). Hsp 70 

is thought to recognize and bind to proteins exposing unfolded segments of 

polypeptide chain whether they are nascent polypeptides, polypeptides emerging 

from the membrane following translocation, sequences from partially denatured 

proteins as a result of stress or peptide loops from otherwise native proteins 

(Gething and Sambrook 1992).

The chaperonin function of the hsp 70 protein family is similar to that of the hsp 

60 mitochondrial chaperonins (Gatenby et a l, 1990). Hsp 60 binds mitochondrial 

precursors in the matrix of mitochondria and in the presence of ATP and stabilizes 

the conformation of folding intermediates thus preventing the formation of 

abnormal structures and participates in the assembly of multimeric complexes 

(Schlessinger 1990; Gatenby et a l, 1990). Although they perform similar 

functions, hsp 70 and hsp 60 are not interchangeable and appear to participate in 

protein maturation at different stages, hsp 70 associates with less folded 

polypeptides whereas hsp 60 interacts with more folded intermediates (Scherer et 

al., 1990; Cheng e ta l,  1989).
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The hsp 90 family is also involved in protein maturation (Wiech et al.,\992) and 

appears to interact with a wide range of cellular proteins including cellular kinases 

and steroid receptors, modulating their functional activity (Pongratz et al., 1992; ; 

Shaknovich et al., 1992; Baulieu and Catelli 1989) or ensuring that they are 

delivered to the appropriate cellular compartment (Schuh et al., 1985; Hutchinson et 

al., 1992). These interactions usually involve the stabilization of target proteins in 

an inactive state as is the case with steroid receptors (Baulieu et al., 1989). Hsp 90 

can undergo autophosphorylation and possesses ATPase activity (Csermely and 

Khan 1991; Csermely etal., 1993, Nadeau etal., 1993).

ATP hydrolysis is thought to be required to induce conformational changes of 

target proteins and to enable the release of proteins bound with high affinity 

(Pelham 1986; Gething and Sambrook 1992), although, unlike hsp 70 and hsp 60, 

ATP hydrolysis induces a conformational change in hsp 90 itself, changing its 

conformation, regulating its association with other cellular proteins (Csermely et 

al., 1993). Both hsp 70 and hsp 90 appear to be involved in the regulation of 

protein synthesis (Matts and Hurst 1992; Rose et al., 1989). Hsp 90 associates 

with the heme-sensitive kinase that regulates translational activity by 

phosphorylating the eukaryotic initiation factor (elF). Phosphorylation of elF leads 

to protein synthesis inhibition. It has been proposed that association of hsp 90 with 

the kinase inhibits kinase activity and therefore elF phosphorylation. Following 

stress, however, competition for hsp 90 by denatured proteins may result in 

dissociation of the hsp 90-kinase complex and phosphorylation of elF causing 

protein synthesis inhibition (Rose et al., 1989).

If unable to correctly fold or assemble polypeptides, hsps are able to target 

them for lysosomal degradation (Chiang et al., 1989). Proteins unable to be 

rescued are targeted for degradation by ubiquitin, another heat induced protein 

(Schlessinger 1990). Whilst it is clear that ubiquitin metabolism and the heat shock 

response are connected (Pratt et al., 1989) it remains unclear whether ubiquitin 

regulates the heat shock response by inactivating the heat shock transcription factor 

(HSP), in unstressed cells as previously proposed (Munro and Pelham 1985).
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Thus, hsps due to the nature of their function are involved in vital cellular processes 

chaperoning proteins until they assume their final biologically active structure.

Hsps are known as stress proteins as their expression can be induced by a 

variety of stressful stimului besides heat, namely organic solvents (Hahn et al.,

1985), sodium arsenite, agents that interfere with oxidative phosphorylation, 

steroid hormones (Bagchi et al., 1991), amino acid analogues (Watovich and 

Morimoto 1988), anoxia, heavy metal ions, a variety of DNA and RNA viruses, 

prostaglandins, hydrogen peroxide (Polla et al., 1987) and oxygen radicals 

(Katengua and Polla 1991; Lindquist 1986) and any other metabolic stress that will 

result in the synthesis of abnormal proteins (Gething and Sambrook 1992).

The hsps are implicated, upon induction, in the protection of cells from the 

toxic effects of heat and other stresses (Lindquist and Craig 1988; Schlessinger 

1990; Giovanella 1990). Raising the levels of hsps by means other than heat 

shock can confer protective effects against a subsequent heat shock (Polla et al., 

1987; Black and Subjeck 1990). Conversely, lack of hsp induction will result in 

defects in the processes in which these proteins are usually involved when induced, 

for example, mitogen induced T lymphocyte proliferation (Faasen et al., 1989).

The effects of heat shock are pleiotrophic, causing impairment of rRNA 

synthesis, pre mRNA splicing, DNA replication and cytoskeletal structure; 

inhibiting the binding of insulin, EGF and steroids to their receptors (Bensaude et 

al., 1990) and inactivating enzymes including ADP ribose polymerase, ATPases 

and NADPH oxidases. The number of partially denatured and abnormal proteins 

increases following heat stress and the function of proteins is affected as heat shock 

decreases protein solubility and may alter their phosphorylation, ubiquitination and 

activation. Most importantly, the equilibrium between correctly folded and partially 

folded polypeptides is disrupted (Bensaude et al., 1990). Unfolded polypeptides 

are bound by hsps which act as molecular chaperones (Gatenby et al., 1990; Ellis 

1987; Welch et al., 1989) assisting the unfolded polypeptide in assuming a 

conformation that is biologically active.
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Stress Protein Families

hsp 90 hsp70 hsp 60 Small hsps

Members

Hsp 100, 

Hsp90, Grp 94

Grp 78(=Bip) 

Hsp 70, Hsc 70, 

Hsx 70, Prp 73

Hsp 60 Hsp 27, 

Hsp 28

Prokaryotic Lon protease 

homologues (E. Coli)

DnaK Gro EL, Mycobacterial

Mycobacterial 18kd antigen

65kd antigen

Location Cytoplasmic,

perinuclear

Grp 78 in cytoplasm 

hsp 70 mitochondria 

and cytoplasm 

hsc 70 cytoplasm

Mitochondria Cytoplasmic

Function Stabilizes inactive 

form of steroid 

receptor and 

of retroviral 

transforming proteins 

in their transit 

to the membrane

In mitochondria, 

completes translocation 

and stabilizes 

prefolded structures. 

Involved in protein 

folding and unfolding 

and in assembling 

multimeric complexes 

and uncoating 

clathrin vesicles.

Assembly of Confer thermo

multimeric tolerance?

complexes 

Protein folding 

and unfolding

Table 1.3.1. Summary of eukaryotic heat shock protein families. Table was 
adapted from the following references (Latchman 1991; Gething 
and Sambrook 1992).
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By binding proteins that have spontaneously assumed their secondary or tertiary 

structure but are still to assume their native conformation, hsps prevent the 

formation of incorrect intra or intermolecular interactions and most importantly 

maintain proteins in an conformation that will enable their translocation through 

membranes (Gething and Sambrook 1990). The hsps themselves are found to 

self-aggregate under stressful conditions forming insoluble complexes (Bensaude et 

al., 1990). This is thought to occur as a result of binding misfolded or partially 

denatured proteins. Hsps are present in the mitochondria, endoplasmic reticulum 

(ER) and cytoplasm (Gething and Sambrook 1992).

Following heat shock, hsp 70, localizes to the nucleus and nucleolus where it 

binds to proteins in the preribosome unit and protects them from irreversible 

dénaturation (Schlessinger 1990). Hsp 90 is thought to mediate stabilization of the 

cytoskeleton but in stress cells translocates to the nucleus independently of the main 

cytoskeletal network (Akner et at., 1992).

1.3.2. The heat shock response

The heat shock response argues for the protective effect of hsps (Lindquist

1986). Following heat shock, immediate induction of hsps ensues (Slater et al., 

1981; Welch 1993). A key feature about hsp synthesis and the heat shock response 

is that it is both rapid and transient. Concomitant with hsp induction is a reversible 

inhibition of protein synthesis in cases of most severe stress. The intensity of the 

response correlates with the severity of the stress that caused it and survival from 

such stress is dependent upon recovery of normal protein and mRNA synthesis 

(Mizzen and Welch 1988; Black and Subjeck 1990). An inverse correlation exists 

between the time of protein and mRNA sythesis recovery and survival (Black and 

Subjeck 1990).

Thermotolerance, the aquisition of a transiently increased resistance to heat 

induced by exposure to elevated temperature, has been strongly correlated with hsp 

induction as they not only follow the same kinetics (Mivechi et al., 1991) but 

abolishing hsp 70 function using monoclonal antibodies results in cells becoming 

more heat sensitive (Johnston and Kucey 1988; Riabowol et al., 1988).
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Furthermore, thermotolerant rat cells expressing high hsp levels are able to recover 

more rapidly from heat-induced protein and RNA synthesis inhibition than cells not 

previously exposed to elevated temperatures and thus, from the disruptions caused 

by a given stress (Liu et a l, 1992). However, cellular transformation may be 

accompanied by an increase in hsp synthesis and heat sensitivity, cells with the 

same hsp levels may have widely different thermotolerance and blocking hsp 

synthesis does not prevent translational thermotolerance i.e. protection of 

translational activity following heat shock (Lindquist 1986; Mizzen and Welch 

1988). It is likely that the speed of the recovery and the increased survival of 

thermotolerant cells is due to the ability of cellular proteins to withstand stress better 

rather than due to faster repair or damaged proteins (Black and Subjeck 1990). 

Overall it is accepted that although hsps are not the only factor contributing to 

thermotolerance, they play a major role in the aquisition of the thermotolerant state.

The heat shock response is regulated both at the transcriptional and 

post-transcriptional levels (Didomenico etal., 1982; Hickey et at., 1986). Initiation 

of hsp transcription, following heat stress, is mediated by the binding of the heat 

shock transcription factor (HSP) to the heat shock element (HSE), a consensus 

sequence present within the promoter sequences of the heat shock genes (Lis et a i, 

1989; Ang et a i, 1991).

The closely related, glucose regulated proteins, lack the HSE but can be induced 

simultaneously in response to glucose starvation or the appearance of abnormal 

proteins (Winrow et al., 1990). Heat shock mRNAs are translated preferentially to 

non-heat shock transcripts (Yost et ai, 1990; Matts and Hurts 1992). Activation of 

heat shock gene transcription by HSP is a multistep process (Sorger et a i,  1991; 

Jurovich et al., 1992; Sarge and Morimoto 1991), the binding of HSP to DNA 

requiring Ca^+ and heat stress activation (Price and Calderwood 1991). 

Autoregulation of the heat shock response is achieved through interaction of hsp 70 

with HSP (for review Morimoto 1993). Autoregulation of hsp synthesis is achieved 

by repression of hsp 70 mRNA once sufficient functional hsp has accumulated 

(Didomenico et al., 1982) thus, production of hsp 70 correlates qualitatively with 

the level of stress.
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Hsp gene expression can be regulated not only by stress but by the rate of protein 

synthesis i.e. by the concentration of nascent polypeptides since hsp 70 binds to 

both heat denatured proteins and nascent polypeptides (Baler et al., 1992). Hsp 70 

seems to be the link between hsp gene expression, protein synthesis and 

accumulation of denatured protein following stress (Baler et a l, 1992).

The closely related, glucose regulated proteins, lack the HSE but can be induced 

simultaneously in response to glucose starvation or the appearance of abnormal 

proteins (Winrow et al., 1990). Heat shock mRNAs are translated preferentially to 

non-heat shock transcripts (Yost et al., 1990; Matts and Hurts 1992). Activation of 

heat shock gene transcription by HSF is a multistep process (Sorger et al., 1991; 

Jurovich et al., 1992; Sarge and Morimoto 1991), the binding of HSF to DNA 

requiring Ca^+ and heat stress activation (Price and Calderwood 1991). 

Autoregulation of the heat shock response is achieved through interaction of hsp 70 

with HSF (for review Morimoto 1993). Autoregulation of hsp synthesis is achieved 

by repression of hsp 70 mRNA once sufficient functional hsp has accumulated 

(Didomenico et al., 1982) thus, production of hsp 70 correlates qualitatively with 

the level of stress. Hsp gene expression can be regulated not only by stress but by 

the rate of protein synthesis i.e. by the concentration of nascent polypeptides since 

hsp 70 binds to both heat denatured proteins and nascent polypeptides (Baler et al., 

1992). Hsp 70 seems to be the link between hsp gene expression, protein 

synthesis and accumulation of denatured protein following stress (Baler et al., 

1992).

1.3.2. Heat Shock Proteins and Cell Survival

Heat shock proteins enhance cell survival by protecting cells from the 

deleterious effects of shock and other stresses (Young and Elliot 1989). Their role 

as chaperonins in protein maturation is essential in yeast, as mutations in two hsp 

encoding genes (SCCl and KAR2), encoding members of the hsp 70 protein 

family, were lethal (Lindquist and Craig 1988).

58



In addition to their implication in thermotolerance (Subjeck and Black 1990), the 

heat shock response and hsp synthesis following heat stress, correlates with 

protection of mouse thymocytes against apoptosis induced by dexamethasone, 

phorbol esters and Ca^+ (Nicolleti et al., 1992) and enhanced survival of rat cortical 

neurons following exposure to glutamate (Rordorf et al., 1991; Lowenstein et al.,

1991).

In vivo, hsp 70 is induced at the site of tissue injury in the rat brain (Brown et 

al., 1989) and following ischemia or treatment with kainic acid (Brown 1990). 

Hippocampal neurons that expressed hsp 70 following ischemia, survived as 

opposed to neurons in which no hsp 70 protein was detected. However, hsp 70 

expression was detected 48 hours after ischemia suggesting its expression was not 

a direct response to nutrient deprivation (Brown 1990). Hsp 90 is expressed in the 

brain at high concentrations and is localized to the neurons rather than glia (Itho et 

al., 1993); following hyperthermia, hsp 70 expression increases dramatically in glia 

cells and it has been suggested that glia may transfer the protein to neurons (Brown 

1990).

Hyperthermia during a critical stage in guinea-pig brain development (days 

20-24 of gestation), in which cells of the neuroepethelium are actively 

proliferating, causes extensive cell death leading to brain c e ll^ f ic jf^ ^ Jn ^ b o m  

guinea-pigs with impaired learning abilities (Wanner et al., 1975). fh e  cell deficit 

observed following hyperthermia was thought to occur as a result of strong 

inhibition of proliferation by heat which primarily affected mitotic cells. Exposure 

of rat embryos to a milder heat shock prior to exposure to defect-inducing 

temperatures conferred protection against the teratogenic effects observed 

following exposure to defect-inducing temperatures alone (Walsh et al., 1989). 

Since the heat shock response appears to confer protection against a subsequent 

stress in the mammalian brain, it has been proposed that neurodegenerative diseases 

and aging could result from an impaired heat shock response (Brown 1990).
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Interestingly, hsp 70 expression in the adrenal cortex decreases with age, possibly 

contributing to a reduced stress tolerance by aged animals (Balke et al., 1991); 

mitogen stimulation of lymphocytes associated with diminished hsp synthesis, also 

appears to decrease with age (Faassen et at., 1989).

Expression of hsps has been observed in tissues undergoing regression 

(Buyttan et at., 1989; Schwartz et al, 1990). A dramatic increase in the level of the 

heat shock polyubiquitin, without apparent activation of cellular heat shock 

response, is detected when intersegmental muscles (ISMs) become committed to 

degeneration implicating ubiquitin in developmentally programmed ISM atrophy 

(Schwartz et a l, 1990).

Hsp 70 is transiently expressed in the regressing rat prostate gland as part of a 

c-fos, c-myc cascade resembling that observed during prostate gland re-growth 

following testosterone treatment, suggesting apoptosis could result as a 

consequence differentiated prostate cells re-entering a defective cell cycle 

(Colombel et a l, 1992).

Heat shock has been reported to enhance apoptosis of mouse L cells and 

immature thymocytes (Ghibelli et a l, 1992; Migliorati et a l, 1992). In thymocytes 

heat shock-induced cell death did not require de novo protein synthesis and was 

inhibited by the addition of Zn^+ which inhibits the endonuclease activity 

responsible for DNA fragmentation (Wyllie 1980). Conversely, the same heat 

stress enhanced the survival of thymocytes treated with dexamethasone (Migliorati 

et a l, 1992); the protective effect of heat shock correlating with the induction of hsp 

synthesis. Thus, in immature thymocytes heat shock can both inhibit and induce 

apoptosis (Migliorati et a l, 1992). In mouse L cells, heat shock-induced apoptosis 

was dependent upon de novo protein synthesis as the protein synthesis inhibitor 

cyclohexamide prevented cell death. The effect of cyclohexamide argues against a 

protective effect of heat shock proteins, since cyclohexamide prevents their 

synthesis. Furthermore, hsps themselves mediated apoptosis in L cells (Ghibelli et 

a l, 1992).
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The role played by hsps in protection against cell death may be as ambivalent as 

their role in protection against microbial infection and in the immune response 

(Harboe and Quayle 1991). A heat shock response is triggered in both host and 

pathogen upon infection in an attempt by both organisms to protect themselves 

(Kaufmann 1990). Hsps can act as antigens of infectious diseases and due to their 

high degree of evolutionary conservation, antibodies raised against microbial hsps 

may react with autologous hsps eliciting and autoimmune response (for reviews 

Young and Elliot 1989; Delpino et al., 1990; Kaufmann 1990). It seems unlikely 

that antibodies against hsps are the sole causative agent of autoimmune disease 

(Kaufmann 1990) since antibodies against autologous hsps are present in healthy 

individuals (Young and Elliot 1989). Furthermore, modulation of hsp 

autoimmunity by exposure to bacterial hsp can lead to resistance to autoimmunity 

suggesting the possibility of developing vaccines on the basis of hsps or 

hsp-derived peptides (Yang and Feige 1992).
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Aims

The aims of this thesis were to study the process of programmed cell death 
using the ND7/23 neuronal cell line as a model, to characterize the phenomenon of 
apoptosis both at the morphological and biochemical level and to search for factors 
which affect its regulation.

Programmed cell death can occur naturally during development, contributing 
to the sculpting and shaping of organs (Glucksmann 1951) but may also occur 
during adulthood either contributing to or as a consequence of disease (Forloni et 
a l, 1993; Strasser et a l, 1991). The important role of programmed cell death is 
particularly apparent in the nervous system. However, the limited amounts of 
material available from primary neuronal cultures, has often hindered the full 
application of molecular and biochemical techniques to understanding the 
mechanisms regulating neuronal cell death.

The ND7 cell line, one of a series of cell lines created by fusing mouse 
neuroblastoma cells with rat primary DRG neurons, proliferates indefinitely in 
culture whilst retaining many of the characteristics of the DRG parent (Wood et a l, 
1990). Thus, the ND7 cell line provides a unique model to study the apoptosis in 
a homogenous neuronal population.

The heat shock proteins play an important but not clearly understood role in 
protecting cells from a variety of stresses. Their role in apoptosis is conflictive and 
contradictory to their protective nature (Migliorati et a l, 1991; Ghibelli et a l, 
1992). I aimed to define the part, if any, played by the heat shock response and 
hsps in neuronal cell death.
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CHAPTER 2

ÂTOMAL!
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2.1. MATERIALS

2.1.1. Bacterial Strains

Escherichia Coli DH5a:F", phi80d/ûcZAM15,A(/acZYA-argF)U169,recAl, 

endk\,hsd  R17(rk-,mk+),5wpE44, l a m b d a - , A,rel A l.

2.1.2. DNA

i). plasmids

Table 2.1.2. Plasmids used and their sources were as listed:

Bluescript-SK (Short et al., 1988) (Stratagene)

RSV-cat (Gorman et al., 1982) Dr. C. Gorman

PHbAPrl-neo (Gunning et al., 1987) Dr. L. Kedes

pBL2-cat (Luckow et al., 1987) Dr. K. LiUicrop

API-cat (Angel et al., 1987) Dr. J. Woodgett

pAPr-HS70 (Angelidis et al., 1991) Dr. C. Pagoulatos

BS-HS90 (Twomey et al., 1993) Dr. B. Twomey

pREP4-HS65 (Grogeret al., 1989) Dr. S. Morgan

pREP5-HS65 (Grogeret al., 1989) Dr. S. Morgan

(TRE3)3-tk-CAT (Zelent et al., 1989) Dr. N. Eager
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ii). molecular weight standards

Either Ikb DNA ladder (Gibco BRL) or lambda DNA, Hind- III digest (Gibco 

BRL) were used.

2.1.3. Monoclonal Antibodies

The AC88, C92F3A and N27F3-4 mouse antibodies specific for hsp90, hsp72, 

and hsp72/73, respectively were obtained from StressGen. Rabbit anti mouse 

peroxidase and fluorescein were obtained from Dako. The 4B1/89 monoclonal 

antibody against human hsp 65 was a kind gift from Dr. D. Toft.

2.1.4. Enzymes units/^1

T4 DNA ligase 

DNase 1

Alkaline phosphatase 

Proteinase-K

DNA polymerase 1 (Klenow) 

Restriction endonucleases 

Lysozyme 

RNase-A

2.5

35

1

Boehringer Mannheim

Gibco BRL

Sigma

2.1.5. Cell lines

The neuronal cell lines ND7 and N18Tg2 (Wood et al., 1990) were a gift from 

Dr. J. Wood, Sandoz Institute, London.
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2.1.6. Primary cultures

Wistar neonate rats (48hrs old) were obtained from the Animal House at Arthur 

Stanley House, Biological Services, UCLMS.

2.1.7. Chemicals, Equipment and Miscellaneous

All solid chemicals, organic solvents, alcohols and acids were obtained from 

BDH and were of AnalaR grade unless stated. Rainbow mid range protein 

molecular weight markers were obtained from Amersham; Prestained protein 

molecular weight standards, 14,300-200,000 MWt range, were obtained from 

Gibco BRL. All radiochemicals dCTP (lOp-Ci/nl 3000Ci/mmol),

chloramphenicol (l^Ci/p.1) D-Thero-[dichloroacetyl-1,2-^^C]), L-p^S] methionine 

(10p.Ci/)il 1217Ci/mmol) and [^H] thymidine (l^Ci/iil, 88.8Ci/mmol) were obtained 

from Dupont. Nylon (Hybond N) and nitrocellulose (Hybond C) hybridization 

transfer membranes were obtained from Amersham. XAR 5 fast film was obtained 

from Kodak and Hyperfilm-MP was obtained from Amersham.

Film fixer and developer were obtained from Photosol. All plasticware for 

tissue culture was obtained from Nunclon and all other disposable plasticware was 

obtained from Greiner. 3MM chromatography paper was obtained from Whatman 

and disposable filters were obtained from Sartorius.

2.1.8. Buffers and other stock solutions

(All concentrations expressed at xl)

Stock concentration

Denhardts x 100 0.02% w/v ficoll type 400 (Sigma), 0.02% w/v PVP

(Sigma), 0.02% w/v BSA (Sigma).
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Luria-Bertani medium 1% (w/v) bactotryptone, (Difco laboratories) 0.5% (w/v)

(LB) xl bacto yeast extract, (Difco laboratories) 170mM sodium

chloride pH 7.

HBS xlO 140mM sodium chloride, 25mM Hepes, l.lm M  disodium

orthophosphate.

PBS xlO 104mM sodium chloride, l.SmM potassium chloride,

5.4mM di-sodium orthophosphate dihydrate, 1.25mM 

potassium dihydrogen orthophosphate pH 7.

SSC x20 150mM sodium chloride, 15mM sodium citrate pH 8.

TBS xl 50mM Tris, 150mM sodium chloride pH 8.

TBE xlO 90mM Tris, 90mM orthoboric acid, 2mM EDTA pH 8.3.

TE xl 10 mM Tris-HCl pH 7.4, ImM EDTA pH 8.0

2.2. METHODS

The protocols listed below were generally adapted from those found in Sambrook et 

al., 1989. Protocols are individually referenced if they were obtained in whole or in the 

major part from elsewhere.

2.2.1. General

i). Chemicals

All solid chemicals were dissolved in dH20, adjusted to the correct pH with 

hydrochloric acid or IM sodium hydroxide, autoclaved or filter sterilized and stored at 

room temperature before use unless stated. Retinoic acid (Sigma) was dissolved in 

ethanol; PMA, dexamethasone, (Sigma) and DOG were dissolved in DMSO. IGFl 

and IGF2 were dissolved in PBS with 1 mg/ml BSA.
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SDS and sodium hydroxide were not autoclaved, phenol, ethidium bromide 

(Sigma) and Tween-20 (Sigma) were stored in the dark. Phenol, Hepes, 

cyclohexamide (Sigma) and ATA (Sigma) were stored at 4°C and calcium chloride, 

deionised formamide, retinoic acid, dexamethasone, cAMP (Sigma), PMA (Sigma), 

ampicillin (Berk), DTT (250mM aliquots), APS (10% aliquots). Calcium and 

Potassium ionophores (Fluka), DOG (Sigma) and all enzyme reaction buffers were 

stored at -2ÇPC. All growth factors were stored in aliquotes at -70°C and all antibodies 

were stored at 4°C and at -20°C when diluted.

Chloroform always contained 4% v/v isoamyl alcohol (Sigma), phenol contained 

0.1% w/v hydroxyquinoline (Sigma) and was buffered by shaking 3 times with an 

equal volume of 0.5M Tris pH 8 and with O.IM Tris pH 8, 0.2% v/v 

p-mercaptoethanol twice, removing the aqueous layer each time. Formamide was 

deionised by stirring with 10% w/v duolite MB 6113 mixed resin for 30 minutes and 

subsequently filtering through 3MM paper,

ii). Cleaning nucleic acid preparations

Phenol/chloroform, phenol and chloroform extractions were carried out by addition 

to an equal volume, vortexing and spinning for 2 minutes at 12,000g. The top aqueous 

phase was retained. Ethanol precipitations of DNA and RNA were carried out by 

addition of at least 2.5 volumes of ethanol (Hayman Ltd) and 0.01 volumes of 4M 

sodium chloride to DNA and 0.1 volumes of 3M sodium acetate to RNA and storage at 

-20 or -70°C respectively overnight. Precipitated DNA was spun for 5 minutes while 

RNA was spun for 15 minutes at 12,000g. Pellets were washed in approximately 500m1 

of 70% v/v ethanol and spun as above. Pellets were then dryed in a freeze dryer and

resuspended in (IH2 O.

:::). Equalising DNA and protein concentrations

DNA concentrations were determined by optical density at 260nm using a 

Shimadzu UV-150-U2 double beam spectrophotometer (deuterium lamp). DNA 

concentrations were further equalised by visualization on agarose/ethidium bromide 

stained gels. Protein concentrations were determined using the Pierce coomassie 

protein assay reagent (Pierce) (Sedmak & Grossberg, 1977).
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iv). M iscellaneous

DNA was denatured by boiling for 3 minutes. Autoradiography was carried out at 

-70°C with an intensifying screen and all scintillation counting was carried out in 5ml 

of Ecoscint A scintillation solution (National Diagnostics) in an Intertechnique SL-30 

liquid scintillation spectrometer. E.coli DH5a were maintained on 1.0% w/v agar 

(Difco laboratories) made up in minimal medium (IM  glucose, 350mM disodium 

hydrogen orthophosphate, llOmM potassium dihydrogen orthophosphate, 45mM 

sodium chloride and lOOmM ammonium chloride). Herring sperm DNA (Sigma) was 

prepared by sonication and boiling for 10 minutes. DNase-free RNase-A was prepared

by boiling for 10 minutes at lOmg/ml in (IH2 O and was stored at -20°C.

DNA

2.2.2. Plasmid Purification (all solutions were sterile)

i). Small scale preparation of plasmid DNA (miniprep)

Alkali Ivsis from Sambrook et al.. 1989 except for the following modifications:- 

Solution 1 = 20% w/v sucrose, 50mM EDTA, 50mM Tris pH 8 

Solution 2 = 0.2M NaOH, 1% SDS

Solution 3 = 3M sodium acetate. pH adjusted to 4.8 with glacial acetic acid.

Cell pellets were resuspended in 150m1 of solution 1 and were stored on ice for 10 

minutes after addition of 350^1 of solution 2.

After addition of 250 .̂1 of solution 3 lysates were left on ice for 20 minutes and

plasmids were precipitated from the supematent with 700^1 of -20°C isopropanol at 

room temperature for 15 minutes. Precipitates were spun at 12,000g for 5 minutes and

resuspended in 50p.l of dH20. After phenol/chloroform extraction and ethanol

precipitation pellets were resuspended in 20^1 of dH2 0  and typically 5̂ il was digested

with the appropriate restriction enzymes in a lÔ il volume containing 0.5^g/^il of 

RNase-A.
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ii). Large scale preparation of plasmid DNA

Lvsozvme/Triton X-100 Ivsis and polyethylene glvcol 6000 precipitation

lOmls of LB containing 50^g/ml ampicillin (Berk pharmaceuticals) was innoculated

with 5̂ il of glycerol stock and shaken for 2-3 hours at 37°C. 0.5ml of these cultures 

was used to prepare glycerol stocks by addition of 0.5 volumes of glycerol and storage 

at -70°C. 400ml of LB/ampicillin was then innoculated with the remainder of this 10ml 

and left shaking at 37°C overnight. Cultures were spun at 7,000rpm for 10 minutes in a 

Sorvall RC-5B centrifuge using the GS3 rotor and pellets were resuspended in 4ml of 

25% w/v sucrose, 50mM Tris pH 8 and 1 mg/ml lysozyme, transferred to 50ml Sorvall 

tubes and left on ice for 15 minutes. EDTA was then added to lOmM and left on ice for 

another 10 minutes. 0.5 volumes of Triton solution (5.4% v/v Triton X-100, 270mM 

Tris pH 8, 340mM EDTA) was then added, mixed gently and the mixture replaced on 

ice for a further 30 minutes.

After spinning at 18,000rpm for 1 hour in a Sorvall RC-5B centrifuge using the 

SS-34 rotor the supematent was retained and added to 1ml of IM Tris pH 8 and 1ml of 

4M sodium chloride. This solution was then phenol/chloroform and chloroform 

extracted (spinning at 4,000rpm for 10 minutes in an lEC Centra-4R benchtop 

centrifuge. The phenol/chloroform extraction was shaken only gently).

Plasmid DNA was precipitated by the addition of 10% w/v polyethylene glycol 

6000 which was dissolved at 37°C for 30 minutes and then left at 0-4°C for at least 1 

hour, the precipitate was spun at 12,000g for 20 minutes and redissolved in 500^1 of 

O.IM Tris pH 8 and 0.2mg/ml RNase A and incubated at 37°C for 30 minutes. 1 

volume of polyethylene glycol solution (20% w/v polyethylene glycol 6000, Im 

sodium chloride, lOmM Tris pH 8, ImM EDTA) was added and after leaving on ice for 

1 hour the precipitate was spun at 12,000g for 15 minutes and resuspended in 400^J of 

lOmM Tris pH 8, 0.5M sodium chloride and left on ice for a further 30 minutes. After 

phenol and chloroform extraction the DNA was again treated with 0.125^ig/ml RNase-A 

at 37°C for 1 hour. The DNA was then ethanol precipitated.
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The purity and integrity of the plasmid DNA was always checked by restriction enzyme 

digestion and visualisation on agarose/ethidium bromide gels. Typical yields were 

approximately 750^g of DNA.

iii). DNA purification from eukaryotic cells

Typically 5x10^ cells were harvested in PBS and pellets lysed in 500^1 of Lysis 

Buffer (1% SDS, lOmM Tris-HCl pH 8.0, 100 mM NaCl, O.lmM EDTA) with

200^ig/ml Proteinase K overnight at 37°C. Phenol/chlorophorm and chlorophorm 

extractions were carried out by gentle mixing in a rotating wheel for Ihr at room 

temperature. The DNA in the aqueous layer was precipitated with 0.1 volumes of 

sodium chloride and 2.5 volumes of ethanol overnight at -20°C. Pellets were washed 

with 70% ethanol, air dried and allowed to resuspend in 100|xl TE buffer at 37°C with 

lO^g RNAse. Samples were separated on a Ix TBE, 1.2% agarose gel run overnight at 

30volts following heating at 65°C for 15 minutes.

2.2.3. Restriction Enzyme Digests and Agarose Gels

Restriction enzyme digests were carried out in 1 x the recommended Gibco BRL 

REact buffer with 4mM spermidine and typically 1 unit of enzyme per îg of DNA and 

incubated at 37°C for 1 hour unless stated. Agarose (Gibco BRL) or LGT agarose 

(IBI) gels between 1 and 2% w/v were made up using 1 x TBE and containing 0.5p.g 

/ml ethidium bromide (Sigma). DNA samples were loaded in Ix TBE, 50% glycerol 

and 1% Bromophenol Blue. Samples were typically electrophoresed at 50-100mA 

constant current in 1 x TBE and visualised using a UVP transilluminator.

2.2.4. Ollgo labelling

Oligo labeUing o^DNA fragments was carried out as described (Fienberg and 

Vogelstein, 1^À3). Appropriate restriction enzyme fragments were excised from LGT

agarose gels and boiled in 3 volumes of (IH2 O for 10 minutes.
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Approximately 30ng of fragment was heat denatured at lOO^C for 3 minutes and oligo 

labelling buffer was added before renaturation to a final concentration of 50mM Tris pH

8, 5mM MgCl2 , 0.1% v/v p-mercaptoethanol, 200nM dATP, dGTP and d'lT'P 

(Pharmacia), 200mM Hepes pH 6.6, 100|ig/ml random hexanucleotides and

l̂ iCi/M-l[a32p] dCTP typically in a final volume of 40^1.

Finally when cooled 6 units of Klenow were added and the mixture was incubated 

at room temperature overnight. DNA probes were then spun through a 1ml Sephadex 

G50 (Pharmacia) column at 2,000rpm for 2 minutes in an lEC Centra 4R benchtop 

centrifuge and 1 p.1 of the eluant was assayed by scintillation counting. Probes were 

typically >2 x 10  ̂cpm.

2.2.5. Construction of Recombinant Plasmids

i). Vector Preparation

Typically lO^g of vector DNA was linearised with the appropriate restriction 

enzyme(s) and the efficiency of the enzyme(s) was tested on agarose/ethidium bromide 

gels. Linear vector was phenol/chloroform extracted and ethanol precipitated before 

resuspending in 90 p.1 of lOmM Tris pH 8.3, 10 p.1 of 10 x phosphatase buffer 

(Boehringer Mannheim) and 1 unit of calf intestinal alkaline phosphatase and incubating

at 37°C for 30 minutes. The reaction was stopped by addition of 100 1̂ of 2 x stop

solution (1% SDS, lOmM EDTA and 200^g/ml proteinase-K) and incubation at 56°C 

for 30 minutes. Vector was then phenol/chloroform extracted and ethanol precipitated.

ii). DNA Fragment Purification

DNA fragments were purified using the Geneclean II kit (BIO 101 Inc). 

Purification was carried out according to the protocol obtained with the kit.

Briefly, the appropriate fragments were cut from TBE gels in minimal volumes of

agarose and dissolved in 3 volumes of sodium iodide at 50°C for 5 minutes. 5^1 of 

glassmilk was added and the mixture left on ice for 5 minutes before pelleting the 

matrix at 12,000g for 10 seconds.
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The glassmilk matrix was resuspended in 500̂ .1 of -2ÇPC New wash and respun and 

resuspended 3 times. After removing all the wash solution the pellet was resuspended

in lÔ il of (IH2 O and incubated at 50°C for 3 minutes, then spun at 12,000g for 30 

seconds. DNA in the supematent was retained for ligation.

iii). Ligations (All solutions were sterile).

Approximately 200ng of vector DNA and 5 x the molar concentration of insert 

DNA were ligated in lOp.1 volumes containing 1 x ligation buffer (Boehringer 

Mannheim) and 1 unit of T4 DNA ligase at 14°C overnight. Molecular weight marker 

DNA {X Hind-ni digest) was also ligated and run on agarose/ethidium bromide gels to 

test the efficiency of the ligase.

iv). Competent cells and Transformation (all solution were sterile)

E. coli were maintained by growth on minimal medium. A single colony of E. coli

DH5a cells was used to innoculate 2.5ml of LB. After shaking for 2 hours at 37°C 

these mid-log cells were diluted 1/20 in LB and incubated shaking at 37°C for a further 

1.5 hours. Cells were pelleted at 3,000rpm for 10 minutes in an lEC Centra-4R 

benchtop centrifuge and resuspended in 25ml of lOOmM calcium chloride at 4°C. The 

cells were again spun at 3,000rpm for 5 minutes at 4°C and were resuspended in 2.5ml 

of lOOmM calcium chloride. Cells were either diluted with 0.5 volumes of glycerol and 

stored for up to a month at -IQPC for transformation with homogeneous plasmid DNA 

or were left at 4°C overnight and transformed with newly ligated DNA the following 

day.

lOÔ il of competent cells were transformed by addition of 10-20ng of homogeneous

DNA or all lÔ il of a ligation mix (see 2.5.iii) and left at 4°C for 30 minutes. After the

addition of 200|il of LB, cells were incubated at 37°C for 30 minutes and plated on 1%

agarose/LB plates containing 50^g/ml ampicillin and incubated at 37°C overnight. 

Single colonies were picked for assay by miniprep (see 2.2.2.i) or by colony 

hybridisation assay (see below).
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v). Recombinant Selection (all solutions were sterile).

Ligated DNA was used to transform competent cells (see above) and white colonies

were picked and grown for 2 hours at 37°C in 200p.l of LB containing 50^ig/ml 

ampicillin (Berk) in 96 well plates. 0.5p.l of each clone was then spotted onto Hybond 

N. To the remainder of each clone 2 drops of glycerol was added and these were frozen 

at -70°C. Ing of Bluescript DNA was also used to transform competent cells in order to 

test their DNA uptake efficency.

Nylon filters were prepared for hybridisation with 5 minute washes, twice in 0.5M 

sodium hydroxide, twice in IM Tris pH 7.5, twice in 1.5M sodium chloride and 0.5M 

Tris pH 7.5 and finally for 5 minutes in 2 x SSC. The DNA was then cross linked to

the filters by baking for 2 hours at 80°C. l|il of DNA insert was oligo labelled (see

2.2.4.) and used to probe filters, which were prehybridised in 6 x SSC, 1 x Denhardts

and lOO îg/ml denatured herring sperm DNA at 65°C for 60 minutes. Hybridisation 

was carried out in the same solution plus denatured probe at 65°C overnight. Filters 

were washed twice in 1 x SSC and 0.5% SDS at 65°C for 30 minutes prior to 

autoradiography for 1 hour. Positive clones were grown up from glycerol stocks for 

miniprep and restriction enzyme analysis.

2.2.6. Transfections (All solution were filter sterilized).

Either 8 x 10  ̂cells on a 90mm plate (transient transfections) or 2.5 x 10  ̂cells in 

30mm 6 well plates (stable transfections, see 2.2.14.) were transfected by the calcium 

phosphate procedure of Gorman (Gorman, 1985). Briefly cells were transferred to 

DMEM supplemented with 10% v/v foetal calf serum 2 hours before transfection. 

Plasmids and herring sperm carrier DNA were sterilized by ethanol precipitation and 

70% v/v ethanol wash and typically lOp-g of plasmid DNA and 40p.g of carrier were 

added to each plate. 4 hours after transfection cells were washed twice in PBS and the 

standard growth medium was replaced. Cells were harvested by scraping from the 

plates 48 hours after transfection for CAT assays.
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2.2.7. Southern Blotting

Genomic DNA gels were were run on 0.6-0.8% agarose gels overnight at 45 volts 

and first washed with 0.25M HCl for 15 minutes. Agarose/ethidium bromide gels 

were prepared for Southern blotting by washing for 30 minutes in 0.5M sodium 

hydroxide and 1.5M sodium chloride, 30 minutes in 3M sodium chloride and 0.5M 

Tris pH 7 and 5 minutes in 2 x SSC. Blotting onto nylon filters was carried out 

overnight using 20 x SSC as blotting buffer. DNA was cross linked to blots by 

autocrosslinking (UV Stratalinker 2400, Stratagene).

Filters were prehybridised in 6 x SSC, 10% w/v dextran sulphate (Pharmacia), 

0.1% w/v SDS, 5 X Denhardts and lOO^g/ml denatured herring sperm DNA (Sigma), 

for 2 hours at 65®C in a Hybaid MAXI hybridisation oven. Hybridisation to denatured, 

oligo labelled probe (2.2.4.) was carried out in the same solution overnight at 65°C. 30 

minute washes were carried out typically at 65°C in 2x SSC and 0.1% w/v SDS 

followed by decreasing concentrations of SSC to 0.1 x or until sufficient washing was 

achieved for autoradiography.

2.2.8. Tritiated Thymidine Incorporation

IxlOS cells were seeded onto 24 well plates (Nunc) and incubated with 1 p.Ci/ml 

^H-thymidine for 4 hours at 37°C. Cells were aspirated and spun for 5 minutes at 

1250rpm and 4°C and resuspended in 1ml of ice-cold 10% trichloroacetic acid (TCA) 

following addition of lO^g carrier single stranded DNA. Samples were incubated on 

ice for 10 minutes, passed through a 20mm filter (Whatman) using a vaccum pump 

and washed through with 10 ml of 10% TCA. Finally samples were rinsed with 

ethanol, air-dried and ^H-thymidine incorporation counted as described (see 2.2.1.iv).

Protein

2.2.9. CAT assays

CAT assays were carried out according to the procedure of Gorman (Gorman, 

1985).
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2.2.10. Western Blotting

Cells were harvested in PBS and counted before being resuspended in 60mM Tris 

pH 6.8, 10% v/v glycerol, 2.3% w/v SDS 5% v/v p-mercaptoethanol and 0.25% w/v 

bromophenol blue (Electran) and were boiled prior to loading on a 7% w/v 

polyacrylamide gel unless otherwise stated. Gels were made using 30% w/v 

acrylamide, 0.8% w/v bisacrylamide Protogel (National Diagnostics) in 0.4M Tris pH 

8.8 and 0.1% w/v SDS and set with 0.04% w/v APS and 0.05% v/v TEMED (Sigma).

The polyacrylamide gel was overlayed with dH20 saturated butanol while setting. The 

5% stacking gel also contained Protogel but with 0.125M Tris pH 6.8 and 0.1% SDS, 

0.1% APS and 0.1% TEMED.

Protein samples were electrophoresed typically for 3 hours at 50mA constant 

current in 0.2M glycine (Sigma), 0.1% w/v SDS and 25mM Tris running buffer. 

Samples were equalised by cell counting and by visualising coomassie brilliant blue 

stained gels. Gels were soaked overnight in 50% v/v methanol, 6.5% v/v acetic acid 

and 2% w/v coomassie stain (Sigma). Destaining was carried out in the above solution

minus the stain. Typically approximately 6 x 10  ̂cells (~10^g of protein) were loaded

per lane. Transfer to nitrocellulose filters was carried out overnight at 210mA constant 

current in 20% v/v methanol, 0.64M glycine and 80mM Tris transfer buffer (Towbin et 

a l,  1979).

Filters were blocked for 1 hour in 5% w/v fat free dried milk (Marvel) and 0.3% 

v/v Tween-20 (Sigma) in TBS, washed 3 times in wash buffer (TBS with 2% w/v 

Marvel and 0.3% v/v Tween-20) and once in TBS and 0.3% Tween-20 for 20 minutes 

each time. Antibodies (a-hsp72, 72/73 and hsp65) were diluted 1/1,000 and AC88 

(a-hsp 90) was diluted 1/100 in wash buffer and filters were incubated in antibody for 

90 minutes. The 4 washes were repeated as above and a secondary, horseradish 

peroxidase conjugated, rabbit anti-mouse immunoglobulins (Dako) were diluted 

1/1,000 in wash buffer and filters were again incubated for 90 minutes and washed as 

above. Autoradiography was carried out using the enhanced chemiluminescence (ECL) 

Western blotting detection system (Amersham) and Hyperfilm MP.
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2.2.11. Immunoflourescence

Cells were seeded onto 16 well glass tissue culture chamber slides (Lab-Tek, Nunc 

Inc.) and grown for 48 hours before fixing. Cells were air dryed and fixed in ice cold 

methanol for 3 minutes and were subsequently kept at room temperature and prevented 

from drying. Blocking was in PBS containing 2% w/v casien (Sigma) and 0.05% v/v 

Tween-20 (Sigma) for 5 minutes. Primary antibody (a-hsp 72 or a-hsp 90) was diluted 

1/100 in blocking solution and 50^1 was left on cells for 30 minutes. After 3 brief PBS 

washes cells were washed for 20 minutes in 50^1 of PBS and again washed 3 times 

briefly in PBS.

Flourescien conjugated rabbit anti mouse secondary immunoglobulin (Dako) was 

diluted 1/400 in blocking buffer and again 50nl was left on the cells for 30 minutes. The 

above PBS washes were repeated and the cells were air dried and mounted in 

aquamount mountant (BDH). Cells were photographed using a Nikon Diaphot 

microscope and camera with the x40 objective under phase contrast and 

immunoflourescence optics using professional 160T Kodak colour film.

2.2.12. Metabolic labelling

1 X 10^ cells grown in FGM (see 2.2.13.) in 90mm plates, were washed with 

Hanks/EDTA and incubated in RMPl 1640 without arginine, cysteine, leucine, 

methionine, inositol, glucose and glutamine (Gibco BRL) supplemented with 2.6% v/v 

sodium bicarbonate (Gibco BRL) and 1% foetal calf serum (FCS, Gibco BRL) at 37°C 

for 1 hour.

Typically cells were heat shocked at 42.5°C for 30 minutes before the addition of

50^iCi of L-[35S]-methionine (Dupont). Following incubation and chase times, cells 

were washed in PBS twice, harvested in 1ml of PBS and counted before being 

resuspended in 60mM Tris pH 6.8, 10% v/v glycerol, 2.3% w/v SDS 5% v/v 

p-mercaptoethanol and 0.25% w/v bromophenol blue (Electran). Samples were run on 

10% polyacrylamide gels as for western blotting (see 2.2.10.) equalized for cell 

number and protein loading visualised by Coomassie Blue staining.
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Gels were placed on to 3MM Whatman paper, covered in Saran wrap and dried under 

vaccum (583 Gel dryer, Bio-Rad) at 80°C for 1 hour before being autoradiographed 

overnight at room temperature. Total 35s-methionine incorporation was measured by 

harvesting cells in 1ml of PBS, spinning at 1250 rpm at 4°C and resuspending the cell 

pellets in PBS and 0.04% BSA. Protein was precipitated by adding an equal volume of 

IM sodium hydroxide and an equal final volume of 100% TCA. Samples were passed 

through 20mm, 3MM Whatman filters using a vaccum pump and washed with 10% 

TCA and ethanol before being immersed in scintillation fluid for scintillation counting 

(see 2.2.1.iv.).

Cell Lines

2.2.13. Maintenance and Differentiation of Cell Lines

ND7 cells were grown in FGM consisting of L I5 (Liebovitz) medium (Gibco BRL 

with L-glutamine) supplemented with 10% v/v FCS, 5% v/v sodium bicarbonate, 

0.35% w/v glucose and 2mM L-glutamine lOOx (Gibco BRL). DMEM (Gibco BRL 

with O.llg/L sodium pyruvate) supplemented with 10% v/v foetal calf serum (Gibco 

BRL, mycoplasma and virus screened) was used for transfections. N18Tg2 cells were 

grown in RPMI 1640 medium (Gibco BRL with L-glutamine) supplemented with 10% 

v/v FCS and 2.6% sodium bicarbonate.

To induce the ND7 cells to cease dividing and undergo morphological 

differentiation (Wheatly et a l, 1992) they were transferred to serum free medium, 

(SFM), consisting of a 1:1 mix of DMEM and Nutrient mix Ham's F12 (Gibco BRL 

with L-glutamine) supplemented with 5^ig/ml human transferrin (Gibco BRL), 

250ng/ml bovine insulin (Gibco BRL) and 30nM sodium selenite (Gibco BRL).

N18Tg2 were induced to differentiate in RPMI 1640 medium supplemented with 

0.5% newborn calf serum and 2.5mM sodium butyrate. Cells were typically passaged 

every 3-4 days and not used after 30 passages. Cells were detached from flasks by 

washing with ImM EDTA in BBSS, without Ca^+ and Mg^+ and without phenol red 

(Gibco BRL).
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For long term cold storage cells were washed with HBSS/EDTA for 5 minutes, 

resuspended in 10ml of the standard medium and spun at l,000rpm for 5 minutes in an 

lEC Centra 4R benchtop centrifuge. Approximately 1x10^ cells were resuspended in 

500)il of culture medium and added to an equal volume of 15% DMSO in FCS (Gibco) 

before freezing overnight in cryostat tubes at -70°C in dry ice. Tubes were then 

transferred to liquid nitrogen. Cells were thawed rapidly, resuspended and spun as 

above and again resuspended in 5ml of medium and returned to small tissue culture 

flasks.

2.2.14. Selection of Stable Cell Lines

Cells were transfected as in 2.2.6. Following transfection cells were grown for 48 

hrs in culture medium followed by transfer to conditioned medium supplemented with 

0418 sulphate (Genetecin, Gibco BRL) or Hygromycin (Calbiochem) until only 

colonies resistant to G418 sulphate remained. Conditioned medium was prepared by 

removal from sub-confluent cells, filter sterilization and supplementation with 50% of 

the standard concentration of foetal calf serum. This medium was replaced every two 

days. ND7 cells were selected in 800^g/ml Genetecin, only cells that expressed the 

neomycin gene would surivive as this is the gene that confers resistance to G418 

(Geneticin). Control, non-transfected cells grown in parallel and subjected to selection 

showed 100% cell death under these conditions. Isolated resistant colonies were picked 

from 6 well plates and grown in 96 well plates. When confluent cells were serially 

diluted in 24 well plates in 500^1 of conditioned medium containing Geneticin. 

Resistant colonies were picked and expanded for assay by Western blotting of protein 

extracts.

2.2.15. Viability Assays

A number of different approaches were taken in order to quantify cell death in 

cultures.
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i). Trypan Blue Exclusion Assay

Cells were aspirated and spun for 10 minutes at 1250g and 4°C. The cell pellet was 

resuspended in 50^1 of medium and an equal volume of 0.04% Trypan Blue (Gurr, 

microscopy materials, BDH) in PBS was added. The cells were incubated at room 

temperature for 5 minutes and the proportion of cells able to exclude trypan blue 

counted in a haemocytometer counting chamber (Weber Scientific International Ltd., 

UK)(Gorman 1985).

it). Acridine Orange/Ethidium Bromide Staining

Rat neonatal (DRG) were seeded in Lab-Tek, 8 chamber permanox slides (Nunc, 

Inc.). Following treatment, the culture medium was removed and cells were incubated 

at room temperature for 5 minutes in 50|ig/ml ethidium bromide (Sigma) and Sp-g/ml 

acridine orange (Sigma) in PBS.

Cover slips were stuck on with nail varnish (Rimmel) and cells were visualized 

under UV light in a Nikon Diaphot microscpe using x40 objective.

iii). Cytotoxicity/Cell Proliferation Assay

Measurements of cell viability and proliferation were carried out using CellTiter 

96™  Non-Radioactive Cell Proliferation/Cytotoxicity Assay (Promega) (Mosmann 

1983; Tada et al.; 1986; Riss 1991).

iv). Giemsa Staining

Cells were cultured in six-well plates for the indicated period of time in serum-free 

medium either alone or with the addition of RA or cAMP. The cells were aspirated and 

centrifuged with 50ul of 20% bovine serum albumin solution onto microscope slides 

using a Shandon cytospin (500rpm, 5 minutes, low acceleration). After air-drying, the 

cells were fixed in ice-cold methanol for 2 minutes and stained with Giemsa stain: 5% 

Giemsa stain (Mercia diagnostics) in Sorensen's buffer pH 6.8 (Mercia diagnostics), 

with 0.3% anhydrous disodium hydrogen phosphate and 0.06% anhydrous potassium 

dihydrogen phosphate.

2.2.16. Cell Cycle Analysis using Flow Cytometric Analysis

The method used for distinguishing between the different phases of the cell 

cycle using flow cytometric analysis has been previously described (Burke et al.;

1992).
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Cells were fixed in 70% ethanol at -2(PC, spun at 12,500 rpm for 5 minutes, 

washed, and resuspended in PBS containing 1 mg/ml RNase A (Sigma), 20^g/ml 

propidium iodide (PI; Sigma) and 5^g/ml fluorescein isothiocyanate (FITC; Sigma).

2.2.17 Heat Shock and Thermotolerance Experiments

Unless stated otherwise cells were heat shocked at 42°C for 30 minutes, using 

a CO2  humidified incubator and medium that had been pre-heated to 42°C. 

Typically cells were allowed to recover at 37°C for 150 minutes. To determine the 

effect of heat shock protein levels on thermotolerance at 42°C and 48°C, 200 cells 

were seeded onto 6 well plates (Nunc, Inc.) which were exposed to various periods 

at 42°C or 48°C. Cells were returned to 37°C and allowed to grow so that the 

number of seeded cells able to form colonies could be assessed.

2.2.18 Neonatal dorsal root ganglia cultures

Two day old Wistar rats were dissected aseptically to remove spinal gahlia.
/■'

Cultures were prepared by digesting ganglia with 0.3% collagenase (Boehringer 

Mannheim) for 60-90 minutes until ganglia could be mechanically dissociated 

through a 1ml Gilson tip. Cells were spun at 500g, plated onto 8 well Permanox 

tissue culture chamber slides (Lab-Tek Nunc, Inc.) coated with poly-L-lysine at a 

density of 1.6 x 10̂  cells per well, and grown in F14 medium with 4% Ultraser G 

(Gibco BRL) and lOOmg/ml streptomycin and lOOU/ml penicillin plus lO îM 

cytosine arabinoside. When appropiate, 2.5S NGF (Promega) was added to the 

cultures to a final concentration of 50ng/ml. Anti-NGF antibody was used at a 

dilution sufficinet to absorb 200ng/ml of NGF. Anti-ras antibody was used at the 

same dilution as a control
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CHAPTER 3

ÎREgHJLTTS

Characterisation of Apoptosis in ND7 Cells
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3 . Introduction

The ND7 cell line is used as a model for sensory neurons (Wood et al., 1990; 

Suburo et al., 1992; Lillycrop et al., 1991). Unlike primary neurons, however, 

ND7 cells can be grown in culture to obtain sufficient material to perform 

biochemical analysis. These cells can be maintained indefinitely, proliferating in 

culture in the presence of serum, but can be induced to differentiate upon transfer to 

serum-free medium (SFM). When cells are transferred to SFM a proportion of 

them die. This chapter addresses the questions of whether these cells die by 

apoptosis, whether they die because they are unable to differentiate and whether 

certain factors involved in cellular growth and differentiation can enhance or prevent 

death.

3 .1 . The ND Cell Lines

The ND (neuroblastoma-DRG hybrid) cell line was derived from the fusion 

of the mouse neuroblastoma N18-Tg2 cell line (HAT sensitive) with post-mitotic 

neonatal rat dorsal root ganglion (DRG) neurons (HAT resistant), under selection 

for the HAT resistance of the ganglionic cells (Wood et al., 1990). The resulting 

cell lines displayed sensory neuron properties lacking in the mouse neuroblastoma 

parent. For example they responded to capsaicin and bradykinin receptor activation 

with increased conductance and an inward (depolarizing) current; expressed 

rat-specific surface markers; N-CAM, Thy-1 and F3 sensory neuron adhesion 

molecules; substance P, CGRP and somatostatin sensory neuropeptides and 

displayed low permisivity to HSV-1 infection (Wood etal., 1990). Neuropeptide 

and neurotransmitter secretion are important for the correct functioning of mature 

neurons. Upon ND differentiation, redistribution of secretory granule components 

(chromogranins A and B, neuropeptide Y, NPY, and its C-flanking peptide, 

CPON) to the tips of processes, precedes that of synaptic vesicle components (eg. 

synaptophysin) (Suburo et al., 1992; Wheatley et al., 1992). These studies have 

established the ND cell line as a suitable model to study some aspects of sensory 

neuron function.
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3 .1 .1 .  Proliferation and Growth Arrest of ND Cells

All the data presented in this thesis was obtained using the ND subclone 

ND7/23. Actively proliferating ND7 cells grown in full growth medium FGM 

supplemented with 10% FCS) have a rounded morphology (see figure 3.1.1.a.). 

When transferred to SFM, cells display an enlarged soma and put out processes 

resembling neurites (figure 3.1.1.b.). This morphological differentiation is 

paralleled by a reduction in the number of dividing cells as indicated by an 87% 

decrease in thymidine incorporation (3.1.I.e.). This is a characteristic feature 

of other neuroblastoma cell lines most of which exhibit partial growth arrest upon 

differentiation (Pahlman eta l, 1990).

3.1.2. Cell Cycle Analysis

Cell cycle analysis of ND7 cells revealed that following transfer to SFM,

cycling cells (see figure 3.1.2.a.) start accumulating in the Gj phase of the cell 

cycle (3.1.2.b.). However, not all cells growth arrested and differentiated in the 

absence of serum. A proportion of cells died and appeared to do so by apoptosis as 

indicated by the gradual appearance of an apoptotic peak (Rodriquez-Tarduchy et

al., 1990), to the left of that corresponding to cells in G ,̂ (Burke et al., 1992), 

48hours following transfer to SFM (figure 3.I.2.C. and table 3.1.1.). Cells in this 

peak corresponded to the number of cells with less than 2N DNA content 

suggesting DNA degradation was occurring in these cells.

3.1.3. Death and Apoptosis of ND7 Cells

Survival of differentiating ND7 cells as determined by membrane integrity was 

measured by Trypan Blue exclusion assay (figure 3.1.3.a.). The numbers of dying 

cells paralleled an increase in the number of apoptotic cells as measured by DNA 

content (figure 3.1.3.b.). In order to confirm that ND7 cells were dying by 

apoptosis, DNA was isolated from ND7 cells 24, 48 and 72hours following 

transfer to SFM.
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Figure 3.1.1.

Proliferation and Growth A rrest of ND7 Ceils

ND7 Cell Morphology

a ). Proliferating ND7 cells grown in FGM

b ). Differentiated ND7 cells maintained in SFM.

3H Thymidine Incorporation into ND7 Cells

c ). DNA replication in ND7 cells as measured by thymidine

incorporation, following transfer to SFM, after 24, 48 and 72 hours.

Values were calculated as a percentage of thymidine incorporation into 

proliferating ND7 cells and are the average of five experiments 

whose range is shown by the bars.
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Figure 3.1.2.

Cell Cycle Analysis of ND7 Cells

Representative single staining (DNA; frequency histograms in left panels) and 

double staining (DNA vs protein; scatttergrams in right panels) profiles of ND7 

cells.

a). Cell cycle profile of proliferating ND7 cells.

Cell cycle profile of ND7 cells transferred to SFM for: 

b ). 24 hours.

c). 48 hours.

d). 72 hours.

Table 3.1.2. Percentage of cells in each phase of the cell cycle

Gi S 02/M Ap

FGM 47 0 27 26 0

!SFM:
24hrs 6 6 5 8 13 8

SFM
48hrs 49 25 2 9 15

SFM
72hrs 32 24 0 2 42
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Figure 3.1.3.

Death and Apoptosis of ND7 Cells

Values are the average of three experiments whose range is shown by the

bars.

a ). Viability was measured by Trypan Blue Exclusion. ND7 cells in FGM 

(open squares) or at 24, 48 and 72 hours following transfer to SFM 

(closed circles).

b ). Number of cells with less than 2N DNA content (apoptotic cells) as

determined by cell cycle analysis of DNA content ( for example see Figure

3.1.2.). ND7 cells in FGM (open circles) or at 24, 48 and 72 hours 

following transfer to SFM (closed circles).

c ). Agarose gel elecrophoresis of genomic DNA from ND7 cells.

DNA isolated from prohferating ND7 cells (lane 0) or at 24 hours 

(lanel), 48 hours, (lane 2), or 72 hours (lane 3) after transfer to SFM.

DNA molecular weight size markers are as indicated.
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Elecrophoresed DNA showed the characteristic laddering pattern of cells 

undergoing apoptosis (Wyllie 1980) corresponding to fragments of 

oligonucleosome length, which is not observed in cells undergoig necrotic death 

(Nicoletti e ta l,  1991) (see figure 3.I.3.C.).

3 .1 .4 .  Morphology of Apoptosing ND7 Cells

Electron microscopy and time-lapse cinemicroscopy revealed that 

morphologically ND7 cells died in a manner typical of apoptosis (figure 3.1.4.). 

Nuclear changes typical of apoptotic cells were visualized by electron microscopy 

(3.1.4.a.). Before other morphological changes were apparent, chromatin of dying 

cells would condense and form crescentic caps in the periphery of the nucleus.

Dying cells detached themseleves from neighbouring cells and shrunk becoming 

refractile. Membrane blebbing ensued for upto 15 minutes until the cell fragmented 

into membrane-bound vesicles or apoptotic bodies. These apoptotic bodies would 

persist for a couple of hours following which cells were either engulfed by their 

neighbours or in most cases underwent explosive fragmentation (figure 3.1.4.b.).
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Figure 3.1.4.

Morphology of Apoptosing ND7 Cells

a ). Electron micrograph of the nucleus of an ND7 cell undergoing 

apoptosis.

Note the condensed chromatin in crescentic caps.

Scale bar= l|iM

b ). Time-lapse cinemicroscopy of an ND7 Cell undergoing apoptosis 

ND7 cells in SFM filmed at a rate of one frame every 5 mins. 

Representative frames of a typical apoptotic event are shown. Numbers 

correspond to the time in minutes from the last frame when the cell 

appeared normal. The arrowhead indicates the cell undergoing 

apoptosis whose identity was confirmed by following it through 

individual frames of the time-lapse film.
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3.2. Regulation of Apoptosis in ND7 Cells

Since significant death occurred only following serum deprivation, it was of 

interest to determine which factors present in serum could be responsible for 

enhancing and whether the degree of survival could be regulated. Several growth 

factors have been reported to affect neuronal survival. A number of these factors 

was tested for their ability to regulate ND7 survival.

3 .2 .1 .  Factors Regulating Differentiation and Death

Since significant death occurred only following serum deprivation, it was of 

interest to determine which factors present in serum could be responsible for 

enhancing survival. In an attempt to determine whether serum-deprivation-induced 

death could be regulated, ND7 cells were transferred to SFM in the presence a 

variety of compounds known to affect survival of primary neurons in vivo and in 

vitro.

Nerve growth factor (NGF) has been extensively characterised (Levi-Montalcini 

1987) and is known to promote neuronal survival and the maintenance of a 

differentiated, mature phenotype of sensory and sympathetic neurons (Davies 1987; 

Greene 1977). In the presence of basic fibroblast growth factor (bFGF), NGF is 

able to promote proliferation and differentiation of neuronal stem cells (Cattaneo 

and McKay 1990). The effects of NGF and bFGF on ND7 cells was determined 

by treating cultures with both growth factors following transfer to SFM (see figure

3.2. La.). No significant difference was observed between the survival of cells in 

SFM alone or in the presence of either NGF and bFGF or both. This is probably 

due to either a lack of functional NGF receptors or to non-responsive NGF 

receptors, typical of neuroblastoma cell lines (Prasad 1974), possibly reflecting 

constitutive activation. PDGF type A/B was also tested for its ability to rescue 

ND7 cells from apoptosis in SFM. PDGF has pleiotropic effects affecting cell 

growth, development and tumour genesis (Heldin and Westermark 1989).

Amongst other sources, it is secreted by type-1 astrocytes from the rat optic 

nerves and several human tumours cell lines such as gliomas implicating PDGF in 

modification of connective tissue matrix and tissue repair processes.
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Figure 3.2.1.

Factors Regulating Differentiation and Death

ND7 cells were transferred to SFM and viability measured by Trypan Blue 

exclusion at the indicated times. Growth factors were added at the time of 

transfer.

a). Effect of NGF, bFGF and PDGF on ND7 cell survival

b ). Effect of AraC, Glutamate, Calcium and Dexamethasone on cell

survival. Both proliferating cells (FGM control) and cells transferred to 

SFM alone (SFM) were used as controls.
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As was the case with NGF and bFGF, PDGF seemed to have no significant 

effect on ND7 survival suggesting a possible absence of PDGF receptors on ND7 

cells.

Compounds shown to induce apoptosis in other cell types were unable to 

enhance apoptosis of ND7 cells. AraC is a pyrimidine antimetabolite commonly 

used in primary cultures of post-mitotic neurons to eliminate dividing non-neuronal 

cells as it interferes with DNA replication thus acting as an anti-mitotic agent 

(Martin et aL, 1990a). It is of interest that AraC killed ND7 in FGM but showed no 

enhancement of apoptosis in SFM (figure 3.2.l.b.). Sympathetic neurons undergo 

death by apoptosis when treated with high (O.lmM) AraC concentrations 

resembling neuronal death by growth factor (NGF) deprivation suggesting that the 

deoxycytidine-dependent process AraC interferes with may be involved in NGF 

signal transduction (Martin et ai, 1990a).

Calcium ionophore and the glucocorticoid, dexamethasone, both capable of 

inducing thymocyte apoptosis (Me Conkey and Orrenius 1991), had no effect on 

ND7 cells suggesting that high intracellular Ca^+ levels are not sufficient to induce 

apoptosis in ND7 cells (figure 3.2. I.e.). This is in agreement with results obtained 

with primary sympathetic neurons (Martin et aL, 1992). Glutamate proved 

ineffective as a stimulator of cell death. This was possibly due to the presence of 

Mg2+ and Zn^+ and glucose in the medium. When these experiments were repeated 

in a defined medium lacking glucose Mg^+ and Zn^+, glutamate toxicity resulted in 

cell death within 30 minutes. Moiphologically cells appeared necrotic.

3 . 2 . 2 .  Effect of IGF-1 and IGF-2 on ND7 Cells

IGF-1 and IGF-2 are growth factors structurally homologous to insulin and 

mimic its effect on the same cell types by binding to insulin receptors or to their 

own specific receptors (Rechler and Nissley 1985). These growth factors are 

involved in DNA synthesis, cellular growth and differentiation. IGF-1 and IGF-2 

were added to cultures of ND7 cells in SFM without insulin.
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Figure 3.2.2.

Effect of IGF-1 and IGF-2 on ND7 Cell Survival and Proliferation

Values represent the average of three experiments whose range is shown by 

the bars.

a ). Percentage survival of ND7 cells transferred to SFM and incubated with 

the indicated concentrationof IGF-1 and IGF-2 for 24 and 72 hours.

b ). DNA replication as measured by incorporation in differentiating

ND7 cells incubated with 50ng/ml of IGF-1 and IGF-2 for the indicated 

times.

c ). Number of cells determined following transfer to SFM in the presence of 

the indicated concentration of IGF-1 and IGF-2 at 24 and 72 hours.
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Viability cell counts using Trypan Blue exclusion assay, showed an increase in the 

percentage of live cells in cultures treated with either growth factor as compared 

with the untreated control (3.2.2.a.).

This apparent enhancement of cell survival in SFM occurred as a result of 

induction of proliferation by IGF-1 and IGF-2, as shown by thymidine 

incorporation (figure 3.2.2.b.), as opposed to inhibition of apoptosis. Cell 

proliferation in the IGF treated cultures was confirmed by total cell number counts 

(3.2.2.C.). Thus, ND7 cells respond to IGF-1 and IGF-2 in a manner different to 

that of insulin by continuing to proliferate in serum-free conditions.

3 . 2 . 3 .  Opposing Effects of RA and cAMP on ND7 Cell Survival

cAMP is known to promote differentiation of several human neuroblastomas 

(Prasad 1974) and to parallel NGF in promoting survival of primary neurons in 

culture (Martin eta l, 1990a).

Cyclic GMP has been reported to prevent motomeuron cell death, its levels 

naturally increasing in the spinal cord upon muscle innervation, stressing the 

importance of cyclic nucleotides in neuronal cell survival (Weill and Greene 1984). 

The cAMP analogue dibutyryl cAMP was used in all experiments, its specific action 

confirmed by the use of analogues (see figure 3.2.8.b.). When added to ND7 

cultures upon transfer to SFM, cAMP promoted survival of cells undergoing 

differentiation (3.2.3.a.). Interestingly, cAMP also promoted the appearance of a 

differentiated morphology in ND7 cultured in SFM. Cells extended neurites and 

cell bodies appeared flattened but no apoptosis or cell cycle arrest was observed in 

these cultures (Howard et al., 1993).

All-trans retinoic acid (RA) controls cell proliferation and differentiation (Spom 

and Roberts 1983). Both in whole organisms and in cell culture, RA is as effective 

as retinol in altering cellular fate. Most importantly, RA can suppress tumour 

growth and migration by inducing cellular differentiation and growth arrest (Spom 

and Roberts 1983). In human neuroblastoma cell lines, RA regulates cell number 

by causing cell death (Piacentini et al., 1991). In serum-deprived ND7 cells 

addition of RA enhances apoptosis (figure 3.2.3.a.).
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Figure 3.2.3.

Opposing Effects of RA and cAMP on ND7 Cell Survival

Survival of ND7 and N18-Tg2 cells in PGM and SFM

Cells were transferred to. SFM and treated with either l|iM  RA or ImM 

cAMP or both for 24, 48 or 72 hours. Control samples (open squares) represent 

ND7 cells maintained in PGM throughout. Viability was assayed by Trypan Blue 

exclusion. Values are the average of four experiments and the error bars 

represent the standard deviation of the mean.

a). ND7 cells

b). N18-Tg2 cells. Cells were grown in RPMI supplemented with 10% 

newborn calf serum or induced to differentiate in 0.5% serum and 

2.5mM sodium butyrate (NaBu)

c ). Agarose gel electrophoresis of DNA form ND7 cells untreated and 

treated with RA and cAMP

A). DNA isolated from proliferating cells (lane 0) or at 24 hours 

(lanel), 48 hours (lane 2), or 72 hours (lane 3) after transfer to SFM.

DNA molecular weight size markers are as indicated.

B). DNA from cells at 24 hours (lane 1), 48 hours (lane 2) or 72hoiu’S 

(laneS) after transfer to SFM in the presence of ImM cAMP

(lanes labelled -) or presence of lp.M RA (lanes labeled +).
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The effects of cAMP and RA are specific to ND cells. Treatment of the parental 

neuroblastoma cell line N18-Tg2 both in serum-containing medium and in 

differentiation medium (containing sodium butyrate, NaBu, see methods 

2.2.13.)with both agents did not affect cell survival (3.2.3.b.).

Titration of RA showed it was most effective when used at Im-M, higher 

concentrations killed cells by necrosis and lower concentrations appeared to have no 

effect. Furthermore, RA-induced apoptosis was dependent upon cell density. That 

cell death occurred by apoptosis in the presence of RA was confirmed by the 

appearance of characteristic DNA degradation (3.2.3.C.). In cAMP treated cultures, 

fragmented DNA was only visible 72 hours following transfer to SFM. In 

conclusion, RA accelerated, whilst cAMP delayed, the rate of apoptosis.

3 . 2 . 4 .  Cell Cycle Analysis of RA and cAMP Treated Cells

In order to determine whether cAMP and RA treated cells accumulated in a 

specific phase of the cell cycle before either dying or differentiating, cell cycle 

analysis was performed on cultures of ND7 cells in SFM treated with either RA or 

cAMP. The data summarized in figure 3.2.4. suggests that treated cells start

accumulating in Gj in a manner resembling untjf^ted cultures (figure 3.2.4.a.).

However, RA treated cells appeared to start accumulating in G  ̂as early as 2 hours 

following transfer to SFM. An apoptotic peak was apparent as early as 24 hours 

and by 48 hours most of the cells were dead. In contrast cAMP treated cells

seemed to cycle for longer but upon growth arrest accumulated in Gq rather than G  ̂

in a manner resembling mature neurons (Howard et al., 1993; Burke et al., 1992). 

This data suggests that upon serum withdrawal, ND7 cells have the potential to 

either die or differentiate and that these cellular fates can be regulated by external 

factors. It remains to be solved whether ND7 cells have multiple cell cycle access 

to the apoptosis pathway as is the case for human neuroblastoma cells (Piacentini et 

al., 1993), or whether ND7 cells exit the cell cycle at a specific time. It has been 

previously suggested (Raff 1992) that cells may need factors that actively suppress 

an otherwise constitutive death pathway.
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Figure 3.2.4.

Cell Cycle Analysis of RA and cAMP Treated Cells

Tables representing the numbers of cells in each peak corresponding to each 

phase of the cell cycle (for e.g. see figure 3.1.2.).

a ). Cells were transferred to SFM in the presence of RA and harvested 2, 24, 

48 and 72 hrs following transfer.

b ). Cells were maintained in SFM or transferred to SFM and harvested at 24, 

48 and 72 hrs.
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a). Percentage of ceils in each phase of the cell cycle in RA treated cells

Go S Ap

2hrs 56 0 24 20 0

SFM
24hrs 28 17 10 7 38

SFM
48hrs 15 17 10 0 58

SFM
72hrs 10 34 0 0 56

b). Percentage of cells in each phase of the cell cycle in cAMP treated cells

■êmrn: Go S G2/M Ap

FGM 39 0 22 39 0

SFM
24hjrs 40 11 21 22 0
SFM 71 18 11 0 0

SFM
72hrs 48 30 7 0 15



ND7 cells will die in the absence of factors that promote differentiation (cAMP), in 

the presence of factors that may block differentiation (RA) or in the absence of 

both.

3 . 2 . 5 .  Nuclear Staining of RA and cAMP Treated Cells

To confirm that morphologically both RA and cAMP treated cells died by 

apoptosis, untreated ND7 cultures in SFM or cultures exposed to either RA or 

cAMP were fixed and stained with Giemsa (figure 3.2.5.). Untreated cultures 

show a proportion of live cells with large a nucleus and a proportion of pycnotic 

nuclei corresponding to apoptosisng cells (3.2.5.a). In RA treated cultures all 

nuclei appear pycnotic whilst cAMP treated cultures contained mainly live cells as 

reflected by the number of normal nuclei.

The left panel illustrates the three differently treated cultures as they appeared under 

the phase-contrast microscope.

3 . 2 . 6 .  Cyclohexamide Delays Apoptosis in ND7 Cells

Evidence supporting a requirement for de novo protein synthesis in apoptosis is 

conflicting. Protein synthesis inhibition blocks or delays apoptosis in many 

systems including primary neurons (Martin et a i, 1988; Golstein et al., 1991; Scott 

and Davies 1990), however, increasing evidence illustrates the occurrence of 

apoptosis by RNA and protein synthesis-independent mechanisms (Rukenstein et 

al., 1991; Kruman et al., 1993) or even as a consequence of macromolecular 

synthesis inhibition (Martin et al., 1990b). To establish whether in our system 

protein synthesis inhibition affected the rate of apoptosis, ND7 cells were exposed 

to concentrations of cyclohexamide (CHX) previously shown to inhibit upto 90% 

of protein synthesis in ND7 cells (figure 3.3.6.a.). Cultures were incubated with 

CHX alone or in the presence of RA and CHX. In serum-containing medium 

(SFM), CHX decrased the number of viable cells after a 15 hour incubation.

possibly by interfering with the synthesis of proteins necessary for proliferation. 

CHX protected cells from death by apoptosis as compared with untreated cells in 

SFM (3.2.6.b.).
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Figure 3.2.5.

Nuclear Staining of RA and cAMP Treated Cells

Left panel represents Giemsa-stained cell nuclei. The right panel illustrates 

the three differently treated cultures as they appeared under the phase-contrast 

microscope. Cells were transferred to SFM and fixed 48hrs following transfer.

a). Untreated. Note the appearance of pycnotic nuclei at the top right hand 

comer of the photograph in the left panel. Normal nuclei appear at the 

bottom left hand comer.

b). l^iMRA

c ). ImMcAMP
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Figure 3.2.6.

Cyclohexamide Delays Apoptosis in ND7 cells

a ). Cyclohexamide titration curve. The cyclohexamide concentration 

required to block protein synthesis in ND7 cells following 1 hour 

incubation in SFM was measured by methionine incorporation.

Values were calculated as a percentage of methionine incorporation into 

differentiating ND7 cells in the absence of cyclohexamide and are the 

average of three experiments whose range is shown by the bars.

Viability was measured by Trypan Blue Exclusion. The cyclohexamide 

concentration used was 5^g/ml that had previously been shown 

(see Figtu-e 3.2.6.a.) to inhibit > 85% protein synthesis following Ihour 

incubation. Values are the average of two experiments and the error bars 

represent the standard deviation of the mean.

b ). Cyclohexamide delays apoptosis in differentiating ND7 cells.

c ). Cyclohexamide delays RA-induced apoptosis in ND7 cells.
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In RA and CHX treated cultures apoptosis was delayed significantly (3.2.6.C.). 

Extension of neurites was also inhibited by CHX suggesting that CHX blocks both 

differentiation and cell death.

3 .2 .7 .  Effect of Aurintricaboxilic Acid on ND7 Apoptosis

Aurintricarboxilic Acid (ATA) is a polyanionic dye that is best known for its 

inhibitory effect of endonuclease activity. Other reported activities of ATA include 

DNA, RNA and protein synthesis inhibition as well as inhibition of other enzymes 

involved in cellular metabolism (Zeevalk et al., 1993). The Ca^+ and 

Mg2+-dependent endonuclease responsible for the DNA fragmentation characteristic 

of cells undergoing apoptosis is sensitive to ATA treatment as no DNA 

fragmentation and consequently no apoptosis is observed following treatment with 

ATA (Batistatou and Greene 1991). In neuronal populations that die by apoptosis 

following exposure to toxic concentrations of glutamate (Samples and Dubinsky 

1993; Roberts-Lewis et al., 1993), ATA can prevent cell death by competitively 

antagonizing the NMDA receptor (Zeevalk et al., 1993), thus acting upstream of 

endonuclease activation. ATA was capable of protecting ND7 against apoptosis 

induced both by serum withdrawal and RA (3.2.7.a) and was as effective as cAMP 

in enhancing cell survival. This effect of ATA could have resulted from either RNA 

and protein inhibition or through direct endonuclease inhibition.

3 .2 .8 .  RA and cAMP Analogues

All-trans  RA is a metabolite of vitamin A whose effects on cellular 

differentiation and growth mimic those of retinol which is naturally present in 

organisms (Sporn and Roberts 1984). Potent synthetic analogues have been 

developed that produce effects similar to those of retinol through activation of 

specific subsets of retinoic acid receptors (RARs). TTNPB one of such analogues, 

is capable of activating RARs but not RXRs, a strucuraly homologous subset of 

receptors activated by RA (Eager et al., 1991).
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Figure 3.2.7.

Effect of A urintricarboxylic Acid (ATA) on ND7 Apoptosis

Cells were transferred to SFM and viability was measured by Trypan Blue 

exclusion at the indicated times. Values are the average of two experiments and 

the error bars represent the standard deviation of the mean.

a). ATA delays differentiation and RA induced apoptosis of ND7 cells.

b ). ATA enhances survival of cAMP treated ND7 cells in SFM.
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Figure 3.2.8.

Effects of RA and cAMP Analogues on Survival of Differentiated 

ND7 Cells

Cells were transferred to SFM and viability was measured by Trypan Blue 

exclusion at the indicated times. Values are the average of two experiments and 

the error bars represent the standard deviation of the mean.

a ). ND7 cells were transferred to SFM in the presence of either lp,M RA or 

l^iM TTNPB.

b). ND7 cells were maintained in SFM following addition of ImM of either 

dibutyryl cAMP (cAMP), CPT-cAMP, Forskolin or 2mM Sodium 

Butyrate.
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Both RA and TTNPB accelerated apoptosis in ND7 cells (figure 3.2.8.a.) 

suggesting that the effect of RA is mediated by RARs rather that RXRs or by a 

receptor subtype capable of responding to both. Which RAR mediated RA action 

remains to be determined.

Both dibutyryl cAMP and chlorophenylthio-cAMP (CPT-cAMP) are more lipid 

soluble and phosphodiesterase resistant that native cAMP (Martin et al., 1992). 

Forskolin raises intracellular cAMP levels by inhibiting the phosphodiesterase that 

converts cAMP to ATP. In order to determine whether the effect observed with 

dibutyryl cAMP were due to raising intracellular cAMP levels rather than to some 

non specific effect of the dibutyryl moeity, cultures of differentiating ND7 cells 

were exposed to all three cAMP analogues and to sodium butyrate known to 

differentiate N18-Tg2 cells (see figure 3.2.1.).

Survival was enhanced equally by all three analogues whilst sodium butyrate 

showed no effect on ND7 viability in serum-free conditions (3.2.8.b.), thus the 

effects of dibutyryl cAMP were not as a result of the dibutyryl but of the rise in 

intracellular c AMP.

3 .2 .9 .  ND7 Cells Respond to RA in Serum-containing Medium

Since ND7 cells appeared unaffected by RA in serum-containing full growth 

medium (FGM) it was of interest to establish whether this was due to a non-specific 

effect such as the binding of RA by serum, which could alter the sensitivity of cells 

to all the effects of retinoic acid (Chiocca et a l, 1989). In contrast, cAMP exerted

its differentiating effects by promoting neurite outgrowth and cell cycle arrest in Gq 

of upto 20% of cells in FGM (Howard et a l,  1993). Transfection of a RA 

response element (tRE) linked to heterologous promoter (HSV- thymidine kinase 

promoter) and to the reporter enzyme CAT (Zelent et a l, 1989) into ND7 cells in 

serum or serum-free medium and in the presence or absence of increasing 

concentrations of RA, showed that actively growing cells were responsive to RA 

(figure 3.2.9.).
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F igure  3.2.9.

ND7 Cells Respond to RA in Serum-containing Medium

ND7 cells were transferred to SFM for 24 hours or kept in FGM before

transfection with either 10|ig of tRE-CAT or control vector RSV-CAT. 24 hours 

after transfection, the indicated concentrations of RA were added and cells were 

incubated for a further 24 hours before harvesting.

a ). Bar graph showing % conversion values obtained after scintillation 

counting of excised bands.

b ). One week exposure of the CAT assay. The positive and negative 

controls are labelled (+) and (-), respectively.
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Thus, the failure of actively growing cells to die by apoptosis when treated with 

RA was not due a lack of responsiveness to or inactivation of RA by serum 

components. Interestingly, differentiated ND7 cells appeared unable to respond to 

RA by driving CAT expression.

In addition to a default apoptotic pathway triggered in the absence of serum 

alone, this data suggests that it could be the inability of RA to activate gene 

expression in differentiating ND7 cells that results in apoptosis. The RSV-CAT 

construct was used as a control as it contains no RA responsive elements and thus 

levels of CAT driven by RSV should remain constant with varying RA 

concentrations.

3.3. Regulation of Cell Death by RA

RA can induce human neuroblastoma cells to differentiate and growth arrest 

(Pahlman et al., 1984). Why is RA enhancing cell death in serum-starved ND7 

cells? Although RA has been reported to induce apoptosis in other human cancer 

cell lines (Piacentini et al., 1991), RA could be killing ND7 via at least to two 

mechanisms. RA could be actively killing ND7 cells by blocking the differentiation 

pathway. Alternatively, ND7 cells could be opting to undergo apoptosis as a 

consequence of their inability to differentiate via a RA-induced pathway.

The observation that RA specifically enhanced cell death only in ND7 cells that 

had been previously starved from serum, prompted the screening of ND7 cells for 

mutants that would be capable of surviving the effects of RA in SFM.

3 .3 .1 .  RA Resistant Clones

In an attempt to further understand the mechanism involved in RA stimulation 

of apoptosis ND7 cells; clonal cell lines derived from ND7 cells that exhibited 

resistance to the effects of RA in SFM were analyzed (clones were isolated by Dr. 

M. K. Howard). To isolate RA resistant clones, ND7 cells were exposed to 

increasing concentrations of RA sufficient to kill all cells. Surviving cells were 

expanded in FGM and thus a number of clonal cell lines were obtained that 

consistently exhibited resistance to RA.
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Figure 3.3.1.

RA Resistant Clones

Survival of the Retinoic Acid Resistant Clone F6D4

a ). Viability of parental ND7 cells and F6D4 cells following transfer to 

SFM in the presence (+) or absence (-) of l îM RA as measured by 

Trypan Blue exclusion at the indicated times.

b ). Table representing the number of cells in each phase of the cell cycle as 

measured by cell cycle analysis. Cells were maintained proliferating in 

FGM or harvested 24, 48 and 72 hours following transfer to SFM. RA 

resistance is exemplified by the sample harvested 72 hrs following transfer 

to SFM in the presence of l^iM RA
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One such clone, F6D4, showed a marked increase in survival as compared to the 

ND7 parent (3.3. La), both in the presence and absence of RA. Interestingly, cells 

that did die in F6D4 cultures appeared to do so by a mechanism other than 

apoptosis as no apoptotic peak was apparent (figure 3.3.l.b.).

It is possible the clones emerged as a result of a mutation blocking the apoptotic 

pathway that would ensue in the parental cell line following transfer to SFM and 

addition of RA.

3 .3 .2  Expression of tRE-CAT in Differentiated and Proliferating 

F6D4 Cells Treated with RA

To test the possibility that F6D4 resistance to the lethal effects of RA could be 

due to a difference in responsiveness to RA, F6D4 cells were transfected with 

tRE-r^-CAT in serum-containing or serum-free medium and in the absence or 

presence of varying concentrations of RA. Both actively growing and 

differentiating F6D4 cells were able to respond to RA as shown by the increasing 

levels of the CAT enzyme expressed from tRE-r/:-CAT as opposed to the CAT 

levels driven by RSV promoter which showed no change with varying RA 

conc^trations. Furthermore, differentiated F6D4 cells appeared to respond more 

dramatically to changes in RA concentration. Serum-free medium seems to affect 

the ability of ND7 cells to respond to RA (3.2.9.). F6D4 cells respond to RA both 

in FGM and SFM (3.3.2.) and exhibit enhanced survival when transferred to SFM 

in the presence of RA (3.3.1.). Apoptosis iSyb^nhanced in ND7 cells that are 

unable to respond to RA in semm-free conditions. F6D4 cells that are somehow 

capable of responding to RA both in SFM and FGM can escape apoptosis and 

survive.

3 .3 .3  Effect of PMA on ND7 Cell Survival

Phorbol myristate acetate (PMA) is a potent tumour inducer that mediates its 

effect by activating protein kinase C (Nishizuka 1986). In ND7 cells PMA has 

been reported to promote neurite outgrowth in medium containing 1% serum 

(Wheatley et al 1992).
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Figure 3.3.2.

Expression of tRE-CAT in Differentiated and Proliferating F6D4 

Cells Treated with RA

F6D4 cells were transferred to SFM for 24 hours or kept in FGM before 

transfection with either 10p,g of tRE-CAT or control vector RSV-CAT. 24 hours 

after transfection, the indicated concentrations of RA were added and cells were 

incubated for a further 24 hours before harvesting.

a ). Bar graph showing % conversion values obtained after scintillation 

counting of excised bands.

b ). One week exposure of the CAT assay. The positive and negative 

controls are labelled (4-) and (-), respectively.

109



% conversion

SFM + IRF CAT

+ luM  RA

+ 0.1uM RA

+ 0.01uM RA

SFM + RSV-CAl

+ liiM RA^ <W\ ^  A /  !

+ O.I11M RA

+ 0.01uM RA

FGM +IRF-CA T

+ luM  RA

+ O.luM RA

+ 0.01uM RA

FGM pBL-CAT

+ luM  RA

+ O.luM RA

+ 0.01 uM RA



Figure 3.3.3.

Effects of PMA on ND7 Cell Survival

Cell viability was measured by Trypan Blue exclusion

a ). PMA titration curve. Percentagejuiyival^f-ND7 cells at 24 and 48 

hours following transfer to SFM in the presence of the indicated 

concentrations of PMA.

b ). Percentage survival of ND7 cells at the indicated times after transfer to 

SFM either alone or in the presence of the indicated concentration of 

DOG.

c ). Effect of PMA and RA on ND7 cell survival

Percentage survival of ND7 cells at 24 and 48 hours following transfer to 

SFM either alone (control) or in the presence of the indicated 

concentration of PMA with or without l îM RA.

110



% s u r v i v a l
% s u r v i v a l

% s u r v i v a l

o  o
-P». CT) CDO O O o

o
t\3O 4̂O § 00

o

J  I I 1 I I L

c o n t ro l

2.5 ng/mi

62.5 ng/m l

RA

RA+2.5 PMA

RA + 62 .5FM A

fe K 
§■ I"

O

ro
o

3<D
9  O -
oc
(0

Oi
o

n
00

I I
oo
2

I—  L A  t o

§ ?  g
f i t

c o n t r o l

0.1 ng/m l

2.5 ng/m l U

62.5 ng/m l

id
5“ 5“ 5"V) V) V)



A titration curve showed that upon transfer to SFM, PMA caused ND7 cell death in 

a concentration dependent manner upto 2.5ng/ml. At higher concentrations the 

extent of apoptosis decreased with cells treated with 62.5ng/ml showing apoptosis 

to a similar extent as untreated cultures (figure 3.3.3.a.).

High concentrations of PMA are known to downregulate PKC (Fournier and 

Murray 1987), thus in ND7 cells low PMA concentrations that upregulate PKC 

result in enhanced death whilst high PMA concentrations that chronically stimulate 

PKC resulting in downregulation, have no effect on ND7 survival. The 

physiological activator of PKC is diacylglycerol (DAG). A DAG analogue 1,2 sn- 

dioctanoylglycerol (DOG) is lipid soluble and is thus able to cross the cell 

membrane. Treatment of ND7 cells with DOG in the absence of semm resulted in 

a concentration-dependent increase in cell death (figure 3.3.3.b). No decrease in 

the extent of cell death was observed at high DOG concentrations. This observation 

could be due to the fact that DOG is readily metabolized and thus does not 

accumulate in high enough levels to downregulate PKC. Measurement of PKC 

activation and downregulation at the different PMA concentrations used would 

clarify the role of PKC in ND7 cell death.

PMA was unable to induce death in the presence of serum resembling the effect 

of RA (Howard et a l, 1993). To investigate whether PMA and RA may be acting 

via a common pathway in the enhancement of cell death, ND7 cells were treated 

with RA and low and high PMA concentrations following transfer to SFM (Figure

3.3.3.C.). Both agents synergised in the enhancement of cell death at low PMA 

concentration (2.5ng/ml) but the degree of cell death appeared reduced in the 

presence of RA and high PMA concentration (62.5ng/ml).

3 .3 .4 .  Effect of PMA on the RA Resistant Clone, F6D4

To further explore the possibility of RA and PMA acting via a common pathway 

to enhance apoptosis of ND7 cells in SFM, F6D4, which had previously been 

shown to be resistant to RA (3.3.1.), was treated with increasing concentrations of 

PMA (figure 3.3.4.a).
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Figure 3.3.4.

Effect of PMA on the RA -resistant F6D4 clone

a ). PMA titration curve. Percentage survival of F6D4 and ND7 cells at 24 and 

48 hours following transfer to SFM in the presence of the indicated 

concentrations of PMA. Note that F6D4 cells survival is significantly 

higher than that of the parental cell line at low (e.g. 2.5 ng/ml) PMA 

concentrations.

b ). Survival of parental ND7 cells and RA-resistant clone F6D4 at the

indicated times following transfer to SFM either alone (control) or in the 

presence of 2.5ng/ml PMA. Values are the average of three 

determinations, the standard error of the mean is shown by the bars.
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Figure 3.2.5.

Effect of PMA on API-driven Transcription in F6D4 Cells

a ). Bar graph showing % conversion values obtained after scintillation counting 

of excised bands.

F6D4 cells were transferred to SFM for 24 hours or kept in FGM before 

transfection with either lOpg of API-CAT or control vector pBL2 -CAT. 

24 hours after transfection, the indicated concentrations of PMA were 

added and cells were incubated for a further 24 hours before harvesting. 

DMSO was added as a control for PMA and never exceeded 0.1% of the 

final volume.

b ). Three week exposure of the CAT assay.
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F6D4 appeared less sensitive to the effects of PMA particularly at a PMA 

concentration of 2.5ng/ml that caused maximum death in the parental ND7 cells 

(figure 3.3.3.b.).

Furthermore, transfection of actively proliferating and differentiating F6D4 cells 

with a construct containing a PMA-response element (API) upstream of CAT 

resulted in induction of CAT expression by PMA in both types of F6D4 cells 

(figure 3.3.5.). Induction of CAT expression by increasing PMA concentrations 

was greater in proliferating cells. ND7 cells transfected with API-CAT were 

non-responsive to the effects of PMA possibly due to inefficent DNA uptake.

RA resistant clone F6D4 survived treatment with RA and PMA to a greater 

extent than the parental ND7 cells. Both proliferating and serum-deprived F6D4 

cells, as opposed to ND7 cells, appeared to respond to RA and PMA by increasing 

levels of CAT expression when transfected with either tRE-rX:-CAT or API-CAT 

which are induced by RA and PMA, respectively. Hence, it seems that RA and 

PMA may mediate apoptosis by a common pathway that is triggered by the inability 

of differentiated ND7 cells to respond to both agents.

3 . 4 .  Discussion

In the developing vertebrate nervous system, cell death occurs during 

neuroblast proliferation due to defective mitosis, following neuroblast growth arrest 

but preceding differentiation and during target innervation by post-mitotic neurons 

(Kallen 1965; Carr and Simpson 1982; Oppenheim 1991). Proliferating neuronal 

progenitors from embryonic rats undergo extensive cell death when placed in 

serum-deprived medium (Cattaneo and McKay 1990). Conversely, in the 

regressing rat prostate gland quiescent cells die following re-entry into a defective 

cell cycle (Colombel et a i, 1992). Thus, it seems that cell death is closely linked to 

cell division and that cells attempting to continue proliferating in the absence of the 

necessary signals are promptly eliminated.

The ND7 cell line serves as a good model to characterise the relationship 

between proliferation, differentiation and death.
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ND7 cells actively proliferate in serum-containing medium but growth arrest and 

adopt a differentiated morphology following serum deprivation (3.1.1.).

Following transfer to SFM, the number of cells in S and G2/M phases of the cell

cycle decreases paralleled by an increase in the number of cells in and the 

appearance of a peak representing a sub-population of cells containing less than 2N 

DNA (3.1.2). Cells with sub-diploid DNA content have been shown to correspond 

to cells that are undergoing active DNA fragmentation and dying by apoptosis 

(Rodriguez-Tarduchy 1990). Indeed, ND7 cells underwent apoptosis in SFM as 

determined by morphological and biochemical criteria. Furthermore, ND7 cell 

apoptosis requires de novo protein synthesis as it is significantly delayed by the 

addition of cyclohexamide (3.2.6.). However, cyclohexamide was unable to 

completely block apoptosis in agreement with observations in primary sympathetic 

neurons in which protein synthesis inhibition could only delay the onset of cell 

death upto a point beyond which cells were only rescued by NGF or cAMP 

(Deckwerth and Johnson 1993).

Thus, following transfer to SFM a proportion of ND7 cells will die by 

apoptosis, whilst the surviving cells will undergo morphological differentiation. 

Furthermore, the balance between death and differentiation can be regulated by the 

addition of RA and cAMP. cAMP inhibits apoptosis of primary neurons in culture 

(Martin et a l, 1988; Martin et a l, 1992) and is capable of inducing morphological 

differentiation in a variety of neuroblastomas (Prasad 1974). ND7 cells treated 

with cAMP following transfer to SFM exhibited enhanced survival as compared to 

cells transferred to SFM alone (3.2.1.).

It has been suggested that cAMP enhances ND7 survival by promoting their

accumulation in the resting state Gq, characteristic of mature neurons, and does so

by enabling cells to pass a putative restriction point in G  ̂ in which they would

otherwise accumulate (Howard et al., 1993). Cells that reach G^ are able to

undergo morphological differentiation whereas cells blocked in Gj will undergo 

apoptosis as happens in the absence of cAMP (3.2.1.).
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In contrast, human neuroblastoma cells can access the apoptotic pathway at multiple 

points during their cell cycle (Piacentini et a l, 1993)

The ability of cAMP to induce morphological differentiation was also apparent 

in FGM, in which cAMP induced cells to put out processes in the absence of either 

growth arrest or cell death (Howard et a l,  1993). Growth factors and other 

compounds that affect the survival of neuronal and other cell types were tested for 

their ability to rescue ND7 cells from apoptosis induced by serum deprivation 

(3.2.1.). None of the compounds tested appeared to significantly affect ND7 cells, 

treated samples behaving like the untreated control. In contrast, lGF-1 and lGF-2, 

caused cells to proliferate even in the absence of serum. These growth factors can 

cause similar effects to insulin (Rechler and Nissley 1985), nevertheless insulin 

(which was used to supplement SFM) did not stimulate ND7 cell proliferation.

In contrast to the protective effect of cAMP, treatment of ND7 cells with RA 

following transfer to SFM enhanced the rate and extent of ND7 cell death. RA 

induces cell death in HeLa and human neuroblastoma cells (Piacenttini et a l, 1991). 

Furthermore, RA treatment causes expansion of the zone of naturally occuring cell 

death in the limbs of mice and chicks (Allés and Sulik 1989). RA can only act to 

enhance ND7 cell death when cells have been deprived of serum. The inability of 

RA to induce apoptosis in FGM is not due to the binding of RA by serum factors 

which would render the cells non-responsive to all the effects of RA (3.2.9.). 

Interestingly, differentiated ND7 cells appeared non-responsive to RA induction of 

gene expression and underwent extensive cell death when exposed to RA, whereas 

the RA-resistant clone F6D4 showed a similar response to RA in SFM and FGM 

(3.3.2.) paralleled by increased survival in SFM (3.3.1.). RA is capable of 

inducing differentiation in certain neuroblastomas (Pahlman et a l, 1984) and in 

Xenopus is responsible for promoting differentiation of the posterior cell types in 

the CNS whilst inhibiting the development of the anterior CNS (Ruiz i Altaba and 

Jessell 1991).
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Considering the multiple and sometimes opposing effects of RA on cell survival 

and differentiation, RA could exert its effect on serum-deprived ND7 cells via two 

mechanisms. RA could somehow interfere with the differentiation pathway 

triggered in SFM thus promoting the alternative fate of cell death.

Alternatively, if RA is somehow attempting to promote ND7 cell differentiation 

in SFM but is unable to activate gene expression due to the non-responsiveness to 

RA of differentiating ND7 cells, exposure to RA instead of promoting 

differentiation might trigger cell death.

The effect of RA on ND7 cell survival was paralleled by certain concentrations 

of PMA. Extensive cell death was induced by intermediate concentrations 

(2.5ng/ml) of PMA whereas high concentrations appeared to have no effect as 

compared to control cells (3.3.3.) following transfer to SFM. Moreover, 

intermediate PMA concentration (2.5ng/ml) which have been shown to induce PKC 

activation more effectively than high concentrations (Fournier and Murray 1985), 

enhanced the extent of cell death induced by RA. This is in contrast to results 

obtained using immature thymocytes as a model in which PKC activation rescued 

cells from apoptotic death (Golstein et al., 1991), and may reflect the presence of 

different PKC isoforms in neuronal cells and thymocytes (Nishizuka 1988). 

Alternatively, it may reflect the existence of different apoptotic pathways in 

thymocytes and neurons. Interestingly, cAMP also exerts opposite effects in 

neuronal cells and thymocytes, inhibiting apoptosis and inducing cell death, 

respectively (Rydell and Greene 1988; McConkey et a l, 1990).

The induction of cell death by PMA and RA treatment appears to follow a 

common pathway. The RA-resistant clone F6D4 exhibited resistance to both RA 

and the lethal effects of intermediate PMA concentrations, thus surviving better than 

control ND7 cells in the presence of RA and PMA following serum withdrawal. 

Furthermore, F6D4 was responsive to PMA by activating gene expression (3.2.5.), 

unlike ND7 cells in which no modulation of API-CAT expression was observed 

following PMA treatment.
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In ND7 cells, RA probably acts either upstream or at the same point as PKC 

activation since chronic downregulation of PKC following treatment with high 

concentrations of PMA significantly inhibited RA-induced apoptosis. PMA 

concentrations that activate PKC, not high enough to downregulate the enzyme 

(Fournier and Murray 1987), potentiate the death inducing effect of RA. RA is 

known to activate PKC in melanoma cells (Niles and Loewy 1989).

In these cells down regulation of PKC by chronic stimulation with PMA, 

inhibits the actions of RA, whilst PKC over expression and activation in these cells 

mimics the effects of RA (Niles and Loewy 1989; Gruber et a i,  1992). The 

activation of PKC is the crossroads to many cellular pathways (Nishizuka 1986). It 

is conceivable that if PKC activation is unable to activate gene expression and thus 

exert all its effects in differentiated ND7 cells due to their non-responsiveness, cells 

will undergo apoptosis rather than enter a defective differentiation pathway. 

Alternatively, as is the case with RA, PMA may be interfering with the 

differentiation pathway in ND7 cells. Whatever the subcellular mechanisms by 

which RA and PMA induce apoptosis in serum-deprived ND7 cells, they appear to 

to do so via a common pathway.

It has been proposed that cells survive as long they receive signals from other 

cells and that in the absence of those signals, cells will die as a consequence of 

being unable to suppress a constitutive death programme (Raff 1992). This seems 

to be the case for ND7 cells, which start dying by apoptosis following serum 

deprivation. However, a proportion of these cells do not die but undergo 

morphological differentiation in the absence of signals present in serum. Thus, 

following serum withdrawal ND7 cells may either die by apoptosis or differentiate. 

These alternative fates can be regulated by RA and cAMP resulting in enhanced cell 

death or cell survival and differentiation, respectively. Understanding the 

processes that control the choice between differentiation and death in ND7 cells may 

lead towards an understanding of the mechanism regulating the naturally occurring 

death of neuroblasts following growth arrest but preceding differentiation (Kallen 

1965; Carr and Simpson 1982).
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Similarly, during the development of the nervous system in C. Elegans some 

cell divisions result in the survival and differentiation of one daughter cell whilst the 

other undergoes programmed cell death. In (ced-3;ced 4) C. Elegans mutants cells 

that were programmed to die in the wild-type are able to survive (Avery and Horvitz

1987). These cells do not continue proliferating but differentiate into a mature 

neuronal phenotype (Ellis and Horvitz 1986). Thus, during the development of the 

nervous system neuronal cell number may be regulated by the differentiation of a 

proportion of cells and the death of others ensuring the correct number of neurons 

is present in the adult.
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CHAPTER 4

IRiESUJLirS

Heat Shock Protects ND7 Cells from Apoptosis
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4. Introduction

The induction of the heat shock response has been shown to protect many cell 

types from damaging effects of toxic stimuli both in vivo and in vitro (Lindquist 

1986). Heat shock protects neuronal cells from light damage and ischemia in vivo 

and glutamate toxcicity in vitro (Barbe et ai, 1988; Chopp et a l, 1989; Lowenstein 

et al., 1991). Prior heat stress protects cultures of cortical and cerebellar granule 

cells from susequent glutamate exposure (Rordorf et at., 1991; Lowenstein et al., 

1991). Although glutamate toxicity results in death by apoptosis of rat hippocampal 

neurons and neural chick retina (Roberts-Lewis et al., 1993; Samples and Dubinsky 

1993; Kure et al., 1993; Zeevalk e ta i, 1993 ); glutamate-induced cerebellar granule 

cell death is not programmed (Dessi et al., 1993).

The heat shock réponse is mediated by the induction of stress proteins 

(Lindquist and Craig 1988). Cells with elevated levels of these proteins, as a result 

of prior stress, show increased resistance to a subsequent stress ranging from heat 

shock and alcohol exposure to treatment with prostaglandins (Amici et al., 1992; Li 

1983). However, heat shock proteins (hsp) levels not always correlate with the 

level of thermotolerance (Lindquist 1986).

It was of interest to demonstrate whether heat shock could protect ND7 cells 

from serum-deprivation and RA-induced apoptosis and whether hsps were 

involved.

4 .1 .  Heat Shock and Hsp 90

All the heat shock experiments were carried out at 42.5°C for 20 minutes 

followed by 2.5hrs recovery period unless otherwise stated. These times were 

chosen on the basis of reports showing their effectiveness in inducing a heat shock 

response in cultures of primary neurons (Lowenstein et al., 1991). Whilst the heat 

shock response is very rapid in most cases (Black and Subjeck 1990) in HeLa cells 

maximum levels of hsps are detected 2hrs following heat stress and transfer to 

normal growth temperatures (Slater et al., 1981). Despite the fact that hsp 

synthesis declines about 3hrs after heat shock, hsps are stable for at least 6hrs post 

heat shock.
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Hsp 90 levels were measured in western blots probed with the monoclonal 

antibody AC88 as a marker for the heat shock response. Hsp 90 is normally 

expressed at high levels in unstressed cells but is induced following heat shock. It 

is unclear whether heat shock proteins perform the same function in stressed and 

unstressed cells. In unstressed cells, hsp 90 complexes with several steroid 

receptors anchoring them in the cytoplasm and thus preventing them from binding 

to DNA in the absence of steroid (Baulieu and Catelli 1989), participates in the 

intracellular transport of newly synthesised kinases (Hutchinson et al., 1992) and 

conformational activation and correct folding of other proteins (Shaknovich e ta l,  

1992; Wiech e ta l,  1992).

Levels of hsp 90 expression were found to be higher in the nerve cells of the rat 

brain than in other organs (Itho et a l, 1993) and are thought to cause increased 

phosphorylation of eIF-2a leading to protein synthesis inhibition (Rose et a l,

1988). Both cAMP and RA have been postulated to modulate hsp 90 levels during 

differentiation of mouse embryonal carcinoma (F9) cells (Kohda et a l, 1991). 

Thus, hsp 90 levels were measured following heat shock of ND7 cells in an attempt 

to measure the effect of the heat shock and a possible involvement of hsp 90 in 

ND7 apoptosis.

4 .1 .1 .  Heat Shock Protects ND7 Cells from Serum-deprivation 

and RA-induced Death

Following 20 minutes at 42.5°C, cultures of ND7 cells were transferred to 

SFM in the presence and absence of l^iM RA. As a control, parallel cultures of 

ND7 cells were kept at 37°C throughout the experiment (4.1.1.a.). Cells that were 

exposed to a prior heat shock showed increase survival both in SFM alone and in 

the presence of RA as compared with unstressed control cells. As expected, ND7 

cells maintained in FGM were unaffected by the addition of RA and by heat shock 

(figure 4.1.l.b.).
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Figure 4.1.1.

H eat Shock P ro tec ts  ND7 Cells from  S erum -depriva tion  and  

RA-induced Death

ND7 cells in FGM (a) or at various times following transfer to SFM (b) 

with or without RA. Cells were either exposed to heat shock (HS) in FGM 

before transfer to SFM or maintained at 37°C throughout the experiment. Values 

are the average of four experiments.
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4 .1 .2 .  Heat Shock Protects ND7 Cells from Apoptosis

In order to determine whether heat shock was protecting cells from death by 

apoptosis, DNA isolated from heat stressed and control cells was analysed by 

agarose gel electrophoresis (figure 4.1.2.). Heat shock prior to transfer to SFM 

and addition of RA prevented the DNA fragmentation observed in cultures kept at 

37°C throughout

4 .1 .3 .  Heat Shock Induces the Heat Shock Response in ND7 

Cells

The temperature required to induce a heat shock réponse varies for different cell 

types and organisms. The maximum heat shock response occurs at about 5°C 

above the optimum growing temperature (Lindquist 1986). It was of interest to 

determine the maximum heat shock response in ND7 cells and whether different 

levels of hsp induction correlated with cell survival. Protein isolated from ND7 

cultures exposed to a 30 minute heat shock were transfered to SFM and harvested 

following 120 minutes at 37°C. Samples were analyzed by western blotting (figure

4.1.3.a.). Hsp 90 was clearly induced under the heat shock conditions used. Hsp 

90 levels increased with increasing exposure to elevated temperatures (figure

4.1.3.b.). The duration of exposure to 42.5°C was varied whilst recovery time 

remained unchanged (150 minutes). The increase in hsp 90 levels paralleled and 

increase in cell survival (figure 4.I.3.C.). Following a 10 minute heat shock, 

however, only a low level of protein was detected and the percentage of live cells 

decreased as compared to control cells possibly due to a mild toxic effect of heat 

shock itself. It appeared that a rise in the level of hsp 90, as a consequence of 

increased exposure to elevated temperature, was paralleled by increased cell 

survival.
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Figure 4.1.2.

Heat Shock Protects ND7 Cells from Apoptosis

Agarose gel electrophoresis of DNA from heat shocked or untreated ND7 

cells ND7 cells were transferred to SFM with (+) or without addition of l^iMRA 

(-). Cells were either exposed to heat shock in FGM prior to transfer or 

maintained at 37°C throughout the experiment.
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Figure 4.1.3.

Heat Shock Induces the Heat Shock Response in ND7 Cells

Western Blot probed with monoclonal antibody AC88

a ). Protein extracts were made from ND7 cells maintained at 37°C (C) or

transferred to 42.5°C for 20 mins and allowed to recover at 37°C for two 

hours (H). The positions of protein molecular weight markers of the sizes 

shown (in kilodaltons) are indicated.

b ). Protein extracts from cells exposed to the indicated heat shock times (in 

minutes).

c ). Levels of hsp 90 (as determined by densitometric scanning of the blot

(shown above) and cell survival after transfer to SFM following different 

heat shock times and a constant recovery.
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4 .1 .4 .  Protein Synthesis is Inhibited by Heat Shock

ND7 cells were protected from RA and serum-deprivation induced apoptosis by 

a mild heat shock capable of inducing the heat shock response. This protective 

effect could be due to either the heat shock proteins themselves or to some other of 

the multiple effects of heat shock (Black and Subjeck 1990).

To test whether exposure of ND7 cells to a mild heat shock (42°C for 30 

minutes) affected protein synthesis, incorporation of ̂ ^S-methionine was measured 

in ND7 cells at various times following heat shock (figure 4.1.4.). ^^S-methionine 

was added for the duration of the heat shock (0.5hrs+), of the heat shock plus a 

two and a half hours (3hrs+) recovery period and for the duration of the heat shock 

plus a seven and a half hours recovery (+ control). Pulse-chase was carried out by 

exposing cells to methionine for 0.5 and 3hrs followed by extensive washing 

and addition of medium containing methionine (SFM). Cells exposed to label for 

30 minutes were harvested 2.5 (0.5+; 2.5-) and 7.5 hours (0.5+; 7.5-) after 

washing. Cells exposed to label for 3hrs were either harvested (3+) or washed and 

harvested 5 hours later (3+; 5-). As a control cells were incubated in the absence of 

label for the duration of the experiment (8hrs; -control). Cultures kept at 37oC 

throughout, incorporated more methionine than those heat shocked.

The protein synthesis inhibition caused by the heat shock was only slight but it 

is in agreement with reports in the literature on protein synthesis inhibition by mild 

heat stress (Black and Subjeck 1990). Protein synthesis inhibition could account 

for protection against apoptosis as previously shown (section 3.2.7). It was of 

interest to determine whether it was protein synthesis inhibition per se or hsp 

synthesis that exerted a protective effect on ND7 cell survival.

4 .1 .5 .  RNA and Protein Synthesis Inhibitors Block Hsp 

Synthesis

To test whether RNA and protein synthesis inhibitors blocked hsp synthesis 

and how this affected cell survival, heat shocked and control cultures of ND7 cells 

were treated with actinomycin D (AD) and cyclohexamide (CHX) at concentrations 

sufficient to inhibit RNA and proteins synthesis, respectively (figure 4.1.5.).
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Figure 4.1.4.

Protein Synthesis is Inhibited by Heat Shock

Protein synthesis as measured by methionine incorporation. Cells were 

incubated in Methionine-free medium for at least 1 hour prior to heat shock and 

addition of methionine.

a). Lanes labelled (+) indicate the presence of methionine for the length of 

time indicated (in hours). Pulse-chase lanes are indicated by (-) following 

the time (in hours) for which cells were incubated in the absence of 

methionine.

b ). methionine was either present (control +) or absent (control -) 

throughout the experiment.
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Figure 4.1.5.

RNA and Protein Synthesis Inhibitors Block HSP synthesis

Western Blot probed with monoclonal antibody ACS8

a). Hsp 90 levels in ND7 cells exposed to heat shock in FGM before transfer to 

SFM or maintained at 37°C throughout the experiment. CHX (5^ig/ml) and 

AD (2.5|ig/ml) were added prior to heat shock and either washed off 

repeatedly after heat shock (lanes labelled +CHX- and +AD-) or left in the 

cultures until harvesting and counting 19 hours post-heat shock 

(lanes labelled +CHX and +AD).

b ). Percentage of surviving ND7 cells 19 hours post-heat shock in the 

presence (h-CHX and-i-AD) throughout or absence of CHX and AD 

immediately after heat shock (lanes labelled +CHX- and+AD-). Control 

samples were kept at 37°C throughout the experiment.
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Parallel cultures were either exposed to AD and CHX for the duration of the heat 

shock (20 minutes) and then washed in SFM, or were exposed to AD and CHX 

throughout (19hrs). Induction of hsp 90 was apparent in heat shocked cultures 

untreated or exposed to AD and CHX for 20 minutes (figure 4.1.5.a.).

However, hsp 90 levels were lower in both treated samples than in control 

(untreated) heat shocked cell, possibly due to a delay in hsp 90 mRNA and protein 

synthesis caused by the presence of AD and CHX. Inhibition of hsp synthesis by 

cyclohexamide has been reported elsewhere to block heat induced apoptosis 

(Migliorati et al., 1992). In contrast, in ND7 cells, heat shock protects against 

serum deprivation-induced apoptosis. The block of hsp synthesis following heat

shock would is deleterious to the cells suggesting that hsp synthesis following heat
;

stress in necessary for protection. Hsp 90 levels paralleled cell survival as 

measured by Trypan Blue exclusion (figure 4.1.5.b.). In unstressed cells, 

however, hsp 90 levels did not parallel cells survival. Addition of AD for 20 

minutes at 37°C appeared to dramatically increase the level of hsp 90. This effect 

might be explained by the fact that AD exposure constitutes a stress in itself. This 

appears not to be the case for CHX treatment. As previously reported (Howard et 

al., 1993), CHX treatment protects differentiating ND7 cells from apoptosis.

In conclusion, CHX and AD are capable of inhibiting hsp synthesis, if added 

prior to heat shock, which results in in c ite d  cell death following heat shock. 

Removing the RNA and protein synthesis inhibitors, allows hsps to be synthesised 

and cell survival is enhanced. In the absence of heat stress, protein synthesis 

inhibition offers partial protection against cell death, as indicated by treatment with 

CHX. Thus, cell survival in stressed and unstressed cells may be mediated by 

different mechanisms. In unstressed cells, inhibition of protein synthesis seems 

suffic^nt to delay induction of apoptosis whereas in cells exposed to a prior heat 

shock, protein synthesis inhibition is no longer effective and, furthermore, the heat 

shock response may be in part responsible for enhancing survival.
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4 .1 .6 .  Induction of Hsp 90 by Means Other than Heat Shock
/

The heat shock response is mediating survival in heat stressed cells. It was of 

interest to determine whether it was the heat shock proteins that were responsible 

for this protective effect. The heat shock proteins are also known as stress proteins 

as they can be induced by exposure to alcohols and heavy metals amongst other 

stimuli (Lindquist and Craig 1988; Lindquist 1986).

Thus, ND7 cells were exposed to ethanol and propanol at concentrations 

previously tested for maximum hsp 90 induction. Cells were exposed to alcohols 

for 1 hour (Hahn et al„ 1985), transferred to SFM and harvested 24 and 48 hrs 

after treatment. Western blot analysis probed with AC88, monoclonal antibody 

against hsp90, shows that both ethanol and propanol can induce hsp 90 (figure

4.1.6.a.). Increased hsp 90 levels are paralleled by increased cell survival in SFM 

in the presence and absence of RA (figure 4 .1.6.b.). In the batch of ND7 cells used 

no survival was observed in unstressed cells treated with RA.

In conclusion, induction of hsp 90 by ethanol and propanol parallels an 

enhancement of cell survival following transfer to SFM in the presence and absence 

of RA.

4 .1 .7 .  HSPs are not Affected by either Differentiation or 

Exposure to RA and cAMP

Since heat shock protein induction in stressed cells correlated with enhanced cell 

survival and RA and cAMP regulated ND7 cell survival upon differentiation, it was 

desirable to test whether either differentiation or cAMP and RA treatment affected 

hsp levels as is the case in other systems (Tanaka et a i, 1989; Kohda et al., 1991). 

Protein samples from cells transferred to SFM for 24,48 and 72 hours were probed 

with antibodies against hsp 90,72 and 65, respectively (figure 4.1.7.a.). No 

increase in hsp levels was observed during ND7 differentiation. An increase may 

have gone undetected if it occured within the first 24 hours of differentiation but if 

had an increase occurred, it did not affect cell survival.
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Figure 4.1.6.

Induction of HSPs by Means O ther than Heat Shock

a). Western blot probed with ACS8 antibody. Ceils were exposed to either

ethanol or propanol for 1 hour and then transferred to SFM in the presence 

or absence of l|iM RA. Protein extracts were made from cells harvested at 

24 and 48 hours following alcohol treatment.

b ). Survival of ND7 cells 24 and 48 hours in SFM treated with (+) or without

(-) RA following exposure to either ethanol or propanol; in this batch of 

cells no survival was observed in unexposed (control) cultures treated with 

RA.
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Figure 4.1.7.

HSPs are not Significantly affected by either Differentiation or 

Exposure to RA and cAMP

Both western blots were probed with AC88, SPA-820 and 4B1/89 

antibodies against hsp 90, hsp 72/73 and hsp 65, respectively.

a). Hsp 90, 72 and 65 levels following transfer of ND7 cells to SFM for the 

indicated times.

b ). Hsp 90, 72/73 and 65 levels following transfer of ND7 cells to SFM in the 

presence or either lp.M RA or ImM cAMP for the indicated times.
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RA treatment enhanced cell death whilst cAMP promoted differentiation and 

survival. Both agents failed to affect hsp synthesis (figure 4.1.7.b.), suggesting 

that they mediate their effects on cell survival independently of heat shock proteins. 

A slight increase in hsp 90 levels were detected in differentiated cells in the presence

of cAMP. This is in agreement with a reported increase in hsp levels in Gg arrested 

cells (lida and Yahara 1984) but in disagreement with regulation of hsp synthesis, 

in a negative fashion by cAMP in yeast (Tanaka et al., 1989).

4.2. ND7 Cells as a Model for Sensory Neurons

Despite the similarities between ND7 cells and sensory neurons (section 3.1.), 

it was important to establish the relevance of the studies using ND7 cells to primary 

neuronal cells. Particularly whether a prior heat shock could protect rat DRG 

neurons (cells from which the ND cells were derived) from apoptosis following 

NGF deprivation. It has been reported that sensory neurons undergo apoptosis 

following NGF withdrawal (Scott and Davies 1990). Thus NGF deprivation was 

the trigger for sensory neuron apoptosis just like serum deprivation was for ND7 

cells. This section addresses the occurrence of apoptosis in cultures of 

NGF-dependent neonatal rat sensory neurons following NGF withdrawal and 

whether prior heat shock affects DRG survival.

4 .2 .1 .  DRG Neurons Undergo Apoptosis Following 

NGF-deprivation

Although sensory neurons require NGF to maintain a mature differentiated 

phenotype during adulthood it does not appear to be essential for survival as is the 

case during development and early life (Levi-Montalcini 1987). Thus, either 

embryonic or neonatal DRG cultures would depend on NGF for survival and 

would die by apoptosis upon its withdrawal as previously reported (Scott and 

Davies 1990). This was confirmed by using 2 day old rat DRG cultures maintained 

for 24 hrs in the absence of NGF and in the presence of anti-NGF antibody to 

inhibit NGF secreted by non-neuronal cells (Scott and Davies 1990) and any 

residual activity left in the cultures.
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Figure 4.2.1.

DRG N eurons Undergoing Apoptosis Following NGF deprivation

Left panel shows cells as visualized by phase contrast microscopy. The 

right panel shows cells as visualized under UV light. Acridine orange/ethidium 

bromide staining of primary DRG neurons showing cells undergoing apoptosis. 

The live cell is stained green (a), dying cells are stained brown (b&c).
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Figure 4.2.1. illustrates the sequence of events during apoptosis, namely 

appearance of vacuoles in an otherwise healthy looking neuron (Martin et al., 1988) 

(figure 4.2.1.a.), membrane blebbing (4.2.1.b.) and nuclear fragmentation 

(4.2.1.c.).

4 . 2 . 2 .  Heat Shock Induces hsp 70 in DRG Neurons

To determine whether heat shock induced the heat shock response in DRG 

neurons, inducible hsp 70 levels were measured by indirect immunofluorescence. 

Following heat shock and 2.5 hrs recovery cells were fixed and incubated with 

antibody.

Control cultures kept at 37°C throughout, exhibited no hsp 70 expression 

(figure 4.2.2.a.). In contrast, hsp 70 expression was detected in heat shocked 

cultures (4.2.2.b.). The induction of hsp 70 in DRG neurons was apparent in 

cultures maintained in the presence or absence of NGF.

4 . 2 . 3 .  Heat Shock Protects DRG Neurons from Apoptosis Induced 

by NGF-deprivation

Parallel cultures to those assayed by indirect immunofluorescence (figure

4.2.2.) were incubated either in medium containing NGF (control) or NGF-free 

medium plus anti-NGF antibody either 12 or 24 hrs before treatment To determine 

whether neuronal survival was affected by heat shock, cells were either exposed to 

42.5°C for 20 minutes or incubated at 37°C throughout (4.2.3.). Cell survival was 

assayed by staining cells with Acridine Orange (which penetrates only dead cells 

and stains their DNA) and Ethidium Bromide (which stains live cells) solution. 

Neurons subjected to a prior heat stress showed increased survival 2.5 (0) or 

26.5hrs (24) following heat shock both in control and NGF deprived cultures. 

There was no significant difference between survival of cultures deprived of NGF 

12 or 24 hrs prior to treatment. This could be due to the fact that neurons start 

dying 24 hrs following NGF deprivation as previously reported (Edwards et at., 

1991; Martin etal., 1992).

136



Figure 4.2.2.

Heat Shock Induces hsp 70 in DRG Neurons

Indirect immunofluorescence staining of primary neurons with SPA-810 

anti-hsp70 primary antibody

a ). Cells were maintained at 37°C throughout

b ). Cells were heat shocked at 42.5°C for 20' and allowed to recover for 2.5 

hrs.
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Figure 4.2.3.

Heat Shock Protects DRG Neurons from Apoptosis Induced by 

NGF-deprivation

Primary neuron survival following heat shock in the presence and absence 

of NGF. Cells were harvested at time 0 (ie following recovery) and at 24 hours 

following heat shock.
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In conclusion, DRG neurons exhibit enhanced survival when deprived of NGF 

following a prior heat shock as was the case for ND7 cell when transferred to 

serum-free medium or exposed to RA. Having established the relevance of the 

previous observations in ND7 cells, the ND7 cell model was used to test the effect 

of over expressing individual hsp on protection against apoptosis.

4 . 3 .  Discussion

A mild heat shock protects neuronal cells from the potentially damaging effects 

of subsequent stresses both in vivo and in vitro . The exposure of neurons in vivo 

to a mild heat shock protects them from subsequent ischemia and damage caused by 

light (Barbe et a i, 1988; Chopp et al., 1988). The extent of glutamate 

excitotoxicity in vitro can be greatly reduced if neurons have been previously 

exposed to a mild heat stress (Lowenstein et al., 1991; Rordorf et al., 1991). The 

data presented in this chapter shows that the extent of programmed cell death in 

ND7 cultures was reduced if cells were heat shocked prior to transfer to SFM 

(4.1.1.). The protective effect of heat shock correlated with the synthesis of the 

heat shock protein hsp 90 whose levels were measured to determine the 

effectiveness of the applied heat stress. The levels of hsp 90 induced depended 

upon the length of the heat shock and were also determined by the length of the 

recovery period following the heat shock (4.1.3.), thus providing a good marker 

for the heat shock response. The duration of the heat shock and the length of the 

recovery period were optimized to thirty minutes and two and a half hours, 

respectively. These conditions at the heat shock temperature of 42.5°C produced 

the highest levels of hsp 90 as measured by western blot.

Concomitant with the heat shock response is the inhibition of protein synthesis 

(Lindquist 1986). This inhibition correlates with the severity of the stress and the 

recovery of protein synthesis correlates with the ability of cells to recover from 

stress and survive (Black and Subjeck 1990). Furthermore, the recovery of protein 

synthesis following stress is used as a measure of the heat resistance or 

thermotolerant state of the cell (Mizzen and Welch 1988).
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Since in ND7 ceils apoptosis is significantly delayed by protein synthesis 

inhibition, the protective effect of heat shock could be as a result of the heat shock 

inhibition of protein synthesis. Measuring incorporation of -methionine into 

control and heat shocked cells showed that, indeed, heat shocked cells incorporated 

less 35S-methionine suggesting a decrease in protein synthesis in stressed cells as 

compared to protein synthesis in cells maintained at normal growing temperature 

(4.1.4.). The difference in 35s-methionine incorporation was as expected for the 

mild heat shock applied (Black and Subjeck 1990). To determine whether 

inhibition of protein synthesis alone was responsible for the protective effect of 

heat shock, stressed and control cells were treated with RNA and protein synthesis 

inhibitors in order to inhibit hsp synthesis together with other cellular protein 

synthesis. Inhibition of hsp synthesis in cells that were exposed to elevated 

temperatures was deleterious, resulting in decreased cell survival as compared to 

control (4.1.5.b.). As expected, under normal conditions, inhibition of protein 

synthesis reduced cell death in serum starved ND7 cultures. Thus, it appears that at 

least in part the protective effect of heat shock is mediated by the synthesis of the 

heat shock proteins (hsps) and not by inhibiton of protein synthesis alone. When 

heat shock proteins were induced by means other than heat shock, i.e. by exposure 

to alcohols (4.1.6.), high hsp 90 levels correlated with increased cell survival 

arguing for a role of hsps in protection against serum-deprivation-induced apoptosis 

in ND7 cells.

Apoptosis in ND7 cells can be regulated by the addition of RA and cAMP. 

Addition of RA differentiating ND7 cells in SFM enhances death whereas addition 

of cAMP enhances cell survival and differentiation. To explore the possibility of 

RA and cAMP treatment regulating hsp synthesis, the levels of hsps were measured 

in cells previously exposed to these agents or in SFM alone (4.1.7.). No dramatic 

decrease or increase in the levels of either hsp 90, (inducible) hsp70 or hsp 65 were 

observed suggesting that the effects of RA, cAMP and heat shock are mediated by 

independent pathways.
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The ND7 cell line has been used as a model for sensory neurons (Lillicrop et 

al., 1991). To assess the relevance of our observations in ND7 cells, it was 

important to determine whether heat shock protected primary cultures of DRG 

neurons from apoptosis. Both sensory and sympathetic neurons are known to 

undergo apoptosis following growth factor deprivation in vitro (4.2.1.)(Martin et 

al., 1988; Scott and Davies 1990). Neurons start dying approximately between 

18-22 hours following growth factor withdrawal (Martin et al., 1992). Thus, 

neonatal rat DRG cultures were exposed to a mild heat shock in the presence of 

NGF or following 12 and 24 hours of growth factor deprivation (4..2.3.). The 

protection observed as a result of exposing neuronal cultures to heat shock was 

paralleled with the induction of the heat shock response as measured by the 

expression of the inducible form of hsp 70 (hsp 72). Therefore, the neuronal cell 

line ND7, appears to be a good model for the study of the effect of heat shock on 

apoptosis as the effects observed in these cells mimic those in sensory neurons.

The hsps are ubiquitous as is the heat shock response (Lindquist and Craig 

1988). In unstressed cells, hsps carry out many essential housekeeping functions, 

the study of which has provided clues as to what their function might be in the 

stressed cell (Pelham 1986; Gething and Sambrook 1992). Hsps are mainly 

involved in assisting protein maturation and exert their effects by transiently 

associating with many cellular proteins. They interact with nascent and denatured 

polypeptides and stabilize folding intermediates so as to enable their translocation 

through membranes (see table 1.3.1.). A protective role of the hsp in apoptosis 

may involve maintaining the putative killer protein (s) or the nuclease responsible 

for DNA fragmentation in an inactive conformation.

Increased expression of hsps has long been associated with increased heat 

resistance (Lindquist 1986). Direct evidence has been obtained by inhibiting hsp 70 

activity using monoclonal antibodies resulting an increase in heat sensitivity 

(Johnston and Kucey 1988), or by the artificial over or under expression of 

individual hsps (Bansal e ta l,  1991; Angelidis etal., 1991).
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Thus, hsps could protect ND7 cells against the damaging effects of heat whereas 

the heat shock response, via inhibition of proteins synthesis , might be responsible 

for directly repressing the expression of a putative death factor(s). Whether hsps 

play a direct role in protecting serum-starved ND7 cells from heat shock, could be 

determined by artificial over expression of individual hsps.
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CHAPTER 5

HIESIlJLirS
Hsp 90 and Hsp70 Protect ND7 Cells from Heat 

Shock but not from Apoptosis
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5 . Introduction

Thermotolerance has been linked to increased expression of heat shock 

proteins. Several heat resistant cell lines have elevated levels of hsp (Black and 

Subjeck 1990), the kinetics of the heat shock response correlates with the kinetics 

of thermotolerance (Lindquist 1986) and artificial over and under expression of an 

individual hsp in mammalian cells, has strengthen the correlation between high hsp 

levels and thermotolerance (Bansal et a i, 1991; Angelidis et al., 1991). Direct 

evidence supporting a role of hsp 70 in thermotolerance has been achieved in 

experiments in which cells microinjected with monoclonal anti-hsp72 antibodies 

become more heat sensitive (Johnston and Kucey 1988; Giovanella 1990). 

Conflicting reports describing cases in which cells either lack a major hsp but are 

still thermotolerant or over-express a major hsp but exhibit reduced thermotolerance 

(Cheng et a l, 1992) and of different cell lines having the same level of hsps but 

widely different levels of thermotolerance, argue against hsp providing cells with 

thermotolerance (Lindquist 1986). It was of interest to determine if over expression 

of the major hsps could mediate thermotolerance and enhance cell survival by 

protecting cells against apoptosis.

The data in the previous chapter suggested a role for the heat shock response 

and hsp induction in protection of ND7 cells against serum-deprivation and 

RA-induced apoptosis and showed that primary NGF-dependent DRG cultures, 

from which ND7 cells were derived, are protected from NGF-deprivation induced 

apoptosis by exposure to a prior heat shock, confirming the validity of the ND cell 

line as a model for sensory neurons. This chapter addresses the question of 

whether overexpression, in the readily transfectable ND7 cells (Lillycrop et a l, 

1991), of the major hsps, hsp 90 and inducible hsp 70 (hsp72) is able to mediate 

the protective effect of heat stress and. furthermore, whether overexpression of the 

major hsps can confer thermotolerance to ND7 cells.
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5 .2 . Heat Shock Proteins and Cell Survival

To gain an understanding of how heat shock proteins could aid cell survival by 

minimising the damage on cellular machinery that ensues a given stress (Pelham 

1986), the function of hsps in unstressed cells, in which some hsps (i.e. hsp 90) 

are up to 1% of total cell protein (Latchman et al., 1990), has been extensively 

studied. It appears that hsp function involves their interaction with other proteins. 

These interactions which may involve the formation of complexes (e.g. hsp 90 and 

hsp 70 association with steroid hormone receptors) (Bagchi et al., 1991), appear to 

be necessary for correct protein folding (Weich et al., 1992) and acquisition of 

active conformation (Shaknovich et al., 1992; Pongratz et al., 1992), to prevent the 

formation of insoluble protein aggregates and to aid internal membrane 

translocations (Gatenby et al., 1990) and the assembly of multiprotein complexes 

(Welch 1993; Schlessinger 1990; Bensaude et al., 1990). Thus, stress proteins 

have earned the name molecular chaperones (Ellis 1987) as they assist the assembly 

and disassembly of proteins and protein-containing structures but do not themselves 

form part of the final structure or contain any stearic information determining 

assembly.

Structurally, both hsp 90 and hsp 70 possess ATPase activity (Nadeau et al., 

1993; Csermely and Kahn 1991; Ang et al., 1991) which can cause conformational 

changes (Csermely et al., 1993) allowing association and dissociation with other 

cellular proteins. Hsp 70 can bind to exposed hydrophobic regions (Pelham 1986) 

and hsp 90 possesses hydrophobic regions enabling its interaction with 

hydrophobic proteins (Yamamoto et al., 1991). During heat or other stress, hsps, 

being present in the nucleus, cytoplasm and mitochondria are able to access cellular 

machinery and associate with its components preventing irreparable damage caused 

by protein dénaturation and disassembly. For example, hsp 70 translocates to the 

nucleus and nucleolus following stress where it is thought to repair damaged 

preribosomes (Pelham 1986).
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In the regressing rat prostate, hsp 70 has been linked to the onset of apoptosis 

(Buttyan et al., 1988) in a reactive cascade involving c-fos and c-myc similar to that 

occurring following proliferative stimulation. In mouse L cells heat stress induced 

apoptosis that could in turn be prevented by addition of cyclohexamide.

It is unclear in this system whether the heat shock response was induced and 

whether cyclohexamide blocked hsp synthesis (Ghibelli et al., 1992). In cortical 

and cerebellar granule cells, a heat shock prior to glutamate exposure protected cells 

from excitotoxicity (Lowenstein et al., 1991; Rordorf et al., 1991). This 

conflicting evidence regarding the role of heat stress in cell survival made it 

imperative to determine which role, if any, did the major heat shock proteins play in 

the protective effect of heat shock previously observed in ND7 cells (Mailhos et al., 

1993).

5.2.1. Sub-cloning of Hum an Hsp 90

To investigate whether over expression of hsp 90 would protect ND7 cells from 

undergoing apoptosis in serum-free conditions, the APr-HS 90 plasmid was 

constructed (figure 5.2.1.) containing a full length hsp 90 coding sequence. This 

plasmid was constructed by inserting the human hsp 90 coding region downstream 

of the human p-actin promoter previously shown to drive high expression levels of 

sense and antisense transcripts in human and rodent cells (Gunning et al., 1987). 

Using the PHp APr-l-neo plasmid, antisense human hsp 90 expressing vectors 

were made capable of reducing the thermotolerance of mouse L cells by reducing 

hsp 90 levels of expression (Bansal et al., 1991). The full length hsp 90 cDNA 

clone (Twomey et al., 1993) contained within a Bgl II fragment was excised from 

Bluescript-KS-90 and inserted in the Bam HI site of pHp APr-l-neo (gift from Dr. 

L. Kedes) (Gunning et al., 1987), the Bgl II-Bam HI fusion destroying both sites. 

Although the fragment could have inserted in both the sense and antisense 

orientations, only four sense clones were obtained as determined by restriction 

enzyme analysis.
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Figure 5.1.1.

Sub-cloning of Human Hsp 90 into PHp P r-l-n eo

Cloning strategy diagram showing the subcloning of hsp 90 from Bluescript 

into PHp Pr-l-neo. The Bgl II fragment containing the human hsp 90 cDNA 

sequence was cut from BS-90 (Twomey et al„ 1993) to be inserted into the Bam 

HI site in PHp Pr-l-neo downstream of the p-actin promoter.
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5.2.2. Over Expression of Hsp 90 in ND7 Cells

ND7 cells were transfected with APr-HS 90 and clonal cell lines stably 

transformed with the plasmid were isolated under neomycin selection. Resistant 

colonies were picked and following cloning by limiting dilution, a number of cell 

lines over expressing hsp 90 were isolated (e.g. PB A 90.5 and 90.13) (figure

5.2.2.a.). Some of these cell lines (90.5D and 90.13D) expressed higher levels of 

hsp 90 as compared to an unstressed parental ND7 cells but expressed similar levels 

to ND7 cells exposed to 42°C for 20 minutes. By mimicking the hsp 90 levels in 

heat shocked ND7 parental cells, hsp 90 over expressing cells were ideal to assay 

the hsp 90 role in cell protection. To test whether hsp 90 levels as high as those 

normally present following heat shock were capable of conferring protection against 

RA and serum deprivation induced apoptosis, ND7 cells transfected with vector 

sequences alone (PBA D4) and hsp 90 over expressing cells (PBA 90.5; 90.5D; 

90.13; 90.13D) were transferred to SFM in the presence (+) and absence (-) of RA 

(figure 5.2.2.b.). No significant difference was observed between the survival of 

control (PBA D4) and the over expressing cell lines in SFM alone or in SFM plus 

RA.

High levels of hsp 90 alone are insufficient to enhance survival of ND7 cells in 

SFM with or without RA as opposed to heat shock (see figure 4.1.1.).

5.2.3. Over Expression of Human Hsp 70 in ND7 Cells

The plasmid APr-HS 70 contained the full length, inducible hsp 70 sequence 

downstream of the p-actin promoter (see figure 5^.6.b.). This construct had been 

previously used for transfection into monkey CVl cells to show constitutive hsp 70 

expression conferred thermotolerance (Angelidis et al., 1991). Clones with stably 

transfected plasmid were selected on the basis of their resistance to neomycin and 

assayed by western blot (figure 5.2.3.a.). The blot in figure 5 ^ .3 .a.i. was 

reprobed with anti-hsp 65 antibody (4B1/89), a protein whose levels should be the 

same in all cells (figure 5.2.3.a.ii).
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Figure 5.1.2.

Over Expression of Hsp 90 in ND7 Cells

a). APr-HS90 (see map in Figure 5.1.1.) was transfected into ND7 cells and 

stable clones selected for their resistance to neomycin.

i). Western blot probed with anti-hsp 90 antibody (AC88).

ii). Coomassie stained gel showing protein loading in (i).

b). Survival of Hsp 90 over expressing cell lines 90.5, .5D, 90.13 and .13D 

(5D and 13D are subclones of 90.5 and 90.13, respectively) as compared to 

parental ND7 cells tran sfe^  with vector (PHpA Pr-l-neo), in the presence 

or absence of retinoic acid following transfer to SFM for 48 hours. Values 

are the average of three experiments whose range is represented by the bars.
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Figure 5.1.3.

Over Expression of Human Hsp 70 in ND7 Cells

Western blots probed with antibodies against hsp 70. Coomassie stained 

gels below the blots show protein loading. Note that original clones are labelled 

with a number preceded by pAPR; subclones are labelled by a number preceded 

by 'p'.

a), i). Western blot probed with SPA-810 antibody specific for inducible hsp70 

(hsp72).

ii). Western blot shown in (i) was reprobed with the 4B1/89 antibody 

against hsp65 using protein samples derived from parental ND7 cells, ND7 

cells stably transfected with control vector (PHpAPr-l-neo) and 

pAPRlcells.

b ). Western blot probed with SPA-820 antibody raised against both the

constitutive (hsp 73) and inducible (hsp 72) forms of hsp 70. Samples are 

from subclones over expressing hsp 72 derived from the over expressing 

cell lines shown above (see figure 5.1.3.a.).

c ) . Survival of hsp 72 over expressing clones in SFM in the presence (+) or

absence (-) of l|iM RA. Cells were harvested 48 hours after transfer to 

SFM.
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Immunofluorescence using antibody against the inducible form of hsp70 hsp72) 

indicated that although pAPr -HS 70.1 and pAPr-HS 70. 2 expressed high levels of 

hsp 70, the cell lines were not clonal following a period of growth in the absence of 

neomycin. Therefore, cells were submitted to another round of cloning until a

panel of clonal cell lines expressing high (p 1.8), low (p 2.7) and no inducible
7

hsp70 (p 3.0) but exhibiting neomycin resistance, were obtained (figure 5.^.3.b.). 

The SPA-820 antibody, that recognizes both the constitutive (hsp 73) and the 

inducible (hsp 72) forms of hsp was used to probe the blot.

As expected levels of hsp 73 remained unchanged whereas hsp 72 levels 

increased dramatically following heat shock to similar levels present in the over 

expressing cell lines. Resistant clones that showed no hsp 70 expression but grew 

in the presence of neomycin, may have shut off expression of exogenous hsp 70 

due to some DNA rearrangement during plasmid integration. The blot was probed 

with SPA-820 antibody that recognizes both the constitutive and inducible form of 

hsp 70, hsp73 and hsp72, respectively. As expected hsp 73 remained unaltered in 

all cell lines whereas the exogenous hsp 72 varies from very low (p2.7) to very 

high (p2.1).

Clones expressing different levels of hsp 70 were assayed for their ability to 

survive transfer to SFM in the presence and absence of RA. As was the case for 

hsp 90 over expressing clones, varying levels of hsp 70 had no effect of cell 

survival (figure 5.^.3.c.) as clones expressing high levels of hsp 70 exhibited 

similar survival as compared to cells transfected with vector sequences alone (PBA 

D4). In conclusion, neither over expression of hsp 70 or hsp 90 alone is sufficient 

to confer protection against apoptosis to ND7 cells.

5.2.4. Expression and Localization of Hsp 70 in ND7 Cells

The expression and localization of inducible hsp 70 in ND7 cells transfected 

with vector sequences alone (PBA D4) was analysed by indirect 

immunofluorescence (figure 5.2.4.). Cells were fixed 2.5 hrs after heat shock and 

second antibody alone was added to determine background fluorescence levels. 

Parental ND7 cells showed the same pattern of hsp 70 expression as PBA D4 cells.

1 5 1



Figure 5.1.4.

Expression and Localization of hsp 70 in ND7 Cells

Left panel shows cells as visualized by phase contrast microscopy. Right 

panel shows cells as visualized under UV light. Indirect immunofluorescence 

showing inducible hsp 70 expression in ND7 cells transfected with vector alone 

(PHpA Pr-l-neo). Cells were maintained at 37°C or heat shocked at 42.5°C for 

20 mins and allowed to recover for 2.5 hrs before staining.
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In unstressed cells (figure 5.2.4.a.) background levels of inducible hsp70 were 

detected. Following heat shock (figure 5.2.4.b.), a significant increase in hsp 70 

expression was detected. Cognate and inducible hsp 70 are localized in the 

cytoplasm of unstressed cells but partially localize to the nucleus following stressful 

stimuli (Pelham 1986). In ND7 cells hsp 70 was found mainly in the cytoplasm 

although some nuclear staining was apparent.

Due to the high basal level of hsp 90 in unstressed cells (upto 1% of cellular 

protein), no significant difference in hsp was detectable by immunofluorescence 

between either heat shocked and non-stressed control cells or over expressing cell 

lines and non-stressed controls.

5 . 2 . 5 .  Expression and Localization of Hsp 70 in Over Expressing 

Cell Lines

Indirect immunofluorescence was used to detect levels of expression and 

localization of inducible hsp 70 in ND7 cells transfected with APr HS70 (p 1.8). 

Unstressed cells appeared to express levels of hsp 70 (5^.5.a.) as high as those

that had been submitted to a prior heat stress (5.^5.b.). Localization to the nucleus
<  '

was observed as punctate staining (figure 5.2.5.a.) in some cells but the bulk of the 

protein appeared to remain cytoplasmic. If over expressed hsp 70 remained 

cytoplasmic it may have been unable to perform its putative protective function in 

the nucleus (Pelham 1986) possibly accounting for the lack of protection observed.

5 . 2 . 6 .  Integration of APr-HS 70 into ND7 Genomic DNA

It was of interest to determine whether the site of APr-HS70 integration was 

similar in cell lines exhibiting different levels of hsp 70 expression (e.g. pl.8 vs p 

2.7). A genomic southern blot was probed (figure 5^.6.a.) using a Bgl I/Hind IE 

fragment containing part of the hsp 70 coding region as a probe (figure 5.2.6.b.). 

Two of the enzymes chosen cut within the vector (Hind III and Nae I) but only Pst 

I cuts within the part of the coding region used as a probe. As expected the 

subclones p2.1 and p2.7 (derived from pAPR2), showed the same pattern of 

integration but different to pAPRl-derived subclone pl.8.
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Figure 5.1.5.

Expression and Localization of hsp 70 in Over Expressing Cell 

Lines

Indirect immunofluorescence showing inducible hsp 70 expression in ND7 

cells transfected with APr-HS70. Cells were maintained at 37°C or heat shocked 

at 42.5°C for 20 mins and allowed to recover for 2.5 hrs before staining.
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Figure 5.1.6.

Integration of APr-HS70 into ND7 Genomic DNA

Genomic Southern blot showing that different hsp 72 levels, in different 

over expressing clones, were not due to insertion of APr-HS70 into different loci 

in ND7 cells.

a). DNA from cell lines pl.8, 2.1 and 2.7 was digested with Hind III, Pst I 

and Nae I. Blot was probed with Bgl I/Hind III fragment 

(see figure 5.1.6.b.) containing the hsp 70 coding sequence. The blot was 

exposed for three days.

b ). Diagram showing the Bgl I/Hindm fragement derived from APr-HS70 used 

to probe the Southern blot shown above.
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In conclusion, clones expressing hsp 70 at different levels but derived from the 

same original clone exhibited the same integration pattern. The low hsp 70 

expression detected in p2.7 as compared to p2.1 may, therefore, be due to a 

ffameshift or point mutation that disrupted hsp 70 expression.

5 . 2 . 7 .  Hsp 90 and Hsp 70 Protect ND7 Cells from Thermal Stress

It was important to test whether the exogenous hsp 90 and hsp 70 proteins were 

functional in ND7 cells. Direct and indirect evidence correlates high levels of hsps 

with thermotolerance (Lindquist 1986)(see 5.1.). Reduced levels of hsp 90 using 

antisense constructs (Bansal et al., 1991) and of hsp 70 following microinjection of 

monoclonal anti-hsp70 antibodies correlated with increased heat sensitivity 

(Giovanella 1990). The thermotolerance of ND7 cells transfected with either vector 

alone or with APr HS 90 and APr HS 70 was determined by measuring the survival 

of the various cell lines following exposure to either a mild (42°C) or lethal (48°C) 

heat shock for various periods of time. Cell survival was assessed by the 

determining the percentage of seeded cells able to form colonies. Cell lines over 

expressing hsp 70 (pl.8 and 2.11) seemed more resistant to high temperatures than 

either the parental ND7 cells or cells transfected with APr HS70 but not expressing 

hsp 70 (p 3.15) (figure 5.1.7.a.).

Hsp 90 over expressing cells (90.5 and 90.5D) exhibited increased

thermotolerance as compared with cells transfected with vector alone (figure
■7 /
5.2.7.b.). However, no significant difference was observed between the 

thermotolerance of 90.5 and 90.5D cells despite hsp 90 protein levels being 

different between these two cell lines (figure 5.1.2.a.). This observation would 

argue against high hsp 90 levels alone conferring thermotolerance. However, only 

slight increases in hsp 90 levels may contribute to the development of 

thermotolerance.

In conclusion, both hsp 90 and hsp70 appear to be functional in ND7 cells by 

conferring thermo tolerance. Thermotolerance has not previously been shown to be 

a consequence of hsp over expression in cells of neuronal origin.
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Figure 5.1.7.

Hsp 90 and Hsp 70 Protect ND7 Cells from Thermal Stress

a ) . Cell survival of parental ND7 cells, the hsp70 over expressing clones (1.8 

and 2.11) and the non-expressing (3.15) cells after various periods at 42°C 

or 48°C. Values are the average of three determinations whose range is 

shown by the bars.

b ). Cell survival of parental ND7 cells transfected with either vector alone 

PHpA-PR-l-neo (PBA) or APr-HS90 after various periods at 42°C or 

48°C. Values are the average of three determinations whose range is shown 

by the bars.
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However, hsp 90 over expression has been shown to confer increased heat 

resistance to mouse L cells (Bansal et al., 1991). The lack of protection against 

apoptosis observed in cell lines over expressing either protein may be due to an 

abnormal localization of the exogenous protein or to the lack of high levels of other 

hsp (e.g. small hsps) that may be important in the protective mechanism of heat 

shock observed.

5 . 2 . 8 .  Expression of Human Hsp 65 in ND7 Cells

In an attempt to over express a member of another major heat shock protein 

family, vectors containing human hsp 65 in the sense and antisense orientations 

(figure 5.2.8.a.), together with vector controls were transfected into ND7 cells. 

Stably transfected clones were selected on the basis of their resistance to 

hygromycin. Clones were isolated characterised by western blotting (figure

5.2.8.b.). Neither antisense constructs nor constructs containing hsp 65 in the 

sense orientation showed a increase or decrease in the levels of hsp 65, 

respectively. The inability to observe expression of exogenous hsp 65 from the 

episomal pREP vectors may be due to a suggested inefficient vector replication in 

murine cells (Groger et al., 1989).
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Figure 5.1.8.

Expression of Human Hsp 65 in ND7 Cells

a ). pREP4 and pREP5 eukaryoric vectors containing hsp 65 in both antisense 

and sense orientations.

b ). Vectors shown in figure 5.1.7.a. were transfected into ND7 cells and stable 

clones were selected for their resistance to hygromycin. Western Blot using 

extracts of ND7 cells and ND7 cells transfected with either sense (65+), 

antisense (65-) vectors or vector alone (pREP4; pREP5) probed with 

4B1/89 antibody raised against hsp65.
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5.2. Discussion

Heat shock protects serum-starved ND7 cells from apoptosis, i.e. enhanced 

cell survival was observed in cultures that had been exposed to elevated 

temperatures prior to transfer to SFM (Mailhos et al., 1993). The protective effect 

of heat shock was paralleled by the increased synthesis of hsps and was abolished 

when hsp synthesis was blocked by the addition of cyclohexamide prior to 

exposure to elevated temperature (4.1.5.). However, protein synthesis inhibition 

also occurs as a result of heat shock (4.1.4.) and since protein synthesis inhibitors 

block apoptosis in ND7 cells (3.2.6.), it was of interest to determine whether it was 

the hsps themselves, rather than the heat shock -induced block in protein synthesis, 

that mediated the protection of ND7 cells against cell death by apoptosis.

The protective effect of a mild heat stress against damage caused by light, 

ischemia and glutamate has previously been shown in neurons (Barbe et al., 1988; 

Chopper a/., 1989; Lowenstein er a/., 1991). Direct evidence of the protective role 

of individual hsps, however, has only been shown in other cell types (Bansal et al., 

1991; Angelidis et a l, 1991; Liu et a l, 1992) by artificial over or under expression 

of an individual hsp or by inhibiting hsp function using monoclonal antibodies 

(Chetien and 1988). Tmis, the two major heat inducible heat shock proteins, hsp 90 

and hsp 70 were individually over expressed in ND7 cells, to asses their role in the 

enhancement of ND7 cell survival following heat shock.

Cell lines were obtained by transfecting the PHp APr-l-neo plasmid expressing 

either full length human hsp 90a (Twomey et al., 1993) and inducible hsp 70 

(hsp72) (Angelidis et a l,  1991), into ND7 cells and selecting for neomycin 

resistant clones (5.1.1. and 5.1.6.). Cell lines over expressing either hsp 90 or hsp 

70 when transferred to SFM showed no enhanced survival as compared to both 

parental ND7 cells and cells transfected with vector sequences alone (5.1.2 and 

5.1.3.). Thus, over expression of either hsp 70 or hsp 90 in ND7 cells does not 

confer protection against apoptosis induced by serum deprivation but confers 

protection against heat stress (see below).
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The cell lines obtained following transfection with hsp 70, expressed different 

levels of the exogenous protein. Thus, some clones expressed very high levels of 

hsp 70 (p 2.1) whereas in others it was virtually undetectable (pAPR3 and p 2.7) 

(figurre 3.1.3). This was due to some cells expressing very low levels of 

exogenous hsp 70 as determined by indirect immunofluorescence. As expected, 

southern blot analysis showed that independent clones had inserted in different 

parts of the genome (e.g. p 1.8 and p 2.1) but clones derived from the same 

original clone, e.g. pAPR2, had inserted in the same location (p 2.1 and p 2.7). 

Factors other than the site of integration must have determined the activity of the 

p-actin promoter of APr HS 70 as p 2.1 and p 2.7 exhibited widely different levels 

of hsp 70 despite having the same site of insertion (5.1.6.). No correlation 

between the various levels of hsp 70 overexpression and cell survival could be 

established.

Hsp 70 over expressing cell lines were analyzed by indirect 

immunofluorescence, for clonal purity and hsp localization. Following heat shock, 

hsp 70 translocates to the nucleus and more specifically to the nucleolus were it is 

thought to bind preribosomes and prevent their irreversible dénaturation (Pelham 

1986, 1988). Both in over expressing cell lines and parental ND7 cells, 

localization of hsp 70 remained mainly cytoplasmic (5.1.4. and 5.1.5.). However, 

hsp 70 over expressing cell lines were less heat sensitive than the parental ND7 

cells (5.1.7.a.) indicating that hsp 70 was fully functional in these cells.

The pattern of hsp 90 in over expressing cell lines was indistinguishable from 

that of the parental cells as was its over expression. Hsp 90 constitutes up to 1% of 

total cellular protein in unstressed cells and its expression is known to be even 

higher in tumour cells. Furthermore, the localization of both hsp 70 and hsp 90 has 

been reported to be abnormal in tumour cells (Ferrarini et al., 1992). Increased 

thermotolerance was also observed in hsp 90 over expressing clones (5.1.7.b.) as 

compared to ND7 cells transfected with vector sequences alone.
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Although over expression of hsp 70 has often been correlated with the 

development and decay of thermotolerance and its expression localizes to neurons 

that survive transient ischemic insults (Mivechi et al., 1991; Angelidis et al., 1991; 

Vass et al., 1988), over expression of hsp 90 had never before been shown to 

confer thermotolerance to neuronal cells. Moreover, under expression of hsp 90 in 

mouse L cells, using a construct expressing anti-sense hsp 90 to lower hsp 90 

levels (Bansal et al., 1991), made the cells more heat sensitive but did not affect 

their response to viral sensitivity. In contrast, over expression of hsp 90 in yeast 

did not protect cells against thermal stress (Cheng et al., 1992).

The protective role of both hsp 90 and hsp 70 against thermal stress is likely to 

involve their chaperonin function in which they associate with partially denatured 

proteins, the number of which increases following stress (Latchman 1991; Baler et 

al., 1992) preventing their misfolding and abnormal interactions with other 

proteins. Heat shock protects DRG neurons and ND7 cells against apoptosis 

(Mailhos et al., 1993) and cortical and cerebellar cultures from glutamate toxicity 

(Rordorf et al., 1991; Lowenstein et al., 1991). However, over expression of either 

functional hsp 90 or hsp 70 is unable to confer ND7 cells protection against 

apoptosis suggesting that the protective effect of heat shock may require the 

coordinated expression of all the heat shock proteins, including the small hsps. In 

particular, hsp 27, may be of importance as its over expression protected human 

non-neuronal cells from heat stress (Landry et al., 1988). Another small hsp, 

ubiquitin, was thought to play a role in muscle degeneration in the hawk-moth 

Manducca sexta (Schwartz et al., 1990) and in the regression of the rat prostate 

gland (Buyttan et al, 1988) but was later shown to be part of the degeneration 

process rather than involved in the protection of surviving cells (Schwartz et al.,

1990).

The mechanism for the protective effect of heat shock against apoptosis in 

neuronal cells, may involve both the induction of hsps and the inhibition of protein 

synthesis.
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The hsps would protect cells by chaperonin denatured proteins and stabilizing 

protein complexes whereas protein synthesis inhibition would protect cells by 

blocking the synthesis of a putative killer protein(s) as its previously been 

suggested (Koike et al., 1992; Edwards et at., 1991). Thus, heat shock proteins 

may provide protection from the deleterious effects of heat shock but it is protein 

synthesis inhibition that prevents the expression of death proteins. However, the 

inhibition of protein synthesis measured following exposure to elevated 

temperatures needs to be analysed by looking at the incorporation of methionine 

into individual proteins rather that in cell extracts as the inhibition may have been 

very partial (4.1.4.) and, therefore, unable to block the synthesis of a death factor.

Alternatively, hyperthermia may protect neuronal cells from apoptosis by 

inducing the synthesis of all the heat shock proteins in concert since induction of 

hsps by means other than heat shock protected ND7 cells from apoptosis and 

during induction of the heat shock response, hsp 90 levels correlated with cell 

survival.
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6 . Discussion

The neuronal cell line, ND7/23 has been used as model for the study of 

apoptosis. These rat DRG/mouse neuroblastoma hybrids exhibit many properties 

of the DRG neuron parent and thus, have been used as a model for sensory neurons 

(Lillycrop et a l,  1991; Suburo et al., 1991; Wheatley et a l, 1991). ND7 cells 

actively proliferate in serum-containing medium, but upon serum starvation , they 

growth arrest and undergo morphological differentiation. However, a proportion 

of these cells do not differentiate but die by apoptosis.

In the developing vertebrate nervous system, cell death occurs naturally during 

neuroblast mitosis, following neuroblast growth (Kallen 1965) arrest but preceding 

differentiation (Carr and Simpson 1982) and during target innervation (Oppenheim

1991). Programmed cell death and apoptosis play a major role during vertebrate 

and innvertebrate development (Ellis et al., 1991). Programmed cell death is also 

intiniately related to cell growth and differentiation being closely linked to the 

development of diseases and tumours during adulthood (Kerr and Searle 1972b; 

Loo et al., 1993; Strasser et al. 1991).

When deprived of serum, ND7 cells can die or differentiate. Furthermore, the 

choice between these two processes can be regulated. Addition of RA enhances 

and accelerates the rate of apoptosis whereas addition of cAMP delays the onset of 

apoptosis by enhancing cell survival and differentiation. cAMP also protects 

primary neurons from apoptosis (Deckwerth and Johnson 1993) and induces a 

wide range of neuroblastoma cell lines to undergo morphological differentiation 

(Prasad 1974). The mechanism by which cAMP and other cyclic nucleotides (Weill 

and Greene 1986) protect neurons still remains unclear but is thought to be 

independent of NGF (Martin et al., 1988), and to involve stabilization of the 

cytoskeleton (Prasad 1974).

As a powerful morphogen and teratogen, RA has been attributed many effects 

mainly those of death and differentiation in the limb and CNS (Allés and Sulik 

1989; Durston et al., 1989).
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Treatment of Xenopus embryos during CNS development with RA causes 

reduction of the anterior CNS (microcephaly) and transformation of anterior 

neuroectoderm to posterior neuroectoderm (Durston et al., 1989; Ruiz i Altaba and 

Jessell 1991) suggesting that anterior cell types respond differently to RA than do 

posterior cell types. Furthermore, differentiated anterior cells do not respond to the 

effects of RA (Ruiz i Altaba and Jessell 1991). ND7 cell are susceptible to the 

effects of RA only in serum-free medium, i. e. when they growth arrest and start 

differentiating, despite being able to respond to it in serum-containing medium by 

activating gene expression (3.2.9). In contrast, ND7 cells in serum-ffee medium 

appeared unresponsive to RA.

Thus, it is possible that by not responding to RA, ND7 cells die instead of 

undergoing differentiation. Alternatively, RA could mediate its effect on ND7 

survival by blocking the differentiation pathway and thus promoting death.

Since heat stress has been shown to protect neurons against the excitotoxic 

effects of glutamate and the damaging effects of light and ischemia (Rordorf et at., 

1991; Barbe et a l, 1988; Chopp et a l, 1989), it was of interest to determine its 

effect on ND7 apoptosis. Heat shock not only protects ND7 cells but primary rat 

DRG neurons from apoptosis, establishing ND7 cells as a good model to study the 

effects of heat shock in neuronal cell survival (Mailhos et a l, 1993). As part of the 

heat shock response, hsps are induced (Lindquist 1986). In ND7 cells their 

induction by heat shock and alcohols correlated with enhanced survival (Mailhos et 

a l, 1993). However, over expression of the two major hsps, hsp 90 and hsp 70 in 

ND7 cells did not enhance survival of these cells following transfer to serum-free 

medium. Thus, hsps are either partially responsible for the protective effect of heat 

shock or coordinate induction of all hsps must occur for cells to survive, 

alternatively, they may not be involved at all. Whatever stress that induces hsp may 

also induce the expression of a protective factor or may inhibit the activity of the 

putative killer protein(s). Most importantly, however, hsp 70 and hsp 90 over 

expression in ND7 was able to increase their heat resistance.
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6. 1.  Future work

Measuring the levels of either genes known to protect neuronal cells from 

apoptosis (e.g. bcl-2 Garcia et al., 1992) or of RA-responsive genes involved in 

cell differentiation (e.g. HOX (Simeone et al., 1990), both in parental ND7 cells 

and the RA-resistant clone F6D4 following transfer to SFM in the presence of RA, 

could provide clues towards the mechanism by which RA enhances cell death in 

ND7 cells. If ND7 cells are dying faster in RA treated cultures when deprived of 

serum due to not being able to respond to all the effects of RA, then the levels of 

either bcl-2 or RA-responsive genes (if they indeed mediate survival) would be 

undetectable. In contrast, levels of bcl-2 and RA-responsive genes should be 

higher in the F6D4 cell lines following the same treatment since F6D4 cells show 

enhanced survival in SFM and are also responsive to RA both in FGM and SFM.

The mechanism whereby PMA induces ND7 cell death could be further 

investigated by measuring protein kinase C activation in ND7 cells following 

treatment with various PMA concentrations, to determine if indeed PKC is activated 

at intermediate PMA concentrations and downregulated at the high concentrations 

used as its been shown in other systems (Fournier and Murray 1987). 

Furthermore, specific PKC inhibitors should be used in the presence and absence 

of RA to investigate the possibility of both agents acting via a common pathway.

A further understanding of the role played by hsps in protection against 

apoptosis could be achieved by measuring the levels of the other hsps in cell lines 

over expressing either hsp 70 or hsp 90. The heat shock response and the level of 

hsps synthesised following stress are autoregulated through interactions between 

the heat shock transcription factor and hsp 70 (Morimoto 1993). It is possible that 

altering the expression of an individual hsp (in particular hsp 70) may result in 

downregulation of all the other hsps, thus undermining the protective effect of the 

over expressed hsps. Transfection of ND7 cells with all the known inducible hsps 

might enhance cell survival, in particular the small hsps since thy are more heat 

inducible than hsp 65 (Lindquist and Craig 1988).
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It would be interesting to determine whether over expression of either hsp 70 or hsp 

90 protects DRG neurons from thermal stress since it is unlikely it will protect them 

against apoptosis.

The work in this thesis provides evidence for the protective effect of heat shock 

against apoptosis in ND7 cells and primary DRG neurons from which they were 

derived. However, artificial over expression of the major heat shock proteins hsp 

70 and hsp 90 does not enhance cell survival but does confer protection against 

thermal stress.

Death and differentiation in ND7 cells can be regulated emphasising that 

modulation of the balance between these two alternative fates may play a critical role 

in determining the final neuronal cell number in the mature organism.
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