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ABSTRACT.

Apoptosis is implicated in both developmental and disease related neuronal loss. 
The characteristic morphological changes that define apoptosis appear to result from the 
activation of members of a class of cysteine proteases known as caspases. While 
identification of the relevant caspases and their means of regulation have been 
investigated in many cell types, the corresponding pathways in neurones are still unclear. 
One activating mechanism in non neuronal cell types depends upon caspase-8 
autocatalytic activation upon aggregation induced by interactions with protein domains 
referred to as death domains (DD) and death effector domains (DED).

The aim of this study was the identification of neuronal caspases and potential 
DD/DED upstream regulators. These were studied in a model of developmental neuronal 
apoptosis, rat PI superior cervical ganglion (SCG) neurones which are dependent upon 
nerve growth factor (NGF) for survival.

The screening of a rat brain library for DD/DED encoding cDNAs resulted in the 
cloning of the rat homologue of F ADD. Wild type (WT) FADD and a dominant negative 
(DN) FADD mutant were overexpressed by microinjection in SCG neurones. 
Overexpression of FADD WT did not induce cell death in neurones in the presence of 
NGF, whereas both the WT and DN rescued neurones from NGF withdrawal induced 
apoptosis, suggesting that DDs are involved in neuronal apoptosis.

The expression of several caspases and DD-related proteins was assessed in SCG 
neurones with an optimised RT-PCR protocol. While caspases-2, -3, -6, -7 and -9 were 
found to be normally expressed, caspase-8, a known partner of FADD in non neuronal 
systems, was absent. Furthermore, the expression of caspase-8 and DD-related mRNAs 
such as FADD, Fas and Fas ligand were not induced after NGF withdrawal.

These findings suggest a regulatory role for DD proteins in SCG neuronal 
apoptosis, which is different from the Fas-FADD-caspase-8 pathway described for non 
neuronal cells.
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ABBREVIATIONS.

APAF Apoptotic protease activatory factor
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1 INTRODUCTION.

1.1 APOPTOSIS IN DEVELOPMENT.

Death is an essential requirement for life itself. Every living organism, from the 
simplest monocellular forms of life to the higher vertebrates, goes through a life cycle of 
birth, development, decay and eventually death.

The idea that death occurs not only in a pathological way, as a result of insult or 
irreversible damage, but in a physiological way too was suggested by early studies in 
amphibians which showed how cells continuously die without lethal consequences for 
the living organism (Glucksmann, 1951). In fact cell death was found to occur in many 
developing tissues, both in invertebrates and vertebrates as an essential tool for 
development (Glucksmann, 1951; Clarke and Clarke, 1996). This developmental cell 
death occurred in a "programmed" way, as if the death programme was predetermined in 
the cell (Lockshin and Williams, 1964). This idea was later confirmed by the observation 
that cell death could be blocked by inhibitors of RNA and protein synthesis both in 
amphibia (Tata, 1966) and insects (Lockshin, 1969), indicating that cell death was an 
active process and required synthesis of macromolecules. The term Programmed Cell 
Death (PCD) was initially used to described cell death which occurred predictably during 
development, to emphasise that death was an integral part of the developmental plan of 
the organism (Lockshin and Williams, 1964). It also became evident that this cell death 
was dependent on environmental factors too as it could be prevented by substances 
released from neighbouring cells (reviewed by Saunders, 1966). This type of cell death 
involved in differentiation and development was found to be morphologically and 
functionally distinct from the type of death generally associated with chemical or physical 
insults and pathological states, termed necrosis. During necrotic cell death, cells swell, 
lose their membrane integrity and eventually rupture, causing leakage of cellular content 
and inflammatory response (Grooten et al., 1993). Conversely, cells dying during 
development of an organism tend to shrink and condense, while cytoplasmic organelles 
and plasma membrane retain their integrity. The chromatin in the nucleus also condenses, 
followed by typical oligonucleosomal degradation of the nuclear DNA. Eventually the 
dead cells are phagocytosed by neighbouring cells or macrophages preventing leakage of 
cellular content and subsequent inflammation (Kerr et al., 1972; Wyllie et al., 1980). 
This process was defined as apoptosis. Recently, the term apoptosis and PCD have often 
come to coincide, even though it is not true that all PCDs display the morphological 
features which define apoptosis. There are several examples of cell death during
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development which occur in a programmed manner but display necrotic rather than 
apoptotic features (Schweichel and Merker, 1973; Schwartz et ah, 1993; Kitanaka and 
Kuchino, 1999). It is now common to refer to PCD for all types of cell death which are 
mediated by activation of a conserved intracellular death programme, regardless of the 
nature of death stimulus and the morphological features of the death process (Jacobson et 
al., 1997).

PCD is believed to serve several functions during animal development. This 
developmental type of cell death has an essential role in remodelling parts of the body or 
the elimination of structures which are no longer needed, such as the removal of cells 
necessary for the formation of digits in some higher vertebrates (Milligan et al., 1995) 
and the elimination of the Müllerian duct in males (Roberts et al., 1999). Cell number too 
is controlled by PCD, since cells are generally overproduced and need to be destroyed 
during development, such as the supernumerary neurones and oligodentrocytes which are 
eliminated to ensure that they match the number of their targets sites (Oppenheim, 1991; 
Barres et al., 1992). Another important function of PCD is the elimination of damaged or 
non functional cells. Cells with damaged DNA, for instance, may undergo cell death by 
various mechanisms (Clarke et al., 1993; Lowe et al., 1993), to prevent the birth of 
defective offspring and the development of malignancies.

The regulatory mechanism of apoptosis varies according to the cell type and the 
developmental stage. The experimental evidence from early studies pointed to a 
mechanism based on a balance between survival signals and death-inducing signals. Cell 
survival is dependent on environmental factors which promote survival and may be 
produced either by other types of cell or cells of the same type (Ishizaki et al., 1994). 
Failure to receive such signals may result in cell death. A typical example of this situation 
is represented by the death of peripheral neurones which fail to innervate their target 
tissue (Oppenheim, 1991). The limiting amounts of neurotrophic factors secreted by 
target cells ensure the elimination of supernumerary neurones or neurones that innervate 
inappropriate targets (reviewed by Barde, 1989). Exogenous addition of neurotrophic 
factor can abolish this cell death induced by neurotrophic factor deprivation (reviewed by 
Levi-Montalcini, 1987). It is possible to assume that a similar mechanism operates in 
non-neuronal cells to ensure that unnecessary cells are eliminated (Raff, 1992). In parallel 
with this model, cell death can also be activated by death-inducing signals from the 
environment. A typical example is seen in amphibian tadpoles during metamorphosis 
when a sudden increase of systemic thyroid hormone stimulates the cells of the tail to 
undergo cell death (Kerr et al., 1974) and also in chick embryos when bone 
morphogenetic proteins induce death of interdigital cells during digit formation (Zou and 
Niswander, 1996).

The observation that apoptosis is not restricted to vertebrates but extends to aU 
metazoan organisms supports the idea that all mechanisms of cell death evolved from a
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common ancestor. In fact apoptotic cell death has been demonstrated in single cell 
organisms too, although it does not represent a necessary programme but essentially 
serves the purpose of altruistic cell defence and survival. Cell death by activation of an 
intrinsic machinery can be employed by some bacteria to eliminate virus-infected units 
and preserve the life of the colony (Georgiou et al., 1998). Like vertebrates and bacteria, 
plants too exhibit programmed cell death. There are several examples of PCD both during 
plant development, such as the death of cells that constitute the vascular system and as a 
response to agents (reviewed by Greenberg, 1996).

1.2 APOPTOSIS IN DISEASE.

In every human being, at any time, cells are produced by mitosis and a similar 
number of cells die by apoptosis (Vaux and Korsmeyer, 1999). It is therefore essential 
that the two processes are tightly regulated since the failure of cells to undergo apoptosis 
might be involved in the pathogenesis of a variety of human diseases such as cancer, 
osteoporosis, AIDS and possibly neurodegenerative diseases (Bursch et al., 1992; Vaux 
et al., 1994; Thompson, 1995). More recently, the emphasis has shifted towards the idea 
that cell accumulation might be the result of failure to undergo cell death when 
physiologically required, rather then only due to uncontrolled cell proliferation. The role 
of apoptosis in the regulation of cell proliferation was originally suggested by the 
observation that a number of malignancies have a decreased ability to undergo apoptosis 
in response to some physiological stimuli (reviewed by Hoffman and Liebermann,
1994). Further evidence was provided by the discovery and characterisation of the proto
oncogene bcl-2 (Tsujimoto et al., 1985), the first identified member of a large family of 
apoptosis regulators in vertebrates. Initially viewed as an oncogene product, Bcl-2 was 
found not to promote cell cycle progression or proliferation but rather to prevent 
apoptosis when overexpressed in cells induce to die by a variety of stimuli (Hockenbery 
et al., 1990; Hockenbery et al., 1993). Bcl-2 is highly expressed in malignant cells 
(Louie et al., 1991; Robertson et al., 1996) and the introduction of genes that inhibit Bcl- 
2 can induce apoptosis in a wide variety of tumour types, suggesting that cancer cells rely 
on Bcl-2 or related gene products to prevent cell death (Clarke et al., 1995; Dole et al.,
1996). Overexpression of Bcl-2 was also found to inhibit death induced by several 
chemotherapeutic agents (Miyashita and Reed, 1993; Ohmori et al., 1993). These results 
were interesting because it was previously assumed that chemotherapeutic agents acted by 
inducing necrosis of the tumour cells. A wide variety of chemotherapeutic agents work, 
for instance, by initiating DNA damage and may induce apoptosis through activation of 
the p53 gene (Lee and Bernstein, 1993; Lowe et al., 1993). The p53 gene is required by
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cells to initiate apoptosis in response to genotoxic damage (Yonish-Rouach et al., 1991; 
Lowe et al., 1993) and it can act as a tumour suppressor in vivo (Donehower et al.,
1992). The inability of a cell to undergo apoptosis in response to DNA damage may 
underlie the enhanced resistance to chemotherapeutic agents and radiation observed in 
tumours that have mutated p53, which is one of the most common chromosomal 
aberrations in human cancer (Lowe et al., 1994). All these data suggest that inhibition of 
apoptosis is more important in the development of malignancies than previously thought 
(Searle et al., 1975). Another proto-oncogene, c-myc, has also been implicated in the 
pathogenesis of cancer (Wyllie et al., 1987). However, the role of c-myc in apoptosis is 
more complex since it has been shown to induce both cell proliferation and apoptosis 
(Evan et al., 1992; Amati et al., 1998). The oncogenic activity of c-myc, in fact, seems to 
depend on the availability of growth factor which determines whether cells will continue 
to proliferate or will undergo cell death (Evan et al., 1992). It is now believed that c-myc 
alone does not induce apoptosis but rather sensitises the cells to a wide range of pro- 
apoptotic stimuli (Hueber et al., 1997; Juin et al., 1999).

Cell death is essential in the removal of potentially autoreactive lymphocytes and 
in the removal of excess cells after completion of an immune response. Genetic 
alterations to the naturally occurring apoptotic pathway in lymphocytes may lead to 
autoimmune diseases, where excessive proliferation of one cell type may lead to 
excessive death of another cell type (Watanabe-Fukunaga et al., 1992) as in autoimmune 
lymphoproliferative syndrome (ALPS; Fisher et al., 1995; Wang et al., 1999b), systemic 
lupus erythematosus (SLE; Cheng et al., 1994), multiple sclerosis (MS; D'Souza et al., 
1996; Saas et al., 1999), and insulin dependent diabetes mellitus (TDDM; Itoh et al.,
1997).

Excessive cell death, on the other hand, can result from acquired or genetic 
conditions that enhance accumulation of signals that induce uncontrolled apoptosis or that 
decrease the threshold at which such events induce apoptosis. Apoptosis in viral infection 
can be the result of the host antiviral mechanism and the pathogen-mediated mechanism to 
induce immune disregulation and persistent infection. The outcome of these two 
processes appears to depend on the characteristic of each viral infection (Meinl et al.,
1998).

A large number of bacterial diseases have been also identified as triggers of 
apoptosis in vitro (reviewed by Zychlinsky and Sansonetti, 1997). Excessive cell death 
also occurs in some haematological diseases associated with a decreased production of 
blood cells (Yoshida, 1993). Moreover, apoptotic cell death has been implicated in 
several neurodegenerative disorders which display a gradual loss of specific sets of 
neurones (Isacson, 1993; Pettmann and Henderson, 1998). Involvement of apoptotic 
death in Alzheimer’s disease was suggested by the observation that one of the proposed
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causative agent of the disease, the p-amyloid peptide can induce apoptosis in vitro (Loo et

al., 1993). Apoptosis has been linked to other neurological disorders such as spinal 
muscular atrophy (SMA; Samat, 1983), amyotrophic lateral sclerosis (ALS; Rosen et al.,
1993), and Huntington’s disease (Portera-Cailliau et al., 1995). Apoptotic death is also 
implicated in traumatic neuronal injuries (Liu et al., 1997; Bittigau et al., 1999; Springer 
et al., 1999), and ischemia (Kara et al., 1997; Cheng et al., 1998).

1.3 APOPTOSIS IN INVERTEBRATE MODELS: C A EN O RH A BD ITIS  
E L E G A N S  AND DROSOPHILA M ELAN O G ASTER.

The observation that apoptotic cell death occurs with similar morphological 
features in invertebrates and higher vertebrates prompted the suggestion that the basic 
regulatory mechanism is conserved (Kerr et al., 1972). The most important clue to the 
molecular nature of apoptosis came from genetic studies in the nematode Caenorhabditis 
elegans (C. elegans), which proved to be an invaluable experimental model of 
developmental cell death. During the development of the nematode 1090 cells are 
generated, of which 131 undergo programmed cell death in a well defined, cell 
autonomous manner (Sulston et al., 1983). Genetic analysis of this process in C. elegans 
has led to the initial identification of several genes involved in cell death and, by sequence 
homology, of their mammalian counterparts. Two C. elegans pro-apoptotic genes, ced-3 
and ced-4 and an anti-apoptotic gene, ced-9, were initially identified by genetic screening. 
Developmental apoptosis itself, however, is not necessary for viability of the nematode. 
Genetically mutated worms lacking the pro-apoptotic genes ced-3 and ced-4 show total 
lack of developmental cell death but appear normal despite the extra cells, which 
differentiate as expected (Ellis and Horvitz, 1986; Avery and Horvitz, 1987; Ellis et al., 
1991). The ced-9 loss of function mutant, on the other hand, is lethal early in 
development, due to uncontrolled activation of apoptosis in many cells. This excessive 
death can be suppressed by additional deletion of ced-4 or ced-3, indicating that Ced-9 
acts as the regulator of Ced-4 and Ced-3 (Hengartner et al., 1992).

Ced-3 was found to encode a protease highly homologous to the mammalian

interleukin-ip converting enzyme (ICE), a cysteine protease which produces the pro-

inflammatory interleukin-Ip from its precursor protein (Yuan et al., 1993). This enzyme

was the first identified member of a class of cysteine proteases, later named caspases 
(Alnemri et al., 1996), which function as key effectors of apoptosis (see section 1.4). 
The identification of the anti-apoptotic protein Ced-9, revealed homology with the human
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protein Bcl-2 (Hengartner and Horvitz, 1994) which belongs to a family of mammalian 
proteins later found to include both positive and negative regulators of cell death (see 
section 1.5). Interestingly, overexpression of human Bcl-2 in C. elegans was found to 
prevent death in nematodes lacking ced-9 (Vaux et al., 1992), thereby confirming the 
conserved nature of the apoptotic machinery, both in the nematode and in vertebrates. 
The molecular role of ced-4 was also finally revealed when homology was found with the 
human protein APAF-1, another protein involved in caspase activation (Zou et al., 1997; 
see section 1.6).

The genetic pathway in C. elegans was further elucidated by the finding that 
another nematode gene, egl-1, shares structural and functional similarity with pro- 
apoptotic members of the Bcl-2 family of proteins (Conradt and Horvitz, 1998). Egl-1 
deletion mutations can prevent somatic cell death in a way similar to ced-4 and ced-3 
mutations, but cannot inhibit the lethality resulting from Ced-9 inactivation, suggesting 
that Egl-1 works genetically upstream and functions as a negative regulator of Ced-9 
(Conradt and Horvitz, 1998; del Peso et al., 1998). These genetic findings were later 
supported by biochemical data confirming direct interaction of these proteins in vitro 
(Chinnaiyan et al., 1997; Xue and Horvitz, 1997).

The mechanism of developmental cell death emerging from these studies in C. 
elegans was therefore consistent with the necessary requirement for a caspase activity 
encoded by the gene ced-3, regulated by proteins encoded by anti-apoptotic {ced-9 ) and 
pro-apoptotic {ced-4, egl-1) genes, which were all found to be homologous to 
mammalian regulatory proteins.

This model was further supported by the findings that in the fruit fly Drosophila 
melanogaster apoptosis is dependent on activation of at least four caspase-homologous 
proteases, namely Dcp-1 (Song et al., 1997), Diice (Fraser and Evan, 1997), Dredd 
(Chen et al., 1998) and Drone (Dorstyn et al., 1999). Activation of these fly caspases 
appears to be regulated by proteins homologous to ced-4, e.g. Dark (Rodriguez et al., 
1999) and to pro-apoptotic Bcl-2 family members, e.g. Drob-1 (Igaki et al., 2000) and 
Debcl (Colussi et al., 2000), further confirming that the mechanism of cell death is 
evolutionaiilly conserved and requires activation of caspases as key effectors of 
apoptosis. The conserved apoptotic pathways in C. elegans. Drosophila and vertebrates 
are outlined in Figure 1.1
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Figure 1.1 Conserved apoptotic pathway in C. elegans, Drosophila and 
vertebrates.

Activation of caspases in vertebrates (Caspases), Drosophila (Dredd, Dronc, Dcp-1 and 
Drice) and C  elegans (ced-3) seems to be regulated in a similar fashion throughout 
evolution and controlled by pro-apoptotic homologues of the nematode ced-4 gene: Dark 
in flies and APAF-1 in vertebrates. This regulation appears to involve direct interaction 
with caspases. This activation process is further regulated in C. elegans by the balance 
between the anti-apoptotic ced-9 and the proapoptotic egl-1 product. Ced-9 is 
homologous to the anti-apoptotic Bcl-2 family members in vertebrates, whereas 
Drosophila homologues have not yet been identified. Egl-1, by contrast shares homology 
with the pro-apoptotic Bcl-2-like protein Bax. The corresponding pro-apoptotic proteins 
in the fly, Drob-1 and Debcl, are structurally related to the subgroup including Bid and 
Bad.
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1.4 THE KEY EFFECTORS OF APOPTOSIS: CASPASES.

The Interleukin-Ip-converting enzyme (ICE), a mammalian cysteine protease

involved in proteolytic activation of interleukin-Ip (Yuan et al., 1993) was the first

identified member of a cysteine protease family whose members were later named 
caspases (Alnemri et al., 1996).

All the caspases share common structural and biochemical features (Nicholson 
and Thomberry, 1997; Wolf and Green, 1999). These proteases are usually synthesised 
as inactive zymogens and are activated by catalytic cleavage (Walker et al., 1994). Each 
zymogen consists of an N-terminal prodomain, a large subunit containing the active site 
characterised by the conserved pentapeptide QACXG and a smaller C-terminal domain. 
An Aspartate cleavage site separates the prodomain from the large subunits and an 
interdomain linker containing one or two Aspartate cleavage sites separates the large and 
the small subunits. Activation normally occurs via proteolysis at these Aspartate cleavage 
sites. The active enzymes function as tetramers, consisting of two large/small subunit 
heterodimers (Walker et al., 1994; Rotonda et al., 1996). Despite the presence of dual 
active sites, however, there is no evidence for co-operativity or allosteric modulation 
between these sites. Although the caspases display a varied substrate specificity, they all 
cleave after Aspartate residues (PI position), essentially as a consequence of their highly 
conserved binding site (Margolin et al., 1997). The observation that caspases cleave 
substrates after Aspartate residues and are themselves activated by a similar specific 
cleavage, prompted suggestions that these proteases may be activated sequentially in a 
proteolytic cascade (Cohen, 1997; Thomberry, 1997). This hypothesis was confirmed by 
in vitro studies showing cross-activation of purified caspases (Fernandes-Alnemri et al., 
1996; Muzio et al., 1997). Substantial evidence for activation of these proteases in a 
sequential manner has also been produced in culture models using peptide substrate 
inhibitors (Enari et al., 1996; Pan et al., 1998b; Slee et al., 1999b).

1.4.1 Caspase classification.

The caspases can be divided into two distinct subgroups according to their 
substrate specificity. The sequence preferences appear to correlate with caspase function 
and their role as apoptotic initiators and executors or cytokine processors (Rano et al., 
1997; Thomberry, 1997). All caspases seem to have an absolute requirement for 
substrates with Aspartate in position PI, are more tolerant in P2 and P3, but have distinct
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preferences for the P4 position which enable their assignment to three main subgroups. 
Group I caspases (-1, -4, -5) are generally most active with bulky hydrophobic amino 
acids such as Tyrosine or Tryptophane. This substrate preference does not suggest a 
substantial role in apoptosis since none of the polypeptides reported to be cleaved during 
apoptosis has hydrophobic residues in P4. The group II caspases (-2, -3, -7) require an 
Aspartate residue in P4. The preferred cleavage motif for group II caspase is DEXD and 
appears in several proteins which are cleaved during cell death, consistent with these 
caspases being executors of apoptosis. Group III caspases (-6, -8, -9, -10), in contrast, 
preferentially cleave substrates with branched chain aliphatic amino acid in P4 (Rano et 
al., 1997; Thomberry, 1997; Van de Craen et al., 1998a). This specificity appears 
consistent with these caspases being upstream activators of group II caspases. However, 
some doubts still persist regarding this functional classification. It is not clear whether 
caspase-6 plays an activator role (Slee et al., 1999b) or an effector role (Takahashi et al.,
1996). Similarly, caspase-2 has been reported to be a self-activating enzyme, therefore an 
apical caspase (Ahmad et al., 1997). At present there is limited information available to 
properly classify caspases-Il, -12, -13 and -14, although in terms of their primary 
structure and substrate specificity, caspase -11 (Wang et al., 1998c), -12 (Nakagawa et 
al., 2000) and -13 (Humke et al., 1998) appear to be related to the cytokine processing 
subfamily. Caspase-14 (Van de Craen et al., 1998b) seems more structurally related to 
caspase-2 and -9 but does not promote apoptosis when overexpressed (Van de Craen et 
al., 1998b) and it is often associated with the cytokine processing caspases (reviewed by 
Marks and Berg, 1999; Wolf and Green, 1999).

Caspases can also be stmcturally classified according to their prodomains, which 
vary in length and sequence. Long prodomain caspases are suggested to function as 
initiator caspases interacting, via their prodomains, with activator molecules and 
mediating apoptotic (caspase-2, -8, -9 and -10) or pro-inflammatory signals (caspase-1, - 
4, -5 and -11). Short-prodomain caspases (-3, -6, -7, and -14), by contrast, are believed 
to have a downstream effector role cleaving several cellular substrates (Nicholson and 
Thomberry, 1997; Wolf and Green, 1999; see Figure 1.2).

1.4.2 Mechanisms of caspase activation in apoptosis.

Current evidence suggests that caspase activation may proceed by autoactivation, 
transactivation or proteolysis by other proteases.

Caspases with long N-terminal prodomains are believed to autoactivate following 
recmitment to specific apoptotic complexes. Caspase aggregation is mediated by their 
long prodomains, which share conserved protein sequences responsible for homophilic 
protein-protein interactions (Kumar and Colussi, 1999). This activation mechanism is 
generally referred to as the induced-proximity model (Muzio et al., 1998; Salvesen and
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Figure 1.2 Caspase structure and classification.

a) Caspases are synthesised as inactive zymogens, containing an N-terminal prodomain, 
a large subunit and a small C-terminal subunit, The length of the prodomain varies but ail 
caspases are characterised by a conserved QACXG active site sequence. Activation 
occurs via cleavage at Aspartate residues, either by autoactivation or transactivation. The 
active unit is a tetramer formed by two large and two small subunits.
b) Caspases can be classified into two main groups according to their substrate 
specificities: inflammatory caspases and apoptotic caspases.
Caspases can also be classified according to the length of their prodomains. Long 
prodomains are typical of apical caspases and some prodomains have been shown to 
mediate protein-protein interactions. Short prodomains are associated with downstream, 
effector caspases (Wolf and Green, 1999).
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Dixit, 1999), and is supported by several lines of evidence. Procaspases with long 
prodomains have a low but detectable enzymatic activity, which can be triggered when 
the procaspases are recruited to multicomponent signalling complexes, following an 
apoptotic signal (Muzio, 1998). Overexpression of procaspases, but not catalytically 
inactive mutants, promotes caspase activation, indicating that autocatalytic processing 
may occur at high enzyme concentrations which favour aggregation (Orth et al., 1996). 
Also, forced oligomerisation of caspase-8 and caspase-9 facilitates zymogen 
autoactivation and promotes apoptosis (Martin et al., 1998; Muzio et al., 1998; 
Shnivasula et al., 1998). Moreover, fusion of the caspase-2 prodomain to procaspase-3, 
a short prodomain caspase generally unable to autoprocess, was found to be sufficient to 
mediate autocatalytic activation of the chimeric molecule in transfected cells (Colussi et 
al., 1998).

The specific mechanism of caspase autoactivation is still largely unclear. It has 
been proposed, however, that the caspase proteolytic cleavage is not a strictly 
autocatalytic processing but occurs rather “in trans” based on the observation that induced 
activation of caspase zymogens is rarely observed in the nanomolar concentration range 
but requires micromolar amounts. This presumably suggests a second order reaction 
which is more in keeping with an activation mechanism “in trans” (Salvesen and Dixit,
1999). This hypothesis however, needs to be verified by structural studies on the caspase 
zymogens.

It is believed that in vivo oligomerisation of long prodomain caspases, following 
a death stimulus, is mediated by cytoplasmic adapter molecules which contain a 
conserved domain that binds the corresponding caspase prodomain and another domain 
which couples them to various apoptotic switches. Adapter molecules may link caspases 
to apoptotic sensors such as plasma membrane death receptors and mitochondria (Muzio, 
1998; Yang et al., 1998a). Whereas death receptors are generally activated by 
extracellular ligands (extrinsic pathway; Ashkenazi and Dixit, 1998), the mitochondria are 
more general detectors of cellular damage and respond to stimuli as varied as irradiation, 
growth factor withdrawal, oxidants, calcium overload, RNA and protein synthesis 
inhibitors (intrinsic pathway; Green and Reed, 1998). Both extrinsic and intrinsic 
pathways induce activation of apical, long-prodomain caspases, followed by 
transactivation of downstream short-prodomain caspases in a proteolytic cascade (Enari et 
al., 1996; Pan et al., 1998b; Slee et al., 1999a).

Short prodomain caspases are unable to aggregate via protein-protein interactions 
and need to be transactivated by other proteases. Upon activation of the extrinsic pathway 
for instance, caspase-8 is believed to propagate the death signal by direct processing of 
caspase-3 (Stennicke et al., 1998; see section 1.5). Using peptide inhibitors it has been 
shown also that caspases-2,-6 and-7 are also targets for active caspase-8 (Hirata et al., 
1998; Slee et al., 1999a). The caspase events driven by caspase-9, induced by activation
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of the intrinsic pathway (see section 1.6), appear to be the simultaneous activation of 
caspase-3 and -7 (Pan et al., 1998b; Slee et al., 1999b). Caspase-3 then drives the 
activation of caspases-2 and -6, followed by further activation of caspase-8 and -10, 
indicating that long-prodomain caspases may be further activated downstream in the 
apoptotic cascade (Slee et al., 1999b). In the absence of caspase-3, caspase-7 and 
caspase-9 are still activated but the activation of other caspases downstream of this point 
is blocked (Slee et al., 1999b). Little is known about the activation of most of the other 
caspases during apoptosis and their roles need to be clarified.

Caspases may also be activated by different types of proteases such as the Serine 
protease Granzyme B which is released by cytotoxic lymphocytes. These lymphocytes 
also contain a pore-forming protein, perforin, which permits entry of the cytotoxic 
components into the target cells (Darmon et al., 1995; Martin et al., 1996). Once inside 
the cell, Granzyme B, which shares with the caspases the same specificity for Aspartate 
residues, induces apoptosis by direct cleavage of procaspases -3 and -7 (Darmon et al., 
1995; Stennicke et al., 1998).

1.4.4 Caspase knock-out mice.

The role of caspases in apoptosis was further elucidated by deletion of selected 
caspase genes in mice which confirmed the role of the caspases as key effectors of 
apoptosis. Caspase-3 knock-out mice die perinatally and display massive skull and brain 
abnormalities including excess brain matter in the cortical areas and in the cerebellar and 
retinal neuroepithelium (Kuida et al., 1996; Woo et al., 1998). This overgrowth indicates 
the essential requirement of caspase-3 for developmental cell death in the brain. Several 
cell types derived from the mutant mice lacking caspase-3 displayed altered 
morphological features when undergoing apoptosis including absence or dramatically 
delayed onset of cytoplasmic blebbing, nuclear condensation and DNA fragmentation 
(Woo et al., 1998; Zheng et al., 1998), demonstrating the importance of caspase-3 for all 
these cleavages.

The caspase-9 knock-out mice die before birth and the embryos exhibit nervous 
system abnormalities similar to the defects observed for the caspase-3 defective mice 
(Kuida et al 1998; Hakem et al 1998). Furthermore, thymocytes lacking caspase-9 exhibit 
resistance to diverse chemical and physical apoptotic stimuli but they remain sensitive to 
death receptor mediated apoptosis (Hakem et al., 1998; Kuida et al., 1998). 
Significantly, thymocytes from caspase-9 knock-out mice which have been induced to die 
are defective in activating caspase-3, thus confirming the linear pathway of caspase-3 
activation following activation of caspase-9 in vivo (Hakem et al., 1998; Kuida et al., 
1998).
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The caspase-8 knock-out in mice is also embryonic lethal and the reported 
abnormalities suggest an essential role for this caspase in the regulation of erythropoiesis 
and proper development of the heart during embryogenesis (Varfolomeev et al., 1998). 
Interestingly these developmental defects are very similar to the defects exhibited by mice 
lacking the caspase-8 interaction adapter molecule FADD (Yeh et al., 1998). Cells lacking 
caspase-8, unlike caspase-3 and -9 mutants (Kuida et al., 1996; Kuida et al., 1998), are 
resistant to apoptosis mediated through death receptors but die normally when stimulated 
with other apoptotic stimuli (Varfolomeev et al., 1998).

The data from the caspase-2 knock-out mice, by contrast, are more controversial 
since deletion of the caspase-2 gene appears to have both positive and negative effects on 
apoptosis in a tissue specific fashion (Bergeron et al., 1998). Apoptotic cell death is 
severely impaired in oocytes lacking caspase-2 but not in some neuronal populations, 
while it is actually accelerated in sensory neurones during development (Bergeron et al.,
1998). These contrasting effects are believed to be due to the alternative splicing of the 
caspase-2 gene which can generate two isoforms, one long (L) and one short (S) which 
can induce and inhibit apoptosis respectively (Wang et al., 1994).

Caspase-1 knock-out mice are viable and do not show dramatic apoptosis defects 
but are defective in cytokine processing (Kuida et al., 1995; Li et al., 1995) confirming 
that caspase-1 plays an essential role in inflammation. The caspase-11 knock-out mice 
display a phenotype that is essentially indistinguishable from the caspase-1 knock-out 
phenotype (Wang et al., 1998c). The processing of pro-inflammatory cytokines is 
impaired and, interestingly, caspase-1 activation is impaired in the absence of caspase-11, 
although caspase-11 does not seem to cleave caspase-1 in vitro (Wang et al., 1998c).

Deficiency in caspase-12, which is primarily localised to the endoplasmic 
reticulum (ER), was found to block apoptosis induced by HR stress (Nakagawa et al.,
2000). ER stress normally results in disruption of intracellular calcium homeostasis and

has been suggested to a play a role in neurotoxicity induced by the p-amyloid peptide

(Yan et al., 1997).

1.4.5 Caspase substrates.

Several intracellular proteins have been shown to be cleaved by activated caspases 
during apoptosis, although the functional significance of all these cleavage events is not 
completely clear. Caspases have been shown to cleave cytoskeletal proteins such as 
fodrin (Cryns et al., 1996; Greidinger et al., 1996), actin (Mashima et al., 1995; Kayalar

et al., 1996), keratins (Caulin et al., 1997), P-catenin (Brancolini et al., 1997) and

gelsolin (Kothakota et al., 1997). Caspases also cleave some protein kinases such as 
PAK2 (Rudel and Bokoch, 1997) and MEKKl (Cardone et al., 1997) which have been
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to shown to promote and amplify apoptotic pathways once activated (Xia et al., 1995; 
Lee et al., 1997). Since nuclear condensation and DNA fragmentation into 
oligonucleosomal fragments are counted as early hallmarks of apoptosis (Wyllie et al., 
1980), early studies focused on the identification of potential nuclear targets. The nuclear 
lamins, in fact, important structural elements of the nuclear membrane, are caspase 
substrates during apoptosis (Lazebnik et al., 1995; Orth et al., 1996). Introduction of 
mutant lamins, resistant to caspase cleavage, delays the appearance of many of the 
nuclear changes normally observed during apoptosis, such as chromatin condensation 
and DNA fragmentation (Rao et al., 1996), thereby confirming that caspase activity is 
responsible for the morphological features of apoptosis. Caspases are also responsible 
for the cleavage of poly(ADP-ribose)-polymerase (PARP; Lazebnik et al., 1994; Tewari 
et al., 1995) a DNA repair enzymes which uses nicotinamide adenine dinucleotide (NAD) 
and is induced by DNA ends and strand breaks. Caspase-mediated cleavage inactivates 
PARP, blocking this route to DNA repair (Lazebnik et al., 1994; Tewari et al., 1995). 
The role of PARP in apoptosis, however, is still not clear since mice deficient of PARP 
are viable and do not seem to show defects in developmental apoptosis (Wang et al.,
1995). An indirect caspase target is represented by the caspase-activated DNase (CAD), 
the DNA nuclease believed to be responsible for the typical apoptotic DNA fragmentation 
(Enari et al., 1998; Sakahira et al., 1999). The DNAse activity of this enzyme is normally 
inhibited by binding to the inhibitor of CAD (ICAD; Enari et al., 1998). Cleavage of 
ICAD by caspase-3 disrupts this binding and activates CAD (Wolf et al., 1999). 
Interestingly, ICAD expression seems to be required for both the activity and the 
inhibition of CAD since ICAD deficient cells fail to undergo DNA fragmentation (Zheng 
et al., 1998). It has been proposed that ICAD acts as chaperone and ensures the 
functional conformation of CAD (Sakahira et al., 2000).

Recently, the observation that caspases cleave several proteins commonly 
associated with neurodegenerative diseases has suggested that caspases may have a 
primary role in these neuropathologies. The amyloid precursor protein (APP), whose

cleavage by p- and y-secretases causes toxic accumulation of P amyloid peptide in

Alzheimer’s disease (AD; LaFerla et al., 1995; Yankner, 1996), has also been shown to 
be cleaved by caspases (Barnes et al., 1998; Gervais et al., 1999; Weidemann et al., 
1999; Lu et al., 2000). Moreover, in AD brains, increases in caspase-1 (Zhu et al., 1999) 
and increase in caspases-2 and -3 expression (Shimohama et al., 1999) have been 
recorded, whereas the caspase-12 knock-out mouse model suggests a role for this

caspases in P amyloid induced toxicity (Nakagawa et al., 2000). Similar reports show

that presenillins, another class of AD-associated proteins now believed to have y- 

secretase activity (Kimberly et al., 2000; Octave et al., 2000), are also processed by
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caspases (Kim et a l, 1997b; Loetscher et al., 1997). Some other reports also suggested a 
role for caspases in the pathogenesis of Huntington’s disease which results from the 
accumulation of proteins with extended polyglutamine repeats (huntingtins; Petersen et 
al., 1999). Some authors (Goldberg et al., 1996) showed that caspase-3 specifically 
cleaved the huntingtin protein in vitro, whereas another group (Sanchez et al., 1999) 
showed that activation of caspase-8 could be promoted by expression of polyglutamine 
repeats in vitro and that inhibition of caspase-8 blocked polyglutamine-induced death. A 
transgenic mouse expressing a dominant negative form of caspase-1, on the other hand, 
has been reported to slow disease progression in an in vivo experimental model of 
Huntington’s diseases (Ona et al., 1999). Although all these findings clearly point to a 
role of caspases in neurodegeneration, it is unclear whether the caspases are the essential 
mediators of neuronal loss or, rather, are just activated in already dying cells.

1.4.3 Caspase inhibitors.

A wide range of natural and synthetic caspase inhibitors are available to study 
caspase activation, both in vitro and in vivo (Ekert et al., 1999). Most of the natural 
inhibitors have been identified in viruses. CrmA is a Serine protease inhibitor (serpin) 
which, unlike other serpins, also inhibits caspases (Ray et al., 1992; Komiyama et al.,
1994) by acting as a pseudo substrate that binds to the active caspases. The baculoviral 
protein p35 can block the defensive apoptotic response of insect cells to viral infections 
(Clem et al., 1991). Viral p35, after being cleaved by the caspases, may form a stable 
complex which inhibits further caspase activity (Zhou et al., 1998). This protein was 
shown to inhibit a number of different caspases both in vitro and in vivo (Izquierdo et al., 
1999; Viswanath et al., 2000).

Another important class of viral inhibitors of caspases is represented by the 
inhibitor of apoptosis proteins (lAPs) of baculoviral origin (Crook et al., 1993). This 
class of caspase inhibitors have been well characterised in Drosophila where they appear 
to inhibit apoptosis by direct interaction with caspases (Wang et al., 1999c). Several 
mammalian homologues have now been identified, namely cIAPl and cIAP2 (Roy et al.,
1997), XIAP (Deveraux et al., 1997), NIAP (Liston et al., 1996) and Survivin (Tamm et 
al., 1998). These proteins, like iheiv Drosophila counterparts, have been reported to bind 
the mammalian caspases and prevent their activation, resulting in the accumulation of the 
inactive zymogens (Deveraux et al., 1997; Roy et al., 1997)

A number of synthetic peptide caspase inhibitors have also been developed, based 
upon the substrate cleavage sites of the caspases. These peptides act as pseudosubstrates 
for the active caspases and therefore function as competitive inhibitors. The chemical 
mechanism of action of these synthetic inhibitors is determined by the chemical groups to
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which the peptides are linked. Linking the appropriate peptide to fluoro or chloro-methyl 
ketone (-CMK, -FMK) groups produces irreversible competitive inhibitors (Thomberry 
et al., 1994). Peptides linked to aldeheyde groups, by contrast act as reversible 
inhibitors, without chemically altering the caspases (Nicholson et al., 1995). There are, 
however, some important limitations to the use of these synthetic caspase inhibitors. 
While potent in vitro, their activity in intact cells is often limited by their poor membrane 
permeability, requiring high concentrations for in vivo studies (Milligan et al., 1995). 
Moreover these peptides do not specifically target a single caspase. For instance, DEVD- 
CHO is a potent inhibitor of caspase-3 but also strongly inhibits caspase-7 and -8 
(Margolin et al., 1997; Garcia-Calvo et al., 1998). zVAD-CHO is a potent inhibitor of 
caspases -1, -3, -5, -7, -8 and -9 but cannot block caspase-2 in the same concentration 
range (Garcia-Calvo et al., 1998).

1.5 REGULATION OF CASPASES BY DEATH RECEPTORS.

The extrinsic pathway of apoptosis is mediated by plasma membrane death 
receptors which transmit signals initiated by specific extracellular death ligands. These 
death receptors, belonging to the tissue necrosis factor (TNF) receptor family, share 
homologous cysteine-rich extracellular domains responsible for ligand binding (Baker 
and Reddy, 1998) and a conserved intracellular domain of about 90 amino acids referred 
to as a “death domain” (DD; Tartaglia et al., 1993). The DD is involved in homophilic 
protein-protein interactions and is essential for the activation of apoptosis (Itoh and 
Nagata, 1993). The ligands that activate these death receptors are also structurally related 
molecules that belong to the TNF family of ligands (Smith et al., 1994). Ligand binding 
results in oligomerisation of the receptors and clustering of the intracellular domains 
which in turn allows binding of intracellular signalling components (Huang et al., 1999). 
The best characterised death receptor, regulating caspase activation, is Fas/CD95 (Oehm 
et al., 1992). Activation of Fas causes recruitment of caspase-8 (initially named FLICE; 
Muzio et al., 1996) to the plasma membrane via a cytoplasmic protein, the Fas associated 
death domain (FADD; Chinnaiyan et al., 1995). This protein binds the activated Fas 
receptor through its own C-terminal death domain. The N-terminus of this protein has a 
“death effector domain” (DED) which in turn interacts with the homologous death 
effector domain in caspase-8, resulting in caspase-8 recruitment to the plasma membrane 
and autoactivation (Muzio et al., 1996). This complex of proteins is referred to as the 
death inducing signalling complex (DISC; Medema et al., 1997; Muzio, 1998). Active 
caspase 8 is thought to initiate downstream events leading to cell death (Boldin et al., 
1996; Muzio et al., 1996; Muzio et al., 1997). Recently, a newly discovered molecule
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named FLASH has also been implicated in caspase-8 activation (Imai et al., 1999). 
FLASH was shown to interact with procaspase-8 and FADD simultaneously and mediate 
the caspase autocatalytic processing, presumably by promoting binding of the caspases to 
FADD and recruitment to the DISC (Imai et ah, 1999).

Activation of caspase-8 can be modulated by intracellular regulators of apoptosis, 
such as the cytoplasmic FLICE-like inhibitory proteins (FLIPs), which share a conserved 
DED motif with apical caspases and are the mammalian homologues of the viral FLIPs 
(vFLIPs; Thome et al., 1997; see Figure 1.3). Intracellular FLIP may be expressed as 
differentially spliced isoforms, resembles a catalytically inactive caspase-8 molecule with 
two DEDs and inhibits apoptosis by preventing the Fas-FADD mediated recruitment of 
the caspase (Irmler et al., 1997; Srinivasula et al., 1997). The role of cFLIPs, however, 
is not entirely clear since in some cases they protect cells from apoptosis when 
overexpressed (Irmler et al., 1997; Srinivasula et al., 1997), whereas in others they 
induce cell death (Inohara et al., 1997; Shu et al., 1997). It has been suggested that these 
different effects are due to differences in intracellular level of the overexpressed proteins. 
When high level of overexpression are achieved the oligomerisation of these DED 
molecules causes formation of filamentous structures in the cytoplasm which are believed 
to cause aggregation of the caspases and promote apoptosis (Siegel et al., 1998). 
Although DD protein-protein interactions typically enable death receptors to activate the 
apoptotic machinery, in some instances they can also mediate cell survival and 
proliferation. The cell fate is essentially dependent on the nature of the stimulus, the 
presence of intracellular modulators and the cell type (Ashkenazi and Dixit, 1998). These 
different effects are mediated by a variety of cytoplasmic adapter molecules which share 
conserved domains with the intracellular portion of the receptors and the downstream 
effector molecules (reviewed by Wallach et al., 1999). The proapoptotic signalling 
pathways generally involve activation of caspases by recruitment to the plasma membrane 
followed by autoactivation (Femandes-Alnemri et al., 1996; Muzio, 1998).

An alternative pro-apoptotic pathway may involve activation of intracellular 
sphingomyelinases (SMases). Activated SMases hydrolyse membrane sphingolipids 
thereby promoting intracellular production of ceramide. Several reports have suggested 
that SMase action is triggered by activation of death receptors and that ceramide 
production is essential to death receptor induced apoptosis (Kolesnick et al., 1994; 
Tepper et al., 1995; De Maria et al., 1998). More recently, however, some authors 
(Hofmann and Dixit, 1998) have questioned the role of ceramide as a primary mediator of 
apoptosis by pointing out that exogenous ceramide does not consistently induce apoptosis 
but also promotes cell survival and proliferation (Jayadev et al., 1995; Hannun, 1996; 
Kolesnick and Kronke, 1998) and mice lacking SMAse do not show impaired death 
receptor-mediated apoptosis (Horinouchi et al., 1995; Otterbach and Stoffel, 1995).

Activation of receptors belonging to the TNF family may also lead to induction of
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Figure 1.3 Activation of caspases via an extrinsic pathway.

Activation of Fas death receptor is induced by ligand binding which promotes clustering 

of the intracellular DD sequences. Procaspase-8 is recruited to the plasma membrane via 

FADD which binds the procaspase-8 DED and the receptor DD. This results in the 

formation of a multimeric signalling complex referred to as DISC. Caspase-8 is believed 

to be activated by proximity induced autoactivation.

This process can be modulated by cFLIP, a procaspase-8 intracellular homologue 

lacking proteolytic activity. Binding of cFLIP to the DISC prevents efficient recruitment 

of procaspase-8 and subsequent caspase activation.
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transcription factor signalling cascades with central roles in inflammation and stress 
responses such as those mediated by the nuclear factor kB (NF-kB; Ghosh et ak, 1998) 
and the c-jun N-terminal kinase (INK; Westwick et ak, 1994; Karin, 1996). NF-kB is 
generally present in the cytoplasm as a heterodimer, held in an inactive form by 
interaction with a member of the IkB family of inhibitory proteins (Verma and Stevenson,
1997).

NF-kB is activated by degradation of IkB and translocates to the nucleus where it 
drives the expression of genes involved in inflammation and cell survival (Baldwin, 
1996; Beg and Baltimore, 1996; Baeuerle and Baichwal, 1997). The JNK pathway, 
which is also induced by stress signals (reviewed by Karin et ak, 1997), leads to the 
phosphorylation and activation of several transcription factors implicated in apoptosis 
(Xia et ak, 1995; Yang et ak, 1997). The specific role of JNK in the death receptor 
signalling pathway, however, is more controversial since JNK activation does not always 
lead to cell death (Liu et ak, 1996; Lenczowski et ak, 1997).

The best characterised death receptors are TNFRl and Fas (Tartaglia et ak, 1993; 
Nagata, 1997), DR3 (Chinnaiyan et ak, 1996a), DR4 (Pan et ak, 1997), DR5 
(MacFarlane et ak, 1997), DR6 (Pan et ak, 1998a), and the p75NGF receptor 
(Rabizadeh et ak, 1993). Other members of the TNF receptor family, such as p75-

TNFR/TNFR2 (Loetscher et ak, 1990), the lymphotoxin P receptor (LT^R) (Browning

et ak, 1993) and the herpes virus entry mediator (HVEM) (Montgomery et ak, 1996) 
have been shown to be involved mainly in inflammation and have not been clearly 
implicated in cell death (reviewed by Wallach et ak, 1999).

1.5.1 Fas receptor.

Fas/CD95 (Oehm et ak, 1992) plays a role in at least three distinct situations: the 
peripheral deletion of virus-infected cells and cancer cells by cytotoxic T cells (Nagata 
and Golstein, 1995), the deletion of mature T cells at the end of an immune response 
(Nagata and Golstein, 1995), and the killing of inflammatory cells at immune privileged 
sites (Griffith et ak, 1995). The natural ligand of Fas receptor, FasL, is thought to 
function mainly as a homotrimeric transmembrane protein (Suda et ak, 1993), although it 
can also be found in a soluble form (Tanaka et ak, 1995) as a trimer which binds three 
Fas receptors inducing receptor oligomerisation (Smith et ak, 1994). Trimérisation of the 
receptor appears essential since dimérisation only does not induce apoptosis (Dhein et ak,
1995). A Fas expressing cell can therefore be induced to die by paracrine release of 
soluble Fas ligand (Tanaka et ak, 1995), by contact with cells presenting FasL on their 
plasma membrane (Rothstein et ak, 1995), or in a suicide autocrine fashion with FasL 
activating Fas in the same cell (Dhein et ak, 1995). Mutations in the DD region of Fas
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abolish the cytotoxic activity (Tartaglia et al., 1993). Activation of the Fas receptor leads 
to FADD-mediated recruitment of caspases (Muzio et al., 1996). FADD is a cytoplasmic 
adapter molecule with a N-terminal death effector domain (DED), homologous to the 
corresponding caspase-8 domain, and a C-terminal death domain homologous to the Fas 
DD (Boldin et al., 1995; Chinnaiyan et al., 1995). FADD is essential for Fas-induced 
apoptosis since deletion of the FADD gene renders T cells resistant to this death stimulus 
(Yeh et al., 1998; Zhang et al., 1998a). Furthermore, the FADD knock-out mouse mutant 
is embryonic lethal indicating that this adapter molecule has also an essential role in 
development (Yeh et al., 1998). Interestingly, expression of a FADD dominant negative 
mutant lacking the DED in transgenic mice has an inhibitory effect upon mitogen-induced 
T-cell proliferation (Newton et al., 1998; Zomig et al., 1998) suggesting a role of FADD 
in cell growth and survival (Hueber et al., 2000). Both caspase-8 (Muzio et al., 1996) 
and caspase-10 (Femandes-Alnemri et al., 1996) have been shown to be activated by 
Fas-FADD-mediated recmitment, although the pro-apoptotic role of caspase-10 is less 
well characterised. Deletion of the caspase-8 gene in mice confers complete resistance to 
apoptotic death induced by Fas activation in normally sensitive cells (Varfolomeev et al.,
1998), suggesting that caspase-8 is essential for this apoptotic pathway. Recent findings 
also implicate the activation of a downstream mitochondrial pathway (see section 1.6). 
Activated caspase-8 has been shown to cleave and activate the pro-apoptotic protein Bid, 
a member of the Bcl-2 family, which normally resides in the cytoplasm in an inactive 
form (Luo et al., 1998). The truncated form of Bid translocates to the mitochondria 
where it induces a series of events leading to activation of caspase-9 and caspase-3 (Li et 
al., 1997; see also section 1.6). According to the relative importance of this mitochondrial 
pathway, Fas-sensitive cells can be divided into two subgroups. For cells in which Fas 
activation causes relatively weak caspase-8 processing, death induction involves a 
mitochondrial amplification step (Kuwana et al., 1998). In these cells, named type II 
cells, Bcl-2 anti-apoptotic family members can block Fas-induced apoptosis by inhibiting 
the mitochondrial amplification steps. In other cells, however, defined as type I, 
activation of caspase-8 and caspase-3 is independent of mitochondrial involvement. Bcl-2 
and other anti-apoptotic family members cannot block massive activation of caspase-8 
and consequent Fas induced cell death (Scaffidi et al., 1998; 1999b).

The Fas receptor does not exclusively lead to caspase activation but may also lead 
to stimulation of downstream kinase pathways. Another Fas intracellular partner, Daxx 
(Yang et al., 1997), is believed to activate the JNK pathway in a FADD-independent 
manner by binding to an intracellular region of Fas different the from DD (Chang et al.,
1999).
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1.5.2 TNF receptor.

The natural ligand of TNFRl, TNFa, is mainly produced by activated

macrophages and T cells and, unlike FasL, does not always induce death but has an 
important role in several other cellular events, such as response to infection, septic shock 
and cell proliferation (Tartaglia and Goeddel, 1992; Tracey and Cerami, 1993;

Vandenabeele et al., 1995). Like FasL, TNFa is synthesised as a membrane bound

protein but it may be released from the cell surface as the result of metalloproteinase

cleavage (McGeehan et al., 1994). The binding of TNFa to the receptor induces

trimérisation of TNFRl and recruitment of a number of intracellular adapter proteins 
which may modulate distinct signalling pathways, promoting either death or survival. 
Adapter proteins with a DD such as FADD (Chinnaiyan et al., 1995), TRADD (Hsu et 
al., 1995), and RAIDD (Duan and Dixit, 1997), are beheved to mediate the TNF death 
signalling pathways. The receptor-interacting protein (RIP), a Serine-Threonine kinase 
with death domain (Hsu et al., 1996a), and a member of the TNF-receptor associated 
factor (TRAF) family (Arch et al., 1998), TRAF2 (Rothe et al., 1995), by contrast are 
thought to promote survival pathways. Apoptosis is induced by FADD-mediated 
recruitment of caspase-8 to the plasma membrane. However, the binding of FADD to the 
death receptor occurs via TRADD, since FADD cannot interact directly with the DD of 
TNFRl (Chinnaiyan et al., 1996b; Varfolomeev et al., 1998). FADD appears essential to 
this apoptotic pathway since disruption of the FADD gene completely abolishes TNF- 
mediated apoptosis (Yeh et al., 1998). TNF-induced apoptosis may also be mediated by 
RAIDD (Ahmad et al., 1997). RAIDD is a cytoplasmic adapter molecule with a DD 
which binds TNFRl and a caspase recruitment domain (CARD) which binds the 
corresponding domain of caspase-2 (Duan and Dixit, 1997). CARDs, like DDs and 
DEDs, are conserved protein domains involved in homophilic protein interactions 
(reviewed by Kumar and Colussi, 1999). Despite similar three-dimensional structures 
(Huang et al., 1996; Chou et al., 1998) these three protein domains are not known to 
cross-interact. Different sets of residues define their binding specificities and 
hydrophobic interactions are important for DED-DED and DD-DD interactions, whereas 
electrostatic interactions are critical for CARD-CARD interactions (Huang et al., 1996; 
Chou et al., 1998; Eberstadt et al., 1998). The biological relevance of CARD-mediated 
recruitment of caspase-2 to the TNF receptor, however, is unclear since TNF and FasL- 
induced apoptosis are not impaired in caspase-2 deficient mice (Bergeron et al., 1998).

Less is known about the activation of pro-inflammatory caspases, although some 
evidence supports the hypothesis that caspase-1 may be activated by autoactivation. 
CARDIAK, a CARD-containing kinase, promotes procaspase-1 activation in vitro via a 
CARD-CARD interaction, suggesting that CARD-mediated oligomerisation could
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function in procaspase-1 activation (Thome et al,, 1998). However, the physiological 
significance of CARDIAK-mediated activation of caspase-1 via recruitment to death 
receptors is still unproven.

Recruitment of RIP and TRAF2, by contrast, promotes activation of the NF-kB 
and JNK pathways (Reinhard et al., 1997; Yeh et al., 1997), leading to expression of 
proinflammatory and immunomodulatory proteins (Tartaglia and Goeddel, 1992; Karin et 
al., 1997; Baeuerle, 1998) as well as pro-survival, proteins, since inhibition of either 
pathway sensitises cells to apoptosis upon TNF treatment (Roulston et al., 1998). 
Activation of TNFRl may lead to phosphorylation of IkB and its subsequent proteasomal 
degradation (DiDonato et al., 1997; Regnier et al., 1997). This allows NF-kB entry into 
the nucleus (Baeuerle and Baltimore, 1996; Beg and Baltimore, 1996) where it promotes 
the transcription of several pro-survival genes (Wang et al., 1998a). Deletion of the 
TRAF2 and RIP genes in mice suggest that RIP, but not TRAF2, is required for NF-kB 
activation (Yeh et al., 1997; Kelliher et al., 1998). Interestingly, the apoptosis inhibitors 
cl API and cIAP2 are transcriptionally regulated by NF-kB and seem to inhibit TNF- 
mediated activation of caspase-8 thereby reinforcing the survival signal (Wang et al., 
1998a).

TNF-mediated induction of the JNK pathway is generally transient and mediated 
by TRAF2 (Yeh et al., 1997; Guo et al., 1998), in a fashion similar to the Daxx-mediated 
induction of JNK in the Fas pathway (Yang et al., 1997). Additionally, TNF-mediated 
activation of JNK has been reported to involve MADD (Schievella et al., 1997), a 
recently identified DD protein which appears to bind directly to the intracellular DD of 
TNFRl. Interestingly, a splice variant of MADD appears to be phosphorylated by the 
brain specific JNK isoform (JNK3) and translocates to the nucleus in neurones following 
hypoxia (Zhang et al., 1998b).

The balance between induction of cell death, mediated by FADD and caspase-8, 
and cell survival, mediated by NF-kB, appears to be regulated by the degradation of RIP 
(Lin et al., 1999). Cleavage of RIP by caspase-8 abolishes its NF-kB inducing activity 
and shifts the balance towards cell death. This effect is reinforced by the cleaved product 
(cRIP) which enhances interaction of RAIDD and FADD with the TNF receptor, thereby 
promoting caspase activation (Lin et al., 1999; Martinon et al., 2000).

1.5.3 Other death receptors.

Whereas Fas and TNFRl have been extensively characterised, much less is 
known about the apoptotic pathways mediated by other death receptors such as DR3 
(Chinnaiyan et al., 1996a), DR4 (Pan et al., 1997) and DR5 (Walczak et al., 1997).

DR3 is stimulated by its natural ligand, Apo3L, which is closely related to TNF 
(Marsters et al., 1998) and activates pathways similar to those engaged by TNFRl. 
Apo3L activates NF-kB through TRADD, TRAF2 and RIP and triggers apoptosis
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through TRADD and FADD (Chinnaiyan et al., 1996a). There are differences, however,

in the expression of these ligands and receptors. TN Fa expression occurs mainly in

activated macrophages and lymphocytes (Tartaglia and Goeddel, 1992), whereas Apo3L 
is expressed constitutively in many tissues (Marsters et al., 1998). Conversely, TNFRl 
is expressed ubiquitously (Tartaglia and Goeddel, 1992), and DR3 transcripts are present 
mainly in spleen and thymus and are induced upon activation of T cells (Kitson et al., 
1996; Screaton et al., 1997; Marsters et al., 1998).

TRAIL, the ligand for DR4 and DR5, induces caspase-mediated apoptosis in 
many tumour cell lines (Wiley et al., 1995; Pitti et al., 1996; Mahani et al., 1997) 
although activation of the NF-kB pathway has also been reported (Schneider et al., 1997; 
Sheridan et al., 1997). TRAEL-induced activation of caspases does not appear to require 
mitochondrial function since anti-apoptotic Bcl-2 family members cannot rescue TRAIL- 
induced death (Walczak and Krammer, 2000). Overexpression of DR4 or DR5 induces 
apoptosis but there are conflicting reports as to whether DR4-induced death is mediated 
by FADD (Chaudhary et al., 1997; Pan et al., 1997). Cells from FADD knock-out mice 
were shown to be resistant to apoptosis induced by FasR, TNFRl and DR3 but showed 
full responsiveness to DR4, suggesting the existence of a FADD-independent pathway 
mediated by DR4 (Yeh et al., 1998). A more recent study, however, found that DR4- 
mediated death is impaired in mice lacking FADD (Kuang et al., 2000).

1.5.4 Regulation of death receptors.

Recent evidence has suggested the existence of endogenous mechanisms

modulating death receptor activation. Unlike FasL and TN Fa, the cytotoxic ligand

TRAIL was found to be constitutively expressed in several tissues (Wiley et al., 1995; 
Pitti et al., 1996), suggesting the existence of physiological mechanisms protecting 
normal cells from death induction. This hypothesis was confirmed by recent experiments 
showing that systemic administration of TRAIL in mice does not induce detectable

toxicity (Ashkenazi et al., 1999) unlike with FasL and TNFa (Nagata, 1997).

Mechanisms that protect cells from apoptosis induction by TRAIL may be based 
on a unique set of decoy receptors which compete with DR4 and DR5 for TRAIL 
binding, suggesting a regulatory mechanism perhaps common to other death receptors 
(Golstein, 1997; Ashkenazi and Dixit, 1999). TRAIL-R3 does not have a cytoplasmic 
death domain and ectopic overexpression of TRAIL-R3 protects cells from TRAIL 
induced apoptosis (Pan et al., 1997; Sheridan et al., 1997). TRAIL-R4, on the other 
hand, retains a cytoplasmic fragment containing one third of the death domain motif and 
was shown to induce NF-kB activation but not to activate the death pathway, when
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overexpressed in tumour cell lines (Degli-Esposti et al., 1997; Marsters et al., 1997). 
More recent studies in TRAIL-resistant human melanoma cell lines, however, appear to 
suggest that resistance to TRAIL is not due to expression of decoy receptors but rather 
controlled at the cytoplasmic level by upregulating the expression levels of endogenous 
cFLIPs, which seem to regulate caspase recruitment and activation (Griffith et al., 1998; 
Zhang et al., 1999).

The modulation of apoptotic signalling by death receptors may also be regulated 
by a novel cytosolic molecule called silencer of death domain (SODD; Jiang et al., 1999). 
SODD is normally associated with the intracellular domain of TNFRl and DR3 and 
prevents unstimulated oligomerisation of these receptors. Activation of TNFRl and DR3 
by their respective ligands prompts transient release of SODD and allows activation of the 
downstream pathways (Jiang et al., 1999). The interaction of SODD with TNFRl does 
not occur via the death domain and appears to involve heat-shock protein 70 (Hsp-70; 
Takayama et al., 1999). A summary of death receptor activation and regulation is 
represented in Figures 1.4 and 1.5.

1.5.5 p75. A neuronal death domain receptor ?

A role for death domain plasma membrane receptors in neuronal apoptosis has not 
yet been demonstrated. This idea was however proposed following the suggestion that 
the neuronal p75 NGF receptor, a member of the TNF receptor family (Smith et al.,
1994), harbours a death domain region in its intracellular portion (Chapman, 1995; 
Feinstein et al., 1995). A pro-apoptotic role for p75 was suggested by the loss of 
neuronal cells in a transgenic mouse overexpressing the p75 intracellular domain (Majdan 
et al., 1997). Morevover, the p75 ligand, NGF, appeared to induce apoptosis of 
oligodentrocytes in vitro (Casaccia-Bonnefil et al., 1996), p75-expressing cell lines 
(Rabizadeh et al., 1993), and retinal neurones (Frade et al., 1996). The importance of the 
cytoplasmic death domain for p75-mediated apoptosis, however, is still unclear. NMR 
analysis of the p75 death domain region, highlighted some differences from other known 
death domains (Liepinsh et al., 1997). This relative structural difference has led to the 
definition of two subgroups of death domain: subtype one, comprising Fas and TNF, 
and subtype two including p75, together with pi 05 NF-kB, p i GO NF-kB and DAP 
kinase (Feinstein et al., 1995; Liepinsh et al., 1997). Although the hydrophobic core 
appears to be built by homologous residues (Feinstein et al., 1995), one important 
difference between the two subtypes, is the ability to self-associate in solution. Unlike 
subtype I death domain containing receptors, p75 has not been shown to form homo or 
heterodimers (Varfolomeev et al., 1996; Kong et al., 1999), therefore the mechanism of 
p75 activation may be different from that of Fas and TNF receptors (Boldin et al..
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Figure 1.4 Regulation of death receptors. Silencing of death signals.

Death receptors cannot oligomerise and cannot activate apoptotic signals in the absence of 
ligand. Receptor oligomerisation with a low level of stimulation can be controlled by 
SODD binding, mediated by Hsp70, to the receptor intracellular domain. Receptors are 
activated by ligand binding, which results in clustering of the intracellular DDs and 
recruitment of caspases by adapter molecules such as TRADD and FADD. Intracellular 
cFLIPs may prevent recruitment and activation of caspase-8. TNFRl may activate, in 
parallel, the JNK pathway via TRAF2 and the NF-kB pathway via RIP. Activation of 
NF-kB leads to upregulation of TRAF2 and the anti-apoptotic proteins cIAPl/2. 
Apoptosis mediated by TRAIL-sensitive receptors may also be modulated by intracellular 
cFLIP and by decoy receptors. TRAIL-R3 lacks a cytoplasmic DD, whereas TRAIL-R4 
has a truncated DD and can only activate the NF-kB pathway.
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Figure 1.5 Regulation of death receptors. Induction of cell death.

When the death receptors are strongly activated or intrinsically more sensitive, cFLIPs 
cannot prevent recruitment of procaspase-8 to the plasma membrane and active caspase-8 
is produced. Caspase-8 initiates a proteolytic cascade which activates the downstream 
effector caspases. Caspase-8 also directly cleaves RIP which suppresses the RIP- 
mediated NF-kB pathway but not the JNK pathway, mediated by TRAF2.
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1995). This view is supported by overexpression studies using Fas-p75 chimeras 
indicating that the p75 intracellular region cannot transduce an oligomerisation mediated 
apoptotic signal with efficiency comparable to Fas (Kong et al., 1999). Further 
experimental evidence suggests a role for p75 as an apoptotic receptor in the absence of 
ligand (Barrett and Bartlett, 1994; Bredesen and Rabizadeh, 1997). In this model NGF 
provides anti-apoptotic protection by binding p75, promoting oligomerisation of the 
receptor and preventing recruitment of pro-apoptotic intracellular ligands which bind the 
monomeric form only (Wang et al., 2000).

The role of the intracellular domain of the p75 receptor is generally unclear as the 
same region seems to mediate different pathways in different cells types. In sensory 
neurones p75-mediated apoptosis appears to be promoted by interactions of the 
juxtamembrane region, since a complete deletion of the death domain does not inhibit the 
pro-apoptotic activity of p75 (Coulson et al., 1999). It was shown recently that p75 binds 
directly or indirectly several members of the TRAF family of proteins (Khursigara et al., 
1999; Ye et al., 1999). TRAF2 was found to interact with the intracellular death domain 
of p75, although TRAF2 itself does not appear to have a death domain sequence 
suggesting that this is not a DD homophilic interaction (Ye et al., 1999). TRAF2 seems to 
mediate apoptosis promoted by monomeric p75. TRAF6 binding, by contrast, maps to 
the juxtamembrane region and seems to antagonise TRAF2 pro-apoptotic binding 
presumably by inducing some conformational changes. TRAF4 is believed to bind to the 
juxtamembrane region and compete with TRAF6 binding (Ye et al., 1999). TRAF6 
mediated cell survival is thought to occur via activation of the NF-kB pathway, at least in 
Schwann cells (Khursigara et al., 1999). A recently identified p75 intracellular ligand, 
NADE, binds to the p75 death domain region and promotes caspase activation and 
apoptosis when co-expressed with p75 in PC 12 cells, suggesting a more direct role in 
p75-mediated cell death and perhaps involvement of the intracellular DD region in the 
transduction of the death signal (Mukai et al., 2000).

1.6 REGULATION OF CASPASES BY BCL-2 FAMILY MEMBERS.

Activation of caspases can also occur through a mitochondrial pathway by a 
mechanism of caspase aggregation and proximity-induced autoactivation. This process is 
initiated by cytochrome c which is released from the mitochondria into the cytoplasm in 
response to apoptotic signals as diverse as irradiation and treatment with staurosporine 
(Bossy-Wetzel et al., 1998) or cytosine arabinoside (araC; Kim et al., 1997a), death 
receptor activation (Gross et al., 1999b) and removal of neurotrophic factor (Neame et 
al., 1998; Martinou et al., 1999). The cytoplasmic cytochrome c then binds to the
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apoptosis-associated factor 1 (APAF-1), the mammalian homologue of ced-4 (Zou et al.,
1997). APAF-1 is characterised by an N-terminal CARD domain, followed by an 
intermediate region homologous to ced-4, and finally a C-terminal domain containing 
multiple WD40 repeats which appears to act as a negative regulatory domain by 
preventing APAF-1 oligomerisation (Hu et al., 1998; Srinivasula et al., 1998). Binding 
of cytochrome c, in association with ATP or dATP (Hu et al., 1998), induces a 
conformational change that exposes the APAF-1 CARD domain. The exposed APAF-1 
CARD domain can in turn recruit procaspase-9 by a homophilic interaction involving 
CARD protein-protein interactions (Saleh et al., 1999) resulting in the formation of a high 
molecular weight multimeric complex, the mitochondrial apoptosome (Zou et al., 1999). 
APAF-1-induced oligomerisation of procaspase-9 then promotes activation of the caspase 
by autocatalytic cleavage (Hu et al., 1998; Saleh et al., 1999; Zou et al., 1999; see Figure 
1.6). Unlike other caspases with a CARD domain, caspase-9 seems to have a strict 
requirement for an adapter for its activation. In fact the CARD domain in caspase-9 does 
not tend to oligomerise and form higher structures as observed for the caspase-2 CARD 
(Colussi et al., 1998). Furthermore, a recent report showed that procaspase-9 proteolytic 
processing is not required for its activation as a procaspase-9 with mutations that abolish 
the zymogen processing sites can still activate downstream caspases, when in the 
presence of cytosolic factors (Stennicke et al., 1999). In the nematode C. elegans the 
mechanism of Ced-3 activation is similar to the mechanism described for caspase-9. Ced- 
4, the adapter for Ced-3, however, does not require binding of cytochrome c for 
interaction with Ced-3 and lacks the WD40 repeats present in APAF-1 (Chinnaiyan et al., 
1997; Li et al., 1997). Ced-4 has been shown to oligomerise both in vitro and in vivo and 
mutations that abolish Ced-4 oligomerisation block its ability to activate Ced-3, 
suggesting that, as in the case of caspase-9, Ced-3 oligomerisation can only occur in the 
presence of its adapter Ced-4 (Yang et al., 1998b).

More recently, a novel mitochondrial protein, Smac/DIABLO, was found to be 
involved in caspase activation. Smac/DIABLO is normally localised in the mitochondria 
but following apoptosis induction is released into the cytosol where it binds to lAPs, 
blocking their inhibitory activity and thereby promoting caspase activation (Du et al., 
2000; Verhagen et al., 2000). Furthermore, the apoptosis inducing factor (AJF; Susin et 
al., 1999) is also released from the mitochondria but appears to exert its effects in a 
caspase-independent manner, by translocating to the nucleus and triggering the chromatin 
collapse and digestion into the high molecular weight fragments commonly observed 
during apoptosis (Susin et al., 1999).

The intracellular regulators of cytochrome c release and caspase activation via the 
intrinsic pathway are now known to be proteins belonging to the Bcl-2 family. Bcl-2 was 
one of the first anti-apoptotic genes to be identified (Hockenbery et al., 1990). At least 15 
different Bcl-2 family members have now been identified, most of them in mammalian
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Figure 1.6 Activation of caspases via an intrinsic pathway.

Mitochondria respond to various apoptogenic signals by releasing cytochrome c into the 

cytosol. Cytochrome c binds the adapter molecule APAF-1 presumably in the WD40 

region. Cytochrome c binding induces a conformational change which exposes the 

APAF-1 CARD domain and promotes binding to the homologous CARD domain in 

procaspase-9. The resulting multimeric complex is referred to as the apoptosome complex 

and mediates activation of caspase-9 and, subsequently, of downstream caspases.
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cells, which may have either pro-apoptotic or an anti-apoptotic activity (reviewed by 
Adams and Cory, 1998; Gross et al., 1999a). All members of this protein family are 
characterised by conserved protein motifs known as the Bcl-2 homology (BH) domains 
and designated as BHl, BH2, BH3 and BH4. All members share at least one of these 
domains, the BH3 domain. In general, pro-survival members contain BHl and BH2 
domains and those more closely related to Bcl-2 have all four domains. Apart from Bcl-2 
this group include, for instance, Bc1-Xl, Bcl-w, Al and Boo/Diva in addition to a 
number of related viral proteins such as E1B-19K (Adams and Cory, 1998; Gross et al., 
1999a). All these anti-apoptotic proteins are the mammalian homologues of the ced-9 
gene in C. elegans (Hengartner and Horvitz, 1994). The pro-apoptotic group can be 
structurally divided into two subgroups. One subgroup includes Bax, Bak and Bok, 
which have BH 1/2/3 domains and structurally resemble Bcl-2 quite closely and Bcl-Xs 
which is a truncated form of the anti-apoptotic member Bc1-Xl lacking the BHl and BH2 
domain. In contrast, the other proapoptotic members, such as Bid, Bad, Bik, Bim, and 
Blk possess only the short BH3 domain and they are otherwise unrelated to each other 
(Gross et al., 1999a; Antonsson and Martinou, 2000). These BH3-only proteins 
represent the vertebrate homologue of the nematode egl-1 gene (Conradt and Horvitz,
1998). Some of the Bcl-2 family members display also a hydrophobic C-terminal 
sequence which is thought to be involved in their subcellular localisation by mediating 
association with intracellular membranes (see Figure 1.7).

It is generally believed that the relative intracellular concentration of the anti- 
apoptotic and apoptotic members is cmcial for the initiation or inhibition of the suicide 
programme (Oltvai et al., 1993), since these proteins can associate and control their 
respective functions by heterodimerisation (Oltvai et al., 1993; Zha et al., 1996a). 
Heterodimerisation depends on the conformation of these proteins, determined by the 
number of BH domains (Chittenden et al., 1995). Proteolytic cleavage, and therefore loss 
of one or more BH domains, may turn an anti-apoptotic family member into a pro
apoptotic molecule, as in the case of caspase-mediated cleavage of Bcl-2 and Bc1-Xl 

during apoptosis (Cheng et al., 1997; Clem et al., 1998; Grandgirard et al., 1998). In a 
similar fashion introduction of the Bax BH3 domain into Bcl-2 converts this anti- 
apoptotic protein in to a killer protein (Hunter and Parslow, 1996). Heterodimerisation is 
essential for the pro- apoptotic activity of the BH3-only subgroup (Chittenden et al.,
1995) since Bad mutants that fail to bind Bcl-2 and Bc1-Xl cannot induce apoptosis 
(Ottilie et al., 1997; Zha et al., 1997). Bax pro-apoptotic activity, however, does not 
appear to correlate with its capacity to form heterodimers (Wang et al., 1998b), 
suggesting perhaps a more direct role for this protein in the induction of cell death. 
Similarly, mutagenesis studies suggested that Bcl-2 and Bc1-Xl mutants unable to bind 
Bax or Bak can still inhibit cell death, presumably by directly preventing cytochrome c 
release (Cheng et al., 1996).
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Figure 1.7 Structural classification of Bcl-2 family members.

Bcl-2 family members share one or more BH domains (yellow boxes). Some proteins 
also have hydrophobic transmembrane domains (red boxes) which mediate insertion into 
cell membranes. The anti-apoptotic proteins share homology with the viral protein ElB- 
19K and the product of the C. elegans ced-9 gene. The anti-apoptotic members can be 
further subdivided into two groups. One group includes proteins which resemble more 
closely Bcl-2 whereas the other group is characterised by the presence of the BH3 
domains only. These BH3 domain-only proteins are the vertebrate homologues of the C. 
elegans protein encoded by egl-1 (Gross et al., 1999a).
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The intracellular localisation of Bcl-2 family members is important for their 
activity. Following an apoptotic signal the cytosolic protein Bax undergoes a 
conformational change which has been suggested to drive its translocation to the 
mitochondrial membrane and insertion as a homodimer (Wolter et al., 1997; Gross et al.,
1998). A change in subcellular localisation also appears to be involved in the killing 
activity of Bim (O'Connor et al., 1998). The BH3-only protein Bim is normally localised 
to the microtubule associated dynein motor complex. Following the death stimulus, Bim 
translocates to the mitochondria where it is thought to interact with Bcl-2 (Puthalakath et 
al., 1999).

Proteolytic cleavage, on the other hand, is involved in the activation of Bid (Li et 
al., 1998). The cytosolic p20 Bid is cleaved at the amino terminus by activated caspase-8, 
generating a pl5 carboxy-terminal truncated fragment (tBid) which translocates to the 
mitochondria and promotes the release of cytochrome c (Li et al., 1998; Han et al.,
1999), possibly in co-operation with Bax (Desagher et al., 1999).

Finally, Bcl-2 family members can be regulated by post-translational 
modification, namely phosphorylation. The BH3 only domain protein Bad normally 
phosphorylated at Serine residues 112 and 136 and sequestered in the cytosol by the 14- 
3-3 protein (Zha et al., 1996b). Bad is believed to be phosphorylated by Akt, a Serine 
Threonine kinase known to mediate survival signals (Datta et al., 1997; Blume-Jensen et 
al., 1998). Following an apoptotic stimulus, which in some systems has been shown to 
inactivate Akt, Bad is dephosphorylated and translocates to the mitochondria where it 
binds Bc1-Xl and Bcl-2 (Kelekar et al., 1997; Zha et al., 1997) and exerts its pro
apoptotic effect.

The precise mechanism by which Bcl-2 family members regulate cytochrome c 
release is still controversial. Overexpression of Bax (Xiang et al., 1996), Bak (McCarthy 
et al., 1997b) and truncated Bid (Li et al., 1998) results in an altered mitochondrial inner

membrane potential (A\|/m), production of reactive oxygen species and release of

cytochrome c which promotes caspase activation. It is possible that Bax and Bid form 
selective channels for cytochrome c release. This hypothesis was suggested by the 
observation that Bc1-Xl has structural homology with the membrane insertion domains of 
some bacterial toxins raising the possibility that these proteins act by forming pores in the 
mitochondrial membrane (Muchmore et al., 1996; Sattler et al., 1997). Bcl-XL, Bcl-2 and 
Bax do form ion channels in lipid bilayers in vitro (Antonsson et al., 1997; Minn et al., 
1997; Schendel et al., 1998).

Alternatively Bcl-2 pro-apoptotic proteins may alter the conductance of existing 
channels which would lead to swelling of the mitochondrial inner membrane and the 
subsequent non specific rupture of the outer membrane with release of cytochrome c 
(Vander Heiden et al., 1997). Bcl-2 proteins have been suggested, for instance, to act at
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the level of the permeability transition pore (FTP; Zoratti and Szabo, 1995) which is a 
large conductance pore permeable to solutes up to 1.5 kD and is disrupted following 
apoptotic or necrotic (Zamzami et al., 1998). Opening of the FTP results in mitochondrial 
depolarisation, uncoupling of oxidative phosphorylation and swelling of the 
mitochondria. Some studies, however, argued against this pathway by showing that 
cyclosporin A, a molecule which favours FTP closure, does not inhibit Bax-induced 
release of cytochrome c from the mitochondria (Eskes et al., 1998). Moreover,

cytochrome c release has been reported to occur before the drop in A\|/m (Bossy-Wetzel

et al., 1998). The regulation of cytochrome c release by Bcl-2 family members is outlined 
in Figure 1.8.

In the cytoplasm, pro-survival Bcl-2 proteins were suggested to function by 
binding APAF-1, thereby preventing APAF-1 mediated aggregation and activation of 
caspases (Chinnaiyan et al., 1997; Spectoret al., 1997), whereas pro-apoptotic members 
are believed to dissociate the APAF-1/Bc1-2/Bc1-Xl complex by heterodimerisation with 
the anti-apoptotic protein (Hu et al., 1998; Inohara et al., 1998; Song et al., 1999). This 
mechanism seems compatible with the genetic pathway in C. elegans which places egl-1, 
the nematode homologue of Bax, upstream of the anti-apoptotic protein ced-9 (Conradt 
and Horvitz, 1998). More recently, however, (Moriishi et al., 1999) failed to detect 
binding of endogenous Bcl-2 family members to APAF-1, perhaps suggesting that some 
of the previously reported interactions may have been artificially caused by ectopic 
overexpression of these proteins, and that the regulatory role of Bcl-2 proteins may be 
more complex than thus far assumed.

1.7 APOPTOSIS IN THE NERVOUS SYSTEM.

Apoptosis is a common feature of the nervous system during development. Both 
in the central nervous system and in the periphery, between 20 and 80% of the preformed 
neurones undergo apoptosis at different stages during embryonic development, whereas 
only a few apoptotic cells can be observed in adult brains (Oppenheim, 1991; Blaschke et 
al., 1996). This relatively large reduction of neurones is a common feature for several 
neuronal types, occurs in all vertebrates and appears to present the same morphological 
features of apoptosis described for other cell types (Kerr et al., 1972), presumably 
indicating a common molecular mechanism. This type of developmental apoptosis of 
neuronal cells was initially observed and characterised in peripheral neurones (reviewed 
by Levi-Montalcini, 1987). These early studies demonstrated that the survival of
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Figure 1.8 Regulation of cytochrome c release by Bcl-2 proteins.

Pro-apoptotic proteins are in red, anti-apoptotic proteins in green. The relative 
concentration of pro-apoptotic and anti-apoptotic molecules, as well as their subcellular 
locahsation, regulate the release of cytochrome c and caspase activation. Release of 
cytochrome c may be induced by death signals which promote caspase-mediated cleavage 
of cytosolic Bid and translocation of tBid to the mitochondria. Apoptotic signals may also 
induce Bax dimérisation and translocation to the mitochondria where it is thought to 
create channels for cytochrome c release and, possibly, modulate FTP permeability. Bim 
also translocates to the mitochondria following death signals. These effects are 
antagonised by the anti-apoptotic molecules Bcl-2 and Bcl-XL which inactivate the pro
apoptotic proteins by formation of heterodimers. Survival signal may also inhibit pro
apoptotic activity by post-translation modifications. Activation of Akt kinase induces 
phosphorylation of Bad which is then sequestered to the cytosol by the 14-3-3 protein.
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developing neurones was dependent on the availability of neurotrophic factors secreted 
by the target cells that the neurones innervate. Neurotrophic factors promote the survival 
of the neurones that make physical and functional contact with the target, whereas excess 
neurones or late arriving neurones die by apoptosis due to lack of trophic support 
(Oppenheim, 1991; Hamburger, 1992; Burek and Oppenheim, 1996; Henderson, 
1996a). This hypothesis was confirmed by studies in peripheral neurones showing that 
inactivation of neurotrophic factors with blocking antibodies (Levi-Montalcini, 1987) or 
inactivation of specific genes for neurotrophic factors (Crowley et al., 1994) lead to loss 
of specific neuronal populations in a gene dosage-dependent manner (Snider, 1988). 
Conversely, administration of exogenous neurotrophic factors can reduce the rate of 
developmental cell death of some neuronal populations confirming that this type of death 
was due to lack of growth factors (Hendry and Campbell, 1976; Wright et al., 1997). 
Additionally the surviving neurones also need signals from neighbouring cells and 
survival is the result of a complex interplay of several factors (Raff et al., 1993).

Several neurotrophic factors (or neurotrophins) have been shown to play a vital 
role in the development of the nervous system, namely the nerve growth factor (NGF), 
the brain derived neurotrophic factor (BDNF), the neurotrophins (NTs) -3, -4, -5, the 
cholinergic differentiation factor (CDF), the ciliary neurotrophic factor (CNTF) and other 
cytokines (reviewed by Barde, 1989; Henderson, 1996b).The neurotrophins are believed 
to bind to two main receptor types at the neuronal cell surface: the tyrosine kinase type 
(Trk; TrkA, B and C; Barbacid, 1994) and the p75 NGF receptor (Radeke et al., 1987), a 
member of the TNF receptor family. The Trk receptors selectively bind specific 
neurotrophin ligands: NGF binds preferentially TrkA (Kaplan et al., 1991), BDNF and 
NT4/5 bind to TrkB (Soppet et al., 1991) and NT3 mainly to TrkC (Lamballe et al.,
1991). In contrast, p75 appears to bind all the neurotrophins with lower affinity 
(Rodriguez-Tebar et al., 1992). Whereas binding to Trk is responsible for differentiation 
and survival, binding to p75 is believed to mediate apoptosis although the pro-apoptotic 
role of p75 is still not completely elucidated (Casaccia-Bonnefil et al., 1998; Majdan and 
Miller, 1999; see sections 1.5.4 and 1.8). Apoptosis induced by lack of neurotrophin 
also appears to be mediated by caspases, since caspase inhibitors can reduce the extent of 
motoneurone developmental apoptosis in vivo (Milligan et al., 1995) and deletion of 
caspase-3 and caspase-9 genes leads to greatly reduced neuronal death and gross brain 
abnormalities (Kuida et al., 1996; 1998). Naturally occurring neuronal death can also be 
enhanced by deletion of genes for anti-apoptotic family members such as Bc1-Xl 

(Motoyamaet al., 1995) and Bcl-2 (Michaelidis et al., 1996; Pinon et al., 1997) thereby 
confirming that aspects of caspase regulation are similar to those in non neuronal cells. 
The dependence of neurones of the central nervous system (CNS) on NGF or other 
neurotrophins is less acute than in peripheral neurones, as suggested by the observation 
that limited neuronal loss is detected in deletion mutants of several neurotrophins.
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perhaps denoting a redundancy of these trophic factors in the CNS (Minichiello and 
Klein, 1996).

In addition to the target-dependent cell death described above, neurones have also 
been shown to undergo a target-independent apoptotic programme which appears to be 
triggered by cell autonomous signals or signals derived from neighbouring cells 
(Yaginuma et al., 1996). Some cytokines, for instance, have been shown to induce

neuronal apoptosis, namely TNFa in the CNS (Venters et al., 2000), and CNTF or LIF

in peripheral sympathetic neurones (Kessler et al., 1993). Interestingly, LIF-mediated 
cell death was found to be remarkably similar to cell death induced by NGF deprivation, 
thereby suggesting that NGF deprivation and cytokines might mediated apoptosis via 
activation of convergent routes (Savitz and Kessler, 2000). Cell autonomous 
developmental cell death has also been described in invertebrate models. In the nematode 
C. elegans neuronal death appears to be regulated by the ces (cell-death specification ) 
genes which regulate the death of specific groups of neurones (Ellis and Horvitz, 1991). 
In the case of the two pharyngeal neurosecretory motoneurones (NSM), loss of function 
mutation of ces-2, a gene encoding a bZIP transcription factor, leads to survival of the 
two NSM sister cells destined to die but does not affect survival of other cells in the 
worm (Metzstein et al., 1996). The normal role of ces-2 therefore is to specifically 
regulate death of NSM neurones. A similar regulatory mechanism appears to be 
conserved in Drosophila, for instance, where the pro-apoptotic gene reaper is upregulated 
only in cells destined to die (White et al., 1994). Both these genes act upstream of the 
Drosophila caspase homologues (Evans et al., 1997). The vertebrate genes 
corresponding to ces-2 and reaper have not yet been identified. However, examples of 
vertebrate target-independent death are known. During the very early stages of avian 
CNS development, before the generation of axons and the establishment of synaptic 
connections, the observed death cannot be regulated by target derived factors (Navascues 
et al., 1988; Homma et al., 1994; Yaginuma et al., 1996). It has been suggested that this 
type of early developmental apoptosis may function to eliminate cells with inappropriate 
phenotypes and supernumerary precursors (Homma et al., 1994).

The foie of neuronal apoptosis in the generation of precursor cells and 
morphogenesis of the nervous system has been further elucidated in recent years by the 
observation that apoptosis in brain regions regulating the formation of progenitor cells, 
such as the ventricular zones (Thomaidou et al., 1997) and apoptosis of post-mitotic 
neurones in the cortex (Blaschke et al., 1996) are differentially regulated. Recent double 
knockout gene studies suggested that caspase-3, although epistatically downstream of 
Bc1-Xl, mediates cell death of both progenitor cells and post-mitotic neurones, whereas 
Bc1-Xl functions as an anti-apoptotic factor exclusively in post-mitotic neurones, 
essentially due to differential expression in progenitor and differentiated cells (Roth et al..
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2000). This observation appears to explain the different phenotypes of the caspase-3 and 

B c1-Xl  knock-out embryos and confirms the suggestion that programmed cell death has a 

role in establishing the numbers of progenitor cells as well as matching post-mitotic 

neurones to their targets (Kuan et al., 2000; Roth et al., 2000).

Neuronal apoptosis induced by NGF deprivation has been studied extensively in 

vitro with several primary neuronal culture models such as cultured sympathetic neurones 

(Edwards and Tolkovsky, 1994; Estus et al., 1994; Ham et al., 1995; Deshmukh et al.,

1996), sensory neurones (Allsopp et al., 1993) and motoneurones (Milligan et al., 1994; 

Raoul et al., 1999). Neuronal apoptosis can also be induced by a wide range of factors, 

such as withdrawal of serum in cortical neurones (Yu et al., 1997), lowering potassium 

concentration in the culture medium in cerebellar granule cells (D'Mello et al., 1993; 

Taylor et al., 1997), by modulators of protein phosphorylation such as staurosporine in 

sympathetic neurones (McCarthy et al., 1997a), cerebellar granule neurones (Taylor et 

al., 1997) and cortical neurones (Yu et al., 1997), neurotransmitters such as glutamate in

hippocampal neurones (Wang et al., 1999a), small peptide like (3-amyloid in cortical

neurones (Imaizumi et al., 1999), oxidative stress in cortical neurones (Ratan et al., 
1994) and irradiation in cerebellar granule neurones (Enokido et al., 1997). It is believed

that some of these agents, such as Glutamate and (3-amyloid, might mediate apoptosis in

disease states also (Choi, 1992; Pettmann and Henderson, 1998).

1.8 SCO NEURONES: A MODEL OF DEVELOPMENTAL CELL DEATH.

1.8.1 General features.

Sympathetic neurones, such as the peripheral neurones obtained from the superior 

cervical ganglia (SCG), are a useful experimental model of neuronal cell death. 

Sympathetic neurones, like many other neuronal cell types, are acutely dependent on 

nerve growth factor (NGF) for normal development. Deprivation of NGF causes 

sympathetic neurones to undergo apoptosis both in vitro and in vivo (reviewed by 

Deshmukh and Johnson, 1997).

Apoptosis of sympathetic neurones has been extensively studied in neuronal cell 

culture models. Sympathetic neurones from the SCG are routinely obtained between 

embryonic day 12 (E l2) and postnatal day 1 (PI) and can be maintained in culture for 

several days in the presence of NGF. The removal of NGF after 5-7 days in culture 

causes the apoptotic death of the majority of neurones (Martin et al., 1988; Edwards and 

Tolkovsky, 1994). Drawbacks of this model are the same asVencountered with some
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other primary neuronal cultures, essentially the inability to obtain large amounts of cells 
and consequently of RNA/protein for biochemical analysis. A useful cell line model of 
neuronal apoptosis is represented by PC 12 cells which are derived from rat 
pheochromocytoma. PCI2 cells differentiate in the presence of NGF into a neuronal 
phenotype and then undergo apoptosis when deprived of NGF (Mesner et al., 1992).

The kinetics of cell death in sympathetic neurones are slower than other types of 
apoptotic cell death, such as Fas-mediated apoptosis in non neuronal cells which occurs 
within 4-6 hours (Nagata, 1997). SCG neurones undergoing apoptosis induced by NGF 
removal do not normally exhibit morphological changes during the first 12 hours after 
NGF removal in vitro. After this point the neurites begin to degenerate and the early 
features of apoptosis, consistent with the changes described by Kerr et al. (1972), begin 
to appear. At the ultrastructural level the nuclei begin to shown signs of shrinkage and 
condensation within hours of NGF deprivation. Nuclear condensation appears to follow 
DNA fragmentation into the characteristic apoptotic “ladder” (Wyllie et al., 1980), which 
becomes evident at around 10 hours following NGF removal and peaks at around 16-18 
hours (Deckwerth and Johnson, 1993). Eventually the condensed nuclei decrease in size 
and gradually lose the chromatin staining at the later stages of apoptosis (Edwards and 
Tolkovsky, 1994). Cellular organelles remain intact and show signs of degeneration only 
during the final stages of death when the cells lose their structural integrity (Martin et al., 
1988). Half of the neurones become atrophied within 24-36 hours and up to 95% may be 
dead by 48-72 hours after NGF deprivation (Deckwerth and Johnson, 1993; Edwards 
and Tolkovsky, 1994). Similar changes have been described in sympathetic neurones 
undergoing apoptosis during development (Wright et al., 1983). Interestingly, the 
apoptotic pathway in sympathetic neurones can be aborted if NGF is added back to the 
cells before they become irreversibly committed to die. The commitment point is defined 
as the time after NGF deprivation when half the neurones can no longer be rescued by the 
re-addition of NGF (Edwards and Tolkovsky, 1994; Deshmukh and Johnson, 1997). 
The commitment point in sympathetic neurones after 6-7 days in culture was shown to be 
around 20-22 hours after removal of NGF (Deckwerth and Johnson, 1993). The 
commitment point is dependent on the age of the cells: the longer the neurones are 
maintained in culture in the presence of NGF, the longer it takes for the neurones to 
become committed to die. The death commitment of 1 day old cultures is in fact around 
15 hours and the neurones appear to die more rapidly, although the morphological 
changes of the dying neurones are basically identical to those in older cultures (Edwards 
and Tolkovsky, 1994). After 3-4 weeks in culture, SCG neurones eventually lose their 
dependence on NGF for survival and become resistant to apoptosis induced by NGF 
deprivation (Lazarus et al., 1976; Easton et al., 1997). This effect has also been observed 
in other neuronal populations (Snider et al., 1992). Inhibitors of RNA and protein 
synthesis block apoptosis in several neuronal models, including death induced by NGF

53



removal in sympathetic neurones (Martin et al., 1988; Martin et al., 1992). The protein 
synthesis inhibitor cycloheximide (CHX) can usually block neuronal death if added 
within the first 16 hours post NGF removal, after which half of the neurones can no 
longer be rescued (Deckwerth and Johnson, 1993; Edwards and Tolkovsky, 1994). This 
suggests that the synthesis of the proteins required for apoptotic death occurs before the 
death commitment point (Deshmukh and Johnson, 1997).

1.8.2 Regulation of cell death and cell survival.

NGF is believed to regulate cell death and survival by binding to two plasma 
membrane death receptors, TrkA and p75. The essential requirement for NGF-mediated 
activation of TrkA in sympathetic neurone survival is suggested by the observation that 
all sympathetic neurones are lost from both NGF or TrkA knock-out mice (Crowley et 
al., 1994; Smeyne et al., 1994). NGF induces both neurite outgrowth and survival by 
binding to and inducing autophosphorylation of the TrkA receptor (Kaplan and Stephens, 
1994; Belliveau et al., 1997). Signalling through the TrkA receptor results in the 
activation of at least two survival pathways mediated by Ras: the MARK and PI3K 
pathways (reviewed by Greene and Kaplan, 1995). The p75 receptor was initially 
believed to function as a positive regulator of TrkA, since co-expression of p75 and TrkA 
receptors was shown to produce an increase of both NGF binding and TrkA activation 
(Barker and Shooter, 1994). However, several lines of evidence later suggested a direct 
role of p75 in the induction of neuronal apoptosis. Some initial findings indicated that 
p75 may induce apoptosis in a ligand independent fashion. Neuronal apoptosis following 
NGF withdrawal seems to require p75 expression in PCI2 cells (Rabizadeh et al., 1993) 
and dorsal root ganglion neurones (Barrett and Bartlett, 1994; Rabizadeh and Bredesen,
1994). Furthermore, apoptosis of sympathetic neurones from p75 knock-out mice is 
greatly delayed following NGF withdrawal (Bamji et al., 1998) and a transgenic mouse 
model overexpressing the intracellular domain of p75 showed dramatically increased 
sympathetic neuronal death (Majdan et al., 1997). In light of these results some authors 
(Bredesen et al., 1998) have proposed that p75 may promote apoptosis in the absence of 
NGF, therefore in a ligand-independent manner. This effect is believed to be mediated by 
p75 in its monomeric form (Wang et al., 2000), unlike the oligomerisation-induced 
activation of other known death domain receptors (Ashkenazi and Dixit, 1998).

Other studies, however, came to different conclusions by showing that p75 may 
mediate apoptosis in a ligand-dependent manner. Apoptosis is induced by NGF in chick 
retinal neurones expressing p75 but not TrkA (Frade et al., 1996) and neurotrophins also 
mediated apoptosis of oligodentrocytes (Casaccia-Bonnefil et al., 1996), sensory 
neurones (Davey and Davies, 1998) and sympathetic neurones (Bamji et al., 1998). 
Other experiments suggested that p75 may function to induce death when suboptimal
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amounts of TrkA (or absence of TrkA) cause lack of survival pathway stimulation (Miller 
and Kaplan, 1998). Perhaps these two contrasting lines of evidence can be reconciled by 
the observation that p75 binds several neurotrophins (Rodriguez-Tebar et al., 1990; 
Rodriguez-Tebar et al., 1992), most of which are produced by the neurones and could 
activate autocrine/paracrine pathways (Miller and Kaplan, 1998). Furthermore, apoptotic 
activation of p75 is mediated by BDNF, which efficiently binds p75 but not TrkA (Bamji 
et al., 1998). Supporting this mechanism there are the observations that both BDNF- 
(Emfors et al., 1994) and p75- (Lee et al., 1992) deficient mice have greatly increased 
sympathetic neurone numbers and delayed developmental death both in vivo and in vitro 
(Bamji et al., 1998). Although sympathetic neurones can still undergo apoptosis in the 
absence of p75, they seem to require this receptor for rapid activation of the apoptotic 
programme. This mechanism appears to be important for peripheral neurones such as 
sympathetic neurones competing for adequate amounts of neurotrophin at the target level. 
Robust activation of TrkA suppresses the p75-mediated death signal and ensures 
survival. By contrast, neurones that innervate an inappropriate target or reach their target 
late find the amounts of neurotrophin limiting and the TrkA pathway is only weakly 
activated, whereas p75 can be robustly induced by other neurotrophins such as BDNF 
(Majdan and Miller, 1999). As a consequence the relative amounts of p75 and TrkA 
receptors play an important role in survival. The differential effects of NGF in different 
neuronal populations could be due to different relative expression levels of p75 and 
TrkA. Neuronal populations expressing exclusively or preferentially p75 during 
development may respond to NGF by activating the death pathway whereas neurones 
expressing higher levels of TrkA may robustly activate the survival response (Frade et 
al., 1996). Graduated activation of these two receptors coupled with varying amounts of 
available neurotrophin may account for the complexity of the p75-TrkA signalling 
pathways which can mediate death, differentiation and survival (Majdan and Miller,
1999). Although some reports indicated that p75 may also activate signalling pathways 
leading to apoptosis in non neuronal cell systems, such as ceramide generation and INK 
activation (Casaccia-Bonnefil et al., 1996; Bamji et al., 1998), a clear intracellular 
signalling pathway has not been elucidated for p75.

Activation of the survival pathway via TrkA in sympathetic neurones was shown 
to involve activation of Ras (Nobes and Tolkovsky, 1995; Segal and Greenberg, 1996) 
and PI3 kinase and their downstream effectors (Philpott et al., 1997). Overexpression of 
a constitutively active form of PI3K in SCG neurones inhibits death induced by NGF 
deprivation in culture (Philpott et al., 1997) and inhibition of the same kinase in the 
presence of NGF can also lead to apoptosis (Crowder and Freeman, 1998; Mazzoni et 
al., 1999). Activation of a downstream effector of PI3K, Akt, is also directly involved in 
the NGF dependent survival of sympathetic neurones (Philpott et al., 1997; Crowder and 
Freeman, 1998). Akt is believed to promote cell survival by phosphorylating Bad, a
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proapoptotic member of the Bcl-2 family of proteins (Datta et al., 1997). Phosphorylated 

Bad is sequestered within the cytoplasm and cannot induce downstream apoptotic events 

(see section 1.6). Moreover, activated Akt is believed to function at the gene transcription 

level by phosphorylating the transcription factor forkhead-like protein (FKHRLl) and 

preventing its translocation to the nucleus and transcription of pro-apoptotic genes 

(Brunet et al., 1999). NGF-dependent activation of Ras leads to activation of the MARK 

(or extracellular signal-regulated kinase, ERK) pathway in sympathetic neurones (Virdee 

and Tolkovsky, 1995). Unlike inhibition of the PI3K pathway, however, inhibition of 

the MAPK pathway alone in sympathetic neurones does not affect cell survival (Virdee 

and Tolkovsky, 1996), thereby suggesting that the loss of the MAPK pathway is not 

sufficient to cause death. The specificity of the different Ras-mediated pathways was 

recently elucidated by studies performed with Ras mutants for specific downstream 

effectors. While preferential activation of the P13K pathway enhanced NGF-dependent 

survival of SCG neurones, selective activation of the MAPK/ERK pathway showed 

strong protection against death induced by cytosine arabinoside (Xue et al., 2000) which 

had been shown previously to mediate death of sympathetic neurones through a pathway 

distinct from NGF withdrawal (Anderson and Tolkovsky, 1999).

The activation of these survival pathways is dependent on the presence of NGF. 
When NGF is removed or its concentration falls below  optimal levels, the survival 
pathways are inactivated and the neuronal cell death machinery is engaged. Although no 
morphological changes of apoptosis are clear until 12-18 hours after NGF removal, 

several biochemical events are believed to occur well before the cells are committed to 

die. One of the early events observed in sympathetic neurones upon NGF removal is an 

increase in reactive oxygen species (ROS) with peaks at around 3 hours after NGF 

withdrawal (Greenland et ah, 1995). This early and transient increase in ROS probably 

functions as a signalling step rather than mediating permanent toxic effect, since NGF can 

prevent neuronal death when added back well after the ROS increase, and it probably 

works by regulating gene expression (Jacobson, 1996; Sen and Packer, 1996).

Additionally, the rate of glucose uptake falls rapidly in P C I2 cells (Mesner et al.,

1992) and sympathetic neurones (Deckwerth and Johnson, 1993) following NGF 

withdrawal. The rates of RNA and protein synthesis also decline rapidly in NGF- 

deprived sympathetic neurones with both rates reduced by 30% 12 hours after NGF 

withdrawal (Deckwerth and Johnson, 1993). The dependence of sympathetic neuronal 

apoptosis on macromolecular synthesis suggests that the expression of new genes may be 
required for cell death. Some genes, such as c-jun (Estus et al., 1994; Ham et al., 1995), 

c-myb and c-fos (Estus et al., 1994) and cyclin D1 (Freeman et al., 1994) are induced in 

SCG neurones after NGF withdrawal. The observed increase in cyclin D1 expression is 

of particular interest because it has been suggested that neurones undergo apoptosis due 

to an abortive attempt to re-enter the cell cycle (Heinz et al., 1993). In fact.
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overexpression of cyclin D1 in neuroblastoma cell lines is sufficient to promote cell death 
(Kranenburg et al., 1996). The importance of c-Fos in neuronal cell death is less clear as 
c-Fos blocking antibodies do not inhibit cell death (Estus et al., 1994) and mice lacking c- 
Fos do not appear to have dramatic neuronal defects (Roffler-Tarlov et al., 1996). More 
recent reports, however, suggest a role for c-Fos in light-induced apoptosis of retinal 
photoreceptors (Hafezi et al., 1998; Wenzel et al., 2000). By contrast, numerous 
experiments suggest the importance of c-Jun in neuronal apoptosis based on the 
observation that microinjection of neutralising antibody to c-Jun or overexpression of a 
dominant negative mutants inhibit death induced by NGF deprivation in sympathetic 
neurones (Estus et al., 1994; Ham et al., 1995). C-Jun is a known target of the JNK 
pathway, which is strongly activated in SCG neurones and PCI2 cells after removal of 
NGF (Park et al., 1996). JNK activation, therefore, may be an important signalling event 
during apoptosis. In fact, dominant negative mutants of JNK were shown to inhibit cell 
death in PC12 cells after NGF deprivation (Xia et al., 1995). Activated JNK is believed 
to translocate to the nucleus and phosphorylate c-Jun at Serine residues 63 and 73 (Karin,
1996), thereby resulting in the induction of the c-jun gene itself and of other target genes 
important for the execution of the apoptotic process (Estus et al., 1994; Ham et al.,
1995). An important target of the JNK pathway may be p53 which, as well as Bax, is 
transcriptionally upregulated following NGF withdrawal and JNK activation (Aloyz et 
al., 1998). Furthermore, in mice lacking the p53 gene, the naturally occurring 
developmental death of sympathetic neurones is impaired (Aloyz et al., 1998).

Activation of JNK in SCG neurones can also be induced by overexpression of an 
activated form of MEK kinase 1 (MEKKl; Yan et al., 1994). MEKKl is a known 
upstream activator of JNK, acting through intermediate activation of another kinase, 
SEKl (Lin et al., 1995). This leads to c-Jun phosphorylation and apoptosis (Eilers et al.,
1998). However, it appears that activation of JNK alone is not sufficient for cell death as 
JNK activation was shown to occur also in non apoptotic situations (Woodgett et al.,
1996) and a relatively high basal level of JNK activity is detectable in SCG neurones 
under control conditions (Eilers et al., 1998). A combination of an increase in JNK 
signalling and a decrease in MAPK signalling, which would be caused by NGF removal, 
may be required to activate the apoptotic pathway (Xia et al., 1995).

The regulatory events upstream of JNK activation following NGF deprivation are 
now being gradually elucidated. Bazenet et al. (1998) demonstrated the involvement of 
the small GTP-binding protein Cdc42 in apoptosis of SCG neurones and that 
overexpression of Cdc42 can promote activation of the c-Jun pathway. Cdc42 is believed 
to activate JNK, through the recently identified apoptosis signal-regulating kinase 
(ASKl; Wang et al., 1996). Endogenous levels of ASKl were shown to increase in 
PC 12 cells following NGF withdrawal and overexpression of an ASKl dominant 
negative mutant prevents both NGF deprivation and Cdc42-induced apoptosis in SCG
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neurones (Kanamoto et al., 2000). The experimental evidence so far suggest that ASKl 

and SEKl activate JNK through convergent but probably distinct pathways since 

inhibition of SEKl cannot protect against ASKl-induced apoptosis (Eilers et al., 1998). 

These survival and death pathways are summarised in Figure 1.9.

1.8.3 Regulation of apoptosis by Bcl-2 family members.

The downstream events in SCG neurones do not appear to differ dramatically 

from those described in non neuronal systems as there is clear evidence for involvement 

of Bcl-2 family proteins in sympathetic neuronal cell death following NGF withdrawal. 

The pro-apoptotic Bcl-2 family member Bax appears to be essential for neuronal cell 

death since neonatal sympathetic neurones from Bax-deficient mice, deprived of NGF, 

do not undergo apoptosis (Deckwerth et al., 1996). Bax translocates from the cytosol to 

the mitochondria following NGF withdrawal (Wolter et al., 1997), followed by release 

of cytochrome c into the cytoplasm (Neame et al., 1998; Finucane et al., 1999; Martinou 

et al., 1999; Putcha et al., 1999). Cytochrome c is believed to then promote caspase 

activation (Li et al., 1997). Overexpression of Bcl-2 (Garcia et al., 1992) and BcI-Xl 

(Frankowski et al., 1995) inhibits sympathetic neuronal death after NGF withdrawal but 
does not inhibit translocation of Bax to the mitochondria (Putcha et al., 1999). It was also 

found that Bax translocation is transcriptionally dependent (Deshmukh and Johnson, 
1998). Existing data for sympathetic neurones suggest that JNK activation and the 
increase in c-jun expression occur before intervention of the Bcl-2 family (Ham et al., 

1995). Moreover, the Bax-dependent step occurs after the increase in c-jun mRNA 

during sympathetic neuronal apoptosis. Bax-deficient sympathetic neurones show the 

increase in c-Jun RNA during NGF deprivation induced death even though the neurones 

do not complete the death programme (Deckwerth et al., 1996). Recently, a novel 

neuronal gene named DP5 was identified and found to be upregulated in P C I2 and SCG 

neurones after NGF withdrawal (Imaizumi et al., 1997). Overexpression results in non 

neuronal cells suggest that DP5 works by binding B c1-Xl thereby antagonising its anti- 

apoptotic function and it is possibly involved in other neuronal cell death paradigms such

as apoptosis of cortical neurones induced by amyloid-(3 protein (Imaizumi et al., 1999).

The release of cytochrome c, following NGF withdrawal, does not seem to be 

due to disruption of the mitochondrial outer membrane since the mitochondria appear to 

retain their integrity and, after re-addition of NGF, recover their normal morphology and 

cytochrome c content, provided that irreversible caspase inhibitors are present to prevent 

execution of the death pathway (Martinou et al., 1999).

The release of cytochrome c, however, is not sufficient for neuronal apoptosis. 

Unlike inVhon neuronal cell types (Li et al., 1997; Brustugun et al., 1998; Zhivotovsky et



Figure 1.9 Schematic outline of NGF-dependent survival and death 
pathvt^ays in SCG neurones.

Cell survival in the presence of NGF is promoted by activation of Ras-mediated 
pathways. Activated Ras can activate PI3K which in turn phosphorylate Akt. 
Phosphorylated Akt is thought to promote survival by phosphorylating Bad and 
preventing its translocation to the mitochondria where it causes release of cytochrome c. 
A parallel Ras-mediated pathway involves activation of MAPK/ERK 1, which protects 
neurones against cytochrome c release and apoptosis induced by citosine arabinoside 
(araC) treatment. Ras is also known to induce activation of Ral, although the specific role 
of this protein in neuronal apoptosis is not known.
In the absence of NGF, the JNK pathway is activated in SCG neurones. This activation 
is believed to be mediated by Cdc42 through induction of ASKl and MLK3. These two 
kinases appear to act on separate pathways converging on JNKK, the kinase activating 
JNK. JNK can also be activated by a parallel MEKKl-SEKl pathway. Activated JNK is 
known to translocate to the nucleus and induce the transcription factor c-Jun, leading to 
upregulation of c-Jun target genes and apoptosis.
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al., 1998), injection of cytochrome c alone in SCG neurones is not sufficient to promote 

death but an antibody against cytochrome c can effectively protect SCG neurones after 

NGF deprivation (Neame et al., 1998). However, withdrawal of NGF followed by 

injection of cytochrom^is sufficient to induce death in Bax deficient cells or in presence 

of CHX (Deshmukh and Johnson, 1998). SCG neurones need to be deprived of NGF 

for 15-20 hours before becoming “competent to die” upon injection of cytochrome c. 

This death can be prevented by caspase inhibitors but cannot be blocked by Bcl-2 

overexpression (Deshmukh and Johnson, 1998; Putcha et al., 1999).

These data suggest that two distinct processes are required during NGF 

deprivation-induced of SCG neurones: a transcriptionally regulated Bax-mediated release 

of cytochrome c, and a Bax-independent, transcriptionally independent, development of a 

“competence to die” status (Deshmukh and Johnson, 1998). This extra requirement for 

development of “competence to die” in neuronal cells is thought to be a control 

mechanism for post-mitotic cells such as neurones which cannot be easily replaced. 

Release of cytochrome c can occur as a result of accidental and transient perturbation of 

the mitochondrial membrane (Scarlett and Murphy, 1997; Yang and Cortopassi, 1998) 
and this double-controlled mechanism would ensure that only proper death signals like 

NGF deprivation would trigger cell death (Deshmukh and Johnson, 1998). Interestingly, 
the development of a competence to die, induced by NGF deprivation, gradually 
disappears with age in culture (Putcha et al., 2000), presumably explaining the loss of 

NGF dependence of mature neurones in culture (Easton et al., 1997). After several 

weeks in culture, NGF deprivation does not promote Bax translocation and injection of 

cytochrome c in the absence of NGF is no longer sufficient to induce death suggesting 

that loss of NGF dependence results from the inhibition of both these two processes 
(Putcha et al., 2000).

1.8.4 Involvement of caspases in sympathetic neurone death.

Several findings illustrate the importance of caspases in neuronal apoptosis and 

their role as common downstream effectors (reviewed by Schwartz and Milligan, 1996). 

Caspase involvement in apoptosis of sympathetic neurones has been demonstrated in 

several studies showing that both viral caspase inhibitors such as CrmA (Gagliardini et 

al., 1994) and p35 (Martinou et al., 1995; McCarthy et al., 1997a) and cell-permeable 
peptide inhibitors (Deshmukh et al., 1996) block NGF-deprivation induced death. Most 

of these studies, however, have been performed with general caspase inhibitors which 

lacked specificity for a particular caspase, at the concentrations used for cell culture 

experiments, and a comprehensive analysis of the caspases expressed and activated in 

SCG neurones is still missing. However, some experimental evidence obtained with 

more selective peptide inhibitors, based on the preferred substrate specificity of the
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different caspases, suggested a role for caspase-2 and caspase-3 but not caspase-7 in 
death induced by NGF deprivation (McCarthy et al., 1997a). An important role for 
caspase-2 in NGF dependent apoptosis was highlighted by Troy et al., (1997) who 
showed that inhibition of caspase- 2  expression by a specific antisense oligonucleotide 
rescued sympathetic neurones and PCI2 cells from death caused by NGF deprivation. 
Protection by caspase-2 antisense oligonucleotides appeared to be selective for this 
apoptotic pathway, as death induced by superoxide dismutase (SODl) downregulation 
was not inhibited at the same oligonucleotide concentration (Troy et al., 1997). A 
reduction of caspase-2 expression had no effect on caspase-3 activity suggesting perhaps 
that the two caspases may be activated independently of each other and that caspase-3 
may not be essential for apoptosis of sympathetic neurones (Stefanis et al., 1998). 
Cultured sympathetic neurones from caspase-2 knock-out mice, however, undergo 
apoptosis normally following NGF withdrawal (Bergeron et al., 1998), suggesting that 
the regulation of the caspase pathway may be more complex than previously thought. 
Interestingly, downregulation of caspase-2 with anti sense oligonucleotides blocked death 
of sympathetic neurones induced by beta amyloid peptide and neuronal cells from 
caspases-2 knock-out mice are resistant to beta amyloid mediated apoptosis (Troy et al., 
2000). The requirement for cytochrome c release in NGF withdrawal-induced death of 
cultured sympathetic neurones (Deshmukh and Johnson, 1998; Neame et al., 1998) 
suggested that caspase-9 was also involved in neuronal apoptosis. The involvement of 
other upstream caspases such as caspase- 8  and caspase-1 0 , as in the apoptotic pathways 
mediated by plasma membrane death receptors, has not been demonstrated in sympathetic 
neurones. Some recent evidence seems to implicate components of the Fas pathway in the 
neurotrophin withdrawal-dependent apoptosis of PC 12 cells (Le-Niculescu et al., 1999) 
and programmed cell death during the development of embryonic motoneurones (Raoul et 
al., 1999). However, a clear role for signalling mediated by death domain proteins and 
activation of death receptor during NGF deprivation has not been clearly demonstrated in 
sympathetic neurones.

1.9 THESIS AIMS.

The molecular mechanism of apoptosis is currently being elucidated and it is now 
generally held that the caspases are the key effector molecules, responsible for the typical 
apoptotic features in all cell types. Although there is extensive evidence for a role of 
caspases in apoptosis of neurones, both in development and disease states, the identities 
of the specific proteases involved in this process are still uncertain. Moreover, a defined
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caspase activation pathway has not yet been described in neurones, unlike in some non 
neuronal cells.

Therefore, I aimed to identify, by RT-PCR, the caspases which are expressed in 
neurones and therefore may take part in neuronal apoptosis. Furthermore, the possibility 
that caspase activation in neurones is mediated by death domain (DD) and death effector 
domain (DED) interactions, as described in non neuronal systems, was also investigated. 
A brain cDNA library was screened using DD/DED probes and the role of DD/DED 
interactions was further assessed by overexpression experiments to determine the effect 
of DD/DED proteins upon neuronal survival. The neuronal expression and the possible 
transcriptional regulation of caspases and DD/DED related proteins was also analysed in 
order to identify potential caspase-activation pathways.

These studies were conducted using a primary cell culture model of 
developmental neuronal apoptosis, rat superior cervical ganglion (SCG) neurones, which 
undergo apoptosis following neurotrophic factor deprivation.
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2 MATERIALS AND METHODS.

2.1 MATERIALS AND SUPPLIERS.

2.1.1 Reagents.

General laboratory reagents were of ultrapure quality and were purchased from 
BDH Chemicals Ltd, Gibco BRL or Sigma-Aldrich Chemicals. Other reagents used in 
this investigation were obtained from the following manufacturers:

Amersham (Buckinghamshire, UK):
ECL reagent, Hybond ECL nitrocellulose membrane, ECL DNA labelling kit, Hybond 

membranes. Rainbow protein markers. X-ray Hyperfilm.

Anachem (Bedfordshire, UK):
LB medium tablets.

Bio-Rad (Hertfordshire, UK):

Prep-a-Gene matrix kit, P-mercaptoethanol.

Boehringer Mannheim (East Sussex, UK):
Calf intestinal alkaline phosphatase. Random primed DNA labelling kit.

Eurogentec (Abingdon, UK):
DNA smart ladder.

Gibco BRL (Paisley, UK):
cDNA synthesis kit, dNTPs, Elongase DNA polymerase and buffers, L-Glutamine, low 
melting agarose, NZY agar and broth, 5’ RACE system Version 2.0 kit. Superscript 
reverse transcriptase, trypsin/EDTA solution, ultrapure CsCl, ultrapure 
phenokchloroform.

Genosys (Cambridge, UK):
RT-PCR primers.
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Globepharm Ltd (Surrey, UK): 
foetal calf serum.

Cambridge Bio Science (Cambridge, UK): 
neutral 70 kD Texas Red dextran.

Lome Laboratories (Berkshire, UK): 
collagenase type 2 .

New England Biolabs (Hertfordshire, UK):
Restriction endonucleases, modifying enzymes.

No vex (CA, USA):
Tris-Glycine pre-cast polyacrilamide gels, 2x loading buffer, 10 x running buffer.

Perkin-Elmer ABI (Cheshire, UK):
AmpliTaq Gold DNA polymerase. Big Dye terminator kit.

Pharmacia (Buckinghamshire, UK):
Sephadex® G-50 columns.

Pierce (EL, USA):
BCA protein assay reagent.

Promega (Hampshire, UK):
NGF (2.5S), Profection® Mammalian transfection system, Rnasin ribonuclease 
inhibitor, SoftLink avidin resin, TNT® T7 coupled reticulocyte lysate system.

Qiagen (Surrey, UK):
RNeasy purification kit, QIAprep plasmid purification kit. Plasmid purification Maxi kit. 

Sigma-Aldrich (Dorset, UK):
agarose, ampicillin, chloramphenicol, Dulbecco modified Eagle medium (DMEM), LB 
agar tablets, Penicillin/Streptomycin solution, poly-L-lysine.

Stratagene (The Netherlands):
cDNA library kit Zap express, pCRScript cloning kit, Pfu DNA polymerase.
Quick® mRNA isolation kit. Rapid excision kit, Salmon sperm DNA, XL 1-Blue MRF’ 
competent cells. Zap express-cDNA Gigapack III kit.
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United States Biochemicals (CA, USA):
Sequenase 7-deaza-dGTP kit.

2.1.2 Antibodies.

Amersham (UK):
sheep anti-mouse-Biotin (RPNIOOI), streptavidin-horse radish peroxidase (RPN1231). 

Jackson Immunoresearch laboratories (USA):
donkey anti-Guinea pig IgG (706-025-148), goat anti-mouse (FITC) (115-095-100), 
goat anti-rabbit (TRITC) (111-025-144).

Sigma-Aldrich (UK):

mouse anti-Flag M2 (F3165), rabbit anti-neurofilament (N4142), mouse anti-SlOOp 

(S2535), rabbit anti-fibronectin (F3648).

Stressgen (USA):
rabbit anti-FADD (AAP-211C).

Transduction Laboratories (USA): 
mouse anti-FADD (F336620).

Upstate Biotechonogies (USA):
Mouse anti-FADD clone IF7 (05486), mouse anti-Fas (15028).

2.1.3 Stock solutions.

lOx DNA Loading buffer 0.4% bromophenol blue
0.4% xylene cyanol 
50% glycerol 
lOOmMEDTA

ethidium bromide 1 0  mg/ml in distilled water

IxPBS 2.5 mM KCl
8.1 mM Na2HP04, pH 7.4
1.5 mMKH2P04 
140 mM NaCl
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Ix PBS-T 

IxTBE

TE

Ix Transfer Buffer

PBS containing 0.1% v/v Tween-20

89 mM Thzma base 
89 mM boric acid 
2mMEDTA

10 mM Tris-HCl, pH 8  

ImMEDTA

48 mM Trizma base 
39 mM Glycine 
0.03% SDS 
2 0 % methanol

50 X Denhardt solution
5 g Ficoll (type 400)
5 g polyvinyl pyrrolidone 
5 g BSA (fraction V) 
water to 500 ml

DNA hybridisation 
buffer 1%BSA

ImMEDTA
0.5M phosphate buffer pH 7.2 
( IM phosphate buffer pH 7.2 = 134 g 
Na2P04.7H20 and 4 ml of 85% H3PO4 )

DNA hybridisation 
Wash buffer-1 0.5 % BSA

ImMN^EDTA 
40 mM phosphate buffer

DNA hybridisation 
Wash buffer-2

20 X SSC

ImMNa^EDTA
40 mM phosphate buffer

175.3 g NaCl
8 8 . 2  g sodium citrate 
water to 1 1, pH 7
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2.2 RNA PURIFICATION.

2.2.1 Total RNA extraction.

Total RNA was generally isolated from cell lines and primary cell cultures using 
the RNeasy purification kit (Qiagen) according to the manufacturer’s protocol.

Total RNA was also isolated from intact rat tissues. Brains, thymuses, kidneys 
and livers were dissected from 1 - 8  days old rats and immediately frozen in liquid nitrogen 
or on dry ice. The frozen tissues were then ground with a pestle and a mortar, in the 
presence of liquid nitrogen. The ground tissues were lysed in guanidinium buffer (10 ml 
buffer/g tissue), then 0.1 volumes of 2M sodium acetate and 1 volume of water-saturated 
phenol were added. After brief vortexing of the solution, 0.5 volumes of chloroform- 
isoamylalcohol (49:1) was added and vortexed. Two phases were obtained by

centrifugation at about 1,800 x g for 15 minutes at 4°C. The upper aqueous phase

containing RNA was transferred into a fresh tube and the phenol-chloroform extraction 
repeated until a clear aqueous phase was obtained. Total RNA was then precipitated from 
the aqueous phase by addition of 2.5 volumes of ice-cold ethanol (100%) and

centrifugation at 9,000 x g for 30 min at 4°C. The RNA pellet was washed once with

80% ethanol (made up with DEPC-treated water). Finally the RNA was resuspended in 
100-500 |Lil of DEPC-treated water.

RNA purity was assessed by electrophoresis in TEE agarose gels containing 
ethidium bromide (0.5 |xg/ml). RNA quantitation was done by spectrophotometric 
analysis using GeneQuant U RNA/DNA calculator (Pharmacia).

2.2.2 mRNA purification.

Messenger RNA was purified from the total RNA preparation using the Poly (A) 
Quick® mRNA isolation kit (Stratagene) according to the manufacturer’s protocol.

2.3 DNA MANIPULATIONS.

2.3.1 Bacterial transformation.

For bacterial transformation XL 1-Blue MRF’ competent bacteria (Stratagene) 
were used, according to the manufacturer’s instructions. After transformation, between
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10 and 750 |il was spread out onto LB agar plates (Sigma-Aldrich) containing a final 
concentration of 100 pg/ml ampicillin or 10 Hg/ml kanamyicn (Sigma-Aldrich). Volumes 
larger than 2 0 0  p,l were plated after pelleting the bacteria and resuspending them in 1 0 0 - 
200 pi LB medium. Bacterial plates were allowed to dry and were incubated overnight at 
37°C.

2.3.2 Small scale plasmid preparations.

Single bacterial colonies were inoculated into 3-5 ml LB medium (Anachem) 
containing a working concentration of the appropriate antibiotic and shaken vigorously 
overnight at 37°C. For plasmid extraction 2 ml of bacterial suspension was transferred to 
a microcentrifuge tube and centrifuged at 10,000 x g in a bench-top centrifuge for 5 
minutes. The supernatant was removed and the cell pellet was processed according to the 
QIAprep plasmid purification kit manual (QIAGEN). The plasmid DNA was usually 
eluted in 50-100 pi TE buffer or water and 5-10 pi was analysed by endonuclease 
digestion. For DNA sequencing analysis the plasmid DNA preparation was further 
concentrated 1 0  fold by ethanol precipitation.

For long term storage glycerol stocks were prepared by mixing 0.8 ml of the

bacterial culture with 0.2 ml of sterile glycerol. Glycerol stocks were stored at -70°C.

2.3.3 Large scale plasmid preparations.

Between 100 and 400 ml of LB media containing antibiotic were inoculated with a 
single bacterial colony from a freshly streaked LB-agar plate. Cultures were grown 
overnight at 37°C. In the case of low copy number plasmids, chloramphenicol was 
added, after overnight incubation, at a final concentration of 170 pg/ml and the cultures 
grown for a further 16 hours. Plasmid purification was performed with QIAGEN Maxi 
kit according to the manufacturer’s instructions. The final DNA pellet was resuspended in 
50-500 pi TE buffer.

Plasmids to be used in microinjection experiments were further purified by 
caesium chloride (CsCl) banding (Radloff et al., 1967). Solid CsCl (5 g) was added to 5 
ml of the DNA solution (in TE buffer) and mixed until the salt had dissolved, then 0.4 ml 
ethidium bromide (10 mg/ml) added. The solution was transferred to a 5 ml quick seal 
tube, adjusted for weight, heat sealed and centrifuged at 420,000 x g for 16 hours in a

Beckman NT-90 near vertical rotor at 20°C. The ethidium bromide stained band

containing supercoiled DNA was collected by drawing out the DNA solution with a 2 ml 
syringe. If required, the extraction was repeated with a fresh CsCl solution and a second 
centrifugation as described. To remove ethidium bromide from the plasmid DNA
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solution, an equal volume of NaCl-saturated isopropanol was vigorously mixed with the 
aqueous DNA solution. After allowing the phases to separate, the upper organic phase 
was discarded. This extraction procedure was repeated until the DNA solution was 
colourless. The DNA solution was diluted with 2-3 volumes of water, precipitated with 2 
volumes of ethanol and centrifuged for 20 minutes at 10,000 x g at 20°C. The pellet was 
washed in 70% ethanol, air-dried and re-suspended in distilled water.

DNA was quantified by measuring the absorbance of a diluted sample at 260 and 
280 nm using the Gene Quant IIUV Spectrophotometer (Pharmacia).

2.3.4 Restriction endonuclease digestion.

To analyse plasmid DNA, 1-2 |xg DNA was added to an excess of restriction 
enzyme (New England Biolabs), the appropriate volume of enzyme buffer concentrate 
and made up to a final volume of 10-20 [i\ with distilled H2 O. The reaction mix was 

incubated at the appropriate temperature (generally 37°C) for 2 hours. Analysis with more 
than one enzyme was performed by digesting DNA in a buffer with a salt concentration 
acceptable for both enzymes, as recommended by the manufacturer (New England 
Biolabs). For digestions with two enzymes, purified bovine serum albumin (BSA) was 
usually added to the digestion mixture to a final concentration of 100 pg/ml. Preparative 
reactions for isolation of DNA fragments were also digested as above with the volumes 
scaled up.

2.3.5 Agarose gel electrophoresis of DNA.

To analyse digested DNA and PCR fragments by agarose gel electrophoresis, 
1/10 volume of DNA loading buffer was added to the restriction digest mix. DNA 
fragments were resolved on agarose gels containing between 1 and 2 % w/w agarose, 
prepared in Ix TBE supplemented with 0.5 pg/ml ethidium bromide. DNA size markers 
(Smart Ladder, Eurogentec) were loaded in adjacent lanes. DNA was visualised on a UV 
transilluminator. In order to purify digested DNA, sections of the gel containing the 
appropriate fragments were excised with a scalpel. For DNA fragments > 200 bp in 
length, the DNA was purified with the Prep-a-Gene matrix kit (Bio-Rad) according to the 
protocol of the manufacturer. DNA fragments < 200 bp were initially separated by 
electrophoresis in 1% TBE low melting agarose gels (Gibco), and later purified from gel 
slices according to the protocol described by Sambrook et al. (1989).
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2.3.6 Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR).

Usually 1-5 pg of total RNA and 0.1-0.5 pg mRNA were used for cDNA 
synthesis. First strand cDNA synthesis was performed either with the Stratagene RT- 
PCR kit or the Gibco cDNA synthesis kit, using oligo(dT) and random primers following 
the recommended protocols. To prepare caspase-enriched cDNA mixtures the RNA was 
primed with 100 pmoles of caspase active site degenerate oligonucleotide (DEG771). 
cDNA synthesis was also performed with serial dilutions of the DEG771 degenerate 
oligonucleotide as described in Chapter 3. One tenth volume of the resulting first strand 
cDNA mixture was subjected to PCR amplification using the appropriate polymerase 
buffer at IX concentration containing 1.5 mM magnesium chloride, supplemented with 
0.5 mM deoxyribonucleotides, 1 pM PCR primers and 2.5 Units DNA polymerase. The 
DNA polymerases used were TaqPlus polymerase (Stratagene), AmpHTaq Gold (Perkin- 
Elmer) and Elongase (Gibco). The PCR cycling was performed using a GeneAmp PCR

system 2400 (Perkin-Elmer). The cDNA mixture was heat denatured at 95°C for 5 min.,

(10 min. in the case of AmpliTaq Gold) followed by 25-40 cycles of 1 min.-30 sec.

dénaturation at 95°C, 1 min.-30 sec. annealing at 40-60°C, depending on the melting

temperature (Tm) of the primers, and 1-2 min. extension at 72°C. All the primers used

are listed in the 2.3.8 section.
Rapid amplification of the cDNA ends (RACE) was performed using the 5’ 

RACE System version 2.0 (Gibco BRL) following the suggested procedure, in which 
caspase degenerate oligonucleotides were used as gene specific primers.

2.3.7 Affinity purification of biotinylated cDNA.

cDNA synthesis was also performed as described above using the biotinylated 
primer DEG771 (DEG771bio). The SoftLink avidin resin (Promega) was used to purify 
the resulting biotinylated cDNA. The non reversible binding sites on the resin were 
initially blocked by incubation with 2 volumes of 5 mM biotin for 20 min with rocking. 
The avidin resin was then regenerated as follows: 100 pi of the resin were briefly washed 
in 800 pi 10% acetic acid, followed by two washes in 800 pi phosphate buffer, pH 7. 
The resin was finally washed with 1 ml TE buffer. These washing steps were performed 
by centrifugation at 1,000 x g for 5 minutes followed by removal of the supernatant. The

regenerated resin was stored at 4°C until needed. Prior to use, 20 pi of the regenerated

resin was also blocked with 5 pi of salmon sperm DNA (Stratagene, 10 mg/ml) for 30 
minutes at room temperature, followed by one wash with 200 pi TE buffer.

cDNA was prepared from 0.1 pg mRNA as described before, using 150 pmoles 
of the biotinylated degenerate primer DEG771bio. Half of the resulting cDNA mixture
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was incubated with 20 |xl SoftLink avidin resin (binding capacity 30 pmoles/|il) for 6  

hours at 4°C with rocking. The resin was later washed three times with 200 |il TE buffer 

by centrifugation for 5 minutes at 1000 x g. The biotinylated cDNA species were eluted 

from the resin by incubation with 50 p-1 5 mM biotin at 4°C overnight with rocking. 

Aliquots of each purification step were collected for RT-PCR analysis.

2.3.8 RT-PCR primers.

The primer sequences are listed from 5’ to 3’ ends. The caspase degenerate 
primers are all antisense. For the other oligonucleotides the antisense primer is labelled 
with an ending “R”. For degenerate oligonucleotides the redundancies are identified by 
the following letter code: R= A+G; Y= C+T; M= A+C; K= G+T; S= G+C; W= A+T; H= 
A+T+Cj B= G+T+Cj D= G+A+Tj N= A+G+C+Tj V= G+A+C.

2.3.8.1 Chapter 3

actin:
Actinl GTGGGGCGCCCCAGGCACCA
Actin2 (R) GGTCCCGGCCAGCCAGGTCC

caspase degenerate primers:
DEG771
DEG763
DEG756
DEG750
GSW

YDCCWCKRCADGCYTG
CCWCKRCADGCYTGVAYRAWGA
YTGVAYRAWRAHVABYTT
AYDAWIAHIAIYTTIGGYTT
BBIAYRWAIMnSWICC

caspase-1 :
ICE444
ICE661R

TTCAGAGATTTATCCAATAA
AGAAGTCTTGTGCTCTGG

caspase-2 :
Nedd618
Nedd820R

GAGCAATGTGCACTTCACTGG
CCACACCATGTGAGAGGAGTGC

caspase-3:
CPP420 GGTACAGATGTCGATGCAGC
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CPP125
CPP361R

CCTCAGAGAGACATTCATGGC
TCGGCTTTCCAGTCAGACTC

random decamers: 
GENl-1 GTGCAATGAG
GENl-2 CAATGCGTCT
GENl-3 AGGATACGTG
GENl-4 TCCCTTTAGC
GENl-5 CGGATAACTG
GENl- 6 AGGTTCTAGC
GENl-7 TCCGACGTAT
GENl- 8 GGAAGACAAC
GENl-9 AGAAGCGATG
GENl-10 CCATTTACGC
GEN2-1 AAATCGGAGC
GEN2-2 GTCCATAGCA
GEN2-3 TACACTAGCG
GEN2-4 CATAGCCCTT
GEN2-5 CTACTAGGGT
GEN2-6 AGTGAATGCG
GEN2-7 ACGATTCCTG
GEN2-8 TTTACGGTGG
GEN2-9 ATGGTGTAGC
GEN2-10 AATCACACCC

2.3.S.2 Chapter 4

caspase- 8  cloning primers:
Flicel ATGGACTTCAGCAGAAATC
Machl729R TAGCACCATCAATCAGAAGG

F ADD cloning primers:
FADDl ATGGACCCGTTCCTGGTG
FADD2 (R) CTGTGTAGATGCCTGTGG
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rat F  ADD sequencing

FADD366

POLYDT-N

FADD32A

FADD178R

FADD428

FADD9R

FADD21R

FADD3R

FADD3B

FADD4R

pnmers:

CATTGTGTGTGACAATGTGG
rr i'r i'rr i'rrrr ii'i’rrrriTi'iTTV
GTGGACTTGATCACACCATG
TTGGTGACCTGGTTATCTCC
GTGACTGAAGGTTCTGAAGC
TTrrrm TG G A A A A A CT
TGGTTTATTTGGCCCCCCT
TTACAATCAGTCCTCATAGG
CCTGCCTCCACGGTGGTCTG
TCGACATTCTTCCAGACTCG

vector primers:

T3

T7

AATTAACCCTCACTAAAGGG
GTAATACGACTCACTATAGGGC

2.3.8.3 Chapter 6

caspase-1: 

caspl-976 

caspl-1208R

ATTGCTTTCTGCTCTTCAAC
AATGTCCTGGGAAGAGGTAG

caspase-6:

casp6-310

casp6-714R

ACAAGAGGAGAGGAACTGCC
CCAGAGGAACCAAGGGCACG

caspase-7:

casp7-262

casp7-594R

GGAATGGGACGGACAAAGAC
CAGCCTGGATCCCGTCATCC

caspase-8:

casp8-56

casp8-299R

TGGCCTCCCTCAAGTTCCTG
ATAGAGCATGACCCTGTAGG

caspase-9:

casp9-662

casp9-898R

ACCTGCTGCCAAGAAAATG
GGATGAAGAAGAGCTTGGGC
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caspase-1 0 : 
casplO-853R 
casplO-931R 
casplO-239 
casp 10-390

TCATCCTGTACACAGCTGCC
TATGGGTTCCTTGTCTGTCC
TGGGGGTCCAAGATGTGGAG
ACTCCTCTATATCATACGGC

DP5:
DP5F
DP5R

AGACCCAGCCCGGACCGAGCAA
ATAGCACTGAGGTGGCTATC

DR3:
DR3-590
DR3-787R

TTGTGGCTGTGTTTGTTTGC
GTGGCTCTGCTGGCTCCTG

DR4:
DR4-770
DR4-1040R

TGCTGATTGTCTGTTGTTGC
AACCAGCAGCCTCCTCCTCT

DR5:
DR51066
DR51221R

AGTGCCCTTTGACTCCTGGG
TCGATGGAGCACTCTCGCCC

FADD:
FADD81
FADD467R

GCTGCTGCACTCGCTGTCCA
GGGGGTACCTCTCCTCAATG

Fas:
FASR167
FASR488R

CGTGAAACCGACAACAACTG
CGAGGTGCAGTGATAACAGT

FasL:
FASL469
FASL755R

CACACCCTCTGAAACCAAAA
CAACTTCTTCTCCTCCATTA

fibronectin:
Fibro-1257
Fibro-1540R

TTACGGTGGCAACTCAAACG
TTTCATGTTGTCCCGCCTAC
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neurofilament
NFIO
NF176R

ACGCTGGACTCGCTGGGCAA
GCGAGCGCGCTGCGCTTGTA

SlOOP

S100-2 
S100-220R

GGATGTCTGAGCTGGAGAAG
ACTCCTGGAAGTCACACTCC

RAIDD:
RAIDD253
RAIDD493R

AGCTCAAACCACAGGCCTCC
GAGCCAGCTGGTTAATCTGC

RIP:
RIP53
RIP343R

TGCAACCAGACATGTCCTTG
CCTTCTCCATGTACTCCATC

TNFa:

TNFalpha72
TNFalpha524R

CCAGAACTCCAGGCGGTGTC
TGGCGGAGAGGAGGCTGACT

TNFRl:
TNFR710
TNFR994R

GTAAGGAGAAACAGAACACC
AGCTGAATCCCTACAAATGA

2.3.9 Ligation of DNA

Ligation of DNA fragments into plasmids was performed by digesting the vectors

with the required restriction enzymes for up to 3 hours at 37°C. Occasionally, the

linearised vector was dephosphorylated with 2 units/pg calf intestinal phosphatase (New

England Biolabs) for 30 minutes at 37°C, to prevent self-ligation. The DNA fragments

were subsequently purified from agarose gels as described above.
Subcloning of purified PCR fragments was performed as described in the pCR- 

Script cloning kit manual (Stratagene). Before gel purification, the PCR fragments were 
routinely polished with Pfu DNA Polymerase. Pfu DNA polymerase (2.5 U) were added

to 10 pi of PCR product and the reaction was incubated for 20 minutes at 72°C. An
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aliquot of the polished PCR product was then added to the ligation reaction according to 
the molar ratio for vector and insert recommended by the manufacturer (Stratagene).

2.3.10 DNA Sequencing

Double strand DNA sequencing was performed by cycle sequencing using the 
Big Dye Terminator kit (Applied Biosystems), with vector or template-specific primers. 
The fluorescent-labelled products were loaded onto an automated 310 ABI Prism DNA 
sequencer. The results were analysed with the 310 DNA analysis software (Applied 
Biosystems).

DNA sequencing was performed also manually, using the Sequenase 7-deaza- 
dGTP kit (United States Biochemicals) as recommended by the manufacturer.

2.3.11 DNA hybridisation blots.

Varying amounts of endonuclease digested plasmid DNA were separated on 1% 
TBE agarose gels containing 0.5 |Lig/ml ethidium bromide. After the electrophoresis the 
gel was aligned with a transparent ruler and photographed under ultraviolet illumination. 
The photograph was used to correlate the hybridisation signal with specific EtBr stained 
DNA bands. The agarose gel was treated with 0.25 M HCl for 10-15 minutes. The gel 
was then rinsed in water and denatured in 1.5 M NaCl, 0.5 M NaOH for 30 minutes. 
After a brief rinse in distilled water the gel was placed in neutralisation buffer containing
1.5 M NaCl, 0.5 M Tris-HCl pH 7.2, ImM EDTA, for a further 15 min. The DNA was 
then blotted onto Hybond-N^ positively charged membranes (Amersham) by capillary 
blotting overnight as described by Sambrook et al. (1989). After blotting the DNA was 
covalently cross linked to the membrane by UV irradiation using a UV Stratalinker 
(Stratagene) following the manufacturer’s instructions. The cDNA probes were prepared 
using the reagents supplied with the Random Primed DNA labelling kit (Boehiinger 
Mannheim). Between 25 and 50 ng of double stranded cDNA probe were radiolabelled 
with 5 |xl alpha ^̂ P (0.37 Mbq/p.1; Amersham). Unincorporated radioactivity was 
eliminated by gel filtration using Sephadex® G50 Nick Columns (Pharmacia Biotech) 
following the manufacturer’s instructions. Hybridisation of the labelled probes was 
performed essentially as described by Church and Gilbert (1984). The membranes were

pre-hybridised at 65°C for 2-4 hours in hybridisation buffer (Church and Gilbert, 1984),

then the denatured radiolabelled probe was added and incubated with the membrane at 62-

65°C for up to 16 hours. The membranes were then rinsed with several washes of 0.5 1

of wash buffer-1 and 11 of wash buffer-2 at 50-60°C (Church and Gilbert, 1984) for 30 

minutes each. The membrane was then air-dried and incubated with an autoradiography
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film in a X-ray cassette with intensifying screen and left at -70°C for 1 to 15 days. DNA

hybridisation experiments were also performed using fluorescein-labelled cDNA probes, 
following the same protocol described above. The Fluorescein-labelled DNA probes were 
prepared using the ECL DNA Labelling kit and the hybridised DNA species were 
detected with HRP-conjugated anti-fluorescein antibody (1:1000 ECL DNA Labelling kit) 
according to the protocol recommended by the manufacturer (Amersham).

2.3.12 cDNA library construction and screening.

5 |Xg of mRNA, obtained from the ischemic brain of adult rats and prepared by Dr 
Claire Walder and Dr Kurt Herrenknecht at Eisai London Research as described by 
MacManus et al. (1994 ), was used to construct a lambda cDNA library with the reagents 
and protocols provided with the Zap express-cDNA Gigapack 111 kit (Stratagene). A total 
of 10̂  plaque-forming units (pfu) were plated onto 15 cm NZY agar (Gibco BRL) plates

and incubated for 6  hours at 37°C. The plates were then cooled at 4°C for one hour.

Plaque lifts were taken with Hybond N'" filters (Amersham). The lifts were taken in 
duplicate as described by Sambrook et al. (1989), denatured and neutralised for 5 
minutes on buffer-saturated Whatman paper (3MM Chr), and left to air-dry overnight.

The membranes were pre-hybridised at 65°C for 2 hours in hybridisation solution (6 x

SSC, Ix Denhardt reagent’s, 0.1 % SDS, 10 pg/ml sheared salmon sperm DNA). The 
filter was screened with human FADD cDNA (Not 1/Pst I fragment) and human caspase - 
8  cDNA (EcoR I fragment). Double stranded DNA (50 ng) was radiolabelled for both 
probes with 7.6 Mbq alpha dCTP (Amersham). The two combined radiolabelled

probes were then added and the incubation was continued at 62°C overnight. The filters

were subsequently washed in O.lx SSC, 0.1 % SDS at 50°C in several rinses for 1 hour. 
The air-dried filters were then exposed to autoradiography films for up to 72 hours. 
Positive plaques were isolated, re-plated and re-screened for a further 2 rounds. After 
tertiary screening the phagemids were excised from the positive lambda clones using the 
Rapid excision kit (Stratagene) according to the manufacturer’s protocol.

2.3.13 In vitro translation.

In vitro translation of recombinant cDNAs was performed using the TNT® 
Reticulocyte Lysate System kit (Promega) as recommended by the manufacturer. 
Generally 1 pg of plasmid DNA was translated using the T7 primer and the reaction was

incubated for 1 hour at 37°C. A 5 pi aliquot was then analysed by polyacrylamide gel

electrophoresis.
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2.3.14 Transfection.

HeLa cells were transfected according to the calcium phosphate method (Graham 
and Eb, 1973) using reagents supplied with the ProFection® Mammalian Transfection 
System kit (Promega) following the manufacturer’s recommendations. After 24 hours 
incubation with calcium phosphate the cells were washed, placed in fresh media and 
allowed to express the transfected proteins for up to 24 hours. Cell death was then 
induced by addition of anti-Fas antibody (Affinity) for 24 hours at a final concentration of 
150 ng/ml.

2.3.15 Microinjection.

Microinjection was carried out using a Zeiss Axiovert 135M microscope with an 
Eppendorf transjector (5246) and micromanipulator. Microinjection needles were pulled 
from glass capillaries (David Kopf instruments, USA) using a vertical pipette puller 
(David Kopf instruments, USA). DNA expression vectors were injected into the nucleus 
in 0.5 X PBS at a maximum DNA concentration of 0.1 mg/ml. SCO neurones were 
injected 5-7 days after plating. Neutral 70 kD Texas Red dextran was co-injected at a final 
concentration of 5 mg/ml to mark the injected cells. After injection the neurones were left 
for 3-4 hours and the number of Texas Red dextran positive cells that had survived 
injection were counted. Apoptosis was then induced by the withdrawal of NGF. This 
was referred to as “time 0” at which point medium changes were made.

2.4 TISSUE CULTURE.

2.4.1 Cell line culture.

2.4.1.1 Non neuronal cell lines.

Jurkat and HeLa cells were cultured in plastic tissue culture dishes or flasks and 
maintained at 37°C in humidified 10% (v/v) CO2  atmosphere in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% foetal calf serum (PCS; Globepharm) and 2 mM 
Glutamine. Jurkat cells were routinely passaged every 3-4 days by diluting between 1:5 and 
1:10 into new growth medium. HeLa cells were detached by incubation with a trypsin- 
EDTA solution (Gibco BRL). After centrifugation at 900 x g the cells were resuspended into 
fresh 10% FCS/DMEM.
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For long term storage cell pellets were resuspended in DMEM containing 20% foetal 
calf serum and 10% dimethyl sulphoxide (DMSO), 1 ml aliquots of cells were slowly 
cooled in an insulated box at -70°C overnight before being placed under liquid nitrogen. 
Cells were recovered from storage by rapid thawing at 37°C, slow addition of 9 ml fresh 
medium, centrifugation at 900 x g for 5 minutes and plating out into fresh medium.

2.4.1.2 PC12 Cells culture.

Naive PCI2 cells were grown in DMEM supplemented with 1% penicillin- 
streptomycin solution (Gibco BRL), 125 pg/ml transferrin, 625 pM Glutamine, 10 pg/ml 
insulin, 2% foetal calf serum and SATO mix (Doherty et al., 1988).

PC 12 cells were cultured on tissue culture flasks and dishes coated with collagen. 
Collagen stock solutions were prepared by Mary Jane McCarthy at Eisai London 
Laboratories as follows. Freshly removed rat tails were sterilised in 70% ethanol for 30 
minutes. Collagen threads were then removed, starting at the tips, using clamping scissors 
and moving gradually towards the base of the tail. The collagen threads were rinsed in 
sterile distilled water, chopped into small pieces and transferred into a sterile plastic bottle

containing 1 mM acetic acid (20 ml per tail). The mixture was stirred for 2 to 3 days at 4°C

to induce solubilisation of the collagen. More 1 mM acetic acid was added during this 
incubation until the majority of the collagen fibres were completely dissolved, resulting in a 
viscous solution. The solution was then centrifuged in Falcon tubes at 11,000 x g for 30

minutes. The supernatant was recovered and aliquots were stored at -20°C. As required, the

collagen solution was thawed at room temperature and was diluted 1:15 in 1 mM acetic acid 
for treatment of the plates. The dishes and flasks were coated for 2 hours with collagen. 
After each coating step the dishes were washed twice with PBS. Cultures were passaged

once a week and maintained at 37°C in a humidified atmosphere supplemented with 8% 

CO2 . The cells were passaged as follows: the cells were quickly rinsed with 1 ml 

trypsin/EDTA solution (Gibco BRL) at room temperature and then treated for 2 min with 1 

ml of trypsin/EDTA at 37°C. The trypsin reaction was stopped by the addition DMEM

containing 2% ECS. The cells were then collected by centrifugation at 1,000 x g for 10 
minutes and the pellet was resuspended in fresh culture medium by trituration using a 10 ml 
syringe and a 19G needle before cell counting and plating. The medium was normally 
changed every 3-4 days.

For differentiation tissue culture flasks and dishes were initially coated with poly-L- 
Lysine (25 pg/ml in water; Sigma) for 1 hour at room temperature, followed by coating with 
collagen as described above. PCI2 cells were plated at a density of 1x10^ cells per 9 cm
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dish, in defined medium supplemented with 100 ng/ml murine NGF 2.5S (Promega). Cells 
were differentiated for 7 days prior to harvesting for extract preparation or death induction.

For NGF withdrawal experiments, the medium was gently removed and PC12 
cells were washed with fresh medium lacking NGF. The cells were then re-fed with 
medium supplemented with anti-NGF antibody (100 ng/ml; Boheringher). For RNA and 
protein extraction the cells were lysed directly on the plates after removal of the medium. 
Non adherent, apoptotic, cells were also collected by centrifugation and added to the 
lysed adherent cells

2.4.2 Primary neuronal cell cultures.

Superior cervical ganglia (SCGs) were removed from 1 day old Sprague Dawley 
rats (Biological Services Unit, UCL). The ganglia were isolated using fine forceps and 
dissociated by incubation in 5 ml 0.025% trypsin (Sigma) in PBS for 30 minutes at 37°C, 
followed by addition of 5 ml 0.4% collagenase type 2 (Lome Laboratories) in PBS

(containing Mg^"  ̂ and Câ '*’) and a further 30 minute incubation at 37°C. The enzymatic 
reaction was stopped by addition of 5 ml DMEM, containing 10% serum, and centrifugation 
for 10 minutes at 900 x g. The ganglia were further dissociated by initial trituration using a 1 
ml Gilson tip and then to single neurones by trituration through a 21 gauge syringe needle. 
The cell population was enriched for neurones by pre-plating for at least 2 hours on plastic 
tissue culture dishes, to allow non-neuronal cells to attach (Deckwerth and Johnson, 1993). 
After pre-plating, the neurones were gently washed off, centrifuged at 900 x g for 7 minutes 
and resuspended in culture medium, 50 pi per each original ganglion. For microinjection, 
cell staining, or cell viability experiments, 50 pi of cell suspension was plated onto each 
poly-L-lysine/laminin (both from Sigma) coated 13 mm glass coverslip. The coverslips had 
been previously coated in poly-L-lysine (1 mg/ml) for 24 hours with gentle shaking. 
Afterwards they had been washed with distilled water overnight for three days. Air-dried 
coverslips were stored at room temperature with silica crystals until needed. The coverslips 
were then coated with laminin (20 pg/ml in DMEM) for at least 2 hours before plating. The 
plated SCG neurones were cultured in DMEM medium containing 10% foetal calf serum, 
100 pg/ml penicillin, 100 pg/ml streptomycin, 2 mM Glutamine and 100 ng/ml NGF. To 
limit the growth of non-neuronal cells, 20 pM fluorodeoxyuridine and 20 pM uridine (both 
from Sigma) were added. Cells were cultured for 5-7 days prior to use. For NGF 
withdrawal experiments the medium was removed, and fresh medium lacking NGF and 
supplemented with 100 ng/ml of anti-NGF antibody (Promega) added.

For purified SCG cultures the ganglia were dissected and triturated to single cells as 
described before. The cell suspension, derived from 8-12 ganglia was plated onto a collagen 
coated 3 cm tissue culture dish. The dishes were prepared as follows: the collagen stock
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solution was diluted 1:15 with 1 mM acetic acid and 100 p,l of this solution was evenly 
spread onto a 3 cm plastic dish and left to air dry before adding the cell suspension. After 1

hour incubation at 37°C, the non adherent cells were removed by gentle shaking of the dish

and aspiration of the supernatant. This procedure was repeated using a fresh collagen coated 
dish. Finally, the cells were plated onto poly-L-lysine/laminin coated glass coverslips as 
described above and left overnight in defined medium containing 100 ng/ml NGF. The 
following day the supernatant was aspirated and the neurones were removed by gentle 
washing of the coverslips with 1 ml each of fresh DMEM medium using a 1 ml Gilson 
pipette. The neurones were collected by centrifugation at 900 x g for 10 minutes, 
resuspended in DMEM medium containing 100 ng/ml NGF and gently triturated as 
previously described using a Gilson pipette. The neurones were finally plated onto fresh 
poly-L-lysine/laminin coated glass coverslips and cultured for 5-6 days.

2.5 PROTEIN ANALYSIS.

2.5.1 Protein measurement.

Estimation of the protein content of cellular extracts was determined using the 
BCA protein assay reagent kit (Pierce) against BSA protein standards ranging between 25 
and 200 pg/ml, following the instructions of the manufacturer.

2.5.2 Polyacrylamide gel electrophoresis of proteins.

One dimensional SDS polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed as described by Laemmli (1970) using pre-cast 4-20 % polyacrylamide 
gradient Tris-Glycine gels and Xcell electrophoresis apparatus (Novex). Cells for protein 
analysis were washed on the plates twice in ice-cold PBS, lysed by addition of 1 x

Novex loading buffer containing 5% p-mercaptoethanol and scraped from tissue culture

plates. For SCG protein extracts the cells were removed as a neuronal sheet by shaking 
of the dish and gentle washing with a Gilson pipette. The cells were collected by 
centrifugation at 1,000 x g in a 1.5 ml Eppendorf tube and washed twice with 500 pi 
PBS before adding the appropriate volume of lysis buffer. The lysed cell solution was 
sheared through a 25 gauge needle to disrupt genomic DNA.

For estimation of protein content samples were lysed in a different lysis buffer 
containing lOOmM Tris.HCl pH 6.8 and 4% SDS and boiled for 5 minutes. After BCA 
protein assay, an equal volume of buffer containing 0.2% Bromophenol Blue, 20 %

8 2



glycerol and 10% P-mercaptoethanol was added to reconstitute a 1 X loading buffer.

Samples were boiled for 5 minutes prior to loading. Samples were loaded under Novex 
PAGE buffer and the gels electrophoresed at a constant voltage until the bromophenol 
blue dye had reached the bottom of the gel. After electrophoresis the gels were either 
immunoblotted as outlined below or fixed and dried. Gels were fixed and stained in 30% 
methanol, 7.5% glacial acetic acid, 0.5% Coomassie blue and destained in 30% 
methanol, 7.5% glacial acetic acid, 15% glycerol. For drying, gels were placed onto 
Whatman 3MM paper, overlaid with Saran wrap and heated under vacuum for 2 hours on 
a BioRad gel drier.

2.5.3 Immunoblotting of proteins.

Following electrophoresis, proteins were transferred to Hybond-ECL 
nitrocellulose membrane (Amersham) by electroblotting. Prior to transfer the gel was 
equilibrated with transfer buffer for 10 minutes and the membrane pre-soaked in distilled 
H2 O for 5 minutes. The polyacrylamide gel was placed onto the membrane and 

sandwiched between three pieces of Whatman 3MM paper. The sandwich was placed 
into the submerged blotting apparatus containing 1 x transfer buffer (48 mM Trizma base, 
39 mM Glycine, 0.03% SDS, 20% v/v methanol). Protein gels were allowed to transfer 
for one hour with constant voltage of 107 V at room temperature using a BioRad 
transblotter. After transfer, membranes were rinsed in distilled H2 O and either used

immediately or wrapped in Saran wrap and stored at 4°C. Protein loading was checked

by staining membranes for 5 minutes in 0.2% Ponceau-S (3% trichloroacetic acid; 
Sigma), and then washing in distilled H2 O.

To detect specific immobilised proteins, membranes were blocked for at least 2 
hours in PMT (PBS containing 0.1% v/v Tween-20 and 5% non-fat milk powder). 
Membranes were then incubated overnight at 4°C with 1:1000 dilution of primary mouse 
monoclonal antibody in PMT. Membranes were washed 3 x 1 0  minutes in PBS-T (PBS 
with 0.1% v/v Tween-20) before incubation with a 1:1000 dilution of a secondary anti 
mouse biotin-conjugated Ig (Amersham) in PMT for 1 hour at room temperature. 
Following at least 3 x 10 minute washes in PBS-T the membranes were incubated with 
streptavidin horseradish peroxidase conjugate (Amersham) at 1:1000 in PMT for 1 hour 
at room temperature. Membranes were then rinsed with several washes in PBS-T, treated 
with ECL reagent (Amersham) for 1 minute and exposed to X-ray film.
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2.5.5 Immunofluorescence.

Immunocytochemical staining was used to detect overexpression of ectopic 
proteins by microinjection and expression of endogenous proteins. For microinjection, 
Texas Red dextran was replaced by purified guinea pig IgG in the injection mix (5 
mg/ml) and injected neurones were incubated for a further 16 hours to allow time for 
proteins to be expressed. Cells were fixed on the glass coverslips by treatment with 3% 
paraformaldehyde at room temperature for 20 minutes. After washing 3 times in PBS, 
fixed cells were permeabilised and blocked in fluorescence buffer containing 0.5% triton 
X-100, 50% goat serum, 0.2 % gelatin, 0.5 % bovine serum albumin (BSA) in 0.5 x 
PBS for up to 30 minutes. Cells were incubated with primary antibody at 1:100 (anti-

FADD antibody) and 1:1000 (anti-Flag, anti-NF and anti-SlOOP antibodies) dilutions and

a Rhodamine-conjugated goat anti-guinea pig IgG antibody at 1:100 (to identify injected 
cells) dilution in fluorescence buffer for 1 hour at 37°C. The cells were washed 3 times in 
PBS before incubation with a fluorescein-conjugated secondary antibody at a dilution of 
1:100 in fluorescence buffer for 1 hour at 37°C and washed 3 times in PBS. To visualise 
the chromatin, cells were stained for 5 minutes in 1 p.g/ml Hoechst 33342 in PBS and 
washed 3 times in PBS and twice in distilled H2 O before mounting the coverslip face 

down onto a drop of Citifluor® (Citifluor UKC chemical laboratories) mounting medium 
on glass slides.
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3 DESIGN OF A NOVEL RT-PCR PROTOCOL FOR CASPASE 

cDNA AMPLIFICATION.

3.1 INTRODUCTION.

It is now widely held that apoptotic cell death occurs through sequential activation of 
a class of cysteine proteases referred to as caspases (Alnemri at ah, 1996). When this 
investigation began, only five of these enzymes had been identified, namely caspase-1 
(Alnemri et al., 1995), caspase-2 (Kumar et al., 1994), caspase-3 (Femandes-Alnemri et al., 
1994), caspase-4 (Kamens et al., 1995) and caspase-5 (Femandes-Alnemri et al., 1995a). 
These enzymes were cloned from mainly human cell lines and the rat homologue of only 
caspase-1 had been identified (Keane et al., 1995). Although some caspases appear to cleave 
certain substrates preferentially (Srinivasula et al., 1996; Takahashi et al., 1996), a clear 
substrate specificity had not been fully demonstrated so far and a tissue specificity of caspase 
expression had not been described. In neurones, the involvement of caspases in the apoptotic 
mechanism had been suggested (reviewed by Martinou and Sadoul, 1996) but the identities 
of the caspases specifically involved in neuronal apoptosis were still to be determined. The 
identification of the caspases expressed in SCG neurones, an experimental model of 
developmental cell death (Deshmukh and Johnson, 1997), would further elucidate the 
possible mechanism of neuronal apoptosis.

A biochemical characterisation of the caspases expressed in SCG neurones was 
essentially limited by the poor specificity of the known caspase inhibitors for individual 
caspase family members and the lack of rat cross-reacting antibodies for all the known 
caspases. Furthermore the relatively rapid identification of 5 caspase family members, 
shortly before this investigation began, suggested that other caspases could be cloned and 
that some of these as yet unidentified caspases might be specifically expressed in neurones.

A molecular cloning strategy based on Reverse Transcriptase-PCR (RT-PCR) 
amplification was believed to be sensitive enough to amplify not only the known caspases 
but possibly novel caspase-family members too, provided they shared sufficient DNA 
sequence homology. Since RT-PCR is based on the recognition of relatively short stretches 
of DNA, it is possible to design oligonucleotides for the amplification of whole gene 
families, using degenerate oligonucleotides, designed on the basis of DNA or protein 
homology (Wilks et al., 1989). Moreover, RT-PCR is a sensitive method, which allows the
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cloning of even rare transcripts which might be missed during cDNA library screening. In 
particular I aimed at the cloning of rat caspase fragments through a modification of the 
Differential Display RT-PCR technique (DDRT-PCR; Liang and Pardee, 1992; Bauer et al., 
1994). Standard DDRT-PCR was originally developed to identify transcriptionally regulated 
genes. This was achieved by RT-PCR amplification of separate pools of the mRNA cell 
population using three different N-oligo(dT) 3’ primers (where N stands for dG, dC or dA) 
and random 5’ primers. It was shown that the amplification of separate pools of mRNA 
could effectively amplify even rare transcripts, which were often missed when a single 
oligo(dT) 3’ primer was used to amplify the cellular mRNA content (Liang and Pardee, 
1992). 1 envisaged using a modification of this RT-PCR method to amplify rat caspase 
cDNA fragments, possibly including novel transcripts. A caspase-enriched cDNA pool could 
be obtained by performing cDNA synthesis with an antisense conserved degenerate 
oligonucleotide based on the known caspase sequences. Subsequent PCR amplification of 
this caspase-enriched cDNA mixture, using nested caspase-homologous oligonucleotides 
and different random primers, would lead to amplification of caspases sequences, including 
the rarest transcripts, with the same statistical probability of the most abundant sequences.

It was particularly important, therefore, to design and test degenerate 
oligonucleotides which could efficiently amplify several caspase fragments from rat RNA 
sources. The highest degree of homology between the caspases is in the active site region, 
which is characterised by the conserved pentapeptide QACRG (Alnemri et al., 1996; Figure 
3.1). During the course of this investigation, a number of additional caspases were cloned, 
one bearing a slightly different active site sequence, QACQG (Muzio et al., 1996). Another 
area of homology is located downstream of the active site and can be identified by the peptide 
sequence GSWFl (Femandes-Alnemri et al., 1995a). Although this sequence is not as 
highly conserved as the QACRG region, it was used successfully to clone caspase-related 
sequences (Femandes-Alnemri et al., 1995a). These two homologous regions were chosen 
as the targets of RT-PCR amplification using degenerate primers during the course of this 
investigation.

In summary, the experiments described below initially assessed the possibility of 
using a set of degenerate oligonucleotides to amplify the rat homologues of known caspases. 
These degenerate primers were then used in experiments to optimise a novel protocol for 
enrichment of a neuronal cDNA population in caspase-related species. This caspase-enriched 
cDNA mixture was then used to attempt the isolation of all the caspases expressed in 
neurones including possible novel caspase isoforms, via a modified DDRT-PCR protocol.
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ACTIVE_SITE_ENA ......................................................................................................................................TBCARQCH

CPP32 TirAGAGGGGATCGIT(jrAGAAGIX7rAACTGGAAAACCC7WOT[TrcATTATTCAQGCC 

MUSNEDD TTTGACAATGCTAACTGTCCAAGrKTrACAGAACAAœCAAAAATGITCTTCATCCAAGCA 

IC H -1 TTTGACAACGOAACKXrCAAœCTACAGAACAAACCAAAAATGriTUrTCATCCAGGCC 

HUMILIBCE TTGAATACCAAGAACIX^CAAGnTITGAAGGACAAACCGAAGGTCATCATCATCCAQGCC 

MUSILIB ATGAACACTTTGAAGIXXX:CAAQCTTGAAAGACAAœ(XAAQGrrGATCATTATTCAGGCA 

R NU14647 ATGAACACATTGAAGKXrCAAGCTTGAAAGACAAGCœAAGCTITATCATrATTCAGGCA 

ice_rel_II TTCAACAACCGCAACTGCCTCAGIUTGAAQGACAAACCCAAGCTrcATCATrCTrCCAGQCC 

ice_rel_III TTCAACAACCGCAACTGCCTCAGIXTTAAAGGACTAACCCAAGarcATCATTGrCCAGGCC

ICE_SITE_rm TGYM3VGGH..........................................................................................................................................

CPP32 TGŒGTO:rrACAGAACTGGACTGIX3GCATTGAGACAGACAGria7K3TTGATGATGA^ 

MUSNEDD TOrcGrroGAGATGAGACAGATAGAQCTKTroSACCAQCAAGATGGAAAGAACCACACACAA 

IC H -1 TGœGICGAGGroCTATTGGATœcrroGGCACCTCCTTCIUITCACTGCTGCCACCGCC 

HUMILIBCE TGCCGrraGICACAGCCCTGGr[X7IC(J[Cr[CGITrAAAGATTCA£7rAGGAGriTrCTGGAAAC 

M USILIB TGCCCriCGAGAGAAACAAGGAGriCIGr[XSrTGTTAAAAGATTCAGrrAAGAGACTCTGAAGAG 

R NU14647 TGCCGTGGAGAGAAACAAGGACriCCircTIXITTAAAAGATTCAGTAGGAAACTCCGAAGAG 

ice_rel_II TGCAGAGGPGCAAACCGIGGGGAACTGriGGGrrCAGAGACTCTCCAGCATCCTTGGAAGrrG 

ice_rel_III TGCAGAGGPGAAAAACATGGGGAACTCTGGGriCAGAGACTCTCCAGCATCCTTGGCAGrrC 

CED 3

Figure 3.1 DNA sequence alignment of caspase sequences.

The published caspase cDNA sequences are aligned by Clustal Method (Higgins et al., 

1996). The cDNAs were listed according to either their original nomenclature, as they first 

appeared in the literature, or the name in the NCBI DNA database. CPP32= human capsase- 

3, MUSNEDD= mouse caspase-2, ICH-I= human capsase-2, HUMIL1BCE= human 

caspase-1, MUSIL1B= mouse caspase-1, RNU14647= rat caspase-1, ice_rel_II= human 

caspase-4, ice_rel_III= human caspase-5, CED 3= C. elegans caspase homologue. The 

conserved active site region is highlighted in red. Y=C-i-T, D= G-i-A-i-T, W= A-hT, K= G-t-T, 

R= A-hG, V= G-i-A-t-C, B= G4-T-I-C, H= C-t-A-i-T, M= A-t-C, S= G-t-C, 1= deoxyinosine.



3.2 RESULTS.

3 .2 .1  Primer design.

DNA sequence alignments were performed using the caspase sequences published at 
the time. This analysis lead to the identification of conserved DNA sequences among these 
known proteases and the design of caspase degenerate oligonucleotides for RT-PCR 
amplification. These degenerate oligonucleotides were designed to bind all the known 
caspases, and hopefully amplify caspase-related sequences when combined with suitable 5’ 
oligonucleotides. The best conserved region among the known caspases corresponds to the 
active site. Two nested and overlapping 20-nucleotide 3’ primers were initially chosen, 
DEG771 and DEG763, designed to bind all the known caspases, to be used for cDNA 
synthesis and subsequent nested PCR amplification. The overlap between these two primers 
could not be avoided since the DNA homology at the active site was limited. Non
overlapping primers with non-degenerate 3' ends, an essential requirement of efficient PCR 
amplification (Bej et al., 1991), could not be designed. One degenerate primer was also 
designed based on the partially conserved peptide sequence GSWFI, which is 3’ of the 
active site region and had been used already to design PCR primers for amplification of 
caspase targets (Femandes-Alnemri et al., 1995a; Figure 3.2). Initially the DEG771 
oligonucleotide was used for caspase-specific cDNA synthesis, whereas the nested primer 
DEG763 was used for PCR amplification of the caspase-enriched cDNA mixture. PCR 
reactions using these degenerate oligonucleotides were generally performed for 35 cycles at

95°C for 1 min., 45° C for 1 min. and 72° C for 2 min., unless otherwise specified.

3.2.2 Cloning of rat caspase cDNA fragments.

In order to test the efficiency of these degenerate oligonucleotides and their specificity 
for rat caspase sequences, I aimed to demonstrate that these primers could be used to amplify 
and clone some of the known caspases, namely caspase-1 (ICE), caspase-2 (Nedd/ICHl) 
and caspase-3 (CPP32), from rat thymus total RNA, a tissue reported to contain these 
proteases in humans (Feamhead et al., 1995; Clayton et al., 1997). Upstream 5’ PCR 
primers specific for these three caspase were also designed on the basis of the available 
sequence information. At the time this investigation began, the rat sequence was available for 
caspase-1 only. A rat specific oligonucleotide could therefore be designed for caspase-1 
(ICE444). A mouse and a human sequence had been published for caspase-2, whereas only
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DEG771

5’ YDCCWCKRCADGCYTG 3 ’

DEG763

5’ CCWCKRCADGCYTGVAYRAWGA 3’

GSW

5’ BBIAYRWAIMIISWICC 3’

Figure 3.2 Caspase degenerate oligonucleotides.

Three degenerate primers were used for RT-PCR in the course of this investigation. 

DEG771 and DEG763 are overlapping (common sequence highlighted in red) and are both 

targeted to the caspase active site. GSW was derived from another conserved sequence 

downstream of the active site (Femandes-Alnemri et al., 1995). Y=C+T, D= G-t-A-t-T. W= 

A-f-T, K= G-hT, R= A4-G, V= G+A+C, B= G+T+C, M= A-hC, S= G+C, 1= deoxyinosine. 

Other primer sequences referred to in this chapter are listed in Materials and Methods.
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a human cDNA was known for caspase-3. In the case of caspase-2, the 5’ PCR 
primer(Nedd618) was chosen on the basis of a conserved sequence between mouse and 
human. The caspase-3 5’ oligonucleotide (CPP420) could only be based on the human 
cDNA sequence, with the hope that it would bear sufficient homology to the rat cDNA target 
sequence. Downstream 3’ specific primers were also designed for caspase-1 (ICE661R) and 
caspase-2 (Nedd820R), to be used with the specific 5’ primers as PCR positive controls.

Total RNA was extracted from rat thymus and primed with DEG771, with the aim of 
obtaining an increased relative concentration of caspase cDNAs. The first strand cDNA 
mixture was subjected to 35 PCR cycles using either specific primers, in the case of caspase- 
1 and caspase-2 (ICE444-ICE661R and Nedd618-Nedd820R, respectively), or a 
combination of 5’ specific primers and DEG763 3’ degenerate primer for all three caspases 
(ICE444/Nedd618/CPP420-DEG763). The experimental strategy is outlined in Figure 3.3.

The expected fragments were obtained when specific primers were used, for caspase- 
1 and caspase-2 (data not shown). More interestingly, when the nested 3’ DEG763 
oligonucleotide was used, combined with a 5’ caspase-specific oligonucleotide, fragments 
were obtained for all of the three caspases. These fragments appeared to match the expected 
sizes (caspase-1: 409 bp, caspase-2: 347 bp, caspase-3: 298 bp; Figure 3.4) . The caspase-3 
PCR product also displayed high molecular weight non-specific fragments. The PCR 
products were purified, subcloned into a plasmid vector and analysed by DNA sequencing, 
which confirmed the cloning of rat caspase-1, -2 and -3 fragments.

3.2.3 Effect of primer dilution upon specificity of cDNA synthesis.

The cloning of rat fragments for caspase-1, -2 and -3 confirmed that it was possible 
to amplify several caspase cDNA fragments using two degenerate primers, which bound to 
the conserved active site region. However, it was noticed that an actin fragment was 
amplified with high efficiency from a DEG771-primed cDNA mixture using actin specific 
primers. Non specific bands were also obtained when an actin upstream 5’ primer (Actin-1) 
was used with DEG763 or DEG771 as downstream 3’ primers (data not shown). These 
findings indicated that first strand cDNA synthesis performed with a caspase-specific 
degenerate oligonucleotide could not achieve a detectable enrichment of caspases in the 
cDNA population. The caspase degenerate primers could bind non specifically to several 
unrelated sequences, such as actin, and non-caspase cDNAs were efficiently synthesised 
even without oligo(dT) or random primers.

Possible explanations for this lack of selectivity are a lack of specificity of the 
DEG771 degenerate oligonucleotide, a poor priming efficiency due to the high degeneracy.

9 0



51 AAAAAAAAAA3’
DEG771 
degenerate 
primer 

cDNA synthesis

51
31

a a a a a a a a a  3 ’
J5’

DEG771-primed 
cDNA species

PCR amplification

caspase-3 
caspase-2 (CPP420) 

caspase-1 (Nedd618) ^
(ICE444)  ^

DEG771
caspase-2 

 (Nedd820R)
caspase-1
(ICE661R)

DEG763

Figure 3.3 RT-PCR strategy. Cloning of rat caspase cDNAs.

Between 1 and 5 )Lig rat total RNA was reverse transcribed with a caspase degenerate 

oligonucleotide (DEG771) binding to the conserved caspase active site region. DEG771- 

primed cDNAs were subjected to PCR amplification with a nested degenerate primer 

(DEG763) and specific upstream caspase primers. Caspase-1 and caspase-2 were also 

amplified using specific downstream primers (ICE661R and Nedd820R, respectively).



caspase-1
caspase-2
caspase-3

Figure 3.4 RT-PCR cloning of caspase-1,-2 and -3 cDNA fragments.

Rat thymus total RNA (5 pg) was reverse transcribed with DEG771 priming (1 hour, 37°C).

Rat caspase cDNA fragments were amplified with upstream specific primers and a 

downstream nested degenerate primer (DEG763). Lane 1) caspase-1: ICE444-DEG763; lane 

2) caspase-2: Nedd618-DEG763; lane 3) caspase-3: CPP420-DEG763. These PCR products 

were analysed by agarose gel electrophoresis which confirmed the amplification of the 

expected fragments.
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or a combination of both. Highly degenerate oligonucleotides generally bind less efficiently 
than non degenerate ones, primarily because the fraction of sequences in the oligonucleotide 
mixture bearing 100% homology with the actual target are greatly reduced. This lack of 
specificity could also be enhanced during the following PCR amplification with DEG763, 
which overlaps with the incorporated DEG771, thus increasing the possibility of non
specific amplification. It appeared essential at this point to examine ways of improving the 
selectivity of cDNA synthesis by degenerate priming. It was thought that part of the non 
specific binding of DEG771 to the RNA was due to an excessive primer concentration, and 
that greater selectivity could be achieved by reducing the amount of DEG77I primer used for 
cDNA synthesis. In order to verify this assumption, equal amounts of thymus total RNA 
(5pg) were reverse transcribed using decreasing amounts of DEG771 primer, from 100 ng 
to 1 pg. Selectivity and efficiency were then tested, subjecting 1/10 of the resulting single 
strand cDNA mixture to 35 PCR cycles using two primer combinations: Actin 1-Actin2 and 
Actin 1-DEG763. The Actin 1-Actin2 product was a measure of the degree of non specific 
cDNA synthesis, whereas the amplification with Actin 1-DEG763 also assessed the extent of 
DEG763 non specific binding. The PCR products were analysed on agarose gels (Figure 
3.5). It appeared that lower concentrations of DEG771 primer had some effects on primer 
specificity, decreasing the background of Actin 1-DEG763 amplified products, implying that 
these were mainly due to non specific priming of DEG771, although random binding of 
DEG763 could also play a role. The product amplified with actin specific primers did not 
seem to be affected by a decrease in DEG771 primer concentration. This probably reflected 
the relatively high level of RNA self priming. Actin being a very abundant transcript, it is 
conceivable that even with minimal RNA self priming it was still possible to obtain a 
detectable PCR product. This finding suggested that a caspase-specific cDNA synthesis 
could not be achieved but only a relative enrichment in caspase-related species.

The effect of primer DEG771 dilution upon amplification of caspase-1 was also 
examined. Significantly, the efficiency of caspase amplification appeared to be proportional 
to the DEG771 priming concentration. As shown in Figure 3.6, the intensity of the caspase- 
1 PCR product (ICE444-DEG763) gradually decreased with decreasing DEG771 
concentrations. When thymus mRNA was used as template, it was still possible to obtain a 
significant caspase-1 PCR product with a DEG771 amount as low as 10 pg, but this was 
possibly the result of non specific RNA self priming rather than a very selective and efficient 
DEG771 binding. In fact, a caspase-1 PCR fragment could also be obtained from mRNA 
preparations subjected to RT-PCR without any primer for first strand cDNA synthesis (data 
not shown). RNA priming is not believed to be strictly essential for cDNA synthesis, due to 
occurrence of random RNA self-priming, such as formation of RNA hairpins (Land et al..
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3 4

310—

118“

1353—

603—

310—

118 —

Actinl-DEG763

Actinl-Actin2

Figure 3.5 Effect of RNA primer dilution upon specificity of cDNA  
sy n th e s is .

Thymus total RNA (5 pg) was reverse transcribed for 1 hour at 37° C with decreasing

amounts of DEG771 primer. One tenth of the resulting cDNA mixture was amplified for 35

cycles (1 min. 95°C, 1 min. 45°C, 2 min. 72°C) with Actin 1-DEG763 and Actin 1-Actin2

primers to assess the specificity of cDNA synthesis. One tenth of each PCR product was 

separated by agarose gel electrophoresis. Lane 1) 100 ng, lane 2) 10 ng, lane 3) 1 ng, lane 4) 

100 pg, lane 5) 10 pg, lane 6) 1 pg of DEG771 primer. Note that lower amounts of DEG771 

reduced the amplification of non-specific Actin 1-DEG763 products but did not alter the 

amplification of a specific actin fragment (Actin 1-Actin2).
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10 ng 1 ng 10 pg

T M T M T M

409 bp

Figure 3.6 Titration of DEG771 primer. Comparison between total and 
m R NA .

Total RNA (T; 5pg) and mRNA (M; 0.1 pg) from rat thymus were reverse transcribed with

10 ng, 1 ng and 10 pg of DEG771 degenerate oligonucleotide, for 1 hour at 37°C. One tenth

of the resulting cDNA mixtures was used to amplify a caspase-1 cDNA fragment with a 

specific upstream primer (ICE444) and a downstream degenerate primer (DEG763; 35

cycles, 1 min. 95°C, 1 min. 45°C, 2 min. 72°C). Note that the RT-PCR amplification of a

caspase-1 fragment from total RNA (T) is dramatically reduced by DEG771 primer dilution 

but amplification from mRNA (M) is essentially not affected.
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1981). Therefore it is possible to conclude that DEG771 priming alone had a minimal effect 
in terms of caspase cDNA enrichment, probably due to the effect of RNA self-priming and 
possibly the low specificity of these highly degenerate primers. This non specific priming

might have been enhanced also by the relatively low temperature (37°-42° C), required for

cDNA synthesis.

3.2.4 Affinity purification of biotinylated caspase cDNAs.

A different procedure was devised in order to circumvent the problems met in the 
previous RT-PCR experiments, which failed to achieve a caspase specific cDNA synthesis. 
This new strategy was based on the concept that, although primer DEG771 bound to non 
specific targets, a significant enrichment of the cDNA population in caspase-related species 
could be achieved by elimination of the products of RNA self priming. First strand cDNA 
could be obtained by priming mRNA with a biotinylated DEG771 oligonucleotide. The 
resulting RNA:cDNA hybrids, most of them presumably being caspase sequences, were 
thus biotinylated and could be separated from non biotinylated random primed species with 
an avidin resin (SoftLink, see Materials and Methods). This resin consisted of monomeric 
avidin covalently linked to a polymethacrylate resin. It was very resistant to many chemical 
reagents and non ionic detergents, therefore allowing very stringent washing conditions. The 
biotinylated species could be eluted with a solution containing 5 mM biotin The purification 
strategy is described in Figure 3.7.

Preliminary tests were performed using thymus mRNA. A biotinylated form of 
DEG771 (DEG771bio) was obtained, and 150 pmoles of this degenerate primer were used 
to perform first strand cDNA synthesis from 100 ng thymus mRNA. The first strand cDNA 
mixture (50 pi) was added to 30 pi resin (binding capacity 30 pmoles/pl), which had been 
previously blocked with 5 mM Biotin and 100 pg/ml Salmon Sperm DNA (see Materials and

Methods), and incubated overnight at 4° C with rocking. The resin was then washed twice

with 200 pi TE buffer at 4°C. Washes were performed by resuspending the resin-cDNA

mixture in TE buffer followed by centrifugation at 1000 x g, and aspiration of the 
supernatant. The biotinylated cDNA was then eluted by incubation with 50 pi of 5 mM

Biotin, overnight at 4°C with rocking. The efficiency of the purification procedure was

assessed by PCR analysis of fractions from the different steps: starting material, flow 
through, washes and eluate. Targets of amplification were, caspase-1 (1CE444-1CE618R),
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Biotinylated cDNAs
^ B io tin  

Biotin

Biotin

I cDNAs binding 
Y  to Avidin Resin

^B io tin

i

Avidin

Washes

caspase
(ICE444)

Actini ^  Elution (5mM Biotin)
-1 "

^^^io tin
DEG763

Actin2

Figure 3.7 Purification of DEG771-primed biotinylated cDNA species by 

affinity binding.

cDNA synthesis was performed as described in Materials and Methods using a biotinylated 

DEG771 oligonucleotide. The resulting biotinylated cDNA species were adsorbed onto an

avidin resin by gentle mixing by rocking at 4°C overnight. The resin was washed twice with

TE buffer and eluted with 5 mM Biotin (see Material and Methods).

The purification of biotinylated caspase cDNAs was assessed by PCR to amplify caspase-1 

(ICE444-DEG763), actin (Actin 1-Actin2) and non specific cDNAs (Actin 1-DEG763).
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actin (Actin 1-Actin2) and the Actin 1-DEG763 non specific products, in order to assess 
selective purification of biotinylated caspase species over other non-biotinylated or caspase- 
unrelated biotinylated species. Comparable amounts of the different fractions were used for 
PCR amplification, to take into account the dilution factor. 35 PCR cycles were performed 
and the products were run on a 1 % agarose gel. The results, shown in Figure 3.8 for the 
starting material and the eluate fractions, indicated that the caspase-1 PCR signal markedly 
decreased after resin treatment. Presumably the biotin binding to the resin was not efficient 
or perhaps the rate of random priming was predominant. The actin PCR signal also 
decreased but a relative enrichment of the caspase cDNA population was not seen. The 
Actin-DEG763 non specific fragments were no longer amplified, however, possibly 
indicating that a critical percentage of random or non specifically primed species had been 
eliminated. This result appears to confirm that RNA self-priming is an important event. The 
percentage of non biotinylated caspase sequences was probably high and elimination of this 
subset of sequences resulted in a dramatic loss of caspase cDNA, as indicated by the faint 
caspase-1 PCR signal. The purification efficiency of caspase cDNAs was further evaluated 
by Southern blot, to confirm the weak PCR signal detected by ethidium bromide in the eluate 
fraction. The synthesis of cDNA was performed as before using DEG771bio and equivalent 
cDNA aliquots from the original cDNA mixture, flow-through, washes and eluate, were 
collected. A caspase-1 (ICE444-DEG763) and a caspase-2 fragment (Nedd618-DEG763) 
were amplified from each aliquot for 35 cycles, and 1/10 of each PCR product was separated 
by agarose gel electrophoresis and blotted onto a nitrocellulose filter. The filter was later 
hybridised with fluorescein-labelled human caspase-1 and caspase-2 cDNA probes as 
described in Materials and Methods. The hybridisation result confirmed that most of the 
caspase cDNA did not bind to the column. More caspase cDNA was eliminated through the 
wash steps and only a fraction was eluted with 5 mM biotin (Figure 3.9). A similar result 
was obtained when an actin fragment was amplified from the same aliquots, suggesting that 
a subset of actin cDNA was also biotinylated (data not shown). It is conceivable that binding 
of the biotinylated RNAxDNA hybrid species was sterically hindered by the long RNA 3 ' 
tail. However, the synthesis of double strand cDNA, prior to absorption to the resin, did not 
appear to improve the specific binding of caspases to the resin and essentially confirmed the 
previous results obtained with single-stranded cDNA (data not shown). This system did not 
achieve a selective affinity purification of caspase-related cDNAs, as most of the caspase 
species did not bind to the avidin resin. RNA self-priming was confirmed to be predominant 
during cDNA synthesis and the biotinylated oligonucleotide DEG771 appeared not to be 
sufficiently selective. In light of these results, it appeared that the only possible alternative
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Figure 3.8 Assessment of affinity binding of biotinylated caspase cDNAs to 
an avidin resin.

Rat thymus mRNA (100 ng) was reverse transcribed with biotinylated DEG771 and the 

resulting cDNA was purified with SoftLink avidin resin as described in the text. Equivalent 

cDNA aliquots from the starting cDNA mixture and the eluate were analysed by PCR. 

Amplification was performed with ICE444-DEG763 (lane 1), to amplify a caspase 1 

fragment, with Actin 1-DEG763 (lane 2) and Actin 1-Actin2 (lane 3) to evaluate non specific

priming and binding to the column. PCR conditions were: 35 cycles of 1 min. 95°C, 1 min.

45°C, 2 min. 72°C. One tenth of each PCR reaction was separated by agarose gel

electrophoresis. Note that a relative enrichment of the caspase cDNA population was not 

obtained.
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409 bp
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Figure 3.9 Analysis of caspase-related cDNA binding to the avidin resin by 

Southern blot.

Rat thymus mRNA (100 ng) was reverse transcribed and the cDNA purified with SoftLink 

avidin resin as described in the text, and equivalent cDNA aliquots of each purification step 

were collected. Lane 1) original cDNA mixture; lane 2) flow through ; lanes 3), 4) and 5) 

washes; lane 6) eluate. Caspase-1 (A) and caspase-2 (B) fragments were amplified with

ICE444-DEG763 and Nedd618-DEG763 primers respectively (35 cycles, 1 min. 95°C, 1

min. 45°C, 2 min. 72°C) from each cDNA aliquot. One tenth of each PGR product was

separated by agarose gel electrophoresis and blotted onto a nitrocellulose membrane. The 

membrane was then hybridised with fluorescein-labelled human caspase-1 and caspase-2 

cDNAs as described in Materials and Methods.
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was an increase in specificity via an increase of annealing temperature of the degenerate 
oligonucleotides, combined with the use of nested degenerate primers.

3.2.5 Caspase selective amplification by nested PCR.

Rapid Amplification of cDNA Ends (RACE) is a procedure for amplification of 
nucleic acid sequences from an RNA template between a defined internal site and 
unknown sequences at either the 3' or the 5' end of the RNA template. This procedure is 
generally used to clone complete cDNAs when only limited sequence information is 
available. Whereas 3' RACE takes advantage of the natural poly(A) tail of messenger 
RNA as the generic priming site for PCR amplification and allows the cloning of the 3 ' 
terminal portion of the cDNA, the 5' RACE, or "anchored" RACE, allows the 
amplification of unknown 5' cDNA ends (Frohman, 1993) and is generally based on 
RNA priming using a gene specific primer. Following cDNA synthesis, the first strand 
product is purified and poly(dC) tailed at the 3' end using terminal deoxynucleotidyl 
transferase. The tailed cDNA is then amplified by PCR using a nested antisense gene- 
specific primer and a 5’ anchor primer, containing a dG homopolymer region and a 5 ' 
adapter sequence, which allows further amplification from the homopolymer region 
(Frohman, 1993). My experimental aim was not the amplification of a specific caspase, 
but rather an enrichment of the cDNA population in caspase-related species, using nested 
degenerate primers to amplify related tailed cDNAs with the hope that the higher 
annealing temperature during PCR amplification would provide a sufficient degree of 
specificity for caspase targets. Caspase-enriched cDNA mixtures would then be 
amplified with nested caspase degenerate oligonucleotides and short random primers 
according to the modified DDRT-PCR protocol previously described.

Given the availability of anti sense degenerate primers, RACE RT-PCR was 
performed according to the 5' end protocol and initial experiments were attempted using 
total rat brain RNA. In this case first strand cDNA synthesis was performed as described 
in Materials and Methods, using oligo(dT) priming, since I had already found that 
specific cDNA synthesis could not be provided by DEG771 priming at room 
temperature. The resulting single strand cDNA was tagged at the 3' with a poly(dC) tail 
and PCR amplification was then performed using the DEG771 primer and a poly(dG) 
anchor primer (AP). The amplification product was diluted 10-100 fold and subjected to 
a second round of amplification using a nested degenerate oligonucleotide (DEG763) and 
either random short (10-nucleotide) primers or the same AP oligonucleotide. Twenty 
different decamers (GEN 1-20) were used, all having an average 50% GC content. This 
strategy is outlined in Figure 3.10.
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-AAAAAAAA mRNA

cDNA synthesis ^  Ollgo dT primer

-------------------------------------------------------AAAAAAAA
  TTTTTTTT

I  Hybrid RNA-cDNA
_  1) RNA degradation
▼ 2) Poly dC 3’ tailing

CCCCCCCC TTTTTTTT

I

5’ Anchor primer ^

mmmGGGGGGG#»
CCCCCCCC .............................................. TTTTTTTT

^ E GI RACE DEG771
Ÿ  PCR

Random 10-mer oligonucleotides

IGGGGGG
ICCCCCCC

DDRT-PCR DEG763

Figure 3.10 DDRT-PCR modified strategy to amplify preferentially  

caspase-related cDNAs.

cDNA synthesis was performed by oligo(dT) priming for 1 hour at 37°C. After RNA

degradation, cDNA was purified and 3’ poIy(dC) tailed. Caspase-related cDNA 

sequences were amplified with 5’ anchor primer and the active site primer DEG771. An 

aliquot of the resulting PCR product was further amplified with the nested active site 

primer DEG763 and a series of random 10-mer oligonucleotides.
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Some PCR fragments were obtained, agarose gel purified, subcloned and sequenced. 
Unfortunately, none of these fragments seemed to correspond to any caspase-related species. 
The results are listed in Table 3.1. Amplification of these cDNAs appeared to be the result of 
non-specific priming of the active site degenerate oligonucleotides. Analysis of the sequences 
in the database corresponding to these clones highlighted regions with slight homology to the 
DEG771 degenerate oligonucleotide (data not shown). The non specific binding of DEG771 
was then presumably followed by non specific binding of DEG763 which overlaps 
DEG771. It was possible that higher annealing temperatures could significantly reduce this 
mispriming. Higher temperatures, however, would have reduced the chances of amplifying 
potential novel isoforms with active site sequences not completely homologous to the 
primers used.

A series of experiments was also conducted to check the efficiency of the 3' cDNA 
tailing step, and the efficiency of amplification of specific caspases after each PCR round. To 
check the 3’ cDNA tailing, IjLig rat brain total RNA was primed with oligo(dT) and the 
resulting cDNA was poly(dC)-tailed at the 3' end. Two cDNA pools were made. One cDNA 
set was subjected to PCR amplification using the 5‘ anchor primer and the active site 
DEG771 primer which should undergo exponential amplification if the 3’ tailing was 
successful. The second set was amplified with DEG771 only, which should undergo linear 
amplification only. This should have resulted in a much higher amount of caspase cDNA in 
the first mixture if the 3’ cDNA tailing had occurred. This could be confirmed by using the 
mixtures as templates for the amplification of a specific caspase, such as caspase-3. Aliquots 
were taken after 25 and 40 cycles and analysed by agarose gel electrophoresis. Whereas 25 
cycles did not produce any visible band, after 40 cycles a clear difference was detectable. 
The 5’ anchor-DEG771 samples yielded a caspase-3 PCR product, whereas the DEG771 
only template did not, presumably because of low efficiency linear amplification (Figure 
3.11). This result suggested the correct 3' first strand cDNA tailing and cDNA amplification 
using the 5’ anchor primer. However, it could not quantify the absolute efficiency of this 
system. If caspase related cDNAs were indeed preferentially amplified using these primers, a 
relative caspase enrichment of the cDNA mixture would be achieved. Standard RACE 
protocols generally rely on the availability of at least two nested non overlapping specific 
primers, in order to achieve selective amplification of the desired fragments. As far as the 
caspases are concerned, very limited homology can be found outside the active site, thus 
limiting the possibilities for primer selection.

In order to further improve the amplification efficiency, new degenerate primers were 
designed, DEG750, DEG756 (see Materials and Methods) and GSW (Figure 3.2). Whereas 
DEG750 and DEG756 targeted a caspase region close to the active site, the GSW
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SAMPLE PRIMERS SIZE SEQUENCING

R E SU L T

GEN1-5-DEG763 500 bp 18S Ribosomal 

RNA

GEN1-9-DEG763 550 bp a-apoprotein 2

GEN1-10-DEG763 330 bp cytochrome c 

oxidase

AP-DEG763 650 bp 18S ribosomal 

RNA

AP-DEG763 550 bp Putative homeobox

gene

Table 3.1 PCR products obtained by DDRT-PCR amplification.

Oligo(dT) primed RNA was poly(dC) tailed at the 3’ and amplified with DEG771 and 5’ 
poly(dG) anchor primer (AP). An aliquot of this PCR product was further amplified with 
nested DEG763 and random 10-mer oligonucleotides (GEN) or AP primer. The PCR 
products obtained were purified and analysed by DNA sequencing as described in Materials 
and Methods. The sequences were matched to cDNAs in the NCBI databases using a 
BLAST algorithm.
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236 bp

Figure 3.11 Effect of 3 ’ cDNA tailing upon amplification of caspase-related  
c D N A s .

Brain total RNA was reverse transcribed and amplified with DEG771 alone (1) or with both 

anchor primer and DEG771 primer (2). The resulting mixtures were re-amplified for 40 

cycles with caspase-3 specific primers (CPP125-CPP361R). Note that a caspase-3 PCR 

fragment is obtained only in the cDNA mixture amplified with both primers.
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oligonucleotide design was based on published work from another group (Femandes- 
Alnemri et al., 1995a), which had identified another conserved region between the different 
caspases, defined by the consensus sequence GSWFI. This region is located downstream of 
the active site and it had been successfully used to clone caspase-6, using a modified RACE 
protocol (Fernandes-Alnemri et al., 1995a). As before, 1 pg total rat brain RNA was used to 
synthesise first strand cDNA by oligo(dT) priming. After 3' end tailing, the cDNA mixture 
was subjected to amplification using the 5’ anchor primer and either GSW or DEG771. The 
aliquots were then tested for further PCR amplification of caspase-2 fragments, using a 
caspase-2 specific upstream primer and several nested degenerate primers (GSW, DEG750, 
DEG756, DEG763, DEG771). As a positive control, amplification with caspase-2 specific 
primers was performed (Nedd618-Nedd820R). Caspase-2 could only be detected when 
specific primers were used (Figure 3.12A). Also the relatively weak intensity of the 
amplified caspase-2 fragment, as judged by ethidium bromide staining, suggested that no 
general caspase amplification was actually achieved during the first round of amplification 
with the 5’ anchor primer and GSW or DEG771 oligonucleotides. To confirm this result, the 
gel was blotted onto a nitrocellulose membrane, which was then hybridised with labelled 
human caspase-2. This experiment confirmed that no caspase-2 fragments were amplified 
with degenerate primers (Figure 3.12 B).

All the active site degenerate oligonucleotides were tested again using 1 ng of purified 
plasmid containing the full length human caspase-2 cDNA. As shown in Figure 3.13, only 
DEG763 and DEG771 appear to amplify a caspase-2 fragment, DEG763 much more 
efficiently than DEG771, whereas DEG750 and DEG756 did not produce any fragment. 
These findings essentially confirmed previous results: these degenerate oligonucleotides 
alone are not efficient enough to amplify a set of target sequences from complex cDNA 
mixtures and enrich the cDNA mixture in target sequences. They could accomplish this only 
in some cases when specific, more efficient, 5’ primers were used, as in the case of the 
cloning of caspase-1, -2 and -3 fragments.

3.3 DISCUSSION.

The experiments described in this chapter aimed to establish an RT-PCR protocol for 
the cloning of all the caspases expressed in neurones, including possibly novel isoforms. 
This was to be achieved by using caspase specific degenerate oligonucleotides, designed to 
bind all the known caspases. Preliminary experiments were performed on rat thymus and rat

1 0 6



A

B

1 2 3 4 5 6

.-jçrrn: ■ <r

Figure 3.12 Comparison of degenerate primers by PCR.

Rat brain total RNA (1 jig) was reverse transcribed with oligo(dT) priming (1 hour, 

37°C) and the cDNA was poly(dC) tailed at the 3’ end. The cDNA mixture was then 

amplified with poly(dG) anchor primer (AP) and GSW degenerate oligonucleotide (35 

cycles of 1 min. 95°C, 1 min. 50°C , 2 min. 72°C). Diluted aliquots (1/100) of this 

AP/GSW amplified mixture were further amplified with a caspase-2 specific primer 

(Nedd618) and one of several downstream degenerate primers: GSW (Lane 1, 545 bp 

expected product), DEG750 (Lane 2, 334 bp), DEG756 (Lane 3 340 bp), DEG763 (Lane 

4), DEG771 (Lane 5). A caspase-2 fragment was also amplified with a specific 

downstream primer (Nedd820R) as positive control (Lane 6, 222 bp product).

A) 1/10 of each PCR product was separated by agarose gel electrophoresis and stained 

with ethidium bromide.

B)The same gel was later blotted onto a Hybond N+ membrane and hybridised with a 

fluorescein-labelled human caspase-2 cDNA probe (see Materials and Methods).

A similar result was obtained when the oligo(dT) primed cDNA was amplified with 

DEG771-AP (data not shown).
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Figure 3.13 Analysis of degenerate oligonucleotides by PCR using a purified 
plasm id.

Purified plasmid (1 ng) containing the full length human caspase-2 cDNA was used as 

DNA template for PCR amplification with a caspase-2 specific upstream primer 

(Nedd618) and the following degenerate oligonucleotides: Lane 1)DEG750, 334 bp 

product; Lane 2)DEG756, 240 bp product; Lane 3)DEG763, 347 bp product; Lane 

4)DEG771, 339 bp product. PCR amplification was performed for 35 cycles of 1 min. 

95°C, 1 min. 50°C , 2 min. 72°C. Aliquots of these PCR products were separated by gel 

electrophoresis and stained by ethidium bromide.
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brain RNA. It was shown that caspase-related cDNA fragments could be amplified by RT- 
PCR, using a combination of degenerate primers and specific caspase primers. It was also 
found, however, that RNA priming with these caspase degenerate oligonucleotides could not 
achieve a caspase-specific cDNA synthesis nor significantly enrich the cDNA mixture in 
caspase-related species. Dilution of DEG77I, the active site degenerate oligonucleotide used 
for cDNA synthesis, appeared to reduce the rate of non specific priming. However, it 
seemed also to decrease the efficiency of caspase-specific cDNA synthesis and did not 
overcome the result of non specific RNA self-priming, which was probably enhanced by the 
relatively low temperatures needed for cDNA synthesis.

Another attempt to reduce the extent of non specific cDNA synthesis was made at the 
cDNA level, by performing first strand cDNA synthesis with a biotinylated caspase 
degenerate oligonucleotide (DEG771bio) followed by affinity purification of the biotinylated 
species on a monomeric avidin resin. This purification was aimed at the elimination of non- 
biotinylated randomly-primed species and the concentration of cDNAs primed with 
DEG771. It was thought that, since random priming appeared to be an important event, a 
considerable purification of caspase-related sequences could be achieved in this way. These 
experiments showed that the avidin resin failed to enrich the cDNA mixture in caspase 
cDNA. First of all the caspase to actin ratio, which was taken as a reference to determine the 
purification efficiency, did not increase, primarily as a result of poor binding of caspase- 
related cDNAs. Moreover, the avidin-biotin binding did not seem to be very stable, as 
caspase cDNAs could be detected in the wash aliquots too. Apparently the general effect was 
one of dilution rather than selective extraction of caspases, as indicated by the decreasing 
PCR signal for caspase-specific fragments and actin alike.

These results suggested that the rate of random priming was predominant over the 
caspase specific priming, and attempts to purify degenerate-primed cDNAs seemed to result 
in a loss of caspase sequences. Therefore it was thought that a caspase cDNA enrichment 
could be achieved by standard cDNA synthesis followed by priming at higher annealing 
temperatures through direct PCR amplification of the relevant cDNAs, using the nested 
caspase degenerate primers, rather than through a selective cDNA synthesis or an affinity 
purification step. The amplification of caspase-related cDNA fragments was attempted via a 
modification of the 5' RACE PCR protocol using degenerate oligonucleotides, as previously 
described. It was hoped that a positive selection of caspase sequences by PCR amplification 
would promote the cloning of novel caspases, through amplification in conjunction with 
random decamers. However, this procedure failed to selectively amplify caspase cDNAs. 
The 3' caspase degenerate oligonucleotides appeared to efficiently amplify target cDNAs 
when combined with specific caspase primers, but failed to enrich the cDNA mixture when
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used with a 5' anchor primer. These results could be explained by the characteristics of this 
amplification protocol. First of all the high degeneracy of these primers, probably prevented 
efficient and selective binding to the caspase active site. Ideally, this amplification should 
have been driven by an efficient upstream specific primer, leading to the isolation of the 
expected product, well above a background of non specific fragments. Secondly, the 3' end 
tailing of the first strand cDNA, although tested, might not be entirely reliable. In fact, it was 
shown that the 5' anchor primer positively contributed to the general amplification of caspase 
cDNAs, but an absolute estimation of its efficiency could not be made.

A similar method was used by another research group to clone a number of different 
human caspases expressed in Jurkat cells (Fernandes-Alnemri et al., 1995a,b; Femandes- 
Alnemri et al., 1996; Srinivasula et al., 1996). Their method was based on PCR performed 
on a cDNA library using 3’ primers derived from the GSWFI and QACRG peptide 
sequences and nested vector 5’ primers. It is likely that a lambda cDNA library allowed a 
more efficient amplification due to higher efficiency of nested, not overlapping, vector 
primers, rather than a single 5’ anchor primer, bypassing a cDNA tailing step. In any case, 
the cloning of caspase fragments was not achieved directly through PCR amplification using 
degenerate primers and vector primers, but needed the intervention of either extensive 
subtractive screening in the case of caspase-6, or specific primers, derived from sequence 
homology search through the EST database in the case of caspase-7, -9 and -10. This 
database search was presumably facilitated by the relatively large availability of human EST 
sequences as opposed to rat sequences. Therefore this cloning strategy, based on nested 
degenerate priming, could be considered appropriate for the cloning of gene family 
members, but this technique relied strongly on the availability of specific non-degenerate 
primers, for the cloning of relevant cDNA fragments. On the other hand, caspase cloning by 
subtractive screening without specific primers, as achieved for caspase-6 (Femandes- 
Alnemri et al., 1995a), was not attempted since this strategy was not suitable for the 
identification of possibly rare transcripts.

In light of these considerations, I could have attempted a similar strategy once again, 
with PCR performed directly on a directional cDNA library, using nested, non overlapping 
vector primers and the same degenerate primers. However, the rapid cloning of up to ten 
distinct caspases over a relatively short period and the initial characterisation of regulatory 
mechanisms (Muzio et al., 1996; Srinivasula et al., 1996) prompted suggestions that the 
identities of most of caspase family members had been revealed, and much more productive 
work could be performed characterising the expression of these identified caspase, their 
mechanism of activation and their relevance to neuronal cell death.
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4 A SCREEN OF ISCHEMIC RAT BRAIN cDNA LIBRARY FOR 

DEATH DOMAINS AND DEATH EFFECTOR DOMAIN 

SEQUENCES.

4.1 INTRODUCTION.

At the start of this investigation, although a role for the caspases as mediators of 
neuronal apoptosis had already been suggested (Martinou and Sadoul, 1996), little was 
known as to how the activity of these cysteine proteases was regulated. A regulatory 
mechanism had been recently described in non neuronal systems following the identification 
of intracellular partners of some plasma membrane receptors belonging to the TNF family 
(Baker and Reddy, 1996), notably Fas and TNFRl (see section 1.5). These receptors share 
a conserved intracellular domain commonly referred to as the death domain (DD; Tartaglia et 
al., 1993). Upon activation of Fas receptor, for instance, caspase-8 is recruited to the plasma 
membrane through interaction with F ADD, an adapter protein (Chinnaiyan et al., 1995). 
F ADD binds the activated receptor via its own DD, whereas another conserved protein motif 
in the adapter molecule, defined as the death effector domain (DED), is responsible for 
homophilic interaction with the corresponding domain in caspase-8 (Muzio et al., 1996). 
Caspase activation is then believed to occur via autoactivation (Muzio et al., 1998). A similar 
regulatory mechanism had not been demonstrated to occur in neurones.

A potential neuronal death receptor was represented by the p75-NGF receptor, a 
niember of the TNF family, which was reported to have an intracellular death domain 
(Chapman, 1995). This receptor had already been suggested to mediate cell death in 
neurones (Frade et al., 1996), although a direct role in DDDED protein-protein interactions 
had not been demonstrated.

In order to investigate the possibility that activation of neuronal caspases occurs via 
DD/DED interactions, as described in the Fas model, I decided to screen a rat brain library 
for cDNAs encoding DED caspases and DDDED adapter molecules. Neuronal death by 
apoptosis has been implicated in ischemic damage in some experimental models (Martinou et 
al., 1994; Kara et al., 1997) with morphological features similar to those observed in 
developmental models of neuronal apoptosis (Rosenbaum et al., 1994; Banasiak and 
Haddad, 1998) suggesting a common molecular mechanism. Since apoptosis in neurones
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had also been shown to be transcriptionally regulated (Martin et al., 1988; Milligan et al., 
1994), the screening of an ischemic brain cDNA library might have led to the identification 
of DD/DED-related genes upregulated in a disease state, therefore potential targets for drug 
discovery.

Two known cDNAs with DD/DED, namely F ADD and caspase-8 were cloned from a 
human cell line and used as probes to screen, by DNA homology at low hybridisation 
stringency, an ischemic rat brain cDNA library.

4.2 RESULTS.

4.2.1. Cloning of DD/DED probes: caspase-8 and FADD.

Two caspase-8 PCR primers (FLICEl/Machl729R) were designed according to the 
published human sequence in order to amplify a 1450 base pair fragment encoding the full 
length caspase-8 protein. Total RNA was prepared from Jurkat cells and reverse transcribed 
with oligo(dT) and random primers as described (all primer sequences are listed in Materials 
and Methods). PCR amplification was then performed as described in Materials and Methods

with 35 PCR cycles at 95°C for 1 min., 50°C for 1 min., 72°C for 2 min., with the caspase-

8 specific oligonucleotides. The PCR product was analysed by gel electrophoresis and 
several bands were detected by ethidium bromide (EtBr) staining. Two major fragments 
appear to run as a doublet at approximately the expected size of 1.4 kb. Other higher and 
lower molecular weight less intense products were also detected (data not shown). All these 
products were subcloned into the pCR-Script plasmid vector. Several recombinant clones 
were analysed by endonuclease digestion, which identified three different sizes of inserts. 
Representative clones were then examined by DNA sequencing and were confirmed to be 
related to caspase-8 cDNAs. These different cDNAs were probably the result of alternative 
splicing of the caspase-8 mRNA at the region linking the DED-encoding portion of the 
molecule to the caspase-encoding domain, bearing the active site. The three clones are 
schematically represented in Figure 4.1. These findings echo reports in the literature of a 
differential splicing of the caspase-8 gene. In fact several caspase-8 isoforms have been 
identified by a similar RT-PCR approach (Boldin et al., 1996). Two of these clones, # 7 and 
#11, due to frame shifts and creation of stop codons, actually encoded truncated proteins 
lacking the caspase-like domain. Truncated isoforms are believed to exert a modulatory 
activity, presumably reducing the rate of caspase autoactivation (Boldin et al., 1996). For the
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caspase-8 /  FLICE cDNA

RT-PCR clones

FLICE# 12

FLICE# 11
STOP

QACRC.

QACR(;

QACRG

STOP

FLICE # 7

OKI) OKI)

Figure 4.1 Caspase-8 RT-PCR clones.

QACRG

Caspase-8 cDNA can be schematically represented as a 5’ end region (grey/blue region) 

containing two DEDs (light blue boxes), a caspase-homology region bearing the active site 

QACRG and a region linking these two moieties formed by distinct splicing blocks (coloured 

boxes). Differential splicing at these sites may produce several caspase-8 isoforms. The 

caspase-8 RT-PCR products obtained from Jurkat cDNA are listed. FLICE #12 lacks the 

intermediate region as the caspase homologous portion is directly linked to the DED region. 

FLICE #11 has one intermediate block but. as a result of a frame shift, a stop codon is 

introduced. FLICE #7 was the longest amplified cDNA. bearing 4 intemiediate blocks. 

However a frame shift creates a stop codon in the intermediate region, thereby resulting in a 

truncated protein.
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specific purpose of cDNA library screening, any of these clones could be used to generate a 
cDNA probe since they all contained the same DED sequence.

Human FADD cDNA was cloned in a similar fashion. PCR primers (FADDl, 
FADD2) were designed to amplify a 676 bp cDNA encoding the entire FADD protein. Jurkat

cDNA was amplified for 35 cycles at 95°C 1 min., 50°C 1 min., 72°C 2 min., and the

expected molecular weight fragment was obtained. The PCR product was subcloned into the 
pCRScript plasmid vector. Single recombinant colonies were analysed by endonuclease 
digestion and DNA sequencing, which confirmed the cloning of the human FADD cDNA. 
The two cDNA probes were prepared by digesting the FADD plasmid construct with Not 
I/Pst I and #12 FLICF-pCRScript with FcoR I as illustrated in Figure 4.2.

4.2.2 cDNA library screening.

cDNA was prepared from an ischemic rat brain by Dr. Kurt Herrenknecht and Dr. 
Claire Walder at Fisai laboratories using an experimental model of focal transient ischemia 
(MacManus et al., 1994). I then used this cDNA to construct a library using Lambda Zap 

Express phage following the instructions of the manufacturer (Stratagene). About 10® pfu, 
representative of the complexity of the cellular mRNA population, were screened using 100 
ng of each double stranded P-32 labelled DNA probe (FADD and caspase-8). The plaques 
were blotted onto Hybond N"̂  membranes which were then hybridised with the combined

radiolabelled probes at 62°C overnight (see Materials and Methods). After three rounds of

sequential screening, 24 positive clones were isolated. Three intensities of hybridisation 
signal were consistently detected. The hybridisation signal of one clone (number 9) was by 
far the strongest among these and was always detected within a few hours exposure to the 
autoradiography film, whereas all the other clones required longer film exposures. For 
further analysis the phagemids were excised (Rapid excision kit, Stratagene) and later 
analysed by restriction digestion with Pst I/FcoR I. This restriction analysis concentrated the 
investigation on a subset of these clones since some produced an almost identical restriction 
pattern. Since the cDNA library had been constructed uni directi onally, the 5' end regions of 
all representative cDNA transcripts could be selectively sequenced with T3 vector primer. 
The sequences were compared to the non redundant (nr) and expressed sequence tag (EST) 
database at the National Centre of Biotechnology Institute (NCBI) using the BLAST 
algorithm (Altschul et al., 1990). The results are summarised in the table 4.1. Clone 9 was 
clearly identified as the rat homologue of FADD, in agreement with its strong hybridisation 
signal. Two other clones, 7 and 32, which showed a low hybridisation signal, revealed
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EcoR I EcoR I Pst I Not I

DEDs caspase- l ike

FLICE#12-pCRScript

DED DD

FADD-pCRScript

EcoR I digest Pst I/Not I digest

DED DED

560 bp caspase-8 cDNA
DED DD

676 bp FADD cDNA (full length)

Figure 4.2 Generation of cDNA probes for library screening.

cDNA probes were prepared by digesting the plasmid-PCR product constructs with 

appropriate restriction enzymes.

FLICE #12-pCRScript was digested with EcoR L which cuts the plasmid vector in the 

multiple cloning site (MGS) region and the cDNA downstream of the DED region, to 

generate a 560 bp fragment including both DEDs.
The FADD-pCRScript construct was double digested with Pst 1/Not 1. Both enzymes cut the 

vector at MGS sites flanking the FADD insert. The fragment generated is a 686 bp cDNA 

encoding full length FADD.
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Table 4.1 DNA sequence analysis of library clones.

Results of comparison of T3-primed sequences from various rat ischemic library clones 
against the non redundant (nr) and Expressed Sequence Tag (EST) databases at NCBI. The 
intensity of hybridisation signal (Hyb.Signal) is defined as weak, medium and strong. The 
best nr and EST matches are shown next to each clone. The Score value is an expression of 
the sequence homology between two given nucleotide sequences, whereas the E value is a 
parameter which describes the number of hits to be expected by chance when searching a 
database of a given size.
Clone 9 was homologous to human FADD, thus in keeping with its strong hybridisation

signal. Clones 7 and 32 were homologous to Restin and DNA polymerase y but had very

poor homology to DD/DED proteins, similarly in keeping with the weak hybridisation 
signal. The remaining clones needed further characterisation as they were found to be 
significantly homologous only with partial EST sequences or as yet uncharacterised full 
length genes.
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CLONE Hyb.
Signal

nr
match

nr
Score/E

EST
match

EST
Score/E

1-T3 W eak mmteg27 114/0.48
mouse cDNA

aa500282 152/8.5e
mouse cDNA

2-T3 Medium hscn32f9 149/0.028
hDNA from 
Cosmid

aa067989 143 /0.057
mouse cDNA

3-T3 Medium hsul3369
ribosomal
DNA

131/0.0055 r74397
human
cDNA

137/0.21

4-T3 Medium hscn32f9 156/0.011 h26788 144/0.065
hDNA human cDNA
Cosmid similar to Ig

chain

7-T3 Weak X64838

Restin
205/7.5e n72093 

similar 
to Restin

2.7e

9-T3 Strong U43184 1275/3. le
Mouse FADD

10-T3

12-T3

Medium

Medium

k03435

Ribosomal
spacer

Z73429

hDNA
Cosmid

138/028

171/
0.00042

aa459225 138/0.20
human 
cDNA

aa526721 144/0.054

15-T3 Medium m34651 105/
pseudorabis 0.00047

23-T3 Medium J00182 146/0.064

r74397 137/0.25
human
cDNA

aa509752 136/0.28
mouse
cDNA

29-T3 Medium xl7143 126/0.26
citomegalo-

aa530788 125/0.82
mouse
micro tubule
protein

32-T3 Weak u74651 
DNA
polymerase

296/6.6e

39-T3 Medium m88299 130/0.65 aa314398
human
cDNA

174/
0.00014
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sequence homology with known sequences. Clone 7 was found to be homologous to a 
cDNA encoding for Restin, a cytoplasmic protein (Bilbe et ah, 1992) whereas clone 32 was

highly homologous to human DNA polymerase y cDNA (Ropp et al 1996). Both these two

cDNAs were aligned against FADD and caspase-8 cDNA but no significant homology was 
detected. Similarly, no homology was observed at the protein level (data not shown). Clone 
1 did not match any sequence in the non redundant NCBI database but did have homology 
with a cDNA sequence in the EST database lacking a clear open reading frame (ORF). 
However, due to its weak hybridisation signal and similar level of homology to the DD/DED 
probes as that of clone 7 and 32, it was not characterised further.

All the other analysed clones did not show significant homology to any sequence in 
the nr or EST database. However, since these sequences were not found to contain lengthy 
ORFs, it was possible that the sequenced region was distant from the probe binding region. 
It appeared more sensible to sequence the region of each clone that bound to the DD/DED 
probes, which could be identified by restriction digestion and DNA hybridisation. Fragments 
with the majority of the hybridisation signal could then be compared to the DD/DED probes 
to assess the degree of their sequence homology. Several clones (3, 4, 7, 10, 12, 15, 23, 
24, 29, 31, 33, 34, 35, 36, 37, 40 ) were digested with Pst 1/EcoR 1 and resolved by 
agarose gel electrophoresis. The samples were transferred to Hybond N"̂  membrane by 
capillary blotting and hybridised overnight with radiolabelled FADD and caspase-8 probes as 
described in Materials and Methods. Subsequent autoradiography of the hybridised filters led 
to the identification of the fragment responsible for the hybridisation signal (Figure 4.3). As 
shown, most samples (clones 3, 4, 10, 12, 23, 24, 29, 31, 33, 34, 35, 36, 37) display a 
similar restriction pattern, suggesting that these clones represent variants of the same cDNA 
species. The observation that the length of the hybridising fragment varied suggested that the 
homologous region should be located at the 5' end of each sequence which is differentially 
extended during transcription of the original RNA template. A different restriction pattern 
was given by clone 7, previously identified as a Restin rat fragment. The weaker 
hybridisation signal of this clone was in agreement with the poor sequence homology of 
human Restin to human DD/DED cDNA probes. Clone 40 also produced a different 
restriction pattern but the hybridising fragment gave a stronger signal, more similar to the 
other clones. In general it seemed that the intensity of the hybridisation signal was 
proportional to the amount of DNA on the gel. The signal produced by the linearised plasmid 
was assumed to be due to the high concentration of double stranded DNA on the membrane. 
The reactive fragments for clones 40 and 31 (which had the longest hybridising fragment 
among the 14 related clones), taken as representative of all the other similar species, were
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Figure 4.3 Identification of DD/DED-binding fragments.

cDNA library derived plasmids were digested with Pst I/EcoR I and the products were 

resolved by gel electrophoresis (panel A). Among the 16 analysed clones, 14 of these (3, 4, 

10, 12, 15, 23, 24, 29, 31, 33, 34, 35, 36, 37) appeared to have several identical bands, 

thus suggesting that all these clones may represent the same cDNA species with different 5’ 

extensions. Clones 7 and 40 showed a distinct restriction pattern. Southern blot analysis was 

then performed with FADD/caspase-8 radiolabelled probes (panel B). As far as the 14 

similar clones are concerned, the hybridising fragment seemed to co-localise with a variable

sized fragment. Digestion of clone 33 appeared to have destroyed the DD/DED probe binding 

region. The hybridisation signal for clone 40 was intermediate, whereas clone 7 produced a 

very faint signal, in keeping with its poor DNA homology to DD/DED cDNAs.
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further analysed to determine whether they had homology to DD/DED homologous genes. 
These fragments were gel purified (see Materials and Methods) and subcloned into pBK- 
CMV plasmid vector linearised with a Pst I/EcoR I double digest. Selected clones were 
isolated and again analysed by restriction digestion and hybridisation, to ensure that the 
recombinant plasmids contained the reactive fragments (data not shown). These inserts, both 
approximately 1 kb long, were analysed by DNA sequencing using vector primers.

The sequences of clones 31 and 40, as well as the rat FADD cDNA corresponding to 
clone 9, are discussed more in detail in the following sections.

4.2.2.1 Clones 31 and 40.

The 1 kb sequence obtained from clone 31 was extremely GC rich with long GAC 
repeats. A single, uninterrupted, open reading frame was found within this fragment but a 
sequence database search did not match this cDNA to any known species. The clone 40 
sequence, by contrast, was found to be homologous to human Cullin-3 cDNA. The cullins 
are a family of proteins involved in the ubiquitination pathway and in cell cycle regulation 
(Jackson, 1996). These proteins had not been described as having death domains or death 
effector domains, or to interact with such proteins. The sequences of clones 31 and 40 were 
compared by dotblot (see Materials and Methods) to the FADD and caspase-8 cDNA 
sequences used as probes for the library screening. I considered that dotblot comparison 
better reflected the hybridisation of cDNA probes to target sequences, as breaks are not 
artificially introduced to match non contiguous region of homology. These matches were 
also compared to the alignment between the two cDNA probes, FADD and caspase-8 DED, 
in order to have an estimate of the degree of the expected sequence similarity between distinct 
DD/DED sequences. The best matches for these sequence alignments are shown in Table 
4.2. The degree of cDNA homology of clone 31 with FADD (53%) appeared initially 
comparable to the observed homology between the two probes (48%). However, it is hmited 
to a shorter stretch (83 base pairs) thus making it statistically less significant. Furthermore, 
this DNA homology did not translate into clear protein homology (13.3%). In fact the 
putative open reading frame contained in this short cDNA sequence appeared to encode an 
unusual protein containing several repetitive poly glutamine and polyproline stretches. 
Moreover, the DNA homology between clone 31 and the cDNA probes did not seem 
restricted to the sense strand as clone 31 seemed equally homologous to the reverse FADD 
probe (46.9% homology). Significantly, lower scores were observed by alignment of clone 
31 to caspase-8.
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Sequence 1 Sequence 2 DNA fragment Protein fragment

hom ology  length (bp) hom ology  length (aa)

A caspase-8 FADD 48 % 179 39% 59

B clone 31 FADD 53% 83 13.3 % 30

C clone 31 FADD 46.9 % 145

(reverse sequence)

D clone 40

(non coding)

FADD 51 % 149

E clone 40 caspase-8 53.8 % 80 25% 36

Table 4.2 DNA and protein alignments of clone 31 and 40 to FADD and 
caspase-8.

DNA and protein sequences corresponding to clones 31 and 40 were aligned by dotblot to 
the corresponding FADD and caspase-8 sequences. The data from the best matches are 
shown in the table. A) alignment of FADD and caspase-8 as reference for the expected 
degree of homology between two distinct DED species. B) Clone 31 was found to have a 83 
bp region with 53% homology to FADD. However this relative DNA homology translates 
into a poor protein homology. C) Another FADD-homologous region of clone 31 
corresponds to a reverse sequence of FADD. D) Clone 40 is 51% homologous to FADD 
over a 149 bp region which corresponds to non coding sequence of clone 40 and Cullin-3. 
E) Clone 40 shares DNA homology with caspase-8 (53.8% over 80 bp) but the protein 
homology is not significant (25 %, over 36 amino acids), as confirmed by BLAST2 analysis 
(data not shown).
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In the case of clone 40 a region was found to be 53.8% homologous to caspase-8. 
However, this cDNA similarity did not translate into high homology at the protein level 
(25%), according to a BLASTt2 alignment (Tatusova and Madden, 1999). Another region 
was found to be 51% homologous to FADD but this corresponded to a region of clone 40 
outside the ORF and to a non-coding sequence of Cullin-3. These results were confirmed by 
aligning the published human Cullin-3 protein sequence to the corresponding caspase-8 and 
FADD sequences. The homology with these DD/DED proteins was not found to be 
significant using a BLAST2 algorithm (Tatusova and Madden, 1999; data not shown). 1 
decided at this point that the information gathered on these clones was conclusive enough. 
This hybridisation screening was based on cDNA homology between the probes and the 
target sequence. Probe binding appeared to be due to low stringency washes of high GC 
content sequences, since the limited DNA sequence did not result in any significant similarity 
at the protein level. This non-specific binding might have been enhanced by using the two 
probes together which seemed to bind the target at different sites.

4.2.2.3 Rat FADD.

The sequencing of the clones from this cDNA brain library therefore resulted in the 
cloning of only one DD/DED related cDNA, clone 9, the rat homologue of FADD. This 
cDNA was sequenced completely in both directions and was found to encode the complete 
rat FADD cDNA sequence which is shown in Figure 4.9. An open reading frame of 627 bp 
was identified and the translated protein was aligned to the published human and mouse 
sequences (Figure 4.10). Rat FADD shares 87% amino acid similarity to the mouse protein 
and 67% to the human protein.
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GAATTCGGCACGAGGTGATTTCCTCTGTGGGATCTCTGAGGAGTACCCCGGCGTACCACT 5 0
GCCATGGACCCATTCCTGGTGCTGCTGCACTCGCTGTCCAGCAGCCTGTCGGGCAACGAT 120
CTGACGGATCTCAAGTTCCTGTGCCGCGAGCGCGTGAGTAAACGAAAGCTGGAGCGCGTG 180
CAGAGTGGCCTGGACCTGTTCTCGGTGCTGCTGGAGCAGAACGATCTGGAGCGCGGGCAC 240
ACCGGGCTGCTGCGCGAGTTGCTGGCCTCGCTGGGCAGACACGACCTACTGCAGCGCCTG 300
GACGACTTCGAGGCGGGGGCGACGACTGCTGCAACCCCGGGGGAGGCAGATCTGCGGGTG 360
GCATTTGACATTGTGTGTGACAATGTGGGGAGAGACTGGAAAAGACTGGCCCGTGAGCTG 420
AAGGTGTCTGAGGCCAAGATTGATGGCATTGAGGAGAGGTACCCCCGAAGCCTGAGTGAT 480
CGGGTAAGGGAGACTCTGCGAGTCTGGAAGAATGTCGAGAAGGAGAACGCCTCGGTGGCT 540
GGACTGGTCAAGGCACTGCGGGCCTGCCGGCTGAACCTGGTGGCTGACCTGGTGGAAGAA 600
GCATTGATGGCCCAGGGATCTGTGAGCAAGAGTGATGATACATCCTCAGCGCTGAGGGAT 660
TC AACTGTGTCTTTGTCAGAAAC ACCCTGACAAGCCCGAGC-CTCCTCTCAGGAGTCACTG 720
TGGACTTGATCACACCATGATGTAGCACCAAGTGCCTATCGTGACCAGTGGCAAGAAGAC 780
CTTGCTGATTCAGGCTGGGACCCCTCATACCAGCTCCTGGAGTATAGCTGATTCTATGGA 840
GCCTCTGCCCTCTGGGCTTTGGGGACACATGAAGGTTCCCCTTCGTGTTCTCCATCACCT 900
CTTCCCCCCCCCACCCCCAAGAGATCCCTGGTCTTACAAGGAGGAAGTTGAGTTGGAGCT 960
AATGGCACCTGTGCTGACTGCACTTTGAGAGCCTTCGTGTTGTTCCTTGGAGGAAGACAC 1020
CAACTCAGTTCACATCTGTCTCATATCCTTGGAGGCCATCAGAGAGCAGCTCCTGACCTC 1080
CAAACAAGTGCAAGAGCCCTATGAGGACTGATTGTAAAGTTCGCCACTAAAATCGCTGCT 1140
CTGTGAAGGACTGTGCTGTGGAGGGAGCACCCTGCCTCCACGGTGGTCTGTAAGCAAAGT 1200
GCCTTGGGCTGGCTATAGTGGCTCACTCTGCAATCCTAGCACTTGAGAGTTGAGAACTGC 1260
TGTGCTTTATAGCAGCCTGAGCTACAAATGATTCCTTTAAACAAAAACACACGAAAGCAA 1320
GTGCCTTTACCTGGAGATAACCAGTGTCACCAAGAATTTCCATTATATTAAGGACCCTTC 1380
TAATCTCAGAAGTCCCAGTAGACTGACTACAGTGTGCTCACAGCCCTGGGTGCTAGTCAT 1440
GAATGAGGTGGTGTGATTTCCTGATTTGCTTCACACCAGCAGGGGCCCTGACTGCCACAC 1500
TGGGCGGCCAAATAAACCATTTCTTGTCTCAGTTTTCCAAAAAAAAAAAAAAAAAA 1556

Figure 4.10 Rat FADD cDNA sequence.

The rat FADD protein is encoded by a 627 bp open reading frame (red).
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Figure 4.11 Alignment of FADD protein sequences.

The rat FADD protein sequence was aligned to the corresponding mouse and human protein 

sequences by Clustal method. Rat FADD shares 87% and 67% amino acid similarity with the 

murine and human protein respectively.
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4.3 DISCUSSION

Death Domain (DD) and Death Effector Domain (DED) proteins interact with 
one another through homophilic interactions and have been shown to mediate apoptotic 
cell death in several cell types (Nagata, 1997). When this investigation began, the 
adapter molecule FADD had been shown already to be implicated in the downstream 
signalling of apoptosis following activation of the Fas death receptor. In the proposed 
model, FADD was shown to function as an adapter molecule involved in recruitment 
and subsequent autocatalytic activation of caspase-8 (Boldin et al., 1996; Muzio et al., 
1996).

Little was known about the role of DD/DFD protein-protein interactions in 
neurones. The only relevant information was the identification of a death domain in the 
cytoplasmic portion of the p75-NGF receptor which belongs to the TNF family of 
receptors (Chapman, 1995) and is present in some neuronal subsets as well as non
neuronal cell types. The expression of FADD and caspase-8 in neurones had not yet 
been demonstrated but it was thought that these two cDNAs could be used as probes in 
order to identify either the corresponding rat sequences or possibly novel DD/DFD 
proteins expressed in brain. If identified, these DD/DFD proteins could potentially 
represent mediators of apoptosis in neurones through interaction with the p75-NGF or 
other DD receptors. An ischemic brain cDNA library was screened with DD and DFD 
cDNA probes to ascertain whether these types of proteins were expressed in brain and 
could possibly be involved in neuronal apoptosis.

Human FADD and caspase-8 cDNAs were successfully cloned from Jurkat total 
RNA by RT-PCR, using primers based on the published human sequences. Since I 
was aiming to identify DD/DFD-related cDNAs, it was decided to delete the caspase-8 
protease domain in order to avoid cross-interaction with caspase homologous sequences 
and enhance DFD specific binding. It was also decided to use the two probes combined 
together, at low stringency, to maximise the chances of identifying a related sequence.

This analysis yielded 24 positives, after three rounds of screening. Some of 
them showed relatively low levels of hybridisation signal and were quickly found to be 
non-related cDNAs, whereas the strongest hybridising clone was found to be the rat 
homologue of FADD. Other clones displayed an intermediate hybridisation signal and 
required more extensive investigation.

It was possible, by endonuclease digest analysis, to reduce the number of the 
remaining cDNAs to two, one of which was related to 16 out of these 17 
uncharacterised clones. After extensive DNA sequence analysis one of these cDNAs 
was revealed to be the rat homologue of Cullin-3. The other cDNA, represented 16 
individual clones, was not found to be homologous to any sequence in the database.
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Both clones were analysed by DNA and protein sequence alignment and neither clones 
were found to be significantly homologous to FADD or caspase-8. It is theoretically 
possible that rat Cullin-3 and the unknown protein might be somehow related to the 
death machinery in brain. However this cDNA library screening was not a functional 
analysis but was rather based on DNA sequence homology. Since no significant DNA 
or protein homology was found, it was decided not to investigate these clones any 
further and it was assumed that they were the result of non specific binding of the 
probes due to the high GC content of these clones and the low hybridisation stringency 
of the screening. Although the cDNA library was screened at stringency low enough to 
identify sequences with less homology than that found between FADD and caspase-8, I 
only found one DD/DFD related species, namely rat FADD. Even though the cloning 
from a brain library did not prove that FADD was a neuronal protein, it did raise the 
possibility that FADD was expressed in neurones and mediated the cell death pathway, 
possibly through the DD of the p75 receptor or other death receptors. A role for 
caspases in neuronal cell death had already been suggested (McCarthy et al., 1997a; 
Taylor et al., 1997; Troy et al., 1997; Martinou et al., 1998). However, a specific role 
for caspase-8 in the triggering of apoptosis had not been previously demonstrated. It 
was possible that other DED caspases might be interacting, directly or through another 
adapter, with FADD.

One way of examining the role of FADD in neurones would be to investigate the 
expression of endogenous FADD in SCO neurones and to try to characterise 
biochemically potential interacting molecules along the FADD-mediated pathway. This 
procedure, however, relied too much on the availability of rat cross-reacting antibodies 
for biochemical analysis and was limited by the difficulty in obtaining sufficient 
amounts of protein extracts from SCO neurones. Another possibility was to study the 
effect of FADD overexpression in SCO neurones by microinjection, which could 
answer directly specific questions regarding the role of FADD and DD/DED protein in 
the regulation of apoptotic death in sympathetic neurones. Would overexpression of an 
adapter molecule like FADD, bearing both a DD and a DED, be sufficient to stimulate 
activation of DED caspases, if present in neurones, and promote death, in the presence 
of NGF ? If the apoptotic death induced by NGF withdrawal was mediated by FADD 
or possibly any other DD/DED adapter molecule, could a dominant negative form of 
FADD rescue neurones from apoptosis ?
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5 EFFECT OF FADD OVEREXPRESSION IN SCO 

NEURONES.

5.1 INTRODUCTION.

FADD is a cytoplasmic adapter protein which has been implicated in at least two 
apoptotic pathways, mediated by the death receptors Fas and TNFRl (Chinnaiyan et al., 
1996b). Upon activation of these plasma membrane receptors by ligand binding, or 
cross-linking with an agonistic antibody, the death domain (DD) of FADD interacts with 
the corresponding DD on the cytoplasmic portion of the death receptors. The death 
effector domain (DED) of FADD, in turn, binds the DED of caspase-8 promoting 
recruitment of the caspase to the plasma membrane (Muzio et al., 1996). Caspase 
activation is then believed to occur by autocatalytic cleavage (Muzio et al., 1998). 
Overexpression of FADD has been reported to induce cell death in transfected cell lines 
(Chinnaiyan et al., 1995). In other instances FADD overexpression was not sufficient to 
induce death but sensitised cells to the death stimulus (Micheau et al., 1999). 
Furthermore, FADD dominant negative constructs, lacking either the DD or the DED, 
have been shown to inhibit cell death induced through activation of these death receptor 
pathways (Chinnaiyan et al., 1996a; Zhang and Winoto, 1996). A role for DD and DED 
interactions had not yet been demonstrated in neurones. However, the p75-NGF 
receptor, a member of the TNF receptor family, had been implicated in neuronal 
apoptosis (Barret and Bartlett, 1994; Frade et al., 1996; Bamji et al., 1998) and was 
reported to have an intracellular domain homologous to the corresponding DDs of Fas 
and TNFRl (Chapman, 1995). This observation raised the possibility that the apoptotic 
signal induced in neurones by removal of NGF could be mediated by DD protein 
interactions. However, an intracellular partner for p75 had not been identified and the 
endogenous expression of FADD and caspase-8 had not been demonstrated in neurones. 
Having cloned a rat FADD cDNA from a brain library, I aimed to study and characterise 
the role of FADD, in neuronal apoptosis. This investigation was performed by 
microinjection of FADD expression constructs into SCG neurones in which apoptosis 
was then induced by NGF withdrawal (Deshmukh and Johnson, 1997; see also section 
1.8). If this cell death pathway, possibly involving the p75 receptor, is mediated by 
DD/DED interactions, overexpression of FADD in SCG neurones would be expected to 
interfere with this apoptotic signalling. I aimed to establish whether overexpression of 
FADD was sufficient to promote apoptosis in the presence of NGF and whether a FADD
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dominant negative mutant could protect neurones from apoptosis induced by NGF 
withdrawal.

5.2 RESULTS.

5.2.1 Preparation of expression constructs.

Eukaryotic expression constructs were prepared using a modified version of the 
pcDNA I plasmid (Invitrogen). This plasmid was engineered to allow the ligation of the 
rat FADD cDNA in-frame with a short sequence encoding an N-terminal Flag peptide 
(Vekrellis et al., 1997). The expressed fusion protein could be detected using an anti-Flag 
antibody (Sigma Aldrich) to check the expression levels and localisation of the 
recombinant FADD protein, as a FADD antibody which cross-reacted with the rat protein 
was not available. One FADD wild type (WT) and two FADD dominant negative (DN) 
constructs were prepared. Dominant negative forms of FADD were prepared by deleting 
either the DD- or the DED-encoding portion of the protein. In the first case the 
recombinant protein encoding only a DD (FADD-DN/DD) could bind to the death 
receptor but would be unable to recruit caspase-8 to the plasma membrane, thus 
preventing its activation. In the second case the mutant with only a DED (FADD- 
DN/DED) would bind caspase-8 but recruitment to the plasma membrane would be 
abrogated. The FADD WT expression construct was prepared by excising the FADD 
cDNA from the clone 9 library phagemid (rat FADD-pBK-CMV). As shown in Figure
5.1, an Nco I/Xcm I fragment, containing the entire FADD coding region was excised 
and blunt-ended with Klenow polymerase. The pcDFlag vector was digested with BamH 
I and EcoR V, followed by blunt-ending of the linearised plasmid. This led to ligation of 
the FADD fragment in frame with the encoded Flag epitope. Expression of the fusion 
Flag-FADD protein was driven by a CMV promoter and the specificity of the initial start 
codon was conferred by the presence of a Kozak sequence (Kozak, 1992). The two 
dominant negative constructs were prepared using the FADD-WT plasmid as template. 
Suitable restriction digestions were performed in order to excise either the DD or the DED 
followed by religation of the plasmid, as shown in Figure 5.2. AU constructs were 
analysed by DNA sequencing to ensure that no frame shift or stop codon had been 
introduced during genetic manipulation. The three FADD-Flag fusion proteins are 
schematically represented in Figure 5.3.
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rat FADD -pBK-CMV

Nco I (63) Xcml(918)

/
/

"  coding region
^ a t g '

I
TGA

CC
GG

C
G

blunt-ending

AGAGA
TCTC

AGAGA
TCTCT

BLUNT-END LIGATION 

▲
Met Asp Tyr Lys Asp Asp Asp Asp Lys Gly 

ACC ATG GAC TAC AAG GAC GAC GAC GAC AAG GGA TC

Kozak
sequence

CMV
Promoter

FLAG
pcDFlag

1) BamH I/EcoR V
2) Blunt-ending

Figure 5.1 Cloning of FADD cDNA into pcDFlag expression vector.

A cDNA fragment containing the full length FADD sequence (yellow bar) was obtained 
by digesting library clone 9 (rat FADD-pBK-CMV) with Nco I and Xcm I. The fragment 
was blunt-ended with Klenow polymerase and ligated into a pcDFlag expression vector 
previously linearised with BamH I and EcoR V and blunt-ended. This placed the FADD 
cDNA in frame with a sequence encoding a 10 amino acid Flag epitope (green bar). The 
expression of the FADD-Flag fusion protein is specified by a Kozak sequence (red) and 
driven by a CMV promoter (blue bar).
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Hae III 
298 650

I_______ I

pcDFIag-FADD-WT

I 1) Hae III digestion
2) Re-ligation

B

pcDFIag-FADD-DN/DED

BamH I Pst

pcDFIag-FADD-WT

FLAG

I 1) BamH l/Pst I digestion
2) Blunt-ending
3) Re-ligation

pcDFIag-FADD-DN/DD

Figure 5.2 Preparation of FADD dominant negative constructs.

FADD dominant negative (DN) constructs were prepared by digesting the FADD wild 

type (WT) pcDFlag construct with appropriate restriction enzymes followed by re-ligation 

of the plasmid.
A) FADD DN/DED was prepared by digestion with Hae III, which excised a 352 bp 

fragment containing the death domain (DD) sequence (black bar), followed by re-ligation.

B) FADD-DN/DD was obtained by double digestion of the WT construct with BamH 

I/Pst I in order to excise the 295 bp death effector domain (DED) sequence (blue bar). 

The linearised plasmid was blunt-ended with Klenow polymerase and re-ligated.
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I FLAG 

g #  DEI) 

■ ■  DD

pcDFLAG - FADD-WT 

NH 2
208  

COOH

B
pcDFLAG - FADD-DN/DED 

79
NH 2

179
COOH

pcDFLAG - FADD-DN/DD 

1 77
NH 2 COOH

Figure 5.3 Schematic representation of the FADD-Flag fusion proteins.

Numbers refer to the wild type FADD protein (208 amino acids). All three fusion 

proteins have an 11 amino acids N-terminal Flag epitope.

A) pcDFlag-FADD/WT: wild type construct. This fusion protein contains a death domain 

(blue box) and a death effector domain (violet box).

B) pcDFlag-FADD-DN/DED: mutant lacking amino acids 79-179.

C) pcDFlag-FADD-DN/DD: mutant lacking amino acids 1-77.
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..
—  30 kD

21 kD

pcDFlag FADD-WT and pcDFlag FADD-DN (lacking the DED region) plasmids (1 /xg 

each) were in vitro translated and aliquots of the resulting mixtures were analysed by 

polyacrylamide gel electrophoresis, as described in Materials and Methods. Lane 1) 5 /xl 

FADD-WT, Lane 2) 10 fi\ FADD-WT, Lane 3) 5 /xl no plasmid. Lane 4) 5 /xl FADD- 

DN and Lane 5) 10 /xl FADD-DN. The gels were electroblotted onto nitrocellulose 

membranes which were then probed with an anti-Flag antibody (M2,1:1000; Sigma). 

The correctly sized protein was detected for FADD-WT (28 kD; lanes 1 and 2) and 

FADD-DN (21 kD; lanes 4 and 5) expression plasmids but neither fragment was 

detected with the control sample (lane 3). Although a band of approximately 30 kD was 

also detected in the control lane, a great increase in signal was always observed in the 

presence of pcDFlag FADD-WT plasmid, indicating translation of the full length 

protein.



5.2.2 Analysis of recombinant protein expression.

In order to confirm the expression of the correct proteins, these constructs were 
analysed in a reticulocyte lysate system (see Materials and Methods). The products were 
separated by polyacrylamide gel electrophoresis and analysed by western blot using an 
anti-Flag antibody (Sigma-Aldrich). FADD-WT and FADD-DN/DD were found to 
express a protein of the correct size, whereas FADD-DN/DED did not express any 
detectable protein (data not shown). It was assumed that this mutant protein was 
particularly unstable, possibly resulting in the loss of the Flag epitope. The FADD- 
DN/DED construct was not further analysed and only the mutant lacking the death 
effector domain (FADD-DN/DD), hereafter referred to as FADD-DN, was used in later 
experiments. ̂

The constructs were also analysed by microinjection into SCG neurones to assess 
their level of expression in these cells. The plasmids were injected at a concentration of 
O.I mg /ml, along with Guinea Pig IgG (5 mg/ml) to mark the injected cells. The cells 
were fixed approximately 16 hours after injection and stained with anti-Flag and anti- 
Guinea Pig IgG antibodies and FITC- and Rhodamine-conjugated secondary antibodies. 
The results are shown in Figure 5.4. Both FADD-WT and FADD-DN were efficiently 
expressed in SCG neurones, confirming the data obtained by in vitro translation. 
Although differences in relative levels of expression could be detected, all injected cells 
had anti-Flag staining well above background. Overexpression of these two proteins did 
not seem to induce apoptosis when analysed within 16 hours after injection, as assessed 
by Hoechst staining (Figure 5.4). Interestingly, for both recombinant proteins, anti-Flag 
FITC staining appeared brighter in the nucleus than in the cytoplasm. This result 
indicated that FADD is localised also in the nucleus when overexpressed in neurones, in 
contrast to its reported role as a cytoplasmic adapter protein promoting caspase 
recruitment to the plasma membrane. In order to determine whether the nuclear 
localisation of FADD was neurone-specific, the expression profiles of FADD-WT and 
FADD-DN were also analysed in HeLa cells. Cells were plated on 6 cm dishes at 50% 
confluency. The next day they were transfected using a calcium phosphate protocol with 
10 p.g of each plasmid DNA (see Materials and Methods). Twenty-four hours after 
transfection the cells were fixed and stained with anti-Flag antibody to reveal the FADD 
localisation, whereas the nuclear morphology was determined by Hoechst staining 
(Figure 5.5). As found in neurones, for both FADD WT and DN, the majority of the 
protein appeared to have a nuclear localisation. Overexpression of FADD WT and FADD 
DN did not induce apoptosis after 24 hours, as demonstrated by the absence of 
condensed nuclei, confirming the lack of toxicity seen in neurones. To examine whether 
the observed nuclear distribution of recombinant FADD was due to the N-terminal Flag 
tagging of the protein, the intracellular distribution of endogenous FADD in HeLa cells
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Figure 5.4 Microinjection of pcDFlag-FADD-WT and FADD-DN 
constructs into SCG neurones.

pcDFlag-FADD-WT and pcDFlag-FADD-DN were injected into SCG neurones at a 
concentration of 0.1 mg/ml. Guinea pig IgG was co-injected at a concentration of 5 
mg/ml. After 16 hours the cells were fixed and analysed by immunofluorescence 
staining. Injected cells were detected with Rhodamine coupled anti-Guinea pig IgG. The 
expression of the Flag-tagged recombinant proteins was assessed by staining with a 
mouse anti-Flag antibody, followed by an anti-mouse FITC-conjugated secondary 
antibody. The nuclear chromatin was stained with Hoechst. Both FADD-WT and FADD- 
DN recombinant proteins were highly expressed in SCG neurones and appeared more 
concentrated in the nucleus. Neither construct induced apoptosis as judged by the normal 
nuclear morphology of the injected cells (white arrows). Scale bar, 30 pm.
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Figure 5.5 Overexpression of FADD-WT and FADD-DN in HeLa cells.

FADD-WT and FADD-DN pcDFlag expression constructs were transfected into HeLa 
cells by the calcium phosphate method (see Materials and Methods). Twenty-four hours 
after transfection the cells were fixed and analysed by immunostaining with anti-Flag 
antibody and secondary FITC-conjugated antibody. The nuclear chromatin was stained 
with Hoechst. Both FADD-WT and FADD-DN appeared to localise mainly in the 
nucleus. Overexpression of either protein did not induce apoptosis over a 24 hour period. 
Scale bar 30 pm.
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was analysed. This experiment was possible since, while I had not found a rat FADD 
reactive reagent, a human FADD specific antibody (Transduction Laboratories) was 
available. Interestingly, in HeLa cells endogenous FADD appeared to have a clearer 
nuclear localisation than transfected FADD (Figure 5.6), essentially confirming the 
subcellular localisation of the Flag-tagged recombinant proteins in HeLa cells and SCG 
neurones. FADD localisation was also analysed in the presence of an apopotic stimulus, 
in this case Fas receptor activation, by an anti-Fas agonistic antibody. Treatment with 
anti-Fas receptor antibodies had been shown to induce apoptosis in Fas-expressing cells 
(Yonehara et al., 1989; Dhein et al., 1995). Furthemore, death through activation of 
death receptors is known to occur via FADD-mediated recruitment of caspases to the 
plasma membrane (Muzio, 1998; Scaffidi et al., 1998). In order to assess whether FADD 
redistributed to the plasma membrane during apoptosis, HeLa cells were treated for 24 
hours with anti-Fas antibody (150 ng/ml; Upstate Biotechnologies) and analysed by 
immunofluorescence. Activation of the Fas receptor induced apoptosis as indicated by the 
appearance of pyknotic nuclei (Figure 5.7). These apoptotic cells appeared on average to 
have a less intense and more diffused FADD staining compared to adjacent cells with 
normal nuclear morphology. However, even in dying cells, both at early (Figure 5.7, A) 
and late (Figure 5.7, B) stages of apoptosis, FADD still seemed to have a distinct nuclear 
localisation, suggesting that massive redistribution of FADD to the plasma membrane is 
not required for Fas-induced apoptosis of HeLa cells and that FADD may actively interact 
with nuclear proteins. The subcellular distribution of FADD was compared in apoptotic 
and in mitotic cells. In cells undergoing cell division the nuclear membrane is rapidly 
disrupted, the chromatin is condensed and the transcription processes are interrupted 
(Arends and Wyllie, 1991; Ucker, 1991). In these cells, however, unlike in apoptotic 
cells, FADD was seen diffusely throughout the entire cell body (Figure 5.7, C), 
suggesting that nuclear integrity is essential for the nuclear localisation of FADD.

5.2.3 FADD overexpression in SCG neurones.

The effect of FADD overexpression on cell survival was analysed in SCG 
neurones by microinjection experiments. SCG neurones, prepared as described in 
Materials and Methods, were cultured for 5-7 days in the presence of NGF before 
injection. Injected cells, marked by co-injection of Texas Red dextran (5 mg/ml), were 
counted at 24, 48 and 72 hours post injection. For these survival experiments, two Bcl-2 
family members, Bax and Bc1-Xl, were chosen as controls. Bax is a known pro- 
apoptotic protein (Oltvai et al., 1993), whereas Bc1-Xl expression has been shown to 
have a protective effect against several apoptotic stimuli (Huang et al., 1997), including 
NGF withdrawal (Vekrellis et al., 1997). These two cDNAs had been previously 
engineered into the same pcDFlag vector used for the FADD constructs (Vekrellis et al..
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Figure 5.6 Immunostaining of endogenous FADD in HeLa cells.

HeLa cells were fixed and stained with anti-FADD antibody (1:100; Upstate 
Biotechnologies) and a secondary FITC-conjugated antibody (1:100; Jackson 
Immunoresearch Laboratories). The nuclear morphology was assessed by Hoechst 
staining. Endogenous FADD appeared to have a distinct nuclear localisation in these 
cells. Scale bar 30pm.
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Figure 5.7 FADD distribution during apoptosis and mitosis.

HeLa cells were treated with an agonistic anti-Fas antibody (150 ng/ml; Upstate 
Biotechnologies) for 24 hours. The cells were then fixed and stained with an anti-FADD 
antibody (1:100; Upstate Biotechnologies) and a secondary FITC-conjugated antibody 
(1:100; Jackson Immunoresearch Laboratories). The nuclear morphology was revealed 
by Hoechst staining. Apoptosis induction was confirmed by the appearance of condensed 
nuclei (Hoechst staining, white arrows). Cells with normal nuclei showed a 
predominantly nuclear FADD localisation. Dying cells, both at early (A) and late (B) 
stages of nuclear condensation, displayed a more diffused and less intense FADD 
staining (white arrows). Cells with intact nuclear morphology and diffused cytoplasmic 
staining were not observed suggesting that FADD redistribution followed nuclear 
condensation and nuclear membrane disruption. FADD staining in mitotic cells (C) was 
completely diffused, suggesting that integrity of the nuclear structure is required for the 
nuclear localisation of FADD. Mitotic and apoptotic cells are marked by white arrows. 
Scale bar 30 pm.
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1997). The Bax and Bc1-Xl expression vectors were tested by immunofluorescence 
staining of microinjected SCG neurones. These experiments confirmed that both 
constructs were expressed in SCG neurones (Figure 5.8). As expected, Bax-injected 
cells maintained in the presence of NGF displayed typical apoptotic features, such as 
condensed nuclei, within a few hours after injection, whereas Bcl-XL-injected cells did 
not. Interestingly, recombinant Bc1-Xl appeared to have a nuclear localisation in most 
injected cells, in contrast with its reported cytoplasmic distribution (Gonzalez-Garcia et 
al., 1994; Hsu et al., 1997).

Initial experiments to investigate the effects of FADD expression were performed 
by injecting expression constructs at a concentration of 0.1 mg/ml. This plasmid 
concentration had been successfully used in previous overexpression experiments in 
SCG neurones using pcDFlag constructs (Vekrellis et al., 1997). However, preliminary 
microinjection studies over 0-72 hours, in the presence or absence of NGF, highlighted 
plasmid-specific effects which affected the interpretation of the results. It was observed 
that the empty vector pcDFlag, driving only the expression of a short amino acid Flag 
peptide, did seem to have a direct effect on cell survival. As shown in Figure 5.9 A, 
injection of pcDFlag into SCG neurones maintained in the presence of NGF, appeared to 
induce cell death over a period of 72 hours. This effect became evident when compared to 
the survival profile of cells injected with Texas Red dextran only. This apparent plasmid- 
induced death did not seem related to a particular plasmid preparation or to the Flag 
epitope as a similar result was obtained with different plasmid preparations and it was

also produced by another control plasmid encoding the p-galactosidase protein, pcDNAI-

LacZ (Figure 5 A; Alberts et al., 1993). However, when cells were induced to die by 
withdrawal of neurotrophic factor, both pcDFlag and pcDNAI-LacZ produced a clear 
protective effect (Figure 5.9 B). A possible explanation for these findings was the 
interference of the CMV promoter with the normal transcriptional activity of the cells. 
Since both survival and apoptosis are believed to be transcription dependent in neurones 
(Martin et al., 1988), it is conceivable that introduction of expression plasmids in SCG 
neurones could have a limited protective effect. In order to minimise these non specific 
effects further experiments were performed to determine the optimal plasmid 
concentration for microinjection (data not shown). It was empirically determined that at a 
concentration of 0.03 mg/ml, the plasmid alone had negligible effects upon cell survival, 
therefore this plasmid concentration was used in all microinjection experiments hereafter 
described, unless otherwise specified. Initially, the effect of FADD-WT overexpression 
was analysed in the presence of NGF and compared to the expected pro-apoptotic effect 
of Bax. As shown in Figure 5.10, overexpression of FADD-WT did not promote cell 
death in SCG neurones, whereas Bax-injected cells underwent rapid apoptosis within the 
first 24 hours after injection. The inability of FADD-WTT to induce apoptosis could be
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Figure 5.8 Microinjection of Bax and B c1-X l into SCG neurones.

Bax and Bc1-Xl pcDFlag constructs were injected into SCG neurones at a concentration 
of 0.1 mg/ml, to test their expression. Guinea pig IgG (5 mg/ml) was co-injected and 
injected cells were identified by staining with an anti-IgG Rhodamine-conjugated 
antibody. The recombinant proteins were stained with an anti-Flag antibody followed by 
an FITC-conjugated secondary antibody. The nuclear chromatin was stained with 
Hoechst.
Both Bax and Bc1-Xl appeared to be efficiently expressed. Interestingly, whereas Bax is 
localised in the cytosol, Bc1-Xl appears to have a nuclear localisation. Overexpression of 
Bax in the presence of NGF promotes apoptotic cell death, as confirmed by the 
condensed nuclei of all injected cells. Overexpression of Bc1-Xl , by contrast, does not 
induce nuclear condensation. The Hoechst-stained nuclei of injected cells are marked by 
white arrows. Scale bar SOpm.
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Figure 5.9 Non specific plasmid effects upon microinjection into SCG  
neurones.

Cells were injected either with Texas Red dextran alone (5 mg/ml) or with Texas Red and 

either pcDFlag or pcDNA I-LacZ, both at a concentration of 0.1 mg/ml. At least 200 cells 

were injected for each condition. Texas Red-positive cells were counted at the indicated 

time points (0, 24, 48, 72 hours). Only Texas Red-positive cells with non apoptotic cell 

morphology, as judged by phase, were scored as viable.

A) Plasmid-injected cells died at a faster rate than cells injected with Texas Red dextran 

only, when cells were maintained in the presence of NGF.

B) Following NGF withdrawal (4 hours after injection), plasmid-injected cells were 

partially protected against cell death induced by withdrawal of NGF, when compared to 

cells injected with Texas Red dextran only.
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Figure 5.10 Overexpression of FADD WT does not induce apoptosis in 
SCG neurones.

SCG neurones were injected with pcDFlag-FADD-WT, pcDFlag-Bax or pcDFlag (0.03 

mg/ml). Surviving injected cells, with non apoptotic cell morphology , were counted at 

24 and 48 hours. FADD-WT-overexpressing cells were not induced to die, compared to 

pcDFlag-injected cells. Overexpression of Bax, by contrast, promoted apoptosis of the 

injected cells. Data shown are the mean of three separate experiments ± S.E.M.
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interpreted in different ways. One possible explanation is that overexpression of an 
adapter protein such as FADD, binding efficiently both the death receptor and caspase-8, 
results in a dominant negative effect. This could be due to excess of recombinant protein 
in the cytosol and saturation of all binding sites, effectively preventing caspase 
recruitment to the plasma membrane. Since this effect would depend on the higher 
relative molarity of recombinant FADD versus endogenous caspase-8 and death receptor, 
a more even titration of the recombinant protein could have resulted in a caspase- 
activating effect. The amount of injected plasmid was therefore titrated down to see 
whether any such effect could be observed. Five different FADD-WT plasmid 
concentrations were tested, ranging from 0.03 mg/ml to 0.00001 mg/ml. However, no 
killing effect was observed over a 48 hour experimental period (Figure 5.11).

The effect of FADD overexpression was then analysed in the absence of NGF, 
when neurones are induced to die by apoptosis. In the light of the lack of apoptotic effect 
of FADD-WT in the presence of NGF, this construct could either produce a dominant 
negative effect, in the fashion envisaged above, or perhaps accelerate the rate of cell death 
by promoting more rapid and extensive activation of the caspase cascade. The FADD-WT 
and FADD-DN expression constructs were injected into SCG neurones at a concentration 
of 0.03 mg/ml and NGF was withdrawn 4 hours after injection. Texas Red dextran 
positive cells were counted at 0, 24 and 48 hours after NGF withdrawal as before. The 
results are shown in Figure 5.12 A. Expression of either FADD-WT or FADD-DN 
protected SCG neurones from NGF-withdrawal- induced death. This protective effect 
was less complete than the rescue promoted by Bc1-Xl but was nonetheless clear. As 
both the WT and DN constructs were equally protective, it could be implied that the death 
domain of FADD, present in both recombinant proteins, was sufficient for this effect. 
This protective effect was dose-dependent, since decreasing the concentration of injected 
plasmid to 0.01 mg/ml led to a reduction in survival (Figure 5.12 B). The distribution of 
recombinant FADD-WT and FADD-DN was also analysed by immunofluorescence 
staining with anti-Flag antibody, during NGF deprivation. NGF-withdrawal induced 
apoptosis appeared clearly delayed in cells overexpressing FADD-DN (Figure 5.13). In 
NGF-deprived SCG neurones, similarly to anti-Fas treated HeLa cells, recombinant 
FADD appeared concentrated in the nucleus and a complete redistribution to the 
cytoplasm or the plasma membrane following NGF withdrawal could not be detected. 
Even injected cells which displayed early features of apoptosis, such as a slightly more 
condensed chromatin, showed a nuclear localisation for FADD-DN (Figure 5.13 ). A 
similar subcellular distribution was observed for the wild type construct too (data not 
shown) This observation suggested that either a complete diffusion of FADD to the 
cytoplasm is not necessary to protect cells from apoptosis, or the interaction of FADD 
with nuclear targets is implicated in this protective effect.
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Figure 5.11 Titration of FADD-WT in SCG neurones.

The amount of microinjected FADD-WT construct was sequentially reduced to determine 
whether a pro-apoptotic effect could be produced at a lower expression levels. Five 

different FADD-WT concentrations were tested: 0.03, 0.01, 0.001, 0.0001 and 0.00001 

mg/ml. The pcDFlag-Bax plasmid was injected at 0.03 mg/ml. These data represent the 

average of three experiments ± S.E.M., except for concentrations 0.01 mg/ml and 

0.00001 mg/ml which were tested twice.
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Figure 5.12 FADD-DN or FADD-WT expression protects SCG neurones 
from apoptosis.

SCG neurones were injected with expression plasmids at a concentration of 0.03 mg/ml 

(A) or 0.01 mg/ml (B). NGF was withdrawn 4 hours after injection and the injected cells 

were counted (time 0). Surviving injected cells, with non apoptotic cell morhology, were 

counted again after 24 and 48 hours. One set of cells, injected with pcDFlag vector, was 

maintained in the presence of NGF to evaluate the degree of cell death.

A) Both FADD-DN and FADD-WT expression protected neurones from apoptosis 

induced by NGF withdrawal. As expected Bc1-Xl , an anti-apoptotic member of the Bcl-2 

family, efficiently rescued SCG neurones.

B) The protective effect of FADD-DN and FADD-WT appeared to be dose dependent. 

FADD-DN and FADD-WT, but not Bc1-Xl, seemed to rescue neurones less efficiently 

when injected at the lower concentration of 0.01 mg/ml.

Data shown are the mean of four (A) or three (B) separate experiments ± S.E.M.
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Figure 5.13 The nuclear distribution of FADD-DN does not alter after 
NGF withdrawal.

SCG neurones, injected with pcDFlag-FADD-DN (0.03 mg/ml), were fixed 24 hours 
after NGF withdrawal and stained with anti-Flag antibody and FITC-conj ugated 
secondary antibody. Cells overexpressing FADD-DN generally showed intact nuclear 
morphology, assessed by Hoechst staining, and a normal cellular phenotype, unlike 
surrounding cells which displayed typical apoptotic features, such as chromatin 
condensation and membrane blebbing (panel A). NGF withdrawal appeared not to alter 
the nuclear localisation of FADD-DN. Even in cells which showed early changes of 
nuclear morphology, recombinant F ADD was still prominently nuclear (panel B). FADD- 
DN overexpressing cells are marked with white arrows. Scale bar, 30 pm.
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5.3 DISCUSSION.

In order to assess the possible involvement of DD/DED proteins in neuronal 
apoptosis, recombinant F ADD was overexpressed in SCG neurones. Two FADD constructs 
were prepared: one encoding the full length wild type protein (FADD-WT) and a dominant 
negative form encoding a tmncated protein lacking the death effector domain (FADD-DN). 
These constructs were confirmed as expressing the correct sized protein by in vitro 
translation and for efficiency of expression in cells by immunofluorescence microinjection 
studies. Interestingly, both recombinant FADD-WT and FADD DN appealed to be 
concentrated in the nucleus when overexpressed in SCG neurones. This finding appears in 
contrast with the reported cytoplasmic role of this adapter protein (Chinnaiyan et al., 1996b; 
Muzio et al., 1996), although a nuclear distribution for overexpressed FADD has been 
reported in non neuronal cells (Perez and White, 1998). A similar distribution was observed 
in HeLa cells by transfection of these FADD constructs, and also by immunofluorescence 
staining of the endogenous protein in these cells. Moreover, endogenous FADD in HeLa 
cells does not appear to redistribute to the plasma membrane even after induction of cell death 
by an anti-Fas agonistic antibody. This nuclear localisation suggests that FADD may perform 
roles other than recruiting caspases to the plasma membrane and possibly that it interacts 
with nuclear DD proteins.

The effect of these two FADD constructs upon cell survival was then analysed in 
SCG neurones. Overexpression of FADD-WT had been shown to promote cell death in 
some non-neuronal cell lines, presumably by inducing aggregation and autoactivation of 
caspases (Chinnaiyan et al., 1995; Muzio et al., 1998). Overexpression of FADD-WT in 
SCG neurones maintained in NGF, however, was not sufficient to trigger cell death. It is 
possible that FADD recruitment of caspases in neurones requires upstream activation of a 
death receptor, which may not occur in the presence of NGF. Alternatively, DD receptors, 
caspase-8 or other FADD-interacting caspases may not be constitutively expressed in SCG 
neurones, therefore caspase activation cannot be promoted by FADD. A further explanation 
for this failure to induce cell death could be that overexpression of FADD-WT saturates the 
binding sites of both its upstream and downstream partners. This situation would actually 
prevent aggregation and autoactivation of caspase-8. However, no difference was seen when 
the amount of injected plasmid was reduced, thereby diluting the intracellular recombinant 
protein more than a thousand-fold. This suggests that the non apoptotic effect of FADD-WT 
overexpression was probably not due to saturation of the intracellular binding sites, although 
it is not possible to determine with certainty the range of plasmid concentrations required to

153



test this effect.
FADD overexpression was then analysed in the absence of NGF, when SCG 

neurones are induced to undergo apoptosis. If this apoptotic pathway is mediated by DD- 
containing plasma membrane receptors, through interaction with FADD or other DD/DED 
adapter proteins, overexpression of a FADD dominant negative protein would be expected to 
protect neurones from apoptosis. My experimental data show quite convincingly that 
overexpression of FADD-DN protects SCG neurones from NGF withdrawal-induced 
apoptosis in a dose dependent manner. The FADD-WT construct also appears to rescue 
neurones with similar efficiency. The anti-apoptotic effect of FADD-WT and FADD-DN, 
appears consistent with the inhibition, by homophilic protein-protein interaction, of a death 
pathway mediated by death domains, following NGF deprivation. It would have been 
interesting, in the light of these findings, to test the effect on cell survival of a FADD 
truncated protein lacking the DD (DED only). Unfortunately, as described earlier, this 
construct could not be prepared, therefore the specific effect of DED overexpression in 
neurones could not be tested, therefore the role of DED interactions in neuronal apoptosis 
could not be specifically assessed.

In summary, overexpression of an exogenous DD protein (FADD-WT or FADD- 
DN) effectively inhibits apoptosis induced in SCG neurones by NGF withdrawal However, 
at this stage it was not possible to conclude that FADD was a neuronal mediator of apoptosis 
since the endogenous expression of FADD in SCG neurones could not be confirmed, due to 
the lack of a rat cross-reacting antibody for immunofluorescence experiments. Furthermore it 
was not known whether DD-containing plasma membrane receptors were involved in the 
transduction of this apoptotic signal. The p75 receptor, a member of the TNF receptor family 
(Radeke et al., 1987), had been implicated in neuronal apoptosis, both in a ligand- 
independent (Bredesen and Rabizadeh, 1997) and ligand-dependent (Frade et al., 1996; 
Bamji et al., 1998) manner. This receptor, however, was not reported to interact with FADD 
or other DD adapter molecules, and to mediate caspase activation through its intracellular DD 
(Kong et al., 1999). Moreover, the endogenous expression of DED caspases or FADD had 
not been demonstrated in sympathetic neurones. In light of these data it could be assumed 
that withdrawal of neurotrophic factor may lead to activation of a plasma membrane death 
receptor which mediates the death signal via a DD-containing cytoplasmic adapter molecule. 
It is equally possible, however, that NGF withdrawal does not induce activation of plasma 
membrane DD receptor and that these DD interactions occur somewhere downstream in the 
apoptotic cascade. The nuclear localisation of FADD, for instance, suggests that the 
interactions of FADD with nuclear DD proteins may be involved in apoptotic signalling.

Taken together, these data suggest that apoptosis induced in SCG neurones by
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withdrawal of NGF is mediated by DD interactions. I decided a this point that, in order to 
elucidate this death pathway, it was necessary to shed more light on the DD proteins and 
upstream DED caspases expressed in SCG neurones which may be involved in neuronal cell 
death. Due to the lack of specific caspase inhibitors and of rat-cross reacting antibodies for 
FADD and other potentially interacting molecules, these studies were performed by RT- 
PCR.
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6 EXPRESSION ANALYSIS OF CASPASES AND DD-RELATED 

PROTEINS IN SCG NEURONES.

6.1 INTRODUCTION.

Although a caspase regulatory mechanism based on DD/DED interactions has not 
been demonstrated in neurones, it has been shown that neuronal apoptosis does occur 
through activation of caspases. Viral caspase inhibitors, for instance, have been shown to 
rescue sympathetic neurones from apoptosis induced by NGF withdrawal (Gagliardini et al., 
1994; McCarthy et al., 1997a). Other studies demonstrated that some synthetic caspase 
inhibitors could rescue neurones from cell death induced by a variety of other stimuli 
(Milligan et al., 1995; Armstrong et al., 1997; Taylor et al., 1997).

However, despite the extensive experimental evidence implicating caspases in the 
neuronal apoptotic processes, the subset of these enzymes which are expressed in neurones, 
and therefore are available to take part in apoptosis, has not been definitively identified. This 
is mainly due to the lack of specificity of most of the caspase inhibitors for each caspase 
family member. Likewise, only very limited information was available about DD/DED 
proteins endogenously expressed in neurones.

Regulation of caspase activation through DD protein interactions has been extensively 
described in non neuronal cells (Nagata, 1997). The general model involves ligation of 
plasma membrane death receptors, which have cytoplasmic DDs, and subsequent recruitment 
of a DED class of upstream caspases to the plasma membrane via DD/DED cytoplasmic 
adapter molecules, as described for the Fas receptor/caspase-8/FADD model (Muzio et al., 
1996). In addition to this mechanism, DED proteins, such as cFLIP, have also been shown 
to act as modulators and negative regulators of the death signal (Leverkus et al., 2000), 
whereas other DD proteins, like the Serine-Threonine kinase RIP, have been implicated in 
the transduction of survival pathways (Lin et al., 1999).

In light of my previous findings, which suggested a role for DD interactions in 
apoptosis induced by NGF withdrawal, I have analysed, by RT-PCR, the endogenous 
expression of caspases, FADD and other DD-related proteins in rat SCG neurones. The 
choice of RT-PCR over a biochemical investigation was essentially dictated by the limited 
availability of rat-cross reacting antibodies for all the proteins of interest and the relatively
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poor yields of protein in extracts from primary neuronal cultures such as SCG neurones. 
RT-PCR amplification conditions were initially optimised for each target using rat thymus 
and PC12 cells total RNA. The expression of several caspases, FADD and other DD-related 
proteins was then analysed in SCG neurones purified with an optimised protocol to remove 
non neuronal contaminants. The transcriptional regulation of some of these transcripts was 
also investigated by RT-PCR following NGF withdrawal.

6.2 RESULTS.

6.2.1 Optimisation of quantitative RT-PCR conditions.

RT-PCR conditions were initially optimised using PCI2 cells. RT-PCR is a 
powerful detection technique, which has been widely used for the amplification of even rare 
transcripts (Zamorano et al., 1996). An important practical application of this technique is the 
abihty to quantitate the amount of a target gene in a given RNA population (Wang et al., 
1989; Gilliland et al., 1990; Wiesner et al., 1993; Cottrez et al., 1994). As it was planned 
not only to analyse the expression of caspases and FADD under control conditions but also 
to investigate any potential transcriptional regulation of these genes, it was important to 
verify that the experimental conditions used were quantitative. The accuracy of quantitative 
RT-PCR has been widely debated (Freeman et al., 1999; Halford, 1999). RT-PCR 
amplification is believed to proceed with exponential kinetics until a “plateau” phase is 
reached. This phase usually corresponds to the state when the amount of any reactant 
becomes limiting. Owing to the exponential nature of the reaction, minor tube-to-tube 
differences in input template and amplification efficiency might, in theory, result in major 
differences in amplification product. For this reason it was generally believed that nucleic 
acid quantitation by PCR could only be performed with internal amplification controls, and 
by measuring the products only during the exponential phase of amplification (Wang et al., 
1989). Quantitative RT-PCR is often performed either with artificial competitor DNA 
templates (competitive PCR; Siebert and Larrick, 1992) or in a semi-quantitative manner, 
comparing the target gene product with a control transcript, with both products detected by 
direct radiolabelling during the exponential phase of PCR amplification (Vandevyver and 
Raus, 1995). However, both procedures are cumbersome and labour intensive, particularly 
when several genes are being investigated in parallel. Other studies have questioned the 
absolute need of internal competitors by showing that RNA and DNA samples could be
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efficiently quantified by standard PCR, with sample to sample variations similar to other 
established quantitative techniques (Hill et al, 1996; Martell et al., 1999). More recently RT- 
PCR quantitation has been successfully performed with standard amphfication conditions 
followed by non isotopic detection with ethidium bromide (EtBr) staining, indicating that 
RT-PCR is inherently quantitative provided that input RNA is within the detection range 
used and the number of samples tested allows for statistical analysis of the results (Halford et 
al., 1999). It was decided to test the quantitative properties of RT-PCR in neuronal systems 
by analysing the amplification of neurofilament RNA which is specifically expressed in 
neurones and therefore is a useful positive control (Julien et al., 1986). I aimed to show that 
RT-PCR amplification of neurofilament RNA followed by EtBr detection was quantitative 
and that differences in target input could be consistently recorded.

Neurofilament cDNA was initially amplified from dilutions of a PC 12 cell cDNA 
mixture, originally prepared from 2 }xg PC12 cell total RNA, to demonstrate that the amount 
of PCR product correlated with the amount of added cDNA template. As shown in Figure 
6.1, the amount of PCR product appeared to be proportional to the amount of initial target. 
Reverse transcriptase (RT) reaction is believed to proceed to completion with constant 
efficiency and so it is generally assumed not to affect the quantitative capacity of the 
amplification reaction. This assumption was nevertheless tested by reverse transcribing and 
amplifying serial dilutions of PC 12 cell total RNA. Varying amounts of PC 12 cell total 
RNA, ranging from 2 to 0.1 p.g were mixed with B.coli ribosomal RNA to constitute 2 |ig 
total RNA for each sample. Two micrograms of E.coli ribosomal RNA was used as a

negative control. After cDNA synthesis for 1 hour at 37°C, neurofilament was amphfied for

30 cycles from equal volumes of the resulting cDNA mixtures and the products were 
analysed by gel electrophoresis. The quantitative property of the RT-PCR process was 
confirmed, as shown in Figure 6.2. The neurofilament specific PCR products appear to be 
proportional to the amount of template input into the RT-PCR reaction. These results thus 
confirmed that RT-PCR amphfication with ethidium bromide detection can be used for 
quantitative purposes, in agreement with previous reports (Hill et al., 1996; Halford et al., 
1999; Martell et al., 1999).
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Figure 6.1 PCR amplification of neurofilament from PC12 cell cDNA
dilutions.

PCI2 cell RNA (2 |xg) was reverse transcribed with oligo(dT) and random primers (1 hour 

at 37°C). Serial dilutions of the cDNA mixture were amplified with neurofilament specific

primers (NFIO and NF176R) at 94°C 30 sec., 60°C 30 sec., 72°C 1 min., for 30 cycles. 

Input cDNA dilutions: A=l, B=l/2, C=l/10, D=l/100.
A) 1/10 of the PCR products was separated by agarose gel electrophoresis containing 
ethidium bromide (0.5 pg/ml; see Materials and Methods) and visualised by UV 
transilluminator.
B) The stained gel was scanned and the densitometiic readings (OD) are given on the Y axis 
in arbitrary units.
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Figure 6.2 RT-PCR amplification of neurofilament from PC12 cell total RNA
dilutions.

Serial dilutions (3.3 fold) of PCI2 cells total RNA were prepared by mixing variable 
amounts of PCI2 cells RNA with E.coli ribosomal RNA to reconstitute 2 pg RNA for each 
sample. Dilutions are expressed as -log (RNA dilution). Sample (-) contained 2pg E.coli 
RNA only. RNA was reverse transcribed with oligo(dT) and random primers (1 hour at

37°C). One tenth of each cDNA mixture was amplified with neurofilament specific primers

(NFIO and NF176R) at 94°C 30 sec., 60°C 30 sec., 72°C 1 min., for 30 cycles.

a) 1/10 of the PCR products was separated by agarose gel electrophoresis, stained with 
ethidium bromide (0.5 pg/ml; see Materials and Methods) and visualised by UV 
transillumination.
b) The stained gel was scanned and the densitometric readings (OD) are given on the Y axis 
in arbitrary units.
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6.2.2 RT-PCR analysis of caspases and FADD expression in PC12 cells.

In order to determine which caspases are expressed in SCG neurones PCR primers 
for several known caspases were designed. An important limitation of this RT-PCR 
approach was the lack of known rat sequences, since the majority of the published caspase 
sequences were of human and mouse origin. The rat cDNA sequences had been identified 
only for caspases-1, -2, -3 and -6 whereas for caspases -7, -8 and -9 partial mouse EST 
sequences were available in addition to the full length human sequences. PCR primers were 
then designed for these genes, as well as for FADD, based on the rat sequences previously 
found (Chapter 3; see Materials and Methods for primer sequences). In the case of caspases- 
4, -5, -10, -11, -12, -13 and -14, only one cDNA species (human or mouse) was known, 
therefore it was not possible to design either rat specific primers or oligonucleotides for 
cDNA sequences conserved between the two other species. Human specific primers were 
not expected to efficiently amplify the corresponding rat fragments given the species 
differences at the cDNA level. Moreover, some caspases such as caspase-4 and caspase-5 
were believed to be mainly involved in inflammation processes based on their substrate 
specificity (Rano et al., 1997), and no clear involvement in apoptosis had been shown. 
Caspase-10, on the other hand, was of specific interest because of its long prodomain with 
two DEDs, bearing structural similarity to caspase-8. Since 1 had found that DD interactions 
can modulate neuronal apoptosis, possibly involving the activation of a DED caspase 
through interaction with a DD-DED adapter protein, 1 attempted the cloning of the rat 
fragment for this particular caspase. A number of caspase-10 human specific primers were 
designed, however, preliminary experiments on human cells line RNA, such as Jurkat and 
HeLa cells, failed to amplify any caspase-10 fragments. Owing to the lack of positive control 
in human cell lines, the cloning of caspase-10 cDNA was not attempted from rat sources.

Rat thymus total RNA was used to test the PCR oligonucleotides for the caspases-1,- 
2,-3,-6,-7,-8,-9 and FADD. PCR fragments of the expected size were obtained for all these 
transcripts. These PCR fragments were gel purified and analysed by DNA sequencing which 
confirmed the amplification of the expected cDNAs. These caspase- and FADD-specific 
oligonucleotides were then tested in a neuronal cell line model, differentiated PC12 cells, as a 
preliminary attempt to optimise conditions for caspase amplification from a neuronal source. 
PC 12 cells are a neuronal cell line derived from rat pheochromocytoma and represent a 
useful model of sympathetic neurone apoptosis (Greene et al., 1987). They can be induced 
to differentiate and to acquire a neuronal phenotype by presence of NGF. Upon withdrawal 
of the neurotrophin, they undergo apoptotic cell death with similar time course to SCG 
neurones (Mesner et al., 1992). This apoptotic cell death is known to be transcription 
dependent (Mesner et al., 1992; Park et al., 1996). Therefore it was possible that any
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caspase absent in the presence of NGF could be transcriptionally upregulated upon NGF 
withdrawal to take part in the apoptotic process. As a preliminary experiment, caspase 
expression was analysed in the presence of NGF and 24 hours after NGF withdrawal, well 
beyond the death commitment point reported for PCI2 cells (Batistatou and Greene, 1993), 
when the death machinery must have been induced in the majority of the cells. Total RNA 
was prepared as described in Materials and Methods and for each condition, 2 |xg of total 
RNA was reverse transcribed. A 1/10 of the cDNA mixture was then analysed by PCR using 
primers specific for caspases-1, -2, -3, -6,- 7, -8, -9 and FADD. As shown in the Figure 
6.3, caspases-2, -3, -6, -7 and FADD were found to be expressed in PC12 cells, both in the 
presence and absence of NGF. Caspases-8 and -9 appeared to be expressed at very low 
levels which required extra amplification cycles for their detection. Caspase-1 on the contrary 
was not detectable in PC 12 cells, regardless of NGF treatment, even after 35 cycles of PCR 
amplification. The expression of caspases-1, -8 and -9 was then analysed in parallel in rat 
thymus RNA extracts to compare the expression levels of these caspases in a non-neuronal 
tissue. The low expression levels of caspase-8 and -9 in PC 12 cells did not differ greatly 
from their levels in thymus, perhaps reflecting their role of apical caspase (Figure 6.4). By 
contrast, caspase-1 appears to be highly expressed in thymus, suggesting that this caspases 
is not expressed in PC 12 cells and therefore cannot be involved in apoptosis, as has been 
reported previously (Haviv et al., 1997). The expression of caspase-8 and FADD, however, 
raised the possibility that apoptosis in PC 12 cells may be mediated by DD/DED interactions 
as described in non neuronal systems (Nagata, 1997).

6.2.3 Purification of SCG neuronal cultures. Optimised RT-PCR protocol.
It had been planned to use the same RT-PCR analysis to determine the expression of 

caspases and FADD in SCG neurones. However, unlike PC 12 cells, SCG neuronal cultures 
are not a single cell type but contain a significant percentage of non neuronal contaminants. 
These non-neuronal cells derived from sympathetic ganglia are mainly Schwann cells and 
other glial cell types, as well as satellites cells and fibroblasts (Chamley et al., 1972; 
McCarthy and Partlow, 1976). These contaminants must affect the RT-PCR results, given 
the sensitivity of this amplification technique. The standard protocol for the preparation of 
these cultures is described in Materials and Methods. Briefly, after dissociation of the ganglia 
into single cells by trituration, the neurones are purified by preplating the cells onto tissue 
culture plastic dishes for up to 2 hours. This step allows the non neuronal cells to settle 
down and attach to the plate, whereas the neurones tend to remain in suspension and are 
collected by centrifugation. The neurones are then plated onto poly-L-Lysine/laminin coated 
glass coverslips placed in 30 mm tissue culture dishes and cultured for up to 7 days in the
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Figure 6.3 RT-PCR amplification of caspases and FADD from PC12 cell 
RNA.

Total RNA was prepared from PC12 cells differentiated for 7 days in the presence of 

NGF and maintained for a further 24 hours in the presence (+) or absence (-) of NGF. For 

each condition 2 /xg total RNA was reverse transcribed with oligo(dT) and random 

primers (1 hour at 37°C). One tenth of each cDNA mixture was amplified for 30 PCR 

cycles (94°C 30 sec., 55-60°C 30 sec., 72°C 1 min.) with specific primers (primer names, 

as listed in Materials and Methods, are followed by the size of the expected product and 

the annealing temperature used) for: caspase-2 (Nedd618/820R, 222 bp, 55°C), caspase-3 

(CPP125/361R, 236 bp, 55°C), caspase-6 (casp6-310/714R, 404 bp, 58°C), caspase-7 

(casp7-262/594R, 332 bp, 60°C), FADD (FADD81/476R, 395 bp, 58°C) and 

neurofilament (NF10/176R, 166 bp, 60°C). One tenth of each PCR product was separated 

by agarose gel electrophoresis, stained with ethidium bromide (0.5 /xg/ml) and visualised 

by UV transillumination.
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Figure 6.4 RT-PCR analysis of caspases-1, -8 and -9 expression in PC12 

cells and rat thymus RNA.

Total RNA was prepared from rat thymus (T) and from P C I2 cells differentiated for 7 

days and maintained for a further 24 hours in the presence (+) or in the absence (-) of 

NGF. P C I2 and thymus total RNA (2 fig each) was reverse transcribed with oligo(dT) 

and random primers (1 hour at 37°C). One tenth of each cDNA mixture was amplified for 

35 PCR cycles (94°C, 30 sec., 55-60°C, 30 sec., 72°C, 1 min.) with specific primers 

(primer names, followed by the size of the expected product and the annealing 

temperature used) for: caspase-1 (caspl-976/1208R, 242 bp, 55°C), caspase-8 (casp8- 

56/299R, 243 bp, 55°C) and caspase-9 (casp9-662/898R, 236 bp, 58°C). One tenth of 

each PCR product was separated by agarose gel electrophoresis, stained with ethidium 

bromide (0.5 /xg/ml) and visualised by UV transilluminator.
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presence of anti-mitotic agents. This procedure is sufficient to remove a considerable number 
of non neuronal cells and inhibit their proliferation and is suitable for experiments such as 
microinjection. However, the purity of these neuronal cultures is not sufficient for RT-PCR 
studies, leading to amplification of glial and fibroblast, as well as neuronal genes. The purity 
of these SCG neuronal cultures was initially determined by immunoblotting to assess the

level of glial cell contamination using an antibody raised against the SlOOp protein, a

member of the SlOO protein family (Kligman and Hilt, 1988), which is a marker for glial 
cells and other ganglia-associated cells (Isobe et al., 1989; Devon and Doucette, 1992; Hou 
et al., 1998). For the routine preparation of protein extracts, the cells were not lysed directly 
on the coverslip but were first removed from the coverslips by gentle shaking of the dish in 
which the coverslip was placed. This procedure caused the neurones to detach from the 
coverslips as a sheet of interwoven cells, leaving most of the flat, non neuronal cells firmly 
attached onto the substrate. In order to test whether the detached sheet was mainly neuronal, 
protein extracts were prepared as described in Materials and Methods from 7 day old 
cultures. Protein extracts obtained from the neuronal sheet were compared to extracts of the 
remaining flat cells and to extracts of complete cultures, therefore including all cells types, 
lysed directly on the coverslip. In total two coverslip equivalents of cells were analysed per 
conditions. After polyacrylamide gel electrophoresis, immunoblotting was performed with

anti-SlOOp antibody. The results showed that essentially all the SlOOp expressing-cells,

were removed with the neuronal sheet (Figure 6.5) and therefore were not separated from the 
neurones by this simple mechanical means. Confirmation of this result was sought by RT-

PCR using neurofilament and SlOOp specific oligonucleotides. An SCG total RNA extract

was prepared from neuronal sheets removed from the coverslips as described before. Equal 
amounts of SCG, PC 12 and astrocyte RNA (from cultures prepared by Greg Keen at Eisai 
London Research Laboratories Ltd) were then examined by RT-PCR. After cDNA

synthesis, neurofilament and SlOOp were amplified for 25 cycles using rat specific primers. 

As shown in Figure 6.6, the SlOOp glial cDNA marker was amplified from SCG total RNA 

whereas the same SlOOp fragment could not be detected in PC12 cell RNA, thus confirming

the specificity of the SIOOP primers. A neurofilament fragment was not detected in RNA

prepared from cultured astrocytes either, even though neurones might have been expected as 
minor contaminants in these cultures. Taken together these results suggested that the non 
neuronal contamination of SCG cultures, prepared according to the standard protocol, could 
not be ignored or easily eliminated before RNA extraction. An improved purification
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Figure 6.5 Immunoblotting analysis of glial cell contamination of SCG 

neuronal cultures.

Protein extracts were prepared from (Lane 1) SCG neuronal cultures lysed directly on the 

coverslips, (Lane 2) the neuronal sheet removed by gentle shaking of the coverslips, (Lane 

3) the flat cells left on the coverslips after removal of the neuronal sheet. For each condition 

the protein from two coverslips was analysed per lane. The protein extracts were separated

by 14% polyacrylamide gel electrophoresis and immunoblotted with anti-S 100(3 antibody

(1:1000; Sigma) as described in Materials and Methods.
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Figure 6.6 RT-PCR amplification of cell specific marker genes from SCG 

neurone, PC12 cell and astrocyte total RNA.

Total RNA (2 pg) from SCG neurones, PC I2 and Astrocytes was reverse transcribed 

with oligo(dT) and random primers (1 hour at 37°C). One tenth of each cDNA mixture 

was amplified for 25 PCR cycles (94°C, 30 sec., 60°C, 30 sec., 72°C, 1 min.) with 

primers for neurone specific neurofilament (N; NF10/176R, 166 bp product) and glial 

specific SlOOp (S; S100-2/220R, 218 bp product) genes. One tenth of each PCR product 

was separated by agarose gel electrophoresis, stained with ethidium bromide (0.5 pg/ml) 

and visualised by UV transillumination.
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procedure for these SCG neuronal cultures was definitely required before RT-PCR analysis.
A modified purification method was developed, aimed at reducing the non-neuronal 

contamination prior to the 7 day growth period in culture, during which neuronal 
contaminants, such as Schwann cells, come into close contact with neuronal cell bodies and 
neurites. This could be achieved by increasing the percentage of all non neuronal cells 
becoming attached to the substrate during the pre-plating, single-celled, stage. The ganglia 
were dissected as previously described (Materials and Methods). After enzymatic treatment 
and trituration to form a single cell suspension, the cells were pre-plated onto collagen-coated 
dishes for up to an hour. Neurones were removed by gentle shaking of the dish and 
aspiration of the supernatant, and re-plated onto a fresh collagen coated dish for a further 
hour. The neurones were then collected as before and plated onto poly-L-Lysine/laminin 
coated glass coverslips. After an overnight incubation the SCG neurones were removed from 
the coverslips by gentle washing with medium and re-plated onto fresh poly-L- 
Lysine/laminin coated glass coverslips. The neurones were then cultured as before for up to 
7 days from the date of dissection before harvesting for RNA extraction. In order to asses 
the purity of neurones obtained with this improved protocol, RNA from these cultures was 
compared to an equal amount of RNA obtained from cells previously prepared according to 
the standard protocol. These RNA sets were reverse transcribed and analysed with primers

for cell specific transcripts, namely neurofilament for neurones, SIOOP for glial cells and

fibronectin for fibroblasts (Couchman et al., 1982; Reich et al., 1996). After 30 PCR cycles, 
non neuronal transcripts were clearly amplified from standard cultures but could not be 
detected in purified cultures, whereas neurofilament cDNA was efficiently amplified from 
both sets of cultures (Figure 6.7). This result confirmed that the modified purification 
procedure significantly reduced the amount of non neuronal contaminants, increasing the 
relative percentage of neurones in culture. This result was confirmed by immunofluorescence 
staining. Purified SCG cultures were double labelled with anti-neurofilament antibody and

anti-SlOOP antibody and compared to standard cultures (see Materials and Methods). The

nuclei were stained with Hoechst and the relative percentage of neurofilament and SIOOP

positive cells was assessed in ten random fields. In cultures prepared with the standard

protocol, 25% of the cells were stained with anti-SlOOP antibody, of which 9% appeared to

be brightly stained whereas the remaining positive cells exhibited a fainter staining. The 
neurones amounted to 67% of the total, as judged by the neurofilament staining. The 
remaining cells, presumably fibroblasts, were not recognised by either antibody but 
displayed a distinct non neuronal phenotype. On the other hand, in purified cultures, the total
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Figure 6.7 RT-PCR analysis of cell specific markers In standard and purified 

SCG neurone cultures.

SCG neurone total RNA (2 /rg) from standard cultures (A) and purified cultures (B), 

prepared as described in the text, was reverse transcribed with oligo(dT) and random 

primers (1 hour at 37°C). One tenth of each cDNA mixture was amplified for 30 PCR 

cycles (94°C 30 sec., 60°C 30 sec., 72°C 1 min.) with primers for neuronal specific 

neurofilament (N; NF10/176R, 166 bp product), glial specific 8100(3 (S; S100-2/220R, 

218 bp product) and fibroblast specific fibronectin (F; F ibro l257/1540R, 283 bp product) 

genes. One tenth of each PCR product was separated by agarose gel electrophoresis, 

stained with ethidium bromide (0.5 /rg/ml) and visualised by UV transillumination.

172



percentage of non-neuronal cells, as classified by, S 100(3 staining, was found to correspond

to 2% of the total cell population, with a remaining 0.5 % of non stained cells resembling 
fibroblasts, as judged by cell morphology (Figure 6.8).Immunofluorescence staining of

standard SCG cultures with anti-SlOOp and anti-fibronectin antibodies confirmed that cells

with non neuronal morphology which were not anti-SlOOp positive, were essentially anti-

fibronectin positive (data not shown).
Due to the sensitivity of the PCR technique, even with this purification it was 

important to differentiate between neuronal expression as opposed to expression in 
contaminating non neuronal cells. To address this, a comparative RT-PCR approach was 
devised in which RNA extracted from purified SCG neurones and the mixed cells left on the 
coverslips after the initial overnight incubation, were compared. These mixed cultures were 
expected to contain a higher percentage of glial cells and fibroblasts, along with a variable 
percentage of neurones. This mixed cell population was derived from the same ganglia, was 
cultured in parallel with the purified neurones and harvested at the same time, therefore 
represented an internal control for the neuronal enriched cultures. Equal amounts of total 
RNA (1 |xg) obtained from purified and mixed cultures were analysed by RT-PCR using cell 
specific markers. In agreement with the immunofluorescence results, the neurofilament PCR

signal was consistently higher in the purified cultures, whereas glial specific marker S 100(3

and the fibroblast marker fibronectin PCR products were barely detectable by EtBr in 
purified neurones, but were clearly present in mixed cultures (Figure 6.9). The PCR product 
ratios of these two non neuronal markers, in purified over mixed cultures, could then be 
used by comparison to asses the neuronal expression of any gene of interest. Any PCR

product ratio similar in value to the corresponding ratios of S 100(3 and fibronectin would

have suggested expression of the investigated gene in glial cells and fibroblasts respectively, 
or more generally in non neuronal cells. A value similar to the neurofilament ratio, by 
contrast, would have been consistent with high expression in neurones. Because of the

quantitative property of this RT-PCR protocol, the large difference in PCR signal for SlOOp

and fibronectin compared to neurofilament reflect the decreased amount of non neuronal 
RNA in the purified culture. The quantitative properties of this RT-PCR protocol were again 
confirmed with RNA prepared from standard, non purified, SCG cultures. RT-PCR

amplification of SIOOP cDNA from serial dilutions of SCG total RNA confirmed that the

amount of PCR product detected by ethidium bromide, is proportional to the amount of RNA 
target, as found for neurofilament RNA in PC12 cells (Figure 6.10).
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Figure 6.8 Immunohistochemical analysis of cell specific markers in 
standard and purified SCG cultures.

SCG neurone cultures prepared by standard (A) and modified protocol (B) were fixed and

stained with mouse anti-SlOOP antibody (green bars) and rabbit anti-neurofilament antibody

(red bars), followed by staining with anti-mouse FITC and anti-rabbit-Rhodamine 
conjugated secondary antibodies. FITC and Rhodamine positive cells were counted in 10 
random fields.
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Figure 6.9 RT-PCR of cell specific cDNA markers in purified and mixed 

SCG cultures.

Total RNA (1 /xg ) from purified (P) and mixed (M) SCG neurone cultures (see text), was 

reverse transcribed with oligo(dT) and random primers (1 hour at 37°C). One twentieth of 

each cDNA mixture was then amplified for 30 PCR cycles (94°C, 30 sec., 60°C, 30 sec., 

72°C, 1 min.) with primers for neuronal specific neurofilament (N; NF10/176R, 166 bp 

product), glial specific 8100(3 (S; S100-2/220R, 218 bp product) and fibroblast specific 

fibronectin (F; F ib ro l257/1540R, 283 bp product) genes. One tenth of each PCR product 

was separated by agarose gel electrophoresis, stained with ethidium bromide (0.5 /xg/ml) 

and visualised by UV transillumination. The P/M PCR product ratio was determined by 

densitometric analysis and the average values of three separate experiments are shown.
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Figure 6.10 Analysis of the quantitative properties of RT-PCR with SIOOP 

primers.

Total RNA, prepared from standard SCG neurone cultures, was diluted with E.coli 
ribosomal RNA to reconstitute 1 pg RNA for each sample. Lanes: (1)= 1 pg SCG RNA, 
(2)= 0.1 pg SCG RNA, (3)= 0.01 pg SCG RNA, (4) = 1 pg E.coli ribosomal RNA, (5) = 
Ipg SCG RNA no RT. After cDNA synthesis with oligo(dT) and random primers (1 hour at

37° C), 1/20 aliquots of each cDNA mixture were amplified by PCR with SIOOP primers

(S1002/220R) for 30 cycles (94°C, 30 sec., 60°C, 30 sec., 72°C, 1 min.).

a) 1/10 of each PCR product was separated by agarose gel electrophoresis, stained with 
ethidium bromide and visualised by UV transillumination.
b) Densitometric analysis of the stained gel. The logarithmic RNA dilution is shown on the 
X axis. Densitometric arbitrary units (OD) are given on the Y axis.
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6.2.4 RT-PCR of caspases and FADD in SCG neurones.

RT-PCR analysis was initially used to determine the presence of caspases-1, -2, -3, - 
6, -7, -8, -9 and FADD in SCG neurones. Each transcript was analysed in at least three 
different RNA preparations and, for each set of cDNA, the PCR reaction was performed 
twice. The intensity of the amplification signal detected by ethidium bromide staining was 
then determined by digital photography and densitometric analysis. The RT-PCR product 
ratio of each mRNA in purified over mixed cells was compared to the same ratio for the cell

specific markers SlOOp and fibronectin. Due to the variability of the efficiency of neuronal

cell removal from the mixed cultures during the purification procedure, the neurofilament 
P/M ratios did not fall into a normal distribution. The statistical significance was therefore 
analysed by nonparametric Mann-Whitney [/-test which makes no assumptions about the 
distribution of the data and is more resistant to outliers. Representative gels are shown in 
Figure 6.11, whereas combined scanning data are shown in Figure 6.12. Caspase-2, -3, -6, 
-7, -9 and FADD were found to be expressed in SCG neurones, as well as in non neuronal 
cells, as suggested by their PCR products ratio in pure and non pure cultures which were

significantly different from the ratios of SlOOp and fibronectin. Caspase-1 and caspase-8

seemed to be expressed in contaminating non neuronal cells only, as the PCR signal 
markedly decreased in purified cultures and the P/M ratios for both caspases were not

significantly different from the same ratios for SlOOp and fibronectin. It appears therefore

that although the expression of caspase-8, a key enzyme in the DD-mediated Fas pathway, 
was not confirmed, most of the caspases tested, as well as FADD are constitutively 
expressed in SCG neurones.

6.2.5 Investigation into the neuronal expression of potential FADD- 
interacting proteins.

The neuronal expression of DD proteins, other than FADD, was also investigated in 
SCG neurones using the same RT-PCR analysis, in order to identify plasma membrane 
receptors and adapter molecules with a DD, which might mediate apoptosis in neurones. Rat 
specific PCR primers were designed for several DD proteins and related molecules, namely

Fas Receptor, TNFR-1, Fas ligand, RAIDD, TNFa and RIP. Despite the lack of rat

sequences, primers were also designed for death receptors (DR)3, 4 and 5, based on the 
published human sequence. All these oligonucleotides were initially tested using rat thymus
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Figure 6.11 RT-PCR analysis of caspases and FADD expression profiles in 
purified and mixed cultures.

Total RNA (1 /xg) from purified (?) and mixed (M) SCG neurone cultures (see text), was 

reverse transcribed with oligo(dT) and random primers (1 hour at 37°C). One tenth of 

each cDNA mixture was then amplified for 30 PCR cycles (94°C, 30 sec., 55-58°C, 30 

sec., 72°C, 1 min.) with specific primers (primer names, followed by the size of the 

expected product and the annealing temperature used) for: caspase-1 (caspl-976/1208R, 

242 bp, 55°C), caspase-2 (Nedd618/820R, 222 bp, 55°C), caspase-3 (CPP125/361R, 236 

bp, 55°C), caspase-6 (casp6-310/714R, 404 bp, 58°C), caspase-7 (casp7-262/594R 332 

bp, 60°C), caspase-8 (casp8-56/299R, 243 bp, 55°C), caspase-9 (casp9-662/898R, 236 

bp, 58°C) and FADD (FADD81/476R, 395 bp, 58°C). One twentieth of each PCR 

product was separated by agarose gel electrophoresis, stained with ethidium bromide (0.5 

/xg/ml) and visualised by UV transillumination. The P/M PCR product ratios were 

determined by densitometric analysis and are the average of three separate experiments.
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figure 6.12 Statistical analysis of P/M expression ratios in purified and
mixed SCG neurone cultures.

Equal amounts of total RNA (1 pg) from purified (P) and mixed (M) cultures were reverse 
transcribed and amplified with caspase and FADD specific primers as described in Figure 
6.4. After gel electrophoresis and staining with ethidium bromide, the PCR products were 
scanned and the P/M ratio determined for each cDNA. The means of three separate 
experiments are shown (yellow bars, 2 PCR amplifications for each cDNA set), with the 
red, green and blue plotting symbols representing the average P/M values of each RNA 
preparation. The P/M values obtained for neurofilament, caspases and FADD were compared

o the P/M values for SIOOP and fibronectin as described in the text. The statistical

ignificance of the difference was assessed by nonparametric Mann-Whitney [/-test (*, p< 
3.05) indicating that these transcripts are expressed in neurones.
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RNA and Jurkat RNA. The products were analysed by agarose gel electrophoresis and DNA 
sequencing to confirm the amplification of the correct fragments. The cloning of rat cDNA 
fragments was confirmed for all the tested DD sequences, except for DR3, 4 and 5. 
Although DR3, 4 and 5 primers successfully amplified the expected cDNA fragments from 
Jurkat cDNA, they failed to amplify the corresponding fragments from rat thymus cDNA 
(data not shown), therefore the expression of these receptors could not be investigated in 
SCG neurones.

Using the comparative approach described above it was possible to show that some 
of these DD proteins, namely TNFR, Fas ligand, RAIDD and RIP were expressed in SCG 
neurones (Figures 6.13, 6.14). Interestingly FasL and RAIDD appeared highly expressed in 
neurones as demonstrated by the higher amplification signal in the purified neuronal cDNA 
and the P/M ratios similar in value to neurofilament. The expression of FasR however, could 
not be demonstrated in neurones. (Figures 6.13, 6.14). Another DD-containing receptor, 
TNFRl, appeared to be expressed in neurones, indicating that TNF-mediated pathways are

in place in this neuronal system. TNFa primers, although working efficiently in thymus

cDNA, did not clearly amplify the expected PCR fragment from mixed or purified SCG

RNA preparations (data not shown), suggesting that TNFa, the natural TNFRl ligand, is

not expressed in either non neuronal cells or neurones in SCG ganglia.
This RT-PCR analysis, therefore, indicated that some DD proteins are normally 

expressed in sympathetic neurones, although a mechanism for the interaction of these DD 
proteins during death induced by NGF deprivation could not be explained at this stage.

6.2.6. Transcriptional regulation of caspases and DD-related proteins.

It has been shown that sympathetic neuronal apoptosis is transcriptionally regulated 
(Martin et al., 1988). Therefore the absence of a specific RNA in the presence of NGF, does 
not necessarily imply that the encoded proteins are not relevant to apoptosis, but allows that 
these proteins might be transcriptionally upregulated after NGF withdrawal to take part in the 
apoptotic process. Although most of the caspases were found to be expressed under control 
conditions, caspase-8, known to interact with FADD, was not detected in SCG neurones. 
Similarly, the neuronal expression of Fas receptor, another FADD-interacting protein, could 
not be confirmed. In order to investigate whether some of the absent or weakly expressed 
genes were upregulated after NGF withdrawal, total RNA was prepared from purified SCG 
cultures deprived of neurotrophic factor for 4, 8, 16 and 24 hours and compared to RNA
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Figure 6.13 RT-PCR expression analysis of DD-related cDNAs in purified
and mixed SCG cultures.

Total RNA (1 ) from purified (P) and mixed (M) SCG neurone cultures (see text), was

reverse transcribed with oligo(dT) and random primers (1 hour at 37°C). One tenth of 

each cDNA mixture was then amplified for 30 PCR cycles (94°C 30 sec., 55-60°C 30 

sec., 72°C 1 min.) with specific primers (primer names, followed by the size of the 

expected product and the annealing temperature used) for: Fas (FasR 167/488R, 321 bp, 

58°C), FasL (FasL469/755R, 286 bp, 55°C), TNFRl (TNFR710-994R, 284 bp, 55°C), 

RIP (RIP53/343R, 290 bp, 58°C) and RAIDD (RAIDD253/493R, 240 bp, 60°C). One 

twentieth of each PCR product was separated by agarose gel electrophoresis, stained with 

ethidium bromide (0.5 jUg/ml) and visualised by UV transillumination. The P/M PCR 

product ratios shown were determined by densitometric analysis and are the mean of 

three separate experiments.
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Figure 6.14 Statistical analysis of DD-related protein expression ratios in 

purified and mixed SCG neurone cultures.

The means of three separate experiments are shown (yellow bars, 2 PCR amplification for 

each cDNA set), with the red, green and blue plotting symbols representing the average P/M 

values of each RNA preparation. The P/M values obtained for neurofilament and DD-related

proteins were compared to the P/M values for SlOOp and fibronectin as described in the text.

The statistical significance of the difference was assessed by nonparametric Mann-Whitney 

U -test, (* , p< 0.05) indicating that these transcripts are expressed in neurones.
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from control cells, maintained in the presence of NGF. Total RNA was prepared as 
described previously from 2 coverslip equivalents of cells for each condition. One third of 
the RNA was reverse transcribed using oligo(dT) primer and random primers. One twentieth 
of the resulting cDNA mixtures was then amplified using specific primers for the following 
cDNAs: caspases-1,-2,-3,-8,-9, Fas R, Fas L, FADD and RIP. Primers specific for the 
neuronal polypeptide DP5 were used as positive control, since DP5 had been shown to be 
transcriptionally regulated during cell death induced by NGF withdrawal (Imaizumi et al., 
1997). AU cDNAs were amphfied for 30 cycles, except caspase-1 and -8 and RIP, which 
required 35 cycles to produce fragments detectable by ethidium bromide. The products were 
separated by gel electrophoresis and quantitated by densitometric analysis. The signals were 
normalised to neurofilament to ensure also that differences in signal were not the result of 
experimental differences in input RNA template. Three separate SCG RNA preparations 
were analysed and the results are shown in Figure 6.15. The intensity of neurofilament PCR 
product declined, although not dramatically, over the 24 hour period indicating that neuronal

cells were induced to die, whereas, the SIOOP signal remained fairly constant and actuaUy

increased at 24 hours in the absence of NGF indicating an increased relative percentage of 
glial cells at this stage. The neuronal polypeptide DP5 was clearly shown to be 
transcriptionally regulated after NGF withdrawal. In fact its RNA levels were found to 
increase more than ten fold, with maximum levels at about 16-24 hours after NGF 
withdrawal, consistently with the published data (Imaizumi et al., 1997). Most of the other 
analysed proteins were not found to be transcriptionally regulated, as their RNA levels 
remained constant. Minor variations could be detected in a few samples but they were 
assumed to be the result of experimental variations since they occurred only in less abundant 
transcripts such as caspase-1 and caspase-8, which required extra amplification cycles. The 
RIP PCR signal, by contrast, appeared to increase in a more regulated fashion, with an 
overall 3.8-fold increase at 24 hours after NGF withdrawal. This upregulation, however, did 
not match the increase of DP5 PCR signal and seemed similar in range to the relative increase

of SIOOP signal at the same time point.
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Figure 6.15 RT-PCR assessment of possible transcriptional regulation of 
caspases and DD-related proteins.

Equivalent amounts of RNA preparations from SCG cultures deprived of NGF for 0, 4, 8, 
16, and 24 hours (X axis) were reverse transcribed with oligo(dT) and random primers for 1

hour at 37° C. One twentieth of these cDNA mixtures were amplified for 30 PCR cycles 

(94°C, 30 sec., 55-60°C, 30 sec., 72°C, 1 min.) with specific primers (primer names, 

annealing temperature) for: caspase-2 (Nedd618/820R, 55°C), caspase-3 (CPP125/361R, 

55°C), caspase-9 (casp9-662/898R, 58°C), FADD (FADD81/476R, 58°C), Fas 

(FasR167/488R, 58°C), FasL (FasL469/755R, 55°C), neurofilament (NF10/176R, 60°C), 

SIOOP (S100-2/220R, 60°C) and DP5 (DP5F/R, 55°C). Caspase-1 (caspl-976/1208R,

55°C), caspase-8 (casp8-56/299R, 55°C), and RIP (RIP53/343R, 58°C) were amplified for

35 cycles using the same PCR conditions. One twentieth of each PCR product was separated 
by agarose gel electrophoresis and stained with ethidium bromide. The PCR products were 
scanned and each value was normalised to the corresponding neurofilament product to 
control for potentially different RNA loading (the neurofilament values were normalised to 
the time 0 value; Y axis). The means of two PCR experiments on three cDNA preparations 
are shown ± S.E.M. The data were analysed statistically by t-test and significant deviation 
from the time 0 values are marked with * for p< 0.05 and ** for p < 0.01.
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6.3 DISCUSSION.

The previous finding that overexpression of FADD-WT and FADD-DN (a mutant 
lacking the death effector domain) protects SCG neurones from apoptosis induced by 
NGF withdrawal, suggests that this apoptotic pathway may be mediated by DD 
interactions in these cells. The regulation of caspase activation by DD/DED proteins had 
been well described in non neuronal systems (Nagata, 1997) but there was no data in the 
literature using neuronal cells. Although apoptotic activation of neuronal caspases has 
been demonstrated (Troy et al., 1996; McCarthy et al., 1997a), the upstream regulatory 
mechanism remains largely unknown in sympathetic neurones. Moreover, little 
information is available about the expression of specific caspases or DD/DED proteins 
relevant to this apoptotic pathway in neurones. Therefore, the expression of several 
caspases and DD proteins was assessed in SCG neurones by RT-PCR, in order to 
identify the components of a potential DD-mediated pathway. Amplification conditions 
were initially optimised using PCI2 cell total RNA. PCI2 cells are a useful cell line 
model of neuronal cell death as they differentiate and acquire a neuronal phenotype upon 
addition of NGF (Greene et al., 1987). Removal of neurotrophic factor then induces 
apoptosis in a fashion similar to that seen in SCG neurones (Greene et al., 1987; 
Batistatou and Greene, 1993). RT-PCR was initially performed on sets of total RNA, 
obtained from control cells and cells deprived of NGF for 24 hours, in case some 
caspases were not constitutively expressed but were transcriptionally regulated during 
death. These were preliminary experiments to confirm the amplification of the correct 
transcripts from a neuronal source. Any transcript not detected in the presence of NGF 
may have been detected after 24 hours in the absence of NGF, when the death machinery 
is activated in the majority of the cells, which then become irreversibly committed to die 
(Batistatou and Greene, 1993). Three different PC12 cell RNA preparations were 
examined with primers for caspases-1, -2, -3, -6, -7, -8 and -9 and FADD. Caspases-2, - 
3, -6 and -7 and FADD were clearly detected after 30 amplification cycles, whereas 
caspase-8 and caspase-9, required extra amplification cycles. This relatively low 
expression level of caspase-8 and -9 in PCI2 cells was found to be similar to the 
expression in rat thymus, where the physiological apoptotic programme is constantly 
active (Clayton et al., 1997; Izquierdo et al., 1999), suggesting that a high expression of 
these apical caspases is probably not required for the execution of apoptosis. All these 
transcripts were found to be clearly expressed under control conditions and no clear 
difference was detected 24 hours after NGF withdrawal. This observation is consistent 
with the idea that caspases are constitutively expressed as inactive proenzymes and are 
activated by catalytic cleavage (Wolf and Green, 1999). Among the investigated 
caspases, only caspase-1 was found not to be expressed in PC 12 cells, indicating that
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this caspase is not involved in apoptosis of PC 12 cells as it has been previously reported 
(Haviv et ah, 1997).

The expression of caspases-1, -2, -3, -6, -7, -8 and -9 and FADD was then 
investigated in SCG neurones. For this purpose an optimised comparative RT-PCR 
protocol was devised using purified SCG neuronal cultures. The SCG purification 
procedure ensured that the resulting cultures were highly purified and contained only 
minor non neuronal contaminants, as confirmed by RT-PCR using ghal and fibroblast 
specific cell markers. The level of expression of each gene of interest was detected by 
RT-PCR, followed by agarose gel electrophoresis and densitometric analysis, in purified 
(P) and mixed (M) cultures using equal amounts of total RNA, and the P/M ratios

calculated. The P/M ratio for each gene was then compared to the P/M ratio of S 100(3 and

fibronectin. The RT-PCR signal for these two cell specific transcripts markedly decreased 
in purified cultures, due to depletion of non neuronal cells and the relative increase of the 
neuronal population. This allowed a comparative RT-PCR analysis, based on the

assumption that mRNAs expressed only in non neuronal cells, namely SIOOP and

fibronectin-positive cells, had P/M RT-PCR ratios similar to these non neuronal markers.

Significant differences from the SIOOP and fibronectin P/M values, measured by

statistical analysis, indicated the neuronal expression of a given gene.
These RT-PCR experiments suggest that several caspases and FADD are 

normally expressed in SCG neurones. The relatively high P/M ratios of caspase-2, -3, -7 
and -9, indicate that these proteases are expressed in neurones. Caspase-6 and FADD 
appear less represented in purified cultures but their P/M ratios are significantly different

from SlOOp and fibronectin, suggesting expression, presumably at lower levels, in

neurones too. This RT-PCR analysis, however, does not confirm the neuronal 
expression of caspase-1 and caspase-8. Caspase-1 seems be expressed at very low levels 
in mixed cultures too and the absence of this caspase in SCG neurones is in agreement 
with the lack of expression in PC 12 cells. However, the caspase-1 P/M ratio and its 
distribution over the three experiments, similar to neurofilament, does raise the possibility 
that this caspase is expressed in neurones, but at levels close to the detection limit of RT-

PCR. The absence of caspase-8, as suggested by the low P/M ratio similar to SIOOP and

fibronectin, is more relevant to this investigation. Caspase-8, is an apical caspase whose 
activation had been shown to be regulated by DD/DED interactions in the Fas pathway 
(Muzioet al., 1996). The absence of this caspase may explain the lack of pro-apoptotic 
effect of FADD-WT overexpression in SCG neurones, unlike in other non neuronal 
systems (Chinnaiyan et al., 1995; Grimm et al., 1996; Kondo et al., 1998) and may also 
suggest that Fas-mediated caspase activation is not involved in SCG neurone apoptosis.
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In order to further investigate potential caspase activation pathways mediated by 
DD proteins the expression of several DD-related species, was also analysed using the 
same RT-PCR protocol. Interestingly, Fas receptor, another key component of the Fas 
pathway is not expressed in SCG neurones, unlike its natural ligand, FasL, which is 
highly expressed in neuronal cells. The expression of FasL alone perhaps suggests a role 
of this protein in the immune privilege of sympathetic neurones by inducing apoptotic 
death of infiltrating, Fas-presenting, immune cells in a paracrine fashion. By contrast

TNFRl is detected in neurones whereas its natural ligand TN Fa cannot be amplified

from purified or mixed cultures. In addition to FADD and RAIDD, another adapter 
molecule, appeared to be expressed in neurones. RAIDD, is a DD-CARD cytoplasmic 
adapter believed to mediate recruitment of caspase-2 to TNFRl and subsequent caspase 
autoactivation (Duan and Dixit, 1997; Chou et al., 1998). The expression of the 
DD/Serine-Threonine knase RIP (Duan and Dixit, 1997; Kelliher et al., 1998), a known 
partner of RAIDD, was also confirmed in SCG neurones. The relevance of a RAIDD- 
mediated caspase activation during neuronal apoptosis is still unknown. However, earlier 
reports indicated an essential role for caspase-2 in apoptosis of sympathetic neurones, 
suggesting that this caspase may play an apical role in this system (Troy et al., 1997; 
Stefanis et al., 1998). It also is possible that in SCG neurones both RAIDD and FADD 
interact with plasma membrane death receptor, other than Fas or TNFRl, involved in the 
transduction of the apoptotic signal. Possible candidates are DR3 (Chinnaiyan et al., 
1996a), DR4 (Pan et al., 1997) and DR5 (MacFarlane et al., 1997). These proteins are 
more recent additions to the TNF receptor family and have been implicated in apoptosis in 
some non neuronal systems (Ashkenazi and Dixit, 1998), although their downstream 
intracellular partners have not been conclusively identified. Unfortunately, the rat 
sequences of these receptors are still not known and attempts to amplify rat fragments 
from rat thymus total RNA using human specific primers failed. It would be interesting to 
further investigate the expression of these death receptors in SCG neurones, when rat 
cDNA sequences or rat specific antibodies become available.

Since apoptosis in neurones had been shown to be transcriptionally regulated 
(Martin et al., 1988), the observation that some DD/DED-related proteins involved in the 
regulation of caspase activation were not present raised the possibility that the expression 
of some transcripts could be induced during death. It has been reported, for instance, that 
upregulation of FasL expression follows NGF deprivation and c-Jun activation in 
cerebellar granule neurones and PCI2 cells (Le-Niculescu et al., 1999). Furthermore 
upregulation of FasL and TRAIL in neuronal apoptosis has also been demonstrated in 
CNS neurones following ischemia (Martin-Villalba et al., 1999). Therefore the 
possibility that the expression of DD-related proteins is induced during apoptosis was 
examined by RT-PCR for the main components of the Fas pathway (FasR, FasL, FADD
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and caspase 8), RIP, the poorly expressed caspase-1, as well as caspases-2,-3 and -9 
which had been clearly implicated in neuronal apoptosis (Kuida et ah, 1996; Troy et ah, 
1997; Kuida et ah, 1998). Although a control gene product, the neuronal polypeptide 
DP5 (Imaizumi et al., 1997), is confirmed to be upregulated in sympathetic neurones 
following NGF withdrawal, none of the genes investigated, except for RIP, is 
transcriptionally regulated over a 24 hours time course in the absence of NGF. RIP RNA 
levels appear to increase 3.8-fold after 24 hours of NGF deprivation. This increase 
however, does not match in extent and timing the upregulation of DP5 and seems more

similar to the relative increase of the glial marker SlOOp, at the same time point. The

transcriptional regulation of RIP, therefore, will have to be verified, possibly by 
immunofluorescence and immunoblotting to confirm any increase of the corresponding 
protein levels in neurones during apoptosis.

In summary, this RT-PCR analysis showed that several caspases (-2, -3, -6, -7 
and -9) are expressed in sympathetic neurones and therefore can take part in apoptosis. 
However, it still not known how caspase activation is regulated in neurones and whether 
all these proteases detected in SCG neurones are actually activated during NGF- 
withdrawal induced apoptosis. The observation that SCG neurone apoptosis requires 
cytosolic cytochrome c (Neame et al., 1998), suggests that caspase activation might be 
regulated via the mitochondrial pathway leading to caspase-9 (Li et al., 1997; Srinivasula 
et al., 1998) followed by transactivation of downstream caspases as described in non 
neuronal systems (Slee et al., 1999b). This could be confirmed in neurones by a 
biochemical analysis of caspase activation during neuronal apoptosis using antibodies for 
specific activated caspases.

The involvement of the Fas pathway in the activation of neuronal caspases is not 
suggested, due to the absence of key components of this apoptotic pathways such as 
FasR and caspase-8. It is nevertheless possible that other DED caspases might be 
involved, such as caspase-10 (Fernandes-Alnemri et al., 1996), or other known death 
receptors such as DR3 (Chinnaiyan et al., 1996a), DR4 (Pan et al., 1997) and DR5 
(MacFarlane et al., 1997). However, the neuronal expression of FADD and other DD- 
containing proteins (RAIDD, TNFRl and RIP) indicated that a DD-mediated apoptotic 
pathway, inhibited by ectopic overexpression of FADD, may exist in SCG neurones.
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7 GENERAL DISCUSSION.

Cell death by apoptosis is clearly defined by its typical morphological features, 
remarkably similar in all cell types, and occurs both in physiological development and in 
pathological states (Wyllie et al., 1980). Although a wide range of physical and chemical 
agents may induce apoptosis, through activation of distinct signalling pathways, it is 
widely held that the basic execution mechanism of apoptosis is highly conserved (Vaux 
and Korsmeyer, 1999). The key executioners of apoptosis are known to be a family of 
cysteine proteases referred to as caspases (Alnemri et al., 1996), of which 14 different 
members have so far been identified (Wolf and Green, 1999). The caspases are 
synthesised as proenzymes and, following an apoptotic stimulus, are activated by 
proteolytic cleavage at Aspartate residues resulting in removal of their N-terminal 
prodomains and the formation of long and short subunits which associate as active 
tetramers (Walker et al., 1994; Wilson et al., 1994; Rotonda et al., 1996; see also section 
1.4). The caspases can be structurally and functionally classified into two groups: apical 
caspases, which are mainly activated by aggregation of their long prodomains followed 
by autocatalytic processing, and downstream effector caspases which have shorter 
prodomains and are mainly transactivated by other caspases (Wolf and Green, 1999). A 
specific mechanism regulating caspase activation was proposed in non neuronal systems, 
following the characterisation of the apoptotic pathway mediated by Fas (Boldin et al., 
1996; Muzio et al., 1996), a member of the TNF receptor family (reviewed by Baker and 
Reddy, 1996). Fas shares with other TNF family members a highly conserved 
intracellular domain defined as a “death domain” (DD; Tartaglia et al., 1993). This DD 
region was found to be responsible for the transduction of the death signal upon ligand 
binding, which results in receptor oligomerisation and clustering of the intracellular DDs. 
DD clustering promotes recruitment to the plasma membrane of long prodomain 
caspases, such as caspase-8, mediated by a cytoplasmic adapter molecule named FADD 
(Chinnaiyan et al., 1995). FADD binds the activated Fas receptor through its own C- 
terminal DD, whereas the remainder of the protein encodes a “death effector domain” 
(DED) which interacts with the homologous region in the caspase-8 prodomain, thereby 
promoting the recruitment of the caspase to the plasma membrane (Boldin et al., 1996; 
Muzio et al., 1996). Caspase-8 is then activated by autocatalytic processing, and is 
believed to trigger the proteolytic cascade leading to cell death (Salvesen and Dixit, 1999; 
Slee et al., 1999a).

Caspase activation is known to be essential for developmental cell death in the 
nervous system (Kuida et al., 1996; Kuida et al., 1998). It has also been implicated in the 
pathology of several neurodegenerative diseases (Thompson, 1995; Pettmann and
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Henderson, 1998; Robertson et al., 2000) and traumatic neuronal injuries (Liu et al., 
1997; Yakovlev et al., 1997; Springer et al., 1999a). Although there is wide experimental 
evidence, both in vitro and in vivo, demonstrating a role for caspases in neuronal 
apoptosis (Pettmann and Henderson, 1998; see also section 1.8.4), the identities of the 
specific enzymes involved in the neuronal death programme are still largely unknown. 
Moreover, a caspase regulatory pathway mediated by plasma membrane DD receptors 
and intracellular DD/DED adapters has not been clearly identified in neurones.

The main aim of this thesis was the identification of the caspases expressed in 
neurones and the investigation of possible apoptotic activating mechanisms. In particular
1 aimed to assess the potential role of DD/DED proteins in the activation of neuronal 
caspases in view of the suggestion that the p75 NGF receptor (Radeke et al., 1987), a 
member of the TNF family of proteins, encodes a DD within its intracellular region 
(Chapman, 1995). This receptor is expressed in neurones and is believed to mediate 
neuronal apoptosis (reviewed by Bredesen et al., 1998; Majdan and Miller, 1999). This 
analysis was performed in sympathetic neurones derived from the rat superior cervical 
ganglia (SCG) which are dependent upon neurotrophic factor for survival and therefore 
represent a tissue culture model of developmental neuronal apoptosis (Martin et al., 1992; 
Deckwerth and Johnson, 1993; Edwards and Tolkovsky, 1994; Deshmukh and Johnson, 
1997).

At the time this investigation began only 5 of the current 14 known caspases had 
been identified, most of them in cell lines of human origin. The continued cloning of new 
caspase family members suggested that more isoforms would be identified and suggested 
also the possibility that some might be specifically relevant to the neuronal death 
programme. In order to determine which caspases are expressed in neurones I initially 
attempted a new RT-PCR protocol aimed at the cloning of all the caspases expressed in 
SCG neurones, especially rare and novel caspases. This RT-PCR approach was based on 
the use of caspase specific antisense degenerate oligonucleotides to prime RNA and 
obtain a caspase enriched cDNA mixture. This cDNA was then amplified using nested 
caspase degenerate oligonucleotides and upstream random dec amer oligonucleotides. Due 
to the partially random nature of sequence priming, this strategy was not strictly 
dependent upon abundance of the target transcripts and therefore was believed suitable 
for the amplification of even rare species which may otherwise have been missed. 
Antisense degenerate oligonucleotides were designed based on the caspase active site 
cDNA sequences, and one other sequence conserved among the known caspases. Due to 
limited cDNA sequence homology, the active site primers were overlapping. The primers 
were initially tested on rat brain and thymus RNA, in combination with specific upstream 
oligonucleotides, designed according to the published caspase sequences for caspase-1, -
2 and -3. These preliminary experiments led to the cloning of the corresponding rat 
cDNA fragments of these caspases, confirming that these degenerate oligonucleotides
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bound efficiently to different caspase sequences and therefore could be used to clone rat 
caspase cDNA fragments.

A caspase-specific cDNA synthesis using these degenerate oligonucleotides, 
however, could not be achieved. It was found that, despite using a caspase degenerate 
primer, the rate of random RNA self-priming was sufficient to prevent actual enrichment 
of the cDNA mixture in caspase-related species, and that the caspase-related cDNAs 
represented a small fraction of the total cDNA population. A purification of these caspase- 
related cDNAs, using a biotinylated degenerate primer for cDNA synthesis followed by 
affinity purification with an avidin resin, could not be achieved due to poor binding of the 
caspase cDNAs to the resin and the binding of caspase-unrelated biotinylated sequences. 
The cDNA enrichment in caspase species was then attempted by selective PCR 
amplification of caspase-related cDNAs with a 5’ RACE protocol (Frohman, 1993) as 
described in Chapter 3, using nested caspase degenerate oligonucleotides and a 5’ anchor 
primer. However, specific amplification of caspase-related cDNAs was not achieved via 
this RACE protocol, mainly due to poor binding efficiency of the highly degenerate and 
overlapping oligonucleotides used, in combination with a non specific upstream anchor 
primer. Unfortunately, none of the degenerate oligonucleotides used seemed to have the 
necessary binding efficiency to compensate for random priming during cDNA synthesis 
and the non caspase-specific binding of the 5’ anchor primer. Caspase targets were only 
amplified when the degenerate oligonucleotides were coupled to specific upstream 
primers, as initially achieved for the cloning of caspase-1, -2 and -3 rat fragments. A 
similar RT-PCR strategy had been used by another research group to clone a number of 
new caspase isoforms (Femandes-Alnemri et al., 1995a,b; Srinivasula et al., 1996). 
They succeeded by finding human EST sequences homologous to known caspases by 
sequence alignment, allowing the design of specific upstream primers. At this time the 
publication of 5 additional caspases in a relatively short period suggested that perhaps 
most of the caspases had been identified and that it was more informative to concentrate 
on these newly identified caspases, to determine which of these are expressed in 
neurones and possibly elucidate the molecular mechanism regulating activation of these 
pro teases in neurones.

Among the newly identified caspases, caspase-8 was implicated in a specific 
regulatory mechanism based upon oligomerisation of plasma DD receptors, followed by 
recruitment and autoactivation of caspases, mediated by the DD/DED adapter proteins, as 
described for the Fas pathway (Boldin et al., 1996; Muzio et al., 1996). Although the 
expression of caspase-8 and other members of the Fas-pathway had not been confirmed 
in neurones, the neuronal p75 NGF receptor (Radeke et al., 1987), another member of 
the TNF family, was suggested to have an intracellular DD (Chapman, 1995). The p75 
receptor was reported to mediate apoptosis in some neuronal models (Rabizadeh et al., 
1993; Barrett and Bartlett, 1994; Frade et al., 1996), thereby suggesting a role for
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DD/DED proteins in neuronal death. In order to identify rat DED caspases and DD/DED 
adapter molecules possibly involved in neuronal apoptosis, I constructed a rat brain 
library using cDNA obtained from an adult rat ischemic brain. Apoptotic death had been 
implicated in neuronal loss after ischemia, with morphological features essentially 
identical to the apoptotic death observed during development (Kato et al., 1997), 
suggesting a conserved molecular mechanism. Furthermore, the observation that 
apoptosis in neurones is transcription dependent (Martin et al., 1988; Martin et al., 
1992), suggested that the screening of an ischemic brain library could potentially lead to 
the identification of apoptotic genes upregulated in a disease state. The cDNA library was 
screened with DD/DED cDNA probes, derived from human FADD and caspase-8 
cDNAs, cloned by RT-PCR from Jurkat cell RNA. The low stringency screening with 
the two combined DD/DED probes resulted in the cloning of the rat homologue of FADD. 
Although this finding did not necessarily confirm the involvement of this DD/DED 
adapter molecule in neuronal apoptosis, it did raise the possibility that FADD was 
expressed in neurones and that activation of neuronal caspases was mediated by 
oligomerisation of death receptors followed by FADD-mediated recruitment of caspases 
to the plasma membrane.

In order to assess the possible role of FADD in neuronal apoptosis recombinant 
FADD was overexpressed in rat SCG neurones by microinjection. Overexpression of 
FADD wild type (FADD-WT) in non neuronal cell lines had been shown to induce 
apoptosis (Chinnaiyan et al., 1996b; Grimm et al., 1996) or sensitise cells to an apoptotic 
stimulus (Micheau et al., 1999). Overexpression of truncated dominant negative isoforms 
of FADD (FADD-DN), by contrast, had been shown to inhibit death receptor-mediated 
apoptosis, presumably by interfering with caspase recruitment to the plasma membrane 
(Chinnaiyan et al., 1996b; Zhang and Winoto, 1996). FADD-WT and FADD-DN 
expression constructs, lacking the DED domain, were prepared. Both expression 
constructs encoded recombinant FADD proteins with an N-terminal Flag tag (Vekrellis et 
al., 1997), to allow biochemical detection with an anti-Flag antibody. By microinjection 
into SCG neurones 1 aimed to determine firstly whether overexpression of FADD-WT in 
the presence of NGF was sufficient to induce apoptosis, which would suggest that an 
apoptotic machinery acting through a DD/DED pathway is in place in neurones. 
Secondly, 1 aimed to assess whether overexpression of a FADD dominant negative 
mutant could protect neurones from death induced by NGF withdrawal, which would 
indicate that this apoptotic pathway is mediated by DD interactions in neurones.

1 found that overexpression of FADD-WT, in the presence of NGF is not 
sufficient to trigger cell death. Apoptosis induction has been shown in some instances, by 
overexpression of DED-containing proteins, such as FADD (Chinnaiyan et al., 1995; 
Grimm et al., 1996) and FLIP (Inohara et al., 1997). In these cases overexpression leads 
to multimerisation of the DED proteins and formation of filamentous cytoplasmic
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structures, often referred to as death effector filaments (Perez and White, 1998). Some 
authors (Siegel et al., 1998) have suggested that formation of these filaments is cmcial to 
apoptosis induction, presumably by causing local aggregation of caspases, and that this 
may account for the contrasting effects of DED protein overexpression, which may result 
both in cell death (Inohara et al., 1997) or survival (Irmler et al., 1997). Such 
filamentous structures were not observed when FADD-WT was overexpressed in SCG 
neurones, even in highly expressing cells, possibly explaining the lack of pro-apoptotic 
effect of this construct.

It is also possible that overexpression of F ADD, even in the presence of receptor 
oligomerisation, can saturate the death receptor intracellular DD and the DED caspase 
sites, thereby actually preventing recruitment of the caspases to the plasma membrane. 
This effect could be obtained at high cytoplasmic concentrations of the recombinant 
protein. Therefore, the amount of injected FADD-WT plasmid was titrated to check for 
the appearance of any pro-apoptotic effect at lower plasmid concentrations. No death 
inducing effect was observed even after a 3 thousand-fold dilution of the injected plasmid 
which suggested that this lack of toxicity is probably not due to saturating intracellular 
levels of recombinant FADD-WT. The effect of FADD-WT overexpression was not 
analysed at higher plasmid concentrations because of the observed non specific plasmid 
effects upon cell survival (see Chapter 5).

The effect of FADD-WT and FADD-DN overexpression was then investigated in 
the absence of NGF. These experiments clearly showed that overexpression of FADD- 
DN protects SCG neurones from apoptosis induced by NGF withdrawal in a dose 
dependent manner. Interestingly, FADD-WT too is anti-apoptotic, suggesting essentially 
that the apoptotic pathway induced by NGF withdrawal is mediated by DD protein 
interactions which may be disrupted by ectopic overexpression of DD-containing proteins 
such as FADD-WT or FADD-DN. In this respect it would have been interesting to 
observe the effect of a different FADD dominant negative mutant encoding the DED 
domain only, to assess the specific role of DED interactions in this apoptotic pathway. 
Such an expression construct was prepared but, unfortunately, did not show expression 
of the expected recombinant protein in preliminary in vitro translation and overexpression 
experiments.

Interestingly, both FADD-WT and FADD-DN recombinant proteins appear to be 
concentrated in the nucleus of overexpressing SCG neurones, both in the presence and 
absence of NGF. Even injected neurones displaying early signs of nuclear condensation, 
following NGF removal, showed a mainly nuclear localisation of recombinant FADD, 
suggesting that FADD redistribution to the cytoplasm is not required for the anti-apoptotic 
effect. This nuclear localisation was also confirmed by transfection of recombinant FADD 
into HeLa cells and by immunohistochemistry analysis of endogenous FADD in HeLa 
cells, using a human specific anti-FADD antibody. Endogenous HeLa FADD appears
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clearly localised to the nucleus and it does not obviously redistribute to the plasma 
membrane following apoptotic stimulation with an anti-Fas agonistic antibody. 
Unfortunately, the subcellular localisation of endogenous FADD in rat SCG neurones 
could not be determined due to the lack of a rat-cross reacting antibody that worked in 
immunofluorescence experiments.

The observed nuclear localisation of FADD is intriguing since it contrasts with the 
reported role of FADD as a cytoplasmic adapter molecule mediating recruitment of 
caspases to the plasma membrane (Muzio et al., 1996). This observation indicates that the 
role of FADD and other DD adapter molecules might not be restricted to this function, but 
possibly involves interaction with caspases or other DD/DED proteins within the nucleus. 
In some instances a nuclear localisation for caspases has been observed. Overexpressed 
procaspase-1 (Mao et al., 1998) and procaspase-2 (Colussi et al., 1998) have been 
shown to have a nuclear localisation which required an intact CARD N-terminal 
prodomain, suggesting that entry into the nucleus is mediated by protein-protein 
interactions. A recent report showed that another endogenous adapter molecule with DD 
domain, RAIDD, reported to mediate activation of caspase-2 (Duan and Dixit, 1997), has 
a nuclear localisation in HeLa cells (Shearwin-Whyatt et al., 2000). Moreover, 
overexpression of caspase-2 in 293T cells, where RAIDD normally has a predominantly 
cytoplasmic distribution, can lead to translocation of endogenous RAIDD to the nucleus, 
suggesting that caspases and adapter molecules may participate in as yet uncharacterised 
nuclear functions (Shearwin-Whyatt et al., 2000).

Among the known proteins with a DD, p84N5 (Durfee et al., 1994) and MyD88 
(Jaunin et al., 1998) are unique in their exclusively nuclear localisation. The involvement 
of p84N5 in apoptosis of cultured cell lines has been recently demonstrated. 
Overexpression of p84N5 induces cell death with typical apoptotic features and an intact 
DD is required for this killing effect (Doostzadeh-Cizeron et al., 1999). It has been 
therefore proposed that this DD protein might mediate recruitment of adapter molecules 
and caspases to the nucleus and subsequent caspase activation, similar to the role of 
plasma membrane death receptors (Doostzadeh-Cizeron et al., 1999). The p84N5 protein 
might also induce apoptosis in an indirect manner as suggested by its interaction with the 
retinoblastoma tumour suppressor protein (pllORb; Durfee et al., 1994), which has been 
shown to regulate both cell cycle (Goodrich et al., 1991) and apoptosis (Haas-Kogan et 
al., 1995; Haupt et al., 1995) and is a target for caspase cleavage during the early steps of 
neuronal apoptosis (Boutillier et al., 2000). It would be interesting in this respect to 
confirm the expression of p84N5, or other nuclear proteins with DD, in sympathetic 
neurones and investigate a role for such DD-containing proteins in NGF withdrawal 
induced apoptosis. This could be achieved, for instance, by overexpression of dominant 
negative mutants or by nuclear injection of blocking antibodies, followed by apoptosis 
induction.
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It also possible that the nuclear localisation of FADD is not relevant to its 
observed anti-apoptotic effect. Both recombinant FADD-WT and FADD-DN proteins 
were also detected at lower levels in the cytoplasm, possibly at a concentration sufficient 
to inhibit pro-apoptotic signalling pathways originating in the cytosol or at the plasma 
membrane. It has been shown, that even in Fas-sensitive cells, a massive recruitment to 
the plasma membrane of DISC components, such as FADD and caspase-8, is not always 
detected (Scaffidi et al., 1998). In these cells, referred to as type II cells, only a small 
fraction of the intracellular procaspase-8 pool is activated at the DISC following receptor 
oligomerisation, resulting in proteolysis of Bid (Li et al., 1998) and Bid-induced release 
of cytochrome c (Scaffidi et al., 1998). The induction of the mitochondrial apoptogenic 
activity is then believed to promote extensive caspase-activation and amplification of the 
death signal (Scaffidi et al., 1999a). In this respect it would be interesting to investigate 
the expression of Bid in SCG neurones and to determine whether endogenous Bid is 
cleaved by caspases during NGF withdrawal induced neuronal death. The requirement 
for a caspase-mediated cleavage of Bid in neuronal apoptosis induced by NGF 
deprivation would argue for an upstream role of caspases and, presumably, death 
receptors in this apoptotic pathway. However, the observation that Bid-deficient mice do 
not display brain abnormalities suggests that this Bcl-2 family member is not required for 
developmental neuronal apoptosis (Yin et al., 1999).

In order to identify the components of this putative DD-mediated apoptotic 
pathway, the expression of several caspases and FADD was assessed in PC 12 cells and 
SCG neurones by RT-PCR analysis. Preliminary experiments were performed on PCI2 
cells which are a neuronal cell line dependent on NGF for survival (Greene et al., 1987; 
Batistatou and Greene, 1993). The expression of FADD and several caspases, namely, 
caspases-1, -2, -3, -6, -7, -8 and -9 was analysed by RT-PCR. AH these transcripts, 
except for caspase-1, were found to be normally expressed in the presence of NGF and 
in cells deprived of NGF for 24 hours, confirming also that these caspases are normally 
expressed under control conditions and are not transcriptionally regulated during 
apoptosis in PCI2 cells. The lack of caspase-1 expression confirmed earlier reports that 
this protease is not required for PCI2 cells apoptosis (Haviv et al., 1997). This RT-PCR 
analysis was then performed in purified primary cultures of SCG neurones. Primary 
SCG neuronal cultures normally contain a variable percentage of non neuronal 
contaminants, mainly glial cells and fibroblasts, leading to PCR amplification of glial and 
fibroblast, as well as neuronal transcripts (see Chapter 6). A significant purification of 
these cultures was achieved through different plating steps on collagen and poly-L- 
Lysine/laminin substrates, as described in Chapter 6, to allow depletion of non neuronal 
cells. A comparative RT-PCR protocol was then used to confirm the neuronal expression 
of the investigated genes. PCR products obtained from cultures enriched in neurones or 
depleted of neurones (containing all cell types) were measured by densitometric analysis

2 0 1



and compared to the corresponding data obtained with cell specific markers, as described 
in Chapter 6. It was shown that several caspases, namely caspase-2, -3, -6, -7 and -9, as 
well as FADD, are normally expressed in SCG neurones, whereas caspase-1 and 
caspase-8 are not present. Caspase-1 is probably not involved in neuronal apoptosis, 
confirming the preliminary RT-PCR result obtained with PC12 cells RNA. The lack of 
caspase-8 in SCG neurones, on the other hand, is more relevant to this investigation, this 
caspase being the apical caspase activated in the Fas apoptotic pathway and known to 
interact with FADD (Boldin et al., 1996; Muzio et al., 1996). The absence of caspase-8 
possibly explains the non-apoptotic effect of FADD-WT overexpression under control 
conditions, since the recruitment of this DED caspase cannot take place in SCG neurones.

The role of FADD and other DD-DED proteins is still unclear in neuronal 
apoptosis. One neuronal plasma membrane receptor implicated in a pro-apoptotic role is 
the p75 NGF receptor (Rabizadeh et al., 1993; Barrett and Georgiou, 1996; Casaccia- 
Bonnefil et al., 1996; Bamji et al., 1998) whereas another neurotrophin receptor, the 
tyrosine kinase receptor TrkA is believed to mediate neuronal survival (Kaplan and 
Stephens, 1994; Smeyne et al., 1994; Belliveau et al., 1997; see also section 1.8.2). The 
p75 NGF receptor shares with other TNF family members an intracellular DD (Chapman, 
1995; Feinstein et al., 1995). However, the intracellular mechanism and the specific 
involvement of the cytoplasmic DD in p75-mediated apoptosis is still controversial. The 
NMR analysis of the p75 DD region, highlighted some structural differences from other 
known DD receptors (Liepinsh et al., 1997) and the p75 DD does not appear to self
associate in solution (Kong et al., 1999), unlike other DD proteins (Boldin et al., 1995). 
Furthermore, recent findings in neurones suggest that p75 toxicity does not require the 
intracellular DD region but is rather dependent on the juxtamembrane region (Coulson et 
al., 1999). Moreover, in some instances the pro-apoptotic effect of p75 appears to require 
the monomeric state and is inhibited by receptor oligomerisation (Wang et al., 2000). 
Taken together these reports suggest that p75 may not transduce the apoptotic signal in 
the same manner as other DD receptors, such as Fas, via ligand-induced clustering of the 
intracellular DDs and recruitment of caspases. Recently, members of the TRAF family of 
proteins (Arch et al., 1998) have been suggested as potential intracellular partners of p75 
(Khursigara et al., 1999; Ye et al., 1999). TRAF2 in particular, although not encoding a 
DD, is believed to bind to the p75 DD region and induce a pro-apoptotic pathway when 
TRAF2 and p75 are co-expressed in non neuronal cells (Ye et al., 1999). Interestingly, 
TRAF2 is also reported to interact with DD-containing proteins such as TRADD (Hsu et 
al., 1996b; Tsao et al., 2000) and, indirectly, FADD (Liu et al., 1996) indicating that a 
putative TRAF2-mediated apoptotic pathway in neurones could be affected by 
overexpression of DD-containing proteins. The relevance of such a pathway in neurones 
could be assessed, for instance, by expression analysis of TRAF2 and other family 
members in SCG neurones and by experiments using specific blocking antibodies
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followed by NGF withdrawal.
A more direct role for the Fas apoptotic pathway has also been recently suggested 

in neurones. FasL was shown to be transcriptionally regulated during apoptosis of 
cerebellar granule neurones and PC 12 cells (Le-Niculescu et al., 1999), indicating that 
FasL may be a potential target for transcription factors activated during neuronal 
apoptosis, such as c-Jun (Estus et al., 1994; Ham et al., 1995). FasL is then believed to 
be expressed on the plasma membrane and activate endogenous Fas receptor, thereby 
amplifying the apoptotic signal in an autocrine fashion (Le-Niculescu et al., 1999; Martin- 
Villalba et al., 1999). A similar involvement of the Fas pathway has also been 
demonstrated in motoneurones during developmental cell death, suggesting that this type 
of neuronal death could be positively regulated by transcriptional regulation of death 
ligands and subsequent activation of plasma membrane death receptors (Raoul et al., 
1999).

In order to discover the possible mechanism of neuronal survival mediated by 
FADD overexpression, the expression of several DD-related proteins, namely Fas (Oehm 
et al., 1992), FasL (Suda et al., 1993), TNFRl (Tartaglia et al., 1993), RIP (Ting et al.,
1996) and RAIDD (Ahmad et al., 1997), was analysed in SCG neurones by RT-PCR as 
described in Chapter 6. It was found that the Fas receptor, another key component of the 
Fas apoptotic pathway, is not present in SCG neurones. However, its natural ligand 
FasL is clearly expressed in these neurones in the presence of NGF. The DD receptor 
TNFRl, on the other hand, was found to be expressed in SCG neurones but the

expression of its ligand TNFa (McGeehan et al., 1994) could not be confirmed. The

differential expression of these two DD receptors and their ligands, probably reflects the

different role of the FasL and TNFa pathways in sympathetic neurones. FasL expression

may confer immune privilege to SCG neurones, whereas the presence of TNFRl, which 
stimulates a variety of intracellular pathways and does not always mediate cell death 
(reviewed by Wallach et al., 1999), sensitises these cells to cytokine signals produced by 
neighbouring cells during inflammation. In addition to FADD, another DD-containing 
adapter molecule, RAIDD (Ahmad et al., 1997; Duan and Dixit, 1997), was found to be 
expressed in neurones. Both FADD and RAIDD are involved in the TNFRl signalling 
pathway in non neuronal cells, by mediating recruitment of caspase-8 (Lin et al., 1999) 
and caspase-2 (Duan and Dixit, 1997) respectively. The caspase-8-mediated pathway is 
probably not important in SCG neurones since this DED caspase is not expressed. It is

possible, therefore, that a pro-apoptotic TNFRl-mediated pathway induced by TNFa

binding, involves caspase-2 recruitment in SCG neurones. The DD-containing Serine- 
Threonine kinase RIP (Ting et al., 1996), a reported partner of RAIDD (Duan and Dixit,
1997), also appears to be expressed in SCG neurones, suggesting that a death pathway
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regulated by RAIDD, RIP and presumably caspase-2 may play a role in neuronal 
apoptosis. Ectopic overexpression of DD proteins such as FADD-WT and FADD-DN 
could interfere with such a DD-mediated pathway and inhibit apoptosis. The relevance of 
this pathway during apoptosis induced by NGF deprivation could be further investigated 
by overexpression of dominant negative mutants of RAIDD, RIP and caspase-2 in SCG 
neurones. Interestingly, earlier studies using antisense oligonucleotides and synthetic 
inhibitors (Troy et al., 1997; Stefanis et al., 1998) have already suggested an essential 
role for caspase-2 activity in NGF withdrawal-induced apoptosis of sympathetic 
neurones.

Since neuronal apoptosis is transcription dependent (Martin et al., 1988; Martin et 
al., 1992), the possible transcriptional regulation of some transcripts was also analysed. 
The expression of normally absent or poorly expressed genes, such as Fas, FADD, 
FasL, RIP and the caspases-1, and -8, as well as caspase-2 , -3 and -9, was investigated 
by RT-PCR over a 24 hours experimental period in the absence of NGF. It was found 
that, although the neuronal polypeptide DP5 is clearly upregulated as reported (Imaizumi 
et al., 1997), none of these investigated genes, except for RIP, are transcriptionally 
regulated during neuronal apoptosis. RNA levels of RIP appear to increase significantly 
after 24 hours in the absence of NGF. This increase, however, is not as dramatic as the 
increase seen for DP5, is a relatively late event and mirrors the relative increase observed

for the glial marker S I00p. This transcriptional regulation will have to be verified,

possibly at the protein level using a rat cross-reacting antibody, together with a 
characterisation of the role of endogenous RIP in SCG neurones.

The observation that key members of the Fas pathway are not normally expressed 
and are not transcriptionally regulated during apoptosis suggests that this pathway is not 
relevant to sympathetic neurone apoptosis, unlike in some other neuronal types 
(Herdegen et al., 1998; Le-Niculescu et al., 1999; Raoul et al., 1999). It is possible, 
however, that other death receptors, such as DR3, DR4 and DR5, are involved in SCG 
neurone death. The expression of these receptors in SCG neurones could not be 
confirmed by RT-PCR due to the lack of published rat sequences. Further studies could 
be performed with specific antibodies for these death receptors, to verify their expression 
in neurones, and possibly using their specific death ligands to observe the effect of DR3, 
4 and 5 activation upon neuronal apoptosis.

The involvement of DD interactions in neuronal apoptosis may also occur 
downstream in the death pathway and overexpression of FADD-WT and FADD-DN 
might inhibit cytoplasmic events leading to activation of caspases. An alternative to the 
direct death receptor mechanism of caspases activation is represented by the 
mitochondrial pathway induced by release of cytochrome c into the cytosol and induction 
of APAF-1-mediated caspase-9 activation (Li et al., 1997). It has been shown that the
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death receptor pathway and the mitochondrial pathway may co-operate in some instances. 
In some cells, Fas/FADD mediated activation of caspase-8 has been shown to induce 
cleavage and consequent activation of the pro-apoptotic BH3 domain-only protein Bid, 
leading to cytochrome c release (Scaffidi et al., 1998). This apoptotic pathway can be 
inhibited by overexpression of anti-apoptotic Bcl-2 family members (Scaffidi et al., 
1999a). Although neuronal apoptosis induced by NGF withdrawal does require release 
of cytochrome c into the cytoplasm (Neame et al., 1998; Martinou et al., 1999), my data 
argue against the involvement of Fas and caspase-8 in this apoptotic pathway as these 
proteins do not seem to be expressed in SCG neurones. A direct role of FADD or any 
other DD-containing proteins in the apoptogenic release of cytochrome c from the 
mitochondria has not been reported. There is evidence, however, that FADD may also act 
downstream of cytochrome c release in some apoptotic models, such as apoptosis of rat 
fibroblasts induced by c-myc in low serum, which is blocked by FADD-DN 
overexpression. In this model FADD-DN does not block cytochrome c release but does 
inhibit downstream caspase activation (Juin et al., 1999). It would be interesting to 
determine whether in SCG neurones overexpression of FADD-DN and FADD-WT, acts 
upstream or downstream of cytochrome c release, inhibiting caspase activation 
presumably by direct interaction with apoptotic complexes. This could be assessed, for 
instance, by anti-cytochrome c immunofluorescence staining of FADD-overexpressing 
cells during NGF deprivation.

The recruitment of caspase-9 to the APAF-1 complex is known to occur via 
CARD homophilic interactions (Li et al., 1997; Srinivasula et al., 1998) and no DD 
proteins are known to be involved in this activation. Although structural studies 
highlighted similarities between the CARD domains of APAF-1 and caspase-9 and other 
DD proteins (Zhou et al., 1999), these homophilic protein-protein interactions appear to 
be highly specific (Hofmann et al., 1997) and there is no evidence so far suggesting 
direct interaction between DD-containing proteins, such as FADD, and CARD proteins.

In view of the observed nuclear localisation of FADD, it would also be interesting 
to check the effect of FADD overexpression upon the INK pathway, which is activated in 
SCG neurones following NGF withdrawal (Ham et al., 1995; see also section 1.8.2). A 
possible link between DD-containing proteins and components of the INK pathway has 
been suggested by the cloning of MADD, a DD-adapter molecule which is reported to 
bind TNFRl and mediate JNK activation (Schievella et al., 1997; Brinkman et al., 
1999). Interestingly, a splicing variant of MADD has been reported to interact directly 
with the brain-specific kinase JNK3, and translocate with JNK3 to the nucleus in CNS 
neurones following hypoxia (Zhang et al., 1998b). It would be interesting, therefore, to 
assess the expression and the role of MADD in SCG neurones and also to determine 
whether FADD overexpression can inhibit activation of the JNK pathway in this system.
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It is hoped that some of the described experimental approaches will provide 
information regarding specific pro-apoptotic interactions which can be inhibited by FADD 
overexpression. The role of DD protein interactions in neuronal death would be further 
elucidated by analysing the specific role of endogenous FADD in SCG neurones. This 
could be assessed by experiments using a rat-cross reacting FADD antibody which 
efficiently recognises the native protein. Immunofluorescence staining of SCG neurones, 
first of all, would confirm the expression of FADD protein and determine its subcellular 
localisation in SCG neurones. Furthermore, injection of a blocking anti-FADD antibody 
into the nucleus or cytoplasm of SCG neurones, followed by NGF withdrawal, could 
provide information as to whether endogenous FADD is required to mediate apoptosis in 
neurones, and whether this FADD-mediated step occurs in the nucleus or in the cytosol. 
This potential FADD-mediated pathway could be further characterised by searching for 
FADD-interacting proteins, by immunoprécipitation or by yeast-two-hybrid screening 
using rat FADD as bait.

In summary, neuronal apoptosis was studied in SCG neurones, which undergo 
apoptotic cell death when deprived of NGF. The rat homologue of FADD was cloned by 
DNA homology from a rat brain cDNA library using known DD/DED probes. The role of 
FADD in neuronal apoptosis was assessed by overexpression in SCG neurones. 
Although overexpression of FADD wild type is not sufficient to induce death, both wild 
type and a dominant negative form of FADD protect SCG neurones from apoptosis 
induced by NGF deprivation, suggesting a role for DD interactions in this death pathway. 
In order to identify potential components of this apoptotic pathway the expression of 
several caspases and DD-related proteins was analysed by RT-PCR on highly purified 
neuronal cultures. Caspase-2, -3,-6, -7 and -9 were shown to be normally expressed in 
SCG neurones and therefore may take part in neuronal apoptosis, whereas caspase-1 and 
caspase-8 were found to be absent. The observation that Fas receptor, another key 
element of the Fas apoptotic pathway is not expressed either, suggests that this specific 
pathway is not involved in apoptosis of sympathetic neurones. However, other DD- 
containing proteins implicated with apoptosis in non neuronal systems, are clearly 
expressed in SCG neurones, pointing to a role for DD interactions in neuronal apoptosis 
and opening new lines of investigation into the regulation of neuronal cell death.
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Figure 7.1 Hypothetical DD-mediated pathways in neuronal apoptosis.

As discussed in the text, at least three apoptotic steps could be inhibited by FADD 
overexpression in SCG neurones.
A) NGF withdrawal may lead to activation of plasma membrane death receptors, possibly 
via transcriptional regulation of either the ligand or the receptor. This promotes a DD- 
mediated release of cytochrome c which induces autoactivation of apical caspases Ectopic 
overexpression of FADD-WT or FADD-DN disrupts these DD protein interactions and 
therefore inhibits apoptosis.
B) NGF withdrawal leads to cytochrome c release into the cytoplasm. This may occur 
through inhibition of survival signals inducing activation of pro-apoptotic Bcl-2 family 
members. Cytochrome c release may also be induced by transcriptionally regulated 
events. FADD overexpression may block cytochrome c-mediated activation of 
downstream caspases, as already reported in non neuronal systems.
C) In the absence of NGF, nuclear DD-containing proteins may be activated and induce 
cytochrome c release leading to apoptosis. This may occur by transcriptional regulation of 
pro-apoptotic genes via DD protein interactions in the nucleus (e.g. MADD-mediated 
activation of the JNK pathway) This pro-apoptotic route is blocked by high nuclear 
concentrations of FADD-WT or FADD-DN.
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