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1 Introduction 

1.1 Overview on apoptosis 

1.1.1 History and general features of apoptosis 
In 1972, Kerr, Wyllie and Currie coined the term apoptosis to describe an intrinsic 

suicide program involved in the normal turnover of hepatocytes (Kerr et al., 1972). 

Apoptosis is characterised by cell shrinkage, membrane blebbing, chromatin 

condensation, DNA fragmentation, preservation of organelles and membrane integrity, 

and is followed by phagocytosis of the dying cell without evoking an inflammatory 

response (Kerr et al., 1972). These mainly morphological features distinguish apoptosis 

from another type of cell death, termed necrosis, characterised instead by cell swelling, 

disruption of cellular integrity, leakage of cell contents and induction of inflammatory 

reactions. Morphological and molecular changes, considered as typical features of 

apoptosis, are elicited in a broad range of physiological or pathological conditions and 

occur in a variety of tissues and species. This observation has led to the hypothesis that 

independent signalling pathways converge to a common death effector machinery, 

which is evolutionarily conserved (Hengartner and Horvitz, 1994; Vaux and Strasser, 

1996).  Indeed, apoptotic signals, both intracellular and extracellular, seem to converge 

into the activation of a group of apoptosis-specific cysteine proteases, termed caspases, 

which cleave their substrates after aspartic residues (Thornberry and Lazebnik, 1998). 

Elucidation of the molecular components of the apoptotic pathway came first from 

genetic studies on the nematode Caenorhabditis elegans (Ellis and Horvitz, 1986; Ellis 

et al., 1991). In these studies, a set of genes, called ced (from cell death), were shown 

to be differentially involved in regulating cell death during the development of the 

nematode. Subsequently, it was found that the two proteins encoded by ced-3 and ced-9 

had a high homology with the mammalian interleukin-1β  converting enzyme 

(ICE/caspase 1; (Yuan et al., 1993)) and with the anti-apoptotic protein Bcl-2 

(Hengartner and Horvitz, 1994), respectively. Since these first studies, several other 

genes have been isolated and characterised, and their mammalian homologue 

identified. Lately, the adaptor molecule apaf-1 (for apoptotic protease-activating factor-

1) has been identified as the mammalian counterpart of ced-4 (Hengartner, 1997; Zou 

et al., 1997). 
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As recently summarised by Green and Kroemer (Green and Kroemer, 1998), the 

apoptotic process can be divided into three phases: an induction phase, whose nature 

depends on the specific death-inducing signals, an effector or execution phase in which 

the cell becomes committed to die, and a degradation phase, in which the cell acquires 

the final biochemical and morphological features of apoptosis. Phagocytosis and 

degradation of the cell remnants follow this last phase.  

While a heterogeneity of signals can trigger cell death, caspases (discussed in 1.1.3.1) 

and/or mitochondria (discussed in 1.1.3.2) have been indicated so far as main actors in 

the execution phase of apoptosis (for review see(Green and Kroemer, 1998)). The 

degradation phase is then characterised by nearly common biochemical and 

morphological changes which affect cytoplasm, nucleus, organelles, and plasma 

membrane. Early structural changes of a cell undergoing apoptosis are the reduction of 

the cell volume and the loss of contacts with the neighbouring cells. These early 

changes are usually followed by cytoplasm condensation and organelle compaction. 

The most conspicuous morphological changes occur, however, in the nucleus where 

chromatin condenses and aggregates along the nuclear periphery often in a crescent-

shaped pattern. Molecular characterisation of chromatin reveals an ordered DNA 

degradation first into large fragments of 300-50 kilobases (Oberhammer et al., 1993; 

Walker et al., 1993), and finally into oligonucleosomal fragments of 180-200 base pairs 

or multiples (Wyllie, 1980). This latter ladder type of fragmentation has been attributed 

to Ca2+/Mg2+-dependent endonucleases (Kyprianou et al., 1988), Dnase I (Arends et al., 

1990; Peitsch et al., 1993), and Dnase II (Barry and Eastman, 1993). However, it is 

now becoming apparent that morphological characteristics of apoptosis are not always 

associated with DNA laddering (Cohen et al., 1992; Falcieri et al., 1993; Ucker et al., 

1992; Zakeri et al., 1993). Furthermore, ladder-type DNA fragmentation has been also 

observed in cells dying by necrosis (Daugas et al., 2000; Fukuda et al., 1993; van 

Lookeren Campagne et al., 1995).  

Co-ordinated activation of proteases, mostly of the caspase family, leads to the 

proteolytic cleavage of numerous structural and functional proteins (Cohen, 1997). 

Therefore, also cleavage of several substrates such as poly-(ADP-ribose) polymerase 

(PARP; (Kaufmann et al., 1993), fodrin (Cryns et al., 1996; Martin et al., 1995), or 

gelsolin (Kothakota et al., 1997) are regarded as characteristic marker for apoptosis (for 

review see (Chan and Mattson, 1999; Villa et al., 1997; Wang, 2000). Proteolytic 
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degradation of the nuclear lamina, an intermediate filament network that maintains 

nuclear envelope integrity, allows fragmentation of the nucleus into chromatin-

containing lumps (Lazebnik et al., 1993; Neamati et al., 1995; Oberhammer et al., 

1994; Rao et al., 1996). Cytoplasmic organelles appear to remain structurally intact, 

although mitochondrial dysfunction and loss of outer mitochondrial membrane integrity 

have been associated with apoptosis (Kroemer et al., 1995). Cytoplasmic proteins may 

in some cases be cross-linked through the action of transglutaminases, therefore 

possibly stabilising the cytoplasm and preventing cell lysis (Fesus et al., 1987). 

Modifications of cytoskeletal structures facilitate the so-called “blebbing” of the 

plasma membrane and the formation of apoptotic bodies, i.e. membrane-wrapped 

cytoplasm which contains organelles and sometimes fragments of condensed chromatin 

(Wyllie et al., 1980). Apoptotic cells and apoptotic bodies display recognition signals 

(loss of asymmetry and/or strong alterations in composition of the plasma membrane) 

(Savill et al., 1993) on their surface in order to be recognised and rapidly phagocytosed 

by neighbouring cells or by professional phagocytes. This appears to be one of the most 

important features of apoptosis in tissues since it prevents the induction of 

inflammatory reactions consequent to cell disruption and leakage of intracellular 

proteins and nucleic acids into the extracellular space. At the same time, it also 

represents one of the most critical points in post mortem or in vivo studies since the 

efficiency and rapidity of the process often leads to underestimate the extent of 

apoptosis.  

1.1.2 Signalling pathways in apoptosis 
A cell undergoes apoptosis as a result of information received from its environment, 

which is interpreted in the context of internal information, such as cell type, phase of 

the cell cycle, state of differentiation. External information that triggers apoptosis may 

be diverse, e.g. deprivation of growth factors, hormones or cytokines as well as their 

appearance, or a change in direct intercellular interactions. 

A particular external stimulus is, therefore, only part of the information influencing the 

decision between self-destruction and survival, and in general is not exclusively 

involved in induction of apoptosis. Analogously, the intracellular signals that contribute 

to induction of apoptosis are often also involved in promotion of proliferation or 

differentiation in other cellular contexts. The involvement of key molecules in the 
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induction of both apoptosis and proliferation reflects in part the adaptation of many 

signalling pathways to the control of differential responses depending on the cell state, 

and on the external environment. 

Apoptotic mechanisms mediated by receptors on the cell surface often act through a 

signal transduction system involving stimulation of the receptor, activation of protein 

kinase/phospahtase cascades, and release of second messengers to upregulate or 

suppress the transcription of specific genes. Alternatively, interaction between the 

cytoplasmic domain of the receptor and so-called adaptor proteins may lead to the 

formation of a multi-proteins complex and to the activation of intracellular enzymatic 

cascades. A large body of evidence suggests that these signalling pathways can 

crosstalk, and therefore modulate the response of the cell to a given stimulus. 

 

1.1.2.1 Receptor-mediated apoptosis: the Fas/FasL system 
Fas (also termed CD95 or APO-1) and its ligand (FasL or CD95L or APO-1L) belong 

to the tumor necrosis factor receptor (TNF-R) (Itoh et al., 1991) and TNF  (Suda et al., 

1993) family, respectively. Fas and FasL are involved in various immune functions. 

They participate in T cell-mediated cytotoxicity (Kagi et al., 1994; Lowin et al., 1994) 

and in the elimination of activated T cells during downregulation of the immune 

response (Nagata, 1997; Russell et al., 1993). Moreover, expression of FasL 

contributes to the maintenance of immune privilege in certain tissues (French et al., 

1996; Griffith et al., 1995; Hahne et al., 1996). 

Various cells (e.g., B and T lymphocytes, tumour cells, non-lymphoid cell lines) 

express Fas, whereas FasL is expressed predominantly by activated T cells. Cross-

linking of Fas either with antibodies to Fas (Dhein et al. ,  1992), with cells expressing 

FasL, or with soluble FasL (Suda and Nagata, 1994) triggers apoptosis in Fas-bearing 

cells. 

The Fas/FasL system has been extensively studied in the last decade and many proteins 

have been identified that participate in the finely regulated steps of signal transduction 

and intracellular execution of apoptosis.  

Valuable information on the role of the Fas/FasL pathway came from mice in which a 

deletion of part of the genes coding for the ligand (gld mice) or the receptor (lpr mice) 
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results in a non-functional product (Cohen and Eisenberg, 1992; Takahashi et al., 1994; 

Watanabe-Fukunaga et al., 1992). 

Fas is a membrane protein characterised by three cysteine-rich extracellular domains 

and by an intracellular death domain (DD) essential for the transduction of the 

apoptotic signal (Itoh and Nagata, 1993; Tartaglia et al., 1993). FasL is a protein found 

in a membrane bound or soluble form, both of which may induce apoptosis (Suda and 

Nagata, 1994; Suda et al., 1993). Soluble FasL has a trimeric structure (Tanaka et al., 

1995) and its binding to Fas results in oligomerization of the receptor (Orlinick et al., 

1997). It is has been recently shown that this cross-linking of Fas molecules, rather than 

just the ligand binding, leads to further signalling within the cell (Siegel et al., 2000). 

Indeed, clustering of singular receptors brings the cytoplasmic DDs into close 

proximity and facilitates the formation of the so-called death-signalling complex 

(DISC; (Kischkel et al., 1995)). DISC is a multiprotein complex composed of 

trimerized Fas (Kischkel et al., 1995), the adaptor protein FADD/Mort-1 (Fas-

associated death domain; (Boldin et al., 1995)), two different isoforms of caspase 8 and 

CAP3 (cytotoxicity-dependent APO-1-associated protein 3;(Muzio et al., 1996)). The 

interaction between FADD and caspase 8 through the death effector domain (DED) 

leads to cleavage and activation of caspase 8 (Medema et al., 1997; Scaffidi et al., 

1997). Active caspase 8 then dissociates from the DISC and starts a caspase activation 

cascade that constitutes the execution phase of apoptosis. 

Alternatively to this pathway, a second signalling model has been recently proposed. 

Reduced formation of DISC may lead – via low caspase 8 activity – to the activation of 

mitochodrial signals, in turn resulting in vast cleavage of caspase 8 and caspase 3 

(Scaffidi et al., 1998).  

 

1.1.2.2 The stress-activated protein kinase pathways 
The c-Jun N-terminal kinases (JNK or SAPKs, stress activated protein kinases) and p38 

kinases, together with extracellular signal-regulated kinases (ERKs), constitute the 

family of mitogen activated kinases (MAPKs).  

The ERK pathway is a cascade originating at the cell membrane with receptors for 

mitogens or growth factors, which recruit, via adapter proteins and exchange factors on 

the intracellular side, the small guanosine triphosphatase (GTPase) Ras. Ras activates 
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raf, a serine threonine kinase, which activates MEK (MAPK/ERK kinase). MEK, in 

turn, phosphorylates and activates ERK-1 and ERK-2, which then translocate to the 

nucleus. There they transactivate transcription factors and change gene expression in 

such a way that promotes growth, differentiation or mitosis (Cobb, 1999). By 

transducing signals through such a kinase cascade, several control options are possible 

for the cross-talk with other signalling pathways, thereby modulating the output signal. 

The JNK and p38 pathways are hierarchically arranged, but little is known about the 

upstream components and the downstream effects of these pathways. JNK/SAPK bind 

to and phosphorylate the transcription factor c-Jun that, together with other members of 

the c-Fos and c-Jun families, compose the activator protein-1 (AP-1) transcription 

factor complex (Dai et al., 1995). Transactivation of c-Jun by JNK/SAPK leads to 

increased expression of genes with AP-1 sites in their promotors. One of the primary 

targets of AP-1 is the c-Jun gene itself, so that transactivation of c-jun initiates a 

positive feedback loop (Kasibhatla et al., 1998). In order to phosphorylate their nuclear 

targets, JNK/SAPK translocate to the nucleus upon activation. However, not all 

JNK/SAPK targets are nuclear, and it is likely that these enzymes also regulate 

translational processes (Ming et al., 1998). The p38 family responds to many of the 

agonists that activate JNK/SAPK, but they appear to be differentially regulated under 

certain circumstances (Jiang et al., 1996; Mendelson et al., 1996). p38 kinases 

phosphorylate several transcription factors (Wang and Ron, 1996; Whitmarsh et al., 

1997) and are necessary for the induction of c-Jun and c-Fos responses to anisomycin 

and UV irradiation (Hazzalin et al., 1996). Some isoforms also activate other kinases, 

such as the mitogen-activated protein kinase-activated protein kinases (MAPKAPKs) 

(Ni et al., 1998) that phosphorylate and activate the heat shock protein hsp27, which 

was shown to mediate changes in the actin cytoskeleton and other downstream events 

(Guay et al., 1997).  

Although the function of this family of serine/threonine kinases in physiological and 

pathological conditions is still largely unknown, they have been involved in the 

modulation of a wide range of processes, including development, adaptation to 

environmental changes, transformation, immune activation and inflammation, and 

apoptosis. 

A role for MAPK in neuronal cell death seems to be confirmed by in vitro and in vivo 

studies. In differentiated PC12 cells, nerve growth factor (NGF)-withdrawal has been 
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shown to result in JNK/p38 activation, ERKs inhibition and apoptosis (Xia et al., 

1995). Block of the JNK pathway by expression of dominant negative c-Jun resulted in 

increased survival suggesting that JNK may mediate apoptosis (Xia et al., 1995). In the 

same model, antioxidants and overexpression of Bcl-2, which decrease JNK activity, 

can block apoptosis, as can caspase inhibitors which, however, do not affect JNK 

activation. This suggests that caspases act either downstream of JNK or that they are 

part of two distinct pathways activated simultaneously by growth factor withdrawal. 

JNK and p38 also seem to be involved in models of excitotoxicity. JNK-3 knockout 

mice are indeed protected from glutamate-induced apoptosis (Yang et al., 1997), and 

p38 inhibitors rescue from cell death induced by the same stimulus (Kawasaki et al., 

1997). There is evidence that JNK is active and c-Jun is phosphorylated after brain 

ischemia in vivo, that FasL (see1.1.2.1) is induced and neurons undergo apoptosis 

(Herdegen et al., 1998). Induction of FasL by JNK and p38 activation has been 

described also in other models. Phosphorylation of c-Jun and expression of FasL have 

been recently observed in differentiated PC12 cells after NGF removal and in cerebellar 

granule neurons after potassium withdrawal. FasL induction and apoptosis were 

attenuated by JNK and p38 inhibitors in both models (Le-Niculescu et al., 1999). 

However, JNK and p38 activation observed in Jurkat cells after Fas ligation appear to 

be prevented by several caspase inhibitors. Thus, while some models suggest a 

causative role for the MAPK pathway, others place these kinases downstream in 

apoptosis signalling. 

 

  

1.1.3 The execution phase of apoptosis: caspases and mitochondria 

1.1.3.1 Overview on caspases and their role in apoptosis 
Since the discovery that the C. elegans death protease ced-3 (see 1.1.1) is homologous 

to the mammalian interleukin-1β-converting enzyme (ICE) (Yuan et al., 1993), 14 

related ICE-like proteases (now termed caspases from cysteine aspartases; (Alnemri et 

al., 1996) have been identified and partially characterised (for a review see (Chan and 

Mattson, 1999; Nicholson and Thornberry, 1997). A large body of evidence indicates 

that caspases play a central role in apoptosis. Genetic (Gagliardini et al., 1994; Kuida et 

al., 1996) and pharmacological (MacFarlane et al., 1997; Slee et al., 1999) inhibition of 
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caspases have been shown to suppress apoptotic cell death. Furthermore, apoptosis is 

inhibited by mutations in the caspase catalytic site (Kumar et al., 1994; Miura et al., 

1993) or by ectopic expression of caspase antisense DNA (Miura et al., 1993). And 

finally, overexpression of caspases is a strong inducer of apoptosis in cell culture 

(Miura et al., 1993). 

All caspases are synthesised as a single inactive zymogen composed of a variable N-

terminus prodomain, one large (20 kDa), and one small subunit (10 kDa) joined by a 

small spacer. Upon apoptotic stimulation, autoproteolytic processing removes both 

spacer and prodomain. The resulting heterodimer (small plus large subunit) self-

associates with a second heterodimer to form a tetrameric complex which constitutes 

the active enzyme(Walker et al., 1994; Wilson et al., 1994). Caspase prodomains can 

vary in sequence and size with caspase 3, 6, and 7 having the shortest and caspase 8, 9, 

and 10 the longest prodomains. Prodomains have been shown to mediate dimerization 

and promote auto-processing of pro-enzyme molecules (Srinivasula et al., 1998).  

The caspase family can be grouped into two classes: 

• Initiator (or upstream) caspases (caspase 2, 8, 9, and 10) 

• Effector (or downstream) caspases (caspase 3, 4, 5, 6, 7, 11, 12, and 13). 

Initiator caspases have a long pro-domain and substrate specificity for recognition sites 

present in many initiator and effector caspases, suggesting that they can activate 

themselves by autocatalysis and exert regulatory roles by activating downstream 

caspases. Two major pathways have been identified so far by which initiator pro-

caspases can be activated in response to death-inducing stimuli, resulting in the 

cleavage of the effector enzymes, which in turn cause cell collapse by cleaving specific 

substrates. The first pathway is activated by trimerization of death receptors such as 

TNF-R and Fas (see 1.1.2.1) by their respective ligands, and recruitment of death 

effector domain (DED) containing pro-caspases (caspases 8 and 10) into a death-

inducing signalling complex (DISC).  Recruitment of the DISC occurs via adaptor 

proteins  (such as FADD/Mort-1) (Boldin et al., 1995; Chinnaiyan et al., 1995; 

Kischkel et al., 1995), and results in activation of the pro-caspases by oligomerization-

induced autoproteolysis (Yang et al., 1998). This activation step of caspases 8 and 10 is 

particularly important because both caspases are capable of activating themselves and 

other caspases and thereby starting the death signalling (Srinivasula et al., 1996). The 
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second pathway is a death receptor-independent process, and involves mitochondrial 

changes in the activation of caspase 9. In this mitochondria-dependent pathway, a 

crucial step is the release of cytochrome c from the mitochondria into the cytosol in 

response to apoptotic signals (Li et al., 1997). Complexing of released cytochrome c 

with the cytosolic apoptotic protease-activating factor-1 (Apaf-1) (Zou et al., 1997) and 

pro-caspase 9 (complex termed apoptosome) leads to dimerization and autocatalytic 

activation of caspase 9 (Srinivasula et al., 1998; Zou et al., 1999). This in turn mediates 

the proteolytic activation of caspase 3 (Hu et al., 1999; Liu et al., 1997). It has been 

proposed that the amount of caspase 8 generated at the receptor may determine whether 

a mitochondria-dependent pathway is required for amplification of the caspase cascade 

(Kuwana et al., 1998). High levels of activated caspase 8 are sufficient to directly 

activate downstream caspases and may not require cytochrome c release during this 

process. Scaffidi et al (Scaffidi et al., 1998) distinguish cells in type I and type II 

according to the high and low levels of initially active caspase 8, respectively, and to 

the pathway consequently involved.  

Based on substrate-directed studies and phylogenetic analysis, caspases can be divided 

into three groups (Talanian et al., 1997; Thornberry et al., 1997): 

• Group I (or ICE-like subfamily) includes caspases whose consensus cleavage site is 

YEHD, WEHD or LEHD (caspases 1, 4, 5, 11, 13 ,and 14) 

• Group II (or CPP32-like subfamily) includes caspases whose consensus cleavage 

site is DEVD or DEHD (caspases 2, 3, and 7) 

• Group III includes caspases whose consensus cleavage site is (I/V/L)(Q/E)XD 

(caspases 6, 8, 9, and 10). 

The P1 and P4 residues in the recognition sequence are critical determinants of the 

substrate specificity of caspases. This has led to the design of synthetic peptide 

inhibitors, which have been useful in determining the sequence of activation of  the 

different caspases, and in identifying the type of protease involved in processing of 

specific substrates. These tri- and tetra-peptides inhibitors have relative specificity 

(depending on the concentration) for different subfamilies of caspases based on their 

recognition sites. They are modified in a way to be able to form reversible aldehyde or 

irreversible ketone bonds with the active sites of the enzyme (for review see (Villa et 

al., 1997). 
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A major role in the final demise of the cell is attributed to execution caspases. In the 

past years, an increasing series of caspase substrates have been identified and 

extensively studied, neverthless for many of them the function of their cleavage is still 

questioned. Examples of substrates cleaved during apoptosis are: 

• Cell cycle regulatory proteins: DNA topoisomerase I and II (Casiano et al., 1996), 

retinoblastoma protein (Rb) (Chen et al., 1997; Tan et al., 1997), Cdk inhibitors 

(p21 and p27) (Gervais et al., 1998) 

• DNA repair enzymes: PARP (Kaufmann et al., 1993; Lazebnik et al., 1994) 

• Signal transduction proteins: protein kinase Cδ/θ/B/Akt (Datta et al., 1997; Ghayur 

et al., 1996; Widmann et al., 1998b), MEKK-1 (Widmann et al., 1998a), PP2A 

(Santoro et al., 1998) 

• Structural proteins: fodrin (Cryns et al., 1996; Martin et al., 1995), gelsolin 

(Kothakota et al., 1997), actin (Brown et al., 1997; Mashima et al., 1997), lamins 

(Neamati et al., 1995). 

(For a more complete list, see review (Chan and Mattson, 1999; Villa et al., 1997; 

Wang, 2000). 

Although caspases are required for the initiation of the death signal in some important 

physiological systems (e.g. receptor-mediated apoptosis) and execution caspases appear 

to be responsible for the typical morphological changes during apoptosis, caspase 

inhibition does not always protect from cell death. Indeed, although caspase inhibition 

prevents the appearance of morphologic changes, cells may still die by a slower, non 

apoptotic cell death (Amarante-Mendes et al., 1998; Doerfler et al., 2000; Hirsch et al., 

1997; Kawahara et al., 1998; McCarthy et al., 1997). The occurrence of apoptosis 

independently from caspase pathways prompted to investigate alternative mechanisms 

in the search for the commitment point of cell death (Chautan et al., 1999; Doerfler et 

al., 2000; McCarthy et al., 1997; Nylandsted et al., 2000; Xiang et al., 1996).  

 

1.1.3.2 Overview on mitochondria and their role on apoptosis 
The following findings argued that a caspase-independent mechanism for commitment 

to death was likely to involve mitochondria: i) anti-apoptotic proteins, such as Bcl-2 

and Bcl-xL, were found to be located in mitochondrial membranes (Hockenbery et al., 

1990), ii) pro-apoptotic proteins, such as Bax, target the mitochondrial membrane and 
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can induce cell death even when caspase are inactivated (Crompton, 2000), iii) while 

early studies reported that mitochondria were morphologically untouched during 

programmed cell death (Kerr et al., 1972), increasing evidence came up showing that 

also these organelles underwent drastic changes during apoptosis.  

Thus, mitochondria were increasingly implicated as sensors and executioners in the 

cell’s decision about life and death (Kroemer et al., 1997; Murphy et al., 1999; Reed, 

1997).  

Two different major changes have been observed in mitochondria during apoptosis. It 

has been shown that the electrochemical gradient built up on the mitochondrial inner 

membrane dissipates at some point during the process of apoptosis (Zamzami et al., 

1995a; Zamzami et al., 1995b). Furthermore apoptogenic proteins that normally are 

sequestered in the mitochondrial inner membrane space, such as cytochrome c and the 

apoptosis inducing factor (AIF), are released through the outer mitochondrial 

membrane (Kluck et al., 1997; Leist et al., 1999; Susin et al., 1999; Susin et al., 1996). 

Increased mitochondrial membrane permeability observed early in apoptosis seems to 

be at least in some cases due to the opening of the permeability transition pore (PTP) 

(Marchetti et al., 1996; Zamzami et al., 1995a). The PTP is a multiprotein complex 

located at the contact sites between the inner and the outer mitochondrial membranes. 

Therefore, it is in a critical position for the metabolic coordination between the cytosol, 

the mitochondrial intermembrane space, and the matrix. Elements of the PTP are the 

voltage-dependent-anion-channel (VDAC, in the outer membrane), the adenine 

nucleotide translocator (ANT or porin, in the inner membrane) and other proteins from 

the cytosol and the matrix (Beutner et al., 1996; Zoratti and Szabo, 1995). Opening of 

the PTP allows water and solutes (≤1.5 kDa) to enter the matrix, causing matrix 

swelling, unfolding of the mitochondrial cristae, and rupture of the outer membrane 

(Petit et al., 1998). These phenomena are always accompanied by a loss of the 

mitochondrial membrane potential (∆Ψm, (Zamzami et al., 1995b; Zoratti and Szabo, 

1995). It has been proposed that mitochondrial apoptogenic proteins may be released 

upon permeability transition (PT) during apoptosis. The recently identified AIF, for 

instance, normally confined to mitochondria, is translocated to the nucleus upon 

induction of apoptosis (Daugas et al., 2000; Susin et al., 1999; Zamzami et al., 1996). 

In the nucleus, it is sufficient to cause chromation condensation and high molecular 
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weight DNA fragmentation (Susin et al., 1999). While AIF release seems to be directly 

related to PT, in the case of cytochrome c contradictory data exist. Cytochrome c is an 

essential redox component of the respiratory electron transfer system. It is located in 

the mitochondrial intermembrane space, non-covalently attached to the inner 

membrane, and contributes to the formation of the mitochondrial transmembrane 

potential and to oxidative phosphorylation. Still controversial are the hypotheses 

concerning the translocation of cytochrome c, due to contradictory data on 

mitochondrial changes and loss of ∆Ψm during its release (Bossy-Wetzel et al., 1998; 

Narita et al., 1998; Pastorino et al., 1998; Shimizu and Tsujimoto, 2000; Vander 

Heiden et al., 1999; Vander Heiden et al., 1997). According to one hypothesis, 

cytochrome c may be shuttled to the cytosol via specific pores or transporters, whereas 

less specific channels might increase the permeability of the outer mitochondrial 

membrane, allowing also other factors to cross this barrier. Alternatively, physical 

rupture of the outer mitochondrial membrane might result in an overall loss of outer 

membrane integrity and of intermembrane constituents. 

Once cytochrome c is released into the cytosol, the cell is committed to die by either a 

rapid apoptotic mechanism involving the apoptosome-mediated caspase 9 activation 

(see1.1.1.3) (Lee and Shacter, 1997) or by a slower necrotic process probably due to 

mitochondrial failure. However, cases have been reported in which the recovery of 

cellular functions is compatible with cytochrome c release (Jaattela et al., 1998; 

Martinou et al., 1999). It has also been shown that active caspases can disrupt 

mitochondrial barrier function (Marzo et al., 1998). Although mitochondrial caspase 

substrates have not been identified yet, it seems very likely that after an initially 

selective release of cytochrome c with subsequent caspase activation, mitochondria 

may be subjected to secondary non-specific degradative effects. The report about an 

initial, caspase-independent cytochrome c release followed by a caspase-mediated 

drastic loss of mitochondrial cytochrome c may proof the existence of such amplifying 

feedback loops at least in some models (Chen et al., 2000). However, in other models 

of apoptosis, caspase inhibition did not influence cytochrome c release at all, therefore 

excluding such proteolytic feedback loops (Single et al., 1998). 

It is most likely, that different mechanisms are responsible for the release of 

cytochrome c in different apoptosis system. 
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1.2 Role of apoptosis in the central nervous system 

1.2.1 Developmental cell death    
Cell death plays an essential role in shaping and refining many tissues during 

development. In the developing nervous system, neurons differentiate, proliferate, 

migrate and, unique among all the cell types, form axonal pathways and synaptic 

connections that eventually confer a specific physiological function to each neuron. 

However, in both central and peripheral nervous system more than half of these 

neurons undergoes apoptosis (Oppenheim, 1981). This phenomenon is common to 

many types of neurons (motor, sensory, interneurons, etc.), occurs in all vertebrates, 

and appears to have evolved as an adaptive mechanism (Oppenheim, 1991). 

Occurrence of apoptosis during neuronal development is aimed to optimise synaptic 

connections, remove unnecessary neurons and harmonise the balance between the size 

of various neuronal pools and that of the territories of innervation [Burek, 1999 #328]. 

The importance of apoptosis for development of the nervous system is exemplified by 

the phenotype of a knock-out mouse lacking caspase 3. This mouse is characterised by 

deficient apoptosis and develops a hypertrophic brain because of the extra neurons that 

were not removed during development (Kuida et al., 1996).  

A neuron’s chance for survival during development is believed to directly depend on 

the extent of its connections to a postsynaptic target. Neurons, produced in excess, 

compete for neurotrophic factors released in limited amounts by their target (Cowan et 

al., 1984). Those neurons that are capable to access sufficient neurotrophic support and 

to form functional connections survive, the rest dies and thereby facilitates the 

formation of appropriate innervations and neuronal networks (Raff et al., 1993). Since 

the discovery of the nerve growth factor (NGF) by Rita Levi-Montalcini (Hamburger 

and Levi-Montalcini, 1949; Liuzzi et al., 1965), many other neurotrophins, such as 

brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF) and 

neurotrophins (NT)-3/4/5, as well as hormones and cytokines have been identified and 

shown to promote survival of several developing neurons (Sastry and Rao, 2000). 

Furthermore, developing neurons may require signals from other neuronal cells. The 

transient blockade of the N-methyl-D-aspartate (NMDA) receptors has been shown to 

trigger apoptotic neurodegeneration in developing brain, suggesting that the excitatory 

neurotransmitter glutamate, which acts at these receptors, controls neuronal survival 
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(Ikonomidou et al., 1999). More recent work has shown that neurotransmitter release is 

not necessary for the establishment of the synaptic connections, but it is essential for 

their maintenance. Block of neurotransmitter release in mice lacking the membrane-

trafficking protein Munc 18-1 does not prevent normal brain assembly. However, after 

assembly is completed, neurons undergo massive apoptosis suggesting that the 

established connections can not persist without synaptic transmission (Verhage et al., 

2000). 

Although the requirement of neurotrophic support seems to become less acute in 

mature neurons, there is increasing evidence that in the adult brain neurotrophins may 

play an important role in pathological conditions such as brain ischemia (Han and 

Holtzman, 2000) or epilepsy (Gall, 1993). 

 

1.2.2 Cell death in neurodegenerative diseases 
In contrast to other cell types composing an organism, adult neurons are post-mitotic 

cells. This means that activation of a death program in mature mammalian neurons may 

have particularly detrimental effects. Indeed, neuronal injury and loss underlie a 

number of acute or chronic neurodegenerative conditions (Thompson, 1995). Neuronal 

loss has been detected in slow degenerative diseases like Alzheimer’s disease, 

Huntington’s disease, Parkinson’s disease, and HIV-associated dementia in humans, 

whereas its role in other disorders, such as stroke, multiple sclerosis, and amyotrophic 

lateral sclerosis is still debated. 

The molecular basis of slow neurodegenerative diseases is experimentally difficult to 

access and therefore not completely understood. Moreover, neuronal apoptosis is never 

massive in these disorders and is just one of a complex series of events. The 

progression of a neurodegenerative process is generally characterised by a series of 

distinct, but sometimes concomitant, phases. The first event is the primary insult that in 

many neurodegenerative disease like Alzheimer’s, Parkinson’s disease, or amyotrophic 

lateral sclerosis, still remains elusive. It is often followed by a secondary degeneration, 

which contributes significantly to the spreading of the primary lesion and that, in some 

cases, seems to involve both apoptotic and necrotic cell death. In chronic neuronal 

diseases, this phase may be of very long duration and involve progressive impairment 
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of neuronal function and accumulation of damage. Finally, immunological reactions are 

stimulated and typically involve astrogliosis and microglia activation. 

Regarding the neurodegenerative mechanisms, Alzheimer’s disease, Huntington’s 

disease, and amyotrophic lateral sclerosis share two common features: i) they are 

associated with intra-cellular or extra-cellular aggregates, and ii) they are associated 

with the selective degeneration of particular neuronal subtypes. Alzheimer’s disease is 

the result of the damage of selective neuronal circuits in the neocortex, hippocampus, 

and basal forebrain cholinergic system. Typical features, from post mortem 

histopathologic studies, are the presence of dystrophic neurites and intracellular 

neurofibrillary tangles, and extracellular senile plaques. Neurofibrillary tangles (NFT) 

consist of paired helical filaments (PHF) whose main component is an abnormally 

phosphorylated form of tau protein (Goedert, 1996; Goedert et al., 1996). Several 

antibodies directed against the hyperphosphorylated forms of tau, have been developed. 

In particular, the AT8 antibody specifically recognises the phosphorylated epitope at 

serine 199 and/or 202, which has been found only in PHF-tau (Biernat and Mandelkow, 

1999; Goedert et al., 1992a). Based on the progression of cytoskeletal changes in 

neurons of different brain areas, five neuropathological stages of Alzheimer’s have 

been defined by using the AT8 antibody (Braak et al., 1994). Extracellular senile 

plaques are composed of the ß-amyloid peptide (Aß), a proteolytic product of the 

amyloid precursor protein (APP) (Checler, 1995). Aß has been shown to induce 

apoptosis in cultured hippocampal, cortical and cerebellar granule neurons (Allen et al., 

1999; Forloni et al., 1993; Loo et al., 1993), and to increase neuronal vulnerability to 

excitotory stimulation by glutamate (see (Mattson, 1997)). Several transgenic mouse 

models have been developed to further elucidate the pathogenic role of APP/Aß in vivo 

(Hsia et al., 1999; Mucke et al., 2000; Price and Sisodia, 1998). However, loss of 

neurons has been so far identified in only one of these models (Calhoun et al., 1998), 

and any causal role for Aß in neuronal degeneration in vivo still remains speculative. 

The importance of apoptosis in the pathogenesis of Alzheimer’s disease seems to be 

nevertheless supported by evidence describing increased DNA fragmentation and 

activated caspases in brain of patients analysed post mortem (Dragunow et al., 1995; 

Gervais et al., 1999; Lassmann et al., 1995; Smale et al., 1995). 

Huntington’s disease is one of the several neurodegenerative disorders caused by a 

CAG/polyglutamine-expansion, in this case in the gene coding for huntingtin (Paulson 
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et al., 2000). A major pathological feature is the selective degeneration of the striatum 

and cerebral cortex and, in later stages, of other brain regions including the 

hippocampus, (Hedreen et al., 1991; Spargo et al., 1993; Utal et al., 1998; Vonsattel et 

al., 1985). In the case of Huntington’s disease, neuronal inclusions of the mutated 

protein are intranuclear and ubiquitinated (DiFiglia et al., 1997). The occurrence of 

apoptosis is still debated. Transgenic mouse models have been generated showing the 

typical neuropathological changes of the disease (Davies et al., 1997). Recent work 

reports in these in vivo models, as well as in post mortem brain from patients, of 

degenerating neurons with peculiar morphological features suggesting a mechanism of 

cell death other than apoptosis or necrosis (Turmaine et al., 2000). In contrast, DNA-

fragmentation, considered as indicative of apoptosis, was described in previous post 

mortem studies (Dragunow et al., 1995; Portera-Cailliau et al., 1995; Thomas et al., 

1995). 

 

1.2.3 Synaptic injury and neurodegenerative processes 
As already mentioned, neurons possess specific biochemical, physiological, and 

morphologic features. They are, for instance, highly differentiated cells and can send 

their processes (axons and dendrites) over great distances, far from the cell body. The 

concept of “synaptic” or “neuritic” apoptosis has been recently proposed by different 

groups to point up the relevant and active role of disturbance of synapse and neuronal 

projections in the progression of neurodegenerative processes (Ivins et al., 1998; 

Mattson et al., 1998).   

In the case of disorders characterised by a typically slow progression, such as 

Alzheimer’s, Huntington’s, or Parkinson’s disease, relevant synaptic alterations, as well 

as massive impairment of the neuronal projections due to accumulation of protein 

aggregates of different nature, have been observed. In all cases these alterations have 

been correlated to the clinical manifestation of the diseases, generally characterised by 

progressive decline of motor and cognitive functions. Presence of neurofibrillary 

tangles is highly correlated with dementia (Biere et al., 1995), whereas loss of synaptic 

proteins (Sze et al., 1997) and of functional synapses (Hatanpaa et al., 1999) is an early 

manifestation of Alzheimer’s disesase. Good correlation between cognitive decline and 

loss of pre-synaptic terminals (Sze et al., 1997) is further confirmed by post mortem 
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studies suggesting that the first clinical symptoms (motor and cognitive disorders) may 

appear in the absence of an overt neuronal cell loss (in Alzheimer’s disease: (Vonsattel 

et al., 1985). Recently, altered long term potentiation and cognitive impairment have 

been reported to occur before an overt phenotype in transgenic mouse models for 

Huntington’s disease (Murphy et al., 2000) and Alzheimer’s disease (Chapman et al., 

1999). This further indicates that altered synaptic plasticity may contribute to the early 

cognitive changes reported in pre-symptomatic patients. 

The data reported so far indicate that i) neurons display a remarkable capability of 

survival despite marked alterations of cytoskeleton and cellular processes, ii) synaptic 

changes and impairment of neuronal projections are likely to be caused by a cellular 

dysfunction rather than being a consequence of neuronal cell death. 

 

1.2.4 The reaction of the neuron to axonal injury 
Due to mainly technical difficulties, degeneration of nerve terminal has been studied in 

more detail in the peripheral rather than in the central nervous system. A classical 

model for studying the reactions of neurons to axonal injury is the transection of the 

axon or axotomy. Axotomy can be caused physically, by cutting or sectioning the 

neuronal projection, or chemically, for example by means of cytoskeletal disrupting 

agents like colchicine. Depending on the setting of axotomy, neurons can regenerate 

axons and re-establish functional contacts with their targets, or they can activate 

mechanisms leading to cell death (Elliott and Snider, 1999). However, even if the 

affected neuron ultimately survives the injury, degeneration of the terminal is followed 

by the loss of the entire distal segment. This process is termed Wallerian degeneration 

(Waller, 1850). A peculiar work (Deckwerth and Johnson, 1994) showed some years 

ago that neurites can remain viable, for several days to weeks, after apoptosis of the 

soma in NGF-deprived neurons from Wlds mice, a mutant strain in which Wallerian 

degeneration is greatly slowed (Ludwin and Bisby, 1992). The authors suggested 

therefore the existence of autonomous and independent mechanisms for demise of 

neurites and somata in developmental neuronal death (Deckwerth and Johnson, 1994). 

More recently, Finn and colleagues have shown that in fact neurons may have distinct 

programs for selective axonal degeneration and apoptosis. Indeed, Wallerian 

degeneration and localised axonal degeneration following neurotrophin deprivation 
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occur by a molecular mechanism independent from caspase activation, and thus, 

distinct from that involved in degeneration of the cell bodies (Finn et al., 2000). 

 

1.3 Clostridial neurotoxins 

1.3.1 Overview on the neuroexocytotic machinery 
Neurotransmitter release is a fundamental process in the intercellular communication 

among neurons and between neurons and effector cells. A tight regulation – both 

temporal and spatial – distinguish neuroexocytosis from the more general process of 

vesicular fusion and constitutive secretion common to all cells. 

In resting condition, the neurotransmitter is stored inside synaptic vesicles (SVs) at the 

nerve terminal. Two functionally distinct pools of SVs have been described: a smaller 

releasable or proximal pool docked to the presynaptic membrane and primed for 

exocytosis, and a larger reserve or distal pool ready for a rapid replenishment (Brodin 

et al., 1997; Greengard et al., 1993; Kuromi and Kidokoro, 1998; Pieribone et al., 

1995). An efficient local recycling of exocytosed SVs assure the constant presence of 

both pools. Two sequential processes are involved in neurotransmitter release: i) the 

transition of SVs from the reserve to the releasable pool, and ii) the obligatory events of 

targeting, docking and priming of the releasable vesicles to the presynaptic membrane, 

eventually followed by fusion upon stimulation and Ca2+ entry.  

Critical for the accumulation, as well as for the regulation of trafficking and availability 

for exocytosis, is the interaction of SVs with cytoskeletal structures, particularly with 

actin and actin-binding proteins (Bernstein and Bamburg, 1989; Hirokawa et al., 1989; 

Landis et al., 1988). Synapsins are the major SV proteins interacting with the actin 

structures (Greengard et al., 1993). They have been proposed to cross-link SVs to the 

actin-based cytoskeleton (Benfenati et al., 1992). Furthermore, they can cross-link 

adjacent SVs and form SV clusters within the nerve terminal (Benfenati et al., 1993). 

Site-specific phosphorylation of synapsin by Ca2+/calmodulin-dependent protein kinase 

II, protein kinase A and MAPK regulate SVs transition from the reserve to the 

releasable pool (Greengard et al., 1993; Jovanovic et al., 1996). In addition to 

synapsins, many other proteins mediate the interactions between SVs and the 

cytoskeleton. Among these are rabphilin (a GTP-dependent Rab3a binding protein; 

(Miyazaki et al., 1994),  p115 TAP (transcytosis-associated protein; (Barroso et al., 
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1995; Calakos and Scheller, 1996), and the tyrosine kinase c-Src (Erpel and 

Courtneidge, 1995). 

Extremely selective interactions are responsible for the docking of SVs to the 

presynaptic membrane. Many proteins, likely involved in this process, have been 

identified, but for most of them the precise functional role is still unclear. Docking 

occurs specifically at so-called active zones, where voltage-sensitive Ca2+-channels are 

concentrated (Calakos and Scheller, 1996). An important role seems to be played by the 

SV protein synaptotagmin. Synaptotagmin interacts directly with syntaxin, SNAP-25, 

neurexin I and Munc-13 (Sudhof and Rizo, 1996) as well as with different domains of 

N- and P/Q- type Ca2+ channels (Charvin et al., 1997; Kim and Catterall, 1997). 

Docking to the presynaptic plasma membrane facilitates the formation of the so-called 

fusion or core complex, a heterotrimeric 7S complex, which allows the fusion of the 

two juxtaposed membranes (SV and plasma membrane). Three proteins compose this 

complex: the SV protein VAMP/Synaptobrevin, and the presynaptic membrane 

proteins syntaxin and SNAP-25 (Huttner, 1993; Schiavo et al., 1992; Schiavo et al., 

1993a; Sollner et al., 1993a; Sollner et al., 1993b). They function as receptor for both 

the soluble NSF attachment proteins (SNAPs) and for the N-ethylmaleimide-sensitive 

factor (NSF), therefore they are also named SNARE proteins or SNARE complex 

(SNAPs receptor) 

The SNARE proteins appear to be directly responsible for membrane fusion rather than 

being involved in the docking process, as initially thought (Benfenati et al., 1999). 

They assemble spontaneously in vitro in a SDS-resistant complex that can be 

dissociated by SNAPs/NSF under ATP consumption (Pellegrini et al., 1995; Sollner et 

al., 1993a). As suggested by the remarkable stability of the SNARE complex, the three 

proteins have wide interaction domains (Figure 1). The COOH-terminal region of 

syntaxin is required for binding to both VAMP/synaptobrevin and SNAP-25; a large 

central region of VAMP/synaptobrevin binds to SNAP-25 and syntaxin; both the NH2- 

and the COOH-terminal regions of SNAP-25 are required for VAMP/synaptobrevin 

and syntaxin binding (Schiavo et al., 2000). The data reported so far suggest a model in 

which the assembly of the SNARE complex, and not as thought before its NSF-

mediated disassembly (for review see (Schiavo et al., 2000), drives the membrane 

fusion. A first interaction between VAMP/synaptobrevin and syntaxin may pull SV and 

presynaptic membrane close together (nucleation), followed by a further cross-linking 
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of the complex that brings the facing membranes to zip up (zippering) and leads to the 

fusion of their cytoplasmic leaflets. After fusion, the stable ternary complex may recruit 

SNAPs and NSF from the cytoplasm. NSF, an ATPase acting as a molecular chaperone 

(Haas, 1998), is likely responsible for the ATP-dependent disruption of the complex 

before the endocytotic recycling of fused SVs takes place. In this way, single 

components of the SNARE complex are made available for a new cycle. 

Regulation of the entire SV cycle is dependent on Ca2+. Ca2+ influx, following an action 

potential or pharmacological activation of Ca2+ channels, is believed to induce a rapid 

electrostatic and/or conformational change in the SNARE complex through binding to a 

Ca2+-sensor most likely represented by the SV protein synaptotagmin (Bennett, 1999).  

 

 
 

1.3.2 Structure and mechanism of action of Botulinum neurotoxins 
Botulinum neurotoxins (BoNTs) are known for being the cause of botulism, a fatal 

neuroparalytic syndrome characterised by a generalised muscular weakness and, in the 

more severe forms, flaccid paralysis accompanied by impairment of respiration and 

autonomic functions (Arnon, 1997). Seven serotypically distinct BoNTs exist, indicated 

with letters from A to G. They are produced by different strains of the anaerobic 

bacteria Clostridium botulinum and are among the most potent toxins known (LD50: 

0.1-1 ng toxin/kg body wt in mouse). Botulism is usually caused by ingestion of food 

 
Figure 1: model showing the 
interactions between some of the 
proteins involved in neuroexocytosis. 
Syntaxin, SNAP-25 and synaptobrevin 
form the SNARE, or core, complex. 
This interacts with the complex of NSF 
and SNAPs. Synaptotagmin 
contributes to the docking of the SVs 
and it is likely to work as Ca2+ sensor. 
Various types of Ca2+-channels are in 
proximity of the SNARE complex. 
VM, vesicle membrane; PM, plasma 
membrane. (Modified from Niemann 
et al., 1994).  
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contaminated by spores of C. botulinum and, more rarely, by wound infection (Arnon, 

1997). After entering the general circulation, BoNTs bind very specifically to the 

presynaptic membrane of nerve endings of motoneurons, enter the cytosol and block 

acetylcholine release, thus causing flaccid paralysis (Schiavo and Montecucco, 1997). 

Block of neurotransmitter release is achieved through the specific proteolytic action of 

BoNTs on components of the SNARE complex (see 1.3.1). 

The similar effect of all BoNTs at nerve terminals is the result of a closely related 

protein structure. BoNTs are synthesised and released from the bacteria as inactive 

single-chain polypeptide of about 150 kDa. They are subsequently activated by 

bacterial or host proteases to generate di-chain toxins in which the toxigenic light chain 

(L, 50 kDa) remains linked to the heavy chain (H, 100 kDa) by a single disulphide 

bond essential for neurotoxicity (see Schiavo et al., 2000). The COOH-terminus of the 

H chain (HC, 50 kDa) is mainly responsible for the neurospecific binding (Halpern and 

Neale, 1995), whereas the NH2-terminus (HN, 50 kDa) is implicated in membrane 

translocation (Blaustein et al., 1987; Hoch et al., 1985). The L chain is a zinc 

endopeptidase responsible for the intracellular catalytic activity (Mochida et al., 1989; 

Poulain et al., 1988). Neuronal intoxication by BoNTs takes place in four consecutive 

steps: i) binding to receptors on the cell surface, ii) internalization, iii) translocation of 

the L chain into the cytosol, iv) enzymatic modification of components of the SNARE 

complex (Montecucco et al., 1994). Presynaptic receptors for the toxins have not been 

identified yet. Polysialogangliosides, as well as proteins of the cell surface, are likely to 

be involved (Parton et al., 1988). Regarding neuronal internalization, several evidence 

indicate that BoNTs do not enter the cell directly through the plasma membrane, but 

rather are endocytosed inside acidic vesicles (Dolly et al., 1984; Matteoli et al., 1996). 

In order to be translocated from the vesicle lumen into the cytosol, BoNTs need to 

undergo a conformational change. This is induced by the acidic intravesicular pH and 

enables the insertion of both H and L chains into the vesicle membrane (Williamson 

and Neale, 1994). Several evidence suggests that the HN domain may form a channel 

across the membrane and the L chain translocates through it. The exact mechanism is, 

however, still unclear and different models have been proposed (Montecucco and 

Schiavo, 1995; Niemann et al., 1994). Once in the cytosol, the active chain targets its 

substrate with extreme specificity. Many proteins and synthetic substrates have been 

assayed and so far the toxins have been reported to cleave only three of them, all 
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SNAREs proteins (see 1.3.1 and Figure 2). BoNT/B, /D, /F, and /G cleave 

VAMP/synaptobrevin, each at different sites (Schiavo et al., 1992; Schiavo et al., 1994; 

Schiavo et al., 1993a; Schiavo et al., 1993c); BoNT/A and /E cleave SNAP-25 at two 

different sites and BoNT/C cleaves both syntaxin and SNAP-25 (Binz et al., 1994; 

Blasi et al., 1993; Schiavo et al., 1993b; Williamson et al., 1996). 

 
 
 

Figure 2: cleavage sites of 
CNTs on SNARE proteins. 
BoNT/C cleaves syntaxin at a site 
very close to the cytosolic 
memrane surface, and SNAP-25 
at the C-terminus. SNAP-25 is 
also cleaved by BoNT/A and 
BoNT/E. BoNT/B, /D, /F, /G 
each have a specific cleavage site 
in the central portion of 
synaptobrevin. The sequence 
cleaved by TeNT coincides in 
part with that of BoNT/B. VM, 
vesicle membrane; PM, plasma 
membrane. (Modified from 
Montecucco and Schiavo, 1995). 
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2. Aims 
Many research efforts have been made to understand the pathogenesis of slow 

degenerative diseases in order to develop more effective therapy. Nevertheless, the 

cause of many diseases likes Alzheimer’s, Parkinson’s, Huntington’s, is still elusive 

and many questions about their progression are still unanswered.  

Data from post mortem and in vivo studies suggest that neuronal loss observed in these 

neuropathologies may occur by apoptosis. Furthermore, several apparently unrelated 

neurodegenerative diseases have been associated with intra- or extra-cellular deposition 

of protein aggregates, and synaptic abnormalities. However, the exact correlation 

between synaptic impairment and the occurrence of neurodegenerative processes is still 

unclear. 

Aim of the present study was to investigate the consequence of a direct synaptic 

damage on central neurons. To address this issue, we used the known ability of 

botulinum neurotoxins (BoNTs) to specifically interfere with synaptic transmission. 

We explored whether cleavage of the SNARE complex by BoNT/C could cause 

degeneration of CGN in culture and whether the molecular machinery that executes 

apoptosis was involved. The observation that BoNT/C induced both neurite 

degeneration and apoptosis, prompted us to characterise the possible molecular 

mechanisms involved. Therefore we investigated several common execution and 

signalling pathways of neuronal apoptosis and their contribution to the degenerative 

processes induced by BoNT/C in cerebellar granule neurons. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Machines and technical devices 
Centrifuges: Biofuge fresco and Megafuge 1.0 R (Heraeus Instruments, Hanau, 

Germany). Confocal microscope system: TCS 4D UV/VIS (Leica AG, Benzheim and 

Leica Lasertechnik, Heidelberg, Germany); argon and krypton ion laser system 

(Omnichrome Inc., Chino, CA, USA); EnterpriseTM Ion Laser (Coherent Inc., Auburn, 

CA, USA); cooling system Laser PureTM Heat Exchanger (Coherent Inc., Auburn, CA, 

USA). Electrophoresis chambers : CAGE chamber Horizon® 11.14 (Life 

Technologies, Eggesnstein, germany); FIGE chamber Hoefer HE 100 SuperSubTM, 

SwitchBackTM Pulse Controller PC 500, and power supply PS 500XT DC (Hoefer 

Scientific Instruments, San Francisco, CA, USA), cooling system Lauda RM 6 T 

(Lauda GmbH & Co. KG, Lauda-Königshofen, Germany); Mini Protean II Cell for 

SDS-PAGE and power supply Power Pac 300 (BioRad Laboratories GmbH, München, 

Germany). Electrophoretic transfer cell: Trans-Blot SD Semi-Dry Transfer Cell 

and power supply Power Pac 200 (BioRad Laboratories GmbH, München, Germany). 

ELISA-Reader: SLT Spektra (SLT Labinstruments, Crailsheim, Germany). 

Fluorimeter: Microplate Fluorescence Reader FL 600 (Deelux Labortechnik, 

Gödenstorf, Germany). Photo material: Kodak Ektachrome Elite II 100 and 400 

(Kodak, Photo Hirlinger, Stuttgart, Germany), Polaroid 667 ISO 3000/36° (Polaroid, 

Hertfordshire, UK), Fuji Medical X-ray film (Fuji Photo film, Düsseldorf, Germany), 

Developer and Fixer GBX (Kodak, Photo Hirlinger, Stuttgart, Germany). 

Hybridization oven: BE 400 HY with shaker (Bachofer Laboratoriumsgeräte, 

Reutlingen, Germany). Image reader: Luminescent Image Analyzer LAS-1000 CH, 

acquisition software Image Reader LAS-1000 (Fuji Photo Film Co., Ltd., Tokyo, 

Japan), and Advanced Image Data Analyzer (AIDA) software (Raytest 

Isotopenmessgeräte GmbH, Straubenhardt, Germany). Incubator: Model BB 6220 

(Heraeus Instruments, Hanau, Germany). Laminar Flow: LaminAir HB 2448 

(Heraeus Instruments, Fellbach, Germany), Microflow Laminar Flow Workstation 

(Nunc, GmbH Wiesbaden, Germany). Membrane: Nitrocellulose Hybond  ECL  

(Amersham-Buchler GmbH & Co. KG, Braunschweig, Germany). Microscopes: Leitz 
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DM IRB, Leitz DM IL (Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany). 

Pipettes: Eppendorf (Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany) and 

Gilson (ABIMED, Langenfeld, Germany). Plates for cell culture: Costar GmbH 

(Bodenheim, Germany) and Greiner GmbH (Frickenhausen, Germany). Scintilator: LS 

6500, Beckman Instruments, Fullerton, CA, USA Spectrophotometric analyzer: 

Eppendorf ACP 5040 (Netheler & Hinz GmbH, Hamburg, Germany). 

Stereomicroscope : Leica Wild M3Z, KL 1500 electronic lamp (Leica Mikroskopie 

und Systeme GmbH, Wetzlar, Germany). Thermomixer: Eppendorf Thermomixer 

(Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany). UV-Transilluminator: 312 

nm (Bachhofer, Reutlingen, Germany). 

 

3.1.2 Chemicals  
Alomone Labs, Jerusalem, Israel: mouse NGF 2.5S. 

Amersham Pharmacia Biotech Europe GmbH, Freiburg, Germany: ECL Western 

blotting detection reagents. 

Bachem Biochemica GmbH, Heidelberg, Germany: zVAD-fmk, AcYVAD-cmk 

(ICE inhibitor II), zD-cbk (ICE inhibitor III). 

Bender & Hobein GmbH, Heidelberg, Germany: Pierce BCA protein assay reagent. 

Biomol, Hamburg, Germany: DEVD- aminotrifluoromethylcoumarine (-afc).  

BioRad Laboratories GmbH, München, Germany: Pre-stained markers for SDS-

PAGE. 

Boehringer Mannheim, Mannheim, Germany: proteinase K from Tritiachium 

album. 

Biomol Feinchemikalien GmbH, Hamburg, Germany: AcDEVD-afc, Pefabloc SC. 

Calbiochem-Novabiochem GmbH, Schwalbach/Ts, Germany: BoNT/C, SB 202190, 

SB 203580. 

FMC BioProducts, Rockland, ME, USA: agarose SEA Kem GTG, low melting point 

agarose SEA plaque GTG. 

ICN Biomedicals GmbH, Eschwege, Germany: Aminomethyl-benzene-sulfonyl-

fluoride (AEBSF). 

Merck, Darmstadt, Germany: β-mercaptoethanol, sucrose. 
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Molecular Probes Europe BV, Leiden, Netherlands: Alexa488/Bodipy®558-

conjugated phalloidin, calcein-AM, EH-1, H-33342, SYBRO Green I nucleic acid gel 

stain, SYTOX, TMRE. 

Neosystems Laboratoire, Strasbourg, France: AcDEVD-CHO. 

PromoCell GmbH, Heidelberg, Germany: recombinant human BDNF, IGF-I.  

Roth GmbH & Co., Karlsruhe, Germany: acrylamide/bisacrylamide (30:0.8), 

Brilliant Blue R250, ethanol, HEPES, glycine, Ponceau S, Tris. 

RBI Biotrend Chemikalien GmbH, Köln, Germany: MK-801, veratridine. 

Serva, Heidelberg, Germany: TEMED. 

Sigma, Deisenhofen, Germany: actinomycin D, afc, aprotinin, antipain, ATP, 

benzamidine, BSA, bromophenolblue, CHAPS, dibutyryl-cAMP, cycloheximide, 

cytosinearabinoside, DMSO, DTT, EDTA, EGTA, glutamate, glycine, IGEPAL CA-

630, iodoacetamide, iodoacetate, leupeptin, malate, methanol, MTT, paclitaxel (taxol), 

pepstatin, phalloidin, PIPES, PMSF, poly-lysine, DNA pulse marker 0.1-200 kb, 50-

1000 kb and 225-2200 kb for FIGE, rotenone, SDS, sodium deoxycholate, sodium 

orthovanadate, staurosporine, Tris-Base, Triton X-100, trypanblue 0.4 %, Tween 20.  

 

All other chemicals and reagents not further specified were of the best quality 

available. They were from Fluka (Buchs, Germany), Merck (Darmstadt, Germany), 

Riedel-de Haen (Seelze, Germany), Roth GmbH & Co (Karlsruhe, Germany), Serva 

(Heidelberg, Germany) or Sigma-Alrdich Chemie GmbH (Deisenhofen, Germany). 

 

Botulinum neurotoxins were kindly provided by Prof. C. Montecucco (Department of 

Biomedical Sciences,University of Padua, Italy). 

 

3.1.3 Antibodies 
Chemicon, Temecula, CA, USA: monoclonal anti-fodrin antibody (clone 1622) 

Molecular Probes Europe BV, Leiden, Netherlands: Alexa  488/ Alexa  568-

conjugated anti-mouse/anti-rabbit IgG 

Pharmingen, Hamburg, Germany: monoclonal anti-cytochrome c antibody for 

immunostaining (clone 6H2.B4), polyclonal anti-mouse IgG-HRP 
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Promega GmbH, Mannheim, Germany: anti-ACTIVETM® p38 and JNK polyclonal 

antibodies, monoclonal anti-βΙΙΙ-Tubulin antibody (clone 5G8) 

Sigma, Deisenhofen, Germany: monoclonal anti-GFAP antibody (clone G-A-5), goat 

anti-rabbit IgG-HRP, monoclonal anti-syntaxin 1 antibody (clone HPC-1), monoclonal 

anti-α-Tubulin (clone B-5-1-2) and anti-β-Tubulin (clone Tub 2.1) antibodies 

Synaptic System, Göttingen, Germany: monoclonal anti-SNAP-25 (clone 71.1) and 

anti-synaptobrevin/VAMP-2 (clone 69.1) antibodies, polyclonal anti-synaptophysin 

antibody, monoclonal anti-syntaxin 1 antibody (clone 78.3). 

 

Anti-tau protein antibodies and different isoforms of the pure protein were kindly 

provided by Prof. E. Mandelkow (Max-Planck Institute, Hamburg, Germany) (Biernat 

and Mandelkow, 1999; Godemann et al., 1999; Illenberger et al., 1998; Zheng-

Fischhofer et al., 1998). 

 

3.1.4 Cell culture material 
Media (BME 1x containing L-glutamine and phenolred; BME 2x containing L-

glutamine and without phenolred; DMEM; RPMI-1640), fetal calf serum, penicillin, 

streptomycin, glutamine, trypsin were bought from Gibco BRL Life Technologies 

(Eggenstein, Germany). Cell culture plates and confocal dishes were obtained from 

Costar GmbH (Bodenheim, Germany) and Greiner GmbH (Frickenhausen, Germany). 

 

3.1.5 Animals 
For primary cultures of cerebellar granule neurons seven-day old specific pathogen free 

Balb/c, B6, C57/BL6 gld or C57/BL6 lpr mice were used. For secondary cultures of 

astrocytes E18 embryos from Balb/c mice were used. Balb/c mice were obtained from 

the Animal Unit of the University of Konstanz. B6, C57/BL6 gld or C57/BL6 lpr mice 

were obtained from Jackson Laboratories (Bar Harbor, ME, USA). 

All experiments were performed in accordance with international guidelines to 

minimise pain and discomfort (NIH-guidelines and European Community Council 

Directive 86/609/EEC). 
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3.2 Methods 

3.2.1 Primary culture of mouse cerebellar granule neurons  
Murine cerebellar granule neurons (CGN) were isolated as already described (Leist et 

al., 1997a). Dissociated neurons were plated on poly-L-lysine (MW > 300 kDa; 150 

µg/ml for plastic, 250 µg/ml for glass surfaces) coated dishes at a density of about 2.5 x 

107 cells/cm
2
 (800,000 cells/ml; 500 µl/well, 24-well plate) and cultured in BME 

supplemented with 10% heat inactivated fetal calf serum, 25 mM KCl, 2 mM L-

glutamine, and 1% penicillin-streptomycin. Cytosine arabinoside (10 µM) was added 

48 h after plating in order to block the division of mitotic cells like fibroblasts or glial 

cells. The frequency of glial fibrillary acidic protein (GFAP)-positive cells was <5% 

under these conditions. Neurons were used without further medium changes after 6 

days in vitro (DIV).  

 

3.2.2 Secondary cultures of murine astrocytes  
Primary cultures of glial cells were prepared according to (Simon, 2000). Mixed brain 

cultures from cortex and cerebellum of E16 embryos were plated on poly-L-lysine 

(MW > 300 kDa; 100 µg/ml) coated flasks. After 14-20 days, microglial cells and 

oligodendrocytes were removed by differential shaking, whereas astrocytes were 

isolated by  trypsin digestion. Astrocytes were then plated on poly-L-lysine coated 

dishes at a density of about 3 x 106 cells/cm2 (1 x 105 cells/ml; 500 µl/well, 24-well 

plate) and subcultured in DMEM supplemented with 10% heat inactivated fetal calf 

serum and 1% penicillin-streptomycin. Astrocytes were used two days after plating 

(medium was changed before treatment). 

 

3.2.3 Stimuli and modality of treatment  
The botulinum neurotoxins (BoNTs) used were either from Prof. C. Montecucco 

(Padua, Italy) or from Calbiochem. BoNT/A and /C (MW 150 kDa) from Prof. 

Montecucco were isolated as described (Schiavo and Montecucco, 1995) and purified 

by immobilized-metal-ion affinity chromatografy (IMAC; (Rossetto et al., 1992)). 

BoNT/C from Calbiochem was isolated according to (Sakaguchi, 1982) and has a 

molecular weight of 500 kDa due to the stabilizing complex with hemaglutinin (350 
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kDa). No differences have been observed in the effects induced by BoNT/C from the 

two difference sources. Concentrations of BoNT/C from Calbiochem have been 

calculated considering the molecular weighth of the active toxin (150 kDa). Stocks 

solutions were stored in 150 mM NaCl, 10 mM HEPES (pH 7.4) containing 0.1% BSA 

at –80°C and freshly diluted before each experiment. Remaining stock solution was 

rapidly freezed in liquid nitrogen and stored again. CGN and glial cultures were 

exposed to BoNTs in their original medium.  

 

CGN are normally grown in the presence of depolarizing concentration of KCl (e.g. 

25mM). For K+ withdrawal-induced apoptosis, cultures were washed once with control 

salt solution (CSS: 120 mM NaCl, 1.8 mM CaCl2, 15 mM glucose, 25 mM HEPES) 

and then switched to CSS containg 5 mM KCl (low K+) or 25 mM KCl (high K+). All 

the experiments were performed in the presence of 2 µM MK801 and 2 mM Mg2+ to 

prevent NMDA receptor activation and excitotoxicity (Leist et al., 1998). 

 

3.2.4 Viability assays 
Normal, apoptotic and necrotic cells were distinguished by staining the cultures with 

the combination of the two fluorescent chromatin-binding dyes SYTOX (0.5 µM; non-

membrane permeant, green fluorescent) and H-33342 (1 µg/ml; membrane permeant, 

blue fluorescent). Cells were incubated 10 min (37°C) with the dye solution then 

analysed by fluorescent microscopy (objective 40x/NA0.55) and scored according to 

the nuclear morphology. Normal cells were characterised by diffuse blue nuclei, 

apoptotic cells by condensed highly fluorescent blue nuclei, whereas necrotic cells by 

diffuse green nuclei. Cells displaying condensed green nuclei have been considered as 

late apoptotic (secondary lysis may occur due to the absence of phagocytosing cells in 

cell culture systems). 

Each treatment was performed in duplicates and at least 3 different microscopic fields 

were scored for each well. Experiments were repeated in at least three independent 

preparations. 

As additional parameter to assess plasma membrane integrity, CGC were loaded with 

the combination of H-33342 (1 µg/ml) and calcein- acetoxymethylester (-AM, 0.5 µM) 

for 5 min and imaged by confocal microscopy. Calcein-AM is a non-fluorescent, cell-
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permeant esterase substrate. Once inside the cell, it is converted by intracellular 

esterases into a fluorescent product that is retained only by cells with an intact plasma 

membrane. 

 

3.2.5 Field inversion gel electrophoresis (FIGE) 
High-molecular-weight-DNA-fragmentation was analysed by field-inversion-gel-

electrophoresis as described before (Bonfoco et al., 1995). About 1.3 x 106 cells 

(corresponding to 2 wells of a 12-well plate) were embedded into 40µl agarose blocks 

(1% low melting point agarose). Lamda-DNA concatemers (50-1000 kbp) were used as 

molecular weight markers. Gels were stained with ethidium bromide and photographed. 

 

3.2.6 Conventional agarose gel electrophoresis (CAGE) 
Oligonucleosomal DNA fragmentation (DNA laddering) was analysed by conventional 

agarose gelelectrophoresis according to Wyllie (Wyllie, 1980). Gels (1.0% agarose) 

were stained with SYBRO Green and photographed. DNA ladder (123-4.182 bp) of the 

rat prolactin gene was used as molecular weight marker. 

 

3.2.7 Preparation of whole cell extracts for immunoblot 
Cells were lysed in ice-cold RIPA-buffer (150 mM NaCl, 50 mM Tris, 1% IGEPAL, 

0.25% sodium deoxycholate, 1 mM EGTA) supplemented with proteases inhibitors (1 

mM PMSF, 1 mM benzamidine, 1 mM iodoacetate, 1 mM iodoacetamide, 40 µM 

leupeptin, 10 µg/ml antipain, 5 µg/ml pepstatin). For detection of phosphorylated p38, 

JNK, and tau protein the phosphatase inhibitor sodium orthovanadate (1mM) was also 

added. 

 

3.2.8 Determination of protein content 
The amount of protein was determined in cell lysates by using the bicinchoninic acid 

method (Pierce). On a 96 well microtiter plate, 10 µl of lysates (diluted 1:10) were 

incubated with 200 µl of a 1:50 mixture of reagents A and B (provided by the supplier). 

After 30 min at 37°C, the colorimetric reaction was analysed using an ELISA reader at 
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550 nm wavelength. BSA in the concentration range of 0.2-2 mg/ml was used as 

standard. Values were extrapolated by linear regression using Microsoft Excel. 

 

3.2.9 SDS-polyacrylamide-gel electrophoresis 
SDS-polyacrylamide-gelelectrophoresis was performed according to (Laemmli, 1970). 

Gels of different percentages were casted with acrylamide/bisacrylamide (30:0.8) 

depending on the size of the investigated protein (Table 1). All samples were 

supplemented with 0.25 x vol. sample buffer (100 mM Tris, pH 8.0, 25% SDS, 50% β-

mercaptoethanol, 0.5% bromophenolblue), denaturated at 95° C for 5 min and loaded in 

equal volumes. Gels were run with a constant current of 80 mA/gel (area of cross 

section: 125 x 1.5 mm2) in Laemmli buffer (25 mM Tris, 192 mM Glycin, 0.1% SDS). 

 

3.2.10 Western blot analysis 
After electrophoresis was completed, the SDS-polyacrylamide gel was taken out from 

the glass plates and the stacking gel removed by using the spacers. Two layers of 

Whatman 3MM paper, the membrane (nitrocellulose or PVDF for tau protein), the 

separating gel, and two more layers of 3MM paper, all the size of the gel, were soaked 

in blotting-buffer (20% methanol, 48 mM Tris, 39 mM glycine), and stacked onto the 

anode of a Semi-Dry-Blotter. Air bubbles between the layers were removed by rolling a 

glass pipette over the “sandwich”. Proteins were transferred at 2.75 mA/cm2 for 54 

min. 

After the blotting, complete transfer and equal loading of the proteins were controlled 

by staining the gel with Comassie (40% methanol, 10% acetic acid, 0.2% Brilliant Blue 

R250; 25-30 min, gently shaking)  and the membrane (nitrocellulose) with Ponceau red 

(0.2% Ponceau S, 5% acetic acid). The gels were destained with destaining solution 

(40% methanol, 10% acetic acid) and the membranes in TBST (150 mM NaCl, 50 mM 

Tris/HCl pH 8, 0.05% Tween 20). The membranes were then incubated at room 

temperature for one hour, or alternatively at 4°C overnight, in TBTS plus 5% non-fat 

dry milk to block non-specific binding of the antibody. Excess milk protein was 

removed by several washing steps with tab water and with TBTS. Then the membrane 

was incubated at room temperature for one hour with the primary antibody (Table 1) 

diluted in TBST plus 0.1% sodium azide. After further washing in TBST (1 x 15 min, 2 
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x 5 min), the membrane was incubated at room temperature for one hour with the 

appropriate secondary antibody. This was a goat anti-mouse (1:1000 in TBST) or a 

goat anti-rabbit (1:5000 in TBST) antibody conjugated with horseradish peroxidase 

(HRP). After another three washing steps, HRP activity was detected by enhanced 

chemiluminescence (ECL) on X-ray film or with a luminescence image analyzer. 

 

Table1. 

Antigene %  gel 
Loaded protein 

Primary antibody 
Type 

Dilution 
Incubation (t, T) 

Syntaxin 12% 
15 µg/lane 

Anti-syntaxin 1 
(Synaptic system) 

Mouse monoclonal 
1:10000 
1h, RT 

Fodrin 8% 
5 µg/lane 

Anti-fodrin 
(Chemicon) 

Mouse monoclonal 
1:500 
1h, RT 

Tau 
8% 

50 µg/lane 
K9JA 

(pan antibody) 

Rabbit polyclonal 
1:5000 
o/n, 4°C 

Tau 
8% 

50 µg/lane 

11b (AT8-like) 
epitope phosphoryl. 

S202/205 

Rabbit polyclonal 
1:2000 
o/n, 4°C 

Tau 8% 
50 µg/lane 

Tau-1 
Epitope unphosphoryl. 

(region S199/S202/T205) 

Mouse monoclonal 
1:2500 
o/n, 4°C 

Active p-38 
(phosphorylated) 

12% 
20 µg/lane 

Anti-ACTIVETM® p38 
(Promega) 

Rabbit polyclonal 
1:1000 
o/n, 4°C 

Active JNK 
(phosphorylated) 

12% 
20 µg/lane 

Anti-ACTIVETM® JNK1/2 
(Promega) 

Rabbit polyclonal 
1:3000 
o/n, 4°C 

3.2.11 Caspase activity assay 
Caspase 3-like activity was determined as the ability of cell lysates to cleave the 

fluorescent substrate DEVD-aminotrifluoromethylcoumarine (-afc). Changes in 

fluorescence were assayed essentially as described before (Leist et al., 1997b; 

Thornberry, 1994). CGC were lysed in ice-cold lysis buffer (25 mM HEPES, 5 mM 

MgCl2, 1 mM EGTA, 0.5% Triton X-100) supplemented with 1 µg/ml leupeptin, 1 
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µg/ml pepstatin, 1 µg/ml aprotinin, 1 mM AEBSF, pH 7.5. The fluorimetric assay was 

carried out in microtiter plates with a substrate concentration of 40 µM and a total 

protein amount of 5 µg in a total volume of 100 µl. DEVD-afc cleavage was followed 

in the reaction buffer (50 mM HEPES, 10 mM DTT, 1 % sucrose, 0.1 % CHAPS) over 

a period of 30 min at 37°C (λex = 390 nm , λem = 505 nm). Absolute activity was 

calibrated with afc-standard solutions (0-2.5 µM). Triple measurement was performed 

for each sample. 

 

3.2.12 Immunocytochemistry 
Cells were grown on glass coverslips, fixed after the experiment with 4% 

paraformadehyde, washed twice with PBS and permeabilized with 0.1% Triton X-100 

in PBS. After blocking of non-specific binding sites with 0.1% BSA in PBS (30 min), 

cells were incubated at room temperature for 30 min with the primary antibody 

properly diluted in PBS. After several washing steps in PBS, cells were incubated for 

30 min in the dark with the proper secondary antibody. To monitor cytoskeletal 

alterations, cells were directly stained with Bodipy®558/568 (λex=558 nm, λem=568 

nm) or Alexa568-conjugated Phalloidin (2% in PBS).  Cells were then stained with 0.5 

µg/ml H-33342 and finally embedded in PBS containing 50% glycerol. Images were 

acquired by confocal microscopy.  

In Table 2 and 3, primary antibodies and fluorochromes used are listed. 

Table2 

Primary antibody Type Dilution 
Anti-syntaxin 1 Mouse monoclonal 1:500 
Anti-SNAP-25 Mouse monoclonal 1:1500 

Anti-Synaptobrevin/VAMP Mouse monoclonal 1:1000 
Anti-synaptophysin Rabbit polyclonal 1:100 

Anti-α-tubulin Mouse monoclonal 1:300 
Anti-β-tubulin Mouse monoclonal 1:300 

Anti-βΙΙΙ-tubulin Mouse monoclonal 1:3000 
Anti-cytochrome c Mouse monoclonal 1:400 

Anti-GFAP Mouse monoclonal 1:300 
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Table3 

Fluorochrome λex - λem 

(nm) 
IgG 

Dilution 
Incubation (t, T) 

Goat anti-mouse 1:400 
30 min Alexa488 488-512 

Goat anti-rabbit 1:400 
30 min 

Goat anti-mouse 1:400 
30 min Alexa568 568-603 

Goat anti-rabbit 1:400 
30 min 

3.2.13 Detection of the mitochondrial membrane potential (∆Ψm) 
Mitochondrial membrane potential was assessed in living cells by using the fluorescent 

indicator tetramethylrhodamine ethylestere (TMRE: λex = 568 nm, λem > 590 nm). 

TMRE is a mitochondrial membrane potential (∆ψ)-sensitive dye. After loading with 5 

nM TMRE for 5 min at 37°C, cultures were monitored and imaged by confocal 

microscopy. The fluorescence of cell cultures treated with the mitochondrial uncoupler 

FCCP (10 µM) was used as reference for depolarised mitochondria. 

 

3.2.14 MTT assay 
Function and integrity of mitochondria was further quantified by their capacity to 

reduce 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrasodium bromide (MTT). MTT is 

a water soluble tetrazolium salt. When dissolved (yellow solution), it can be converted 

to an insoluble purple formazan by active mitochondrial dehydrogenases. After 

solubilization, the formed formazan can be spectrophotometrically measured and its 

absorbance correlated to mitochondrial functionality or cell number. 

After 60 min incubation at 37°C with 0.5 mg/ml MTT, cells were lysed with 5% formic 

acid and 95% isopropanol. Absorbance of the dissolved formazan was measured in  

microtiter plates at 560 nm. The viability of untreated control cultures was set to 100% 

and the viability of treated cultures was expressed as percentage of formazan 

absorbance compared to control cultures. 
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3.2.15 Determination of L-[G-3H]glutamate release 
Glutamate release was measured in untreated or BoNT-treated CGN at DIV5-7 as 

already described (Van Vliet et al., 1989). In order to avoid excitotoxic mechanisms via 

the NMDA receptor, 2 µM MK801 and 2 mM MgCl were added to the culture 30 min 

before the end of the experiment, and they were present in all the solutions used in the 

following steps. For the determination of neurotransmitter release, the original medium 

was removed and neurons were loaded with 37kBq/ml L-[G-3H]glutamine (spec. act. 

1.96TBq/mmol) in CSS25 (CSS with 25 mM KCl) for 30 min at 37°C. During this 

period labelled L-glutamine is taken up by the neurons, converted into L-[G-
3H]glutamate by mitochondrial glutaminase and packed into synaptic vesicles 

(McMahon and Nicholls, 1990). Then, three washing steps in CSS25 were performed 

in order to remove the glutamine that was not taken up by the neurons. After 30 min of 

equilibration in CSS5 medium (CSS with 5 mM KCl) at 37°C, L-glutamate release was 

stimulated by the Na+ channel activator veratridine (10 µM, 4 min). 

Supernatants were then removed and counted for 3H. Cells were then lysed in PBS and 

0.3% Triton X100 for 30 min, and the residual accumulated L-[G-3H]glutamate was 

measured. To confirm the specificity of 3H release by exocytosis, the effects induced by 

veratridine were antagonised by tetrodotoxin (TTX, 500 nM). 

Values were calculated as percentage of total cellular tritium content, basal release was 

subtracted and control release was set to 100%. Values in the graphs are expressed as 

percentage of inhibition. 
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4 Results 

4.1 Effects of BoNT/C on CGN 
Clostridial neurotoxins (CNTs) are bacterial neurotoxins which affect neuronal 

exocytosis. They block neurotransmitter release via their metalloproteolytic activity 

specifically directed against SNARE proteins (Schiavo et al., 2000). Although in the 

past years the most in vitro studies were mainly performed on peripheral neurons, more 

recent work has shown that CNTs can exert their proteolytic activity also in primary 

central neurons such as cortical and hippocampal cells (Osen-Sand et al., 1996). Earlier 

work from our laboratory has indicated that BoNT/C and TeNT are active also in CGN 

(Leist et al., 1997a). There, these toxins were able to prevent excitotoxic cell death 

induced by peroxynitrite and nitric oxide donors. In the study to hand, we first 

investigated the feasible cleavage of their known substrates in order to directly confirm 

their proteolitic activity in CGN. Then, we examined the consequence of a selective 

synaptic damage, as that induced by BoNTs, on cell survival. 

 

 

4.1.1 BoNT/C cleaves syntaxin in CGN 
CGN cultures are characterised by the formation of a highly complex axodendritic 

network, which contains a large number of synapses and varicosities. Immunostaining 

revealed an extensive immunoreactivity for the SNARE proteins syntaxin, SNAP-25 

(Figure 3A), and synaptobrevin (data not shown) in untreated CGN. The synaptically 

localised proteins were primarily detected along neurites, but also lining the somata in 

accordance with the high density of functional synapses in CGN cultures (Leist et al., 

1997a).  

When exposed to BoNT/C, CGN displayed a first rapid decrease in syntaxin 

immunostaining, followed by a progressive redistribution of the immunoreactivity in 

clumps and final loss (Figure 3A). Although with slower kinetics, also 

immunoreactivity for SNAP-25, recently reported to be cleaved in spinal cord neurons 

(Williamson et al., 1996), was redistributed and finally lost upon exposure to BoNT/C 

(Figure 3A). In order to examine whether loss of immunoreactivity and altered 

localization were indeed due to proteolysis, we examined the amount and size of one of 
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the substrates. Cleavage of native syntaxin (35 kDa) by BoNT/C leads to the release of 

the large cytosolic portion (31 kDa) from the cell membrane (Figure 2;(Blasi et al., 

1993). In CGN, a first decrease in the amount of intact syntaxin and the appeareance of 

its cleavage product were detected 2 h after addition of BoNT/C and a progressive loss 

of syntaxin was observed during the following 12 h (Figure 3B). These data, together 

with the block of neurotransmitter release observed in CGN exposed to the toxin (see 

4.4), directly confirm that BoNT/C is efficiently taken up in CGN and proteolytically 

cleaves the known synaptic target with consequent impairment of synaptic 

transmission.            

 

 
 
 

4.1.2 Cytoskeletal disarray in CGN exposed to BoNT/C 
As mentioned before, CGN cultures are characterised by formation of a highly complex 

axodendritic network. Dense cytoskeletal structures typify such axonal organization as 

revealed in untreated cultures by immunostainings for actin and several isoforms of 

tubulin (α, β  and βIII). One of the first detectable effects following the exposure to 

BoNT/C was a marked cytoskeletal disassembly affecting components of both 

microfilaments and microtubuli (Figure 4). 

Figure 3: syntaxin and SNAP-25 
alterations following BoNT/C 
exposure in CGN. 
(A) CGN grown on glass coverslips 
were exposed to BoNT/C (20 ng/ml)
with different time course then fixed 
and immunostaining for various 
synaptic proteins was performed (see 
3.2.12). Images show syntaxin and 
SNAP-25 immunoreactivity in 
control and BoNT/C (20 ng/ml, 6 h)-
treated CGN. They were obtained by 
confocal microscopy (63 x, NA 1.4 
lens) at level of neuronal projections. 
The width of the upper panels 
corresponds to 30 µm, for the lower 
ones 60 µm. (B) Cleavage of 
syntaxin was analysed by 
immunoblotting in cell lysates from 
CGN exposed to 20 ng/ml BoNT/C 
for the time indicated. 
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Within the first 12 hours after the exposure to BoNT/C, alterations in the actin network 

became apparent by immunocytochemical analysis. The dense actin immunoreactivity 

typical of untreated cultures (Figure 4A) began to appear more sparse and the finest 

projections were lost. While there was no significant change of actin structures around 

the somata, nearly all neuronal F-actin present along the neurites was lost after 18 h as 

shown by confocal imaging (Figure 4A).  

Within the first 12 hours of exposure to BoNT/C, also alterations of the microtubule 

network occurred, characterised by the appearance of small rings along the neurites. 

After 18 h, the microtubule organisation was severely compromised as shown by the 

presence of dilated blebs and by the overall loss of immunoreactivity along the 

neuronal projections (Figure 4C). Around the cell somata, instead, the structures of 

tubulin thickened and seemed to collapse onto the nucleus (not shown).  

Cytoskeleton disassembly and the consequent loss of projections led to a new 

morphology of the neuronal cell body. Confocal images acquired along the xz-axis 

(Figure 4B) show that untreated cells typically flattened on the well bottom, whereas 

somata of  BoNT/C-treated neurons displayed a rounded shape (18h exposure).   

 

 

           

Figure 4: cytoskeleton 
disassembly in BoNT/C-
treated CGN. 
CGN grown on glass 
coverslips were exposed to 
BoNT/C (20 ng/ml) and fixed 
after different time period. 
Immunostaining for various 
cytoskeletal proteins was 
performed. Images show actin 
(A) and α-tubulin (C) 
immunoreactivity in control 
and BoNT/C (20 ng/ml, 18 h)-
treated CGN. They were 
obtained by confocal 
microscopy (63 x, NA 1.4 
lens) at the level of neuronal 
projections. The panels in (B)
show actin (upper) and 
chromatin (lower, H-33342
staining) in a transversal 
section (xz plane; width 60 
µm). The image widths are 99 
µm (actin) and 61 µm (α-
tubulin). 
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4.1.3 Abnormal phosphorylation of tau protein in BoNT/C-treated CGN  
Retraction of neuronal processes observed in Alzheimer’s and other neurodegenerative 

diseases has been recently correlated to alterations of the microtubule-associated 

protein tau  (Braak et al., 1994; Mandelkow and Mandelkow, 1998; Spillantini and 

Goedert, 1998). The major pathological alteration of tau in these conditions is an 

abnormal phosphorylation at specific sites (Biernat and Mandelkow, 1999; Godemann 

et al., 1999; Zheng-Fischhofer et al., 1998). As a result, hyperphosphorylated tau 

detaches from microtubules, leading to their breakdown and to the aggregation of tau 

into so-called paired helical filaments (PHF; (Goedert, 1996; Goedert et al., 1996). To 

investigate whether hyperphosphorylation of tau also occurred in BoNT/C-induced 

neurodegeneration, tau protein was detected by the phosphorylation -ndependent 

antibody K9JA or by different antibodies directed against phosphorylation sites 

localised in both SP/TP or KXGS motifs (see Table 1) (Biernat and Mandelkow, 1999; 

Godemann et al., 1999). 

As shown in Figure 5, phosphorylation of one of the tau KXGS motifs was detected 6 h 

after exposure to BoNT/C, by using the 11b antibody. The 11b is an AT-8 like (see 

1.2.2) antibody directed against the phosphorylated epitope S202/205 found in PHF-tau 

(Biernat et al., 1992; Goedert et al., 1992b).     

                

 

 

4.1.4 BoNT/C induces neurite degeneration and apoptosis in CGN 
After 12 h of exposure to BoNT/C, morphological modifications of the neuronal 

network were definitively evident also by phase contrast (Figure 6A). Neuronal 

projections progressively degenerated. A typical feature of such neurite degeneration 

was the progressive blebbing of the projections leading to the formation of vesicles 

Figure 5: abnormal phosphorylation of tau 
protein in BoNT/C-treated CGN.  
Phosphorylation of tau protein was analysed 
in cell lysates from CGN exposed to 20 ng/ml 
BoNT/C for the time indicated. Samples from 
the same experiment were incubated either 
with K9JA, a phosphorylation independent 
antibody, or with 11b, an AT8-like antibody 
which recognises the phosphorylated epitope 
S202/205. 
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organised in „pearl-chain“-like structures. After 24 h, neurons were almost completely 

deprived of their connections. At that time point, cell bodies still appeared intact and 

only a small percentage (<25%, Figure 6B) began to display apoptotic features like 

nuclear condensation (Figure 6A, arrows). Such apoptotic changes further progressed 

and by 36 h most neurons exhibited pycnotic nuclei (65%, Figure 6B). Nuclear staining 

with H-33342 made chromatin alterations, characteristic of apoptosis, more evident: 

DNA was highly condensed and the chromatin was frequently fragmented into several 

lumps (Figure 6A). Apoptosis was dose- and time-dependent and required 

enzymatically active toxin since inactivation (95°C, 5 min) abolished the effects 

(Figure 6B-C). Chromatin fragmentation was associated with high molecular weight 

(HMW) DNA-fragmentation and DNA laddering. Figure 8A shows that 600, 300 and 

50 kbp DNA fragments appeared after 24 h and reached a maximum after 36 h. After 

48 h almost all DNA was degraded to 50 kbp fragments. A concomitant pronounced 

oligonucleosomal DNA fragmentation was observed starting at 36 h after exposure to 

BoNT/C (Figure 6B).  

In order to investigate the integrity of the plasma membrane, we used the fluorescent 

dye calcein-acetoxymethylester (AM). As expected, neuronal somata accumulated the 

dye until a late stage of apoptosis when secondary lysis occurs (Figure 7). Interestingly, 

also degenerating neurites were able to retain calcein until late time points, indicating 

that their plasma membrane was still intact (Figure 7).  

The observed effects were not due to any secondary excitotoxic process since block of 

the NMDA receptors through MK801 (2µM) did neither prevent neurite degeneration 

nor cell death.  

Cycloheximide (2µM) prevented cell death, but not neurite degeneration in BoNT/C-

treated CGN, thus indicating that the demise of cell bodies was depending on protein 

synthesis, whereas demise of projections was not.         

 

 

 

 

 

 

 



Results 
______________________________________________________________________ 
 

 
 

41 

 
 

 

 

 

 

 

Figure 6: axonal damage and apoptotic demise of somata following BoNT/C exposure in CGN. 
(A) Phase contrast images of CGC incubated with the toxin (20 ng/ml). After 12 h neuronal 
projections are already markedly damaged; after 24 h they have definitely lost integrity, but just few 
somata display condensed nuclei (arrows). The number of condensed nuclei is markedly increased 
after 36 h. The image width is 79 µm. (B) Time course of BoNT/C-induced neurodegeneration. 
CGN were incubated with 20 ng/ml toxin naive or inactivated by heating (95°C, 5 min). At the time 
points indicated, the percentage of condensed nuclei was evaluated by H-33342 staining. (C) Dose-
dependency of BoNT/C-induced neurodegeneration. CGN were incubated with the indicated 
concentrations of toxin and the percentage of condensed nuclei was evaluated after 30 h by H-33342 
staining. 
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Figure 7: axonal damage, 
integrity of cell body and 
nuclear changes in CGN 
treated with BoNT/C. 
CGN were incubated with 
BoNT/C (20 ng/ml). At the time 
points indicated, cultures were 
stained with calcein-AM and H-
33342 and imaged by confocal 
microscope. Calcein panels 
show merged images taken at 
the level of somata and neurites. 
Nuclei refer to the same field 
(74 µm width). 

Figure 8: DNA fragmentation 
in BoNT/C-induced apoptosis. 
HMW-DNA fragmentation was 
analysed by field-inversion-gel-
electrophoresis in CGN 
exposed to BoNT/C (20 ng/ml) 
at different time points (A). 
Appearance of bands of 600, 
300 and 50 kbp was followed 
by oligonucleosomal DNA-
fragmentation (B) starting after 
36 h as shown by typical 
laddering on conventional 
agarose gel electrophoresis 
(CAGE). M, marker (123-4.182 
bp fragments). 
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4.2 Possible signals responsible for the induction of neurite regression 
and apoptosis induced by BoNT/C 

The possible signalling mechanisms responsible for neurite degeneration and apoptosis 

wanted to be investigated. Since the block of neuroexocytosis consequent to the 

proteolytical action on SNARE proteins is so far the only activity known for CNTs, we 

first asked whether loss of communication between neurons could be the cause for the 

observed degenerative processes.   

 

4.2.1 BoNT/C-induced neurite regression occurs despite the presence of 
neurotrophic factors  

A continual access to neurotrophic factors is required for the survival of developing 

neurons. As neurons mature, their neurotrophic dependence decreases. The survival-

promoting activity of NGF, NT-3/4/5, BDNF, IGF-1 is well documented also in 

numerous in vitro and in vivo model of cell death in adult neurons (Bhave et al., 1999; 

Gaiddon et al., 1996; Pettmann and Henderson, 1998; Sastry and Rao, 2000)] and see 

1.2.1). Also in CGN, BDNF as well as IGF-1 or cAMP (as second messenger involved 

in the signalling pathway of some neurotrophins; (Gaiddon et al., 1996) have been 

found to protect against apoptosis induced by K+- or glucose-deprivation (D'Mello et 

al., 1993; Harper et al., 1996) and glutamate (Lindholm et al., 1993). 

In order to test whether neurite degeneration and apoptosis may have been triggered by 

a local growth factor deprivation resulting from toxin-mediated inhibition of 

neurotransmitter release, we treated CGN with various neurotrophic factors. Apoptosis 

induced by K+-withdrawal was used as model for comparison. 

CGN were co-exposed to BoNT/C (15, 20 ng/ml) and mouse NGF 2.5S (10, 100 

ng/ml), recombinant human BDNF (10, 50, 100 ng/ml), recombinant human IGF-I (10, 

100, 200 ng/ml) or cAMP (1, 2 mM). The neuronal network was progressively 

monitored by phase contrast microscopy and apoptosis was evaluated either after 30 or 

36 h by Sytox/H-33342 staining. Under all experimental condition tested, growth 

factors were found to have no effect on neurite loss or apoptosis. As shown in Figure 9, 

BDNF (100 ng/ml) was the only neurotrophin partially effective. It protected to a very 

limited extent from apoptosis of the cell body, but had no effect on neurite loss (Figure 

9, insert). The same treatments completely abolished apoptosis of CGN deprived of K+.  
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In order to exclude the possibility of neurite degeneration due to deprivation of 

unknown trophic factors produced in the culture, the following experiment was 

performed: CGN were exposed to BoNT/C (20 ng/ml) and after 12 or 24 h the original 

medium was replaced with medium from parallel untreated cultures. Also in this case 

no protective effects were observed.                      

 

 
 

 

 

 

 

 

 

 

 

Figure 9: neurite regression and apoptosis induced by BoNT/C occur 
despite the presence of neurotrophic factors. 
CGN were incubated with 20 ng/ml BoNT/C alone or in the presence of 
BDNF (100 ng/ml), IGF-1 (200 ng/ml), cAMP (1 mM), or zVAD-fmk (100 
µM). The percentage of condensed nuclei was evaluated by H-33342 
staining after 30 h and compared to parallel culture in which apoptosis was 
induced by K+-withdrawal (18 h). * p<0.005 according to ANOVA test. The 
insert shows a phase contrast image of neurons exposed to BoNT/C (20 
ng/ml) in the presence of BDNF (100 µM) for 30 h. The width of the image 
is 79 µm. 
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4.2.2 Glutamatergic stimulation does not prevent neurodegeneration in BoNT/C-
treated CGN 

It has been recently shown that spontaneous vesicular glutamate release and the 

subsequent AMPA receptor activation are required to maintain post-synaptic structures 

(i.e., dendritic spines) in hippocampal neurons (McKinney et al., 1999). These data 

prompted us to examine whether loss of glutamatergic stimulation due to the block of 

neurotransmitter release would have been responsible for the reported alterations of the 

neurites. Therefore, we subjected BoNT/C-treated CGN to a mild glutamatergic 

stimulation using either AMPA or glutamate. AMPA (1 µM) or glutamate (0.5 µM) 

were added 12 h after BoNT/C (Figure 10). At this time point the swelling of the 

neuronal projections could be easily detected by phase contrast, but the net was not 

completely degenerated. None of the two agonists prevented the damage of the neurite 

network or apoptosis in BoNT/C-treated CGN. Analogous results were obtained with 

different concentrations of AMPA (0.1-10 µM) or glutamate (0.5-1 µM) and when the 

amino acids were added at different time points after the treatment with BoNT/C (co-

exposure or addition after 12-24h).                    
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Figure 10: glutamatergic stimulation does not prevent apoptosis in BoNT/C-treated CGN. 
CGN were incubated with 20 ng/ml BoNT/C. After 12 h 1 µM AMPA or 0.5 µM glutamate 
were added and after 36 h apoptosis was evaluated by H-33342 staining. Analogous results were 
obtained with different concentrations of AMPA (0.1-1-10 µM) or glutamate (0.5-1 µM) or 
when the aminoacids were added at different time points after the treatment with BoNT/C (co-
exposure, adding after 12-24 h). 
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4.2.3 Cytoskeletal-stabilizing agents do neither prevent neurite regression nor 
apoptosis in BoNT/C-treated CGN  

Since cytoskeletal breakdown was a predominant early feature of degeneration induced 

by BoNT/C, we asked whether cytoskeletal disassembly could be directly involved in 

the initiation of the apoptotic demise of the cell body. BoNT/C-treated CGN were 

therefore concomitantly exposed to the microtubules-stabilizer taxol (0.5-1 µM) or to 

the F-actin stabilizers phalloidin (1-50 µM). Alternatively to phalloidin, jasplakinolide 

(1-10 µM) was also  used. This last compound competes with phalloidin for the same 

binding site on actin filaments, but it is more membrane-permeant and therefore more 

effective in stabilising actin filaments (Bubb et al., 1994; Halpain et al., 1998; Posey 

and Bierer, 1999). 

Neither prevention of neurite disassembly (assayed by phase contrast and 

immunostaining) nor protection from cell death (evaluated by Sytox/H-33342 staining) 

was observed in any of the experimental conditions tested. 

 

4.3 Possible pathways involved in BoNT/C-induced apoptosis 
In order to identify the molecular mechanisms possibly involved in the 

neurodegenerative processes induced by BoNT/C, we investigated some of the most 

common signaling and execution pathways in apoptosis. The role of mitochondrial 

changes and the involvement of caspases were studied in the degeneration of neurites 

as well as in apoptosis of the cell bodies. The contribution of the MAPK signalling 

pathway and the involvement of the Fas/FasL system were also investigated. 

4.3.1 Mitochondrial function in damaged neurites and somata of BoNT/C-
treated CGN 

Perturbations in mitochondrial physiology appear to play an important role in apoptosis 

(Green and Reed, 1998). Drop of mitochondrial membrane potential (∆ψm), opening of 

the permeability transition pore, and release in the cytoplasm of proteinous factors such 

as cytochrome c and AIF seem to be key events in several forms of apoptosis. 

Furthermore, evidence for mitochondrial defects in Alzheimer’s (Mutisya et al., 1994), 

Parkinson’s (see (Olanow and Tatton, 1999), and Huntington’s (Brennan et al., 1985) 

diseases suggest that mitochondrial dysfunction may play a critical role in 

neurodegeneration. 
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In order to investigate the involvement of mitochondria and mitochondrial factors in 

the sequence of events triggered by BoNT/C, changes in mitochondrial membrane 

potential were examined by confocal imaging of cultures loaded with the fluorescent 

indicator TMRE. In untreated CGN, mitochondria were characterised by an elongated 

shape and localised along neurites and lining neuronal somata. Exposure to 20 ng/ml 

BoNT/C induced some morphological and functional changes. Between 6 and 14 h 

after exposure to the toxin, mitochondria along the neurites progressively assembled 

and clumped (Figure 11). Furthermore, they displayed a marked hyperfluorescence in 

comparison to untreated cultures. Hyperfluorescence and clumping of mitochondria 

was observed at both the level of somata and of neurites. Starting from 24 h of 

exposure, overall fluorescence intensity was comparable to untreated control cells and 

loss of membrane potential was detectable in neurons with hyperfluorescent (pre-

apoptotic) or condensed nuclei. In contrast, at the level of neurites, the membrane 

potential was still maintained by mitochondria localised inside the blebs of neuronal 

projections (Figure 11). The localisation of still functional mitochondria inside axonal 

blebs is shown in Figure 12. The specificity of the staining was confirmed by loss of 

∆ψm following stimulation of the same cultures with mitochondrial poisons such as 

FCCP (10µM) or rotenone (2µM).  

Mitochondrial functionality was further assayed through the ability to reduce MTT into 

formazan (Figure 13). Mitochondrial metabolism of MTT appeared to progressively 

increase starting from 6 h and then persist until late time points. Residual activity still 

detectable at 48 h, when almost all neurons were already degenerated, may be ascribed 

to the glial cells persisting in the culture.           

Release of mitochondrial factors such as cytochrome c was also investigated. In 

untreated cultures, cytochrome c was visualised by immunostaining as bright dots 

mainly localised around the nucleus (Figure 14) or along the projections (not shown). 

After 24 h of exposure, cytochrome c release was first detected as diffuse 

immunostaining in neurons either with a morphologically normal nucleus or with 

condensed chromatin. While nuclear changes were prevented by caspase inhibitors 

such as zVAD-fmk cytochrome c release (Figure 14) and loss of mitochondrial ∆ψ (not 

shown) were not. The data suggest that the early degeneration of neuronal projections 

may not be due to energetic failure. On the contrary, hyperactive mitochondrial 
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metabolism seems to characterise the early phase of neurodegeneration. Furthermore, 

prevention of nuclear, but not mitochondrial changes by the broad-spectrum caspase 

inhibitor zVAD-fmk suggests the involvement of caspases downstream mitochondrial 

alterations.                

 

 

 

 

                           
 

 

 

 

 

 

 

 

Figure 11: morphological changes and hyperpolarization of mitochondria in CGN 
exposed to BoNT/C. 
CGN were incubated with BoNT/C (20 ng/ml). At the time points indicated, cultures were 
stained with TMRE and H-33342 and imaged by confocal microscope. Images refer to the 
same field (width 45 µm). 
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Figure 12: mitochondria in degenerating neurites are still functional. 
CGN were incubated with BoNT/C (20 ng/ml). At the time points indicated, cultures were stained 
with TMRE, Calcein-AM and H-33342 and imaged by confocal microscope at level of somata and 
neurites.  Merged images of calcein-AM (green) and TMRE (red) show the localization of active 
mitochondria inside the blebs of the projections. Collapse of ∆Ψm (loss of TMRE staining) was 
detectable in control and treated cultures after exposure to 2 µM rotenone. Images width: 26 µm. 

Figure 13: altered mitochondrial metabolism in BoNT/C-treated CGN. 
MTT-reducing activity was detected in cell lysates at the time points 
indicated. Activity of treated samples was expressed as percentage of 
control. The residual activity detectable after 48 h may be ascribed to glial 
cells surviving in the culture. * P<0.05 against control cells. 
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4.3.2 Role of caspases in neurite degeneration and apoptosis 
As a next step, the question was addressed which role caspases play in early neurite 

degeneration and late apoptotic changes triggered by BoNT/C.  To this purpose 

DEVDafc-cleaving activity and effects of different caspase inhibitors were evaluated. 

DEVD-cleaving (caspase 3-like) caspase were detectable 24 h after treatment with 

BoNT/C, and their activity increased further during the following hours (Figure 15). 

The broad-spectrum caspase-inhibitors zVAD-fmk (100 µM) and zD-cbk (100 µM) 

blocked caspase activity. YVAD-cmb (100µM), a peptide inhibitor more specific for 

caspase-1-like caspases was significantly less effective. Caspase 3 dependent 

intracellular proteolysis was also directly demonstrated by the typical cleavage of 

fodrin to its 120 kDa fragment (Cryns et al., 1996), which was inhibited by zVAD-fmk 

(Figure 16). Caspase inhibition by zVAD-fmk prevented the appearance of the nuclear 

morphology of apoptosis (Figure 16 and 17C), as well as HMW (Figure 17A) and 

oligonucleosomal DNA-fragmentation (Figure 17B). Notably, caspase inhibition by 

Figure 14: cytochrome 
c release in BoNT/C-
treated CGN. 
Cytochrome c release 
was detected in CGC 
exposed to 20 ng/ml 
BoNT/C (30 h) by 
immunostaining and 
confocal imaging (width 
20 µm). In the presence 
of the caspase inhibitor 
zVAD-fmk (100 µM), 
cytochrome c release 
still occurred, but 
apoptosis was prevented 
as shown by the absence 
of condensed nuclei (H-
33342 staining). 
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zVAD-fmk (100 µM) neither prevented neurite degeneration (Figure 17C) nor tubulin 

or actin disarray triggered by BoNT/C (data not shown).  

Thus, caspases do not appear to participate in the initial phase of BoNT/C-induced 

neurodegeneration, but they seem to be pivotal in the late apoptotic demise of cell 

bodies.          
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Figure 15: activation of 
caspase 3-like proteases in 
BoNT/C-treated CGN.  
CGN were incubated with 
BoNT/C (20 ng/ml) in the 
presence or absence of 
different caspase inhibitors 
(zVAD-fluoromethylketone, 
zD-2,6-dichlorobenzoyloxy -
methylketone, AcYVAD-
chloromethylketone 100 µM) 
for the time indicated. The 
activity of DEVD-afc-
cleaving caspases was 
measured in cells lysates. 
Data are means + SEM from 
triplicate determinations. 

Figure 16: fodrin cleavage 
in BoNT/C-induced 
apoptosis and prevention 
of proteolysis and nuclear 
condensation by caspase 
inhibitors. 
Cleavage of fodrin was 
analysed by Western blot in 
lysates from CGN treated 
with BoNT/C (20 ng/ml) at 
different time points and in 
the presence of zVAD-fmk 
(100 µM).  Percentage of 
condensed nuclei was 
evaluated in the same 
samples by H-33342 
staining. 
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4.3.3 MAPK activation does not partecipate in BoNT/C-induced apoptosis  
In a variety of human cells, the JNK/SAPK pathway appears to be activated following 

cytoskeletal disassembly induced by microtubules-interfering agents (Wang et al., 

1998). In some of these models, activated JNK/SAPK act upstream of caspase-3 

activation (Wang et al., 1999). We therefore hypothesised a possible involvement of 

MAPK as a mechanism linking the cytoskeletal damage to the activation of caspase. In 

order to verify this hypothesis, 

Ø we first investigated the activation of JNK/SAPK and p38, two members of the 

MAPK family mainly involved in apoptotic models in CGN, 

Ø we then verified whether JNK and p38 were responsible for apoptosis by using 

different inhibitors, 

Ø and finally we investigated the possible effect of JNK and p38 on caspase 

activation. 

For Western blot analysis, polyclonal antibodies were used recognising the 

phosphorylated active forms of JNK and p38. As shown in Figure 18A, a transient 

activation of p38 was found starting at 18 h after exposure to BoNT/C. Similar results 

were obtained for JNK (data not shown). At that time point, cytoskeletal disassembly 

Figure 17: caspase-dependent 
demise of the cell body in 
neurodegeneration induced by 
BoNT/C. 
HMW-DNA fragmentation (A) and 
oligonucleosomal fragmentation (B)
analysed by field-inversion-gel-
electrophoresis and conventional 
agarose gel electrophoresis, 
respectively. Caspase inhibition by 
zVAD-fmk (100 µM) prevented the 
appearance of HMW and 
oligonucleosomal DNA fragments in 
CGN exposed to BoNT/C (20 ng/ml). 
(C) Phase contrast images of CGN 
incubated with BoNT/C  (20 ng/ml) 
in presence of zVAD (100 µM) for 
36 h. Caspase-inhibition prevented 
nuclear condensation, but did not 
protect from axonal degeneration. 
The image width is 38 µm. 
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had already occurred, but caspases were still inactive. As expected, caspase inhibition 

by zVAD-fmk did not have any effect on p38 activation (Fig 18B).  

For the inhibition of the MAP kinases, the two inhibitors SB202190 and SB203580 

were used. They show higher specificity for p38, but they may also inhibit JNK in the 

concentration range 3µM-10µM (Jiang et al., 1996; Kramer et al., 1996). These 

inhibitors are known to be quite labile in solution. To be sure of the effectiveness, 

apoptosis induced by K+-withdrawal was chosen as model of apoptosis in which they 

are known to exert protective effects. BoNT/C-treated CGN were exposed to different 

concentrations of the inhibitors (0.1-1-10µM) and several different times of addition 

(co-exposure, adding after 6,12 or 24 h) were tested. Morphology of neurites was 

monitored by phase contrast microscopy and apoptosis was evaluated by 

Sytox/Hoechst after either 36 or 48 h of exposure to the toxin. As shown in Figure 18B, 

p38 inhibition by SB202190 (10µM) did neither prevent apoptosis, nor neurite 

degeneration (not shown). Analogous results were obtained in all the experimental 

conditions tested.  

In order to verify whether apoptosis induced in the presence of MAPK inhibition was 

still dependent on caspases, DEVD-afc-cleaving activity was measured in BoNT/C-

treated CGN exposed to SB202190. As shown in Figure 18B, MAPK inhibition does 

not prevent caspase activation. 

Efficacy of the inhibitors was confirmed by the prevention of cell death and partial 

block of caspase activation in apoptosis induced by K+-withdrawal (Figure 18B). 

Thus, although transiently activated in BoNT/C-treated CGN, the investigated MAPK 

do not seem to be directly involved in induction of apoptosis. 

 

 

 

 

 

 

 

 

 



Results 
______________________________________________________________________ 
 

 
 

54 

SB202190: - --- + +- - --- +

0

25

50

75

100 % apoptosis
DEVD-afc cleavage

0
50

100
150
200
250
300

BoNT/CCtrl Low K+

ZVAD:

%
 a

po
pt

os
is

D
E

V
D

-afc cleavage
[pm

ol/(m
in x m

g)]
0 2 12 18 2424 34Time [h]

zVAD-fmk: - - - - - - -+
P-p38

BoNT/CA

B

 
 
 
 
 
 
 
 
 
 
 
 

4.3.4 The Fas/FasL system is not involved in BoNT/-induced apoptosis 
Considering the slow progression of cell death induced by BoNT/C, and its dependence 

on protein synthesis, we hypothesised the requirement of specific genes expression for 

the generation or the amplification of the death signals. One stress signalling pathway 

recently implicated in neuronal cell death is the Fas/FasL system. It has been reported 

that withdrawal of survival factors in PC12 and CGN results in activation of the JNK 

pathway leading to Fas ligand induction and cell death (Le-Niculescu et al., 1999). 

JNK activation following BoNT/C treatment prompted us to investigate the 

involvement of this pathway also in our model. To this aim, CGN isolated from gld 

(C57/BL6; defective ligand) or lpr (C57/BL6; defective receptor) mice were exposed to 

Figure 18: MAPK activation does not contribute to BoNT/C-induced apoptosis. 
(A) CGN were incubated with BoNT/C (20 ng/ml) alone or in the presence of zVAD-fmk (100 µM) 
for the duration indicated. Activation of p38 was analysed in cell lysates by using an antibody 
directed against the phosphorylated form of p38 (P-p38). (B) CGN were incubated with 20 ng/ml 
BoNT/C alone and in the presence of the p38 inhibitor SB 202190 (10µM) or zVAD-fmk (100 µM). 
Percentage of condensed nuclei was evaluated by H-33342 staining after 34 h and compared to 
parallel culture in which apoptosis was induced by K+-withdrawal (21 h). The activity of DEVD-
cleaving caspases was measured in the same samples. 
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BoNT/C and their response compared to CGN from wild type (B6 and Balb/C). A 

lower sensitivity of CGN from these mice to BoNT C would have been expected in the 

case of a role for Fas signalling. Again, the model of apoptosis induced by K+-

withdrawal was used as positive control.  

As shown in Figure 19A, no significant differences in the rate of apoptosis (or in 

neurite degeneration, not shown) were found between gld, lpr and wild type after 

exposure to BoNT/C, thus excluding any eventual involvement of the Fas signalling 

pathway. The different response between the two wild type strains B6 and Balb/c may 

be explained by the known polymorphism of murine FasL affecting its biological 

activity (Kayagaki et al., 1997). Surprisingly, we were not able to reproduce recently 

published data on the involvement of the Fas/Fas L pathway in apoptosis induced by 

K+-withdrawal (Figure 19B) (Le-Niculescu et al., 1999).                 
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Figure 19: Fas/FasL 
signalling pathway is 
not involved in BoNT/-
induced apoptosis. 
Time course of 
neurodegeneration 
induced by BoNT/C (20 
ng/ml) (A) and K+-
withdrawal (B) in CGN 
from Balb/c, B6, gld or 
lpr mice. At the time 
points indicated, the 
percentage of condensed 
nuclei was evaluated by 
H-33342 staining. 
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4.4 Effects of other CNTs on CGN and correlation with glutamate 
release 

4.4.1 Induction of apoptosis does not correlate with block of neurotransmitter 
release 

The question was then addressed as to whether induction of apoptosis by BoNT/C in 

CGN was correlated to the block of glutamate release, and whether this was a common 

effects to other CNTs.  

Glutamate release evoked by veratridine (10µM) stimulation was measured in control 

and BoNT/C-treated neurons. The results show that glutamate release was already 

significantly inhibited 4 h after treatment with BoNT/C (20 ng/ml) and reached an 80% 

block after 12 h (Figure 20), although a constant basal glutamate release (i.e., in the 

absence of stimulation) was consistently maintained for up to 12 h (not shown). In 

order to relate block of neurotransmitter release to apoptosis induced by BoNT/C, L-

[G-3H]glutamate release and apoptosis were measured in CGN exposed to different 

concentrations of the toxin. Figure 21 shows that already at concentrations of 2.5-5 

ng/ml the toxin blocks almost completely (80-90% inhibition) neuroexocytosis. 

However, these concentrations do not induce more that 10-20% apoptosis.  

Glutamate release was then measured in neurons treated with BoNT/A (2µg/ml). Also 

this serotype induced an almost complete block of glutamate release, however higher 

concentrations and longer exposure times were needed in comparison to BoNT/C. 

Furthermore, in contrast to BoNT/C, BoNT/A did not induce any neurodegenerative 

effect. Cells exposed to BoNT/A were monitored for up to 72h (Figure 22). 

As summarised in Figure 23, both BoNT/A and BoNT/C were equally effective in 

blocking neuroexocytosis, but only BoNT/C induced neurodegeneration in CGN. This 

suggests that the block of neurotransmitter release may be not the cause of apoptosis 

induced by BoNT/C and that other mechanisms may be involved. 

The data presented in this paragraph were obtained in cooperation with Volker Horvat. 
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Figure 20: inhibition of neurotransmitter release by BoNT/C. 
CGN were exposed to 20 ng/ml BoNT/C. At the time indicated, 
neurotransmitter release was stimulated by 10 µm veratridine and 
L-[G-3H]glutamate was measured and expressed as described in 
3.1.15. 

Figure 21: induction of apoptosis does not correlate with block of 
neurotransmitter release by BoNT/C. 
CGN were exposed to the indicated concentrations of BoNT/C. After 12 h, 
exocytosis was induced by 4 min stimulation with veratridine (10 µM) and L-
[G-3H]glutamate release determined. Apoptosis was evaluated in parallel 
cultures after 36 h by H-33342 staining. 
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Figure 22: inhibition of neurotransmitter release by BoNT/A and 
correlation with apoptosis. 
CGN were exposed to 2 µg/ml BoNT/A and at the indicated time 
neurotransmitter release was measured following stimulation with 10 µm 
veratridine. Parallel cultures were used for evaluation of apoptosis by H-
33342 staining. 

Figure 23: comparison of inhibition of neurotransmitter release and 
induction of apoptosis by BoNT/C and BoNT/A. 
Neurotransmitter release was measured in CGN after 12 h exposure to BoNT/C 
(20 ng/ml) or 36 h to BoNT/A (20 µg/ml).  In parallel cultures apoptosis was 
evaluated by H-33342 staining after 36 h (BoNT/C) or 72 h (BoNT/A). 
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4.5 Effects of BoNT/C on glial cells 

4.5.1 Activation of astrocytes in CGN cultures exposed to BoNT/C 
The primary neuronal cultures used contained 3-5% astrocytes, so that cellular 

specificity of BoNT/C could be tested within the same experimental system. In 

untreated CGN, three morphologically distinct types of glial fibrillary acidic protein 

(GFAP)-positive cells were observed (Figure 24): i) type A cells with a large cell body 

and numerous, fine, short projections, ii) type B cells with ameboid morphology iii) 

type C cells with a small cell body and very long, branched and strong projections. 

Interestingly, all those astrocyte types did not degenerate upon exposure to BoNT/C. 

On the contrary, they reacted to the death of neurons by drastic enlargement. Typical 

examples of GFAP-positive glial cells in CGN after 36 h exposure to BoNT/C are 

shown in Figure 24. Cells of type A and C displayed a more pronounced arborization as 

reflected by increased dimensions and number of branches, whereas type B cells 

elongated and thickened their projections. In all cases, nuclei were bigger than in 

control cultures. 

Increased number of GFAP fiber bundes and changes the in cell morphology are 

considered as a typical feature of activation in glial cells. The reported observations 

suggest that neurodegeneration caused by BoNT/C may induce a condition of reactive 

gliosis. 
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4.5.2 Astrocytes in secondary culture are not affected neither activated by 
BoNT/C treatment. 

To investigate whether glial activation was due to a direct effect of the toxin or whether 

it was related to the neuronal damage, we exposed secondary cultures of astrocytes to 

BoNT/C. These cultures are mainly constituted by astrocytes, however contaminating 

oligodendrocytes or microglial cells can be present. The astrocytes were therefore 

identified by immunostaining against the glial fibrillary acidic protein (GFAP). The 

astrocytes cultures exposed to BoNT/C were not affected at all by the toxin, as shown 

by the absence of nuclear or cytoskeletal degenerative changes (Figure 25A), but they 

also did not show any kind of morphological (Figure 25A) or metabolic (Figure 25B) 

changes indicative of a state of activation. As comparison, cell death was induced in 

astrocytes by the  strong apoptosis-inducing agent staurosporine (STS; 2 µM, 24 h; 

(Keane et al., 1997). 

Figure 24: activation of 
glial cells in CGN 
cultures exposed to 
BoNT/C. 
CGN were incubated for 
36 h with BoNT/C (20 
ng/ml). Fixation of the
cells was followed by 
immunocytochemistry 
for GFAP (red). Nuclei 
were stained with H-
33342 (green). Images 
obtained by confocal 
microscopy show three 
different typical 
morphologies of 
astrocytes in CGC 
culture. The width of 
merged images 
corresponds to 107 µm. 
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These data demonstrate that BoNT/C kills neurons selectively. Furthermore, injured 

neurons appear to induce activation of astrocytes. Apoptosis induced by BoNT/C in 

CGN provides, therefore, an in vitro system modeling not only slow 

neurodegeneration, but also the astroglyosis frequently associated with neuronal injury 

in vivo. 

                

Figure 25: Astrocytes in primary culture are not affected or activated by BoNT/C treatment. 
(A) Astrocytes were exposed to BoNT/C (20 ng/ml). After fixation, double immunostaing for actin 
and GFAP was performed. Cytoskeletal structures and nuclear morphology (H-33342) were 
compared to parallel cultures exposed to 2 mM staurosporine (STS). Confocal images refer to the 
same field. (B) Cellular viability was evaluated in parallel by MTT-assay. 
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5 Discussion 

5.1 On the effects of BoNT/C on CGN 
The impairment of a vital function as neurotransmission makes all clostridial 

neurotoxins (CNTs: botulinum (BoNT) and tetanus (TeNT) neurotoxins) extremely 

toxic to animals and humans. None of them, however, is known to kill intoxicated 

neurons in vivo. Neurodegeneration in animal models has been reported so far only for 

TeNT. Intrahippocampal injection of TeNT in rats induced neuronal loss in specific 

areas of the brain. This effect, however, was due to the block of inhibitory inputs by the 

toxin rather than to a direct neurotoxic effect (Bagetta et al., 1990; Bagetta et al., 

1991). 

CNTs are used as unique, precise, experimental tools for dissecting the molecular basis 

of synaptic transmission and, recently, as therapeutic agents for various human 

disturbances (see 5.5). Because of their site of action (the neuromuscular junction), 

most of the studies with BoNTs have been performed in peripheral motoneurons. 

However, BoNTs have been shown to block neurotransmitter release also in spinal cord 

neurons (Williamson et al., 1996), as well as in hippocampal (Osen-Sand et al., 1996), 

cortical (Osen-Sand et al., 1996) and cerebellar granule neurons (Leist et al., 1997a).  

In a recent work on spinal cord neurons, BoNT/A was found to cause no detectable 

morphological changes, whereas BoNT/C, which cleaves both SNAP-25 and syntaxin, 

caused rapid swelling of synaptic terminal, followed by vesiculation and severe 

deterioration of the neurite network (Williamson and Neale, 1998). Electron 

microscopy analysis showed that the abnormal appearance of the neuronal processes 

was due to alterations of the synaptic terminals contacting them. As a consequence of 

these cellular alterations, which specifically developed from the nerve terminals, spinal 

cord neurons degenerated (Williamson and Neale, 1998). The modality of cell death 

was, however, not investigated. 

Alterations of the neurite network observed in our system upon BoNT/C treatment 

were very similar to those reported in spinal cord neurons. In CGN exposed to 

BoNT/C, degeneration of neurites was characterised by progressive swelling and 

vesiculation of the neuronal projections (Figures 6 and 7). A massive damage of the 

cytoskeleton underlay such alterations. Both components of the cytoskeleton, 
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microfilaments and microtubules, were affected. While actin changes mainly consisted 

in a progressive, general loss of F-actin, as revealed by immunostaining (Figure 4A), 

tubulin alterations were characterised by the appearance of typical rings along the 

neurites (Figure 4C). Similar cytoskeletal abnormalities have been observed in early 

stage of Alzheimer’s disease (Dickson et al., 1999), as well as in aging (Vickers et al., 

1996). In both cases, dystrophic neurites, which associated with ß-amyloid plaque, 

showed bulb- and ring-like structures. These consisted mainly of neurofilaments, but 

also of hyperphosporylated tau protein in late stages of the disease. In our system, 

abnormal tau phosphorylation at the serine 202/205 residue was detected by AT-8 like 

antibodies (Figure 5), however, its localisation could not be defined by 

immunocytochemistry. 

Clostridia produce several proteins that may be present as contaminants in the 

commercially available preparations of neurotoxins. In particular, several strains of C. 

botulinum type C and D produce an exoenzyme, called botulinum neurotoxin C3, 

which interacts with cytoskeletal structures. BoNT/C3 is an ADP-ribosyltransferase 

acting on several subtypes of Rho proteins, which are involved in the regulation of the 

actin cytoskeleton (Aktories et al., 1992; Aktories et al., 1988; Aktories et al., 1987). 

By selective ribosylation of Rho proteins, BoNT/C3 may induce depolymerization and 

redistribution of actin filaments (Wiegers et al., 1991). However, it has been shown that 

this exoenzyme does not enter most cell types. In neurons, it must be applied 

intracellularly to bypass the membrane limiting steps (Doussau et al., 1999) and in 

spinal cord neurons the absence of any cytotoxic effects by BoNT/C3 has recently been 

reported (Williamson and Neale, 1998). The toxins used in our model were purified by 

immobilized-metal-ion-affinity chromatography (IMAC; (Rossetto et al., 1992)). 

Therefore, it is unlikely that cytoskeletal breakdown observed in CGN exposed to 

BoNT/C was due to contaminating ADP-ribosyltransferase activity. 

Cytoskeletal alterations are a common component of several neurodegenerative 

disorders (Selkoe, 1989). Although the casual role of such changes is still unknown, 

several observations suggest that cytoskeletal damage can result in neuronal cell death. 

Direct cytoskeletal damage induced by colchicine or analogous microtubule-disrupting 

agents has been shown to cause apoptosis in CGN (Bonfoco et al., 1995). Cell death 

was prevented by the microtubule-stabilising agent taxol, thus suggesting that 

cytoskeletal alterations was the direct trigger for apoptosis (Bonfoco et al., 1995). In 
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contrast, degeneration of neurites or apoptosis induced by BoNT/C were not prevented 

by taxol or  by the F-actin stabiliser jasplakinolide. Since cytoskeletal disassembly was 

not antagonised by these agents, we can conclude that in this model the breakdown of 

actin and tubulin probably involves mechanisms other than depolymerization.      

Neurotrophins, including brain-derived neurotrophic factor (BDNF) as well as insulin-

like growth factor-1 (IGF-1), protect CGN against apoptosis induced by K+- or glucose-

deprivation (D'Mello et al., 1993; Harper et al., 1996) and glutamate (Lindholm et al., 

1993). Apoptosis of CGN induced by K+-deprivation can be prevented by treatment 

with NMDA or other glutamatergic agonists (Ikonomovic et al., 1997). The 

neurotrophic and antiapoptotic effects of glutamatergic stimulation have recently been 

attributed to the induction of BDNF expression (Bhave et al., 1999; Favaron et al., 

1993). In our study, however, neither BDNF nor other growth factors prevented 

neuronal degeneration following treatment with BoNT/C (Figure 7). It has also recently 

been reported that the lack of AMPA receptor activation, which follows degeneration 

of presynaptic afferents or block of neurotransmitter release by BoNTs, induces loss of 

dendritic spines on postsynaptic structures in hippocampal slice cultures (McKinney et 

al., 1999). Although CGN do not possess spines, we wanted to test whether the loss of 

neurotransmitter release could result in alterations of the postsynaptic structures and, 

eventually, of the integrity of neuronal projections. However, mild exogenous 

glutamatergic stimulation, aimed to counteract the block of gluatamate release, did not 

have any protective effect on degeneration of neurites or apoptosis induced by BoNT/C 

in CGN (Figure 10).  

Interestingly, we observed that the neurotoxic effects induced by BoNT/C in CGN do 

not correlate with block of neurotransmission. BoNT/A was as effective as BoNT/C in 

blocking neurotransmitter release, however, without any consequence on neurite 

integrity or cell viability (Figures 22 and 23). Concerning the relation between cleavage 

of the SNARE proteins and block of neurotransmitter release, it may appear 

contradictory that neuroexocytosis was nearly complete blocked (Figures 20 and 21) 

even in the presence of still intact syntaxin (Figure 3) in CGN exposed to BoNT/C. 

However, that the full inhibition of neurotransmitter release is not accompanied by a 

parallel full proteolysis of the SNAREs has already been described in several other 

systems (Foran et al., 1996; Raciborska et al., 1998; Williamson and Neale, 1998). This 

result may be explained by the existence, within the nerve terminals, of different pools 
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of SNARE proteins, which have different availability to binding and proteolysis by 

CNTs. BoNT/C, for instance, only cleaves membrane-bound syntaxin and SNAP-25, 

and is ineffective on the isolated molecules (Blasi et al., 1993; Schiavo et al., 1995).  

Altogether these results excluded our initial hypothesis that the loss of communication 

due to the block of neuroexocytosis might be the cause of neurodegeneration induced 

by BoNT/C. In contrast, it can be speculated that the damage of the SNARE complex 

may itself be a trigger for the degenerative events observed. Several hypotheses can 

now be made. The absence of neurotoxicity by BoNT/A, in contrast to the detrimental 

effects of BoNT/C, might be explained by the different extent of the damage on the 

SNARE complex. In the case of BoNT/A, the removal of only 9 amino acid residues 

from SNAP-25 (Figure 4) is sufficient to interfere with neuroexocytosis, but not to 

induce neurodegeneration. The damage produced by BoNT/C may be graver, because 

this toxin cleaves two components of the SNARE complex, SNAP-25 and syntaxin. In 

particular, the cleavage of syntaxin (35 kDa) in proximity of its insertion in the plasma 

membrane leads to the release of almost the entire molecule (a fragment of 31 kDa). It 

is reasonable to think that, besides the block of neurotransmitter release, this may have 

dramatic consequences on synaptic and axonal trafficking.  

Alternatively, it is possible that the two targets play different roles in membrane fusion, 

with syntaxin being critical for axonal maintainance and cell viability, and SNAP-25 

for neuronal development. Consistent with this latter hypothesis, SNAP-25 has been 

shown to be essential for axonal growth in developing neurones (Osen-Sand et al., 

1993; Osen-Sand et al., 1996), and in nerve terminal plasticity in the mature nervous 

system (Geddes et al., 1990). Moreover, knock-out experiments in Drosophila indicate 

that syntaxin is not essential for cell survival at early stage of development (Schulze et 

al., 1995), but lack of the protein may eventually result in massive neurite disruption 

and degeneration in the mature nervous system (Schulze and Bellen, 1996). 

Another intriguing possibility is that the big fragment generated by BoNT/C cleavage 

of syntaxin may directly be involved in neurotoxicity. It has been described, for 

instance, that the product of gelsolin cleavage by caspases may be an effector of 

morphological changes in apoptosis (Kothakota et al., 1997). Analogously, toxicity of 

polyglutamine containing proteins or the amyloid precursor protein may be further 

promoted by caspase-mediated cleavage (Gervais et al., 1999; Paulson and Fischbeck, 

1996). 
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5.2 Degeneration of neurites and apoptotic demise of the cell body 
induced by synaptic damage in central neurons  

Autonomy of neurites in the decision between life and self-destruction would represent 

an important concept in slow degenerative diseases or in aging. Abnormalities of the 

neuronal network are a prominent feature of these conditions, and loss of neurites 

and/or neuronal connections have been suggested to underlie the early clinical 

manifestations of these diseases (Davies et al., 1997; Murphy et al., 2000). However, it 

is unclear whether neurite degeneration is a primary effect due to a direct insult, or just 

a consequence of the commitment of the neuron to death. In both cases, the nature of 

the stimulus is still elusive.  

Our data show that direct synaptic damage caused by BoNT/C can trigger two spatially 

and temporally distinct programmes which mediate neurite degeneration and apoptosis. 

Swelling and fragmentation of neurites upon BoNT/C treatment appeared to be active 

processes. They occurred independently from the loss of neurotransmitter release, were 

insensitive to trophic stimulation, and involved cytoskeletal alterations. Although 

fragmented, neurites maintained an intact plasma membrane and appeared to be 

metabolically active since mitochondrial function was still retained (Figures 11 and 

12). At the level of somata, drop of mitochondrial membrane potential and cytochrome 

c release occurred before the appearance of nuclear changes and were not prevented by 

the caspases inhibitor zVAD-fmk (Figure 14). In contrast, caspase inhibition prevented 

nuclear condensation as well as HMW and oligonucleosomal DNA fragmentation 

(Figure 17). These data indicate that the breakdown of the neuronal network was not 

due to energetic failure. Furthermore, while caspases contributed to the late apoptotic 

demise of the cell body, caspase-independent mechanisms mediated the initial 

neurodegenerative events. These results appear to be in contrast with recent work in 

which caspase activation has been selectively detected in neurites of hippocampal 

neurons upon stimulation with Aß (Ivins et al., 1998; Mattson et al., 1998). This 

discrepancy, however, may be ascribed to the different cell type and stimulus used. 

Neurodegeneration induced by BoNT/C in central neurons resembled axotomy in many 

of its features. In particular, axonal degeneration associated with caspase-dependent 

apoptosis of the cell body has recently been described in Wallerian degeneration of 

retinal ganglion cells and sciatic nerve, and in localised axonal degeneration induced by 

local neurotrophin deprivation in dorsal root ganglia (Finn et al., 2000). Our data, 
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together with the reported observations, suggest the involvement of common 

mechanisms in neurite degeneration induced by either direct synaptic injury or by 

axotomy. 

The observation that distinct mechanisms may contribute to axonal damage and cell 

death becomes particularly relevant when therapeutic strategies are designed to limit 

the progression of slow neurodegenerative disorders. In those pathological conditions 

in which massive cellular alterations occur before death, apoptosis is activated to 

eliminate irreversibly injured neurons, without affecting the surrounding tissue. In this 

case, cell death may be beneficial and prevention of apoptosis, e.g. by caspsase 

inhibition, would allow the persistence of non-functional neurons. Furthermore, 

caspase inhibitors often do not prevent but only delay, or change the mode of cell 

death. In some cases, neurons rescued by caspase inhibition may still undergo cell 

death via alternative pathways and may therefore favour neuroinflammatory reactions 

in vivo. 

 

5.3 Effects of BoNT/C on glial cells 
Glial cells seem to play an important role during injury and neurodegenerative 

processes. In Alzheimer’s disease, they have been shown to undergo significant 

transformation during the development of neuritic plaques (Pike et al., 1995). 

Astrocytes have been reported to accumulate and surround the area of amyloid 

deposition with long processes, and undergo hypertrophy with the progression of 

neurite dystrophy (Mrak et al., 1996). In a condition of so-called astrocytosis, the 

production of specific cytokines by glial cells may contribute to the induction of 

inflammatory processes. In other situations, glial cells have been shown to participate 

in the displacement of degenerating presynaptic terminals (Aldskogius et al., 1999). 

Furthermore, they can contribute to the formation of new terminals by producing 

molecules which promote axonal sprouting (Aldskogius et al., 1999). 

SNARE proteins are expressed in glial cells (Parpura et al., 1995a) and an exocytotic 

mechanism of glutamate release has recently been described in hippocampal astrocytes 

(Araque et al., 2000; Parpura et al., 1995b). In the same cell type, Verderio and 

colleagues (Verderio et al., 1999) have reported that BoNT/B and BoNT/F are 

internalized and partially cleave their substrate. In our system, however, the effects 
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induced by BoNT/C were neurospecific and the population of glial cells present in the 

culture was not affected. Similarly, BoNT/C did not induce any degenerative effect in 

secondary cultures of astrocytes (Figure 25). On the contrary, morphological changes 

indicative of a state of activation were detected in the glial cells present (Figure 24) in 

CGN cultures, but not in secondary cultures of astrocytes. These data suggest the 

astrocytosis observed in CGN exposed to BoNT/C may be due to signals coming from 

injured neurons. 

Communications between neurons and glial cells are difficult to elucidate in in vivo 

systems due to the complexity of interactions. Therefore, it would be desirable to 

identify alternative cellular models. Considering the high specificity of the insult for 

neurons and the association of the degenerative processes with a condition of reactive 

glyosis, neurodegeneration induced in CGN by BoNT/C represents a valuable in vitro 

system for studying the interactions between injured neurons and astrocytes. . 

 

5.4 Implications for therapy 
In addition to their use in basic research, BoNTs are employed in the treatment of 

numerous human diseases caused by hyperfunction of cholinergic terminals. BoNTs 

have commonly been used in the therapy of dystonias and of certain types of 

strabismus, but their use is now extended to several other human pathologies (Jankovic 

and Hallett, 1994; Montecucco et al., 1996; Scott, 1989). Injection of a minimal 

amount of BoNTs into the muscle to be paralysed leads to a depression of the 

symptoms lasting for several months. The treatment can be repeated several times, 

apparently without major side effects. BoNT/A is generally used, but other serotypes 

are under clinical trial and, recently, BoNT/C has been suggested as promising 

alternative to BoNT/A (Eleopra et al., 1997). Indeed, some patients treated with 

BoNT/A have experienced the recurrence of symptoms with time (Dolly, 1997). 

BoNT/C, instead, although with a similar profile of action, appears to be effective for a 

longer time than BoNT/A probably because of its action on two SNARE proteins 

(Eleopra et al., 1997). 

It is known that when a small amount of BoNT is injected into the muscle, the toxin 

does not spread significantly. Neverthless, the potential neurotoxicity of BoNT/C has to 
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be considered and adequate studies would be advisable before the use of BoNT/C on 

patients will be further extended.  

5.5 Conclusions and future perspectives 
The data reported here show that a selective synaptic damage can initiate two distinct 

neurodegenerative processes in central neurons: a caspase-independent programme of 

neurite self-destruction, and a caspase-mediated apoptotic execution of the cell body.  

In contrast to our initial hypothesis, the block of neurotransmission consequent to the 

cleavage of the SNARE proteins appeared to be not directly responsible for neurite 

degeneration and apoptosis induced by BoNT/C. Further experiments should address 

the question how the structural damage of the SNARE complex can trigger 

neurodegeneration. Microinjection of the syntaxin fragment produced by BoNT/C 

cleavage would be an useful experiment to verify its participation in the induction of 

neurotoxicity, whereas the combined use of different serotypes would provide further 

information about the role of the different SNARE proteins in neurodegeneration.   

As already mentioned, the existence of a “spatial control” (i.e., distinct mechanisms for 

neurite regression and cell loss) may represent an important aspect of 

neurodegeneration and it should be considered in the design of appropriate therapeutic 

strategies for neurodegenerative diseases. It would therefore be interesting to further 

investigate whether in BoNT/C-treated neurons, block of apoptosis by caspase inhibitor 

combined with survival promoting factors (e.g., neurotrophins) would eventually 

rescue the impaired neurons. 
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6. Summary 
 

The molecular basis of slow neurodegenerative diseases is experimentally difficult to 

access and therefore not completely understood. Occurrence of neuronal death by 

apoptosis in Alzheimer’s, Huntington’s, Parkinson’s and other diseases is still debated, 

as well as the nature of the primary insult responsible for these neuropathologies. 

Furthermore, the exact correlation between neuronal loss and synaptic abnormalities 

observed in several of these neuropathological conditions remains still unclear. 

Aim of the present study was to investigate the consequences of a direct synaptic 

damage on central neurones. To this purpose we used Botulinum neurotoxins, such as 

Botulinum neurotoxin C (BoNT/C), which are known to specifically interfere with 

synaptic transmission.  

BoNT/C induced cytoskeletal damage and neurite degeneration in cerebellar granule 

neurons (CGN). Cytoskeletal alterations were characterised by breakdown of both 

microfilaments and microtubule and by abnormal phosphorylation of tau protein. These 

events were not prevented by glutamatergic stimulation or by neurotrophic factors, and 

were independent of caspase activity. The initial neurodegenerative events, which 

affected the neuronal projections, were then followed by death of the cell body. Demise 

of the neuronal somata was characterised by typical features of apoptosis, such as high 

molecular weight and oligonucleosomal DNA fragmentation, and was mediated by the 

activation of caspase 3-related caspases. Loss of the mitochondrial membrane potential 

and cytochrome c release were events upstream of caspase activation. 

Some common signalling pathways in neuronal apoptosis have been investigated. 

Although activated in the early phase of degeneration, JNK/SAPK and p38 MAPK did 

not appear to be directly involved in the induction of apoptosis since several inhibitors 

did neither prevent caspase activation nor the appearance of nuclear changes. 

Analogously, the Fas/Fas ligand system, recently shown to be involved in apoptosis 

induced by K+-withdrawal in CGN, did not participate in apoptosis induced by 

BoNT/C.  

Measurement of neurotransmitter release in CGN exposed to BoNT/C or BoNT/A 

showed a nearly complete block of neuroexocytosis in both cases. Nevertheless, 

BoNT/A did not induce neurodegeneration. This finding indicates that induction of 
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apoptosis does not correlate with block of neurotransmitter release and that other 

mechanisms may be involved. 

The degenerative processes induced by BoNT/C were selective for neurones, leaving 

the glial cells present in the culture unaffected. BoNT/C did not induce any effects also 

in secondary cultures of murine astrocytes. Interestingly, activation of glial cells 

appears to be associated with neuronal damage following CGN exposure to BoNT/C. 

These data show that selective synaptic damage can initiate two distinct 

neurodegenerative processes: a caspase-independent program of neurite self-destruction 

and a caspase-mediated apoptotic execution of the cell body. Furthermore, they suggest 

that disruption of SNARE proteins interaction may be a signal for neurodegeneration 

and apoptosis. This may constitute an important and previously unrecognized property 

of these synaptic proteins. Finally, due to the specificity of the stimulus for neurons, to 

the slow progression of the neurodegenerative processes, and to the condition of 

reactive gliosis, this system may represent a valuable tool for modelling 

neurodegenerative diseases in vitro. 
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Zusammenfassung 

 

Die molekularen Grundlagen chronischer neurodegenerativer Krankheiten sind 

experimentell schwierig zu erschließen und daher nicht vollständig verstanden. Das 

Auftreten von neuronaler Apoptose in Alzheimer’scher, Huntington’scher und 

Parkinson’scher Krankheit ist umstritten, ebenso wie die Natur des primären Schadens, 

der verantwortlich für diese Erkrankungen ist. Darüberhinaus bleibt unklar, in welcher 

Beziehung der Verlust von Neuronen und die synaptischen Abnormalitäten stehen, die 

unter diesen verschiedenen neuropathologischen Bedingungen beobachtet werden.  

Ziel der vorliegenden Studie war es, die Effekte eines direkten synaptischen Schadens 

auf Neuronen des Zentralen Nervensystems zu untersuchen. Zu diesem Zweck wurden 

Botulinum Neurotoxine wie Botulinum Neurotoxin C (BoNT/C) eingesetzt, die die 

synaptische Transmission spezifisch beeinträchtigen.  

BoNT/C induzierte eine Schädigung des Zytoskeletts und die Degeneration des 

Neuritennetzes in Kleinhirnkörnerzellen (CGN). Die Veränderungen des Zytoskelettes 

waren durch den Zusammenbruch von Mikrofilamenten und Mikrotubuli, sowie durch 

eine abnormale Phoshorylierung des Tau-proteins charakterisiert. Diese Ereignisse 

konnten nicht durch glutamaterge Stimulation oder neurotrophe Faktoren verhindert 

werden und waren unabhängig von caspaseaktivität. Auf die beginnenden 

degenerativen Prozesse der Neuriten folgte das Absterben des Somata, das durch 

typische apoptotische Merkmale wie hochmolekulare und oligonukleosomale DNS-

Fragmentierung gekennzeichnet war und von der Aktivierung Caspase-3-ähnlicher 

Caspasen abhing. Der Verlust des mitochondriellen Membranpotentials und die 

Freisetzung von Cytochrom c traten vor der Aktivierung von Caspasen auf.  

In dieser Arbeit wurden einige allgemeine Signaltransduktionswege neuronaler 

Apoptose untersucht. JNK/SAPK and p38 MAPK waren trotz ihrer Aktivierung in der 

frühen Degenerationsphase nicht direkt an der Apoptoseinduktion beteiligt. Mehrere 

Inhibitoren dieser Signaltransduktionswege verhinderten weder Caspase-Aktivierung 

noch Kernveränderungen. Auch das Fas/Fas-Ligand System, das kürzlich in 

Zusammenhang mit K+-Entzug-induzierter Apoptose in CGN gebracht wurde, war 

nicht in BoNT/C-induzierte Apoptose involviert. 
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Die Neurotransmitterfreisetzung in CGN war durch BoNT/C oder BoNT/A vollständig 

inhibiert. Nichtsdestotrotz induzierte BoNT/A keine Neurodegeneration. Dieser Befund 

zeigt, dass die Induktion von Apoptose nicht mit der Blockierung der 

Neurotransmitterfreisetzung korreliert, und lässt auf die Beteiligung anderer 

Mechanismen schließen. 

Die von BoNT/C induzierten degenerativen Prozesse trafen selektiv die CGN, während 

Gliazellen, die in der Kultur vorhanden waren, nicht beeinträchtigt wurden. Auch in 

sekundären Astrozytenkulturen der Maus hatte BoNT/C keine Wirkung. 

Bemerkenswerterweise scheint die Aktivierung von Gliazellen mit der neuronalen 

Schädigung von CGN durch BoNT/C  assoziiert zu sein. Diese Daten deuten darauf 

hin, dass ein selektiver synaptischer Schaden zwei unterschiedliche neurodegenerative 

Prozesse auslösen kann: eine caspaseunabhängige Zerstörung der Neuriten und eine 

caspaseabhängige apoptotische Elimination des Zellkörpers. 

Darüberhinaus könnte die Störung der Interaktion zwischen den SNARE-Proteinen ein 

Signal für Neurodegeneration und Apoptose sein. Dies könnte eine wichtige und bisher 

unbekannte Eigenschaft synaptischer Proteine sein. 

Aufgrund der Spezifität des Stimulus, des langsamen Fortschreitens der 

Neurodegeneration und der Anwesenheit reaktiver Gliose ist dieses Modell ein 

wertvolles Instrument zur Modellierung neurodegenerativer Krankheiten in vitro. 
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