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Introduction 

1 

1 Introduction 

Features of neurodegeneration are early cytoskeletal alterations, neuronal dysfunction and 

death. Increasing evidence suggests that apoptosis is a relevant mechanism of cell disposal 

under neurodegenerative conditions. Death by apoptosis ensures the swift removal of injured 

neurons, whereas conditions that prevent apoptosis can facilitate the persistence of damaged 

cells and disease progression. However, it is still unclear whether the pathological 

manifestations observed in neurodegenerative diseases are primarily due to neuronal loss, or 

whether they are related to independent degenerative events in the axodendritic network. 

Caspases, a family of cysteine proteases, are major effectors in the apoptotic death program, 

but it remains elusive whether a single, caspase-based executing system is responsible for 

neuronal loss by apoptosis. In neurons, caspase-dependent and independent death pathways 

may coexist. In the following chapters, apoptosis and its implication in neurodegeneration 

will be introduced together with major key players and mechanisms. 

 

1.1 Cell death: an overview 
 

1.1.1 Definition of apoptosis 
The term apoptosis was introduced about 30 years ago to describe a cell death mechanism 

characterized by distinct morphological features and conceptual implications [1, 2]. In the 

past years, biochemical features have been discovered and contribute now to the definition of 

apoptosis, but the morphological criteria remain its most consistent determinates [3]. Early 

apoptotic alterations are cellular shrinkage by cell volume decrease and detachment from 

neighboring cells. These changes are followed by cytoplasm condensation and compaction of 

intracellular organelles. The most conspicuous changes occur within the nucleus. The nucleus 

undergoes condensation and the chromatin condenses and aggregates along the nuclear 

periphery. Eventually, fragmentation of the nucleus occurs. Molecular characterization of the 

chromatin reveals an ordered degradation into high molecular weight fragments of 50 kilo 

base pairs, and finally into oligonucleosomal fragments of 180-200 base pairs and multiple of 

those [4, 5]. However, cleavage to nucleosomal fragments does not occur in all cell types and 

can be inhibited without blocking other changes of apoptosis [6, 7]. Coordinated activation of 

proteases leads to proteolytic cleavage of various structural and functional proteins [8]. In 

contrast to initial observations [2], mitochondria may undergo structural alterations during 
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apoptosis [9]. Transglutaminases cross-link cytoplasmic proteins, thereby possibly stabilizing 

the cytoplasm to avoid cell lysis [10]. Alterations in the cytoskeletal structure facilitates 

blebbing of the plasma membrane and formation of apoptotic bodies. Finally, specific 

membrane alterations indicate the readiness to be phagocytosed and engulfment of apoptotic 

bodies by neighboring cells takes place [11]. Apoptosis is an inconspicuous type of cell 

death, allowing rapid removal of the dying cell to prevent tissue damage and inflammation 

that would otherwise be caused by spilt cell contents. 

 

1.1.2 Definition of necrosis 
A major discriminate between apoptosis and necrosis is the implication that death of an 

individual cell or a group of cells has for its neighbors. In contrast to apoptosis, necrosis is 

the outcome of severe acute injury and associated with further tissue damage. Historically, 

the term has been used in a tissue related concept in pathology referring to postmortem events 

[12]. It describes the release of intracellular contents into the extracellular milieu which may 

lead to an inflammatory reaction, edema and further injury to the surrounding tissue 

following massive cell lysis. Release of intracellular molecules is particularly harmful in the 

nervous system, where release of excitotoxic mediators (i.e. glutamate) from dying cell can 

cause severe injury to neighboring neurons [13, 14]. On the cellular basis, necrosis is 

morphologically defined by expansion of cytoplasm (oncosis), swelling of intracellular 

organelles and early rupture of plasma membrane [12]. Although chromatin might be initially 

pyknotic, chromatin condensation or fragmentation does not occur. In addition, necrosis does 

not involve any regular DNA or protein degradations pattern. The major difference to 

apoptosis is that cells dying by necrosis are not phagocytosed before lysis occurs [15]. 

However, in cell culture systems or in animal models the absence of phagocytes capacity 

allows the late lysis of initially apoptotic cells called secondary necrosis [16]. 

 

1.1.3 Continuum of different modes of cell death 
Although apoptotic and necrotic morphology appear different, there is increasing evidence 

that apoptosis and necrosis present only two extremes of a continuum of different modes of 

cell death [15]. In tissues as well as in cell culture, apoptosis and necrosis often coexist. In 

neurons, the same stimulus may either induce apoptosis or necrosis, depending on the 

metabolic situation or the intensity of the insult [17, 18]. Further, apoptosis and necrosis may 

occur in a temporal sequence. It was shown in neuronal culture exposed to excitotoxic 
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conditions that a certain number of neurons was rapidly killed by necrosis, followed by 

delayed apoptosis of the initially surviving neurons [19]. In stroke, the core region displays 

mainly necrotic features, whereas neurons in the surrounding area die by massive apoptosis 

[20-22]. Thus, many intermediate variants of cell death may exist. 

 

1.1.4 Programmed cell death and apoptosis 
Apoptosis is often regarded as programmed cell death (PCD), although these terms are 

distinct from each other. PCD has been used primarily as a functional term to describe the 

coordinated series of events leading to controlled cell demise in developing organisms [25]. 

PCD defines cell death that occurs at certain developmental stages and is genetically 

determined by death programs without severe external insult as a kind of physiological death. 

Besides PCD in the developmental context, cells can nevertheless execute a death program 

also under pathological conditions, and both cell death paradigms called PCD can display the 

morphological characteristic of apoptosis to a similar extent.  

But the concept of a death program is not necessarily linked to a morphological appearance 

[23, 24]. For example, in non-vertebrate systems, PCD does not always display an apoptotic-

like morphology [25-27]. While instances of apoptosis are often part of PCD, it cannot be 

stated that all cases of PCD show apoptotic features [28, 29].  

In the vertebrate nervous system, approximately half of the neurons formed by neurogenesis 

die by apoptosis during embryonic and early postnatal development [30]. PCD is an 

important part of the process by which appropriate connections are made between neurons 

and their targets [31]. The formation of appropriate connection may give a survival signal 

that suppresses the intrinsic death program in neurons (trophic theory) and thereby ensures 

correct development [32-34]. In the adult nervous system apoptosis appears to contribute to 

the accidental loss of neurons observed in cerebral ischemia [35, 36] and a plethora of 

chronic neurodegenerative diseases [37, 38]. 

 

1.1.5 Phases of apoptosis 
An enormously high variety of different signals lead to the similar characteristics of 

apoptosis. The ability of cell to undergo apoptosis in response to death signals may be also 

related to its cellular environment, the differentiation state, and controlled expression of 

genes that affect the death program. However, once initiated, the cascade of events by which 

apoptosis proceeds is largely stereotypic and may entail common mechanisms. Apoptosis 
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may progress though three distinct stages (see also [39]): induction, during which cells 

receive death signals and become irreversibly committed to death; execution phase, during 

which the major structural changes occur; and finally degradation, when apoptotic cells are 

engulfed by phagocytes. The characteristic process upon apoptosis induction leads to the 

suggestion that cells may have a conserved cell execution machinery. That all mammalian 

cells can undergo apoptosis independent of their developmental stage and constitutively 

express the proteins that seems to be required for apoptosis supported the existence of a death 

execution apparatus [40, 41]. 

 

1.1.6 In search for a conserved execution machinery: cell death in C. 

elegans 
Much of the knowledge of the apoptotic death machinery in mammals comes from studies on 

the nematode Caenorhabditis elegans. Three gene products, CED-3, CED-4 and CED-9 

(CED, cell-death abnormal), are the major players in PCD in C. elegans. Worms lacking 

either CED-3 or CED-4 or both contain at birth 131 superfluous cells, indicating that these 

gene products are required for the killing process [42, 43]. CED-9 by contrast, is a negative 

regulator of PCD. A gain-of-function mutation in this gene prevents death, whereas a loss-of-

function mutation in ced-9 causes embryonic lethality [44]. CED-3 is a cysteine protease 

(caspase). CED-4 binds to CED-3 and promotes CED-3 activation, whereas CED-9 binds to 

the CED-4 and prevents it from activating CED-3. Death stimuli cause CED-9 dissociation, 

allowing CED-3 activation and thereby committing cell to PCD [45-48].  

Mammalian counterparts of the C. elegans core death machinery have been discovered and 

shown to be involved in apoptosis. Mammalian caspases are similar to CED-3 [49, 50]. Apaf-

1, a caspase activator, is similar to the CED-4 [51-53]. And the products of the mammalian 

bcl-2 gene family, are related to CED-9, but include two subgroups of proteins that either 

inhibit or promote apoptosis [54].  
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1.2 Key players in apoptosis 
 

1.2.1 Caspases: effectors of apoptosis 
The finding that death-related genes, that express caspases are involved in cell death in 

genetically distant organisms has directed the attention on the central role of this protease 

family in the signaling and degradation processes during apoptotic cell death.  

Caspases, formerly known as interleukin-1β-converting (ICE)-like proteases, are a family of 

cysteine proteases, which cleave their substrates preferentially after aspartate residues [55]. 

Caspases are constitutively expressed in mammals, similar to ced-3 in C. elegans. To date, 14 

mammalian caspases (caspase-1 to -14) have been identified. 

Caspases are expressed as inactive proenzymes and proteolytically activated to form active 

tetramers. The proenzyme has a N-terminal prodomain followed by a region that contains a 

small and a large subunit with the catalytic domain. For activation, caspases are processed 

proteolytically at specific aspartate residues in between the domains, followed by 

heterodimerization of the large and the small subunit. Two heterodimers associate to form an 

active tetramer with two catalytic sites [56]. Caspases can be subdivided structurally (for 

review see [57]) depending whether they have short prodomains (caspase-3, -6, -7, and -14) 

or long prodomains.  

A recent classification divides them in three different groups based on their tetrapeptide 

recognition sequence (see Table 1): WEHDases (group I), DEXDases (group II), and 

(IVL)EXDases (group III). Caspases participate in signaling of apoptosis and in execution of 

apoptosis, with the exception of WEHDases (caspase-1, -4, -5, -11, and -13), which are 

implicated in cytokine processing and inflammatory processes. Initiator caspases, i.e. 

caspase-6, -8, -9 and -10, generally have long prodomains and a substrate specificity at the 

maturation site of most initiator and executor caspases. This enables group III caspases to 

autoproteolytically amplify their activation, and to exert regulatory roles by activating 

downstream executor caspases. Executor group II caspases (caspase-2, -3, and -7) have a 

preferred cleavage motif that appears in many proteins cleaved during cell death (for review 

see [58-60]). At the present, there are insufficient data available to enable caspase-12 and -14 

to be categorized. In terms of its structure, caspase-12 appears to be related to the cytokine 

processing WEHDases [61], although it has been recently reported to mediate apoptosis in 

some systems [62]. Clearly, caspase-14 is more related to the caspases of group II and III [63, 

64]. 
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Table 1: Specificity, property, and proposed biological function for caspases 

specificity group recognition sequence proposed role 

group I WEHD inflammation 

caspase-1 WEHD  

caspase-4 (W/L)EHD  

caspase-5 (W/L)EHD maturation of cytokines 

caspase-11 c ?  

caspase-13 d ?  

group II DEXD apoptosis execution 

CED-3 DETD  

caspase-2 DEHD/VDVAD a cleavage of DXXD substrates 

caspase-3 DEVD  

caspase-7 DEVD  

group III (IVL)EXD apoptosis signaling 

caspase-6 VEHD  

caspase-8 LETD activation of group II caspases 

caspase-9 LEHD  

                         caspase-10 LEXD b  

Adapted from Nicholson and Thornberry, 1997 [59] with preferred substrate specificity reported by Thornberry 

et al., 1997 [65]. a Preferred substrate specificity reported by Talanian et al., 1997 [66]. b Preferred substrate 

specificity reported by Garcia-Calvo et al., 1999 [67]. c Supplemented from Van de Craen et al., 1997 [61] and 

Wang et al., 1998 [68]. d Supplemented from Humke et al., 1998 [69] and Nicholson 1999 [60]. ?, unknown. 

 

1.2.1.1 Activation of caspases 

Initiator caspases are activated by recruitment activation. Large prodomains of procaspases 

contain sequence motifs that are homologous to motifs present in a number of cytoplasmic 

signaling molecules [53, 70, 71]. These motifs are called caspase recruitment domain 

(CARD) or death effector domain (DED). The following mechanisms of caspase activation 

are known: 

(I) Caspase activation mediated by death receptors involves formation of the death-inducing 

signaling complex (DISC), that contains the death receptor, adapter proteins and procaspase. 

To date, five death receptors are known (for review see [72]). For instance, ligation and 

oligomerization of CD95 (also called APO-1 or Fas) results in recruitment of adapter protein 

FADD to the cytoplasmic death domains (DD) of the receptor. Through an interaction of 

their DEDs procaspase-8 binds to FADD [70, 73, 74]. Upon recruitment by FADD, 

oligomerization of procaspase-8 drives its activation through autoproteolysis [75, 76]. 
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(II) Caspase activation mediated by other death stimuli involves the formation of the 

apoptosome, a complex consisting of mitochondrial protein cytochrome c, cytosolic factor 

Apaf-1 and procaspase-9 [53, 77]. Apaf-1 has three functional domains, one CARD, a CED-4 

homology domain, and a long WD-40 repeat domain. Binding of Apaf-1 to cytochrome c 

leads to Apaf-1 oligomerization and exposure of its CARD [78, 79]. Procaspase-9 binds 

through an interaction of their CARDs with the Apaf-1 complex, resulting in oligomerization 

and autoactivation of procaspase-9 [80]. The WD-40 repeats may be responsible for the later 

dissociation of active caspase-9 from the complex [81]. The apoptosome requires dATP or 

ATP for its activation [39, 77, 82, 83].  

Once activated, caspase-8 or caspase-9 directly cleave executor caspases such as caspase-2, -

3, and -7, triggering a cascade of caspase activation. Executor caspases can amplify their own 

activation by autocatalysis and activate other caspases, including the feedback activation of 

initiator caspases. Depending on the initiation pathway, caspase-9 or caspase-8 may also be 

activated downstream of execution caspases [84-86].  

Additional mechanisms by which caspases are activated involve proteolytic activity of other 

proteases. One example is provided by the serine protease granzyme B, involved in cell 

killing by cytotoxic lymphocytes which can activate initiator as well as execution caspases 

[87].  

 

1.2.1.2 Regulation of caspase activation 

Regulation of procaspase activation seems to be provided by different classes of proteins. At 

the level of the apoptosome, one example of negative regulators are proteins from the 

inhibitor of apoptosis (IAP) family. IAPs are reported to bind to procaspase-9, preventing its 

autocatalytic processing in the apoptosome and thereby inhibiting downstream caspase 

activation [88]. Recently, a negative regulator of IAPs in mammals was discovered. The 

mitochondrial intermembrane protein DIABLO (direct IAP binding protein with low 

pI)/Smac (second mitochondria-derived activator of caspases) is released from mitochondria 

into the cytoplasm, eventually together with cytochrome c and eliminates the inhibitory effect 

of IAPs [89, 90].  

More recently, heat-shock proteins were proposed as further negative regulators at the level 

of the apoptosome, by usurping either Apaf-1 or released cytochrome c thereby preventing 

processing of procaspase-9 [91-95].  
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Compartmentalization of caspases and their interacting factors is likely to be another way of 

regulating caspase activation (for review see [96]). Most procaspases are localized in the 

cytoplasm, where both apoptosome- and receptor-mediated caspase activation takes place. 

However, recent data show that proforms of caspase-2, -3, and -9 are also located in the 

mitochondria [97, 98], caspase-2 in addition also in the nucleus and at the Golgi complex 

[99] and caspase-12 is predominately located at the endoplasmic reticulum [62]. This 

suggests that translocation of these proteins during apoptosis may be another mechanism 

regulating caspase activation [98, 100, 101].  

 

1.2.1.3 Inhibition and knockout of caspases 

The role of caspases in mammalian apoptosis has been investigated using different 

approaches: (i) targeted gene disruption; (ii) inhibition of caspases with endogenous or viral 

inhibitory proteins; and (iii) pharmacological inhibition of caspases by peptide inhibitors. 

Gene knockout experiments have revealed that different members of the caspase family are 

important for execution of apoptosis in different cell types at different developmental stages 

(for review see [102]). For instance, targeted disruption of murine genes encoding for 

caspase-9 [103, 104] or caspase-3 [105, 106] results in prenatal or perinatal death of 

homozygous null animals, which exhibit prominent overgrowth of neuronal structures. Equal 

defects are observed in Apaf-1 knockouts [107, 108]. Similarly, mice deficient for 

cytochrome c [109] die early during embryogenesis, supporting that the caspase-9/caspase-3 

pathway is required for neuronal apoptosis during development. Furthermore, inhibition of 

caspases by viral or synthetic caspase inhibitors can block or at least reduce morphological 

changes associated with apoptosis in a number of experimental systems [110-112]. In vivo, in 

different animal models caspase inhibitors proved to be effective in blocking apoptosis, e.g. 

in cerebral ischemia [113, 114] and inflammatory liver damage [115].  

Products of viral and cellular genes can directly interact with active caspases: (i) the cowpox 

virus serpin crmA (pseudosubstrate residue: LVAD) is reported as selective for group I and 

III caspases [116, 117]; (ii) baculovirus protein p35 acts as broad spectrum caspase inhibitor 

(pseudosubstrate residue: DQMD) [118, 119]; and (iii) members of the IAP superfamily are 

inhibitors for group II caspases [120-122] additional to their control of procaspase-9 

activation [88]. 

Synthetic peptide inhibitors act as pseudosubstrate and the inhibition mechanism is 

determined by the chemical groups to which the peptide is linked [117, 123]. Halomethyl 
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ketone groups form a thiomethyl ketone with the active side cysteine, resulting in irreversible 

caspase inactivation [124]. Peptides linked to aldehyde groups act as reversible inhibitors 

with poor membrane permeability. Caspase inhibitors are very potent and selective in vitro 

(inhibitory constants: 10–10 to 10–8 M), but require 1000 fold higher concentrations to raise 

effective inhibition in cells [117]. However, halomethyl ketone inhibitors may not be entirely 

specific for caspases at concentrations generally used in cell culture to demonstrate the 

involvement of caspases. Due to the high reactivity of halomethyl ketone groups, caspase 

inhibitors can also block noncaspase proteases [125]. Therefore, interpretations supporting 

the exclusive role of caspases in apoptosis based on caspase inhibitors alone might be 

complicated. 

 

1.2.1.4 Execution of apoptosis by caspases 

Based on studies with caspase deficient cells or caspase inhibition it is generally assumed that 

execution caspases play a major role in the formation of typical morphological and 

biochemical changes during apoptosis, through proteolytically cleaving various cellular 

targets (for review see [8, 59, 60]). Caspase substrates include proteins involved in cell 

structure, signaling, cell cycle control and DNA repair among others. In most cases, caspase-

mediated cleavage results in inactivation of target proteins. But caspases can also activate 

proteins, either directly by cleaving off a negative regulatory domain, or indirectly by 

inactivating a regulatory subunit. To date, close to 100 proteins have been found to undergo 

caspase-dependent cleavage during apoptosis, but in most cases, the relationship of their 

cleavage to apoptosis is still unknown (for review see [126-128]). Several examples are 

known, where caspase-mediated target cleavage is involved in cellular changes that occur 

during apoptosis: 

Caspases can contribute to the formation of apoptotic features through direct disassembly of 

cell structures, for instance by the destruction of the nuclear lamina which is involved in 

chromatin organization. Cleavage of nuclear lamins [129, 130] results in shrinkage, 

disassembling, and budding of the nucleus [131-133]. Loss of the overall cell shape may 

caused by cleavage of other structural proteins such as fodrin [134, 135] and gelsolin [136, 

137]. Degradation of cytoskeletal protein gelsolin is associated with cell rounding and plasma 

membrane blebbing [136]. Further, caspase-mediated cleavage of focal adhesion kinase 

(FAK) and p21-activated kinase 2 (PAK2) results in activation or inactivation of these 

kinases which seems to mediate the active blebbing observed in apoptotic cells [138, 139].  
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An apoptotic feature that may entirely depend on caspase activation, especially on caspase-3, 

is DNA degradation into oligonucleosomal fragments [140]. The nuclease that is responsible 

for oligonucleosomal DNA fragmentation, named CAD (caspase-activated DNase)/DFF40 

(DNA fragmentation factor)/CPAN (caspase-activated nuclease), preexists in living cells in 

the cytoplasm as an inactive complex with an inhibitory subunit called ICAD (inhibitor of 

caspase-activated DNase)/DFF45 [141-144]. Activation of CAD occurs by means of caspase-

3-mediated cleavage of the inhibitory subunit, resulting in the release and activation of the 

catalytic subunit, which enters the nucleus to catalyze oligonucleosomal DNA fragmentation 

[141-146]. 

 

1.2.2 Mitochondrion: initiator and effector of apoptosis 
Mitochondria act as sensors and integrators of a large variety of death and survival signals. 

These organelles have gained first importance in apoptotic process with the findings that the 

mammalian CED-9 homologue Bcl-2 is located in mitochondrial membranes [147], and that 

reactive oxygen species generated in mitochondria may play a role in apoptosis signaling 

[148]. In contrast to early descriptions indicating that mitochondria stayed morphologically 

intact in apoptosis [1, 2], recent observations point out various morphological and 

biochemical alterations in these organelles during the induction phase of apoptosis [149]. 

Emerging evidence indicates that these changes are not simply bystanders of the death 

program, but rather active participants in the cell death pathway (for review see [150]. 

As an early apoptotic events, loss of the mitochondrial membrane potential (∆Ψ) and 

mitochondrial dysfunction (i.e. disruption of electron transport, oxidative phosphorylation, 

and mitochondrial ATP production) can occur [151-153]. Loss of ∆Ψ and mitochondrial 

dysfunction may either trigger or follow opening of the mitochondrial permeability transition 

pore (PTP) (for review see [154, 155]). The PTP is a putative highly regulated ion channel 

located between the inner and outer mitochondrial membrane [156]. Opening of the PTP 

increases the permeability of certain ions across the mitochondrial membrane, resulting in 

mitochondrial swelling and rupture of the mitochondrial outer membrane [157]. Thereby, 

opening of the PTP may cause irreversible ultrastructure alterations of mitochondria [158] 

and allows the passive release of mitochondrial proteins [159, 160]. Proapoptotic proteins 

that are released from the mitochondrial intermembrane space into the cytoplasm include 

cytochrome c [82], caspases [98] and apoptosis inducing factor (AIF) [159].  
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The mitochondrial protein AIF is released upon PTP opening into the cytoplasm [9]. 

Released AIF translocates to the nucleus and causes partial chromatin condensation and high 

molecular weight DNA fragmentation in a caspase independent manner [161-164]. 

Additional, AIF suffices to cause other apoptotic changes such as phosphatidylserine 

exposure when microinjected in healthy cells (for review see [165]). Since all these apoptotic 

alterations were independent of caspase activation, AIF release may represent an alternative 

mitochondrial and phylogenetic old execution system. 

On the other hand, cytochrome c release links mitochondrial death sensors to caspase 

activation. Translocation of cytochrome c can occur either via PTP opening [158, 166] or in 

absence of changes in mitochondrial permeability [167-169]. When cytochrome c release is 

accompanied with irreversible mitochondrial changes, death commitment may occur at the 

mitochondrial level. In contrast, in some neuronal systems, cytochrome c is released by 

reversible mitochondrial changes [170] and under these conditions death commitment may be 

commensurate with events downstream to mitochondria [171]. Therefore, inhibition of these 

downstream events can promote cell survival in some systems [170, 172, 173]. 

Given the conspicuous changes associated with mitochondria during apoptosis and the fact 

that many of the Bcl-2 family members are localized at this organelle, it has been proposed 

that mitochondria, rather than caspases, are the central effectors of mammalian apoptotic 

events [174]. Many of the mitochondrial changes are accompanied by loss of normal 

mitochondrial function, and regarded as irreversible [150]. Inhibition of events downstream 

to the mitochondria such as caspases does not always protect from cell demise induced by 

proapoptotic stimuli, but rather changes the mode of cell death to necrosis [175-178]. 

 

1.2.2.1 Bcl-2 family members in apoptosis 

Members of the Bcl-2 family are important regulators involved in the life-death-decision (for 

review see [179, 180]). The continuously expanding family consists of antiapoptotic (e.g. 

Bcl-2, Bcl-xL) and proapoptotic (Bax, Bid) proteins that all posses at least one of the four 

conserved motifs known as Bcl-2 homology (BH) domain. These motifs enable the different 

members of the family to form either homo- or heterodimers and to regulate each other [181, 

182]. Most of the Bcl-2 family proteins are targeted predominantly to the outer membrane of 

mitochondria [183] and seem to act primarily on mitochondria [184]. 
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Antiapoptotic Bcl-2 or Bcl-xL prevent mitochondrial cytochrome c, caspase activation and 

cell death in many cell types subjected to various apoptotic stimuli [157, 167, 168]. 

Furthermore, Bcl-2 and Bcl-xL have been implicated in the protection of mitochondrial 

integrity by stabilizing ∆Ψ [185] and inhibition of PTP [186]. Bcl-2 can inhibit the release of 

other proapoptotic proteins such as AIF [159] and caspases [98, 100] from mitochondria, 

suggesting that Bcl-2 prevents cell death by acting upstream of or directly at the central death 

executor. 

The proapoptotic Bax mediates apoptotic signals into mitochondria. Bax translocates to 

mitochondria followed by oligomerization and insertion into the outer mitochondrial 

membrane [187]. Then, Bax triggers cytochrome c release and loss of ∆Ψ [188], which can 

be prevented by Bcl-2 or Bcl-xL [189-191]. Bax is sufficient to induce mitochondrial damage 

and cell death in the absence of caspase activation [192]. On the other hand, the proapoptotic 

Bid requires caspase activation to mediate apoptotic signals to mitochondria. Upon cleavage 

by caspase-8, truncated Bid translocates to the mitochondria, where it can induce cytochrome 

c release [193-195]. 

Additional, it has been reported that antiapoptotic proteins can act downstream of 

mitochondrial cytochrome c release [181, 196]. It has been proposed that Bcl-xL [197, 198] 

and antiapoptotic Boo (Diva) [199, 200] might interact with Apaf-1 and prevent it from 

activating procaspase-9. However, these assumptions are very controversial [201-203]. 

1.2.3 ATP requirement in signaling and execution of apoptosis  

The apoptotic program involves energy-requiring steps, and ATP is the main cellular energy 

substrate. ATP can be generated in mitochondria by oxidative phosphorylation and in the 

cytoplasm by glycolysis. Mitochondrial ATP production may be impaired during apoptosis 

due to mitochondrial dysfunction, but even then the intracellular ATP concentration can be 

maintained, presumably by increased glycolytic activity or metabolic arrest at least during 

early stages of apoptosis [15, 204].  

One ATP requiring step is the formation of the apoptosome. Together which cytochrome c 

ATP is needed for activation of procaspase-9. Accordingly, cellular ATP depletion frequently 

prevented activation of execution caspases downstream to cytochrome c release. It has been 

shown that apoptosis of tumor cells is blocked when cellular ATP is depleted by 50-70% 

Lymphoid cells exposed to apoptotic stimuli underwent classical apoptotic changes when 
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they produced either mitochondrial or glycolytic ATP. However, when ATP generation was 

blocked, none of these apoptotic stimuli induced chromatin condensation, lamin cleavage, 

DNA fragmentation, or phosphatidylserine exposure [205, 206]. Nonetheless, cells died with 

necrotic appearance and were not ingested by macrophages before cell lysis occurred [207]. 

In agreement with the above mentioned findings is that oxidant-induced necrosis in 

endothelial cells was converted to apoptosis when metabolic support increased the cellular 

ATP production [208]. However, when apoptosome-independent activation of executor 

caspases takes place, ATP depletion may have no effect at all on executor caspases [209] or 

on cell death [210].  

Additional, other apoptotic programs may depend on sufficient ATP, for instance, gene 

induction [211] or active translocation such as death receptor internalization. Accordingly, 

ATP depletion can block apoptotic steps upstream of mitochondrial cytochrome c release in 

some models [212-214]. In mice, acute apoptotic liver damage induced by tumor necrosis 

factor was entirely inhibited by hepatical ATP depletion, and mice survived otherwise lethal 

organ failure [214]. In such cases, when apoptosis is blocked upstream of the death 

commitment, e.g. when both mitochondrial damage and caspase activation are prevented 

cells may escape death at all and survive.  

The implications for ATP requirement in neuronal apoptosis are not so clear. For instance, in 

neuronal cultures exposed to substances that trigger both ATP depletion and cell death, 

neurons that maintained an adequate cellular energy charge died by apoptosis, while neurons 

with severe ATP loss died by necrosis [19, 215]. Thus, the intracellular ATP concentration 

may decide whether a neuron dies by apoptosis or necrosis. Since necrotic death is 

accompanied by further damage to neighboring cells, the implication of energy deprivation 

for the final decision to apoptosis or necrosis may be particularly relevant in the nervous 

system.  
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1.2.4 Noncaspase proteases: alternative execution of apoptosis 

1.2.4.1 Examples for caspase-independent cell death 

Caspase activation is a critical determinant of apoptosis [216], but this does not necessarily 

imply that caspase activation is the sole determinant of life or death decisions. For instance, 

removal of the interdigital web and negative selection in the thymus occurs independent of 

caspase activation in vivo [217, 218]. In many experimental models, death commitment is 

upstream of caspase activation (e.g. irreversible mitochondrial changes), and inhibition of 

caspases may prevent apoptotic features, but does not prevent cell death at all. Accordingly, 

frequently cytolysis and mitochondrial membrane permeabilization have been observed in 

vitro despite the presence of board spectrum caspase inhibitors, although these compounds 

blocked oligonucleosomal DNA fragmentation, chromatin condensation and other apoptotic 

features [175, 219-226]. Furthermore, PCD can occur without caspase activation at all [227-

230], and in these models caspase inhibition has no cytoprotective effect. Also in some 

neuronal models, caspase inhibition prevented apoptosis but did not rescue neurons from 

demise [231-234]. Altogether, these observations strongly argue for the existence of caspase-

independent cell death, mostly described with necrotic or non-apoptotic morphology (for 

review see [24]).  

1.2.4.2 Examples for caspase-independent apoptosis 

An increasing number of studies (for review see [235]) suggests that caspase-independent 

cell death can also occur with apoptotic morphology and questions whether caspases are the 

sole determinates of apoptosis [192, 218, 236-248]. Cells undergoing death either in systems 

where caspases are blocked or in models that do not require caspase activation at all display 

typical apoptotic features such as cellular and nuclear shrinkage, partial or advanced 

chromatin condensation, nuclear fragmentation, oligonucleosomal or high molecular weight 

DNA fragmentation, loss of ∆Ψ, plasma membrane blebbing, and PS exposure (see Table 2). 
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Table 2: Examples of caspase-independent apoptosis 

apoptotic stimuli  
and reference 

cell 
shrinkage 

chromatin 
condensation 

DNA 
fragmentation 

∆Ψ loss   membrane 
blebbing 

PS exposure 

adenovirus death 
factor E4orf4 [239] 

+ advanced oligo-
nucleosomal 

+ + + 

ubiquitin pathway 
inhibition [243] 

+ + oligo-
nucleosomal 

? + ? 

growth suppression 
[246] 

+ ? + + ? + 

heat shock protein 
antisense [244] 

+ partial ? ? ? ? 

growth factor 
withdrawal [237] 

+ + + + ? + 

anti-CD2 or 
staurosporine [238] 

+ partial - + ? + 

dexamethasone [236] + partial large scale + ? ? 

DNA damage or Bak 
expression [219] 

+ partial - ? + - 

Bax expression [192] + partial - + + ? 

In the upper part of the table studies are presented where apoptotic stimulation was independent of caspase 

activation, neither execution caspase activity nor activation was observed, and board spectrum caspase 

inhibitors did not alter apoptosis. In the lower part, studies are presented where initial apoptosis stimulation was 

caspase dependent, and caspase inhibition (mostly by board spectrum caspase inhibitor zVAD-fmk) prevented 

caspase activation, but did not rescued cells from undergoing apoptotic death. +, observed, -, not observed, ?, 

unknown. 

 

1.2.4.3 Noncaspase proteases in execution of apoptosis  

All these findings imply the existence of essential cell death molecules other than the known 

caspases. One candidate is the mitochondrial factor AIF, which can induce apoptotic changes 

such as partial chromatin condensation, high molecular weight DNA fragmentation and PS 

exposure in a caspase-independent manner (for review see [165]). AIF may function as an 

alternative execution system in apoptosis. Furthermore, noncaspase proteases may take over 

apoptosis execution. Protease families such as calpains, cathepsins, serine proteases and the 

proteasome (for review see [249, 250]) have been frequently implicated in apoptosis.  

Serine proteases An early report has suggested that serine proteases can trigger apoptotic 

changes when they are injected into the cell [251]. In addition serine proteases play a crucial 
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role in the early cleavage of chromatin into high molecular weight DNA fragments [252]. 

Serine proteases are proposed to be involved in regulating neuronal cell death during 

development, since serine protease inhibitor rescued motorneurons during PCD and from 

axotomy-induced cell death [253]. Another crucial serine protease is AP24, its specific 

inhibition confers better protection against apoptosis than caspase inhibition [254]. 

Furthermore, it has been postulated that the serine protease granzyme B may mediate 

caspase-independent target cell lysis as serine protease inhibitors but not caspase inhibitors 

blocked this event [221, 255].  

Calpains Other strong candidates for execution of caspase-independent apoptosis are 

calpains. Calpains belong, together with cathepsins, to the papain family of cysteine 

proteases. Based on inhibitor studies, calpains are involved in apoptosis in immune and 

neuronal cells [256-259]. Calpains are known to cleave cytoskeletal proteins such as fodrin 

and actin, eventually disrupting the cytoskeletal network, and allow persistent membrane 

blebbing seen in caspase-independent apoptosis [260, 261]. Since calpains require Ca2+ for 

their activation, they may be activated in response to elevated intracellular Ca2+ 

concentration, for example due to mitochondrial damage or excitotoxicity [262]. Therefore, 

participation of both calpains and caspases in apoptosis has been proposed for some models 

[260, 263-268] and recently, it has been reported that activated calpains negatively regulate 

caspase activation [269-271], leading to caspase-independent apoptosis [269]. 

Cathepsins Cathepsins are predominantly localized to the lysosomes and are mainly required 

for the housekeeping function in protein turnover in cells. An elevation of autophagic 

lysosome activity is observed during PCD in metamorphosis [26] and there is clear evidence 

for cathepsin D and B involvement in apoptosis [272-274]. During apoptosis cathepsin D is 

processed into a proteolytic active, single chain form and itself provokes apoptosis when 

overexpressed. However, it is unknown whether its proapoptotic action is within the 

lysosomal system or whether it is released into the cytoplasm [272].  

Proteasome Dysregulation of proteolysis may be a general mechanism in cell death, and 

intracellular deposition of misfolded proteins was reported as powerful stimulus for protease 

activation [275]. An important non-lysosomal pathway for the degradation of most cellular 

proteins consists of the 26S proteasome. This conserved multicatalytic proteolytic complex 

plays a critical role in the ubiquitin-proteasome-dependent proteolytic pathway and consists 

of trypsin-like, chymotrysin-like and peptidylglutamyl-peptide hydrolyzing activities that all 

can be inhibited by the recently discovered Strepomyces metabolite lactacystin [276]. The 
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inhibition of the proteasome is implicated either in promotion or prevention of apoptosis (for 

review see [249]). In most cases, proteasome inhibition mediates apoptosis in cell lines, while 

it blocks apoptosis in primary cell culture, suggesting that the differentiated, non-dividing 

status of primary cells is an important determinant, and that apoptosis is only induced in 

actively proliferating cells. Nevertheless, proteasome inhibitors induce apoptosis in a variety 

of cells (for review see [249]) which can occur in either caspase-dependent [277] or caspase-

independent [278] fashion. Defects in the ubiquitin-proteasome pathway has been reported to 

activate caspase-independent apoptosis as well [243]. Vice versa, based on inhibitor studies, 

the proteasome is critically involved in apoptosis in immune cells [279, 280] and neurons 

[281, 282], acting upstream at a premitochondrial or precaspase stage of apoptosis. One 

possible explanation might be that the proteasome is involved in the degradation of 

antiapoptotic proteins such as IAPs and that proteasome inhibitors prevent apoptosis by 

blocking degradation of these antiapoptotic molecules [283]. This form of apoptosis would 

be partially dependent on caspases. On the other hand, the proteasome may have a caspase-

like activity itself [284], supporting a caspase-independent apoptosis execution. 

 

1.3 Neurodegeneration: pathogenesis and cell models 
Most of the known and conserved mechanisms of cell death seem to apply to neurons just as 

to any other cell. For instance, neurons deprived of growth factors undergo apoptosis with 

classical morphological and biochemical characteristics [285, 286]. However, to understand 

the pathology in neurodegeneration, specific morphological features of neurons are important 

to consider. Neurons are highly differentiated cells with parts of the cytoplasm and plasma 

membrane often located far away from the nucleus. This makes neurons particularly 

dependent on the function of cytoskeletal structures and intracellular transport. Processes 

associated with the death of the whole cell in other cell types may take place locally in 

neuronal axons, millimeters away from the cell body. E.g. intracellular Ca2+ concentration are 

increased locally following an injury [287], proteases are activated locally [288-290], and 

cytoskeletal changes have been described in localized axonal damage [291]. In this line, 

death of the corresponding cell soma occurs under conditions of complete axotomy [292-

294]. Mostly, axonal alterations may not necessarily cause immediate cell death of the 

neuron, but rather contribute to slow degeneration and axonopathy as frequently seen in 

disorders of the central nervous system [295].  
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1.3.1 Protein misfolding: trigger in neurodegeneration? 
Neurodegenerative diseases such as Alzheimer’s disease (AD), Huntington’s disease (HD), 

Parkinson’s disease (PD), prion encephalopathies, and amyotrophic lateral sclerosis (ALS) 

are progressive disorders of the human central or peripheral nervous system, mostly with 

slow and age-related onset. They are characterized by severe neurological defects such as 

cognitive, psychiatric and motor disturbances or fatal paralysis (for review see [36, 296]).  

Some inherited neurodegenerative disorders, as e.g. HD, are caused by polyglutamine 

expansions in the respective disease-related protein. In HD, this is a dominant novel toxic 

property of the mutant protein huntingtin containing expanded polyglutamine repeats (for 

review see [297]). In contrast to this monogenic disease, the molecular basis of the primary 

insult in other neurodegenerative diseases (e.g., PD, AD, and ALS) has remained elusive. 

Most likely the initial trigger includes non-lethal alterations that make neurons more 

susceptible to further damage. These alterations may be associated with defects in 

mitochondrial or nuclear genomes, in antioxidant defense systems, an increased generation of 

reactive oxygen species, or alterations in sorting, folding or processing of proteins (for 

review see [36]). In studies on several familial forms of these disorders different mutated 

proteins have been identified that are associated with the inherited disease forms (e.g., AD: 

β-amyloid precursor protein, presenilin 1 and 2; ALS: superoxide dismutase 1; PD: α-

synuclein and Parkin proteins) (for review see [296, 298, 299]). Despite identification of 

mutated proteins responsible for certain inherited neurodegenerative disorders it is still 

unresolved how these altered proteins lead to the degeneration of affected neurons. The 

miscreant proteins are widely expressed in virtually all neurons of the nervous system, but in 

each disease distinct classes of neurons are vulnerable and undergo degeneration (for review 

see [300]).  

All of the neurodegenerative diseases mentioned above are characterized by an accumulation 

of proteins either outside or within the cell [301]. These accumulation are mostly formed by 

proteins aggregates that are usually difficult to unfold or degrade [275]. For instance, in HD, 

intranuclear inclusions are ubiquitinated aggregates formed by the mutated huntingtin with 

polyglutamine expansion (for review see [302]). In PD, intracellular inclusions, called Lewy 

bodies, consist of abnormally phosphorylated and ubiquitinated neurofilaments and α-

synuclein (for review see [299]). In AD, extracellular deposits, called β-amyloid plaques, 

mainly consist of aggregated β-amyloid peptide, and intracellular inclusions, called 
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neurofibrillary tangles, mainly consist of hyperphosphorylated tau protein (for review see 

[303]).  

The potentially pathogenic consequence of the accumulation of misfolded proteins include 

alterations of axonal transport, cytoskeletal damage, and finally loss of connectivity with 

target cells. Dysfunctional and degenerating neurons are conspicuous features in many 

neurodegenerative diseases [295], and the abnormalities of the neuronal cytoskeleton may 

result in the death of the affected neurons.  

 

1.3.2 Apoptosis in neurodegeneration 

There is increasing evidence that apoptosis may be involved in the elimination of neurons 

under neurodegenerative conditions in many animal models and human diseases. Apoptosis 

has been detected in tissue sections of brains from HD and AD patients [304-308]. In 

transgenic mice expressing mutated huntingtin or mutated β-amyloid precursor protein 

neurodegeneration and apoptotic cell death was observed [309-311]. Furthermore, in an ALS 

model apoptotic cell death has been reported [312]. In cultured neurons apoptotic features are 

elicited by β-amyloid or prion proteins, or by expressing mutated huntingtin [313-317]. 

Despite evidence for apoptosis in neurodegeneration it is still unclear whether apoptosis is 

the consequence of permanent neuronal insults inflicted by the disease, or whether the 

disease is directly involved in activating the apoptotic program.  

 

1.3.2.1 Are caspases involved in the pathogenesis of neurodegeneration? 

Recent results propose a role for caspases in neurodegenerative disease progression. The 

proteins implicated in neurodegeneration such as mutated huntingtin, β-amyloid precursor 

protein, presenilin 1 and 2 can be cleaved by caspases [318-322] and upon cleavage, 

truncated huntingtin and truncated β-amyloid precursor protein lead to accelerated 

aggregation [318, 323-325]. Aggregations containing huntingtin polyglutamine expansions 

may function as death filaments [326]. FADD is recruited to these aggregations and then 

caspase-8 is activated on this complex, suggesting that intracellular inclusions composed of 

huntingtin polyglutamine repeats directly can induce apoptosis by catalyzing caspase 

activation [327].  

When neurons undergo apoptosis upon inclusion-induced caspase activation inhibition either 

of inclusion formation or caspases should be protective. But conditions that suppress 

inclusion formation result in increased apoptosis, suggesting that the formation of inclusions 
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might be a form of cellular defense [315]. Furthermore, caspase inhibition has minor effects 

on disease progression or cell death in different HD models [314, 328-330], although in 

transgenic mice overexpressing mutated huntingtin symptomatic onset was delayed either by 

dominant negative caspase-1 or caspase inhibition [331]. Thus, caspase activation is 

associated with neurodegeneration, but the causal involvement of caspases to the 

pathogenesis of neurodegeneration remains unclear. 

 

1.3.2.2 Pathogenesis independent of neuronal loss 

Despite the evidence that apoptosis takes part in the neurodegenerative process, it is unsolved 

whether the onset of symptoms and pathological manifestations are due to neuronal loss or 

rather due to a preceding functional neuronal damage [332-334]. Recent findings suggest that 

the pathogenesis of chronic neurodegenerative diseases such as AD and HD may be 

independent from neuronal loss, at least in early stages. For instance, in AD, neurons initially 

undergo cytoskeletal changes, lose dendritic projections, until only the cell bodies seem to be 

left at late stages [335]. Postmortem studies show that HD patients developed psychiatric and 

motor symptoms in the absence of overt neuronal cell loss (for review see [336]). Further 

support that dysfunction precedes neuronal loss came from different animal models of AD 

and HD. In transgenic mice overexpressing mutated huntingtin or β-amyloid precursor 

protein, deficits in synaptic activity or motor alterations are observed prior to any major 

pathological evidence of cell death [337-339].  

All these findings suggests a multistep model of pathogenesis in neurodegeneration 

characterized by at least three phases: an early and long lasting period of neuronal 

dysfunction, followed by a period of degeneration with loss of neurites and axons, and a later 

period of neuronal death often associated with apoptotic features. 

 

1.3.3 Cell models: chemical-induced neurodegeneration 

1.3.3.1 Structure of the cytoskeleton: microtubules 

The cytoskeleton consists of microtubules, actin, and intermediate filaments. In concert with 

these structures, microtubules establish and maintain the overall architecture of the cytoplasm 

and thereby comprise a major determinant of the overall cell shape. In neurons, the orientated 

microtubule arrays in axons serve as tracks along which vesicles and organelles are 

translocated from the cell center to the periphery and back again [340, 341]. In addition, 

microtubules are the major components of eukaryotic flagella and cilia and the mitotic 
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spindle. Microtubules, assembled primarily from heterodimers of α- and β-tubulin and 

associated proteins, are hollow cylindrical polymers that are organized in a polar fashion with 

a plus (fast-growing) end and a minus end (slow-growing) [342]. Microtubule function 

requires the dynamic process of assembly and disassembly of tubulin dimers at the different 

ends of the microtubule [343, 344], and disturbances in either way leads to dysfunction and 

alteration of the normal cell architecture. 

 

1.3.3.2 Microtubule-interfering agents  

Different drugs are known that interfere with microtubule polymerization (see Table 3): 

colchicine, an alkaloid from the meadow saffron (Colchicum autumnale) (see Figure 1), 

vincristine and vinblastine, alkaloids from Vinca rosea [345] and the synthetic compound 

nocodazole [346]. Colchicine binds irreversibly to tubulin dimers and prevents addition of 

tubulin molecules to the fast-growing end thereby inhibiting microtubule assembly [347]. A 

similar effect is obtained with nocodazole, but its binding to tubulin is reversible [348]. The 

Vinca alkaloids lead next to microtubule disassembly also to aggregation of tubulin subunits 

to paracrystals [345]. In contrast to the aforementioned substances the plant derivative 

paclitaxel (taxol) prevents disassembly of tubulin dimers thereby stabilizing microtubule and 

inducing bundling of microtubules [349]. 

In clinical medicine, antimicrotubular drugs have found use because of their ability to inhibit 

mitosis and mobility of cells. Colchicine has a long history as a treatment of gout and Vinca 

alkaloids and paclitaxel are used in cancer treatment [350].  

 

Table 3: Microtubule-interfering agents 

tubulin-binding drugs mode of action 

colchicine, nocodazole inhibit assembly of microtubules leading to microtubule depolymerization into free 
tubulin subunits  

vinblastine, vincristine inhibit assembly of microtubules leading to microtubule depolymerization and 
induce the formation of paracrystalline aggregates of tubulin 

paclitaxel (taxol) stabilizes and induces bundling of microtubules 
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1.3.3.3 Microtubule-disrupting agents induce chemical axotomy and 

neurodegeneration 

In neurons, microtubule disassembling drugs alter the cytoskeletal structure and impair 

axonal transport [351-353]. These agents are used as tools to model cytoskeletal 

abnormalities and axonal degeneration and can chemically induce axotomy. Intraventricular 

colchicine injection in brain is a well-characterized trigger of neuronal stress [354] and 

stress-responses [355]. Exposure of cerebellar granule cells (CGC) to colchicine causes 

microtubule disruption and triggers apoptosis in vivo [356] and in vitro [357, 358]. 

Colchicine-induced apoptosis is characterized by typical nuclear features such as chromatin 

condensation and DNA fragmentation [356, 357], and others such as cytochrome c release 

[359], and caspase activity [358]. The apoptotic death of neuronal somata follows 

microtubule disruption and alterations in the neuronal projection [357]. Thus, exposure of 

CGC to colchicine represents a cell culture model in which neurodegenerative conditions 

precede neuronal apoptosis. This model was mainly used throughout the present study. 
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Aims 

There is growing evidence that apoptosis is a relevant mechanism of cell disposal in 

neurodegeneration. Death by apoptosis would ensure the rapid removal of degenerating 

neurons, whereas conditions that prevent apoptosis may facilitate the persistence of damaged 

cells. Energy failure is often linked to neurodegenerative conditions and may be involved in 

the persistence of dysfunctional neurons and disease progression. The apoptotic execution 

phase is mainly characterized by activation of caspases. However, in neurons caspase-

dependent and independent death programs may coexist. Common features of 

neurodegeneration are early cytoskeletal alterations which may lead to dysfunction and 

neuronal death. To model neurodegenerative conditions in vitro, microtubule 

depolymerization drugs such as colchicine were used which are known to trigger disturbance 

of neuronal transport and lead to cytoskeletal alterations and neuronal degeneration. 

The presented study was initiated with the following aims: 

 

• To elucidate the neurotoxicity of different antimicrotubule drugs and whether 

microtubule depolymerization leads to neurite degeneration and apoptosis. 

• To characterize neuronal apoptosis induced by microtubule disruption and determine 

whether caspase activation is causally involved in this cell death. 

• To test whether manipulation of the neuronal ATP levels by drugs or mediators, which 

affect energy metabolism would compromise the execution and occurrence of apoptosis 

following an initial neurite degeneration. 

• To clarify whether antiapoptotic Bcl-2 or caspase inhibition can interfere with the 

degeneration of neurites and whether caspase inhibitors or Bcl-2 could promote long 

lasting protection from cell death. 

• To characterize the long term fate of neurons that were treated with microtubule poisons 

but were incapable of executing apoptosis because of caspase inhibition. 
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2 Materials and Methods 

 

2.1 Materials 
 

2.1.1 Machines and technical devices 

Cameras: MP-4 Land (Polaroid, Hertfordshire, UK); Contax 167 MT (YASHICA Kyocera 

GmbH, Hamburg, Germany). Centrifuges: Biofuge fresco and Megafuge 1.0 R (Heraeus 

Instruments, Hanau, Germany). Chamber slides: LabTek #177380 (Nalge Nunc 

International, Naperville, IL, USA). Confocal microscope system: TCS 4D UV/VIS (Leica 

AG, Benzheim and Leica Lasertechnik, Heidelberg, Germany). Electron microscope 

capsules: BEEMTM capsules (Electron MicroscopySciences, Fort Washington, PA, USA). 

Electrophoresis chambers : FIGE chamber Horizon 11.14 (Life Technologies, Eggenstein, 

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), Novex XCell IITM for gradient gel electrophoresis 

(Novex Electrophoresis GmbH, Frankfurt/Main, 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). Film material: Kodak Ektachrome Elite II 100 and 

400 (Kodak, Photo Hirlinger, Stuttgart, Germany), Polaroid 667 ISO 30000/36° (Polaroid, 

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

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

Microplate Fluorescence Reader FL 600 (Deelux Labortechnik, Gödenstorf, Germany). 

Gradient gels: Novex Precast 4-20% glycine gels (Novex Electrophoresis GmbH, 

Frankfurt/Main, Germany). Hybridization oven: BE 400 HY with shaker (Bachofer, 

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

acquisition software Image Reader LAS-1000 (Fuji Photo Film Co., Tokyo, Japan), and 

Advanced Image Data Analyzer (AIDA) software (Raytest GmbH, Straubenhardt, Germany). 
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Imaging camera: Dage-72 CCD camera (Dage-MTI, Michigan City, IN) and image analysis 

system MCID (Imaging Research Inc., St. Catherines, Ontario, Canada). Incubator: Model 

BB 6220 (Heraeus Instruments, Hanau, Germany). Laminar Flow: LaminAir HB 2448 

and LaminAir HB 48 (Heraeus Instruments, Fellbach, Germany); Microflow Laminar Flow 

Workstation (Nunc GmbH, Wiesbaden, Germany). Laser: Argon and Krypton Ion Laser 

System (Omnichrome, Chino, CA, USA), EnterpriseTM Ion Laser (Coherent, Laser Group, 

Santa Clara, CA, USA), Cooling system Laser PureTM Heat Exchanger (Coherent, Auburn, 

CA, USA). Luminometer: 1250 and Display 1250 (Wallac-ADL GmbH, Freiburg, 

Germany). Mechanical tissue chopper: Bachofer (Bachofer, Reutlingen, Germany). 

Membrane: Nitrocellulose Hybond  ECL  (Amersham-Buchler GmbH & Co. KG, 

Braunschweig, Germany). Microscopes: Leitz 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). Scintillation 

counter: Beckman LS 6500 (Beckman Instruments, Fullerton, CA, USA). 

Spectrophotometric analyzer: Eppendorf ACP 5040 (Eppendorf-Netheler-Hinz GmbH, 

Hamburg, Germany). Steromicroscop: Leica Wild M3Z and light supply KL 1500 electronic 

(Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany). Thermomixer: Eppendorf 

Thermomixer (Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany). UV-

Transilluminator: 312 nm (Bachhofer, Reutlingen, Germany). 

 

2.1.2 Chemicals and antibodies 

Alexis, Grünberg, Gemany: Ac-Leu-Leu-L-methional (LLM-CHO), Ac-Leu-Leu-L-

norleucinal (LLN-CHO), FK506. 

Amersham Buchler, Braunschweig, Germany: L-[4,5- 3H]-leucine. 

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

blotting detection reagents. 

Bachem Biochemica GmbH, Heidelberg, Germany: Asp-Glu-Val-Asp-aldehyde (DEVD-

CHO), Tyr-Val-Ala-DL-Asp-chloromethylketone (YVAD-cmk), z-Asp-2,6-dichlorobenzoyl-

oxymethylketone (zD-cbk), z-Phe-chloromethylketone (zF-cmk), z-Phe-Lys-2,4,6-trimethyl-

benzoyloxymethylketone (zFK-tmk), z-Val-Ala-DL-Asp-fluoromethylketone (zVAD-fmk). 

Beckman Instruments, Fullerton, CA, USA: Scintillation cocktail ReadySafeTM. 

Bender & Hobein GmbH, Heidelberg, Germany: Pierce BCA protein assay reagent. 
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Biomol, Hamburg, Germany: Asp-Glu-Val-Asp-aminotrifluoromethylcoumarine (DEVD-

afc), cyclosporine A (CsA), Pefabloc, S-nitrosoglutathione (GSNO).  

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

Boehringer Mannheim, Mannheim, Germany: Annexin-V-FLUOS, ATP bioluminescence 

assay kit CLS II, Cell Death Detection ELISA, DNase, FCS charge 14731402, proteinase K 

from tritiachium album, trypsin inhibitor from soybeans. 

Calbiochem-Novabiochem, Bad Soden, Germany: clasto-lactacystin β–lactone 

(lactacystin), vinblastine, vincristine.  

California Peptide Research, Napa, CA, USA: Val-Asp-Val-Ala-Asp-afc (VDVAD-afc).  

Chemicon, Temecula, CA, USA: monoclonal anti-fodrin antibodies (clone 1622). 

Enzyme Systems Dublin, CA, USA: Asp-Glu-Val-Asp-fluoromethylketone (DEVD-fmk). 

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

agarose SEA plaque GTG. 

GibcoBRL Life Technologies, Eggenstein, Germany: Eagle's Basal Medium (BME) 2x 

without phenolred, BME 1x, L-glutamine, penicillin, streptomycin, trypsin. 

Molecular Probes Europe BV, Leiden, Netherlands: Alexa  488-conjugated anti-mouse 

IgG-antibody, Alexa  568-conjugated phalloidin, calcein-AM, ethidium homodimer (EH-1), 

Hoechst 33342, Mitotracker Red, SYTOX, tetramethylrhodamine ethylester (TMRE). 

Peptide Institute , Osaka, Japan: cathepsin B inhibitor CA-074 Me (CA074). 

Pharmingen, Hamburg, Germany: monoclonal anti-cytochrome c antibodies for Western 

blot (clone 7H8.2C12), and for immunostaining (clone 6H2.B4), goat polyclonal anti-mouse 

IgG-HRP. 

Promega, Mannheim, Germany: anti-βIII tubulin monoclonal antibody (clone5G8). 

RBI, Biotrend Chemikalien GmbH, Köln, Germany: (+)-5-methyl-10,11-dihydro-5H-

dibenzo[a,d]cyclohepten-5,10-imine (MK801), 1-methyl-4-phenylpyridinium (MPP+). 
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Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany: actinomycin D (ActD), afc, anti-

Bcl-2 antibody (B-3170), antipain, aprotinin, benzamidine, bovine serum albumin (BSA), 

bromophenolblue, carbonyl cyanide chlorophenylhydrazone, 3-[(3-cloamidopropyl)-

dimethylammonio]-propanesulfate (CHAPS), colchicine, creatine, cycloheximide (CHX), 

cytosine arabinoside, 2-deoxyglucose (DG), digitonin, dimethylsulfoxide (DMSO), 3-(4,5-

dimethylthiazole-2-yl)-2,5-diphenyltetrasodium bromide (MTT), dithiothreitol (DTT), 

ethylendiamin tetraacetic acid (EDTA), ethylenglycol-bis(β-aminoethylether) tetraacetic acid 

(EGTA), ethidiumbromide, E 64, fructose, fructose 1,6-bisphosphate, Glucose (HK) kit, 

glutathione, glycerol, goat anti-rabbit IgG-HRP, glycine, IGEPAL CA-630, iodoacetamide, 

iodoacetate, leupeptin, malic acid, methylsuccinate, nocodazole, paclitaxel (taxol), 

phenylmethylsulfonyl fluoride, pepstatin, poly-L-lysine, pulse marker 50-1000 kilo base pairs 

(kbp), pyruvate, sodium dodecylsulfate (SDS), sodium deoxycholate, somatic cell ATP 

releasing agent, succinate, TLCK, TPCK, Tris-Base, Triton X-100, trypanblue 0.4 %, Tween 

20, verapamil, z-Leu-Leu-Nva-CHO (MG 115). 

 

All other reagents not further specified were from Fluka (Buchs, Germany), Merck 

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

Germany), Serva (Heidelberg, Germany) or Sigma-Aldrich Chemie GmbH. 

 

Anti-caspase-7 p17 polyclonal antibody was a kind gift from Dr. G. Cohen (MRC 

Toxicology Unit Leicester, UK) [360]. Anti-caspase-3 p17 polyclonal antibody was 

generously provided by Dr. D. W. Nicholson (Merck-Frost, Quebec, Canada) Human 

recombinant caspase-3 was a kind gift from Dr. F. O. Fackelmayer (University of Konstanz, 

Germany) [361] and murine recombinant caspase-2 was generously provided by Dr. P. 

Vandenabeele (Gent, Belgium) [61]. 
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2.1.3 Animals 

Eight day old specific pathogen free Balb/c mice were obtained from the Animal Unit of the 

University of Konstanz. Bcl-2 transgenic mice and corresponding wild-type animals were 

generously provided by Dr. J.-C. Martinou (Serono Pharmaceuticals, Geneva, Switzerland). 

C57BL/6 lpr, C57BL/6 gld, and wild-type mice were obtained from Jackson Laboratories 

(Bar Harbor, ME, USA). Experiments were performed in accordance with international 

guidelines to minimize pain and discomfort (NIH-guidelines and European Community 

Council Directive 86/609/EEC). 

 

2.1.4 Bcl-2 transgenic mice 

Bcl-2 transgenic mice overexpressing the human Bcl-2 protein under control of the neuron 

specific enolase (NSE) promoter were used [362]. Transgenic mice were obtained by 

crossing C57Bl/6 females (wt) with heterozygous transgenic (wt/bcl-2) males. The genotype 

of each mouse was determined by polymerase chain reaction amplification of a 460 bp 

fragment of the human Bcl-2 gene using the primers 5' ACT TGT GGC TCA GAT AGG 

CAC CCA G 3' and 5' CGA CTT CGC CGA GAT GTC CAG CCA G 3' [292]. Mice were 

pooled in two groups, transgenic and wt, and processed like usual. To confirm Bcl-2 

expression in the neuronal culture, neurons were lysed at different culture days and analyzed 

by Western blot.  

 

2.2 Methods 
 

2.2.1 Primary culture of cerebellar granule cells 

Murine cerebellar granule cells (CGC) were prepared as described [363]. Neurons were 

plated on 100 µg/ml (250 µg/ml for glass surfaces) poly-L-lysine (MW > 300 kDa) coated 

dishes at a density of about 0.25 x 106 cells/cm2 (800,000 cells/ml; 500 µl/well, 24-well 

plate) and cultured in Eagle's Basal Medium (BME) supplemented with 10% heat inactivated 

fetal calf serum, 20 mM KCl, 2 mM L-glutamine, 1% penicillin-streptomycin, and 10 µM 

cytosine arabinoside (added 48 h after plating). 
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2.2.2 ATP depletion and repletion experiments 

For ATP depletion and repletion experiments neurons were used without further change of 

medium at 8 days in vitro (DIV). At that time the residual glucose concentration in the 

medium was about 1 mM. The cultures were exposed to colchicine or nocodazole in their 

original medium for most experiments in the presence of 2 µM MK801 and 2 mM Mg2+ to 

prevent NMDA receptor activation and excitotoxic phenomena [364]. Usually, inhibitors 

were added 30 min before the microtubule disrupters. In initial experiments the ATP 

depletion (2-deoxyglucose (DG), MPP+ or GSNO) were added 30 min before colchicine 

exposure and remained present throughout the experiment. For repletion experiments, the 

culture medium was supplemented with glucose (0 or 10 mM) 3 h before exposure to 

colchicine. In this setup, the ATP depletion were added 8 h after colchicine addition, in order 

to modulate ATP during the critical period as sharply as possible. Measurements of ATP and 

of protein synthesis (leucine-incorporation) were performed after 9.5 h. Apoptosis and 

caspase activity were quantitated after 18 h. “Delayed ATP repletion” experiments: in some 

experiments, colchicine-treated CGC were kept ATP-deprived by deoxyglucose for 20 h. 

After that time glucose (10 mM) was added and nuclear condensation was followed over the 

following 4 h. 

 

2.2.3 ATP repletion with alternative energy substrates 

To test alternative energy substrates that would not increase the cellular capacity to generate 

NADPH via the pentose-phosphate shunt, cells were incubated with deoxyglucose plus 

succinate, glutamine, glycerol or several other substrates (creatine, fructose, fructose 1,6-

bisphosphate, malic acid, methylsuccinate, pyruvate). Colchicine was added 60 min after the 

energy substrates. ATP was determined after 10 h and apoptosis after 16 h. 

 

2.2.4 Long time experiments in the presence of zVAD-fmk 

For long time experiments in the presence of zVAD-fmk, neurons were used without further 

medium changes after 5 days in vitro (DIV). The cultures were exposed to colchicine in their 

original medium for all experiments in the presence of 2 µM MK801 and 2 mM Mg2+ to 

prevent N-methyl-D-aspartate receptor activation and 10 mM glucose to prevent energy 

depletion and excitotoxicity [364]. All inhibitors were added 30 min before colchicine. 
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2.2.5 Viability assays 

Apoptosis and secondary lysis were routinely quantified by double staining of neuronal 

cultures with 1 µg/ml H-33342 (membrane permeable, blue-fluorescent chromatin stain) and 

0.5 µM SYTOX (non-membrane permeable, green-fluorescent chromatin stain) as described 

previously [365]. Apoptotic cells were characterized by scoring typically condensed nuclei. 

About 600-1000 cells were counted in nine different fields in 2-3 different culture wells, and 

experiments were repeated in at least three different preparations. As additional parameter to 

assess plasma membrane integrity and nuclear morphology, CGC were loaded with 0.5 µM 

calcein-AM for 5 min (cells with intact membranes display green fluorescence) in the 

presence of 1 µM ethidium homodimer-1 (EH-1, cells with broken membranes exhibit red-

fluorescence chromatin stain) and H-33342. In addition, the percentage of viable cells was 

quantified by their capacity to reduce 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrasodium 

bromide (MTT) after incubation with 0.5 mg/ml MTT for 60 min.  

 

2.2.6 Transmission electron microscopy  

Neurons were cultured on chamber slides, fixed by addition of 2.5% glutaraldehyde (in 

phosphate buffer, 0.1 M, pH 7.4) and stored in fixative for 2-3 days prior to further 

processing. Specimens were then washed in phosphate buffer, postfixed with 1% osmium 

tetroxide and dehydrated in graded alcohol. Thereafter, BEEM capsules were filled with 

Epon resin and put on the slides for embedding of the cells. Epon was polymerized at 60°C 

and BEEM capsules were detached from the glass slides in liquid nitrogen. Ultrathin sections 

(60-80 nm) were cut on a Reichert ultramicrotome and contrasted with uranyl acetate and 

lead citrate. Stained sections were observed and photographed in a Philips CM 10 electron 

microscope operating at 80 kV. 

 

2.2.7 Visualization of phosphatidylserine translocation 

Surface phosphatidylserine expression of cultures grown on glass-bottomed culture dishes 

was analyzed by annexin V staining and confocal microscopy. The staining protocol for was 

adapted for neuronal cultures as follows: 10 min before the incubation periods CGC were 

stained with EH-1 and H-33342 to visualize plasma membrane integrity and chromatin 

structure. After 10 min incubation at 37°C, CGC were washed for 10 s with binding buffer 

(10 mM hydroxyethyl-piperazylsulfonic acid (HEPES), 140 mM NaCl, 2.5 mM CaCl2, 10 

mM MgCl2) and subsequently incubated for 2 min in the dark with annexin V diluted 1:70 in 
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binding buffer. Following a new wash with binding buffer, stained live cultures were 

immersed in binding buffer (4°C), and visualized by three channel confocal microscopy 

(blue, chromatin structure; green, membrane integrity; red, annexin binding) using a 63x/NA 

1.32 UV-corrected lens. 

 

2.2.8 Mitochondrial function 

The mitochondrial membrane potential (∆Ψ) was monitored in cells loaded with 5 nM of 

fluorescent indicator TMRE (λex = 568 nm, λem = 590 nm) for 10 min. Fluorescent intensity 

was normalized to that of untreated control neurons, which was set to 100%. The 

fluorescence of neurons treated with the mitochondrial poison carbonyl cyanide 

chlorophenylhydrazone (20 µM) was used as reference for depolarized mitochondria ([364]).  

 

2.2.9 Immunocytochemistry 

For immunocytochemistry CGC were grown on glass-bottomed culture dishes, fixed after the 

experiment with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 in 

phosphate-buffered saline (PBS). To monitor cytoskeletal alterations, we stained neurons 

with an anti-βIII tubulin monoclonal antibody (1:300, Promega) for 30 min which recognizes 

only neuronal tubulin, as described previously [357]. As secondary antibody, we used an 

Alexa  488 (λex = 488 nm, λem = 512 nm) coupled anti mouse IgG antibody (1:300) for 30 

min. Then, actin was stained with Alexa  568 (λex = 568 nm, λem = 590 nm) conjugated 

phalloidin in a final concentration of 2% diluted in PBS for 30 min in the dark. 

To monitor cytochrome c redistribution in apoptosis, first mitochondria were stained with 

Mitotracker Red before the beginning of the experiment. The original medium was 

exchanged for controlled salt solution (CSS: 120 mM NaCl, 25 mM HEPES, 15 mM glucose, 

25 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2) and neurons were incubated with 5 nM 

Mitotracker Red for 12 h. Then, cells were washed in CSS, the original medium was added 

back and experiment started. After fixation and permeabilization, neurons were incubated for 

30 min with 0.1% bovine serum albumin (BSA) in PBS to block unspecific binding of the 

antibody. Then, neurons were incubated with a monoclonal antibody directed against the 

native cytochrome c (clone 6H2.B4, Pharmingen) diluted 1:300 in 0.1% BSA/PBS for 1h, 

followed by the Alexa  488 anti mouse antibody diluted 1:300 in 0.1% BSA/PBS for 30 

min. After the incubations all neurons were stained with 0.5 µg/ml H-33342 for 10 min and 
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washed in water. Neurons were embedded in PBS containing 50% glycerol and imaged by 

confocal microscopy.  

 

2.2.10 Measurement of protein synthesis 

Protein synthesis was analyzed as described previously [366]. 3H-leucine (2 µCi) was added 

to CGC in a volume of 10 µl, in 24 well plates (150 MBq/ml final). After 90 min incubation, 

the medium was removed and cells were washed with ice cold PBS. Then, cells were washed 

4 times with ice cold trichloroacetic acid (TCA, 10%) and dried with methanol (-20°C). The 

cell layers were lysed with 200 µl lysis buffer (0.3 M NaOH, 1% SDS) for 12 h at 37°C. 

Lysed cells (150 µl) were mixed with 20 ml scintillation buffer (Beckman ReadySafe) and 

incorporated radioactivity was detected by scintillation counting. 

 

2.2.11 ATP determination 

For ATP determination, 4 x 105 cells (corresponding to 1 well of a 24 well plate) were lysed 

with 300 µl somatic cell ATP releasing reagent (Sigma). ATP was either measured 

immediately or the samples were stored at –20°C. The enzymatic detection assay uses the 

ATP dependency of the light emitting luciferase-catalyzed oxidation of luciferin (ATP 

Bioluminescence Assay Kit CLS II). Cell lysate (50 µl) was mixed with 50 µl reaction buffer 

containing luciferase plus luciferin in a plastic cuvette as described in the protocol provided 

by the supplier. Light emission was detected luminometrically exactly after 30 s of reaction. 

ATP concentrations were calculated by standardization to an ATP calibration curve (10-9-10-6 

M). Control neurons had a ATP content of 2.8 nmol/mg protein. 

 

2.2.12 Caspase assays 

The enzymatic activities of recombinant murine caspase-2 and recombinant caspase-3 were 

assayed using continuous fluorometric assays analogous to those described before [66, 367]. 

Caspase-2 activity measurements were performed with 100 µM of the peptide substrate 

VDVAD-afc [66] in reaction buffer (50 mM HEPES, 1% sucrose, 0.1% 3-[(3-

cloamidopropyl)-dimethylammonio]-propanesulfate (CHAPS), 10 mM dithiothreitol (DTT)) 

at pH 6.8 [67]. The activity of caspase-3 was determined in reaction buffer pH 7.4 with the 

peptide substrate DEVD-afc (100 µM). Briefly, appropriate dilutions of enzyme were added 

to various concentrations of inhibitor and incubated for 10 min at room temperature. The 

enzymatic reaction was started in a final volume of 100 µl by adding reaction buffer 
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containing the substrate. Release of afc was monitored over a time period of 30 min at 37°C 

in microtiter plates at λex = 400 nm and λem = 508 nm. The activity was calibrated with afc 

standard solutions and the formation of 1 pmol afc/min was defined as one micro unit (µU). 

In neurons, caspase-activity (measured by DEVD-afc cleavage for caspase-3 like activity and 

VDVAD-afc for caspase-2 like activity) was measured as described previously [368]. 

Neurons were lysed in 25 mM HEPES, 5 mM MgCl2, 1 mM ethylenglycol bis(β-

aminoethylether) tetraacetic acid (EGTA), 0.5% Triton X-100, 1 µg/ml leupeptin, 1 µg/ml 

pepstatin, 1 µg/ml aprotinin, 1 mM Pefabloc, pH 7.5. The fluorometric assay was performed 

with a total protein amount of 5 µg and substrate concentration of 50 µM (DEVD-afc) or 100 

µM (VDVAD-afc). Release of afc was followed continuously in reaction buffer (pH 7.5 for 

DEVD-afc or pH 6.8 for VDVAD-afc) over a time period of 30 min at 37°C.  

 

2.2.13 DNA fragmentation ELISA 

Histone-containing oligonucleosomal DNA fragments were quantitated using the Cell Death 

Detection ELISA (Boehringer Mannheim). This test is based on the sandwich-enzyme-

immunoassay principle using monoclonal antibodies against DNA and histones. About 1.6 x 

105 neurons (corresponding to 1 well of a 96 well plate) were lysed in 200 µl incubation 

buffer (included in assay kit) for 30 min at 4°C. Then, organelles and other high molecular 

weight structures (e.g. non-fragmented DNA) were separated by centrifugation (13000 x g, 

15 min, 4°C) from the cytosolic fraction, in which also oligonucleosomal DNA fragments 

remained. Supernatant was diluted 1:50, and either stored at –20°C or assayed immediately. 

Lysates obtained from about 1000 cells was sufficient to perform the test as suggested by the 

supplier. Color reaction was detected at λ = 405 nm. 

 

2.2.14 Field inversion gel electrophoresis 

Field inversion gel electrophoresis was performed as described previously [19]. About 7.2 x 

106 cells (corresponding to 6 wells of a 12 well plate) were embedded into 40 µl agarose 

blocks. As molecular weight markers λ DNA concatemers (n x 50 kilo base pairs (kbp)) were 

used. The gel was stained with ethidiumbromide, visualized on an UV illuminator and 

photographed. 
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2.2.15 Preparation of cell lysates for Western blot 

CGC were lysed in RIPA-buffer (150 mM NaCl, 50 mM Tris, 1% IGEPAL CA-630, 0.25% 

sodium deoxycholate, 1 mM EGTA supplemented with protease inhibitors (1 mM 

phenylmethylsulfonyl fluoride, 1 mM benzamidine, 1 mM iodoacetate, 1 mM iodoacetamide, 

40 µM leupeptin, 10 µg/ml antipain, 5 µg/ml pepstatin). Samples for fodrin Western blot 

were obtained from 4 x 105 neurons (corresponding to 1 well of a 24 well plate) lysed in 200 

µl RIPA-buffer and cell culture plates were gently shaken for 30 min at 4°C. For caspase-3/7 

and Bcl-2 Western blot 2.4 x 106 (corresponding to 2 wells of a 12 well plate) were lysed in 

50 µl RIPA-buffer and scratched off the plate. All samples were immediately used or stored 

at –20°C. 

 

2.2.16 Determination of protein content 

The amount of protein in cell lysates was determined by using the BCA (bicinchonic acid) 

method of Pierce. On a 96 well microtiter plate, 10 µl of lysates were incubated with 200 µl 

of a 1:51 mixture of reagents A and B (provided by the supplier). After 30 min at 37°C, the 

color reaction was analyzed at 550 nM in an ELISA reader. Calibration was performed by 

using BSA in concentrations of 0.2-2 mg/ml. 

 

2.2.17 Isolation of cytosolic fractions with digitonin 

The release of cytochrome c from mitochondria was analyzed by selective digitonin 

permeabilization, as described previously [160], with the following modifications: At the 

indicated time points the culture medium was exchanged for 300 µl permeabilization buffer 

(210 mM D-mannitol, 70 mM sucrose, 10 mM HEPES, 5 mM succinate, 0.2 mM EGTA, 

0.15% BSA, 75 µg/ml digitonin, pH 7.2). Then, cell culture plates were gently shaken for 10 

min at 4°C, before removing the permeabilization buffer (which contains the cytosolic 

fraction) and adding 0.3% Triton X-100 in PBS for 10 min at 4°C to release residual 

cytochrome c, which is retained within the organelle fraction. Samples were centrifuged for 

10 min at 13000 x g and protein from the supernatant of the centrifugation of the cytosolic 

and the organelle fraction was precipitated with 10% trichloroacetic acid for at least 1 h at –

20°C. Samples were centrifuged for 30 min at 13000 x g and precipitated protein was 

dissolved in sample buffer (6 M urea, 10% glycerol, 2% sodium dodecylsulfate (SDS), 5% β-

mercaptoethanol, 60 mM Tris, pH 6.8). All samples were obtained from cell culture dishes 

(12 well) containing 1.2 x 106 cells per well. At the digitonin concentration used in the 
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experiments, > 90% neurons released lactate dehydrogenase (LDH) and became permeable to 

the fluorescent chromatin dye SYTOX. Control experiments showed that cytochrome c was 

not released into the supernatant of untreated cultures even after 20 min incubation in 

permeabilization buffer. Treatment of these cultures with Triton X-100 led to a maximal 

release of cytochrome c into the supernatant. 

 

2.2.18 SDS polyacrylamide gel electrophoresis and Western blot 

In the general procedure, SDS polyacrylamide gel electrophoresis was performed according 

to Laemmli [369]. All samples were supplemented with 0.25 x vol. sample buffer (100 mM 

Tris, pH 8.0, 25% SDS, 50% β-mercaptoethanol), and loaded in equal volumes. Gels were 

run with a constant current of 50 mA/gel (area of cross section: 125 x 1.5 mm2). After 

electrophoresis was completed, two layers of Whatman 3MM paper, one nitrocellulose 

membrane, the 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 

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

across the stack. Protein was transferred at 2.75 mA/cm2 for 60 min or for 90 for cytochrome 

c. After the blotting, transfer and loading of protein was controlled by staining the membrane 

with Ponceau red (0.2% Ponceau S, 5% acetic acid).  

Then, membranes were destained in TNT (150 mM NaCl, 50 mM Tris/HCl pH 8, 0.05% 

Tween 20), and incubated in TNT plus 5% non-fat dry milk for 1 h to block unspecific 

binding of the antibody. After removal of excess milk protein by washing with tab water and 

TNT, incubation with the primary antibody in a volume of 5 ml TNT/membrane overnight at 

4°C for caspase-3/7 Western blots or for 1 h at room temperature for all other proteins was 

performed. Non-bound antibody was removed by washing the membrane in TNT (1 x 15 

min, 2 x 5 min) before the secondary horseradish peroxidase (HRP)-conjugated antibody was 

added for 1 h. After another three washing steps, HRP activity was visualized by enhanced 

chemiluminescence (ECL) and exposure to x-ray films or recorded in a luminescence image 

analyzer. 

Detailed protocol for determination of: 

fodrin: 5 µg protein/lane was loaded on a 8% gel. The blot was incubated with anti-fodrin 

monoclonal antibody (1:500, Chemicon), followed by a anti-mouse-HRP secondary antibody 

(1:1000, Pharmigen). 
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caspase-3 and -7 (proform and active fragments): 

80 µg protein/lane were loaded on a 4-20% gradient gel. The membrane was blocked in 5% 

non-fat dry milk and 2% fetal calf serum in TNT for 1 h. For caspase-3 detection, anti-

caspase-3 p17 polyclonal antibody (1:1000, R#MF393) and for caspase-7 detection, anti-

caspase-7 p17 polyclonal antibody (1:1000, #R151) was used. Overnight incubation was 

followed by a goat anti-rabbit-HRP secondary antibody diluted 1:50000 (Sigma) in 1% non-

fat dry milk/TNT for 45 min. 

cytochrome c: 40 µl of cytosolic and pellet fraction was resolved on a 12% gel. The 

membrane was blocked in 5% non-fat dry milk and 1% fetal calf serum in TNT for 1.5 h. 

Cytochrome c was detected with a monoclonal antibody raised against pigeon cytochrome c 

(1.5 µg/ml, clone 7H8.2C12, Pharmigen), followed by a anti-mouse-HRP secondary antibody 

(1:1000, Pharmigen). 

Bcl-2: 50 µg protein/lane was loaded on a 12% gel. The blot was incubated with primary 

antibody against Bcl-2 (1:1000, Sigma), followed by an anti-mouse-HRP secondary antibody 

(1:1000, Pharmigen). 

 

2.2.19 Spectrophotometric enzyme activity assays 

Glucose concentrations in the medium were determined by the hexokinase/glucose 

dehydrogenase method using a commercial kit (Glucose (HK), Sigma). Measurements were 

performed in microtiter plates with 10 µl sample volume in a total volume of 210 µl. After 15 

min at room temperature, the reduction of NAD to NADH was analyzed at 340 nm in an 

ELISA reader. Calibration was performed by using glucose in concentrations of 0.1-10 mM. 

LDH as cytosolic marker in digitonin lysates was determined according to Bergmeyer [370]. 

Measurements were performed in an Eppendorf ACP 5040 Analyzer. The reduction of NAD 

to NADH was followed at 340 nm. 

Total cellular glutathione was determined according to the enzymatic cycling method of 

Tietze [371]. Neurons grown in 12-well plates were lysed at different times with cold 0.1 

mM HCl/10 mM ethylendiamin tetraacetic acid (EDTA) and immediately frozen. After 

thawing, glutathione was determined from the supernatant by an Eppendorf ACP 5040 

Analyzer. Control cells had a glutathione content of 420 ± 20 pmol/106 neurons. 
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3 Results 

 

3.1 Neuronal apoptosis triggered by microtubule breakdown is 

controlled by the intracellular ATP concentration 
 

3.1.1 Caspase activation following microtubule disruption in neurons 

To depolymerize neuronal microtubules in cerebellar granule cells (CGC), chemically 

unrelated drugs such as colchicine (1 µM), nocodazole (1 µM), vinblastine (0.1 µM) and 

vincristine (0.1 µM) were used. (EC50: 50-100 nM for colchicine/nocodazole, 5-10 nM for 

vinblastine/vincristine). The first alterations of microtubule network became apparent in the 

axodendritic net 6 h after exposure to the microtubule poisons. After 12 h, while nuclear 

morphology was still normal (Fig. 1A), the microtubule organization was severely 

compromised, and the activity of caspase-3 related caspases (DEVD-afc cleavage activity) 

started to increase (Fig. 1B). At the same time, the processing of procaspase-3 (Fig. 1C) and 

procaspase-7 (not shown) was evident on Western blots. After 15 h, the microtubule network 

was completely lost, leaving only a small ring enveloping the nucleus (Fig. 2). Meanwhile, 

caspase-activity had greatly increased and a large percentage of nuclei displayed apoptotic 

chromatin condensation and fragmentation. Between 18 and 24 h after the exposure to either 

of the four microtubule disrupters, the increase in caspase activity reached a maximum (40-

60 fold compared to control neurons), oligonucleosomal DNA fragmentation was increased 

25-30 fold, and the percentage of apoptotic neurons reached a maximum of about 80%. 

To examine whether caspase activation by colchicine, nocodazole, vinblastine or vincristine 

was entirely due to microtubule depolymerization, taxol was used, a drug that stabilizes 

microtubules and antagonizes the effects of colchicine [357] and the other microtubule 

poisons. Treatment of CGC with 1 µM taxol up to 3 hours after colchicine addition, 

prevented both microtubule breakdown and the increase in caspase activity (Fig. 2). 

In contrast, in neurons from mice with dysfunctional CD95 or CD95 ligand (CD95L), mice 

homozygous for the lymphoproliferation (lpr) or generalized lymphoproliferative disorder 

(gld) loci, respectively, neither colchicine-induced microtubule disruption (not shown) nor 

apoptosis was modulated (Fig. 3). These findings suggest that colchicine-triggered apoptosis 

is neither mediated nor accelerated by the CD95 death receptor pathway. 
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Figure 1: Time course of caspase activation by microtubule disrupting agents 

CGC were incubated with nocodazole (1 µM) or colchicine (1 µM). At the time points indicated, (A) the 

percentage of apoptotic nuclei was counted in cultures stained with H-33342. (B) Enzymatic caspase activity 

(DEVD-afc cleavage), and (C) processing of procaspase-3 were determined in parallel cultures. Recombinant 

caspase-3 (20 ng/lane) was used as positive control for Western blotting. Data are means ± SEM from seven 

determinations. Error bars are smaller than the data symbols. 

 

In addition, also pharmacological inhibitors of the N-methyl-D-aspartate (NMDA) receptor 

(2 µM MK801), of voltage-dependent Ca2+-channels (10 µM verapamil), or of calcineurin 

and cyclophilin-dependent proteins (2 µM FK506; 1 µM cyclosporine A) had no significant 

effect on microtubule drug-induced caspase activation or on apoptosis. Thus, microtubule 

breakdown seemed to be the predominant upstream event leading to caspase activation in this 

model. 
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Figure 2: Prevention of colchicine-induced caspase activation by taxol 

CGC were treated with colchicine (1 µM) in the presence or absence of taxol (1 µM) for 18 h. Parallel cultures 

were used for quantifying the percentage of apoptotic neurons (condensed chromatin), for measuring caspase 

activity (DEVD-afc cleavage in pmol/(min x mg)) and for immunocytochemistry (staining of ßIII-tubulin). 

Nuclei were stained with H-33342 and correspond to the same field used for imaging the tubulin structure. The 

images were obtained by confocal microscopy (63x, NA 1.32 lens), and the width of every panel corresponds to 

100 µm.  
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Figure 3: Colchicine-induced apoptosis 

in CGC cultures from mice with dys-

functional CD95 or CD95L 

CGC cultures from wild-type mice (Balb/c), mice 

with mutated CD95 (lpr) and CD95L (gld) or 

corresponding background mice (C57BL/6) were 

challenged with 1 µM colchicine. The percentage 

of apoptotic neurons was determined at the 

indicated time points by staining with fluorescent 

chromatin dyes and counting of the cells. Data are 

means ± SD of triplicate determinations. 
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3.1.2 Prevention of apoptosis by caspase inhibition 

The causal role of caspases in apoptosis induced by microtubule disruption was investigated 

by using different irreversible halomethyl ketone caspase inhibitors, and the reversible 

tetrapeptide aldehyde inhibitor DEVD-CHO. All inhibitors known to block caspase-3-related 

caspases protected from colchicine triggered apoptosis in a concentration dependent manner 

(zD-cbk, zVAD-fmk: IC50 = 2 µM, DEVD-fmk: IC50 = 15 µM, DEVD-CHO: IC50 = 250 µM, 

Fig. 4A). Complete protection from apoptosis by zVAD-fmk was still observed, when the 

inhibitor was added up to 10 h after colchicine. In contrast, YVAD-cmk, which is more 

specific for caspases related to caspase-1, did not prevent apoptosis at concentrations up to 

100 µM (Fig. 4A). 

 

 

Figure 4: Inhibition of colchicine-triggered apoptosis by caspase inhibitors  

(A) CGC were treated with colchicine (1 µM) in the presence or absence of different caspase inhibitors 

(YVAD-cmk: filled circles; DEVD-fmk: open circles; zD-cbk: filled squares; zVAD-fmk: open squares), and 

the percentage of apoptotic neurons was counted after 16 h. Data are means ± SEM from triplicate 

determinations. Essentially similar data were obtained with nocodazole as stimulus. (B) CGC were treated as 

above in the presence of different caspase inhibitors. At the end of the incubation cell lysates were prepared and 

analyzed by Western blot for cleavage of fodrin. 
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(C) CGC were incubated for 24 h with colchicine (1 µM) in the presence of zVAD-fmk (100 µM). Tubulin 

structure and nuclear morphology were imaged by confocal microscopy. The width of one image corresponds to 

100 µm. 

 

Caspase activation was also tested by analyzing fodrin proteolysis. Fodrin was cleaved to 150 

and 120 kDa fragments after exposure of CGC to colchicine (or nocodazole, not shown), and 

the proteolysis to the 120 kDa fragment (which is a specific marker for caspase-3 activity 

[140]) was inhibited by the caspase inhibitors that protected from apoptosis (Fig. 4B). The 

extent of inhibition of fodrin cleavage with different inhibitors correlated with the protective 

effect exerted by these agents on apoptosis. This finding further confirms that caspase-3 like 

caspases are the principal executors of neuronal apoptosis induced by microtubule 

breakdown. 

Although inhibition of caspases by zVAD-fmk prevented chromatin condensation and death 

of neuronal somata (as determined by calcein retention; MTT reduction), neurons were not 

protected from loss of the axodendritic net caused by colchicine (Fig. 4C) or by the other 

antimicrotubule drugs (data not shown).  

 

3.1.3 Prevention of neuronal apoptosis by ATP depletion 

Then, the effect of ATP depletion on caspase activity and CGC apoptosis was investigated. 

To avoid secondary excitotoxic effect [358, 364], these experiments were all performed in 

the presence of the NMDA receptor blocker MK801. When CGC were exposed to the 

glucose analogue, 2-deoxyglucose (DG, 1-3 mM), the intracellular ATP concentration 

dropped below 50% within minutes, and reached a level of 20% compared to untreated 

controls after one hour; then it further decreased during the following 20 h (Fig. 5A). This 

treatment had no effect per se on neuronal viability (calcein uptake, SYTOX exclusion), 

neuronal morphology (phase contrast), chromatin structure (H-33342 staining) or 

mitochondrial membrane potential (tetramethylrhodamine methylester (TMRE) uptake) for at 

least 24 h (Fig. 5B) [364]. Essentially similar findings were obtained when the two inhibitors 
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of oxidative phosphorylation S-nitrosoglutathione (GSNO) or 1-methyl-4-phenylpyridinium 

(MPP+) were used as ATP depletion agents (Fig. 5B) [213, 364]. 

 

 

Figure 5: Prevention of colchicine-triggered apoptosis by ATP depletion 
(A) CGC were incubated with deoxyglucose (DG, 2 mM) or MPP+ (50 µM), or GSNO (400 µM), or colchicine 

(1 µM), and cellular ATP was measured after the times indicated. ATP content in control neurons was 2.8 

nmol/mg protein, and data are given as percent of untreated control cells. Data are means ± SEM from 

quadruplicate measurements. (B) Left: CGC were incubated with colchicine (0 or 1 µM) for 24 h in the 

continuos presence of DG (2 mM), or GSNO (400 µM), or MPP+ (50 µM) or solvent control DMSO 

(dimethylsulfoxide) in normal culture medium containing 25 mM potassium. Right: medium was exchanged for 

a controlled salt solution (see [368, 372]) containing 0.5 mM glucose and either 5 or 25 mM potassium. In 

addition, cells were incubated with 0 or 2 mM DG. The percentage of apoptotic neurons was determined after 

staining with H-33342. Data are means ± SD from 3 different experiments. 

 

Pretreatment of CGC with DG abolished neuronal apoptosis triggered by microtubule 

disruption (Fig. 5B). Even delayed addition of DG up to 10 h after colchicine exposure still 

prevented apoptosis. Thus, ATP dependent steps were crucial after this time. GSNO and 

MPP+ also prevented colchicine-induced apoptosis to a similar extent as DG (Fig. 5B).  

It was tested whether ATP depletion would prevent apoptosis also in another paradigm of 

neuronal apoptosis. One of the best-characterized models in CGC is withdrawal of potassium 

[372]. In this setup, apoptosis was significantly reduced by deoxyglucose, when the salt 

solution used for the withdrawal situation contained low glucose concentrations (0.5 mM), 

but not after supplementation with the normally used high glucose concentrations (10 mM) 

(Fig. 5B). 
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3.1.4 Restoration of caspase activity and cell death by repletion of 

intracellular ATP  

The ATP depletion elicited by DG, GSNO and MPP+ was then antagonized by increasing the 

glucose concentration in the culture medium. Supplementation of the medium with 10 mM 

glucose bypassed the effects of DG, and restored cellular ATP levels as well as colchicine-

triggered caspase activity and apoptotic death (Fig. 6A). As a corollary, the prevention of 

procaspase-3 processing by DG was also reversed by glucose (Fig. 6B). 

 

 

Figure 6A/B: ATP repletion, colchicine-triggered apoptosis and caspase activity in DG-

treated CGC 

(A) Medium of CGC was supplemented with glucose (10 mM) or not. Then neurons were treated with 

colchicine (1 µM). Deoxyglucose (DG, 2 mM) was added to all cultures 8 h after colchicine treatment. ATP was 

measured 9.5 h after addition of colchicine (1.5 h after DG); caspase activity and apoptosis were quantitated 

after 18 h exposure to colchicine (8.5 h after DG). As a control, neurons were incubated with colchicine alone. 

Data from this incubation (see Fig. 1, 5) were used as 100% reference values. All data shown are expressed as 

percentage of “colchicine-alone“ values and are means from three different experiments. (B) CGC were 

incubated in the absence or presence of glucose and of different inhibitors as described above. After 18 h, cell 

lysates were prepared and analyzed by Western blot for caspase-3 processing. Recombinant caspase-3 was used 

as standard. 

 

Glucose may be metabolized glycolysis to generate ATP. Alternatively, it may be channeled 

into the pentose-phosphate shunt which provides cells with NADPH and therefore increases 

their capacity to cope with oxidative stress. To get clarity on the metabolic role of glucose, 

also alternative energy substrates were used, that are not metabolized in the pentose 

phosphate shunt. All substances that repleted ATP (10 mM glycerol (65%), 20 mM succinate 

(65%), 5 mM glutamine (60%) restored the ability of CGC to undergo apoptosis (55%, 65%, 

50%, respectively compared to restoration with glucose). Non-repleting substances (creatine, 

fructose, 1,6-fructose-bisphosphate) had no effect on apoptosis. 

+ 
zV

A
D

fm
k

+ 
d

eo
x y

gl
u

c o
se

 

co
lc

h
ic

in
e

co
nt

ro
l

+ 
d

e o
xy

g l
u

co
se

 
c o

lc
h

ic
in

e
co

n t
ro

l
+ 

zV
A

D
fm

k

ca
s p

as
e-

3

+ glucose

32 kD
29 kD

17 kD

0

20

40

60

80

ATP caspase
activity

apoptosis

- +glucose: - +- +
DG + colchicine

%
 o

f 
co

nt
ro

l

A B



Results 

44 

 

 

Figure 7: ATP repletion, colchicine-triggered apoptosis and caspase activity in CGC 

treated with GSNO or MPP+ 

(A) Medium of CGC was supplemented with glucose (10 mM) or not. Then neurons were treated with 

colchicine (1 µM). GSNO (400 µM) or MPP+ (50 µM) were added to the cultures 8 h after colchicine. ATP was 

measured 9.5 h after addition of colchicine (1.5 h after MPP+/GSNO); caspase activity and apoptosis were 

quantitated after 18 h exposure to colchicine (8.5 h after MPP+/GSNO). As a control, neurons were incubated 

with colchicine alone. Data from this incubation (see Fig. 5) were used as 100% reference values. All data 

shown are expressed as percentage of “colchicine-alone“ values and are means from three different experiments. 

(B) CGC were incubated in the absence or presence of glucose and of different inhibitors as described above. 

After 18 h, cell lysates were prepared and analyzed by Western blot for caspase-3 processing. Recombinant 

caspase-3 was used as standard. 

 

Glutathione measurements showed that the cellular content of this redox buffer is not 

significantly altered by incubation with DG or DG plus colchicine for up to 14 h. This further 

suggests that DG acts by ATP depletion and not by increasing oxidative stress in neurons. It 

was found that the capacity of cells to initiate apoptosis is retained in CGC for at least 20 h 

after incubation with DG and colchicine: when glucose was added to cultures after that time, 

apoptosis started immediately, reaching 27% after 60 min and 72% after 4 h. Thus, is seems 

unlikely that caspases had been inactivated, e.g. by oxidative or NO-induced stress. 

Since CGC have a very high glycolytic capacity [373], increased glucose concentrations also 

compensated the ATP depletion affected by the mitochondrial inhibitors MPP+ and GSNO. 

As in the case of DG, caspase activity, caspase-3 processing, and the rate of apoptosis were 

modulated in parallel (Fig. 7A/B). 

 

 

 

+  
G

S
N

O

co
lc

h
ic

in
e

co
n

tr
o

l

+  
M

P
P

c a
sp

as
e-

3

+ glucose

+ 
M

P
P

+
 G

S
N

O

17 kD

32 kD
0

20

40

60

80

100

glucose: - +- +- +- +- +- +
GSNO + colchicine MPP+ + colchicine

ATP caspase
activity

apoptosis caspase
activity

apoptosisATP

%
 o

f c
on

tr
o

l

A B

+ +



Results 

45 

Next the morphological features of degenerating neurons after exposure to colchicine were 

examined. ATP depletion (Fig. 8) prevented all the features of neuronal demise, which were 

also precluded by the caspase inhibitors. Most relevant, was the finding that treatment with 

DG prevented colchicine-triggered exposure of phosphatidylserine (PS) on the cell surface, a 

key factor for recognition of apoptotic cells by phagocytes [11, 374, 375]. Glucose clearly 

reversed the inhibition of apoptotic related morphological features and the inhibition of PS 

exposure (Fig. 8). 

 

 

Figure 8: ATP depletion by DG prevented colchicine-induced PS exposure 

CGC were exposed to colchicine for 18 h, either directly, or in the presence of DG (2 mM), or in the presence of 

DG plus glucose. PS translocation was stained in live neurons with annexin V and imaged by confocal 

microscopy. Plasma membranes of > 90% of all neurons were impermeable to ethidium homodimer-1 at that 

time point. Microtubules and chromatin structure were examined in parallel cultures after fixation and staining 

with anti-ßIII-tubulin and H-33342. 

 

3.1.5 Control of apoptosis by ATP due to translation-dependent and 

translation-independent mechanisms 

Protein synthesis depends on high ATP concentrations, and colchicine-induced apoptosis 

may require ongoing translation. Both, inhibition of translation by cycloheximide (CHX) and 

inhibition of transcription by actinomycin D (ActD) prevented caspase activation and 
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apoptotic death. The two inhibitors of protein synthesis arrested the neuronal degeneration 

process at a morphological stage similar to that observed with DG or zVAD-fmk (Fig. 9A). 

Pronounced protection from apoptosis by delayed addition of CHX was observed up to about 

10 h after colchicine addition. As shown in Figure 9B, the time point beyond which neurons 

could not be rescued from apoptosis by CHX treatment was similar to the one observed for 

caspase-inhibition and for ATP-dependent steps. 

 

 

Figure 9: Apoptosis prevention and translation block: a comparison of CHX and DG 

effects. 

(A) CGC were exposed to colchicine for 18 h in the presence or absence of CHX (1 µM) or ActD (150 nM), 

until caspase activity (pmol/(min x mg)) was determined enzyme assay and tubulin structure was examined by 

immunostaining. (B) Different inhibitors (2 mM DG, 1 µM CHX, 100 µM zVAD-fmk, 150 nM ActD) were 

added to CGC cultures either 1 h before colchicine (-1) or at different times after colchicine as indicated on the 

ordinate. All experiments were stopped 18 h after colchicine addition. Data are presented as percent of the 

apoptosis, observed with colchicine alone. Experiments were performed 3-4 times and averages of all 

experimental data are shown. (C) CGC were incubated with different concentrations of CHX or DG at 8 h after 

exposure to colchicine (1 µM). Inhibition of translation by DG or CHX was measured in the period of 90-180 

min after their addition; inhibition of apoptosis was measured 9 h later. The different inhibitor concentrations 

are indicated in the figure. Data are averages of 3 experiment. 
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In view of these findings, it was considered that ATP depletion may prevent apoptosis at least 

in part, by a block of translation. To test this possibility, the inhibitory effect on translation of 

different concentrations of DG or CHX was measured. The resulting data were compared 

with the corresponding concentration of either inhibitor required to prevent colchicine-

triggered apoptosis (Fig. 9C): high DG concentrations (≥ 5 mM) were able to completely shut 

down protein synthesis, and may thus have inhibited apoptosis exclusively by this 

mechanism. On the other hand, low DG concentrations (≤ 1 mM) inhibited apoptosis, 

although inhibition of translation was minimal (< 25%). Such a small extent of translation 

inhibition did not prevent apoptosis, when CHX was used instead. Thus, ATP depletion by 

DG blocked apoptosis and caspase activation by additional mechanisms unrelated to 

inhibition of translation.  

 

3.2 Neuronal apoptosis induced by microtubule disruption can 

occur independent of caspase activation 
 

3.2.1 Delayed cell death in the presence of Bcl-2 or the caspase inhibitor 

zVAD-fmk  

Then, the long term fate of neurons that were treated with microtubule poisons but were 

incapable of executing apoptosis because of caspase inhibition was investigated. Experiments 

were concentrated on direct caspase inhibition with the peptide inhibitor zVAD-fmk, which 

protected neuronal somata from apoptosis for 18-24 h, without preventing axodendritic net 

loss (Fig.4C and Fig. 10A, middle right). After prolonged exposure of CGC to colchicine 

plus zVAD-fmk neuronal somata were completely deprived of any neurites and died. This 

demise was characterized by nuclear alterations different from those observed in the absence 

of the inhibitor. Between 28 and 36 h after addition of colchicine nuclei started condensing 

(Fig. 10A, right panel), and the frequency of cells with condensed chromatin reached a 

maximum of nearly 90% after 60 h (Fig. 10B). These nuclear alterations were followed by a 

loss of plasma membrane integrity as indicated by the late penetration of non-vital dyes (Fig. 

13). Repetitive treatment with 100 µM zVAD-fmk (cumulative concentration: 300 µM) did 

not prevent this form of cell death. Treatment with 100 µM zVAD-fmk alone did not affect 

neuronal viability or morphology and did not elicit visible changes in chromatin structure for 

at least 60 h (Fig. 10A, left panel). 
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Figure 10: Caspase-inhibited neurons undergo delayed chromatin condensation and cell 

death 
(A) Neurons were treated with colchicine (1 µM) in the presence or absence of zVAD-fmk (100 µM), or with 

zVAD-fmk alone. At the indicated time points, nuclei were stained with H-33342. Then, phase contrast and 

chromatin fluorescence was imaged simultaneously by confocal microscopy (63x, NA 1.32 lens). The width of 

the scale bar corresponds to 40 µm. (B) Cultures from wild-type mice (wt) or Bcl-2 overexpressing mice (Bcl-2) 

were treated with colchicine alone or with colchicine plus zVAD-fmk. At the time points indicated, cultures 

were stained with H-33342, and the percentage of nuclei with condensed chromatin was counted. Data are 

means ± SD from seven determinations. 

 

The oncogene, Bcl-2 has been suggested to be a guardian of microtubule integrity [376] and 

it is a potent anti-apoptotic factor [150]. Therefore, it was investigated whether the initial 

colchicine-induced microtubule breakdown or subsequent nuclear condensation would be 

modulated by Bcl-2. First, experiments were performed in CGC cultures from Bcl-2 

overexpressing mice exposed to colchicine alone. Microtubule breakdown was not altered 

significantly by Bcl-2 overexpression (data not shown).  
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However, caspase activation, measured 10 h after exposure to colchicine was entirely 

blocked. This inhibition was ephemeral, since caspase activity then increased to an extent 

similar to that found in cultures from wild type (wt) animals, with a delay of 10 h (data not 

shown). Similar to the delay in caspase activation, Bcl-2 caused a transient (10 h) protection 

from chromatin condensation (Two-way ANOVA, group-interaction: p < 0.0001), but did not 

alter the ultimate extent of death after 36 h (Fig. 10B). The caspase-independent death 

triggered by colchicine in the presence of zVAD-fmk was also delayed by Bcl-2 in a similar 

way (Two-way ANOVA; p < 0.0001). These findings are in agreement with a recent study 

where inhibition of the execution caspases has been achieved using cells from apaf-1 

knockout [175] and suggest that both caspase-dependent and -independent types of cell 

death, are modulated by Bcl-2. 

 

3.2.2 Kinetics and extent of caspase inhibition by zVAD-fmk 

For our studies on caspase-independent neuronal death, the demethylated form of zVAD-fmk 

was used, which may be relatively unstable in certain organic buffers in vitro [117]. 

Therefore the chemical stability of zVAD-fmk in the cell culture medium used for our 

experiments was tested. Medium alone or medium from neuronal cultures was supplemented 

with zVAD-fmk and samples were collected after different time points (0-48 h) to determine 

their inhibitory potency towards recombinant caspase-3. When tested in serial dilutions, all 

medium samples inhibited enzymatic activity of recombinant caspase-3 to a similar extent 

(Fig. 11A/B). The calculated half life of zVAD-fmk was > 48 h in both neuronal culture 

medium and medium from neuronal cultures. These findings suggest that zVAD-fmk is a 

useful tool to suppress caspase-dependent apoptosis also after long-term incubation at 37°C.  

Although zVAD-fmk has often been used as a pan-caspase inhibitor, the inactivation rate for 

different caspase isoenzymes varies greatly [117]. In some experimental systems caspase-2 in 

particular, appeared to be inactivated at a considerably slower rate than all other caspases 

[117]. Since caspase-2 may have a role in neuronal apoptosis [377, 378], the inhibitory 

potency of zVAD-fmk for recombinant murine caspase-2 as compared to caspase-3 was 

evaluated under various conditions. The specific enzyme activities of recombinant caspase-2 

and -3 were determined with the peptide substrates VDVAD-afc and DEVD-afc (Fig. 11C). 

Caspase-2 cleaved VDVAD-afc with a very high specific activity, whereas it was 15 times 

less efficient in cleaving DEVD-afc. In contrast, caspase-3 cleaved both DEVD-afc and 

VDVAD-afc with high activity (Fig. 11C). For inhibition experiments the enzymes were then 



Results 

50 

used at optimal conditions, i.e. with DEVD-afc as caspase-3 substrate and VDVAD-afc as 

caspase-2 substrate. The irreversible caspase inhibitor zVAD-fmk blocked activity of both 

caspase-3 and -2 within a similar range of potency. The concentrations calculated to produce 

half-maximal inhibition within the experimental setup (preincubation of the enzyme for 10 

min) were 0.15 µM for caspase-3 and 0.4 µM for caspase-2 (Fig. 11D). As reference a 

reversible peptide inhibitor was used, the aldehyde DEVD-CHO, for which the IC50 can be 

accurately calculated. This peptide is highly specific for caspase-3 (IC50 = 4 nM in this 

system) as compared to caspase-2 (IC50 = 2000 nM). a detectable influence of different pH 

(6.8, 7.2, and 7.4) on the inhibitory effects of both peptides on caspase-2 activity (data not 

shown) was not observed. Finally, it was determined whether caspase-2 activation occurred 

during colchicine-induced apoptosis. Therefore, DEVD-afc and VDVAD-afc cleavage was 

measured in the presence or absence of the peptide aldehyde DEVD-CHO in neuronal lysates 

(Fig. 11E). A concentration of DEVD-CHO (50 nM) was used that inhibits caspase-3, but not 

caspase-2 activity (Fig. 11D). Both DEVD-afc and VDVAD-afc were cleaved in neurons 

treated with colchicine alone. In the presence of DEVD-CHO, cleavage activity for both 

DEVD-afc and VDVAD-afc was substantially reduced, which strongly suggests that the 

VDVAD-afc cleavage activity was not due to caspase-2, but most likely to caspase-3 ability 

to degrade also VDVAD-afc. During colchicine-induced delayed cell death (i.e., in presence 

of zVAD-fmk) any activity of the execution caspases measured by either DEVD-afc or 

VDVAD-afc cleavage was not detected (Fig. 11E). Altogether these data suggest that zVAD-

fmk inhibited permanently and completely neuronal execution caspases relevant for 

colchicine toxicity. 
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Figure 11: Caspase inhibitor zVAD-fmk is stable and prevents caspase activity  

Medium alone (A) or neuronal cultures (B) were supplemented with zVAD-fmk (100 µM). After the indicated 

time points supernatant was removed and incubated in different dilutions with recombinant caspase-3 (30 

ng/ml). Then, caspase-3 activity was measured by DEVD-afc cleavage. Data are means from 5 determinations. 

Error bars are smaller than the data symbols. (C) Enzymatic activities of recombinant caspase-2 and caspase-3 

(0.6 µg/ml) were measured with the peptide substrates DEVD-afc and VDVAD-afc. Data are means ± SD from 

3 measurements. (D) DEVD-CHO and zVAD-fmk in concentration from 0.1 nM to 100 µM were incubated 

with recombinant caspase-2 (15 ng/ml) or caspase-3 (30 ng/ml). Then, enzymatic activity for caspase-2 

(VDVAD-afc) and caspase-3 (DEVD-afc) was determined. Data are means from 6 determinations. Error bars 

are smaller than the data symbols. (E) Neurons were treated with colchicine (1 µM) in the presence or absence 

of zVAD-fmk (100 µM) or with zVAD-fmk alone. After the indicated time points cells were lysed and lysates 

were incubated in vitro  in the presence or absence of DEVD-CHO (50 nM) for 5 min at room temperature. 

Then, cleavage activity was measured with the substrates DEVD-afc and VDVAD-afc. Data are means ± SD 

from 3 experiments.  

 

3.2.3 Colchicine-induced apoptotic chromatin changes in the presence of 

zVAD-fmk 

The alterations of nuclear morphology in colchicine-treated neurons were examined by 

transmission electron microscopy (Fig. 12). Control neurons had oval-shaped nuclei 

characterized by an overall loose chromatin structure containing some dense spots. When 

neurons were treated with colchicine, nuclei shrank and the chromatin condensed near the 

nuclear periphery to crescent-shaped cap-like structures. At later stages, aggregated 
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chromatin was fragmented into globular structures, and the cytoplasm condensed. At that 

time (16-18 h), neurons exposed to colchicine plus zVAD-fmk displayed only slight changes 

of chromatin, which appeared more lumpy and started clustering near the nuclear envelope. 

Later (after 26-28 h), the chromatin of neurons treated with colchicine plus zVAD-fmk 

became strongly condensed to irregularly shaped masses under the nuclear envelope. In 

parallel, the cytoplasm appeared more condensed.  

 

 

Figure 12: Nuclei of caspase-inhibited neurons display apoptotic morphological changes  

Neurons were treated with colchicine (1 µM) in the absence (left panel) or presence (right panel) of zVAD-fmk 

(100 µM). At different time points, cultures were fixed with 2.5% glutaraldehyde for transmission electron 

microscopy analysis. In colchicine-treated neurons chromatin condensed to crescent and sphere shaped 

structures. Early stages (18 h) of chromatin condensation in caspase-inhibited neurons were characterized by 

compaction of DNA under the nuclear envelope. At later time points (> 24 h) lumpy, highly condensed 

chromatin structures were formed. The width of scale bars corresponds to 2 µm. 
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To examine whether the apoptotic-like morphological changes in zVAD-fmk inhibited 

neurons were paralleled by DNA damage, DNA fragmentation was measured (Fig. 13). High 

molecular weight DNA fragments (600, 300 and 50 kbp) formed in CGC treated with 

colchicine regardless of the presence or absence of zVAD-fmk. Occurrence of DNA 

fragmentation paralleled the onset of nuclear condensation in time and was quantitatively 

similar to that triggered by colchicine alone. Staining of cells with fluorescent dyes indicated 

that the majority of neurons had an intact plasma membrane when DNA fragmentation 

started. At late time points (36 h), an increasing number of neurons (about 20%) underwent 

secondary lysis, consistent with the ultrastructural finding that nuclear changes were followed 

by a loss of plasma membrane integrity. 

 

 

 

3.2.4 Colchicine-induced PS translocation in the presence of zVAD-fmk 

Translocation of PS from the inner to the outer layer of the plasma membrane is an early 

event in neurons undergoing colchicine-triggered apoptosis (Fig. 8). The occurrence of this 

apoptotic feature is prevented when caspases are inhibited either by ATP depletion (Fig. 8) or 

by peptide inhibitors (data not shown) up to 24 h. When neurons were exposed to colchicine 

plus zVAD-fmk for longer than 24 h, plasma membranes appeared to be intact, as indicated 

by the calcein-AM staining (Fig. 14, left panel) and about 10% of the neurons displayed 

nuclei with the characteristic mottled type of chromatin condensation (indicated by arrows, 
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Figure 13: Caspase-inhibited neurons 

display chromatin degradation 

Neurons were incubated with colchicine (1 µM) 

in the presence or absence of zVAD-fmk (100 

µM) or with zVAD-fmk alone. After different 

time points, the percentage of neurons retaining 

plasma membrane integrity was determined by 

counting calcein-AM positive cells. Then, DNA 

fragmentation was analyzed by field-inversion 

gel electrophoresis. The arrow indicates high 

molecular weight DNA fragments of 50 kbp.  
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middle panel). However, nearly 50% of neurons with condensed nuclei and intact plasma 

membranes displayed PS exposure (indicated by an asterisk, left panel), and this percentage 

of annexin-positive neurons remained constant at later stages. PS was localized on the surface 

of the neurons and entirely surrounded the cell bodies (middle and lower rows). 

 

 

Figure 14: Caspase-inhibited neurons display PS translocation  
Neurons were incubated with colchicine (1 µM) and zVAD-fmk (100 µM) for 24 h and stained with fluorescent 

annexin V (PS translocation), calcein-AM (plasma membrane integrity) and H-33342 (chromatin structure). 

Fluorescence images were collected by confocal microscopy (63x, NA 1.32 lens). Top: xy -section through the 

cell bodies. Arrows indicate condensed nuclei and an asterisk indicates an annexin V positive neuron. The width 

of the scale bar corresponds to 10 µm. Middle: xy -section through the annexin V positive neuron in higher 

magnification. Bottom: transversal section (xz-plane) demonstrates that the entire surface of the neuron was 

surface stained with annexin V. The width of the scale bar corresponds to 9 µm. Data are representative of five 

experiments in three independent cell preparations. 

 

3.2.5 Rupture of outer mitochondrial membrane and cytochrome c release in 

colchicine-induced apoptosis in the presence of zVAD-fmk 

To investigate whether mitochondria underwent apoptotic-like changes also in neurons that 

caspases where inhibited, mitochondrial membrane potential (∆Ψ) was measured using the 

mitochondrial potential-sensitive dye TMRE. In CGC exposed to colchicine alone, TMRE 

fluorescence dropped by about 20% after 12 h, further declined to about 30% of control after 
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18 h, and was completely lost after 24 h. In the presence of zVAD-fmk, loss of ∆Ψ started 

with a delay of 8 h, and was complete after 32 h. The loss of ∆Ψ was paralleled by a 90% 

decline of the intracellular ATP levels in both colchicine and colchicine plus zVAD-fmk 

treated neurons (not shown). It was investigated, whether those changes in mitochondrial 

membrane potential were also reflected by ultrastructural alterations of the mitochondria 

(Fig. 15A). Mitochondria from control neurons (colchicine 0 h) appeared elongated and oval-

shaped, with dense cristae. Mitochondria from colchicine-treated neurons (colchicine 16 h) 

were frequently enlarged, often up to double of their original size. Frequently observed 

alterations were the formation of large blebs and the rupture of the outer mitochondrial 

membrane. Similar changes were observed in mitochondria from colchicine-treated neurons 

in the presence of zVAD-fmk (colchicine plus zVAD-fmk, 16 h). These findings suggest that 

colchicine-induced microtubule depolymerization somehow triggers irreversible mito-

chondrial alterations, and these may commit neurons to death, in the presence or absence of 

caspase activation. 

In order to obtain a quantitative overall measure of mitochondrial membrane rupture in the 

neuronal population, the release of cytochrome c from mitochondria to the cytoplasm was 

characterized (Fig. 15B/C). In control neurons (colchicine 0 h), immunoreactive cytochrome 

c formed a punctate pattern in the neurite structures and around the nuclei. The structures 

stained by anti-cytochrome c colocalized with the mitochondrial marker Mitotracker Red (not 

shown). Thirty percent of the neurons exposed to colchicine for 12 h displayed a diffuse 

cytosolic cytochrome c pattern and nuclear localization of cytochrome c. Eighty percent of 

these latter cells had a condensed apoptotic nucleus (Fig. 15B/C, middle left panel). The 

diffuse cytosolic cytochrome c pattern was also observed in some neurons that still displayed 

normally shaped nuclei, indicating that cytochrome c release preceded nuclear condensation. 

Some of the neurons with clearly condensed nuclei had lost cytochrome c staining, which 

suggests that, once released, cytochrome c was degraded in the cytoplasm. In the presence of 

zVAD-fmk (Fig. 15B/C, middle right panel), which prevented the appearance of all nuclear 

alterations, cytochrome c was still released in many neurons. This suggests that zVAD-fmk 

inhibitable caspases are primarily involved downstream of cytochrome c release to trigger 

chromatin condensation, but they are not responsible for the events leading to cytochrome c 

release in colchicine-treated CGC. It was further tested, whether colchicine had any direct 

effect on mitochondrial loss of cytochrome c by exposing neurons in the presence of the 

CHX, which blocks colchicine-triggered apoptosis (Fig. 9B) and acts upstream of 
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mitochondria [211]. No cytochrome c release from mitochondria was observed even at later 

stages (20 h, Fig. 15B/C, right panel) in this model system, although CHX did not prevent the 

initial colchicine-triggered microtubule breakdown (Fig. 9A). 
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Figure 15: Mitochondrial damage and cytochrome c translocation caused by colchicine 

is not prevented by zVAD-fmk  
(A) Neurons were treated with colchicine (1 µM) in the absence or presence of zVAD-fmk (100 µM). After 16 

h, cells were fixed with 2.5% glutaraldehyde for transmission electron microscopy analysis. Arrows indicate 

blebbing of mitochondria, and arrowheads indicate rupture of the outer mitochondrial membrane. Neurons were 

exposed to colchicine (1 µM), either directly, or in the presence of zVA D-fmk (100 µM), or in the presence of 

CHX (1 µM). (B) Cells were fixed with 4% paraformaldehyde and used for cytochrome c 

immunocytochemistry. Nuclei were stained with H-33342 and correspond to the same field used for imaging 

cytochrome c staining. Neurons with released cytochrome c are indicated by arrows and neurons that had 

entirely lost cytochrome c staining are indicated by arrowheads. The width of every scale bar corresponds to 30 

µm. (C) Individual neuronal somata marked by the boxes in B are shown at higher magnification (width=10 

µm). 

 

The results obtained by immunocytochemistry were fully confirmed by Western blotting 

analysis of cytochrome c in both cytosolic and organelle fraction (Fig. 16). Taken together, 

these findings provide evidence that cytochrome c release occurs upstream of caspase 

activation and it is triggered by cytoskeletal breakdown, but not by colchicine itself. 

 

 

Figure 16: Mitochondrial cytochrome c release is not prevented by caspase inhibition. 

Cytochrome c-release into the cytosol (the cytosolic fraction is indicated by an S for supernatant) and the 

cytochrome c retained in the organelle fraction (indicated as P for pellet) were determined by Western blot. As 

control for maximal cytochrome c release, neurons were treated with 0.3% Triton X-100.  

 

3.2.6 Modulation of cell death by proteasome inhibitors 

Further it was investigated whether other proteases different from caspases would contribute 

to the delayed caspase-independent cell death. In many cases, CGC did not tolerate a 

prolonged incubation with several of the protease inhibitors tested. Thus, various inhibitors 

were added 12 h after the challenge with colchicine plus zVAD-fmk, at the time when 

cytochrome c release just begun. Neuronal survival was then determined 18 h later.  

The highly selective and irreversible proteasome inhibitor clasto-lactacystin β–lactone 

(active lactacystin metabolite) in a concentration range from 10-20 µM reduced the 
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percentage of condensed nuclei by 70% (Fig. 17). Similar effects were obtained with the 

proteasome inhibitor, MG 115 (z-Leu-Leu-Nva-CHO) in a concentration range from 1-20 

µM (Fig. 17). These proteasome inhibitors had only minor effects (less than 5% protection) 

on colchicine-induced apoptosis in the absence of zVAD-fmk even when the inhibitors were 

added to the cultures together or prior to colchicine (not shown). The peptide aldehyde LLN-

CHO (50-100 µM) reduced cell death by 50% (not shown). Because LLN-CHO inhibits 

calpains as well as proteasome, the broad cysteine protease inhibitor E 64 (1-40 µM) which 

inhibits calpains and cathepsin B, H and L, the calpain inhibitor LLM-CHO (100-200 µM), 

and the cathepsin B inhibitors CA074 (1-25 µM) and zFK-tmk (1-10 µM) were also tested. 

None of these inhibitors significantly reduced cell death. Neither stimulation with inhibitors 

of serine proteases (TLCK and TPCK) nor with the control peptide zF-cmk nor additional 

zVAD-fmk (Fig. 17) had any effect on cell demise. Altogether these findings point at the 

proteasome as an important mediator of cell death in neurons when execution by caspases 

was inhibited.  

 

 

Figure 17: Reduction of cell death by proteasome inhibitors  

Neurons were treated with colchicine (1 µM) and zVAD-fmk (100 µM). After 12 h incubation, solvent control 

dimethylsulfoxide (DMSO), additional zVAD-fmk (100 µM), lactacystin (20 µM) or MG 115 (5 µM) were 

added for a further incubation time of 18 h. After 30 h, neurons were stained with H-33342 and cell death is 

expressed as percentage of nuclei with condensed chromatin. Data are mean values from triplicate 

determinations. * p < 0.05; solvent vs. proteasome inhibitors. 
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4 Discussion 

 

4.1 Microtubule disruption as a trigger for neuronal degeneration 

and apoptosis 
Colchicine and other microtubule disassembling drugs induce microtubule disruption and 

apoptosis in CGC. An early event of colchicine’s action is degeneration of neuronal 

projections followed by apoptotic demise of neuronal somata (Fig. 10). Exposure of CGC to 

colchicine has several secondary effects, such as induction of nitric oxide synthase, fos 

expression and disturbance of Ca2+ homeostasis [357], all of which precede typical apoptotic 

processes, such as DNA fragmentation, activation of caspases, and cleavage of fodrin [358, 

364]. Colchicine-induced apoptosis is dependent on caspase-3, supported by the caspase-3 

specific cleavage pattern of fodrin, and block of this degradation and ensuing apoptosis by 

caspase inhibitors (Fig. 4). Activation of caspase-3 occurs either upon death receptor-

mediated or other pathways [379]. In neurons, stress responses such as growth factor 

withdrawal can result in the induction of CD95 ligand and death receptor mediated apoptosis 

[380]. However, colchicine induce apoptosis and caspase activity was not altered in neurons 

from mice with either mutant CD95 ligand or mutant CD95 (Fig. 3), suggesting that 

colchicine triggered caspase-3 activation is not mediated via CD95 system. In contrast, 

antimicrotubule drugs such as colchicine can even protect from death receptor-mediated 

apoptosis in some systems [381]. This may be due to defects in receptor internalization 

because of microtubule disruption. 

The presented findings show that caspase activation and the subsequent apoptotic events are 

strictly dependent on microtubule depolymerization itself. This is suggested by the 

comparable effects of colchicine, nocodazole, vincristine, and vinblastine which are 

chemically unrelated, but all cause microtubule disruption. In addition, block of microtubule 

depolymerization by taxol, which functionally antagonizes colchicine and the other 

microtubule disruption agents, prevented caspase-activation and apoptosis (Fig. 2). This 

confirms earlier suggestions that microtubule integrity may be one of the general sensors 

important for the control of the cell death machinery [357, 382]. Recent data showing an 

effect of microtubule disruption on mitochondrial permeability transition [383] and on the 

phosphorylation state of Bcl-2 [382, 384] suggest a link between microtubule integrity and 

suppression of caspase-activating mechanisms. 
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4.2 ATP control of neuronal cell death 
Defects in mitochondrial energy generation have been frequently associated with 

neurodegenerative diseases [385, 386]. Such defects may have either a genetic basis [387], or 

may be due to metabolic inhibition of oxidative phosphorylation, for instance by nitric oxide 

[177, 213, 388, 389]. It is well-established that ATP depletion facilitates damage by many 

stimuli, and sensitizes neurons particularly to excitotoxicity [386, 390], i.e. conditions of 

severe overstimulation of glutamate receptors leading to disturbance of intracellular Ca2+ 

homeostasis and finally resulting in neuronal death. In these models, a close relationship has 

been established between energy deprivation and excitotoxicity. 

The ATP loss resulting from decreased mitochondrial energy generation would lead to 

impaired function of ion pumps and hypopolarization of neurons, thereby sensitizing towards 

glutamate stimulation. Glutamate receptor-mediated ion influx would increase energy 

demand, and the ensuing ATP depletion would thereby enhance depolarization. This would 

trigger further increase of intracellular Ca2+ concentration resulting in further glutamate 

release. This putatively self-propagating process finally leading to excitotoxicity has been 

termed the energy-linked excitotoxicity hypothesis [390, 391]. In such cases, ATP depletion 

itself may be the main trigger for subsequent neuronal damage [364]. But under these 

conditions, cell death generally involves sets of proteases different from caspase-3 related 

execution enzymes, whether it is apoptotic or necrotic [13, 36, 364]. Also, such cell damage 

usually occurs very rapidly and affects neuronal somata at early stages [364].  

 

4.3 ATP requirement of neuronal apoptosis 
In this study it is suggested that ATP deficiency occurring during neurodegeneration may 

have a second implication: to prevent the execution of apoptosis and delay cell death, at least 

under conditions when excitotoxicity is not involved. A preventive effect of lowered energy 

production on nuclear damage in the irradiated thymus has been observed quite many years 

ago [392], and ATP depletion in lymphoid cells or in liver is known to block the execution of 

apoptosis triggered by cytokines or other agents [205, 206, 393]. The implications of 

lowering ATP levels during the execution of apoptosis have been less clear in neurons. After 

exposure of neurons to substances that trigger both ATP depletion and cell death (rotenone, 

glutamate, MPP+), apoptosis is prevalent under conditions of relatively minor ATP loss, 

whereas necrosis occurs when the ATP loss is more severe [19, 364].  
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In the present study, apoptosis and the associated caspase-activation were triggered by agents 

that themselves have only minor effects on energy generation or consumption. Thus, ATP 

levels could be modulated independently from the pro-apoptotic stimuli. Three different ATP 

depleting agents were used, which per se did not compromise neuronal viability (Fig. 5): (i) 

deoxyglucose, which competes with glucose for both cellular uptake and glycolytic 

metabolism. This can be considered as a model for reduced glycolytic flux in neurons, and it 

offers the additional advantage of the easy reversibility of the effect of deoxyglucose by 

increasing glucose supply to the neurons; (ii) MPP+ is a model toxin for the induction of 

Parkinson’s disease [394] and it was used here as selective inhibitor of mitochondrial 

complex I [395]. MPP+ depletes ATP in CGC kept under low-glucose conditions within 

minutes [364], but is otherwise non-toxic over periods of ≤ 24 h, providing that secondary 

excitotoxic phenomena are prevented [364]. Since MPP+ does not affect glycolysis, ATP 

could be repleted by providing high glucose concentrations to the medium. Under such 

conditions, CGC maintain high ATP levels in the complete absence of oxidative 

phosphorylation [373]; (iii) finally, neurons were exposed to the NO donor and endogenous 

NO carrier GSNO. This substance depletes ATP by inhibiting oxidative phosphorylation 

[177, 213]. As in the case of MPP+, the specificity of the effect can be probed by repleting 

cellular ATP by enhanced glycolysis [213]. It has been argued that in some cell types NO 

donors may directly affect caspases, and therefore prevent apoptosis [396, 397]. However, 

this is not the case in CGC exposed to GSNO [358]. As shown in the present study, the 

prevention of caspase activation and apoptosis by NO-donors can be explained by their 

ability to deplete ATP, since the effects of GSNO on apoptosis were easily reversed by 

glucose (Fig. 7). 

The execution of several, currently known apoptotic degradation processes can proceed in the 

absence of ATP. For instance, nuclear condensation, PS exposure, protease activities and 

DNase activities themselves do not require energy. However, one central step upstream of 

these activities is the activation of execution caspases within the apoptosome complex. In 

vitro reconstitution of this complex is only possible in the presence of ATP or dATP [77, 82], 

and depletion of ATP by 50-70% in living cells prevents caspase-activation [205, 206, 213]. 

Conversely, glucose supplementation restores caspase activation and the apoptotic phenotype 

(Fig. 8). Thus, inhibition of caspase activation at the level of the apoptosome is a plausible 

mechanism, which can explain the effects of ATP depletion observed in this system. 
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Accordingly, it was found that procaspases-3 and 7 were not processed in ATP-depleted 

neurons (Fig. 6/7). 

In addition to the apoptosome complex, a second target, that requires ATP involves 

translation-dependent processes. In several non-excitotoxic models of programmed neuronal 

death (e.g. growth factor withdrawal, potassium-deprivation [285, 398]), caspase-activation 

and apoptosis are prevented by inhibitors of protein synthesis. Apoptosis may require new 

protein synthesis of proapoptotic molecules. In some tumor cells, synthesis of procaspases is 

required to execute apoptosis [399]. In neurons deprived of growth factors, apoptosis is 

mediated by induction of CD95 ligand expression [380] or by induction of genes required for 

translocation and multimerization of proapoptotic Bax to mitochondria [211]. Here, it was 

shown that colchicine- or nocodazole-induced apoptosis is also sensitive to agents or 

conditions that inhibit protein synthesis. High concentrations of DG or MPP+ depleted ATP 

> 90%, and shut down protein synthesis ≥ 95%. However, lower concentrations of deoxy-

glucose, which depleted ATP to a lesser extent and hardly caused any inhibition of protein 

synthesis (< 25%), still prevented caspase-activation (Fig. 9). Thus, ATP depletion may 

affect neuronal apoptosis indirectly due to inhibition of protein synthesis, and directly due to 

its effect at the level of caspase processing by the apoptosome (see Figure 18). 
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Figure 18: Proposed mechanisms how colchicine-induced apoptosis is prevented by 

ATP depletion  

Colchicine causes microtubule fragmentation which in turn induces apoptosis. Prevention of microtubule 

fragmentation by taxol inhibits apoptosis. Apoptosis is dependent on caspase activation and displays typical 

features of caspase-3 activation such as oligonucleosomal DNA fragmentation, chromatin condensation and 

fragmentation, and PS exposure. Apoptosis is prevented either by caspase inhibition or block of translation or 

transcription. Depletion of ATP by DG, MPP+ or GSNO prevents apoptosis, repletion of ATP by glucose 

restores the ability to undergo apoptosis. ATP is required for apoptosome formation or protein synthesis. Strong 

ATP depletion prevents apoptosis by inhibition of translation, while mild ATP depletion inhibits apoptosome 

formation and thereby caspase activation. 
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4.4 Caspase-inhibition: distinct effects on degeneration and 

apoptosis 
Caspase inhibition either by ATP depletion or by synthetic inhibitors neither prevented 

microtubule breakdown nor loss of neuronal projections, but protected neuronal somata from 

apoptosis (Fig. 4/10). Somata remained viable (as analyzed by MTT-reduction, leucine-

incorporation, calcein retention) for at least 24 h. Thereafter, neurons started to die slowly 

(Fig. 10). These findings suggest that inhibition of caspases can explain the uncoupling of 

degenerative processes in neuronal projections from the eventual death of the cell. This is 

consistent with previous observations in some systems, that caspase inhibition can block 

apoptosis, but not entirely prevent delayed cell death [177, 206, 220]. Neurons exposed to 

colchicine undergo degeneration by a two step mechanism: caspase-independent neurite 

disruption is followed by death of neuronal somata, which is primarily caspase-dependent, 

but can also proceed by caspase-independent ways. A similar redundancy of death pathways 

is observed in Wallerian degeneration, where caspase-independent neurite loss precedes loss 

of cell bodies [400], and may explain why in animal models for neurodegenerative diseases 

only part of the neurons can be rescued by dominant negative caspases or by caspase 

inhibitors [331, 401, 402]. Neuronal dysfunction can follow neurite degeneration which may 

occur independent from caspase activity at early stages of slow progressing 

neurodegenerative diseases. Recent results from animal models indicate in fact that neuronal 

dysfunction occurs before the onset of cell loss or apoptosis [337, 338, 403]. These findings 

raise the question as to whether pharmacological inhibition of caspases is always desirable in 

in vivo neurodegenerative conditions.  

 

4.5 Caspase-independent apoptosis 
Pan-caspase inhibitor zVAD-fmk or Bcl-2 overexpression delayed the appearance of 

colchicine-induced apoptosis without preventing initial cytoskeletal damage. Caspase-

inhibited neurons died after a lag period, displaying key features of apoptosis such as nuclear 

shrinkage, chromatin condensation, DNA fragmentation, and in addition, PS exposure and 

mitochondrial permeabilization, which are often observed in apoptotic cells (Fig. 

12/13/14/15/16).  

These findings contrast with the classical paradigm that the apoptotic morphology requires 

and results from activation of caspases alone [60, 216]. A dominant role of caspases in 



Discussion 

65 

several models of neuronal apoptosis is proven by the protective effects of viral caspase 

inhibitors [110, 111] or peptide inhibitors [358, 404-406]. In vivo, caspase inhibition can 

significantly alleviate damage following cerebral ischemia [113, 114], axotomy [407], head 

trauma [408], and intracerebral transplantation [409].  

Nevertheless, there is emerging evidence that inhibition of caspases does not always prevent 

apoptotic cell death. For instance, removal of the interdigital web and negative selection in 

the thymus occur independently of caspases [217, 218]. In vitro, cytolysis and mitochondrial 

membrane permeabilization has been observed despite the presence of pan-caspase 

inhibitors, although these compounds blocked oligonucleosomal DNA fragmentation and 

chromatin condensation in the same settings [220, 221, 223, 255]. In some cases, 

programmed cell death has been shown to occur without caspases being activated at all [228, 

229, 244]. A possible explanation for the contradictory results obtained with caspase 

inhibitors may be that this approach fails to rescue permanently from cell death when 

additional survival factors (i.e., neurotrophins) are lacking [378]. The positive side of this 

consideration is that caspase inhibition in vivo may eventually buy sufficient time for injured 

cells to recover. The question instead arises as to whether pharmacological caspase inhibition 

may be an effective treatment in chronic neurodegenerative disease, when factors promoting 

regeneration are missing [410]. 

An additional question which becomes relevant in molecular pathology is whether caspase-

independent cell death can have an apoptotic-like morphology. An increasing number of 

studies, including this, suggest that this is possible [192, 219, 236, 238, 243, 244]. The 

delayed and caspase-independent cell death observed in the present study was characterized 

by typical apoptotic features such as chromatin condensation and ordered DNA degradation 

(Fig. 12/13). In comparison to apoptosis induced by colchicine alone, where chromatin 

condensation plus fragmentation to crescent-shaped patterns and degradation to large and 

oligonucleosomal DNA fragments was observed (Fig. 12), caspase-inhibited neurons seemed 

to execute this part of the program only partially. Oligonucleosomal DNA fragmentation 

involves primarily the caspases-mediated activation of cytoplasmic nucleases [142] and it 

was clearly not observed in caspase-inhibited neurons. PS-translocation, the most 

conspicuous plasma membrane event occurring in apoptosis can result from caspase 

activation [411], but it can also be mediated by alternative mechanisms [207]. Regardless of 

the triggering event, the appearance of PS on the surface of neurons dying in the presence of 

caspase inhibitors suggests that they would be still recognized by phagocytes in vivo.  
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4.6 Death commitment by mitochondria? 
Mitochondrial dysfunction in apoptosis results in the release from the intermembrane space 

to the cytoplasm of pro-apoptotic factors including cytochrome c [82] and AIF [159]. In 

addition, loss of respiratory functions and ATP depletion may follow the irreversible opening 

of the permeability transition pore [154]. In colchicine-induced apoptosis, loss of the 

mitochondrial membrane potential occurred upstream of caspase activation, since caspase 

inhibitors did not prevent the loss of ∆Ψ (data not shown). Similarly, structural alterations of 

mitochondria such as swelling and disrupture of the outer membrane and translocation of 

cytochrome c occurred in a caspase independent manner (Fig. 15). In contrast, the translation 

inhibitor CHX blocks apoptosis by a mechanism upstream of mitochondria (Fig. 15/16). One 

possible explanation for this effect of CHX may be the suppression of gene induction 

involved in multimerization and translocation of proapoptotic Bax to mitochondria as shown 

in sympathetic neurons deprived of nerve growth factor [211]. 

The oncogene bcl-2 can prevent caspase-dependent and -independent cell death [175, 412, 

413], acting primarily on mitochondria [414]. Nevertheless, neurite loss was not altered by 

overexpression of this oncogene (data not shown), in contrast to recent results showing that 

Bcl-2 has protective effects on neuronal cytoskeleton [415]. However, in neuronal cultures 

from Bcl-2-overexpressing mice, colchicine-induced caspase activation was temporarily 

suppressed (data not shown). Time course studies showed that this protection was in fact only 

ephemeral, and caspase activity increased later to the same extent as in observed wild type 

neurons. The transient protection provided by Bcl-2 in both caspase-dependent and caspase-

independent paradigms suggests that the two modes of cell death may share a relevant 

commitment point at the level of mitochondria. These findings also suggest the existence of 

essential death effectors other then caspases, but still controlled by Bcl-2. One candidate is 

the mitochondrial flavoprotein AIF which can elicit apoptotic nuclear changes in a caspase-

independent manner [162]. Upon translocation to the nucleus AIF, is sufficient to induce 

initial or partial chromatin condensation and high molecular weight DNA fragmentation. 

Additional to nuclear changes AIF can induce PS exposure in a caspase-independent way 

[165]. Similar apoptotic features were observed in colchicine-triggered neurons in the 

presence of caspase inhibitor, suggesting that AIF could be the alternative executor in this 

system. 
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4.7 Execution of apoptosis by the proteasome?  
Essential conclusions of this work are based on the observation that the poly-caspase 

inhibitor zVAD-fmk completely inhibits execution caspases in these neurons (Fig. 11). 

Although, the experimental evidence shows that all active caspases in this system are blocked 

by zVAD-fmk, it can not be excluded that a yet unknown caspase not sensitive to zVAD-fmk 

might have mediated pro-apoptotic events. While this seems unlikely, it appears more 

plausible that another protease family may produce the apoptotic-like features found in 

caspase-inhibited neurons. Other protease families, such as calpains, cathepsins, the 

proteasome and serine proteases have been implicated in apoptosis [254, 256, 272, 279]. The 

available evidence allows the conclusion that the proteasome may take over the role of an 

execution system (Fig. 17). In other models, the proteasome system is critically involved in 

apoptosis acting at a point upstream of caspase activation, e.g. in cerebellar granule cells 

deprived of extracellular potassium [281], in sympathetic neurons deprived of nerve growth 

factor [282] or in T-cells treated with glucocorticoids [279, 280]. The proteasome system 

may be involved in the degradation of antiapoptotic proteins such as IAPs in cells induced to 

undergo apoptosis. Therefore, proteasome inhibitors can prevent apoptosis by blocking 

degradation of these antiapoptotic molecules [283]. However, inhibiting the proteasome did 

not modify colchicine-induced caspase activation. Thus, these data here suggest the existence 

of an alternative pathway (see Figure 19) as recently observed in other systems [243].  
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Figure 19: Hypothetical sequence of events leading to caspase-dependent and 

independent apoptosis  

Microtubule disruption acts by unknown ways on mitochondria triggering permeabilization of outer 

mitochondrial membrane and release of cytochrome c and AIF. Cytochrome c mediates upon apoptosome 

formation activation of caspases. Caspases deinhibit CAD responsible for chromatin condensation and 

oligonucleosomal DNA fragmentation and mediate the formation of further apoptotic features such as nuclear 

and chromatin fragmentation and PS exposure. When caspases are blocked either direct by caspase inhibitors or 

by ATP depletion, noncaspase proteases such as the proteasome take over execution of apoptosis leading to 

partial chromatin condensation, high molecular weight DNA fragmentation and PS exposure. Additional AIF 

can provoke these apoptotic changes. Blocking translation or transcription either by inhibitors or by strong ATP 

depletion prevents irreversible mitochondrial changes and release of proapoptotic factors, thereby acting 

upstream of apoptosis execution at the death commitment point.  
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4.8 Implications for neurodegeneration in vivo 
In the presented culture model, different programs trigger degeneration of neuronal 

projections and apoptotic demise of neuronal somata and caspase-independent disruption of 

neurites precedes neuronal apoptosis. Activation of caspases seems to be the main, but not 

sole execution system in neuronal apoptosis. When caspases are inhibited either by energy 

depletion or synthetic agents, neurons can still undergo delayed demise and this death is 

characterized by apoptotic features.  

Such a cell culture system models a situation where caspase inhibition may save time for the 

recovery of neurons in stress situations. If this does not occur, then other proteases may take 

over the execution to prevent the persistence of damaged cells. This suggests that: (i) the 

finding of neurons dying in vivo with apoptotic features does not always imply that caspase 

activation was causally involved in neuronal demise; and (ii) that treatment of 

neurodegenerative disease solely with caspase inhibitors may not always be the most efficient 

way to rescue neurons. The combined use of caspase inhibitors with treatments aimed to 

foster active regeneration of sublethally injured neurons, may be the most effective 

therapeutic approach [410]. 
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5 Summary 

 

• In cerebellar granule cells, the microtubule disassembling poisons colchicine, nocodazole, 

vincristine, and vinblastine induced fragmentation of microtubules which resulted in the 

degeneration of the axodendritic network which was followed by apoptotic demise of 

neuronal somata. The microtubule stabilizing drug taxol prevented both fragmentation of 

microtubules and apoptosis. 

• Colchicine-induced apoptosis was accompanied by mitochondrial cytochrome c release 

and damage, proteolytic activation of execution caspase-3 and -7, subsequent proteolysis 

of fodrin, advanced chromatin condensation and fragmentation, large scale and 

oligonucleosomal DNA fragmentation, and PS translocation to the outer surface of the 

plasma membrane. In the presence of peptide caspase inhibitors, apoptotic changes were 

prevented, although cytochrome c was released from mitochondria and the axodendritic 

network was still destroyed. 

• Depletion of intracellular ATP by either mitochondrial inhibitors or inhibition of 

glycolysis blocked caspase activation, nuclear apoptotic features, and PS exposure, while 

the primary effect of microtubule disruption and neurite loss still occurred. Conversely, 

repletion of intracellular ATP by enhanced glycolysis restored all apoptotic features. 

Thus, sufficient ATP is required for the execution of neuronal apoptosis and energy 

deficiency may lead to the persistence of degenerating and dysfunctional neurons.  

• Neither caspase inhibition by ATP depletion or pharmacological agents nor antiapoptotic 

Bcl-2 prevented microtubule breakdown or neurite loss. But neuronal somata were 

protected from apoptosis under these conditions. However, after a lag period, caspase-

inhibited as well as Bcl-2 overexpressing neurons underwent delayed cell death. This 

implies that death programs for neurite degeneration and apoptosis can occur 

independently from each other and that block of caspases may not rescue neurons from 

demise under degenerative conditions.  

• The delayed caspase-independent death was characterized by partial chromatin 

condensation, large scale DNA fragmentation and PS exposure. Inhibitors of the 

proteasome reduced caspase-independent apoptosis, implying that noncaspase proteases 

can take over execution of apoptosis in neurons. 
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Zusammenfassung 

Colchicin, Nocodazol, Vincristin und Vinblastin lösten in Kleinhirnkörnerzellen die De-

polymerisierung von Microtubuli aus. Die Zerstörung dieser Strukturen führte zur 

Degeneration des neuronalen Netzwerks, dem der apoptotische Untergang der neuronalen 

Zellkörper folgte. Taxol, eine microtubulistabilisierende Substanz verhinderte sowohl die 

Zerstörung der Microtubuli als auch die nachfolgende Apoptose. Die durch Colchicin 

ausgelöste Apoptose war durch folgende morphologische und biochemische Merkmale 

gekennzeichnet: Schädigung der Mitochondrien und Freisetzung von Cytochrome c, proteo-

lytische Aktivierung der Exekutionscaspasen 3 und 7, nachfolgende Proteolyse von Fodrin, 

Kondensierung und Fragmentierung des Chromatins, hochmolekulare und oligonukleosomale 

DNA-Fragmentierung und Umverteilung von Phosphatidylserin (PS) in die äußere Schicht 

der Plasmamembran. Die meisten dieser apoptotischen Veränderungen wurden durch die 

Gabe von Caspaseinhibitoren verhindert, obwohl Cytochrome c aus den Mitochondrien 

freigesetzt und das axodendritische Netzwerk zerstört wurde. Wenn der intrazelluläre ATP-

Spiegel abgesenkt wurde, entweder durch Hemmstoffe, die direkt auf Mitochondrien wirkten 

oder durch Inhibition der Glykolyse wurden sowohl Caspasenaktivierung, als auch 

apoptotische Kernveränderungen und die PS-Umverteilung verhindert, während der primäre 

Effekt, die Zerstörung von Microtubuli und der Verlust von Neuriten weiterhin stattfand. 

Umgekehrt führte die Wiederherstellung des ATP-Gehalts durch erhöhte Glykolyse zur 

erneuten Ausprägung der apoptotischen Merkmale. Daher kann angenommen werden, daß 

für die Durchführung der Apoptose genügend ATP in den Neuronen vorhanden sein muss 

und könnte erklären, wieso unter energiedefizienten Zuständen degenerierende Neuronen 

persistieren können. Die Zerstörung der Microtubuli und der Neuritenverlust wurden weder 

durch Caspaseninhibition noch durch das anti-apoptotische Protein Bcl-2 verhindert, dennoch 

waren die neuronalen Zellkörper vor Apoptose geschützt. Nach einer gewissen Zeit starben 

allerdings auch diese Neuronen. Dies impliziert, daß unterschiedliche Todesprogramme 

verantwortlich für Neuritenverlust oder für Apoptose existieren und daß die Hemmung von 

Caspasen nicht ausreichen könnte, um Neuronen unter neurodegenerativen Bedingungen vor 

dem Zelluntergang zu bewahren. Der verzögerte und unter Caspaseninhibition auftretende 

Zelltod war durch eine partielle Chromatinkondensierung, hochmolekulare DNA-Frag-

mentierung und PS-Umverteilung gekennzeichnet. Proteasominhibitoren reduzierten diese 

von Caspasen unabhängig auftretende Apoptose, was daraufschliessen läßt, daß andere 

Proteasen wie zum Beispiel das Proteasom die Durchführung des apoptotischen Zelltods 

übernehmen können. 
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