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1 Introduction
The last night she lived it was a common night.

Except the dying.
This to us made nature different.

(Emily Dickinson, excerpt from XX)

1.1 Cell death: apoptosis and necrosis

1.1.1 Background

While in the last century a lot of attention was dedicated to the comprehension of cell

proliferation and differentiation only in the last three decades focus was concentrated on the mode

of cell death. Two distinct modes of cell death are recognised: necrosisand apoptosis. 

Necrosis is occurring in acute severe insult and is generally considered as a passive form

of cell death. It is characterised by cell lysis, inflammation and a disorganised breakdown of the

cell. Apoptosis instead is an active and organised form of cell death. It is characterised by

morphological features including chromatin condensation, internucleosomal cleavage of DNA,

phosphatidylserine exposure and formation of “apoptotic bodies” that are eliminated by

phagocytic cells without eliciting inflammatory response. Apoptosis occurs during embryonic

development and maintenance of normal adult tissue homeostasis. However aberrant apoptosis

can be present in many pathological conditions. 

Also if the concept of apoptosis was proposed in the 1970s, single cell death in normal

tissue and in development was already described much earlier. Vogt first described cell death

during development in 1842. In 1885 Flemming gave a description of what he called

“chromatolysis” to describe cell degeneration in regressing ovarian follicles.In 1972 the term

apoptosis was defined by Kerr, Willye and Currie (Kerr et al., 1972) to describe a series of

morphological features that they obsered in a peculiar way of cell death in normal tissue. In the

following years the study and the comprehension of apoptosis was limited to morphological and

biochemical observations. In the 1980s, Horvitz discovered a series of gene named ced(cell death

abnormal gene) in the nematode C. elegansthat were related to cell death during the

developmental state of the worm. For the first time it was shown that gene expression was directly

related to cell death. The field of apoptosis devoleped from a mere description of a morphological

phenomenon to a genetically and biochemical determined “cell program”. At the beginning of the

1990s homologies of ced-genes of C. elegans and some mammalian genes was described. The
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relevance of apoptosis in several diseases such as cancer or neurophatologies became evident

during the last years. Comprehension of the mechanisms that initiate or abrogate apoptosis is now

the main issue in the field of apoptosis.

1.1.2 The apoptosis concept

Apoptosis takes place in an organised sequence of events ending in cell destruction and

engulfment. Kerr in 1971 described a typical morphological feature of single cell death in tissues

with pyknotic nuclei, chromatin condensation and cell shrinkage defining it, with the name

“shrinkage necrosis”. Further characterisation of this type of cell death in normal adult tissues and

during developmental stages established the condition to define the “apoptosis concept” (Kerr et

al., 1972). Apoptosis was defined as an active form of cell death, occurring in normal healthy

tissue, during development and in pathological conditions (e.g. tumor). Cells undergoing

apoptosis show cell shrinkage and chromatin condensation, fusion of endoplasmic reticulum with

the plasma membrane leading to generation of bubbling and cytoskeletal rearrangement. Plasma

membrane does not undergo breakdown during apoptosis and apoptotic cells are phagocytosed

avoiding in this way inflammation (Arends and Wyllie, 1991; Wyllie et al., 1980).

Characteristic DNA “laddering” in oligonucleosomal fragments was the first biochemical

feature of apoptosis was to be shown. It was demonstrate later that DNA-cleavage in apoptosis is

a multistep process proceeding from high molecular DNA-fragmentation (50-700 kbp) to low

moecular DNA-frgmentation (180 x bp) (Filipski et al., 1990; Walker et al., 1994b). Both types

of DNA-fragmentation are considered reliable markers of apoptosis. Another marker of apoptosis

is the exposure of phospatydilserine on the outer surface of the plasma membrane. During

apoptosis symmetry in the plasma membrane is lost and alterations in its composition is occurring

(Savill et al., 1993). In tissues this represents a recognition marker for professional macrophages

or neighbouring cell to phagocytose apoptotic cells and apoptotic bodies. Clearance of apoptotic

remnants is ensured in this way and inflammation is avoided. Apoptotic cells that are not

phagocytosed undergo plasma membrane lysis at late time points. This phenomenon is known as

“secondary necrosis”. Activation of cysteine proteases (caspases see § 1.2.2) is often associated

with apoptosis, also if evidences for caspase independent apoptosis are emerging (Dumont et al.,

2000; this study). However, caspases activation is considered a reliable marker for apoptosis.

Another typical event occurring in apoptosis is the release of proapoptotic proteins normally

localised in mitochondria, such as cytochrome c. Cytochrome c is involved in caspase activation

(Li et al., 1997b) and was the first example of a protein gains an additional function as regulator
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of apoptotic events. Recently, a new mitochondrial protein named Apoptosis Inducing Factor

(AIF) was isolated and characterised (Susin et al., 1999). This protein is translocated from

mitochondria to the cytosol and nucleus and it is able to trigger apoptotic features (high molecular

weight DNA fragmentation, phosphatidylserine exposure and chromatin condensation) in a

caspase independent manner (Daugas et al., 2000b; Susin et al., 2000). In summary the complex

apoptosis machinery is based on proapoptotic and antiapoptotic proteins and their regulation and

interaction. Activation of the apoptotic machinery mechanism leads to cell death with

characteristic morphological and biochemical changess. Cell undergoing apoptosis die “silently”.

In this way, under physiological conditions tissue integrity is maintained, and cell removal is

proceeding without inflammation.

1.1.3 Definition of necrosis 

The term necrosis has been associated with tissue related pathology. Normally necrosis

takes place after severe injury (such as ischemic damage) or intoxication. The morphological

appearance of necrosis is quite different from that of apoptosis. In necrosis cells swell as

consequence of ion imbalance (Majno and Joris, 1995), endoplasmic reticulum is enlarged,

ribosome undergo to dispersion and mitochondria undergo gross swelling (Wyllie et al., 1980).

Plasma membrane breaks and cell content is release to the extracellular milieu inducing an

inflammatory reaction (Arends and Wyllie, 1991). Vascular damage, cellular infiltration and

edema are the main symptoms in tissue affected by necrosis. In contrast to apoptosis, necrosis is

a passive, disorganised form of cell death. Although chromatin can undergo chromatin

condensation, DNA-laddering is not observed in necrosis. Phagocytosis happens only after cell

lysis. Different from apoptosis, necrosis never occurrs in normal adult tissue. In summary while

apoptosis can be considered a cellular self-destruction process, necrosis represents a mechanism

of passive cell degeneration.

1.1.4 Apoptosis in physiology and pathology

Apoptosis is involved in embryonic development, and is implicated in maintenance of

homeostasis in normal adult tissues. In many situations, apoptosis clearly play an opposite role to

mitosis in order to regulate tissue size. In order to avoid autoreactivity, T- and B-lymphocytes are

selected during maturation by apoptotic mechanisms. During the development of the central

nervous system both neurons and glia cells are eliminated by apoptosis. (Gorman et al., 1998;

Ikonomidou et al., 1999). Although apoptosis serves to maintain the healthy organism,
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disturbances in the control mechanisms of this process can cause either uncontrolled activation or

suppression of cell death. Aberrations in of apoptosis can lead to cancer, autoimmune diseases

such as lupus erythematosus (Mysler et al., 1994), or immune-mediated glomerulonephritis

(Baker et al., 1994; Wu et al., 1994). On the other side, inappropriate activation of apoptosis can

cause or exacerbate disease. It is known that in myocardial infarction as well as in stroke a large

part of the cell death is mediated by apoptosis as a stress response (reviewed in (Love et al., 2000;

Endres et al., 1998). However, under certain conditions stimuli that can trigger apoptosis can also

cause necrosis in the same tissue (e.g. stroke, infarction). It is conceivable that the intensity of the

stimulus can be the discriminant between apoptosis and necrosis. Recently it was shown that

pharmacological inhibition of caspases in stroke was able to reduce both apoptosis and necrosis.

This data leave still open the question whether apoptosis and necrosis represent two forms of a

continuos spectrum for a cell population to die (Leist and Nicotera, 1998a).

1.1.5 Genetically controlled apoptosis in C. elegans

Much of the understanding of apoptosis has come from the genetic study of a nematode

worm, Caenorhabditis elegans. In this worm, during embryonic and larval development a

determined and constant number of cells are eliminated by a well-characterised, spatially and

temporally invariant program. The cloning of genes involved in cell death in C. elegans(Ellis and

Horvitz, 1986; Horvitz et al., 1983), and the evidence that several genes shared homology with

mammalian genes with similar functions, signed the beginning of comprehension of the

“apoptotic mechanism”. Work on the immune system, notably in the laboratories of Nagata and

Krammer, evidenced that T- and B-lymphocytes were killed by apoptosis upon the activation of

specific receptors. 

During normal development of C. elegansexactly 131 of the 1090 somatic cells formed,

undergo apoptosis. The cell death program in C. elegansis divided in four different phases:

decision, execution, engulfment and degradation (Fig 1). Specific genes that regulate the decision

of cell to die are for example ces-1and ces-2(cesfor cell death specification) or egl-1 (egl for

egg-laying defective). The genes ced-3and ced-4 (ced, cell death abnormal) are expressed in all

dying cells. Loss of function mutation in either of these genes results in survival of cells (Ellis

and Horvitz, 1986). Negative regulation of apoptosis in C. elegansis controlled by the gene ced-

9. (Hengartner et al., 1992; Shaham and Horvitz, 1996). Loss of function mutation in ced-9gene

results in excessive cell death and embryonic lethality. Living cells subsequently engulf the dying

cells. Defect in engulfment occurs when a double mutation take place: one mutation in the genes
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ced-2, ced-5 or ced-10and one mutations in the genes ced-1, ced-6 ced-7 or ced-8. Finally the

gene nuc-1 has been shown to control an endonuclease responsible for DNA degradation. 

The CED-3 protein is a cysteine protease or “caspase” (see § 1.2.2) (multiple homologues

in mammalian) which is a central death effector molecul in C. elegans. CED-4 can bind CED-3

via a caspase recruitment domain (CARD) in the N terminus of CED-4 and the prodomain of

CED-3 (Chinnaiyan et al., 1997). The CED-4 protein seems to act as an adaptor protein that

activates the CED-3 caspase precursor. CED-4 has homology with the mammalian protein Apaf-

1 (see § 1.2.2). As described before, CED-9 inhibits apoptosis in C. elegansand it is known that

CED-9 acts upstream to CED-4 and CED-3 (Hengartner, 1997; Shaham and Horvitz, 1996).

CED-9 can bind CED-4 in a non-competitive mode for CED-3. CED-9 has known homology with

the mammalian bcl-2 family.

Fig. 1: Genetic pathway for programmed cell death in C. elegans
In C. Elegans programmed cell death (PCD)is under the control of several genes. Mutations of these genes can
produce inhibition or induction of PCD. Four different phases are recognised in PCD. Only in the first phase are
expressed gene in particular cell type. 
Regulatory interactions deduced from genetic studies are shown: arrows, are positive regulation; --|, negative
regulation. Excerpt from (Desnoyers and Hengartner, 1997)
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1.2 Apoptosis in mammalian cells

The identification of the high homology of the C. elegans CED-3 with the human enzyme

ICE (Interleukin Converting Enzyme now caspase-1) (Yuan et al., 1993) showed that a

phylogentically conserved mechanism was present in apoptosis. In the last years a number of

caspases were discovered. Caspase activation seems to represent the core machinery in apoptosis

execution (see § 1.2.2). However, there are increasing evidences that caspase activation is not the

only pathway in execution of apoptosis. Cells triggered to apoptosis under pharmacological

inhibition of caspase still exhibited apoptotic-like features (Volbracht et al., 1999). The

mechanisms by which a cell takes the decision to die seem to be much more complex than the

execution of death. The homology between the ced-9 gene in C. elegansand the bcl-2 family in

mammalians shows that the apoptotic machinery is down-regulated in normal cells. However, in

the mammalian bcl-2 gene family, both anti- and pro-apoptotic proteins are present. The

discovery of a receptor family (TNF-R) able to trigger apoptosis in lymphocytes and many other

cells (Miura et al., 1993) showed that apoptosis can be selectively initiated by activation of

membrane receptors. Other stimuli were identified during the last years, such as UV light and

consequent DNA damage, growth factor deprivation, kinase inhibition or mitochondria

impairment and by membrane receptors comprised in the family of death receptors.

1.2.1 Cellular signalling in apoptosis: the role of the CD95 receptor

The CD95 receptor and CD95 ligand system represent a classical example of

physiological apoptosis. CD95 (also termed APO-1 or Fas), is a cell membrane receptor

belonging to the TNF-R family, highly expressed in vivo in the immune system, but also in liver,

lung and heart. Activation of the CD95 receptor through the CD95-ligand (CD95L) or CD95

antibody (anti-CD95) can induce apoptosis in cells expressing this receptor (Trauth et al., 1989,

Suda et al., 1997). The intracellular domain of CD95 known also as “death domain” is essential

to transduce the signal after activation of CD95 (Nagata, 1997). Following activation of the CD95

receptor, the intracellular domain, named “death-effector domain” (DED) or “caspase recruitment

domain” (CARD) (Boldin et al., 1996; Muzio et al., 1996), binds an adaptor protein named

FADD/MORT1, which has a death domain in its carboxyterminal region (Chinnaiyan et al.,

1996b; Zhang et al., 1998). After FADD recruitment pro-caspase-8 bind to the complex through

homophilic interaction with the aminoterminal domain of FADD. Formation of this complex

leads to oligomerisation of caspase-8, followed by autoproteolytical activation (Yang et al.,
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1998). The complex formed by CD95, FADD, and the active form of caspase-8 is known as

death-inducing signalling complex (DISC) (Medema et al., 1997). Once activated, caspase-8

activates other caspases, including caspase-3 (Enari et al., 1995), -6 (Takahashi et al., 1997), and

–7 (Fernandes-Alnemri et al., 1995). CD95 activates caspase-8, which induces a cascade

activation of downstream caspases. Mitochondria are not a direct effector in this paradigm but

rather they might function as an amplification system (Fig 2). However, it was shown that

different cells can activate apoptosis either in a mitochondrial independent pathway (cell type I)

or with a mitochondrial dependent pathway leading to activation of caspase-8 and -3 only after

release of mitochondrial pro-apoptotic proteins (type II cells) (Scaffidi et al., 1998). 

cytochrome c

AIF
mitochondrionFADD

death
receptor

death receptor
independent stimuli

death receptor
independent stimuli

pro-
caspase-8

pro-
caspase-9

caspase-9caspase-8

Bid

tBid
Bcl-2

Bax

dATP
Apaf-1

Nucleus

DNA laddering

????

Apaf-1

DD

DED

CARDDeath Substrates

INITIATOR

CASPASES

EFFECTOR

CASPASES

Fig. 2: Different pathways in caspase activation.Adapted from Loss et al., 1999
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1.2.2 Role of caspases in apoptosis induction and execution

As described in § 1.1.5, the mammalian caspase family has high homology to C. elegans

ced-3 gene. There are actually 14 different known members of the caspase family and each

member has a high specificity to cleave aspartate residues in their substrates. The term caspase

derives from cysteine aspartate proteaseactivity of this protease family. All caspases exist as

zymogen and need to be proteolytically activated (Nicholson and Thornberry, 1997). When

caspases are processed, two active subunits are produced, both necessary for substrate binding

and catalysis (Walker et al., 1994a). All of the caspases known, once activated can promote

apoptosis in different systems. However, caspases have also non-apoptotic functions. A typical

example is caspase-1 (previously known as ICE, interleukin-1 converting enzyme) involved in

the regulation of the pro-inflammatory cytokine IL-1 (Dorstyn et al., 1998). Another example is

reported for phytohaemagglutinin A stimulated T-lymphocytes, where caspase-3 is activated

without induction of apoptosis (Kennedy et al., 1999; Miossec et al., 1997). Since caspase are

potentially dangerous for any cells they are under stringent regulation during cell life. Adaptor

proteins, such as FADD (see § 1.2.1), can regulate activation of caspases simply by controlling

dimerisation. Loss of binding of caspases to FADD results in quiescent caspase zymogen (Butt et

al., 1998). Adaptor proteins can regulate in this way caspases, controlling proteolytic activation.

Bcl-2 or Bcl-XL proteins seem to play a crucial role in controlling caspase activation (see 1.2.3).

Overexpression of either protein blocks caspase activation and cell death (Allsopp et al., 1993;

Chinnaiyan et al., 1996a). Another interesting adaptor molecule is the mammalian homologous

of ced-4, Apaf-1 (Apoptotic Protease Activating Factor). Apaf-1 is known to build a complex

together with cytochrome c and dATP or ATP (Kuida, 2000; Li et al., 1997b; Liu et al., 1996; Zou

et al., 1997). Once this complex is formed, Apaf-1 oligomerises and exposes the CARD domain

(Kuida, 2000). At this point, procaspase-9 is recruited to Apaf-1 through its CARD-

corresponding motif and is converted into the active form. The complex formed by Apaf-1, cyt c,

dATP or ATP and caspase-9 is also named “apoptosome”. Recently it was shown that the active

form of the apoptosome has a molecular weight of about 700 kDa (Cain et al., 2000). The

apoptosome formation represents a complex integration point of signals coming from cytoplasm

and mitochondria and regulating caspase activation. 
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1.2.3 Bcl-2 protein family and apoptosis control

The Bcl-2 protein (bcl-2 stay for Bcell lymphoma/leukaemia 2) was for the first time

identified in malignant B-cell lymphoma (Tsujimoto et al., 1985). Bcl-2 has high homology with

ced-9(Hengartner and Horvitz, 1994). A large number of mammalian proteins sharing homology

with bcl-2 was discovered. While the ced-9product in C. elegansseems to exclusively exert

inhibition of cell death, the bcl-2 protein family is divided into two major classes with

antiapoptoticand pro-apoptoticfucntions. All the proteins belonging to the bcl-2 family share a

distinct and well-conserved motif, the so-called BH-domain (Bcl-2-homology). While all

antiapoptotic (Bcl-2, Bcl-XL, Bcl-w, Mcl-1) members contain all the four BH-domains (BH1 to

BH4), the proapoptotic members (Bax, Bad, Bak) either contain only three homology domains

(BH to BH3) or consist of the BH3 domain only (Bid, Bik, Bim and others). Vaux et al. (Vaux et

al., 1988) first described the antiapoptotic effect of Bcl-2 in B lymphoid cells. In the following

years it was shown that in almost all the mammalian cells Bcl-2 is an inhibitor of apoptosis

induced by different stimuli (Greenlund et al., 1995; Jager et al., 1997; Reed, 1996). The

antiapoptotic properties were previously attributed to the ability of Bcl-2 to sequestrate Apaf-1

(Hu et al., 1998; Pan et al., 1998). In this case it was supposed that proapoptotic members of the

family might interact with antiapoptotic members and inhibit the sequestration of Apaf-1.

Recently, this theory has been questioned because stable interaction between Apaf-1 and Bcl-2

cannot be finding (Moriishi et al., 1999).

An antioxidant effect of Bcl-2 was presented as a possible mechanism of protection from

apoptosis (Hockenbery et al., 1993). All the proteins containing the BH1 and BH2 domains are

able to form channels in synthetic lipidic membrane (Antonsson et al., 1997; Schendel et al.,

1998; Schendel et al., 1997) including the antiapoptotic family members. The interaction with

membranes in the cells and in particular with mitochondria. There are consistent evidences that

Bcl-2 like proteins can prevent or induce mitochondrial damage during apoptosis. However the

mechanism of action on mitochondria is still not clear. It is conceivable that the control of

mitochondrial functions and structure exerted by Bcl-2 has a central role in apoptosis.
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1.3 Excitotoxicity and neurophatology

The excitotoxicity hypothesis was formulated more than 30 years ago by Olney and his

colleagues (Olney, 1969b). This theory was based on the fact that neurons in the central nervous

system can be killed by prolonged receptor mediated depolarisation due to the excessive presence

of excitatory amino acids. Excitotoxicity is today known to play an important role in many

neuropathologies (e.g. stroke, ischemia, Alzheimer’s and Parkinson’s disease). The mode of cell

death in excitotoxicity was characterised as apoptosis. However in many pathologies such as

stroke, both apoptosis and necrosis can be present (Choi, 1995; Nicotera et al., 1996). The cause

of neuronal cell death is the excessive excitation of ionotropic channels leading to breakdown of

intracellular homeostasis and cell damage. Ca2+, one of the universal signalling agents, plays a

major role in excitotoxicity. Ca2+ is known to induce apoptosis in several cell types (Choi, 1988;

Chow et al., 1992; Cohen and Duke, 1984; Nicotera et al., 1994). 

Also if it is clear that Ca2+ increase is the signalling event inducing excitotoxicity and

apoptosis in neurons, the steps before Ca2+increase, and the steps after Ca2+ influx are still not

fully understood. It is known that the intracellular energy status of neurons may influence the

initiation (Henneberry, 1997) and the execution of excitotoxicity (Nicotera and Leist, 1997;

Nicotera et al., 2000). It is also known that genetic defects of mitochondria (Ozawa et al., 1997;

Stoessl, 1999), or age-reletaed declines of mitochondrial function can be involved in some

neurological diseases (Beal, 1995). One of the intracellular targets for Ca2+ during apoptosis is

the mitochondrion (Kruman and Mattson, 1999). Ca2+ induces mitochondrial permeability

transition (see 1.4) and consequent release of mitochondrial proapoptotic protein. Furthermore,

mitochondrial damage can lead to severe energy impairment in neurons enhancing in this way the

cell vulnerability to toxic stimuli (Hartley et al., 1994). In this study we investigated the role of

mitochondria and energy in excitotoxicity. 

1.3.1 Excitatory aminoacids and cell death

Glutamate is the most abundant excitatory amino acid present in the central nervous

system of vertebrates. In neurons, glutamate is synthesised in the presynaptic region either via the

citric acid cycle after transamination of α-ketoglutarate or by glial cells starting from glutamine

via glutaminase activity (Torgner and Kvamme, 1990). Glutamate is then compartimentalised in

vesicles and accumulates at the presinaptical membrane. Under normal conditions upon

membrane depolarisation and local presinaptical calcium increase, docked vesicles fuse with the
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plasma membrane and glutamate is released to the synaptic cleft. Binding of glutamate to the

postsynaptic receptors induces signal transduction. Glutamate is then normally reuptaken either

directly by neurons, or in a most effective way by glia cells (Somohano and Lopez-Colome,

1991). Several glutamate receptors have been identified and cloned. Receptors for glutamate are

divided into two distinct groups: i) ionotropic receptors controlling ion channels and ii)

metabotropic receptors coupled to G-proteins. Ionotropic receptor are: 1) α-amino-3-hydroxy-5-

methyl-4isoxazole propionate receptor, AMPA-R, sensitive to kainic acid and glutamate, 2)

kainic acid receptor, sensitive to kainic acid and glutamate and 3) N-methyl-D-aspartate receptor,

NMDA-R, sensitive to NMDA and glutamate. NMDA-Rs are permeable mainly to Ca2+ and K+.

Depending on their subunit composition the AMPA-Rs are permeable mainly to Na+ and less to

Ca2+. The NMDA-R structure and the modulatory sites are well characterised (figure 3). It is also

known that under resting conditions, Mg2+-ions block the cation channel. This blockade is

removed by membrane depolarisation due to the activation of other channels. Glycine and

polyamines are known to sensitise the NMDA-Rs. 
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+
+
+
+
+

-
-
-
-
-

Depolarization

BoNTC
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+ + +
+ + + + +
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Fig. 3: Synaptic events during excitotoxicity.
NMDA receptor is well characterised and konwn to contain several modulatory sites. NMDA-R is positevely
regulated by glycine, arachidonic acid and polyamines. Under resting conditions, Mg2+ blocks the cation channel.
Direct excitotoxins trigger NMDA-R directly, while indirect excitotoxins act at presynaptic level inducing agonist
release. Ca2+ is the major downstream effector during excitotoxic events.
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Low concentrations of glutamate exert a throphic effect and promote neuron survival and

synapse formation. An excessive concentration of glutamate causes neurotoxicity by

“excitotoxicity”. The concept ofexcitotoxicity was introduced by Olney and his colleagues

(Olney, 1969a) more than 30 years ago. This term describes the supraphysiological stimulation of

NMDA-R. Although excitotoxicity was first observed in vivo (mouse retina (Lucas and

Newhouse, 1957)) and axon-sparing in brain lesion using kainate (Coyle et al., 1983; Ferkany and

Coyle, 1983)), the mechanisms leading to neurotoxicity were understood only after the

establishment of neuronal culture and in vitro experiments (Choi, 1987). 

1.3.2 Calcium, mitochondria and energy impairment in excitotoxicity

Overstimulation of NMDA-R induces intracellular calcium ([Ca2+]i) influx and

excitotoxicity. Although it is clear that [Ca2+]i increase is the first step during excitotoxicity, the

mechanisms between this event and cell death are still poorly understood. Potential targets of

Ca2+ include, kinases, phospatases, proteases, phospholipases, nitric oxide synthase (see 1.3.2.2),

and mitochondria (see 1.4). Mitochondria seem to be one of the main targets involved in

execution of cell death after Ca2+ increase. It is known that Ca2+ can induce permeability

transition in mitochondria. Nitric oxide can inhibit mitochondrial respiratory chain and trigger

mitochondrial permeability transition (see 1.4). Previous work showed that in neurons exposed to

glutamate, necrosis and apoptosis can occurr in different cell populations at the same time

(Nicotera et al., 1996; Portera-Cailliau et al., 1997). The population of neurons with irremediable

damaged mitochondria undergo necrosis. Neurons with still functional mitochondria, after

glutamate removal, can recover mitochondrial membrane potential (∆Ψm) and undergo apoptosis

(Ankarcrona et al., 1995). Inhibitors of NMDA-R such as the dozelcipine MK-801, or the

competitive inhibitor aminophosphovalerate (APV) completely rescue cell from death. 

Direct excitotoxicity (i.e. stimulation of receptors by exogenous added agonists of

NMDA-R) occurrs under certain conditions. It was reported that monosodium glutamate (MSG),

used as food additive (food excitotoxin), can induce cell death in certain regions of the brain that

lack blood-brain-barrier (Olney, 1994; Olney et al., 1971). Other compounds are known to

potentially induce excitotoxicity, such β-N-methylamino-L-alanine (BMMA). This compound

contained in cycad plants causes neurological disease with combined symptoms of Alzheimer’s,

Parkinson’s and Huntington’s diseases (reviewed in (Olney, 1994)) after ingestio in high

amountd. In this study we tested another food additive, aspartame (APM) used as artificial

sweetener and glutamate. APM is a dipeptide of aspartate and phenylalanine. Since its
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introduction on the market more then 30 years ago, neurological disorders were anecdotally

reported in some people. Aspartate (one of the component of APM) has high homology to

glutamate and known as agonist of NMDA-R. We tested the potential toxicity of APM in an in

vitro system based on cerebellar granule cells (CGC) a well-characterised glutamatergic system.

Glutamate receptor stimulation is rarely a primary event in neurotoxicity. More oftern

glutamate-release and glutamate-triggered excitotoxicity are secondary consequences of other

defects or metabolic disturbances. A frequent initiating condition is energy depletion.

Mitochondrial dysfunction is amongst the most generalised causes favouring the development of

different neurodegenerative diseases (Beal, 1996). For example, Huntington’s disease (HD) is

modelled in vitro by exposing specific neuronal subpopulations to mitochondrial toxins (Ferrante

et al., 1997), and ischemic damage can be examined in vitro following mitochondrial substrate

depletion due to oxygen-glucose deprivation (Choi and Rothman, 1990). The so-called “energy

linked excitotoxicity hypothesis”has proposed a close relationship between ATP and

excitotoxicity (Henneberry et al., 1989). The energy linked hypothesis is based on teh

obseravtions of a series of events starting with ATP loss due to decreased mitochondrial oxidative

phosphorylation. This would lead to impaired function of ion pumps and partial hypopolarisation

of neurons, thereby releasing the voltage-dependent Mg2+ block of the NMDA-R. This might

render the receptor hypersensitive to glutamate stimulation. NMDA-R-mediated influx of Na+

and Ca2+ would then increase energy demand resulting in ATP-depletion, enhance

depolarisation, trigger further [Ca2+]i increase, and eventually result in further glutamate release.

This putative self-propagating process finally leads to a loss of [Ca2+]i homeostasis and

consequent excitotoxicity (Henneberry et al., 1989; Zeevalk and Nicklas, 1990). In this study we

reproduced and analysed in vitro the events occurring during indirect excitotoxicity induced by

the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and by nitric oxide (NO)

(see 1.3.2.2), APM and glutamate. A scheme of the synaptic events participating in excitotoxicity

are sketched in figure 3.

1.3.2.1 MPP+ toxicity in CGC

MPTP is known to induce a Parkinson’s disease (PD)-like syndrome in humans and

primates via its active metabolite, 1-methyl-4-phenylpyridinium (MPP+) (Tipton and Singer,

1993). After entering the brain MPTP is oxidised  in vivo by glial monoamino oxidase (MAO-B)

to MPP+ (Mari and Bódis-Wollner, 1997). After production of the active product, a dopamine

carrier accumulates MPP+ in dopaminergic neuron by specific uptake. When MPP+ reaches toxic
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concentrations in dopaminergic neurons, it kills the cells through inhibition of the mitochondrial

respiratory chain. Due to this special pharmacokinetic, MPP+ in vivo affects only dopaminergic

neurons. Although MPP+ inhibits mitochondrial function in any cultured neuronal and non-

neuronal cell and in  isolated mitochondria. A known molecular target of  MPP+ is the

mitochondrial respiratory chain complex I (NADH-ubiquinone-oxidoreductase) (Kilbourn et al.,

1997). No other main target has been characterised to date, despite extensive studies. 

CGC are known to be susceptible to MPP+ (Marini et al., 1989). In this study we

investigated by which mechanism excitotoxicity was induced, and the role of mitochondria and

caspases in MPP+ induced excitotoxicity.

1.3.2.2 Nitric oxide in neurons

Nitric oxide (NO) is an endogenous mediator. It was shown that under pathological

conditions NO functions as an endogenous toxin (Brown and Squier, 1996; Dawson et al., 1993;

Eliasson et al., 1999). NO seems to play a relevant role in neurophatologies but the mechanismof

NO-induced neurotoxicity is not yet clear. NO is known to inhibit the mitochondrial respiratory

chain (see 1.4.2.1). For this reason it was interesting to make a parallel with the specific

mitochondrial toxin MPP+. In contrast a different paradigm of NO-toxicity is based on its

presynaptic actions. NO was described to stimulate neurotransmitter release (Hirsch et al., 1993;

Meffert et al., 1994). Recently, it has been shown that NO stimulates exocytosis of

neurotransmitters from synaptic vesicles probably by S-nitrosylating proteins responsible for the

fusion of neurosecretory vesicles with the plasma membrane (Meffert et al., 1996). Previously it

was observed that NMDA-R blockers prevent the toxicity of NO-donors in CGC (Bonfoco et al.,

1996). Another mechanism of NO can be a partial inhibition of the mitochondrial respiratory

chain and beginning of the excitatory loop.
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1.4 Mitochondria and cell death 

Mitochondria are known to play a role in different pathologies. However, until few years

ago mitochondria were thought not to be involved in apoptosis. This concept was based on the

initial findings that: i) in the morphological description of apoptotic cells done by Kerr

mitochondria morphology did not show major alteration, and ii) cells whose mitochondria lack

mitochondrial DNA (ρ0 cells) were still able to undergo apoptosis. 

Only recently the important role of mitochondria role in apoptosis was demonstrated.

Mitochondria are now considered as important players in apoptosis process of mammalian cells.

Strong evidences indicate that in the early phase of apoptosis, mitochondria undergo major

morphological and physiological changes (i.e. loss of ∆Ψm, permeability transition) (see 1.3.3.1).

Furthermore, mitochondrial proteins such as cyt c or AIF are either limiting factors for caspase

activation (cyt c) (Budihardjo et al., 1999) or executors of apoptosis in a caspase independent

pathway (Daugas et al., 2000a). Additionally anti- and pro-apoptotic members of the Bcl-2 -

protein-family interact with mitochondria and are known to regulate apoptosis by either favouring

or preventing mitochondrial permeability transition (see 1.3.3.3) (Kroemer, 1997; Porter, 1999;

Vander Heiden and Thompson, 1999). Respiratory chain inhibithors or inducers of permeability

transition might trigger apoptosis, while pharmacologic inhibition of permeability transition is

protective in many apoptotic models (Aguilar et al., 1996; Bauer et al., 1999; Bernardi, 1996;

Hirsch et al., 1998). Also inhibition of oxidative phosphorylation is a key point in cell death.

Decrease in intracellular ATP concentration may either initiate apoptosis, or switch the mode of

cell death from apoptosis to necrosis (this study and (Bal-Price and Brown, 2000; Latta et al.,

2000; Leist et al., 1999b)). Thus, mitochondria represent the “integration centre” to decide if cells

should die and by which mechanism. Energy status (Leist and Nicotera, 1997; Leist et al., 1999a)

and mitochondrial membrane permeabilisation (MMP) (Halestrap et al., 2000; Kroemer and

Reed, 2000) seem to be two parameters that strictly condition this decision. 

1.4.1 Outline on mitochondrial physiology and structure

Mitochondria are organelles with two distinct compartments: the matrix surrounded by

the inner membrane (IM) and the intermembrane space between the IM and the outer membrane

(OM). The IM is folded several times forming mitochondrial structures named christae that

increase the IM surface. The complexes of the respiratory chain are localised within the IM

together with ubiquinones, cytochromes and the ATP-synthase (ATPase). The mitochondrial IM
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is almost impermeable to most of the solutes in physiological conditions. Most of the metabolites

are entering the matrix under thorough control and normally by specific carrier present in the IM

in exchange for leaving metabolites (reviewed in (Sluse, 1996)) Among this carriers the adenine

nucleotide translocase (ANT) is responsible for the exchange of ADP and ATP. 

The mitochondrial respiratory chain is an assembly of more than twenty electron carriers

grouped into four polypeptide complexes (Fig 4). Mitochondrial respiratory chain catalyses the

“downhill” transfer of electrons from substrates to the final acceptor O2. The result of this is the

accumulation of protons in the intermembrane space. Proton motive force is used by ATPase to

produce ATP using Pi + ADP. ATP is produced in the matrix compartment and exported through

the ANT to the cytosol. Electrons are shuttled between teh complexes by special molecules like

ubiquinones and cytochromes. Among the cytochromes, cytochrome c (cyt c) is important in

apoptosis. Cyt c (MW 14.5 kDa) is present in the intermembrane space as well as in the christae.

Cyt c is known to bind to cardiolipin, a specific lipid component of the mitochondrial IM

(Schlame and Haldar, 1993), and is relative mobile within the inner membrane (Ardail et al.,

1990). Cyt c is reduced by the ubiquinol-cytochrome c oxidoreductase (complex III) and is

oxidised by cytochrome c oxidase (complex IV) (Fig 4).
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Fig 4: Schematic rapresentation of mitochondrial respiratory chain.
Mitochondrial respiratory chain is composed by four protein complexes (I-IV) plus ATP synthase all located in the
mitochondrial inner membrane. Electron fluxes (green arrows) lead to proton accumulation in the intermembrane
space. Proton motive force is used by ATP synthase to produce ATP. Mitochondrial complex inhibitors are
indicated by --|.
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The mitochondrial OM is relatively selective but not as tight as the IM. The major protein

present on the OM is the so-called voltage dependent anion channel (VDAC). VDAC belongs to

the family of porin proteins and is permeable to solutes of < 5 kDa. Almost all mitochondrial

proteins are encoded by nuclear genes, synthesised in the cytoplasm, and selectively imported

into the mitochondria. In contrast, only 13 subunits of the mitochondrial respiratory chain (1 %

of the total mitochondrial proteins) is encoded by the mitochondrial genome (about 16,500 bp). 

1.4.2 Mitochondria as inducer of apoptosis: cell death from inside

An emerging concept is that mitochondria are not only modulator sof cell death, but

“direct inducers” of cell death. Mitochondria changes and functional alterations reported untill

now as an epiphenomenon of cell death, are now getting relevance in the understanding of the

steps inducing cell death. Mitochondria are suggested to function as “sensors” receiving stimuli

“from the inside”, integrating the different signals and finally taking the decision whether cell

death is excecuted or not.

1.4.2.1 Nitric oxide and mitochondria

In the cell NO can be formed by the enzyme nitric oxide synthase using arginine as

substrate. Three NOS isoforms have been identified and cloned. Endothelial NOS (eNOS) and

neuronal NOS (bNOS) produce low levels of NO. Both are constitutively-expressed enzymes and

are Ca2+-regulated. Ca2+-independent NOS (iNOS), is induced by cytokines and can

continuously produce high levels of NO (up to 1µM) (Knowles et al., 1990). Teh existence of a

fourth isoform (mitochondrial NOS (mtNOS)) was postulated (Ghafourifar and Richter, 1997;

Lopez-Figueroa et al., 2000) but still this isoform was not been isolated and characterised. 

NO can either be cytotoxic or cytoprotective, depending on cell type and cell condition.

The toxicity of NO has been implicated in several pathological conditions as neurodegenerative

pathologies, inflammation, and ischemia. Reaction of NO with oxygen leads to the formation of

peroxinitrite (ONOO-). Mitochondria are a known target of  and ONOO- (Cleeter et al., 1994;

Stadler et al., 1991). Mitochondrial respiratory chain inhibition mediated by NO might take place

at different point of the respiration chain (Fig 3) and can be reversible. NO can inhibit reversibly

the mitochondrial respiratory chain at different points. Low concentrations and short exposure to

NO produce a reversible inhibition of complex IV due to a competition of NO with oxygen

(Cleeter et al., 1994). Longer exposure or higher concentrations lead to an irreversible inhibition

of complex I mediated probably by ONOO-. Furthermore, NO effectively deplets ATP production
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and switches the cell death from apoptosis to necrosis by this mechanism(Leist et al., 1999a; Leist

et al., 1999c; this study). 

1.4.3 Release of mitochondrial proteins during apoptosis

1.4.3.1 Mitochondrial proteins involved in cell death

The release of mitochondrial proapoptotic protein seems to be a central point in the

execution and induction of apoptosis (Cai et al., 1998). In particular two-mitochondrial proteins

are directly involved in apoptosis: cytochrome c and AIF. Under physiological conditions AIF

and cyt c are confined in the intermembrane space. AIF is a flavoprotein with relative molecular

weight of 57 kDa and has homology with a bacterial oxidoreductase (Susin et al., 1999).

Apoptosis induction by different stimuli induces AIF release from mitochondria in a selective

fashion, probably involving outer membrane permeabilisation (Daugas et al., 2000a; Daugas et

al., 2000b). Cytochrome c (see 1.3.1) is present in the intermembrane space and in the christae.

During apoptotis cyt c is released from mitochondria to the cytoplasm where it binds APAF-1 to

activate caspase-9 (Li et al., 1997a; Li et al., 1997b; see 1.2.2). The mode of release of the two

proteins is still controversial. Previous work showed that cyt c release is paralleled by the release

of other intermembrane proteins such as adenylate kinase (ADK) (Single et al., 1998). These

experiments are supporting the theory that unselective release of mitochondrial proteins occurrs

during apoptosis. However, recently works demonstrated that release of mitochondrial proteins

can be differently regulated. The apparently bigger AIF can be released upon mitochondrial OM

permeabilisation without release of cyt c (Daugas et al., 2000b). Furthermore, it was shown that

viral protein can inhibit the release of cyt c but not that of AIF (Zhou and Roizman, 2000). This

data can be partially explained by the fact that cyt c may need cardiolipin oxidation in order to be

released (Nomura et al., 2000), but the release mechanism is still matter of investigation.

1.4.3.2 Permeability transition pore complex

Although the mitochondria inner membrane is permeable to metabolite and ion in a highly

controlled and selective mode (see 1.4.1), it occurs transiently that under certain condition,

mitochondrial IM became unselectively permeable. This phenomenon was described as

permeability transition (PT) in isolated mitochondria after addition of Ca2+ in the presence of

ATP and Pi . At the end of the 1970s, Haworth and Hunter obtained the first evidence that a pore

was involved in permeability transition, but the nature of the pore was still unknown (Haworth,
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1980 and reference therein). Later it was shown that a multiprotein complex forms the PT pore.

Porins (VDAC) and ANT are the two major component of PT pore (Bernardi, 1996; Roos et al.,

1982). Other protein such as hexokinase, mitochondrial creatine kinase and cyclophilin D are

located at the contact site and may function as positive or negative regulators of the PT pore

(Beutner et al., 1996; Brdiczka et al., 1998). PT pore is originated by ANT conversion through

calcium or oxidative stress mediated conformational change, from an antiporter status into a non-

specific pore (Halestrap et al., 1998). The PT pore is inhibited by cyclosporin A (Bernardi, 1996)

through its binding to cyclophillin D and also by ADP and Mg2+ (Broekemeier et al., 1998). 

Several substances can induce PT such as physiological signalling agents Ca2+ and NO

(Chernyak et al., 1995; Takeyama et al., 1993) (Brookes et al., 2000). Mitochondrial

depolarisation is another general stimulus that induces PT, with the consequent statement that

almost all the mitochondrial respiratory chain can induce PT (Fontaine et al., 1998; Isenberg and

Klaunig, 2000; Scorrano et al., 1999a). Oxidative stress, reactive oxygen species (ROS),

chemical agents reacting with vicinal dithiol (tributyltin (TBT) or phenylarsine oxidase (PAO))

are also inducer of PT. The latter are able to cross-link the vicinal dithiol group present in the

ANT and change the ANT status from antiporter to unselective pore. Most recently it was shown

Fig. 5: Possible mechanisms
of mitochondria
permeabilisation.

(OM) outer membrane (IM)
inner membrane. Cyclophilin
D enhances pore formation by
binding ANT.
a) ANT (normaly acting as
ATP/ADP exchanger) status of
unselective pore.
b) VDAC conversion into a cyt
c permeable channel (Bax or
other protein?).
c) oligomerisation of bax
generates a channel in the OM
d) Voltage dependent closure
of VDAC can be compensated
by Bcl-2. Failure of Bcl-2 to
prevent prolonged VDAC
closure might be lethal for
mitochondria.
(Adapted from Kroemer G. and
Reed J.C., 2000)
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that the ganglioside GD3, an intracellular mediator, is able to trigger PT in isolated mitochondria

and tumor cells line (Kristal and Brown, 1999; Scorrano et al., 1999b). GD3 is also able to induce

depolarisation in some type of primary neuronal cells (oligodendrocytes), but fail to produce

depolarisation on microglia cell (Simon, 2000).

During PT, the mitochondrial IM become permeable to solutes up to about 1,500 Da.

Under physiological conditions PT seems to play an important role in Ca2+ buffering and release

(Murchison and Griffith, 2000). Induction of PT is sufficient to elicit apoptosis (Larochette et al.,

1999; Zamzami et al., 1998). It is known that prolonged opening of the PT pore causes ∆Ψm
dissipation, ATP depletion, Ca2+ release, impairment of Ca2+ buffering, mitochondria swelling

and mitochondrial protein release (Hirsch et al., 1997b). It is still matter of discussion if PT

triggers to mitochondrial OM disruption in an unselective mode or rather is inducing a series of

highly controlled events ending in channel formation and mitochondrial protein release.

During apoptosis mitochondrial membrane permeability (MMP) can occur in a different

mode. Based on experiments in vitro or with isolated mitochondria four different scenarios were

postulated  (reviewed by (Kroemer and Reed, 2000)): i) IM permeabilisation due to ANT

unselective pore status, causing swelling and OM rupture. ii) VDAC interaction with Bcl-2

protein family leading to OM permeabilisation without affecting IM (Shimizu et al., 1999). iii)

Pore formation independent from VDAC by the proapoptotic protein Bax (Eskes et al., 1998). iv)

losure of VDAC upon mitochondrial hyperpolaorsation and consequent matrix swelling and OM

rupture. Under this conditions, Bcl-2 might compensate the hyperpolarisation forming an ion-

permeable channel and restoring the normal mitochondria function (Vander Heiden and

Thompson, 1999). Figure 4 summarising the four models described.

1.4.3.3 Control of mitochondrial protein release by Bcl-2 -like proteins.

Proapoptotic and antiapoptotic members of the Bcl-2 family are localised in the

mitochondrial membranes either after translocation, as in the case of Bax, or as resident protein

asit was reported for Bcl-2 (Hockenbery et al., 1990; Wolter et al., 1997). It was shown that the

overexpression of Bcl-2 can protect cells from apoptosis. Protection was correlated with

stabilisation of mitochondria, prevention of cyt c release and maintenance of ∆Ψm (Kluck et al.,

1997; Shimizu et al., 1996; Shimizu et al., 1995). Bcl-2 is able to inhibit mitochondrial release of

AIF indicating a consistently action of this protein on mitochondria (Daugas et al., 2000b; Susin

et al., 1999). Translocation of proapoptotic members of the Bcl-2 family to the mitochondria (e.g.

Bax) produces ∆Ψm collapse and cyt c release (Desagher et al., 1999; Eskes et al., 1998; Murphy
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et al., 1999). The mechanism by which the Bcl-2-like proteins induce or inhibit cyt c release and

MMP is still controversial (Fig 5). However, almost all the members of the Bcl-2 proteins family

can either be translocated to the mitochondria or interact with mitochondrial proteins. Recently a

new possibility of interaction was proposed by Kroemer and Green (Brenner et al., 2000).The

authors described the interactions of ANT and Bax or ANT in artificial membranes, leading to

the formation of a channel that showed different properties than channels formed by either Bax

or ANT alone. In contrast, Bcl-2alone was able to form channels in artificial membranes, but a

mixture of ANT and Bcl-2 did not allows channel formation. This indicates a mutual inhibiting

effect of ANT and Bcl-2 on channel formation. In this way Bax, Bcl-2 and ANT might positively

or negatively regulate the induction of PT, depending on the prevalence of either protein.

1.4.4 Inhibition of mitochondrial ATP production and cell death shape

Mitochondria are essential to support the energy-dependent regulation of assorted cell

functions. Except the highly specialised erythrocytes all cell types have mitochondria. Depending

on tissue and metabolic condition, cells derive up to 95 % of their energy through oxidative

phosphorylation. Energy buffer systems such as creatine phosphate or phospoenolpyruvate,

normally working as shuttle system, can dampen transient failure of ATP production (Brdiczka,

1994; Wallimann et al., 1998). However impairment of mitochondrial ATP production for longer

periods the impairment of vital cell functions. During apoptosis, intracellular ATP levels remain

relatively high until most of the evident morphological changes have occurred. Release of

cytochrome c from the mitochondria and consequent loss of ∆Ψm impairs mitochondrial ATP

production. Intracellular ATP levels can still be maintained by glycolytic activity or metabolic

arrest (Garland and Halestrap, 1997; Leist et al., 1999b). ATP depletion during the execution of

apoptosis is able to switch apoptosis to necrosis. Previous work elucidate that ATP is necessary

during apoptosis execution (Eguchi et al., 1997; Leist et al., 1997c reviewed in Nicotera and

Leist, 1997). Jurkat T cells where the ATP levels was maintained either under glycolytic condition

or by oxidative phosphorylation were able to undergo apoptosis after stimulation with anti-CD95

or staurosporine (STS). Inhibition of the ATP synthesis switched cell death from apoptosis to

necrosis. This data were confirmed also in other cells (Bal-Price and Brown, 2000) and using

different stimuli such as the xenobiotic tributyltin (this work, (Stridh et al., 1999a)). ATP

depletion influenced apoptosis at two important steps: caspase activation and cytochrome c

release. 
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1.4.5 Mitochondria in human pathology

In 1962 Rolf Luft (Luft et al., 1962) was reporting for the first time a syndrome in

human based oncell organelle a disorder. The organelle in question was mitochondrion. The

patient was a woman experiencing exaggerated perspiration, high caloric intake, thinness

and asthenia. Some years after the description of the syndrome it was discovered that the

cause of the disease was a dissipating futile Ca2+ uptake and release (DiMauro et al., 1976).

At the beginning of the 1970s aberrations in the mitochondria respiratory chain were found

in myopathies. What Luft already called “mitochondrial medicine” (Luft, 1994) made an

enormous progress in the last year  and an increasing number of mitochondrial pathologies

was discovered. By 1988, Scholte (Scholte, 1988) classified more than 120 mitochondrial

diseases that were caused by on alterations in mitochondrial biochemistry. Very often,

mitochondrial diseases are affecting muscle tissue. However, in an increasing number of

neuronal diseases, mitochondrial failure seems to be the cause of pathology (Schapira,

1999). Also liver, heart, kidney and endocrine glands are affected by mitochondrial

diseases. Mitochondrial pathologies are involved in tissue with high-energy demand (ATP)

and oxidative turnover. Many of the mitochondrial diseases share inborn metabolic error in

the respiratory chain as common feature. Ageing and consequent mitochondrial damage

seems to be also involved in mitochondrial pathologies. A list of established and

mitochondrial phatologies is given in table 1.

Disease Observation Tissue
Luft's disease Aberattion in the mitochondrial respiratory chain. Muscle

Futile Ca2+ cycle. Morphology alteration.

Alzheimer disease (AD) Mitochondria from AD pazients shown ∆Ψm Central nervous system

that is corrected by CsA.

Parkinson's disease (PD) Presenilin-1 mutatiion sensitise mitochondria to 3-NP Central nervous system
and malonate.MPP+ induce a Parkinsion's like disease 
in human and primate. Mitochondria from PD patietnt 
shows decreased complex I activity.

Diabetes Type II Mutations of mtDNA. Age related mitochondrial Pancreas
dysfunction

Friedrreich ataxia (FRDA) Mitochondrial iron homeostasis impairment. Central nervous system
Mutation of frataxin (localised on the mitochondria)

Amyothrophic lateral sclerosis (ALS) Mitochondrial Ca2+ increase. SOD-1 mutation and Central nervous system
consequent mitochondrial damage. Bcl-2, 
coenzyme Q and creatine are protective in
model of ALS.

Tab 1: Possible correlation between different pathologies and mitochondrial dysfunction. 
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2 AIMS
Cell death can occur by necrosis or by apoptosis. Apoptosis is a form of programmed cell

death requiring energy and characterised by cell shrinkage, chromatin breakdown and cell

engulfment. In contrast, necrosis does not require energy and leads to cell and organelle swelling,

plasma membrane rupture and inflammatory response. In the last years, mitochondria became

object of study in cell death. It was emerging that they represent a central point of convergence

for different pathways. 

The aims of the present study were: 

To investigate the neurotoxic mechanism induced by four different compounds:

nitric oxide, MPP+, aspartame and glutamate. 

To study the role of mitochondria and ATP in induction and execution of
excitotoxicity.

To investigate the role of caspase-dependent and caspase-independent apoptosis in
neuronal cells.

To study energy requirement during apoptosis in Jurkat T-cells.

To investigate relations between mitochondria, ATP and the release of mitochondrial
proteins during apoptosis.

To investigate the effect of the xenobiotic toxin TBT on mitochondrial physiology
and cell viability.
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3 Material and methods
Practical guide to the modern science
If it is green and moves, it is biology

If it stinks, it is chemistry.
If it doesn’t works, it is physic

(Excerpt from Murphy’s Law Book Three)

3.1 Materials

3.1.1 Machines and technical devices

Microscopes: Leitz DM IRB/DM IRBE, Leitz DM IL (Leica Mikroskopie und Systeme

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

Benzheim and Leica Lasertechnik, Heidelberg, Germany).Imaging camera: Dage-72 CCD

camera (Dage-MTI, Michigan City, IN) and image analysis system MCID (Imaging Research

Inc., St. Catherines, Ontario, Canada). Cell sorter: FACScalibur (Becton Dickinson, Heidelberg,

Germany). Spectrophotometric analyser: Eppendorf ACP 5040 (Netheler & Hinz GmbH,

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

Hanau, Germany). Electrophoresis chambers: Mini Protean II Cell for SDS-PAGE and power

supply Power Pac 300 (BioRad Laboratories GmbH, München, Germany), Novex XCell II 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).Fluorimeter: Microplate Fluorescence Reader FL 600

(Deelux Labortechnik, Gödenstorf, Germany). Gradient gels:Novex Precast 4-20% glycine gels

(Novex Electrophoresis GmbH, Frankfurt/Main, Germany). Image reader: Luminescent Image

Analyser LAS-1000 CH, acquisition software Image Reader LAS-1000 (Fuji Photo Film Co.,

Ltd., Tokyo, Japan), and Advanced Image Data Analyser (AIDA) software (Raytest

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

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

Fellbach, Germany). Luminometer: 1250 and Display 1250 (Wallac-ADL GmbH, Freiburg,

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

Braunschweig, Germany). 
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3.1.2 Chemicals and antibodies

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

blotting detection reagents. Bachem Biochemica GmbH, Heidelberg, Germany: z-VAD-

fluoromethylketone (fmk). Bender & Hobein GmbH, Heidelberg, Germany: Pierce BCA

protein assay reagent. Biomol, Hamburg, Germany: DEVD- aminotrifluoromethylcoumarine (-

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

Boehringer Mannheim, Mannheim, Germany:ADP, ATP bioluminescence assay kit CLS II,

Cell Death Detection ELISA, NAD, NADH, L-malate dehydrogenase, phosphoenolpyruvate,

pyruvate kinase/lactate dehydrogenase from rabbit muscle, Annexin V fluorescein-conjugated.

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

Biomedicals GmbH, Eschwege, Germany:Aminomethyl-benzene-sulfonyl-fluoride (AEBSF).

ImmunoTech, Marseille, France: monoclonal anti-CD95 antibody (clone CH-11). Merck,

Darmstadt, Germany: β-mercaptoethanol, sucrose. Molecular Probes Europe BV, Leiden,

Netherlands: Alexa 488-conjugated anti-mouse IgG-antibody, ethidium homodimer (EH-1),

Hoechst 33342, Mitotracker Red, SYTOX, tetramethylrhodamine ethylester (TMRE), Fluo-3-

AM, Fluo-4-AM, LinearFlow Orange. Pharmingen, Hamburg, Germany: monoclonal anti-

cytochrome c antibodies for immunoblot (clone 7H8.2C12), and for immunostaining (clone

6H2.B4), monoclonal anti-caspase-3 active form polyclonal (clone C92-605), anti-mouse IgG-

HRP. Serva, Heidelberg, Germany: TEMED. Sigma, Deisenhofen, Germany:actinomycin D,

AMP, antipain, ATP, benzamidine, bovine serum albumin (BSA), bromophenolblue, CHAPS,

cycloheximide, dADP, dATP, digitonin, dimethylsufoxide (DMSO), dithiothreitol (DTT), EDTA,

EGTA, goat anti-rabbit IgG-HRP, glycine, IGEPAL CA-630, iodoacetamide, iodoacetate,

leupeptin, malate, oligomycin fromStreptomyces diastatochromogenes, phenylmethylsulfonyl

fluoride (PMSF), pepstatin, PIPES, pyruvate, rotenone, sodium dodecylsulfate (SDS), sodium

deoxycholate, somatic cell ATP releasing agent, staurosporine, Tris-Base, Triton X-100, Tween

20, trypanblue 0.4 %. Transduction Laboratories, Lexington, USA: anti-procaspase-3 antibody

(clone # 9). Upstate Biotechnology, Lake Placid, NY, USA:anti-caspase-3 antibody (clone 06-

735, against proform and cleaved fragments).

All other reagents not further specified were from Riedel-de Haen (Seelze, Germany) or

Roth GmbH & Co (Karlsruhe, Germany).

S-nitrosoglutathione (GSNO) and S-nitroso-N-acetyl-penicillamine (SNAP) were

synthesized and quantitated as described (Field et al., 1978; Hart, 1985).
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Anti-AIF antibody was provided by Dr. G. Kroemer (Villejuif, Paris, France). Antibody

against the mitochondria creatine kinase was a kind gift of Prof. T. Wallimann (Zurich,

Switzerland). Botulinum and Tetanus toxins were a kind gift of Prof. C. Montecucco (Padova,

Italy).

3.1.3 Cells

Jurkat human T cell lymphoma cells (clone E6-1) were obtained from the American tissue

culture collection (ATCC No. TIB-152, Rockville, MD). 

3.1.4 Cell culture material

RPMI-1640 medium (containing stabilised glutamine) and fetal calf serum were

purchased from Biochrom KG (Berlin, Germany). RPMI-1640 medium without glucose and

without glutamine, penicillin and streptomycin, Eagle's Basal Medium (BME) , and glutamine

was bought from Gibco BRL Life Technologies (Eggenstein, Germany). G418 was purchased

from PAA Laboratories GmbH (Linz, Austria).

Cell culture flasks and plates were obtained from Costar GmbH (Bodenheim, Germany)

and Greiner GmbH (Frickenhausen, Germany).

3.1.5 Animals

For the preparation of cerebellar granule cells eight-day-old specific pathogen free

BALB/c mice were obtained from the Tierforschungsanlage (TFA) of the University of Konstanz.

All experiments were performed in accordance with international guidelines to minimise pain and

discomfort (NIH-guidelines and European Community Council Directive 86/609/EEC).
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3.2 Methods

3.2.1 Cell cultures

3.2.1.1 Primary culture of cerebellar granule cells

Cerebellar granule cells from cerebellum of 7-day old mouse pups were prepared as

described (Drejer et al., 1985). Neurons were plated on poly-L-lysine (MW > 300 kDa, 50 µg/ml)

coated dishes at a density of about 0.2 x 106 cells/cm2 (640,000 cells/ml; 500 µl/well (24-well

plate). The cells were cultured in Eagle’s Basal Medium (BME) without phenolred supplemented

with 10 % heat-inactivated fetal calf serum, 25 mM potassium chloride, 2 mM L-glutamine and

penicillin-streptomycin (50 U/ml- 50 µg/ml). Forty-eight hours after plating, 10 µM of

cytosinearabinofurosid were added to the cultures to kill contaminant glia  cells and fibroblasts.

Unless otherwise indicated, neurons were routinely used at 8-10 days in vitro (DIV) . After seven

days in vitro, cultures contained less cells than 5 % of non-neuronal cells, which was confirmed

by immunostaining of glial fibrillary acidic protein, which is present only in astrocytes. 

3.2.1.2 Jurkat 

Jurkat cells (clone E6-1) were grown in glutamine containing RPMI-1640 medium

supplemented with 10 % heat-inactivated fetal calf serum, 100 units/ml penicillin, and 100 µg/ml

streptomycin in a humidified atmosphere of 5 % CO2 in air at 37°C. They were passaged

routinely every two to three days in a ratio of 1:5 or 1:10, respectively.

For apoptosis induction, cells were washed and incubated in serum-free, glutamine

containing RPMI 1640 medium 30-60 min before the experiment.

To modulate cellular ATP levels, cells were washed (2 x) and resuspended in serum- and

glucose-free RPMI 1640 medium containing glutamine and 2 mM pyruvate, which was named

PNG (Pyruvate No Glucose)-medium. The standard experimental protocol involved adaptation of

the cells to this medium for 45 min and subsequent exposure to NO-donors (S-nitrosoglutathione,

GSNO, 0.4 mM; S-nitroso-N-acetyl-penicillamine, SNAP, 0.6 mM), rotenone (0.2 µM),

oligomycin (2.5 µM), or solvent for 45 min. Then, cells were challenged with staurosporine (STS,

1µM) or with an agonistic monoclonal antibody against CD95 (clone CH-11, 100 ng/ml). To

restore glycolytic ATP generation, PNG medium was supplemented with 10 mM glucose after

washing and plating of the cells.
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3.2.2 Viability assays

To distinguish normal, apoptotic, and necrotic cells, cultures were stained with a

combination of the fluorescent chromatin dyes Hoechst 33342 (500 ng/ml; membrane permeant,

stains all nuclei) and SYTOX (500 µM, membrane impermeant, stains nuclei of lysed cells) by

adding the dye solution (100 x in DMSO) 10 min before scoring of cells. Using a Leica DM-IRB

fluorescence microscope and lenses providing 400 x final magnification, cells with condensed or

fragmented nuclei were scored as apoptotic; lysed cells with non-condensed nuclei were scored

as necrotic. For each data point >200 cells were scored in at least 3 different microscopic fields

In addition In addition, the percentage of viable cells was quantitated by their MTT-

reducing capacity after incubation with 0.5 mg/ml MTT for 60 min (Mosmann, 1983). MTT-

reduction was usually measured 12-16 h after the treatments 

3.2.3 Measurements of intracellular free calcium in CGC

Dynamic changes of the intracellular Ca2+ concentration ([Ca2+]i) were measured by

imaging individual neurons loaded with a fluorescent Ca2+ indicator. Cells grown on plastic

dishes or glass bottomed culture dishes, were loaded in their original medium with 1 µM Fluo-3-

AM or alternatively with 0.5 fluo-4-AM for 15 min at 37° C. Then, medium was exchanged for

CSS (with 0.5 mM Mg2+, 1.8 mM CaCl2, 30 mM KCl) and CGC were incubated for 10 min to

allow complete deesterification of fluo-3. The medium was exchanged again for the original

neuron-conditioned, complete BME medium supplemented with 20 mM HEPES. CGC were

allowed to equilibrate at room temperature for 10 min before the experiment. Images were

collected using 488 nm excitation and 520 nm emission wavelengths on a Leica DM-IRB

microscope equipped. The integration period was 100 ms/image with a Dage-72 (Dage-MTI,

Michigan City, IN, USA) CCD camera (756 (H) x 581 (V) pixels). Data were analysed using a

software from Imaging Corporation (St. Catherines, Ontario, Canada). Relative mean

fluorescence levels from defined areas corresponding to the position of neuronal cell bodies were

recorded over 30 min and further processed using Excel 5.0 software (Microsoft, USA). The

mean fluorescence level of each marked cell was arbitrarily set to 1 at the beginning of each

experiment. After each experiment, the [Ca2+]i increase, triggered by K+ -depolarisation (50 mM

K+), was measured, to control the reactivity of the neurons and the validity of the experimental

conditions.
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3.2.4 Detection of mitochondrial membrane potential 

Mitochondrial membrane potential (∆Ψm) was measured using three independent

methods: i) microscopy, ii) FACS and iii) fluorimetry. To detect mitochondria membrane

potential in CGC only the first method was used. For determinations of  mitochondria membrane

potential in Jurkat cells, all three methods were used depending on the experimental setting.

3.2.4.1 Microscopy

The mitochondrial membrane potential ∆Ψm was measured by using the potential

sensitive dye tetramethylrhodamine ethylester (TMRE). Cells were loaded with 5-20 nM TMRE

before experiments. Excess TMRE was washed away prior to cell plating. Digital images of the

cells were taken with a Leica DM IRB microscope coupled to a Dage-72 CCD camera or with a

Leica TCS-4D confocal microscope. Controls and precautions to ensure reproducible conditions

for lighting, loading and image acquisition were taken.

3.2.4.2 Flow Cytometry (FACS)

Cells were incubated with TMRE in a unique pool. Aliquots were withdrawn at given time

points and analysed using a flow cytometer equipped with an Ar/Kr laser. Filters were set at 488

nm for excitation and 590 nm for emission. Calibration of the instrument was done using the

LinearFlow Orange kit. Data was collected and elaborated using Cell Quest software (Bekton-

Dickinson).

3.2.4.3 Fluorimetry

Fluorimetrical measurements of TMRE unquenching were done based on a published

method (Ichas et al., 1997). This sensitive fluorimetric method was developed initially to follow

small or transient ∆Ψm or shape changes in a cell suspension over time. Jurkat cells at 7.5 x 105

cells/ml were suspended in a fluorimeter cuvette in PNG medium without phenol red, and

supplemented with 20 nM TMRE. TMRE accumulates in mitochondria as a direct function of

∆Ψm. Under these loading conditions, the high TMRE concentration reached in the mitochondria

causes fluorescence quenching. Reduction of ∆Ψm leads to loss of TMRE from mitochondria and

consequent unquenching, which is reflected by an increase in overall fluorescence (λex= 568 nm,

λem= ≥ 590 nm). In contrast, hyperpolarisation enhances mitochondrial accumulation of TMRE

and causes further fluorescence quenching. Control cells did not display loss of ∆Ψm or
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decreased viability up to 3 h. The mitochondrial uncoupler FCCP (5µM) was used at the end of

each experiment in order to determine the polarisation/depolarisation state of the mitochondria. 

3.2.5 ATP determination

For ATP determination, 105 cells were lysed with somatic cell ATP releasing reagent.

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-catalysed oxidation of

luciferin (ATP Bioluminescence Assay Kit CLS II). Cell lysate (50 µl) was mixed with 50 µl

reaction buffer containing luciferase plus luciferine 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 comparison to an ATP calibration curve (10-

8-10-6 M).

3.2.6 Preparation of whole cell extracts for immunoblot

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

sodium deoxycholate, 1 mM EGTA), which was supplemented with protease inhibitors (1 mM

phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine, 1 mM iodoacetate, 1 mM

iodoacetamide, 40 µM leupeptin, 10 µg/ml antipain, 5 µg/ml pepstatin).

3.2.7 Determination of protein content

The amount of protein in cell lysates was determined by using the BCA (bicinchoninic

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

colour reaction was analysed at 550 nM in an ELISA reader. Calibration was performed by using

BSA in concentrations of 0.2-2 mg/ml.

3.2.8 Electrophoretic assays: Field inverse gel electrophoresis

Field inversion gel electrophoresis (FIGE) was performed as described previously

(Ankarcrona, et al. 1995, Leist, et al. 1997). About 5 x 106 cells (corresponding to 3 wells of a

12-well plate) were embedded into 40 µl agarose blocks. Electrophoresis was run at 180 V in 1

% agarose gels at 12°C in 0.5 x TBE buffer (45 mM Tris, 1.25 mM EDTA, 45 mM boric acid (pH

8)), with the ramp rate changing from 20 to 30 s for the first 6 h, 10 to 20 s for the second 6 h,

and 0.8 to 10 s during the next 12 h, using a forward to reverse ratio of 3:1. Lambda-DNA

concatamers (n x 50 kbp) and yeast chromosomes were used as molecular weight markers. DNA
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was stained with ethidium bromide, visualised using a UV light source (305 nM) and

photpgraphed with a Polaroide 667 film.

3.2.9 SDS-polyacrylamide-gelelectrophoresis and immunoblot

In the general procedure, SDS-polyacrylamide-gelelectrophoresis was performed

according to Laemmli (Laemmli, 1970). 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 80 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 90 min for cytochrome c

immunoblots, and for 54 min for all other proteins.

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 TBST (150 mM NaCl, 50 mM Tris/HCl pH 8, 0.05 % Tween 20), and incubated in

TBTS plus 5 % non-fat dry milk for 1.5 h to block unspecific binding of the antibody. After

removal of excess milk protein by washing with tab water and TBST, incubation with the primary

antibody in a volume of 5 ml TBST/membrane for 1 h was performed. Non-bound antibody was

removed by washing the membrane in TBST (1 x 15 min, 2 x 5 min) before the secondary

horseradish peroxidase (HRP)-conjugated antibody (1:1000 polyclonal IgG goat anti-mouse,

Sigma, if not indicated otherwise) was added for 1 h. After another three washing steps, HRP

activity was detected by enhanced chemiluminescence (ECL) and recorded in a luminescence

image analyzer.

Detailed protocol for determination of 

procaspase 3 and PARP

Protein amount loaded was 10 µg/lane on a 12 % acrylamide/bisacrylamide (30:0.8) gel.

The primary antibodies against procaspase-3 (1:1000, Signal Transduction Laboratories) and

PARP (1:1000, Pharmingen) were used in combination.
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caspase 3 (proform and active fragments)

50 µg protein/lane (corresponding to 1.4 x 106 cells) were loaded on a 12 % gel. Primary antibody

was used in a 1:1000 dilution (Upstate), followed by a goat anti-rabbit-HRP secondary antibody

(1:50000, Sigma).

cytochrome c

For the detection of cytochrome c, 20 µl of cytosolic fraction (corresponding to 106 cells) was

resolved on a 12% gel. Transfer time in semi-dry-blotter was 1.5 h. The membrane was blocked

in 5 % non-fat dry milk/1 % fetal calf serum in TBST for 1.5 h. Primary antibody against

cytochrome c was used in a concentration of 1.5 µg/ml (Pharmingen).

AIF

For detection of AIF 6 x 106 CGC were harvasted in MSH buffer (400 mM mannitol, 10

mM EGTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine, 1 mM

iodoacetate, 1 mM iodoacetamide, 40 µM leupeptin, 10 µg/ml antipain, 5 µg/ml pepstatin). Cells

were scratched and homegenized in a 5 ml potter ice cold (6 strokes) and then centrifuged ( 1500

g, 5 min, 4° C). The pellet obtained was resuspended in exctraction buffer (250 mM Sucrose, 50

mM Tris Base, 70 mM KCl, 5 mM MgCl2). After 6 strokes in a 5 ml potter homogenate was

centrifuged (15.000 g, 30 min, 4°C). Supernatant, containing cytoplasmic fraction was colleted.

Pellet was resuspended in exctraction buffer and centrifuge again (750 g, 10 min. 4°C). Pellet was

containing nuclei and supernatant enriched in mitochondria were resuspendend in RIPA buffer.

All the fraction were resolved on a 10% gel. Gel was transfered in a semi-dry-blotter. The

membrane was blocked 1 hour in 5% non-fat dry milk and incuabted with a rabbit serum against

AIF overnight (dilution 1:1000).

3.2.10 In vivo intrastriatal injection

A total of 8 Sprague-Dawley female rats (B & K Universal, Sweden), each weighing 250

g at the beginning of the experiment, were used. They were maintained under a 12 h dark light

cycle with free access to food and water and randomized in two groups: "aspartame" (n = 4) and

"quinolic acid" (n = 4). Aspartame was dissolved in water at a final concentration of 40 nmoles/µl

and quinolic acid wa dissolved in 0.1 M phosphate buffered-saline (pH 7.4) at a final

concentration of 8 nmoles/µl. The rats received intrastriatal injections of 200 nm (5 µl) of APM

or 40 nm (5 µl) of quinolic acid (under anaesthesia with midazolam, fentanyl and fluanisone

(i.p.)) from a 10 µl Hamilton syringe at the following stereotaxic coordinates: 1.0 mm rostral to
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bregma; 2.7 mm lateral to midline; 4.5 mm ventral from the dural surface. The solutions were

injected over 5 min, and afterwards the cannula was left in place for an additional 4 min.

48 hours after the intrastriatal injection rats were anesthetized and perfusion fixed (4%

paraformaldehyde). Brains were removed, postfixed and dehydrated in 20 % sucrose/0.1 M

phosphate buffer. Coronal sections of 40 µm were cut, and every third section was processed for

Fluoro-Jade staining as described by Schmued et al (Schmued, et al. 1997). Briefly sections were

mounted, dried, and immersed in 100 % ethanol, followed by 70 % ethanol. Sections were then

treated with 0.06% potassium permangate for 15 min. After rinsing, sections were immersed in

Fluoro-Jade (0.001% Fluoro-Jade/0.1% acetic acid; Histo-Chem, Jefferson, AR) for 30 min,

followed by a 10 min incubation with Hoechst 33342 (4 µg/ml).

A computer assisted image system was used for the determination of striatal lesion

volume. Fluor-Jade stained brain sections were observed using an Olympus BX50 microscope

and digitised images were recorded using a high resolution CCD video camera connected to a

computer.  The perimeters of the lesion were defined on every section, and the volume of the

striatal lesion was calculated by IMAGE software (vesion 1.60, Wayne Rasband, National

Institute of Health, USA) based on the lesion areas, the section thickness and the section distance.

3.2.11 Statistics

Toxicity experiments were run as triplicates and repeated in three-eight cell

preparations. Statistical significance was calculated on the original data sets using the Student's

t-test. When variances within the compared groups were not homogeneous the Welch test was

applied. Measurements of [Ca2+]i were repeated in at least 3 independent cell preparations
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4 Results
L’occhio non vede cose ma figure di cose che significano altre cose […]

(Italo Calvino Le città invisibili)

4.1 Mitochondrial role in excitotoxicity

4.1.1 NO-donors and peroxinitrite trigger apoptosis in CGC

Brain ischemia generates a sequence of complex metabolic reactions, several of which

result in the production of nitrogen and oxygen radicals. These radicals are responsible for a great

part of brain damage occurring during transient ischemia, or in the penumbra area in permanent

ischemia. Furthermore there is growing evidence for the involvement of mitochondrial

dysfunction or damage in some neurophatologies (reviewed (Nicotera, 2000; Pettmann and

Henderson, 1998; Sastry and Rao, 2000)). CGC were exposed to nitric oxide or peroxinitrite
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Fig. 6: Induction of CGC apoptosis

by NO-donors or ONOO-

A) CGC cultures (9 DIV) were
exposed to 50 µM SNOC, SNAP,
GSNO or ONOO-. Astroglial cultures
were exposed to 150 µM of the NO-
donors or ONOO-. Toxicity was
determined after 16 h by counting
apoptotic nuclei (H-33342-stain) or
by the MTT-assay. (n = 3 ± SD).
B) Cells were stained with the
chromatin dye H-33342 and the
phospatydilserine binding Annexin V.
Ten hours after exposure to 50 µM of
GSNO, CGCs were imaged using a
confocal microscope. Cells exposed
to GSNO showed condensed nuclei
and marked PS exposure.
Representative images of at least six
different experiments in different
preparations are shown. Image width
150 µm.
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Phase
contrast EH-1 H-33342 Calcein

time: 0 min

time: 40 min

time: 100 min

time: 150 min

Fig. 7: Kinetics of cellular changes induced by exposure of CGC to ONOO-

Parallel CGC cultures were exposed to 50 µM ONOO- and stained with 3 different fluorescent markers 5 min
before observation. At each time point a group of neurons was imaged sequentially under phase contrast optics
(Ph) and with 3 different fluorescent filter sets. After 45 min, 50 % of the neuronal nuclei were clearly condensed
and hyperfluorescent. After 120 min, all neuronal nuclei were condensed, but still excluding EH-1, and virtually all
neurons accumulated calcein. After 9 h, neuronal membranes were broken (no calcein staining), but nuclei did not
detach from the culture dishes. Notably, glial cells in the field were not damaged (calcein-retention, no
condensation or EH-1 staining of their nuclei).
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(ONOO-) and different physiological and pathological parameters were investigated during the

experimental time.

Different NO-donors, i.e. SNOC, SNAP or GSNO were used. All of them triggered

apoptosis in CGC (Fig 6A). Typical signs of apoptosis as nuclear pyknosis, chromatin

condensation and phosphatidylserine exposure were observed in CGC treated with NO-donors

(Fig. 6B). Secondary loss of MTT metabolising activity (Fig. 6A), as well as membrane lysis

indicating secondary necrosis (determined by the number of ethidium homodimer (EH-1) positive

nuclei), were followed over time (Fig. 7). Murine astroglial cultures exposed to NO-donors (up

three-fold higher concentrations than used for CGC) were not affected. (Fig. 7), even after

prolonged exposure (48 h). 

Peroxynitrite (ONOO-), derived by the reaction of NO with O2−, is generally considered

as a possible terminal neurotoxic agent in neuronal diseases (Estévez et al., 1995). Direct addition

of this metabolite to CGC elicited neuronal death (Fig. 6). To further characterise the

development of apoptosis induced by ONOO- or by NO-donors, time-lapse video microscopy

was used (Fig. 7). Within 45-150 min after the exposure to either ONOO- or SNOC, 85-100 % of

all neuronal nuclei condensed. At the end of the experiment, i.e. after 150 min, the majority (≥ 90

%) of the neurons with condensed nuclei excluded trypan blue or EH-1, and were able to

accumulate calcein-AM indicating cell membrane integrity that was lost only several hours later,

as determined in parallel cultures. Notably, apoptotic nuclei did not disintegrate but remained

adherent to the culture plate together with the remnants of the neurons for over 24 hours (not

shown). In figure 7 typical changes observed after preincubation of CGC with ONOO- are

illustrated. Virtually identical results were obtained with GSNO- or SNOC. 
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Fig. 8: Prevention of NO/ONOO- toxicity by NMDA-R antagonists.

CGC were incubated with APV, MK-801 or Mg2+ for 30 min, before SNOC (10 µM) or ONOO- (50 µM) were
added. Viability was determined after 16 h by the MTT-assay (n = 3 ± SD).
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Previous work showed that NMDA-R antagonists protect rat CGC from SNOC-toxicity

(Bonfoco et al., 1996). We were interested to examine whether such intervention would also

prevent toxicity of the putatively distal and direct mediator of toxicity, ONOO-. Two different

NMDA-R inhibitors, the competitive (APV) and the non-competitive inhibitor (MK-801) were

used. Preincubation of CGC with either inhibitor prevented neurotoxicity of ONOO- (Fig. 8).

Protection was complete as pre-treatment with MK-801 allowed the survival of ONOO-

challenged neurons for at least 48 h and pointed to an excitotoxic mechanism elicited by ONOO-.

To further examine whether excitotoxicity was the pivotal mechanism leading to ONOO-/NO-

toxicity, we increased the Mg2+concentration in the medium. High [Mg2+] decreases neuronal

activity by blocking the opening of the NMDA-R gated Ca2+ channel (Rothman, 1983), 1983,

Monyer et al., 1992). High Mg2+ prevented apoptosis induced by SNOC or ONOO- (Fig. 8 C).

In addition, we also used NMDA-R inhibitors acting at the glycine costimulatory binding site (25

µM 5,7-dichlorokynurenate or 80 µM 6,7-dichloroquinoxaline-2, 3-dione (DCQX)). Treatment

with these agents reduced the toxicity of ONOO- [50 µM] or SNOC by 45 or 55 %, respectively

(data not shown). The effective protection afforded by using competitive (APV) and non-

competitive NMDA blockers, and the similarity of the concentration response curves obtained

with the inhibitors in SNOC or ONOO- treated neurons strongly suggest that both these agents

act by a common mechanism, e.g. by releasing an excitotoxic mediator, which activates the

NMDA-R.

MK801 APV

nuclei

MTT

100

75

50

25

0

c
o

n
d

e
n

s
e
d

n
u

c
le

i
[%

±
S

D
]

0

25

50

75

100

M
T

T
-M

e
ta

b
o

lis
m

[%
±

S
D

]

concon Mg
2+

A

+ MPP
+

Fig. 9: Prevention of MPP+-induced CGC apoptosis
by blockade of Ca2+ channels.

CGC were preincubated for 30 min with solvent (0.4 %
DMSO; con) or 2 µM MK-801, 500 µM 5-
aminophosphovalerate (APV), 5 mM Mg2+, before they
were challenged with 50 µM MPP+. Medium was
exchanged for CSS after 4 h and cell death parameters
were determined after 18 h. Apoptosis was quantitated
by scoring condensed neuronal nuclei (note inverted
scale); mitochondrial function was determined by
measuring MTT-reduction (n = 3 ± SD).
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4.1.2 MPP+ and other mitochondria toxins induced apoptosis in CGC

MPP+ is the metabolic product of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),

which is known to generate a Parkinson’s like syndrome in primates. MPP+ was reported to be a

mitochondrial poison and specifically to be an inhibitor of mitochondrial complex I (Ramsay et

al., 1987). We focused our attention to the question whether alteration of mitochondria by MPP+

and other mitochondrial toxins might trigger excitotoxicity in CGC, and the role of mitochondria

in this kind of toxicity. 

Addition of MPP+ to CGC induced apoptosis in the concentration range of 25-100 µM

(Fig 9). Signs of apoptosis became evident 2-4 hours after addition of MPP+. Preincubation of

CGC with the non-competitive NMDA-R inhibitor MK-801 completely prevented apoptosis.

Under these conditions cells survived longer than 18 h in the presence of MPP+. However CGC

exposed to > MPP+ [50 µM] in the presence of MK-801 showed sign of degeneration after 24

hours and died after 36-48 hours, implicating a NMDA-R independent mechanism was acting at

higher MPP+ concentration at longer incubation time. Similar to MK-801 different NMDA-R

inhibitors consistently protected CGC from MPP+ toxicity (Fig. 9). 

In view of these findings, we considered that other compounds affecting mitochondria

might trigger NMDA-R-dependent toxicity. To evaluate this possibility, we exposed CGC to low

concentrations of mitochondrial poisons such as oligomycin, CCCP or rotenone. Toxicity of

oligomycin, CCCP or rotenone was significantly (≥ 50 % in all cases) reduced by MK801 (not
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Fig. 10: Rotenone induced NMDA-R mediated
toxicity.

CGC were incubate with rotenone [25 nΜ] or
rotenone plus MK-801 [2µM]. They were stained with
H-33342 (chromatin) and TMRE (∆Ψm). Four hours
After rotenone addition cells were stained with H-
33342 (chromatin) and TMRE (∆Ψm) and imaged in a
confocal microscope. In rotenone-treated cells, ∆Ψm
was completely lost (loss of TMRE staining) and
nuclei were highly condensed. MK-801 prevent both
phenomena. Notably, low concentrations of rotenone
did not were toxic for astrocytes (lower right corner).
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shown). Pre-treatment with MK801 completely prevented the toxicity of low concentrations of

rotenone (25-50 nM) and maintained ∆Ψm in short term incubation (Fig. 10). Similarly, we found

that apoptosis induced by low concentrations of the complex II inhibitor 3-nitropropionic acid (3-

NP) or by high concentrations of 2-deoxyglucose (DG) was completely prevented by MK801

(Tab. 2). Furthermore incubation with rotenone induced intracellular Ca2+ elevation that was

prevented by preincubation with the NMDA-R inhibitor MK-801 (Fig 12).

4.1.3 Indirect excitotoxicity triggered by MPP+, NO-donors and
peroxinitrite

The activation of NMDA-R leads to the opening of a channel with high permeability to

Ca2+ (Sucher et al., 1991). In order to test whether ONOO- or SNOC would elicit NMDA-R

mediated Ca2+ influx we measured [Ca2+]i using the fluorescent Ca2+ sensitive indicator Fluo-

3 and video microscopy. Addition of ONOO- or SNOC elicited a rapid and sustained increase in

[Ca2+]i , that was entirely abolished by pre-treatment with high Mg2+, MK-801 (Fig. 11), or 500

µM APV (not shown).

Next, increasing in [Ca2+]i induced by MPP+ or rotenone addition was measured. In both

cases, CGC exposed to MPP+ or rotenone showed an increase in [Ca2+]i. In all cases

preincubation of CGC with the NMDA-R inhibitor MK-801 completely prevented [Ca2+]i
increase (Fig.12). The last observation indicates that neither NO/ONOO- nor MPP+ lead to

intracellular Ca2+ compartment mobilisation due to inhibition of mitochondria respiratory chain

and consequent calcium release or effect any other intracellular calcium compartment (e.g.

endoplasmic reticulum). Thus, we proposed that [Ca2+]i increase is due to extracellular Ca2+

influx trough the NMDA-R. 

To directly address the possibility that exocytosis of excitotoxic mediators are necessary

for MPP+, NO-donors or ONOO- induced apoptosis, we treated neurons with clostridial

neurotoxin. Botulinum neurotoxins C (BoNT/C) or tetanus toxin (TeTX) are known to cleave the

plasma membrane docking protein syntaxin (Montecucco and Schiavo, 1995), inhibiting in this

way exocytosis. Pre-treatment for 2-10 h with BoNT/C or TeTx markedly reduced the

neurotoxicity of ONOO- or SNOC (Fig. 13 A-B) and significantly reduced the [Ca2+]i increase,

triggered by SNOC or ONOO- (Fig. 14). Similar results were obtained in the case of MPP+ where

toxicity was strongly reduced (Fig13 C).
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Fig. 11: Prevention of

NO/ONOO--elicited increase
in [Ca2+]i by NMDA-R
inhibition.

CGC were loaded with fluo-3-
AM for video-imaging of
[Ca2+]i. They were challenged
with 88 µM ONOO- or 50 µM
SNOC. The NMDA-R inhibitors
MK-801 (2 µM) or Mg2+ (10
mM) were added 10 min before
the stimuli. Calcium was
measured selecting as region of
interest (ROI) the area
corresponding to the cell body.
Each trace represents the
average of at least 30-40 cell
bodies (± SEM). Each set of data
was repeated at least with 3
different cell preparations. All
data presented in the figure are
from the same cell preparation

0 200 400
0

10

20

rotenone (1 µM)

+ MK801 (1 µM)

time [sec]

fl
u

o
-3

fl
u

o
re

s
c
e
n

c
e

(f
/f

)
0

B

time [min]

0 10 20 30 400

1

2

3

4

MPP

MPP + MK801

A

fl
u

o
-3

fl
u

o
re

s
c
e
n

c
e

(f
/f

)
0

Fig 12: Intracellular calcium increase induced by MPP+ and rotenone
A) CGC were preincubated with MK-801, or with solvent, loaded with fluo-3-AM and then challenged with MPP+

120 µM. The increase of [Ca2+]i in time (relative fluo-3 fluorescence) was measured by confocal microscopy. (n =
20, ± SEM repeated in three different experiments).
B) CGC were incubated with (open symbols) or without (filled symbols) 1 µM MK801. Rotenone (1 µM) was added
(arrow) and the change of [Ca2+]i was followed by confocal imaging of fluo-3 fluorescence. (n = 20 ± SEM repeated
in three different experiments).
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4.1.4 NMDA-R overstimulation leads to mitochondrial disruption

We addressed the question whether mitochondria were either damaged directly by

addition of MPP+ or NO-donors or as a consequence of NMDA-R activation, which can results

in Ca2+-overload and subsequent mitochondrial failure. We distinguished between these two

mechanisms by comparing NO and MPP+-triggered mitochondrial effects in the presence and

absence of NMDA-R blockers. Changes of ∆Ψm were examined by staining CGC with the

mitochondrial potential-sensitive dye, TMRE. As additional parameter, intracellular ATP content

was measured.

Exposure to GSNO [100 µM] led to a complete decrease of ∆Ψm in CGC (data not

shown). Preincubation of CGC with the NMDA-R inhibitor MK-801 prevented the ∆Ψm drop

(not shown). It was reported that under this condition, exposure to NO-donors CGC leads to

intracellular ATP depletion also in the presence of the NMDA-R inhibitors (Volbracht et al.,

1999). Also in our model intracellular ATP dropping was only delayed but not prevented by MK-

801 (data not shown).

MPP+ addition led to a complete loss of TMRE fluorescence i.e. ∆Ψm (Fig 15 B). CGC

incubated with MK801 (Fig. 15 B) or APV (not shown) before exposure to MPP+ showed no

significant loss of ∆Ψm. Thus, loss of ∆Ψm seemed to be due to indirect excitotoxicity and

preceded nuclear condensation and loss of membrane integrity. NO and MPP+-induced loss of
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Fig 13: Protection of CGC from SNOC/ONOO- toxicity by
clostridial neurotoxins.
CGC were preincubated with clostridial toxins as indicated and
then challenged with 10 µM SNOC (A) or 80 µM ONOO- (B)
Viability was determined 16 h later by the MTT-method.
(C) Cells were preincubated with BoNT/C (130 pM) or 500
ng/ml TeTx (3 nM) and exposed to MPP+ for 4 hours. Viability
was determined after 18 h by MTT assay.
(n= 3 ± SD * p < 0.05).
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TMRE fluorescence was selective for neurons, since astrocytes within the same culture dish

neither lost of TMRE (Fig 15 B) fluorescence nor viability (not shown). In neurons exposed to

MPP+ alone, ATP depletion was paralleled by a complete loss of ∆Ψm. Measurements of

intracellular ATP after MPP+ addition revealed a slow ATP decrease in the first 30 min after

treatment and a complete dissipation (> 90%) after 90 min. MK-801 delayed the loss of ATP by

30-60 min but did not prevent the phenomenon (Fig. 15 A). Similar data were obtained in CGC

treated with rotenone or 3-NP (not shown). All mitochondrial inhibitors caused a marked ATP

depletion, irrespective of the presence or absence of MK801. Notably, in all cases ∆Ψm was

maintained long after the ATP-depletion. Residual cytosolic ATP or alternative energy substrates

likely contributed to the maintenance of ∆Ψm. This is suggested by the finding that ∆Ψm was

dissipated, when mitochondrial inhibitors were added under glycolytic inhibition obtained using

deoxyglucose. Nevertheless, also when both ∆Ψm loss and ATP depletion occurred, CGC were
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Fig 14: Prevention of SNOC/ONOO-induced CGC [Ca2+]i increase by BoNT/C.

CGC were loaded with fluo-3 for imaging of [Ca2+]i changes. Cultures were challenged directly (A, C) or they were
pre-treated with 500 pM of botulinuim  neurtoxin (BoNT/C) for 5 h (B, D), and then stimulated with either 50 µM
ONOO- (A,C) or with 25 µM SNOC (B,D). BoNT/C prevented the sustained increase in [Ca2+]i, although
occasionally an initial short and transient spike was observed. Each trace represents the average of at least 30-40 cell
bodies (± SEM). Each set of data was repeated at least with 3 different cell preparations. 
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protected by MK801. Loss of ∆Ψm triggered by the complex I inhibitor MPP+ could be partially

prevented by energising mitochondria with the complex II substrate methylsuccinate (Tab. 2). 

In the short time of our experimental condition it seemed that activation of NMDA-R and

consequent Ca2+ entry were the reasons of ∆Ψm failure. However, a primary interaction of NO
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Fig 15:NMDA-R and prevention of mitochondrial damage caused by MPP+.

A) Prior to addition of 50 µM MPP+, CGC were preincubated for 30 min either with solvent (0.4 % DMSO) or 2
µM MK801. At the times indicated, cells were lysed and ATP was determined luminometrically. Intracellular ATP
content is expressed as percentage of that measured in untreated cells (control) at t = 0 (2.8 nmol ATP/mg protein).
Viability and ∆Ψm were determined in parallel cultures from the same preparation. Data represent means ± SD of
triplicate determinations.
B) CGC incubated in control medium, with 50 µM MPP+, or with MPP+ plus 2 µM MK801 were stained after 4 h
with H-33342 (chromatin), calcein (cell membrane integrity) and TMRE (mitochondrial ∆Ψm). Samples were
imaged by confocal microscopy, using fluorescence. Mitochondria from the axo-dendritic network (TMRE-neurites),
and those within the cell body (TMRE-somata) were imaged at different focal planes. MPP+ treated neurons had
condensed nuclei while the plasma membrane (calcein staining) was still intact. Ψmdid not significantly drop in CGC
treated with MK801 + MPP+, whereas it was fully lost after 60-90 min in cells treated with MPP+ alone. Viability
of MPP+ + MK801-treated cells was maintained for at least 16 h, whereas nuclear condensation in MPP+ treated
neurons started after 45 min. TMRE-staining in both neurites and somata disappeared. MK801 prevented both
nuclear condensation and loss of mitochondrial function. All experiments were repeated in at least 6 cell preparations
with similar results. Scale: image size 108 x108 µm.
C) CGC were preincubated with or without 2 µM MK-801, and challenged with 50 µM MPP+. Cytochrome c release
into the cytosol was determined by Western blot. Cells treated with 0.5 % Triton X-100 (Triton) were analysed to
indicate the maximal cytochrome c release.
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or MPP+ with mitochondria was able to generate a partial decrease of ATP. This could lead to

sensitisation of NMDA-R and release of glutamate initiating a vicious loop ending in cell death,

as supported by the so-called energy linked excitotoxicity theory (Henneberry, 1997).

We further characterised mitochondria membrane integrity in CGC undergoing apoptosis.

For this purpose release of cytochrome c from mitochondria into the cytosol was measured.

Treatment of CGC with MPP+ caused cytochrome c release within 90 min (Fig. 15 C). Such

mitochondrial damage was downstream to NMDA-R activation, since it was entirely prevented

by pre-treatment of cells with MK801. Further characterisation of the steps between NMDA-R

mediated [Ca2+]i increase and cell death evidenced that inhibition of caspases or calpains

blocked apoptosis in CGC treated with MPP+. Cytochrome c release is known to be a modulator

of caspase activation binding to APAF-1 and activating caspase-9. Among the execution caspases

of particular importance is caspase-3. However in CGC MPP+ induced toxicity no active caspase-

3 was detectable (Leist et al., 1998). In the case of MPP+ apoptosis seems to depend on proteases

(caspases and calpain) activity but not on caspase-3.

treatmenta ∆∆ΨΨm
b ATP [%] c apoptosis [%]d

MPP+ - 2.0 > 80
MPP+ + MK801 + + 5.8 < 10
3-nitropropionic acid (3-NP) - 9.1 > 80
3-NP + MK801 + + 18.5 < 10
deoxyglucose (DG) + 9.6 < 10
DG + pyruvate + + 45.0 < 10
MPP+ + DG - 1.3 > 80
MPP+ + DG + MK801 - 1.8 < 10
3-NP + DG - 1.4 > 80
3-NP + DG + MK801 - 9.9 < 10
MPP+ + methylsuccinate + 3.7 < 10

Table 2: Modulation of mitochondrial function and apoptosis by respiratory chain inhibitors.
a Neurons were exposed to combinations of MPP+ (50 µM), deoxyglucose (20 mM), 3-NP (400 µM),
methylsuccinate (5 mM), pyruvate (4 mM) or MK801 (2 µM) for 3 h in the original culture medium.
b ∆Ψm was measured in cells loaded with 5 nM TMRE. Fluorescence intensity corresponding to 70-100 % of

controls is indicated by ++, 30-70 % by +, and < 30 % by -.
c ATP is given as % of control. Data are means from 3 different cell preparations. SD was always below 3 %.
d Apoptosis was determined by counting the percentage of condensed nuclei after staining with H-33342.
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4.2 Aspartame triggers excitotoxicity via NMDA-R in a caspase
independent manner

4.2.1 Neuronal apoptosis triggered by aspartame

The toxicity of the artificial sweetener aspartame (APM) is the object of this chapter. In

previous work it was reported that APM can increase intracellular calcium and leads to LDH

release in neuronal cultures (Sonnewald et al., 1995). We used an in vitro system based on CGCs

in order to investigate the potential neurotoxic effects of APM. In the first experiments different

concentrations of APM were added to the culture medium and the effect of this treatment on

neuronal viability was quantitated by measurement of overall MTT-reducing capacity of the

cultures. These experiments revealed a marked toxicity of APM at concentrations > 200 µM. (Fig

16 A). For further characterisation of APM toxicity, apoptotic chromatin condensation and

membrane lysis were quantitated after staining CGC with the chromatin dyes Hoechst 33342 and

Sytox. The data confirmed that APM caused death (> 80 % Sytox) of differentiated CGCs in a

concentration range of 200-800 µM within 6-12 hours (data not shown). Further characterisation
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Fig. 16: APM induced death in CGCs.

A) CGCs were exposed to different concentrations of
APM in the presence or absence of the NMAD-R
inhibitor MK-801 (1 µM). Viability was determined
by MTT test. (% of untreated control).

B) Cells were stained with the chromatin dye H-33342
at different times after exposure to APM, and the
percentage of apoptotic cells was scored. CGC
exposed to the highest APM-concentration were
viable in the presence of MK-801 (1 µM) or AP-V
(500 µM). Average ± SD of three experiments.



Results

47

C
h

a
p

t
e

r
 4

of the cell death mode evidenced classical features of apoptosis: pyknotic nuclei and chromatin

condensation became evident 2 hours after APM addition and were observed in > 95% 4-6 hours

before lysis of the plasma membrane (Fig 17 B). Field inverse gel electrophoresis of CGC DNA

revealed high molecular weight fragmentation in cells exposed to APM (Fig 17 A). Furthermore,

APM caused phosphatidylserine exposure on the cell surface as detected by annexin V staining

(Fig 17 B). 
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Fig 17: Apoptotic features in CGC treated with
APM. 

A) Different concentrations of APM were added and

experiments were stopped after the times indicated for

analysis of high molecular weight DNA fragmentation

by field inverse gel electrophoresis (FIGE). Molecular

weight markers were n x 50 kbp l-DNA concatamers

(M1) or yeast chromosomes (M2). Representative

results of three similar assays are shown.

B) CGC were pre-treated with 1 µM MK-801 or not. At

four hours after APM addition, cells were stained with

fluorescent labeled Annexin-V (PS-staining), H-33342

(chromatin stain) and ethidium homodimer (EH-1

membrane permeability). All cells excluded EH-1 (not

shown). Images were collected with a confocal laser

scanning microscope, and data are representative of at

least three different experiments. Scale bar 8 µM.
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4.2.2 Caspases are not activated in Aspartame induced toxicity

As the activation of caspase-3 like proteases is frequently involved in the execution of

apoptosis, we examined the activity of these enzymes after exposure of CGC to APM. Caspase-

3-like activity measured by fluorimetric DEVD-afc cleavage was undetectable at any time (2-6

hours) or APM concentration (200-600 µM) used, while high cleavage activity was detected in

positive control cells exposed to colchicine (Volbracht et al., 1999). Essentially similar results

were obtained from experiments where we analysed the active form of caspase-3 directly in situ

using immunocytochemistry. Also in this case, cells treated with APM did not show any sign of

caspase activity, while cells stimulated with colchicine as positive control showed positive

caspase-3 staining (Fig 18 B). Non DEVD-afc cleaving caspases or very low caspase-3 activity

may be involved in CGC apoptosis by APM. Therefore we used a complementary approach and

estimated whether the broad-spectrum caspase inhibitor z-VAD-fmk, z-D-cmk or Ac-YVAD-cmk

prevented APM toxicity. Inhibitors at concentrations up to 100 µM did not provide any significant

protection from cell death induced by APM. Also preincubation with calpain inhibitors did not

affect APM induced cell death (Fig 18 A). 
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Fig. 18: Caspase inhibithors fail to prevent APM
triggered apoptosis.

A) CGCs were preincubated with 100 µM of different

caspase inhibitors. All caspase inhibitors failed to

inhibit apoptosis triggered by APM. Data are means of

three experiments ± SD. 

B) Micrographs show immunostaining against caspase

3 active form. As positive control colchicine tretaed

neurons were used. While in colchicine treated CGCs

it was possible detect several caspase 3 positive cells

no cells positively stained for active caspsase-3 were

found in APM-treated CGCs. Bars = 10 µM. 
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4.2.3 Cytochrome c release and mitochondrial function during APM toxicity

Mitochondria integrity and function as a determinant of neuronal apoptosis is mostly

situated upstream of caspases . To finvestigate if APM-induced changes on the mitochondria, we

first analysed the distribution of cytochrome c in CGC treated with APM. A redistribution of cyt

c from mitochondria to cytosol and nucleus was observed three hours after APM addition (Fig.

19 A). In parallel, we analysed the mitochondria membrane potential by confocal microscopy

using the ∆Ψm sensitive dye TMRE. APM treated cells showed a significant decrease of TMRE

fluorescence as compared to control already 90 min after addition of APM (400 µM) (Fig. 19 B).

The decrease of ∆Ψm clearly preceded nuclear condensation as revealed by single cell analysis

of cultures, stained with TMRE and H-33342. Two hours after APM addition, mitochondrial

TMRE fluorescence was negligible and nuclear condensation had been initiated (Fig 19 B).

Intracellular ATP levels were affected by APM exposure more rapidly than ∆Ψm. Already one
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Fig 19: Mitochondrial events in APM toxixity.
A) Control and APM treated cells were immunostained for
cytochrome c. Three hours after APM addition cyt c
redistribution within the cells was observed. In some cells
cyt c was released before chromatin condensation
(arrows). Scale: image width 100 µm
B) Cells were treated with APM with or without
preincubation with MK-801.
CGCs were stained using the mitochondrial membrane
potential sensitive dye TMRE. Cells not exposed to APM
retained TMRE staining for all the experimental time and
did not show any sign of chromatin alteration. APM
treated cells showed loss of mitochondrial staining after 90
minutes. Pre-treatment with MK-801 prevented the
mitochondrial damage. 
C) Intracellular ATP concentration was measured. A
drastic decrease in APM treated CGC was observed 1 hour
after APM addition. Preincubation of CGC with MK-801
completely prevented decrease of ATP level.
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hour after incubation with 400 µM APM, intracellular ATP was decreased to less then 50% of

control (Fig. 19 C). Such strong ATP depletion has been reported to prevent apoptosome function

and caspase activation (Li et al., 1997b). Thus, the pronounced ATP depletion following APM

exposure may explain the absence of any DEVDase activity despite a massive cyt c release.

4.2.4 APM is not a direct NMDA-R agonist

APM is a methyl dipeptide of the two aminoacids aspartate (Asp) and phenylalanine

(Phe). Because of its composition, APM could trigger the NMDA-R either directly through its

Asp residue or after hydrolysis and Asp release. In order to determine if APM was a direct

NMDA-R agonist, [Ca2+]i variations were measured after APM addition. Cells were loaded with

the calcium sensitive fluorescent dye Fluo-4. APM, Phe or Asp were added and intracellular

calcium level was monitored using a confocal scanning microscope. Glu was used as positive

control. Short time courses (5 min) with acquirement intervals of 2 s were recorded in order to

see if APM was acting as a direct agonist on NMDA-R. Neither addition of up to 1 mM APM to

CGCs did stimulate any intracellular calcium increase nor addition of 1 mM Phe (Fig 20 A). 100

µM Glu, the natural agonist of the NMDA-R, immediately induced intracellular calcium

elevation. Also addition of 400 µM Asp, which acts as agonist on NMDA-R agonist, also

produced a calcium spike (Fig 20 A). APM, which had been incubated at 37° C, produced similar

results as the freshly added, indicating that hydrolysis of the dipeptide did not occur, or if it

occurred did not release enough Asp to trigger NMDA-R (data not shown). 
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Fig 20: Slow disturbance of intracellular free Ca2+ homeostasis by APM.
A + B) Phenylalanine (a) [1 mM], aspartic acid (b) [400 µM], APM (c) [1 mM] or glutamate (d) [100 µM] were
added to CGC as indicated (arrow) [Ca2+]i was followed by confocal imaging of fluo-4 fluorescence (acquisition
data interval 1 sec). 
B) Increasing concentrations (a = 0 µM, b = 400 µM, c = 800 µM) of APM were added to fluo-4 labelled CGCs
(arrow) and fluorescence was followed using confocal imaging for the following 30 minutes after addition
(acquisition data interval 10 sec). Preincubation with 1 µM MK-801 before addition of APM (800 µM) completely
prevented the transient Ca2+ increase (trace d). Traces are average [Ca2+]I levels from 8-12 cells from a
representative experiment. Experiments were performed in at least three cell preparations with similar results.
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To find out, if APM could act as an excitotoxin in vivo, intrastriatal injections of APM

were performed in rats. As positive control, quinolinic acid was used. Rat received bolus

intrastriatal injections of quinolic acid (40 nM) or APM at five times higher concentration (200

nM). Fourtyeight hours after the injection, striatal damage was quantified using the Fluoro-Jade

staining (Schmued et al., 1997). Computer-assisted analysis of the images showed an extensive

lesion volume in quinolinic acid treated animals (18.41 ± 1.36 mm3), while APM did not produce

any detectable damage except for few Fluoro-Jade positive cells along the needle track (Fig 21).

These data indicate that APM is not a potent direct excitotoxin and does not act as an NMDA-R

agonist in vivo. 

Fig:21:Striatal lesion after
injection of APM or Quinolic
acid (QA)

Striatal sections prepared 48h
after intrastriatal injections of
aspartame (200 nM) or quinolic
acid (40 nM). The fluorescent
marker Fluoro-Jade was used to
detect dead cells. Only very few
cells were labelled along the
cannula track after aspartame
injection (A and C), while an
extensive striatal lesion was
observed after quinolic acid
injection (B and D). Bar scale to
100 µM (A and B), 50 µM (C
and D).
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Previous work demonstrated that APM itself can interact with NMDA-R at the glutamate-

binding site (Pan-Hou et al., 1990). Moreover long time exposure to APM has been reputed to

raise intracellular Ca2+ (Sonnewald et al., 1995). Based on this assumption we performed long

time exposure to APM in order to trigger calcium influx in CGC. APM was added to cells stained

with Fluo-4 and [Ca2+]i was followed for 30 min with time intervals of 10 sec. Between 10-20

min a transient [Ca2+]i increase was observed. Increase of [Ca2+]i was completely prevented by

MK-801 indicating that NMDA-R activation was responsible for the calcium influx (Fig 20 B). 

4.2.5 Indirect excitotoxicity triggered by APM

To further investigate if activation of NMDA-R was involved in APM toxicity, NMDA-R

inhibitors were added to CGCs 30 min before APM addition. Preincubation of CGCs with the

non-competitive NMDA-R inhibitor MK-801 inhibited the effect of APM on MTT metabolism

(Fig 16 A). MK-801 (1 µM) as well as the competitive NMDA-R antagonist AP5 (500 µM),

completely prevented APM induced nuclear condensation (Fig 16 B) and PS exposure (Fig 17 B).

NMDA-R inhibitors prevented also the loss of ∆Ψm, (Fig 19 B) and intracellular ATP (Fig 19 C).

All these data suggested that APM toxicity was mediated by activation of NMDA-R. 

We directly addressed this question using as tool BoNT/C (see § 4.2.3). If APM is acting

as an indirect excitotoxin, preincubation with BoNT/C should abrogate or reduce APM toxicity. 

CGCs were preincubated with BoNT/C 20 ng/ml BoNT/C two hours before APM

addition. At this time it was shown that cleavage of syntaxin was present but cells were not

damaged (Berliocchi, 2000). After this time, APM was added to CGCs. Cells preincubated with

BoNT/C were partially protected from apoptosis induced by APM (200-400 µM). Complete

protection was reached at lower concentrations of APM (200 µM) (not shown). At higher
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Fig 22: Delayed apoptosis in APM treated CGC
preincubateS with BoNT/C.

CGC were preincubated with 20 ng/ml BoNT/C two
hours before APM stimulation. Toxicity was strongly
reduced at short time. Appereance of apoptotic features
was delayed by about 6 hours. Student’s t-test p< 0.01
APM vsAPM + BoNT/C.
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concentrations of APM (600-800 µM), cells were initially protected. At late time points, the

protective effect was reduced. CCG exposed to intermediate concentrations of APM (400 µM)

showed a significative protection during the first hours and then a slowly decrease in the

protective effect (Fig. 22).

4.2.6 Alternative mechanisms for an apoptotic phenotype in excitotoxicity:
Possible role for the Apoptosis Inducing Factor (AIF)

Caspase independent apoptosis might proceed involving different pathways. It was

demonstrated that the mitochondrial proapoptotic protein AIF is able to induce apoptotic changes
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Fig. 23: Glutamte triggered caspase
independent apoptosis.

A) CGC were exposed to glutamate [100 µM].
Cells were stained with H-33342 and observed
in a confocal microscope. Glutamate induced
rapid chromatin condensation. Images shown
are representative fot at least three different
experiments. The image width corresponds to
60 µM. 

B) After glutamate addition, cells were stained
using H-33342 and sytox. At different time
points cells were scored for apoptotic nuclei.
One hour after addition of glutamate, more than
50 % of cells showed condensed nuclei.
Preincubation with the NMDA-R antagonist
MK-801 prevented cell death (n=3; +/- SD).

C) CGC were preincubated 30 min before
addition of glutamate with 100 µM of different
caspase inhibitors. The pan-caspase inhibitors
ZVAD-fmk or ZD-cmk and YVAD-bmk did not
succeed to prevent cell death. (n=3; +/- SD).
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in a caspase independent manner (Susin et al., 1999). We investigated the possible role of AIF in

CGC apoptosis. Control and APM treated cells were immunostained for AIF and cyt c. Control

cells showed a marked colocalisation for both proteins. Cells treated with APM after 3 hours

showed a relocalisation of both proteins (Fig. 24). 

Direct addition of the NMDA-R agonist glutamate to CGC caused apoptosis and

preincubation of cells with different caspase inhibitors did not provide any protection (Fig. 23).

Caspase-3 like activity was not even detectable in CGC lysate (not shown). As in the case of

APM, no active caspase-3 was evidenced after immunostaining using antibody against caspase-

3. It was previously shown that cells committed to dye after glutamate exposure exhibited high

molecular weight DNA fragments (Ankarcrona et al., 1995). AIF immunostaining of CGC treated

with glutamate showed a marked redistribution of AIF within cytoplasm and nucleus (Fig. 24).

Interestingly at the same time point cyt c did not show any strong rearrangement (Fig. 24).

Colocalisation of the two proteins was expressed in graphical form using computer assisted image
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Fig. 24:  Cytochrome c and AIF are rearragend with different kinetics during excitotoxicity

A) After stimulation with glutamate [100 µM] cells were fixed at different time points. Immunocytochemistry for
AIF and cyt c was performed. Control cells showed colocalisation for AIF and cytc. AIF accumulation in the nuclear
space was observed well before cyt c redistribution. Accumulation of AIF in nuclei preceeded chromatin
rearrangement and condensation. 

B) The localisation of AIF and cyt c within mitochondria and nuclei was determined using a semi-quantitative assay
based on confocal xz-scan through the cells. The pixel intensity along one line was plotted (figure A xz-section).
Control shows that nuclei (blue line) were virtually devoid of AIF (red line), that instead accumulates in glutamate-
treated neurons. Cyt c (green line) still had not been redistributed to the nucleus at this time point.
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analysis. Confocal XZ images were analysed and fluorescent levels of a single pixel line were

measured for each fluorochrome in the same spatial position. In glutamate treated cells AIF and

chromatin showed colocalisation where control cell did not (Fig. 24). Furthermore AIF and cyt c

fluorescence levels in the nuclear region were quantified at different time points using computer

aided image elaboration. AIF fluorescence were increased in the nuclear region within 20 min and

reached the maximum at 60/120 min. Cyt c fluorescence was not detectable in nuclear region till

120 min (Fig. 24-25).

Cellular fraction analysis of CGC using Western blot methods confirms the data obtained

by immunostaining. Control, APM and glutamate treated cells were divided in cytoplasm

fraction, mitochondria enriched fraction and nuclear fraction. In control cells both AIF and cyt c

were detectable within the mitochondrial fraction (Fig. 25). Sixty minutes after from glutamate

addition it was observed that large part of AIF was present in the nuclear fraction and a smaller

signal was detectable in mitochondrial and cytosolic fraction. Cyt c instead was still localised

within the mitochondrial fraction (Fig. 25). Similar results were obtained in APM treated cells

(data not show).

0 20 40 120

0

20

40

60

80

100

120

0

20

40

60

80

100

120

60 KDa

13 KDa

Cyt c

AIF

mc n mc n

Control Glu 60 min

A

time (min)

A
IF

re
la

ti
v
e

fl
u

o
re

s
c
e

n
t

u
n

it
s

c
y
t

c
re

la
tiv

e
flu

o
re

s
c
e

n
t

u
n

its

B

Fig. 25: Nuclear translocation of AIF during glutamate induced apoptosis.

A) CGCs were fractionated in cytosol (c), mitochondria (m) and nuclei (n). The different fractions were analysed by
immunoblot for AIF and cyt c. Control cells showed staining of both AIF and cyt c in the mitochondrial fraction.
Glutamate-treated cells showed a marked AIF staining in the nuclear fraction whereas cyt c was still present mainly
in the mitochondrial fraction.

B) CGCs were stained for AIF and cyt c by immunocitochemistry and confocal images were analyzed using an image
elaboration software (MCID, Image Research). For each time point the nuclear  region of at least 25 cells were
marked. The intensity of the fluorescent signal was averaged and the mean +/- SEM was plotted. The nuclear AIF
signal (red line open square)  strongly increased before that of cyt c (green line open circle).
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4.3 Modulation of apoptosis by NO in Jurkat cells

Among the many mitochondrial functions, the most important are respiration and

oxidative phosphorylation. Alteration or inhibition of oxidative phosphorylation was suggested to

switch apoptosis to necrosis (Leist et al., 1997a). NO has known inhibitory effects on

mitochondrial respiration (Clementi et al., 1998; Stadler et al., 1991) which may modulate cell

function or affect survival. The following experiments were addressed to define by which

mechanism mitochondria and energy metabolism might control cell death and describe the role

of NO, an endogenous pleiotropic messenger in the control of cell death. 

4.3.1 Inhibition of mitochondrial oxidative phosphorylation induced by
nitric oxide donors 

Following incubation in glucose free medium containing 2 mM pyruvate as energy

substrate (PNG medium Pyruvate No Glucose), cells were entirely dependent on mitochondrial

ATP production. Under these conditions, intracellular ATP was only generated by mitochondrial

oxidative phosphorylation as long as mitochondria were fully functional (Eguchi et al., 1997;

Leist et al., 1997a). Mitochondrial failure, or inhibition of oxidative phosphorylation led to

intracellular ATP decrease that could be prevented by the addition of glucose to PNG medium,

stimulating glycolytic ATP production.

Under these experimental conditions, the effects of NO-donor (i.e. S-nitrosoglutathione

(GSNO) on mitochondria were determined. The fluorescence unquenching property of TMRE

was used to detect fast variation in ∆Ψm by fluorimetric measurements. We observed that NO-

donor addition caused a progressive decrease of mitochondrial ∆Ψm (Fig.26). Stimulation of

glycolytic ATP production after addition of 10 mM glucose to the medium prevented the decline

in mitochondrial ∆Ψm (Fig. 26). Addition of glucose after NO exposure partially restored the

mitochondrial membrane potential (not shown), indicating that NO did not caused an irreversible

damage on mitochondria. Direct inhibition of mitochondrial ATPase by oligomycin also blocks

ATP production. However, in this case, mitochondria did not depolarise but rather underwent

hyperpolarisation (Fig. 26). Cells exposed to NO in presence or absence of glucose and observed

by fluorescent microscopy showed similar results. Only ≤ 15 % of the cells incubated with NO-

donors in PNG medium supplemented with glucose had lost ∆Ψm after 3 h of exposure to NO.

Decrease in fluorescence was observed in cells exposed to NO in PNG medium without glucose.
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4.3.2 Nitric oxide switches apoptosis to necrosis in STS treated Jurkat cells 

Since ATP depletion can switch apoptosis to necrosis (Leist et al., 1997c) and NO can

inhibit mitochondrial ∆Ψm and ATP production, we investigated whether NO would induce death

in Jurkat cells and if so, which form would predominate. As apoptotic stimulus we used the serine

kinase inhibitor staurosporine (STS) that induces apoptosis in several cell types.

In both PNG medium and PNG medium supplemented with glucose, STS elicited

apoptosis in > 95% of the cells. After addition of the NO-donor GSNO (0.4 mM) to cells

maintained in PNG medium, STS-triggered cell demise was converted from apoptosis to necrosis,

however, the total number of dead cells did not vary (Fig. 27 A). Other NO-donors such as S-

nitroso-N-acetylpenicillamine (SNAP) or spermine-NONOate produced similar results (not

shown). The NO induced switch from apoptosis to necrosis correlated with ATP depletion (Fig.

27 A). When ATP concentration was under 50 % of control, cell death switched to necrosis.
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Fig. 26: ∆∆ΨΨm in Jurkat cells exposed
to NO or mitochondrial inhibitors.

Jurkat cells were suspended in PNG
medium supplemented with 20 nM
TMRE +/- glucose. Exposure to GSNO
(0.4 mM) in the absence of glucose
rapidly decrease ∆Ψm (increase in
fluorescence).In PNG medium plus
glucose cells did not shown
depolarisation upon addition of GSNO.
Oligomycin (2.5 µM) addition
hyperpolarised mitochondria (decrease
of fluorescence). Addition of 10 µM
rotenone completely depolarised
mitochondria. The mitochondrial
uncoupler FCCP (5 µM) was added at
the end of each experiment to fully
depolarise mitochondria and yield to
maximal fluorescence shift. Right
panels show ∆Ψm of individual Jurkat
cells 3 h after exposure to GSNO in
PNG +/- glucose. In these conditions,
∆Ψm was a direct fucntion of
fluorescence. Traces and images
represent one of four similar
experiments.
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Fig. 27: Correlation of ATP-depletion, caspase activation and inhibition of apoptosis by NO.
A) Jurkat cells were incubated in PNG medium with (filled symbols, solid lines) or without (open symbols, dashed
lines) glucose (10 mM), and were either stimulated with STS (1 µM, circles) or left unstimulated (squares).
Apoptosis and necrosis were quantitated by H-33342/SYTOX staining after 5 h. The ATP content was determined
70 min after STS addition (data are given as % of control = 4.5 nmol/106 cells). Caspase activity was determined by
DEVD-afc cleavage assay(pmoles x min-1/106 cells) 150 min after STS addition. Data are means ± SD from
triplicate determinations.
B) Jurkat cells were cultured in PNG medium supplemented with different glucose concentrations as indicated. All
cells were treated with GSNO (0.4 mM) 60 min after plating and with STS 45 min later. ATP was determined 70 min,
caspase activity (DEVD-afc cleavage) 150 min, and cell death 5 h after STS-addition. In parallel, cells were treated
with STS and glucose without GSNO. Caspase activity and ATP content of these cells were taken as control values
and referred to as 100 %. Unstimulated cells in the presence of glucose plus GSNO, neither showed caspase activity,
nor underwent cell death. Their ATP-content was 92 ± 2 % of control. Data are expressed as means ± SEM from 3-
6 replicates.
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4.3.3 Nitric oxide effects on caspase activation

ATP depletion inhibits activation of caspases (Ferrari et al., 1998; Leist et al., 1999c).

Caspases are known to be crucial proteases in the execution of apoptosis. We questioned whether

ATP depletion inhibited caspase activity and whether this might be the cause of conversion to

necrosis. Caspase activity was assessed by the fluorimetric assay based on DEVD.afc cleavage.

In cells triggered for apoptosis using STS, exposure to NO-donors blocked apoptosis. Caspase

activity was not detectable when cells were exposed to GSNO concentration up to 0.2 mM and

was strongly reduced at lower NO concentration (Fig. 27 A, B). Processing of procaspase-3 and

procaspase-7 was also blocked (Leist et al., 1999c) in the absence, but not in the presence of

glucose. In this condition, the switch of apoptosis in necrosis was strictly correlated to ATP-

depletion. Only when high concentrations of NO donors were used (≥ 1mM), apoptosis was

inhibited also in the presence of glucose and therefore appeared to depend on mechanisms other

than ATP depletion. 
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Fig. 28: Caspase inactivation do not prevent apoptosis by NO.
Cells were preincubated in PNG medium ± 10 mM glucose for 105 min. Then, STS (1 µM) was added. After further
110 min of incubation, cell aliquots were withdrawn and caspase activity (DEVD-afc cleavage) was determined. At
this time (110 min), GSNO (0.4 mM) was added to remaining cells as indicated and the incubation was prolonged
for 75 more minutes. Caspase activity was determined as described above. Enzymatic assays were performed in the
absence or in the presence of 20 mM DTT (the caspase activity was: 100-120 pmol x min-1/106 cells after treatment
with STS, and < 3 pmol x min-1/106 cells in untreated controls). Data are means ± SD of triplicate determinations.
The results show a typical experiment of four yielding identical results.
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It was reported that NO can inhibit caspase-3 by S-nitrosation (Rössig et al., 1999).

Inhibition of activated caspases caused by S-nitrosylation of the catalytic cysteine prevented

apoptosis (Dimmeler et al., 1997; Dimmeler et al., 1998). The question whether in the jurkat

system NO was the cause of caspases inactivation or whether caspases failed to be activated due

to other mechanism (e.g. ATP depletion or cyt c release inhibition) was addressed.

To examine whether distinct inhibiton of caspase activity by NO would contribute to the

apoptosis/necrosis conversion, Jurkat cells were treated with STS until caspases became fully

active. Then cells were exposed to GSNO (Fig.28) or SNAP (not shown) for additional 75 min,

and changes in caspase activity (DEVD-afc cleavage) were measured. We observed a moderate

(20 %) reduction of caspase activity, which was reversed, when the measurements were

performed in the presence of the reducing agent DTT. However as shown before inhibition of

caspase activity to an extent ≤ 50 % was not sufficient to cause any change in the rate of

apoptosis.(Fig. 27 A, B). 
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Fig. 29: Inhibition of apoptosis and
caspase activation by rotenone;
reversal of the inhibition by glucose
Jurkat cells were incubated in PNG
medium (supplemented with 10 µM
rotenone as indicated) with or without
glucose (10 mM). After stimulation
with STS (1 µM) apoptosis was
quantitated by H-33342 staining after
5 h. The ATP content was determined
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4.3.4 Mitochondrial toxins cause cell death by mechanisms similar to those
triggered by NO

NO may act at different sites of the respiratory chain with potentially different

implications for cell survival (Clementi et al., 1998) (Nussler et al., 1993). To verify that the

mitochondrial inhibition due to NO and not another mechanism, due to effect on other targets,

was the cause of cell death switch, we tested whether classical mitochondrial toxins, such as

rotenone and oligomycin, could act similar to NO.

Oligomycin and rotenone lead to inhibition of oxidative phosphorylation. Incubation of

Jurkat cells in PNG medium together with the complex I inhibitor rotenone mimicked the effects

of NO. Addition of 10 µM rotenone caused a pronounced reduction of the mitochondrial ∆Ψm,

associated with a ≥ 90 % depletion of cellular ATP in PNG medium (Fig. 29). Both effects were
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Fig. 30: Modulation of intracellular ATP
by TBT.

(A) Jurkat cells, cultured in PNG medium in
the absence or presence of glucose (gluc; 10
mM), were preincubated with 0 or 2.5 µM
oligomycin (olig) and exposed to 2 µM TBT.
ATP was measured after 15, 55 and 80 min
and cellular ATP content is presented as
percentage of untreated controls (100 % = 4.5
nmol/106 cells). Data represent means ± SD
from three independent experiments.

(B) Jurkat cells were exposed to different
concentrations of TBT in PNG medium
supplemented with 10 mM glucose, and
cellular ATP content was followed for 150
min. Data represent means ± SD from
triplicate determinations.
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completely reversed by glucose, which can energise mitochondria by supplying ATP to the F0F1-

ATP synthase, even in the absence of a functional respiratory chain (Zamzami et al., 1996).

Rotenone blocked the execution of apoptosis (Fig. 29) and switched STS-induced apoptosis to

necrosis. In the absence of STS, rotenone alone did not cause substantial cell death (not shown).

As observed with NO, glucose prevented the apoptosis/necrosis conversion elicited by rotenone,

and restored caspase activity (Fig. 29). 

Addition of oligomycin mimicked the ATP depletion by directly inhibiting the

mitochondrial ATP synthase (not shown). Also oligomycin-induced ATP depletion can block the

apoptotic cascade at a site upstream of execution caspases, and switches cell demise to necrosis

(Leist et al., 1997a). In this case mitochondria did not depolarise, but rather oligomycin

underwent hyperpolarisation (Fig. 27) due to the inhibition of the ATPase F0 unit and consequent

accumulation of protons within the mitochondria intermembrane space. While rotenone lead to a

∆Ψm drop due to its effects on complex I, oligomycin did not and rather hyperpolarised

mitochondria by blocking proton flow through F0 unit of ATPase. Thus, loss of ∆Ψm did not

seem to be a prerequisite for the apoptosis/necrosis conversion. All these data together support
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Fig 31: TBT-induced apoptosis or necrosis,
depending on the metabolic situation

Jurkat cells, cultured in the absence or
presence of glucose (10 mM), were
preincubated with 0 or 2.5 µM oligomycin
and exposed to 2 µM TBT. The percentage of
apoptotic (A) and necrotic (B) cells was
counted at different times after staining of the
cultures with the fluorescent chromatin dyes
H-33342 and SYTOX. Data are means ± SD
of 5-7 experiments.
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the concept that ATP depletion is the mechanism, whereby NO or other mitochondrial poisons

prevented the execution of the apoptotic program.

4.3.5 Tributyltin switches apoptosis to necrosis 

Tributyltin is a xenobiotic toxin widely used as biocide. In vivo studies have shown that

exposure to TBT can damage the immune system in mammalians . Even if a clear cellular target

for TBT is still not defined, it is known that TBT can disturb mitochondrial metabolism and

deplete ATP. It is known that TBT is able to induces cell death by apoptosis or necrosis depending

on concentration. Here we investigated the relation between TBT toxicity and mitochondria

effects, its influence on ATP concentration, on mitochondria protein release and caspase

activation.

TBT [1-2 µM] triggered apoptosis in Jurkat cells within 2-3 h in complete cell culture

media, while exposure to higher concentrations [10 µM] induced necrosis (Stridh et al., 1998).

We first determined, how TBT modified intracellular ATP levels under different metabolic

conditions. ATP production was generated by glycolysis, by glycolysis plus oxidative

phosphorylation, or by oxidative phosphorylation using respectively i) PNG medium plus glucose

plus oligomycin, ii) PNG medium plus glucose or iii) PNG medium respectively. 

The ATP level of unstimulated cells was not significantly various in the different culture

conditions (Leist et al., 1997c). However, after exposure to TBT (0.5-2 µM), cells incubated

without glucose lost ≥ 80 % of their ATP within 15 min. Glycolysis did not seem to be affected

by TBT in Jurkat cells, since ATP levels were maintained over 1 h in the presence of glucose,

regardless to whether oligomycin was present or not (Fig. 30 A). We further investigated the

sensitivity of glycolytic ATP production to TBT by exposing Jurkat cells to a high concentration

of TBT (10 µM). Even under such conditions, glycolytic ATP production was maintained for ≥

60 min (Fig. 30 B), i.e. until the cells began to show signs of death.

TBT [0.5-2 µM] elicited apoptosis in Jurkat cells maintained in PNG medium plus

glucose, i.e. when intracellular ATP concentrations were maintained (Fig. 30 A, 31 A).

Oligomycin neither affected apoptosis (Fig. 31 A) nor cellular ATP levels (Fig. 30 A) in glucose-

containing medium. Thus, mitochondrial ATP production was neither required for maintenance

of ATP levels nor for apoptosis in this experimental set-up. 

Conversely, TBT-triggered apoptosis was entirely prevented in the absence of glycolytic

ATP production (culture in PNG medium). Addition of TBT itself was sufficient to shut down

mitochondrial ATP production, thereby precluding completion of the apoptotic process. In



Results

64

C
h

a
p

t
e

r
 4

addition, TBT-triggered apoptosis was entirely prevented in cells that were pre-depleted of ATP

before exposure to TBT by incubation in PNG medium plusoligomycin. Detailed analysis of the

mode of cell death over an extended time period (250 min) revealed that TBT triggered delayed

necrosis in those cells that had been rescued from apoptosis by ATP depletion (Fig. 31 B). Cells

depleted of ATP to the same extent, but not challenged with TBT, retained their viability

throughout the experimental period (Leist et al., 1997c).

4.3.6 ATP dependent∆∆ΨΨm dropping in TBT treated Jurkat cells

An early loss of mitochondrial membrane potential (∆Ψm) is typical of TBT-induced

apoptosis. We examined whether ATP depletion had an effect on this early feature of TBT-

induced cytotoxicity. Jurkat cells were stained with the ∆Ψm-sensitive dye TMRE and imaged by
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Fig 32 : Effects of TBT on mitochondrial membrane potential in the presence or absence of glucose.
(A) Jurkat cells were suspended in PNG medium and stained with 5 nM TMRE and 250 ng/ml H-33342 in the
presence or absence of glucose (10 µM) or bongkrekic acid (BA, 50 µM). Ten and 45 minutes after exposure to TBT,
cells were imaged on a confocal microscope. Mitochondrial and nuclear staining of the same cells is shown in the
top and bottom panels. All experiments were performed at least three times and representative images are shown.
(B) FACS analysis of cells exposed to TBT (1 µM) in PNG medium with (solid symbols) or without (open symbols)
glucose (10 mM). Cells were analysed at different time points for mitochondrial accumulation of TMRE, and the
percentage of negative cells (low ∆Ψm) is indicated. The experiment was performed twice with similar results and
average percentages from both experiments are shown.
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confocal microscopy. Ten minutes after exposure to TBT, cells in glucose-containing medium lost

fluorescence, i.e. ∆Ψm. After 45 min > 75 % of the cells had entirely lost their ∆Ψm (Fig. 32 A).

In contrast, the mitochondria of cells in glucose-free medium retained their ∆Ψm at 10 min and

> 60 % of the cells were still fluorescent after 45 min. Jurkat cells treated with bongkrekic acid

(BA) had hyperfluorescent mitochondria at 10 min and were significantly protected at 45 min

(Fig. 32 A). To obtain an independent set of quantitative data, the number of cells exhibiting

collapsed ∆Ψm was also analysed by FACS. At late time points (90 min), cells incubated in any

medium had largely lost their ∆Ψm. However, at early time points, ATP-depleted cells were

significantly protected from TBT-triggered loss of ∆Ψm (Fig. 32 B).

As a complementary approach to FACS analysis, we used a fluorescence-unquenching

technique. Cells were loaded in a fluorimeter cuvette with a high TMRE concentration, leading

to fluorescence quenching within mitochondria. Thus, the loss of ∆Ψm results in TMRE-release

from mitochondria and increased fluorescence in the cuvette (Ichas et al., 1997). Addition of TBT

1
0

m
in

3
0

m
in

6
0

m
in

0
m

in

- gluc+ gluc

B

time (min)

25 50 750

A

re
la

ti
v
e

fl
u

o
re

s
c
e
n

c
e

-
g

lu
c
o

s
e

+
g

lu
c
o

s
e

*

TBT

*
TBT

Fig. 33 Fast mitochondrial swelling and cytochrome c redistribution after TBT exposure.

A) TMRE unquenching was measured after exposure of Jurkat T lymphocytes to TBT in the absence or presence of
glucose. Cells were suspended in PNG medium and stained with 20 nM TMRE. After equilibration, TBT (1 µM) was
added (arrows). At the end of the experiment, the uncoupling agent FCCP (*) was added to determine the remaining
∆Ψm. 
B) Jurkat T lymphocytes were fixed in paraformaldehyde (4 %) at different time points after exposure to TBT [1 µM]
(in the presence or absence of glucose). They were immunostained for cytochrome c and representative cells are
shown.
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to cells in glucose-containing medium led to an immediate ∆Ψm decrease (increase of TMRE

fluorescence), followed by a phase of a more gradual decrease to the level of complete

depolarisation (no further decrease after addition of FCCP). In cells incubated in glucose-free

medium, a primary ∆Ψm decrease in fluorescence was followed by a stabilisation phase. After

one hour, partial ∆Ψm was still maintained (TMRE fluorescence was significantly increased by

subsequent FCCP addition) (Fig. 33 A).

4.3.7 TBT induces the release of mitochondrial proteins in an ATP
dependent mode

The initial changes in mitochondria of TBT-treated Jurkat cells were also reflected by the

distribution pattern of cytochrome c, as detected by immunofluorescence. Exposure of cells to

TBT in the presence of glucose for only 10 min triggered mitochondrial rounding and swelling,

as shown by the ring-shaped pattern of cytochrome c staining. Although the release of

cytochrome c into the cytosol had already occurred at that time, a considerable amount of

immunoreactive cytochrome c seemed still to be localised on the mitochondrial membranes (Fig.

33 B). The ring-shaped structures formed by cytochrome c co-localised with the mitochondrial

marker MitoTracker Red (data not shown). In the absence of glucose the cytochrome c

immunofluorescence pattern indicated some swelling of mitochondria. However, there was

neither release of cytochrome c into the cytosol, nor “ballooning” or circular structures, as seen

in the presence of glucose. At later time points (≥ 60 min), cytochrome c was released completely 
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Fig. 34: Release of mitochondrial proteins to the
cytosol upon exposure of cells to TBT

Jurkat T lymphocytes, cultured in PNG medium in the
absence or presence of glucose (10 mM), were
stimulated with TBT (2 µM) for the times indicated.
The cytoplasm was separated rapidly from other
organelles at the indicated times. (A) ADK activity
was determined in the cytoplasmic fraction. Data are
means ± SD from three experiments, and are indicated
as percentage of total enzymatic activity releasable by
Triton X-100 (0.2 %). (B) The cytoplasmic content of
cytochrome c (cyt c) was determined by immunoblot.
Actin was detected as control for equal sampling and
loading from the same samples. Data are
representative of 2 similar experiments.
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from mitochondria, independently of the presence or absence of glucose (Fig. 33 B). 

An early step in the apoptotic program is the release of proapoptotic proteins from the

mitochondrial inter-membrane space, such as AIF (Zamzami et al., 1996) or cytochrome c (Liu

et al., 1996). This is accompanied by the release of other proteins primarily located within the

same subcellular compartment, such as adenylate kinase (ADK) (Single et al., 1998). We

followed the loss of ADK, as an easily quantifiable indicator for the loss of the barrier function

of the outer mitochondrial membrane. TBT triggered a release of ADK within 10 min, when

glucose was present in the incubation medium. Under conditions of ATP depletion, however, the

activity of ADK in the cytosol did not increase until after 60 min of incubation (Fig. 34 A).

Similar findings were obtained when the release of cytochrome c from mitochondria into the

cytosol was determined by western blot analysis. In cells able to maintain their initial ATP level,

cytochrome c was translocated within minutes of exposure to TBT, while an extended delay was

observed under conditions of ATP depletion (Fig. 34 B).

The adenine nucleotide translocator (ANT) is one of the key mitochondrial proteins

involved in permeability transition and, possibly, in changes leading to the release of

mitochondrial proteins. Accordingly, we tested whether bongkrekic acid (BA), a cell permeable

inhibitor of ANT, would reproduce the effects of ATP depletion on cytochrome c release and

apoptosis. Jurkat cells were exposed to TBT in PNG medium supplemented with glucose. Under

these conditions, pre-treatment with BA resulted in almost complete prevention of apoptosis

during the first 150 min. After this time, apoptosis in unprotected cells had reached a maximum
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Fig 35: Delay of TBT-triggered apoptosis by
bongkrekic acid

(A) Jurkat cells were incubated in PNG-medium
supplemented with glucose (10 mM). After
preincubation with solvent (0.1 mM NH3, final conc.)
or bongkrekic acid (BA, 50 µM) for 30 min, TBT (2
µM final) was added. Cells were stained with the
fluorescent chromatin dyes H-33342 and SYTOX at
the indicated times, and the extent and mode of cell
death were determined. Data are means ± SD from
triplicate determinations, and representative of seven
similar experiments.

(B) Cytosolic fractions were prepared from cells at
different times after stimulation with TBT in medium
containing glucose plus 50 µM BA. The cytochrome c
content was analysed by Western blot.
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(Fig. 35 A). This initial protection was associated with a delayed cytochrome c release, similar in

extent to the one observed in ATP-depleted cells (Fig. 35 B; compare Fig. 34). When cell death

was examined after extended times, we observed an increased rate of apoptosis also in cells pre-

treated with BA acid. Necrotic cells were not detected given the above conditions.

4.3.8 Role of caspases in TBT toxicity

The activation of DEVD-afc cleaving caspases seems to determine the morphology of

apoptotic cells (Woo et al., 1998). One of the key events in their activation seems to be the

formation of an ATP-dependent apoptosome complex (Liu et al., 1996). Since we observed that

the intracellular ATP level affected the shape, mode and morphology of TBT-triggered cell death,

we examined whether this was associated with differential caspase activation. In fact, pronounced

and rapid stimulation of DEVD-afc cleavage (Fig. 36 A) and processing of procaspase-3 (Fig. 36 B)

to the active protease were observed in cells exposed to TBT in PNG medium supplemented with

glucose. In contrast, there was no caspase-activation under ATP-depleting conditions in pure

PNG medium, even though cytochrome c had been fully released after 60 min (Fig. 36 A). 

In cultures treated with BA in the presence of glucose, intracellular ATP was maintained

to a level of 88 ± 7 % after 60 min, 68 ± 4 % after 120 min, and then slowly declined. Consistent

with the relatively high intracellular ATP concentrations and the release of cytochrome c to the

cytoplasm, caspases were activated in BA-treated cells starting 120 min after exposure to TBT

(Fig. 36).
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Fig. 36: Activation of DEVD-afc-cleaving caspases
by TBT.

(A) Jurkat cells were incubated either in pure PNG
medium, or medium supplemented with glucose (10
mM), or glucose plus BA (50 µM). At the indicated
times after addition of TBT (2 µM), cells were
harvested, and the DEVD-afc cleaving activity was
determined fluorimetrically in cell lysates. Data are
means ± SD from 2-4 experiments.

(B) Cells challenged with TBT in PNG medium (-gluc)
or in PNG medium supplemented with glucose (+gluc)
were harvested after the times indicated and caspase-3
was detected by immunoblot. Increased
immunoreactivity for the p17 band indicates processing
of procaspase-3 (32 kDa) to the active protease. The
blots shown are representative for 2 similar
experiments.
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5 Discussion
Marco Polo descrive un ponte, pietra per pietra. “Ma qual’e la pietra che sostiene il ponte?” Chiede
Kublain Kan ”Il ponte non è sostenuto da questa o da quella pietra,” risponde Marco, “ma dalla linea
dell’arco che esse formano.” […] “Perché mi parli delle pietre? È solo dell’arco che m’importa.”
Polo risponde “senza pietre non c’è arco.

(Italo Calvino. Le città invisibili)

5.1 Excitotoxicity: mitochondria as central point in apoptosis.

Apoptosis was first defined by morphological changes of cell nucleus and organelles

(Kerr et al., 1972; Kerr, 1971). In the last years we observed a change from a paradigm in which

the nucleus was the focal point of apoptosis, to the paradigm in which the proteases family of

caspases was considered the motor of apoptosis (Miura et al., 1993). More recentely,

mitochondria were “rediscovered” as one of the motors in apoptosis. The involvement of

mitochondria in apoptosis became evident became evident that recruitment of cytochrome c in the

APAF-1 pro-caspase-9 complex was necessary in order to activate caspase-9 (Li et al., 1997b).

Growing evidences for a more complex role of mitochondria in control of apoptosis was

emerging in the last years. Recently, a new mitochondrial proapoptotic protein involved in the

execution of apoptosis was discovered (i.e. AIF) (Susin et al., 1999). The large  family of Bcl-2

like proteins was identified regulating mitochondrial functions and mitochondrial protein release

during apoptosis (reviewed in (Tsujimoto and Shimizu, 2000)) (Kroemer, 1997; Vander Heiden

and Thompson, 1999). Furthermore, it was shown that the role of mitochondria metabolism and

energy production is of fundamental importance in the modulation of cell death shape (e.g.

apoptosis vs. necrosis) (Nicotera et al., 2000). 

In this study we have shown that mitochondria alteration can cause the initiation of

excitotoxicity leading to apoptosis. Mitochondrial proapoptotic proteins might be involved in

different apoptotic programs in a caspase dependent or caspase independent fashion. Furthermore

the mitochondria energy production failure might be the switch between apoptosis and necrosis. 

5.1.1 Excitotoxicity induced by mitochondrial toxins.

Our studies on CGC focused the attention on two compounds related to CNS pathology,

nitric oxide and MPP+. Nitric oxide is known to be an important mediator of a variety of

physiological processes. However, NO and its chemical related species ONOO- seem to be

involved in some neurophatologies. Many lines of evidence pointed at a prominent role of NO in

ischemic neuronal injury (Eliasson et al., 1999; Huang et al., 1994; Lipton, 1999). In addition to
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ischemia NO is thought to participate in other neuropathologies such as Parkinson’s disease and

multiple sclerosis (Dawson V.L., 1997). 

MPP+ is the derivative of MPTP, a mitochondrial toxin able to generate a Parkinson like

disease in primates. MPP+ can induce either apoptosis or necrosis in vivo (Tatton and Kish,

1997), and previous studies have shown that either form of cell death can be induced in vitro, by

mechanisms unrelated to excitotoxicity (Du et al., 1997; Marini et al., 1989). Low MPP+

concentrations predominantly elicit apoptosis, whereas high concentrations trigger necrosis (Du

et al., 1997; Hartley et al., 1994). In animals, removal of glutamatergic inputs (decortication),

blockers of glutamate release, or NMDA-R antagonists reduce MPTP- and MPP+-induced striatal

damage and dopamine depletion (Srivastava et al., 1993) (Du et al., 1997; Hartley et al., 1994).

(Srivastava et al., 1993) or loss of dopaminergic neurons in the substantia nigra (Turski et al.,

1991).

Our experiment elucitated that NO, ONOO- and MPP+ elicited apoptosis in an in vitro

system based on the glutamatergic cerebellar granule neurons. We found that with all the

substances used in our models, apoptosis was the consequence of stimulation of

autocrine/paracrine excitotoxicity as indicted by the following findings:

(i) Selectivity of NO and ONOO- and MPP+ in killing differentiated CGC, which were

also sensitive to NMDA toxicity, but not immature cells, which were insensitive to NMDA

toxicity (i.e., during the early days in vitro), indicating NMDA-R activation as the main

mechanism in apoptosis. (ii) NO, ONOO-, MPP+ and mitochondrial poisons triggered apoptosis

was correlated with a sustained increase in [Ca2+]i and were dependent on extracellular Ca2+.

The relative increases in [Ca2+]i were followed in real-time in a large number of individual

neurons under conditions of different pharmacological pre-treatment and with different

concentrations of ONOO−, NO-donors or MPP+. A sustained [Ca2+]i increase was observed

only under conditions that resulted in neuronal death. Similar correlations of cell death and

relative changes of [Ca2+]i have also been observed in other paradigms of excitotoxicity (Choi,

1995). (iii) Apoptosis, as well as the increase of [Ca2+]i were prevented by blockers of the

NMDA-R. This suggests that Ca2+-influx was triggered by stimulation of this receptor.

Prevention of ONOO- -induced increase in [Ca2+]i by the competitive antagonist APV implies

that ONOO- induced the release or facilitated the action of an endogenous receptor agonist. In

agreement with electrophysiological data (Fagni et al., 1995), this suggest that the NO-donors did

not open NMDA-R channels directly. Prevention of toxicity by the NMDA-R antagonists also

argues for a causal involvement of NMDA-R mediated Ca2+-influx in ONOO- /NO or MPP+
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toxicity. (iv) Clostridial toxins, which block exocytosis, also protected CGC from the increase in

[Ca2+]i and apoptosis elicited by ONOO− /NO and MPP+.

5.1.2 Mitochondria as initiator of excitotoxicity induced by NO/ONOO- and

MPP+

It is known that NO can directly inhibit the  mitochondrial respiratory chain at different

levels (Clementi et al., 1998; Heales et al., 1999). One of the possible targets of NO in indirect

excitotoxicity is the mitochondrion, (Clementi et al., 1998; Heales et al., 1999). However in our

experimental condition mitochondria seemed to be irreversibly damaged as consequence of

intracellular calcium rise rather than by NO itself, as indicated by ∆Ψm measurements. However,

a primary hit to mitochondria might induce more severe damages in neurons. It was shown that

CGC exposed to NO-donors in the presence of MK-801 exhibit a severe decrease of ATP

production also if ∆Ψm was still maintained (Volbracht et al., 1999). Partial inhibition of

mitochondrial ATP production might lead to sensitisation of NMDA-R by the removal of Mg2+

blockade. This event could start a vicious loop ending in glutamate release, NMDA-R

overstimulation and cell death (Henneberry, 1997).

Based on this observation, we investigated the effects of classical mitochondrial toxins

such as rotenone and 3-NP on CGC. In particular, we concentrated our attention to the neurotoxin

MPP+. Our results showed also that CGC apoptosis induced by MPP+ is also mediated by

autocrine excitotoxicity. Since binding to complex I (Kilbourn et al., 1997) is the primary known

biochemical effect of MPP+, putative excitotoxic mechanisms should be secondary to the initial

mitochondrial dysfunction. Energy failure sensitises neurons to excitotoxicity (Henneberry et al.,

1989), and fosters the release of excitotoxic mediators (Szatkowski and Attwell, 1994). In

addition, mitochondria themselves are a target of excitotoxic mechanisms (Leist and Nicotera,

1998b). Mitochondrial damage can aggravate the initial damage by releasing Ca2+, ROS and

factors essential for apoptotic protease activation (Leist and Nicotera, 1998c). Therefore, the

exact contribution of mitochondria to MPP+ and NO/ONOO- stimulated excitotoxicity is

complicated to deifne due to the cyclic nature of the events (initial direct inhibition, and further

mitochondrial damage and ATP depletion caused by excitotoxicity).

Of all the cytotoxic events elicited by MPP+ and examined in this study, ATP depletion

was the only one that was not ameliorated by NMDA-R blockade, and thus seemed to be a

primary effect of MPP+. Also in the case of NO/ONOO- it was reported that ATP depletion was
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only delayed but not abolished by pharmacological NMDA-R inhibition (Volbracht et al., 1999).

Furthermore, it has been previously suggested, that mitochondrial inhibition by NO would result

in ATP depletion and disturb [Ca2+]i homeostasis even in the presence of glucose (Brorson et al.,

1997). This was confirmed by our findings with NO, MPP+, 3-NP and rotenone. Initial ATP-

depletion caused by NO/ONOO- and MPP+ seems to be the most plausible triggering event for

excitotoxicity. Notably, both the collapse of ∆Ψm and loss of cytochrome c were prevented when

CGC were pre-treated with the NMDA-R antagonist MK801, i.e. a major part of mitochondrial

damage was the result of secondary excitotoxicity and not of direct effects of MPP+ on the

respiratory chain. In agreement with this view, low concentrations of four other mitochondrial

inhibitors, did not cause massive mitochondrial failure per se, i.e. under conditions when the

NMDA-R was blocked, but triggered rapid cell death when the NMDA-R was functional.

5.1.3 Excitotoxicity and glutamate release 

Release of NMDA-R agonists in CGC treated with NO/ONOO- and MPP+, may occur by

two different mechanisms (Szatkowski and Attwell, 1994). First, release may occur by

exocytosis. This process may be relevant at lower MPP+ concentrations and shorter exposure

times, or with NO/ONOO- mitochondria impairment. Under this condition ATP levels are still

high enough to promote the fusion of neurotransmitter vesicles with the presynaptic membrane,

or when the pool of vesicles that has already been primed for exocytosis is released. The

relevance of this release mechanism for secondary excitotoxicity has also been demonstrated in

models of oxygen-glucose deprivation (Monyer et al., 1992). Second, glutamate may be released

by the reversal of the glutamate transporter. This mechanism is likely to operate in CGC exposed

to high NO/ONOO- or MPP+ concentrations for longer times, or in severe ischemic condition

(Rossi et al., 2000). It does not require ATP, but is rather triggered by intracellular and

extracellular ionic changes, which occur under conditions of ATP loss. Support for this

hypothesis comes from the finding that intracellular ATP levels declined slowly immediately after

exposure to MPP+, but then reached very low levels. In the case of NO/ONOO-, neurotransmitter

release (e.g. glutamate) can take place by direct stimulation of NO (Hirsch et al., 1993; Meffert

et al., 1996; Meffert et al., 1994; O’Dell et al., 1991; West and Galloway, 1996), or by a possible

direct or indirect NO-induced block of neurotransmitter reuptake (Nicholls and Attwell, 1990).

In our experimental conditions, the more rapid onset of apoptosis and the quick increase in

[Ca2+]i after exposure to ONOO-/NO and MPP+ supported the assumption that stimulated

neurotransmitter release, rather than just passive accumulation was involved. This conclusion was
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further supported by the experiments with the clostridial toxins (see below). In this case a direct

interaction of NO/ONOO- with NMDA-R seemed not to be the mechanism triggering [Ca2+]i
influx. More plausible, NO/ONOO- triggered a release of glutamate with consequent stimulation

of NMDA-R and [Ca2+]i rise.

Preincubation of CGC with botulinum toxins clearly shows that exocytosis is necessary in

NO/ONOO- mediated CGC apoptosis (Montecucco and Schiavo, 1995). Tetanus toxin and

BoNT/C specifically interfere with the mechanism of vesicle fusion at the presynaptic membrane.

In the presence of the clostridial toxins, neurons were consistently and entirely protected from

concentrations of ONOO- or NO-donors that otherwise caused up to 90 % apoptosis in CGC

cultures. Also in the case of MPP+, toxicity was reduced by preincubation with tetanus toxin or

BoNT/C, suggesting that indirect excitotoxicity is operative also in this system.

5.1.4 Protease activation in excitotoxic cell death

Mitochondrial breakdown trigers cytochrome c release and caspase activation. Apoptosis

is often associated with the activation of a proteolytic cascade, probably involving different sets

of proteases, which operate virtually at all stages of the cell death program (i.e. signalling, control

and execution) (Villa et al., 1997). We tried to dissect the step between Ca2+ entry and execution

of apoptosis and concentrated our attention on MPP+ toxicity.

Previous works demonstrated that NO induced excitotoxicity involves caspase activation

(Leist et al., 1997d). Here we have show that also in the case of CGC stimulated with MPP+,

mitochondrial dysfunction and protease activation seemed to be key events in initiation and

execution of excitotoxicity. leading to apoptosis. In CGC exposed to MPP+, both caspases and

calpains were activated downstream to the NMDA-R mediated [Ca2+]i increase and upstream of

phosphatidylserine translocation, nuclear condensation and DNA-fragmentation. Under

appropriate conditions, cells pre-treated with protease inhibitors survived MPP+ challenge for

several days. Previous findings describe caspase-3 activation in neurons exposed to MPP+ (Du et

al., 1997). In this model, cell death was slow (72 h) and did not involve excitotoxic mechanisms.

In contrast, caspase-3 activity did not seem to be involved in MPP+ toxicity in our CGC-system.

Procaspase-3 was not proteolytically activated, the cleavage pattern of fodrin was not typical for

caspase-3 and MPP+ did not elicit DEVD-afc cleavage activity (specific for caspases-3/7)(Leist

et al., 1998), which is instead stimulated by several other pro-apoptotic agents under similar

conditions (Leist et al., 1997c). 
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Endogenous mediators acting also at mitochondria level, such as NO, or exogenous

mitochondrial toxins (MPP+, rotenone or 3-NP) triggered excitotoxicity ending and apoptosis in

CGC. Mitochondria were acting as initiator of excitotoxicity. Further mitochondrial damage and

protease activation was necessary in order to execute apoptotic program. Obviously, the

activation of proteases otehr than caspases cannot be excluded. Examples include caspases and

calpains (Jordan et al., 1997; Nath et al., 1996), different caspases and serine proteases (Stefanis

et al., 1997) or caspases plus the proteasome. 
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5.2 NMDA-R-mediated apoptosis is independent from caspase

Growing evidence accumulated that caspase independent apoptosis can take place under

certain conditions in the same cells. We address the question whether using different stimuli in

CGC might causes an apoptotic phenotype in absence of caspase activation. Differently from

MPP+ or NO/ONOO-, APM triggered indirect excitotoxicity and apoptosis in absence of caspase

activation. 

5.2.1 Excitotoxicity triggered by APM

Our results indicated that APM induces apoptosis in CGC in a dose dependent manner.

Apoptotic morphological features such as pyknotic nuclei, DNA high molecular weight

fragments and posphatidyl serine exposure appeared in APM treated cells. Activation of NMDA-

R was necessary to trigger neuronal cell death by APM, as NMDA-R inhibitors completely

prevented cell death and inhibited the transient intracellular calcium increase. Previous work has

shown that in synaptosomal preparations from rat brain, APM was able to inhibit the L-[3H]-

glutamate binding to the NMDA-R in a dose dependent manner (Pan-Hou et al., 1990).

Furthermore, it was demonstrated that high concentrations (i.e. mM) of APM trigger LDH release

and intracellular 45Ca2+ accumulation in CGC upon long-term exposure(22 h) (Sonnewald et al.,

1995). Our data demonstrate that APM was not a direct NMDA-R agonist. Intracellular calcium

was not immediately increased after APM addition and in vivo intrastriatal injection was not able

to produce any damage. Rather, APM was producing a late transient [Ca2+]i increase indicating

a late activation of NMDA-R. Excitotoxicity was the result of post-synaptical receptor

overstimulation, consequent plasma membrane depolarisation and loss of ion homeostasis and

activation of a sequel of events leading to cell death. However, it is rare that direct agonist binding

to the receptor is the primary cause of cell death in excitotoxicity. In indirect excitotoxicity, pre-

synaptical cell injury and consequent release of glutamate are considered the most abundant cause

of cell death (Leist et al., 1998). BoNT/C is known to cleave the syntaxin protein in the SNARE

complex (McMahon et al., 1992; Schiavo et al., 1992). Cleavage of syntaxin by BoNT/C

significantly decreases the release of neurotransmitters and as consequence of that protected CGC

by cell death induced by indirect excitotoxins (Leist et al., 1997b). Our data show that pre-

incubation with BoNT/C protects CGC from cell death at lower APM doses and markedly

delayed the appearance of apoptosis features at higher APM concentrations. Altogether these data

suggest that APM causes NMDA-R activation probably by an indirect mechanism.
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The mechanism by which APM triggers NMDA-R is still not clear High stability of APM

in aqueous solution (Skwierczynski and Connors, 1993) seems to exclude hydrolysis of APM and

the release of Asp. Moreover, pre-incubation of APM in medium for two hours at 37° C and

before addition to CGC did not lead to any [Ca2+]i increase. A possible action could be the

sensitisation of NMDA-R due to mild binding to the receptors (Pan-Hou et al., 1990); this might

facilitate the depolarisation of the neurons and release of glutamate, initiating a loop ending in

excitotoxicity.

5.2.2 Role of caspases in APM triggered excitotoxicity

Ca2+ increase is considered to be one of the first steps in excitotoxicity. The steps between

Ca2+ increase and cell death are still controversial. One of the key events in apoptosis seems to

with caspase activation. This family of protease is involved either in activation or in execution of

apoptosis (reviewed in (Nicholson, 1999)). In CGC exposed to cytoskeletal poisons or MPP+,

caspase inhibitors succeeded to inhibit or to retard apoptotic features (Leist et al., 1997d;

Volbracht et al., 1999). Our data show that APM toxicity was not prevented by pre-incubation

with different caspase inhibitors. Pan-caspase inhibitors such as z-VADfmk or z-Dcmk as well as

the caspase-1 inhibitor Y-VADcmk failed to prevent apoptotic features in APM treated CGC. Cell

extracts from CGC treated cells did not show any DEVD-afc cleavage activity.

Immunocytochemistry for active caspase-3 was not detectable in APM treated cells. Recent data

showed that activation of calpain I convert hyppocampal neuronal death from caspase dependent

to caspase independent (Lankiewicz et al., 2000). However, in our conditions also preincubation

with calpain inhibitors did not prevent APM triggered apoptosis. A possible mechanism for loss

of caspase activity might be ATP depletion. It is known that dATP is necessary in vitro to activate

the APAF-1/cytochrome c/caspase-9 complex (Li et al., 1997b). It was also demonstrated that in

cells triggered to apoptosis in the absence of ATP caspases were not activated and cell death was

switched from apoptosis to necrosis (Leist et al., 1997c; for a review Nicotera et al., 2000). Our

data demonstrated that intracellular ATP rapidly decreased to less than 50 % of the control in

APM treated CGC about one hour after APM addition. Intracellular ATP dropping preceded

nuclear condensation and PS exposure and was happening shortly before the ∆Ψm dropping and

well before cyt c release. It is known, that caspase dependent apoptosis could take place in CGC

treated with different stimuli (Leist et al., 1997d; Volbracht et al., 1999) and recent data have

elucidate that in cerebrocortical neurons after NMDA-R stimulation caspase-3 like activity was

present (Tenneti and Lipton, 2000). However lack of caspase activity in APM triggered
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excitotoxicity did not abolish morphological features of apoptosis such pyknosis, chromatin

condensation, cell shrinkage and PS exposure. This suggests that also if the caspase machinery is

present and potentially active it is not activated in all apoptotic conditions(e.g. ATP depletion?).

However, cells committed to dye activate an alternative pathway, caspase independent leading to

apoptosis. One candidate for an alternative caspase-independent pathway is AIF. It was shown

that this proapoptotic protein was able to induce chromatin condensation, high molecular weight

fragmentation and PS exposure in the absence of any caspase activity (Susin et al., 1999). AIF is

a mitochondrial protein (Daugas et al., 2000a) expressed ubiquitously in tissue. Apoptotic stimuli

induce translocation of AIF from mitochondria to the nuclei and elicit apoptotic features (Daugas

et al., 2000b).

Our data demonstrate that following NMDA-R activation by glutamate or APM, AIF was

readily and selectively translocated to the nucleus. It is possible that AIF is the effector protein of

APM and glucose triggered excitotoxicty.

We conclude that APM is potentially an indirect excitotoxin, also if in vivo no toxic

effects were detected. Also if the dose in food are relatively low it must be taken in account that

potentially APM could interact with NMDA-R. This has particular importance in the perspective

of pharmacological usage of APM in prevention of diseases such as ostearthritis (Edmundson and

Manion, 1998; Ramsland et al., 1999). In such case, doses can be relatively high and administered

intra muscularly. 

APM triggered excitotoxicity induced apoptosis in a caspase independent fashion. Neither

caspase-3 nor other caspases nor calpain seem to play an important role in the execution of

apoptosis. Apoptosis induced by APM and direct addition of glutamate is caspases independent.

This latter issue should be considered for further development to therapeutic approach in

neuropathology. Therapies based on caspase inhibitors could fail to rescue cells undergoing

apoptosis executer though a caspase independent pathway.
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5.3 Excitotoxicity and apoptosis

In this study we have show that mitochondria are a central key in initiation of

excitotoxicity. Interference with mitochondrial respiratory chain by the physiological mediator

NO/ONOO- or by xenobiotic toxins such as MPP+, rotenone or 3-NP induced of excitotoxicity

and subsequent cell death. It was previously shown that excitotoxic cell death may occur either

by apoptosis or necrosis. This divergent observations are reconciled by the finding that the

intensity of insult may determine the mode of cell death (e.g. Ankarcrona et al., 1995; Du et al.,

1997a; Leist and Nicotera, 1998), and that excessive Ca2+ entry may convert the mode of cell

death in some cases from apoptosis to necrosis (rev. in Leist et al. 1997b). Intracellular ATP levels

were reported to be important in determining the shape of cell death (Ankarcrona et al., 1995;

Leist et al., 1997c), and ATP may be required at multiple sites. For instance, ATP/dATP are

required for the activation of caspase-3, which is a central protease in many apoptosis models. 

Here we have shown that apoptosis proceeds in the absence of procaspase-3 processing,

as in the case of MPP+. This may explain the lack of oligonucleosomal DNA-fragmentation,

which is a direct consequence of caspase-3 activation. However, in MPP+-treated neurons other

cell death proteases might be activated by mechanisms not directly requiring ATP. This work and

previous evidence suggest that in mild excitotoxicity, caspases are amongst the direct executors

of apoptosis. In addition to their degradative role in cell death, caspases may also participate in

the multiple positive feedback reactions that characterise secondary excitotoxicity. Examples

include cleavage of proteins regulating [Ca2+]i homeostasis and energy generation. Multiple

positive feedback loops, link reactive oxygen species, glutamate-release, disturbed [Ca2+]i-

homeostasis, mitochondrial defects, energy depletion and proteolysis. Establishment of such

vicious circles may be blocked at an early stage by inhibiting any of the looping processes.

Accordingly, we found that blocking the cycle of events at different sites (clostridial toxins,

NMDA-R antagonists, antiproteases, and glucose) prevented cell death and the associated

biochemical features. In neuropathological situations, these reciprocal interactions would form

the basis of intricate vicious loops that are not likely to be interrupted by a single agent once they

are fully established. Protease inhibitors prevent indirect excitotoxicity due to NO or MPP+ only

when the insult is relatively mild. 

Furthermore we have shown that in APM triggered excitotoxicity and in glutamate

induced direct excitotoxicity apoptosis was executed without activation of caspases. Under this
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condition mitochondrial release and nuclear translocation of AIF was observed. We think that

AIF is a possible candidate for execution of CGC apoptosis in a caspase independent manner. 

This may become important for the design of therapeutic strategies. Therapy based on

caspase inhibitors could fail to rescue cells undergoing in apoptosis by a caspase independent

pathway. Protease inhibitors may be maximally effective in preventing neuronal death, only when

combined with agents reducing the overall intensity of the insult (e.g. glutamate antagonists). The

elucidation of key sequences of these vicious circles and a possible hierarchy of events are the

subject of ongoing research. Another issue to be taken in consideration are caspase independent

pathway. This latter issue should be considered in further development of therapeutic approach in

neuropathology. 
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5.4 Mitochondrial role in Jurkat apoptosis

5.4.1 NO inhibits mitochondrial respiration and  switches apoptosis in
necrosis

While for maintenance of cell homeostasis the prevailing mode of cell death is apoptosis,

in many pathological conditions apoptosis and necrosis coexist. It was previously postulated that

apoptosis and necrosis share common pathways and that intracellular events can decide for the

final destiny of the cell (Nicotera and Leist, 1997). As mitochondria represent a crucial

checkpoint in the execution of apoptosis, here we addressed the question whether mitochondria

can play a role in switching between apoptosis and necrosis. Extensive ATP loss may occur in

vivo in severe pathologic conditions, e.g. in infarcted tissue that is largely anoxic and

hypoglycemic, or in episodes of xenobiotic poisoning. 

Here we have shown that addition of NO-donors to Jurkat cells in PNG medium caused

depolarisation of mitochondria and produced marked ATP depletion. Under this condition, STS

induced apoptosis was switched into necrosis. Notably, shutdown of mitochondrial ATP

production by NO occurred rapidly, with relatively low concentrations of NO donors, and

changed the mode of cell death in about 90 % of the entire cell population. NO converted

apoptosis into necrosis. This indicates that NO targets are downstream to a “putative point-of-no-

return” (i.e. cell death was changed only qualitatively but not quantitatively). Conversion to

necrosis was not the result of an accelerated membrane lysis. Necrotic cell death was instead

considerably delayed as compared to apoptosis. ATP depletion caused by NO may impair the

establishment of amplifying feedback loops that normally accelerate apoptotic cell death (Marzo

et al., 1998b). This, however, would not necessarily affect caspase-independent execution

routines. This implies that inhibition of events that are necessary for the typical apoptotic features

is sufficient to block the execution of apoptosis but not to rescue cells from cell death occurring

later by necrosis.

The switch between the two forms of cell death was due exclusively to impairment of

mitochondrial ATP production. In fact, glucose addition to PNG medium prevented mitochondria

depolarisation, restored intracellular ATP and abolished the NO effect on cell death. Most likely,

NO depolarisation of mitochondria was probably caused by inhibition of the respiratory chain

(complex I or IV) (Clementi et al., 1998). Furthermore, the mitochondrial toxin rotenone closely

mimicked the effects of NO. Since rotenone is known to specific inhibit complex I, it is
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conceivable that the sole inhibition of mitochondria respiratory chain, which results in ATP

depletion in our system, can change the mode of cell death. It was reported that NO-donors can

directly open the permeability transition pore (PTP), cause cyt c release in isolated mitochondria,

lead to caspase activation in macrophages, and that the mentioned effects were abolished by

cyclosporin A (a PTP inhibitor) (Borutaite et al., 2000). However, our data indicated that

mitochondria exposed to NO in PNG medium did not undergo PTP, consequent mitochondria

swelling, and membrane disruption. Rather, NO produced a partial inhibition of the respiratory

chain which can be compensated by reverse function of mitochondrial ATPase in the presence of

high ATP levels. Furthermore, switching of apoptosis to necrosis was ∆Ψm independent as shown

by the results with oligomycin induced ATP depletion. In this case, mitochondria were

hyperpolarised and ATP was depleted by oligomycin mediated ATPase inhibition. Also in this

case apoptosis was switched to necrosis and addition of glucose reverted the phenomenon. 

5.4.2 Mitochondria and caspase activation

Caspase activation is a crucial step in execution of apoptosis. As shown before

mitochondrial release of cyt c is necessary to form the apoptosome complex together with dATP

and APAF-1, which activate procaspase-9 and downstream caspases (Li et al., 1997b). It was

previously shown that in Jurkat cells exposed to NO under ATP depleteion, cyt c release was

delayed and caspases were inactivated (Leist et al., 1997c; Leist et al., 1999b). Our experiment

indicated that caspase-3 like activition was inhibited by exposure to NO in PNG medium. Cyt c

release was delayed in our condition.Not even late cyt c release induced caspase activation. 

We also addressed the contribution of caspase inactivation by nitrosylation or oxidation:

(i) the activation of DEVD-afc-cleaving caspases was not affected by exposure of the cells to NO

donors; (ii ) already activated caspases were only slightly inhibited by the delayed addition of NO-

donors; (iii ) CD 95-triggered cytochrome c release, which depends on caspase activity, was not

inhibited by NO. Thus, caspase inactivation by direct nytrosilation, seemed to play a minor role

in our system, as compared to the more dominant prevention of caspase activation by ATP

depletion. In conclusion, we suggest that NO influences the shape of cell death, apoptosis or

necrosis, by depleting ATP and preventing the activation of the caspase execution pathway. This

may help understanding pathologic situations associated with enhanced NO production, and a

localised high rate of necrotic cell death, such as stroke, glomerulonephritis, ulceration and

abscess formation. 
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Hence, inhibition of the events required for the typical apoptotic demise is sufficient to

delay, but not to block cell death. Most likely, with milder death stimuli, the caspase pathway is

the sole or main execution system. In this case, preventing caspase activation may be sufficient

to warrant survival. In vivo, cells with a halted apoptotic program would persist if the display of

phagocytosis recognition molecules is inhibited (Ren and Savill, 1998). The observation that PS

translocation is blocked by NO, similar to other apoptotic endpoints, has two major implications.

First, cells in which the apoptotic execution cascade may be arrested by NO would be given time

to recover from a transient or mild insult. This may result in persistent prevention of cell death.

Second, cells hit by a lethal, normally apoptotic insult would eventually lyse without having been

removed by phagocytosis. In the latter case, the release of factors from dead cells and the ensuing

inflammation would further aggravate tissue damage.

5.4.3 Apoptosis induced by TBT can be switched to necrosis 

Toxicants, such as the xenobiotic TBT, may trigger apoptosis or necrosis in various cell

types. It is now well established that the dose of the toxin, or the intensity of the insult, may

determine the manner in which a cell dies. For instance, high concentrations of a redox-active

compound (Dypbukt et al., 1994), of mitochondrial toxins [(Hartley et al., 1994)] or of NO-

donors (Bonfoco et al., 1995), may trigger necrosis, while low concentrations of the same agents

cause apoptosis. A similar correlation has been found with TBT (Stridh et al., 1998). Despite this

knowledge, it has remained unclear, which parameters are responsible to determine that the same

concentration of a chemical may trigger either apoptosis or necrosis in the same cell type. Thus,

the intracellular determinants involved in the molecular switch between these two modes of cell

death still await elucidation. 

One experimental method to provoke a switch from apoptosis to necrosis is the

pharmacological inhibition of caspases (Hirsch et al., 1997a). Another established experimental

protocol uses mitochondrial inhibitors that deplete ATP and, thereby, prevent the activation of

caspases downstream of the Apaf-1/cytochromec-c/dATP-containing apoptosome complex

(Eguchi et al., 1997; Ferrari et al., 1998; Leist et al., 1997a). Here, we have shown that the same

TBT concentration can trigger either apoptosis or necrosis in Jurkat T cells depending on the

cells’ ability to generate ATP from different energy substrates. This suggests that intracellular

ATP, and the relative importance of different ATP-supplying pathways, may be amongst the

intracellular determinants responsible for the mode of cellular demise triggered by chemicals.
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We have defined at least two different ATP-requiring steps in TBT-treated Jurkat cells at

which ATP depletion appeared to retard, or stop, the execution of the apoptotic program and to

direct cells toward delayed necrosis. The first step involved the release of cytochrome c from

mitochondria. Release of this protein into the cytosol is essential for apoptosome formation and

for Apaf-1/caspase-9-mediated apoptosis (Li et al., 1997b). Under conditions of ATP-depletion

in TBT-treated cells, the appearance of cytochrome c in the cytoplasm was substantially delayed.

This retardation was paralleled by a similarly delayed release of ADK and the release of

cytochrome c was also reflected by a delayed loss of ∆Ψ, and decreased swelling of the

mitochondria. The delayed cytochrome c translocation to the cytosol did not prevent death, but

cells died later by necrosis. 

A second step was also affected by ATP depletion: DEVD-afc cleaving caspases were

only activated in cells grown in glucose-containing medium, i.e. when ATP was not depleted.

Since DEVD-afc cleaving caspases, such as caspase-3, play an essential role in TBT-induced

apoptosis, and seem to be essential for determining the apoptotic morphology in general (Woo et

al., 1998), the observed prevention of their activation may be sufficient alone to prevent

apoptosis.

The results of the present investigation demonstrate that TBT completely and selectively

inhibits the production of ATP in the mitochondria of Jurkat cells, whilst glycolysis is little

affected during the first 70-90 min after exposure to the compound. Thus, TBT does not

necessarily deplete cells of ATP, provided that they are supplied with glucose and have a high

glycolytic capacity. On the other hand, TBT is an efficient ATP-depleting agent in cells with low

glycolytic capacity, or in cells mainly energised by mitochondrial substrates such as ketone

bodies. These observations are in line with earlier studies in isolated mitochondria showing that

trialkyltin compounds decrease the mitochondrial uptake of NAD+-linked substrates, such as

pyruvate, malate, citrate and ß-hydroxybutyrate (Skilleter, 1975), and that TBT inhibits the

oligomycin-sensitive F1-ATP synthase (Aldridge and Street, 1970; Cain et al., 1977). A selective

targeting of mitochondria by TBT is furthermore suggested by studies on gene regulation,

relevant to the skin irritant properties of low TBT concentrations.

The severe loss of cellular ATP seems to be sufficient to switch apoptosis to necrosis in

TBT-challenged cells, although ATP depletion is not a prerequisite for this switch. For instance,

cells exposed to high TBT concentrations (10 µM) in glucose-containing medium died by

necrosis although they maintained their ATP level for at least 60-min (cf. Fig. 1B). Here, other

factors may interfere with the termination of the apoptotic program. For instance, caspases may
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be inhibited by oxidative stress (Hampton and Orrenius, 1998), by direct binding of chemicals to

essential thiol groups (Nobel et al., 1997), or by increased ion influx under necrotic conditions,

which precludes caspase activation (Hampton et al., 1998). 

Although organotin compounds themselves are very poorly reactive with monothiols, they

bind rapidly to vicinal dithiols (Stridh et al., 1999b). In line with this, they have been shown to

inactivate caspases at concentrations of around 10 µM (i.e. the concentration triggering necrosis)

similarly to the archetypical vicinal dithiol reactive compound phenylarsine oxide (Stridh et al.,

1999b). This suggests one possible mechanism, by which high TBT concentrations may prevent

apoptosis and switch cell death to necrosis in the presence of high intracellular ATP

concentrations. In addition, it may be speculated that TBT itself may interact with the ANT and

trigger mitochondrial permeability transition, since the ANT is controlled by a critical pair of

vicinal thiols (Lenartowicz et al., 1991; Marzo et al., 1998a; Vander Heiden et al., 1999;

Zamzami et al., 1996).

The ANT has been recently suggested to play a central role in apoptosis for the opening

of the mitochondrial megachannels, for mitochondrial swelling, and for the induction of

apoptosis. In addition to its carrier function for adenine nucleotides, the ANT may be involved in

the formation of pores in the inner mitochondrial membrane, and this structural function seems

to be favoured by the conformation fixed by atractyloside, and precluded in the conformation

fixed by BA (Marzo et al., 1998a; Zamzami et al., 1996). It is possible that the membrane

orientation, structure, or reorganisation of ANT is also affected by cellular ATP depletion. In fact,

addition of BA delayed the loss of ∆Ψ as well as the release of cytochrome c from mitochondria

in a manner similar to that seen in cells under conditions limiting cellular ATP synthesis. This

supports the proposed involvement of ANT-dependent events, such as mitochondrial

permeability transition, in TBT-induced apoptosis in Jurkat cells, and provides some preliminary

evidence for a potential role of ANT in mediating cellular effects of ATP depletion. 

Interestingly, BA prevented cytochrome c-release, the activation of caspases, and the

induction of apoptosis only transiently. This suggests that prolonged exposure to TBT induce

mitochondrial damage also when the ANT is inhibited, and fixed in a conformation unfavourable

for pore formation. This might be due to oxidative action of TBT on mitochondrial lipid (e.g.

cardiolipin) and maybe release of the AIF (Daugas et al., 2000a; Susin et al., 1999).

Unfortunately, at the moment we performed this experiments, antibody against AIF was not yet

available. Future experiments are planned to establish the relation between TBT toxicity and AIF

involvement.
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In summary, we have shown here that TBT targets the mitochondria in Jurkat T cells

within 1-2 min after addition. When glycolytic ATP production was maintained, severe

mitochondrial swelling was evident within less than 10 min. Subsequently, the mitochondria

seemed to go through a transition state, where some cytochrome c was still loosely attached to

the outside of mitochondrial structures, although the outer mitochondrial membrane was

permeable to proteins, as evidenced by the release of adenylate kinase. Subsequently, cytochrome

c was distributed throughout the cytoplasm and caspases were activated. In contrast, under

conditions of ATP depletion triggered by TBT itself in the absence of glycolytic substrates, the

mitochondrial release of proteins and the loss of the mitochondrial membrane potential were

delayed. More important, caspase activation and apoptosis were completely blocked and cell

death occurred by necrosis. Thus, the availability of glycolytic ATP seems to largely determine

the overall mode and mechanisms of TBT triggered cell death in Jurkat T cells
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5.5 Conclusion

The main role of mitochondria in healthy cells is oxidative phosphorylation and

biosynthesis. Organs with a high-energy demand are particularly sensitive to mitochondria

metabolic disorders. Partial ATP depletion in neuronal cell, for example, can lead to uncontrolled

release of agonist, ending in excitotoxicity. In this case, mitochondria can function as initial

trigger for induction of apoptosis, and in a second phase as modulator of apoptotic events.

Caspase dependent and caspase independent pathways can be activated in dying neurons, either

by release of cytochrome c and caspase activation, or by release of AIF. The intensity of the

damage and the type of insult, can generate a first “decision” phase for neurons to activate one

program rather than the other. Toxins interacting in the initiation phase with mitochondria seem

to activate caspase dependent mechanisms (NO, MPP+), while direct excitotoxins, or toxins that

do not target primarily mitochondria (APM), can activate caspase-independent mechanisms. 

In other cell types (e.g. lymphoid Jurkat T-cells), mitochondria and ATP can play an

important role in the decision of cell death form. In Jurkat cells, execution of apoptosis is blocked

by mitochondrial energy depletion. ATP depletion induced by different compounds blocks or

delays two main apoptotic processes: i) cytochrome c release and ii) caspase activation. Blockade

of the default cell death program, i.e. apoptosis, in this case does not succeed to rescue cell. Cell

death in this case, results to be converted in necrosis, if the stimulus is not removed. This indicates

that apoptosis and necrosis might share parts of the same cell death program.

Development of therapeutic strategies to inhibit apoptosis should take in account this

multiple pathway system of cell death. Therapies based on pharmacological inhibition of

apoptosis (e.g. caspase inhibitors) can fail to succeed in case of activation of alternative pathways,

such as AIF, or late execution of necrosis. The understanding of the mechanism by which one

pathway is chosen rather than the others will be subject of future investigation. Comprehension

of the mitochondrial mechanisms regulating the execution of cell death can lead to elaboration of

new therapeutic approaches, more effective to prevent or induce cell death in pathologies where

the apoptotic machinery is alterated.
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6 Summary
Apoptosis is the default cell death program involved in tissue homeostasis in the adult

organism. However, disturbances in the control of apoptosis lead to down- or upregulation of cell

death, causing pathological conditions. Necrosis and apoptosis can occur simultaneously in heart

infarction, stroke, and ischemia or in chemical poisoning. Mitochondria are the main source of

ATP production in the cell and play an important role in the modulation of apoptotic events at

different levels. By regulating the intracellular ATP level, mitochondria might influence the mode

of cell death execution.

CGC were used as model to investigate the role of mitochondria and ATP in

excitotoxicity. Excitotoxicity is the result of overstimulation of NMDA-R leading to neuronal cell

death by apoptosis or necrosis. The endogenous mediator nitric oxide and the exogenous

mitochondrial toxin MPP+ triggered indirect excitotoxicity. Apoptosis under this condition was

characterised by: i) initial intracellular ATP depletion, ii) [Ca2+]i increase, iii) ?∆Ψm dissipation

and iv) cyt c release. The putative food excitotoxin aspartame (APM) triggered NMDA-R-

dependent excitotoxicity in CGC. In contrast to classical excitotoxins, APM triggered a slow

increase in [Ca2+]i, followed by intracellular ATP depletion, loss of mitochondrial ∆Ψm, cyt c

release and apoptotic cell death. Caspases were not activated in APM-induced apoptosis, and

caspase inhibitors as well as calpain inhibitors were not protective. The relatively fast ATP

depletion could be the cause of failure in caspase activation and the activation of an alternative

cell death program. Immunostaining for the apoptosis inducing factor (AIF) showed a clear

translocation of AIF from mitochondria to the nucleus in APM treated cells. A similar event was

observed after induction of apoptosis in CGC by the classical excitotoxin glutamate. In this case,

AIF was released from mitochondria prior to cyt c. AIF might be the executor of apoptosis in

CGC in a caspase-independent pathway.

Jurkat cells exposed to staurosporine (STS) undergo apoptosis in a caspase-dependent

manner. In Jurkat cells incubated without glucose, ATP production depends exclusively on

mitochondrial oxidative phosphorylation. Addition of NO to the cells led to a fast ∆Ψm loss,

paralleled by intracellular ATP depletion. Both effects were prevented by glucose addition. NO

pre-treatment of Jurkat cells incubated without glucose converted STS-induced cell death from

apoptosis to necrosis. The mitochondrial toxin rotenone caused similar effects as NO, indicating

that the effect of NO on mitochondria is the cause of apoptosis switch to necrosis. 
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Similar results were obtained with the xenobiotic toxin tributyltin (TBT). TBT decreased

intracellular ATP and triggered apoptosis or necrosis in Jurkat cells depending on the

concentration used. Our data show that the same concentration of TBT can induce apoptosis and

necrosis. ATP levels in the cells modulate the switch between apoptosis and necrosis. At least two

different steps are involved in this phenomenon: i) release of mitochondrial proteins and ii)

caspase activation. In cells treated with TBT, restoration of ATP led to ∆Ψm loss, mitochondrial

swelling, cyt c and adenylate kinase release and caspase activation. In cells under ATP depleted

conditions, the release of mitochondrial protein and loss of ∆Ψm were delayed and caspases were

not activated. These effects were partially delayed by bongkrekic acid (BA), an inhibitor of the

mitochondrial ANT, indicating that TBT might participate in the induction of the permeability

transition. 

In conclusion, this study shows that mitochondria can play a role at all stages of cell death.

Mitochondrial impairment can participate in the initiation of cell death in excitotoxicity.

Mitochondrial damage (calcium, nitric oxide, toxins) can induce enhancing loops within the death

program. Release of mitochondrial proapoptotic proteins and ATP levels can decide if caspase-

dependent apoptosis, caspase-independent apoptosis or necrosis is the mode of cell death.
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Zusammenfassung
Apoptose ist als reguläres Zelltodprogramm an der Gewebehomöostase im adulten

Organismus beteiligt. Störungen in der Kontrolle der Apoptose können jedoch zu Über- oder

Unterregulation von Zelltod führen und so pathologische Zustände hervorrufen. Sowohl Nekrose

als auch Apoptose treten nebeneinander in Herzinfarkt, Hirnschlag, Ischämie oder bei

chemischen Vergiftungen auf. Mitochondrien sind die Hauptquelle der ATP-Produktion in der

Zelle und spielen eine wichtige Rolle bei der Modulation der Apoptose an verschiedenen Stufen.

Durch Regulation des intrazellulären ATP-Spiegels könnten Mitochondrien die Art des Zelltods

beeinflussen.

CGCs wurden als Modell zur Untersuchung der Rolle von Mitochondrien und ATP in der

Exzitotoxizität benutzt. Exzitotoxizität resultiert aus einer Überstimulation des NMDA-

Rezeptors, die zu neuronalem Zelltod durch Apoptose oder Nekrose führt. Der endogene

Mediator Stickstoffmonoxid (NO) und das exogene Mitochondrientoxin MPP+ lösten indirekte

Exzitotoxizität aus. Apoptose ist unter diesen Bedingungen charakterisiert durch: i) eine

anfängliche intrazelluläre ATP-Depletion, ii) Erhöhung von [Ca2+]i, iii) Verlust von ∆Ψm und

iv) Freisetzung von Cytochrom c. Das mutmaßliche Nahrungsmittelexzitotoxin Aspartam (APM)

löste NMDA-R-abhängige Exzitotoxizität in CGCs aus. Im Gegensatz zu klassischen

Exzitotoxinen induzierte APM einen langsamen Anstieg von [Ca2+]i, der von intrazellulärer

ATP-Depletion, Verlust von ∆Ψm, Freisetzung von Cytochrom c und apoptotischem Zelltod

gefolgt wurde. Caspasen wurden in APM-induzierter Apoptose nicht aktiviert, und Caspase-

sowie Calpaininhibitoren hatten keinen schützenden Effekt. Die relativ schnelle ATP-Depletion

könnte die Ursache für die mangelnde Caspasenaktivierung und die Aktivierung eines

alternativen Zelltodprogrammes sein. Immunfärbung des Apoptose-induzierenden Faktors (AIF)

zeigte in APM-behandelten Zellen eine deutliche Translokation von AIF aus den Mitochondrien

in den Zellkern. Ein ähnlicher Mechanismus wurde nach Apoptoseinduktion in CGCs durch das

klassische Exzitotoxin Glutamat beobachtet. In diesem Fall wurde AIF vor Cytochrom c aus den

Mitochondrien freigesetzt. Möglicherweise ist AIF für die Caspase-unabhängige Apoptose in

CGS verantwortlich.

Jurkatzellen, die mit Staurosporin (STS) inkubiert wurden, sterben apoptotisch und in

einer Caspase-abhängigen Weise. Unter Glukose-Mangel hängt die ATP-Produktion von

Jurkatzellen ausschließlich von der mitochondriellen oxidativen Phosphorylierung ab. Zugabe

von NO zu den Zellen führt zu einem rapiden Verlust von ∆Ψm, parallel zu intrazellulärer ATP-
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Depletion. Beide Effekte wurden durch Zugabe von Glukose verhindert. Unter Glukose-Entzug

wandelte die Vorbehandlung der Jurkatzellen mit NO den STS-induzierten Zelltod von Apoptose

in Nekrose um. Das Mitochondrientoxin Rotenon rief ähnliche Effekte wie NO hervor. Dies

deutet daraufhin, dass der Effekt von NO auf Mitochondrien der Grund für den Wechsel von

Apoptose zu Nekrose ist. 

Ähnliche Ergebnisse erbrachte das xenobiotische Toxin Tribyltin (TBT). TBT verringerte

den intrazellulären ATP-Spiegel und löste in Jurkatzellen, abhängig von der eingesetzten

Konzentration, Apoptose oder Nekrose aus. Unsere Daten zeigen, dass dieselbe TBT-

Konzentration Apoptose und Nekrose induzieren konnte. Der ATP-Spiegel in diesen Zellen

moduliert den Wechsel zwischen Apoptose und Nekrose. Mindestens zwei verschiedene Schritte

sind an diesem Phänomen beteiligt: i) die Freisetzung mitochondrieller Proteine und ii) Caspase-

Aktivierung. In TBT-behandelten Zellen führte die Zugabe von ATP zu Verlust von ∆Ψm,

Schwellung der Mitochondrien, Freisetzung von Cytochrom c und Adenylatkinase und Caspase-

Aktivierung. Unter ATP-depletierenden Bedingungen waren die Freisetzung mitochondrieller

Proteine und der Verlust von ∆Ψm verzögert, und Caspasen wurden nicht aktiviert. Diese Effekte

wurden teilweise durch Bonkrekat (BA), einem Inhibitor des mitochondriellen ANT, verzögert.

Dies läßt eine Beteiligung von TBT an der Induktion der Permeabilitätstransition vermuten.

Diese Studie zeigt, dass Mitochondrien in allen Stadien des Zelltods eine Rolle spielen können.

Eine Beeinträchtigung der Mitochondrien kann an der Initiation des Zelltods in der

Exzitotoxizität beteiligt sein. Schädigung der Mitochondrien (Calcium, NO, Toxine) kann

Verstärkerschleifen innerhalb des Zelltodprogramms induzieren. Die Freisetzung von

mitochondriellen proapoptotischen Proteinen und der ATP-Spiegel können bestimmen, ob

Caspase-abhängige Apoptose, Caspase-unabhängige Apoptose oder Nekrose ablaufen.
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