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ROLE OF THE UBIQUITIN PROTEASOME SYSTEM
DURING NEURONAL CELL DEATH

Nadia Canu and Pietro Calissano

1. INTRODUCTION

In recent years much effort has been devoted to understanding the nature
om. neuronal cell death and the proteolytic systems involved in neurodegenerative
diseases. Although the precise mechanism of cell death in neurodegenerative dis-
orders is not known, PCD (programmed cell death) has been implicated (1). Two
major kinds of PCD have been proposed (2,3). Type I PCD, or classical apop-
Losis, is a tightly regulated process morphologically characterized by loss of cell
Volume, chromatin cond ion, cell blebbing, neurite retraction and nuclear
fragmentation. At the biochemical level a family of cytoplasmic proteases
termed the caspases contributes to the execution phase of this process (4). Type I1
.—..OU. or autophagic cell death, on the other hand, is morphologically character-
1zed by proliferation of the autophagosomal-lysosomal system and early destruc-
:.a: of the cytoplasm (5, 6, 3). Although biochemically and morphologically
9:.23.. these two types of PCD may co-exist and account for the complex
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anatomo-pathological pictures characteristic of a range of neurode; Sn_.ouaas_ membrane, caspase activation and DNA laddering. We have

diseases. These discases are characterized by death of specific neuronal p | J:. ed a neuroprotective effect of proteasomal inhibition in CGC cultures
tions and by progressive accumulation of “lethal” aggregates mainly forn sced to undergo apoptosis in the presence of several highly selective protea-
a single protein such as amyloid-beta and tau protein in Alzheimer disease. inhibitors such as lactacystin and epoxomicin (10, 20). The observation that
protein in scrapie and CJD disease or a-synuclein in Parkinson’s dis neuroprotective effect was more evident when the drugs were added within

Proteinaceous deposits in such neurodegenerative diseases aftter apoptosis induction indicated that proteasomes play a regulatory key

ubiquitinated, and constitute a visible hallmark of ubiquitin-prof
(UPS) impairment. There is a complex interrelationship between the de
of aggregates, the function of the UPS and neuronal cell death. We |
gated the role of the ubiquitin-proteasome system during PCD with
testing the hypothesis that its altered functions may mimic those
neurodegenerative diseases. We have utilized an “in vitro™ paradigm
death mimicking the process of an in vivo deafferentation of a neuroi
tion taking place either during embryogenesis or in various neurologic
Thus, cultured cerebellar granule cells (CGCs) undergo massive cell d
the depolarizing potassium concentration normally employed for:
is reduced from 25 mM to 5.0 mM. This manipulation, experiment:
to the surgical disconnection of the nerve afferents to cerebellar gi
(7) activates an internal program of PCD in which biochemical and
ical elements of apoptosis and autophagy intersect and influence each
10, 11). In this model, the UPS appears to be involved in channellinj
death through two pathways: 1) by acting as a master proteolyti
orders caspase activation; 2) by subsequently undergoing a loss
which, in turn, contributes to secondary damage likely due to the ac
of pro-apoptotic molecules. 4

on in the very carly phase of apoptosis, as also reported in other models (16).
Consistent with this finding, we also found that proteasome activities
ghtly increased during the early phase of apoptosis. Sawada et al. (18) also
increased proteasomal activities early on after application of MPP+ or
ne to ventral midbrain cultures.

To answer the question of whether the neuroprotective effects of protea-
hibitors were correlated with the inhibition of classical markers of apop-
~we determined the activity of caspase-3 in CGCs deprived of potassium.
drugs were able to prevent caspase-3 activity and pro-caspase 3 activation,
ting that proteasomes control the activation of caspase(s) (Figure 1).
gly, events such as calpain/caspase-mediated cleavage of tau (21, 10),
Oxygen Species (ROS) production, DNA laddering and the onset of a
of the antioxidant system normally occurring downstream of caspase acti-
on were also prevented (22, 20) (Figure 1). Activation of caspases in CGCs
s mainly through the intrinsic pathway, in which mitochondrial perturba-
s cytochrome ¢ release in the cytosol to form the apoptosome, the pro-
of the caspase cascade. We found that proteasome inhibitors were able to
‘with cytochrome c release (23) (Figure 1), suggesting that they may con-
teins involved in the organization of the mitochondrial pore through
ux of mitochondrial proteins occurs.

2. PROTEASOME INHIBITORS DELAY CELL DEATH

OME-DEPENDENT DEGRADATION DURING
The first evidence of an active role of the UPS in PCD HE EARLY PHASES OF APOPTOSIS
studies of Schwartz and colleagues describing an increase in polyubiq
proteasome subunit gene expression during the intersegmentation of mu
the morphogenesis of some neuronal populations in larvae of
Manduca sexta (12). Numerous subsequent studies employing d
systems revealed that the involvement of the UPS in PCD is non..
panied by a consistent increase in the expression of its protein €O
(13, 14, 15). More recently, the role of the UPS in PCD has been anaiyz
use of pharmacological inhibitors of this proteolytic system. It s h
that the interpretation of the results may be difficult since fine tunin
teolytic system is apparently required to ensure cell survival, as wi o
in the subsequent chapter of Lang-Rollin and Stefanis in this <o—,
A number of studies have found that pharmacological prote

Given that activation and involvement of proteasomes have been described
i parts of the initiation phase of apoptosis, both in neuronal and non
nal settings (16, 24, 10, 20, 25, 18, 26), three major questions arise:

IFe

does the Proteasome Mediate the Early Steps
euronal Apoptosis?

< HW_”«_MES_ answer to this ...___n.w_.mo= is that the proteasome may be respon-
Thus, nw_.mnm:o._ of some o::m.w_ substrates that mediate neuronal sur-
5 When the proteasome is activated early on in apoptosis, it accelerates
ation of such pro-survival factors, leading to their relative depletion
tion leads to an inhibition or delay of neuronal death. For instancé, x Bement of the apoptotic pathway. Which are these potential pro-survival
inhibitors prolonged the survival of NGF-deprived sympathetic neuro *omal substrates? In non-neuronal paradigms of apoptosis different tar-
vented thymocyte apoptosis induced by glucocorticoids (17), c_... e v_.omom..q.oan degradation have been identified. They include, amongst oth-
rotenone-induced dopaminergic neuronal death (18), and reduced infaf€ : ;W:E..o: factors that regulate genes coding for polypeptides involved in
in a rat model of focal cerebral ischemia (19). In all these cases 2 tration and survival (c-Fos; NFkB, AP-1, ODC), and proteins, like
was associated with the inhibition of apoptotic markers such as tnormally repress caspases (27, 28, 29, 30, 25).
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Figure 1. This drawing depicts the series of known or hypothetical events oceurring in cerebellar gran-
ule cells following the apoptotic trigger. The black arrows point out the established findings underlying
the role of UPS in the sequence of events leading to caspase activation, and subsequently DNA lad-
dering, tau cleavage, ROS production, and antioxidant system failure. Gray arrows indicate the hypoth-
esized events linked to UPS activation during the course of apoptosis and (?) indicates that the direct
or indirect involvement of UPS in the decrease of p27 during CGCs apoptosis has not been investi-
gated. The panel visible in the central part of the figure shows an immunofluorescence analysis of
cleaved, activated caspase-3 (black) in control cells (a) or in potassium-deprived cells, in the absence (b)
or presence (c) of the UPS inhibitor | in. Notice the p of 3 ay ic neurons in which
the staining of activated caspase 3 is clearly visible (b) and that in the presence of lactacystin such acti-
vation does not oceur (¢); (-): inhibition; Bar: 7

As mentioned, in CGCs, the proteasome-mediated step(s) that promote(s)
apoptosis occur(s) before mitochondrial changes and caspase activation. fn rn.n_
previously reported that ROS are involved in the release of cytochrome c in this
model (31). This raised the possibility that the proteasome may down regulate the
anti-oxidant system constituted by catalase, SOD, and GSH/GSSG, and thus
promote apoptosis. We have indeed found that the antioxidant system increased
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after proteasome inhibition before eventually declining, suggesting that the UPS
may participate directly or indirectly in its turnover (20). Whether these mole-
cules are normally degraded by the UPS or whether they acquire the ability to be
UPS substrates during neuronal apoptosis remains to be established. In this
regard, it must be pointed out that catalase, the major effector in the defense of
aerobic cells against oxidative stress, is degraded by proteasomes in a phospho-
rylation-dependent fashion catalyzed by c-Abl and Arg tyrosine kinases (32). By
contrast, a direct link between UPS and SOD has been demonstrated only for
mutant Cu/Zn SOD whose level increases in the presence of proteasome
inhibitors (33).

Other important constituents degraded by the UPS during apoptosis are
IAPs (inhibitor of apoptosis proteins). IAPs are a family of proteins containing
one or three BIRs (baculovirus IAP repeat) and a RING finger domain that con-
fers ubiquitin protease ligase (E3) activity. IAPs are endowed with many func-
tions, including the ability to bind to activated caspases and to inhibit their
activity, most likely by ubiquitinating them and targeting them to the protea-
somes (34). It has been reported that in thymocytes IAPs undergo autoubiquiti-
nation and degradation by the proteasome in response to apoptotic stimuli, an
event critical for commitment to cell death (25).

To determine how proteasome inhibitors prevent CGC death, we exam-
ined whether proteasomes degraded these anti-apoptotic proteins and found that
proteasome inhibitors, but not caspase inhibitors, stabilized and increased the
levels of IAPs (Nadia Canu, unpublished observation). This finding suggests that
IAPs are targeted to proteasome for degradation during the CGC apoptosis, thus
favouring caspase activity as reported in other settings (25), and likely increasing
the amount of pro-apoptotic IAP substrates (see also article by Lang-Rollin and
Stefanis in this volume). It should be noted however that such an increase of
IAPs would not be expected to lead to inhibition of cytochrome c release, as IAPs
generally function downstream of the mitochondrial checkpoint.

Studies carried out in the same experimental model suggest that protea-
somes could also be operative at other levels. A peculiar case is that of NF-kB.
The processing of this transcription factor from an inactive precursor to an active
form involves the degradation of part of the precursor and the release from the
inhibitory effect of IkBa and B. Both these functions are mediated by the pro-
teasome (35, 36). Thus, this transcription factor has been found to be activated
by the UPS in the early phase of apoptosis (37), presumably via limited proteol-
ysis of the NFkB precursor protein (35). The role of NF-kB in cell death in the
nervous system is controversial. It is clear that it can be activated both following
pro-apoptotic (38, 39) and pro-survival signals (40). In most settings, inhibiting
such activation appears to be associated with pro-death effects (40, 41, 42), but
the converse has also been observed (43, 39). It appears that cell type, intensity,
type and duration of the death stimulus and duration and temporal relationship
of NF-kB inhibition to the death stimulus are important variables (43, 39). If, as
in some models (43, 39), NF-kB acts as a death mediator when activated carly on
in apoptosis, it is possible that the inhibition of its induction by proteasomal
inhibitors may account in part for their early protective activity in potassium-
deprived CGCs, although this has not been specifically tested.
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Proteasomes might also have a crucial role in the pathway involving
p27kip that, in certain non-neuronal settings is a proteasome substrate (44).
Interestingly, Padmanabhan et al. (45) have reported that in KCI deprivation-
evoked death of CGCs a significant decrease in the level of this cyclin inhibitor
oceurs. Morcover, an enhanced activity of cyelin D1 and E-associated kinases
and, more importantly, a transient increase in phosphorylation of Rb (a known
substrate of these cyclins, which gets inactivated by phosphorylation), were
reported. Consequently, it has been postulated that the Rb function of binding
and repressing the transcriptional activity of E2F would be lost, a hypothesis
reinforced by the finding that E2F-1 induces and modulates CGC death (46). The
changes reported above were prevented by the cyclin-dependent kinase inhibitor
flavopiridol but not by caspase inhibitors. It would therefore be interesting to
ascertain whether proteasome inhibitors in this system mediate their protective
effects through p27kip increase.

Altogether these findings suggest that the events depicted in Figure 1 play
a role in the mediation of apoptosis following potassium deprivation in CGCs,

3.2. How is the Proteasome Activated During PCD?

An attempt to answer this question was carried out by Kroesen et al. (26).
They reported that B cell receptor activation initiates an apoptotic program char-
acterized by sphingolipid-dependent activation of proteasomes and degradation
of IAPs that were prevented by an ISP-1/myriocin, a potent inhibitor of ceramide
formation. Proteasome activation occurred likely via sphingolipid-dependent
phosphorylation of its C8 and C9 subunit (47). Whether a similar mechanism gov-
erns proteasome activation during neuronal apoptosis remains to be established.

3.3. What Specific Signal(s) Channel any Potential Proteasome
Substrate Toward Degradation During Apoptosis?

As far as this question is concerned, a particular case is the degradation
of TAPs. These inhibitors of death must be inactivated in cells that are doomed
to die. Studies in Drosophila demonstrated that this is accomplished by proteins
such as Reaper, Hid and Grim. It has been reported that Reaper, a small 65aa
protein that is specifically expressed in cell undergoing apoptosis induces apop-
tosis by specifically stimulating the auto-ubiquitination and degradation of [APs
(48). In mammalian cells a similar role might be played by mitochondrial proteins
such as Diablo/Smac and the serine protease HrtA2/Omi (49).

4. PROTEASOME CHANGES DURING THE LATE
PHASES OF APOPTOSIS

After such carly involvement we found that the proteasome undergoes
a series of changes resulting in its inactivation. Before apoptosis is triggered
in CGC cells, proteasomes were present in the nuclei as well as in the cytoplasm
(50, 51). Upon chromatin condensation, nuclear proteasomes were found mainly
in the cytosol. The movement of the UPS is likely due to its involvement in cell
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shape changes, since proteasomes have been found in apoptotic bodies and cyto-
plasmic vesicles (52). Other studies indicate an active role of the UPS :.:6:m= the
regulation of ezirin turnover. Ezirin is a cytoskeletal protein involved in E_Qwo_..
ing actin to the cell membrane. It is thus involved in the control of cell blebbing,
rounding-up, and overall cellular size. Whether the movement of proteasomes to
the cytosol in CGCs is correlated to a UPS-mediated rearrangement of the
cytoskeleton and to the organization of the apoptotic bodies has not been specif-
ically addressed.

At the biochemical level one of the most impressive proteasome changes
is the progressive decline of its function at late stages of apoptosis. Indeed, we
found that proteasomes became part of a generalized cellular failure that affects
the major activities of the apoptotic neurons after caspase activation. Cell
extracts from apoptotic CGCs showed a decrease in proteasome chymotrypsin-
like, trypsin and post-acidic-like activities, correlating with the degree of apopto-
sis observed, similar to findings reported for dexamethasone-induced apoptosis
of thymocytes (53). These changes were observed at the time of the execution
phase and were prevented by the general caspase inhibitor z-VAD-fmk, suggest-
ing that caspase-dependent proteolysis inactivates proteasome functions (10).
It has been previously reported that the impairment of the chymotrypsin-like
activity of the proteasome caused an accumulation of ubiquitinated proteasome
substrates (54, 55). Therefore, we asked whether the progressive failure of pro-
teasome activity, during PCD, was accompanied by changes in protein ubiquiti-
nation. We found that proteasome failure during CGC apoptosis occurred with
concomitant increase in the amount of high-molecular mass ubiquitin conju-
gates, as detected by immunofluorescence analysis (Figure 2) and Western
immunoblot (10). Two apoptotic neurons filled with ubiquitin-conjugated pro-
teins are clearly shown in Figure 2.

Figure 2. Ubiquitin immunostaining in cerebellar granule neurons undergoing apoptosis analyzed by

I mi py. A is in CGCs was induced by p i and serum withd I
Immunostaining of ubiquitin was performed 6 hr after induction, using a polyclonal anti-ubiquiti
antibody. Notice that two apoptotic neurons are filled with ubiquitinated proteins (black) both in m_.n
soma and along the neurites, while healthy neurons are barely stained with anti-ubiquitin antibodies.
Bar: 7p
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Interestingly, this event was abolished by caspase inhibitors, confirming
that impairment of proteasome function occurs downstream of caspase activa-
tion, a conclusion also supported by data from other “in vitro” cellular systems
exposed to diverse apoptogenic stimuli (56, 57).

What could be the functional consequences of proteasomal inhibition at
the late phases of apoptosis? This subject is dealt in more detail by Lang-Rollin
and Stefanis in the subsequent chapter, where the significance of the up regula-
tion of particular potentially deleterious proteins is analyzed. In the case of CGC
apoptosis, after the initial increase of NF-kB activity, there is a decrease, medi-
ated largely by the prolonged stability of its endogenous inhibitor IkBa, as its
proteasomal degradation is hindered (58, 37). The importance of an elevated
level of TkBe in CGCs has been suggested by the findings that over-expression of
a stabilized form of this protein renders CGCs more vulnerable to apoptotic
stimuli (37) and that during proteasomal inhibition-induced cell death the
amount of this inhibitor increases (59, 60). These data suggest that at these late
phases NF-kB may act as a survival factor and that inhibiting its activation via
proteasomal impairment may accelerate death.

It must also be considered that the accumulation of unique or multiple
unspecified and ubiquitinated proteins inside the cells, usually in organized struc-
tures referred to as aggresomes, can act as possible apoptotic triggers. Indeed, it
has been reported that protein aggregation causes impairment of the UPS and
therefore depletes cells of this pivotal and vital proteolytic system, thus causing
cellular deregulation and death (61). In this regard, although some findings sup-
port a protective role for some of these inclusions, as in the case of cytoprotec-
tion exerted by aggresomes formed by alpha-synuclein and synphilin-1 (62, see
also chapter 4 in this volume) other studies suggest that some neuronal popula-
tions are highly vulnerable to the accumulation of ubiquitinated proteins under
the form of aggregates, as found in many neurodegenerative diseases (61, 63, 64).
Therefore, we can envisage a vicious circle that starts when accumulated proteins
block the interior of proteasomes, thereby reducing their activity and eventually
adding noxious inputs to neurons already committed to death. For a more
detailed discussion of the topic of protein aggregation and how it influences sur-
vival, refer to section 2, chapters 3-5 of this volume.

5. COMPONENTS OF THE PROTEASOME SYSTEM DEGRADED
BY CASPASES

Since induction of apoptosis in CGCs resulted in diminished activity of
the UPS that was prevented by caspase inhibitors, we asked whether the protea-
some itself was a victim of caspase-dependent attack. Interestingly, we found that
the amount of the o-2-0.7 subunits (10) and the B1-B7 subunits (Canu, unpub-
lished observation) of the core 20S proteasome did not change during CGC
apoptosis. By contrast, the amount of the ATPase subunit S6 of the 198 regula-
tor of the 268 proteasome, which is necessary for ATP-dependent proteolysis by
the proteasome, was reduced in a caspase-dependent manner during apoptosis of
CGCs (Figure. 3). This finding is in line with results recently reported for Jurkat
cells treated with etoposide or actinomycin and for PCD in flies (57, 65). In these
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Apoptosis +
2-VAD-fmk

Figure 3. :.::E:o::cﬁ.,n:nu analysis of the ATPase subunit S6 of the 195 regulator of UPS. Notice
the presence of 4 apoptotic neurons (arrows) in which the immunostaining of this subunit is strongly

reduced while in the of the caspases inhibitor z-VAD-fmk the staining is comparable to control,

cases proteasomal subunits, in particular S6, S1 and S5a of 19 S, are cleaved by
caspases both in vitro and in vivo under different apoptotic stimuli (57, 65). It has
been speculated that casp diated cleavage of these subunits may affect the
structural integrity and activity of the proteasome, interfering either with the sta-
bilization of the interaction of the lid and base of the 19S subunit (66, 67) or with
the recognition and interaction with multiubiquitin chains in intact proteasomes
(68, 69, 70, 71).

i Another mechanism contributing to impairment of proteasome activity
in CGCs is the finding that histone H2A is deubiquitinated (Canu et al. unpub-
__m_SA observation), suggesting that depletion of free ubiquitin takes place in our
experimental model as already reported in other systems (72). The availability of
_._.nm ubiquitin for the ubiquitination reaction is guaranteed by the synergistic
mm:&:om of different deubiquitinating (DUB) enzymes. We measured these activ-
ities in cell extracts of CGCs undergoing apoptosis using as substrate a mixture
of (Ub)4, (Ub)3, and (Ub)2 oligomers that are converted by the action of DUB
enzymes into monomeric ubiquitin UBI (73). These activities were markedly and
progressively impaired in CGCs undergoing apoptosis, and more importantly,
their loss was prevented by a caspase inhibitor (Figure. 4).

‘ DUB enzymes are encoded by two gene families: the UCH family (ubig-
uitin C-terminal hydrolases, with molecular wi ight of ~30 kDa, hydrolyzing
small C-terminal derivatives) and the UBP family (ubiquitin-specific processing
proteases, with molecular weight of ~110 kDa, hydrolyzing large derivatives of
.:c_as:.a. UCHL-1 is one of the most abundant enzymes in the brain, compris-
ing up to 2% of total brain proteins (74). A partial loss of UCHL-1 activity, due
lo a missense mutation, has been implicated in proteasome failure and aggrega-
tion of ubiquitinated proteins in familial cases of Parkinson's disease (74). For
more details on UCH-L1 and its role in UPS dysfunction and neurodegeneration,
see the chapter by Kwon and Wada in this volume, We found that the amount of
this enzyme does not change during CGC apoptosis (Nadia Canu, unpublished
observation), suggesting that other caspase-mediated modifications of UCHL-1
may account for an impairment of its activity, or, more likely, that other DUB
enzymes are responsible for this deficit. This latter conclusion is supported by the
demonstration that isopeptidase T, an enzyme belonging to the UBP family, is
cleaved by caspase-3, with loss of function, both in vitro and in vivo (65).
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Figure 4. Deubiquitinating activity in granule neurons undergoing apoptosis. Cultures at 6 DIV were
induced to undergo apoptosis in the absence or in the presence of the general caspase-inhibitor z-VAD-

fmk for12 hr. At the time indi I after the induction of apop 5 fg of supernatants were incu-
bated with 1 fg of multi-ubiquitin chains, sub for DUB at 22°C for 10 min, and
i blotted with anti-ubiquiti ibody (10).

How may a decrease in DUB activity impair proteasome function? It has
been demonstrated that DUB enzymes remove ubiquitin from various cellular
adducts, thus playing an important role both in the editing of the ubiquitination
state of proteins as well as in the recycling of ubiquitin (73). The recycling of free
ubiquitin from poly-ubiquitin remnants is required for the continued activity of
the UPS. In fact, insufficiently disassembled polyUb'chains bind avidly to, and
inhibit, the 26 S proteasome complex, presumably via competition with polyubiq-
uitinated substrates (75, 76). Itis also possible that the proteasome efficacy is addi-
tionally hampered by post-translational modifications of the proteasome and /or
by the generation, during apoptosis, of cross-linked or aggregated proteins. These
polypeptides, which are poor substrates for proteolysis and may physically impede
proteasome entry by blocking the catalytic site, may be generated as a consequence
of the disruption of intracellular sulfhydryl homeostasis (77). The finding that the
level of heat shock proteins, which operate in the trafficking of misfolded proteins
on their way to the proteasome, are increased during CGC apoptosis (78) supports
the hypothesis that the generation of misfolded and eventually aggregated proteins
or structures may occur during CGC apoptosis.

6. APOPTOSIS, AUTOPHAGY AND PROTEASOME INHIBITION

In the presence of proteasome inhibitors, CGCs deprived of KCI did not
manifest classical hallmarks of apoptosis and remained alive for 12-15 h (10). At
later time points, the neuroprotective effect was less evident and at longer time points
it was no longer detectable. This situation likely reflects the block of a pivotal
proteolytic system as well as the inability of proteasome inhibitors to counteract
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autophagy, a casps dependent mech of cell death that, recently, has been
reported to occur in this paradigm of neuronal death (11).

Apoptosis and autophagic degeneration are two morphologically and
biochemically distinct modes of programmed cell death described in embryogen-
esis and tissue renewal in adults. A substantial body of evidence has revealed the
simultaneous presence of apoptosis and autophagic el in neurodegenera-
tive disorders (79, 1). However, it is not clear yet whether autophagy is an attempt
to protect the cell from apoptosis, or to hasten cellular demise. Data from diverse
in vitro models of neuronal death support this latter hypothesis.

Autophagy not only co-exists with apoptosis but may precede and influ-
ence it in a process that is induced by apoptotic stimuli (80, 81). In CGCs under-
going apoptosis, activation of autophagy appears to occur very early after the
apoptotic stimuli, before any classical hallmark of apoptosis is manifested,
although it is more evident in neurons displaying nuclear condensation. We have
found that autophagy controls the release of cytochrome C, caspase activation
and, more importantly, mediates a caspase-independent process of cell death.
Block of autophagy rescues CGCs from apoptosis (11). Similar results have been
reported in newly isolated sympathetic neurons deprived of NGF or treated with
cytosine arabinoside (80) as well as in PC12 cells deprived of serum or in delayed
neuronal death occurring in the CAl pyramidal layer of the gerbil hippocampus
after brief forebrain ischemia (82). These findings suggest that autophagy is likely
a mode to initiate apoptosis in different settings.

What is the role of the proteasome system in autophagic cell death? To
answer this question we have visualized autophagic vesicles with a specific marker
in CGCs undergoing apoptosis in the presence of proteasome inhibitors and
found that these inhibitors not only do not cause disappearance of autophagic
vesicles (Figure. 5), but that the autophagosome content is quite different in the
two experimental settings.

Thus autophagosomes of CGCs treated with proteasome inhibitors con-
tain ubiquitinated neurofilaments suggesting that additional and different mech-
anisms operate to induce formation of autophagosomes in CGCs undergoing
apoptosis in the presence of proteasome inhibitors. Moreover, preliminary

Apoptosis +

Figure 5. Staining of autophagosomes performed with monodansy! cadaverine, a specific marker of
these vescicles, in CGCs undergoing apoptosis in the absence or in the presence of lactacystin. Notice
that this proteasome inhibitor does not abolish the autophagosome proliferation that occurs during
apoptosis. Bar: 7 p
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PATHWAYS OF NEURONAL CELL DEATH INDUCED
BY PROTEASOMAL INHIBITION

Isabelle Lang-Rollin and Leonidas Stefanis

1. INTRODUCTION

Neuronal cell death occurs normally in the developing nervous system.
A term that has been used to describe this death is Programmed Cell Death
(PCD). The predominant morphological form of neuronal PCD is that of apop-
tosis, although other morphologies do occur. Neuronal cell death also occurs
during various disease states in the nervous system, either following acute, suba-
cute insults, such as trauma or stroke, or more chronic insults, such as those that
take place during neurodegenerative diseases. There is substantial evidence that
in animal models that mimic such conditions, as well as in diseased human tissue,
elements of PCD, either apoptotic or non-apoptotic, are activated. The classical
morphological features of apoptosis correspond to a defined biochemical path-
way, whose signature event is the activation of the cysteine proteases caspases.
Other morphologies of neuronal cell death, such as autophagy and necrosis,
may also be elicited following the application of injurious stimuli to the nervous






