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Abstract

Cerebellar granule cells constitute the largest homogeneous neuronal population of the mam-
malian brain. However, they are not often used in studies that involve MPP*-neurotoxicity. Cur-
rently, it is known that the toxicity of MPP* in cerebellar granule cells as well as in other models,
including dopaminergic cells, results from activation of the apoptotic machinery after an initial
oxidative burst with mitochondrial damage and energetic failure. Therefore, cerebellar granule
cells serve as a good model to investigate the MPP+ effects and to study in vitro the molecular
mechanism implicated in the genesis of Parkinson’s disease.

Index Entries: Cerebellar granule cells (CGC); 1-methyl-4-phenylpyridinium (MPP*); apopto-

sis; Parkinson’s disease.

Cerebellar Granule Cells as a Model
to Study Neuronal Cell Death

Cerebellar granule cells (CGCs) comprise
the largest homogeneous neuronal population
in the mammalian brain (90% of the total cell
content). Primary cultures of CGCs were estab-
lished almost 30 yr ago (1-3). Since then, they
have become the most popular in vitro model

Received 4/21/04; Accepted 5/13/04
* Author to whom all correspondence and reprint
requests should be addressed. E-mail: jfuentes@unex.es.

Molecular Neurobiology

to study almost every aspect of functional and
pathological neurobiology in a rather homoge-
neous population of neurons: between 90 and
95% of cells present in the culture are CGCs.
This article reviews the most relevant re-
sults concerning 1-methyl-4-phenylpyridinium
(MPP*) toxicity in CGCs. Although these cells
do not comprise the most widely used model
to study the degeneration associated with
MPP*-neurotoxicity and Parkinson’s disease
(PD), CGCs are quite sensitive to the toxic
effects of MPP* in vitro (4-8) and in vivo (9). On
the other hand, the intracellular concentration
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of MPP* that is achieved in CGCs following
exposure to MPP* is comparable to the calcu-
lated intracellular concentration in dopaminer-
gic neurons. Therefore, CGCs represent a good
model to study the mechanisms of MPP* toxic-
ity, which could be extrapolated to the
dopaminergic system.

Morphology of Cell Death

Necrosis

The word necrosis describes the death of a
cell or of a group of cells as a result of injury,
disease, or pathological state. Therefore, necro-
sis is associated with one or more exogenous
factors that lead to nonphysiological cell death.
The morphological changes that are character-
istic of necrosis (10) include clumping of the
chromatin without marked changes in its dis-
tribution. Densities in the matrix of abnormally
swollen mitochondria and local membrane
disruption are sometimes evident (11). At later
stages, there is a more-or-less pronounced dis-
integration of cell organelles and membranes,
although the cell somehow maintains an over-
all identity.

Programmed Cell Death

According to its morphological appearance,
programmed cell death can be subdivided into
two major classes (12)—namely, apoptotic
(type I) and autophagic (type II) cell death.

Apoptosis

Apoptosis originally was defined as a mode
of cell death with a series of characteristic
events following this sequence: nuclear and
cytoplasmic condensation, cell fragmentation,
and phagocytosis (13). Changes in the nucleus
represent the first unequivocal evidence of
apoptosis. Chromatin condensation and segre-
gation into sharply delineated masses typically
are observed at the onset of apoptosis. Cyto-
plasm condensation also occurs in parallel
with nuclear changes and the cell membrane
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becomes convoluted, with a star-like appear-
ance. After the cell and its nucleus assume a
more irregular shape, nuclear budding pro-
duces discrete fragments. The cell is frag-
mented into membrane-bound apoptotic
bodies, which are very characteristic of this
type of cell death. The nuclear alterations are
often associated with internucleosomal cleav-
age of DNA, which is recognized as DNA
laddering on conventional agarose gel electro-
phoresis. It is clear that specific cellular path-
ways are activated in apoptosis, enforcing the
concept that in this type of cell death, cells are
responsible of their own demise (“cell sui-
cide”). Besides being relevant in several physio-
logical functions (differentiation, maturation,
etc.), apoptosis is involved in cell injury that is
produced by a spectrum of physical and chem-
ical agents (14-16). Apoptosis is also involved
in several neurodegenerative diseases, includ-
ing Alzheimer’s Disease (17) or PD (18).

Autophagy

Autophagy is a third type of cell death in
which the cytoplasm is actively destroyed by
lysosomal enzymes far before nuclear
changes become visible. The most characteris-
tic feature is the appearance of large
autophagic vacuoles of lysosomal origin in
the cytoplasm (19). Although many of the
characteristic changes of apoptosis eventually
become evident in these cells, changes are
notably delayed, and substantial cellular
degradation is evident before the typical
nuclear alterations of apoptosis occur. Finally,
when about three-quarters of the cytoplasm
has been destroyed, it begins to condense,
and chromatin coalescence and margination
become apparent (20).

MPP+: A Tool to Study the Cell Death
in Neurodegenerative Disorders

In 1983, Langston et al. (21) reported that a

group of people who were addicted to a new
synthetic fentanyl derivative developed an irre-
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MPP+

Fig. 1. Chemical structure of MPP*.

versible disease, with symptoms very similar to
those of PD. Analysis of the drug showed a
content of 3% of a bipiridinium derivative, the
MPTP. Postmortem investigations clearly con-
tirmed the lesion of substancia nigra (22). Addi-
tionally, in the monkey, MPP* (see chemical
structures in Fig. 1) induces a massive loss of
dopamine (DA) in the striatum (23,24) and a
depletion of dopaminergic markers in the
nigrostriatal tract (25). Interestingly, in mon-
keys, the topology of the nigral lesion after
MPP+ treatment is similar to that observed in
human PD.

With these facts, MPTP /MPP+-induced neu-
rotoxicity is one of the experimental models
that is most commonly used to study the
pathogenesis of PD (5,6,26-29). However,
many aspects for its toxicity remain unclear,
especially the early events that occur during
the first hours after MPP* exposition. One con-
troversial aspect is whether MPP* induces
structural changes that are related to cell death
via apoptosis (I or II) or necrosis. Investiga-
tions aimed at clarifying this aspect were car-
ried out both after in vivo administration of
MPP* to animals and by treating neuronal cul-
tures with MPP* (30). Methods allowing a dis-
tinction between apoptosis and necrosis were
then applied. However, the results gave no
univocal explanation, although it is generally
accepted that low doses of MPP+ lead to “clas-
sical” apoptosis, whereas high doses of MPP*,
which cause acute toxicity, lead to necrotic
degeneration. There are currently no studies
describing autophagical cell death induced by
MPP+*. Despite the properties of CGCs that
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make them suitable for neurodegeneration
studies and the fact that primary cultures of
CGCs have been shown to be susceptible to
MPP* toxicity in the 0.01- to 1-mM range
(6,7,31,32), these cells are not extensively used
for the study of MPP* neurotoxicity. Briefly,
this article shows the most important results
obtained with this model.

MPP+* Incorporation Into CGC

To be active, MPTP must be converted into
MPP+, which is the true toxic agent, by the
monoamino oxidase B in the inner mitochon-
drial membrane (33). Because MPP* is a polar
molecule, it cannot freely enter into cells but
depends on the plasma membrane carriers to
gain access. Three transporters have been
implicated in the entrance of MPP* into CGCs:
dopamine transporter (DAT), organic cation
transporter (OCT), and cationic amino acid
transporter (CAT).

It is known that MPP* shows a high affinity
for DAT in several cells (34-36). The possible
incorporation of MPP* inside CGCs mediated
by DAT has been studied by blockage of the
neurotoxic effects of MPP* by the DAT antago-
nist mazindol (4) or, more recently, by GBR-
12909 (7). Despite this fact, a lack of expression
of DAT has been described in CGC (37), and it
has been hypothesized that GBR-12909 is neu-
roprotective by a mechanism not involving
DAT. The data suggests that GBR-12909 pro-
tects CGCs against MPP* toxicity as a result of
binding to the . receptor.

The cationic charge of MPP* pushed us to
investigate the possibility that an OCT was
implicated in MPP*+ uptake. CGCs express
OCT3 but do not express OCT1 or OCT2 (37).
Experiments using methyl-[3H] MPP+ and
selective inhibitors of OCT3 as 17B-estradiol,
corticosterone, or decynium-22 show a strong
inhibition of MPP* accumulation in CGCs.
This fact demonstrated that MPP* is trans-
ported into CGCs through OCT3 with high
affinity.
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However, block of OCT3 does not completely
inhibit MPP* accumulation or cell death (37). As
indicated previously, MPP* is a permanently
charged cation (38). Therefore, the CAT family
is a putative transporter implicated in neuro-
toxin uptake. These transporters show a rela-
tively low specificity and could use rL-Arg,
L-Lys, or L-His as substrate. Gonzalez-Polo et al.
(7) studied the role of the CAT family in the
transport of MPP* and measured the effect of
several cationic amino acids in the neurotoxicity
mediated by MPP*. Their results showed an
increase of cell survival and a blockage of DNA
laddering, suggesting that CAT is implicated in
the MPP* uptake into the cells.

Molecular Machinery Implicated
in MPP+ Toxicity in CGCs

Oxidative Stress: The Beginning

Several works have suggested involvement
of reactive oxygen species (ROS) in MPP*-
induced neurotoxicity in various cell types
(39-41), including CGCs (7,42,43). Generation
of ROS has been detected using the oxidation-
sensitive probes Hy 2’-7-dicthorodihydrofluo-
rescein acetate (DCFDA) (moderately selective
for peroxide) and dihydroetidine (DHE) (mod-
erately selective for superoxide anion). Classi-
cally, ROS production is attributed to the
inhibition of mitochondrial complex I. This
blockage induces ROS peaks measured at 6 or
24 h after addition of MPP+ (43,44). However,
ROS generation (detected by the oxidation-
sensitive fluorescent probe DHE) is one of the
earliest cellular responses to MPP* toxicity,
and it is observed 30 min after MPP* exposure
(42). This early ROS production may be a result
of MPP* interaction with xanthine oxidase
(XO) (42), which might lead to the formation of
superoxide radicals. The reversion of cell death
mediated by allopurinol (an XO inhibitor)
strongly supports this fact. Participation of
superoxide anions produced by XO during the
neurotoxic process in CGCs were recently pub-
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lished (45—47). This participation is apparently
mediated by changes in cytosolic calcium con-
centrations, particularly after glutamate excito-
toxic pulse (48).

Implication of early and late MPP* ROS pro-
duction is also demonstrated by the protection
with several antioxidants (49,50), especially
vitamin E (42). Concomitant with the ROS pro-
duction, a decrease of glutathione levels was
observed (42). These data are complementary
with the increase of resistance to MPP* toxicity
that is observed in CGCs after overexpression
of glutathione peroxidase (GPx1) (43). These
findings suggest that superoxide can play a
pivotal role in MPP* toxicity in CGCs. Super-
oxide facilitates hydroxyl radical production
in the Fenton reaction by interaction with iron.
Deferoxamine mesylate or N,N"-bis(2-hydroxy-
benzyl ethylenediamine-N) N’-diacetic acid
(HBED) (two potent iron chelators) protect
against loss of viability in CGCs that are
exposed to MPP* (43,44), indicating iron’s
essential role for MPP* toxicity in CGCs, as it is
well-known for other cellular systems (51,52).
However, deferoxamine mesylate (DFx) does
not directly affect DHE or DFCH responses,
indicating that it does not directly affect ROS
production (44).

Superoxide can also react with nitric oxide
(NO) to produce peroxynitrite, another potent
oxidant (53). The protective effect of 5,10,15,20-
tetrakis (4-sulphonatephenyl) porphyrinate iron
(IT) chloride (FeTPPS) (a ferric porphyrin com-
plex that catalytically isomerises peroxynitrite to
nitrite [54]) provide the role of peroxitrite pro-
duction in MPP*+ mediated toxicity in CGCs (44).
Indirect determination of NO by nitrite mea-
surement shows a moderate increase in CGCs
that are exposed to MPP*. This increase is abol-
ished using NO synthase (NOS) inhibitors such
as 2-ethyl-2-thiopseudourea (ETPU) or 7-nitroin-
dazole (7-NI). S-methylisothiourea (SMIT) also
partially protects against cell death that is
induced by MPP* exposition (44). The participa-
tion of NO in MPP* toxicity has also been
reported in several other models (55-57). The
more effective ETPU (1 mM) and 7-NI (10 uM)
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allow the activation of the NOS isoform
involved in NO production: neuronal nitric
oxide synthesis (nNOS) is likely involved (iNOS
is located mainly in glia [58]), and ablation of
endothelial nitric oxide synthesis (eNOS) has no
bearing on MPP*-induced neurotoxicity (59).
Additionally, time-dependent nNOS, but not
inducible nitric oxide (iNOS), expression was
observed after 24 h of exposition to MPP+ (44).

The inhibition of mitochondria also leads to
a decrease in cellular adenosine triphosphate
(ATP) levels (60). In CGCs, exposure to low
concentrations of MPP* produced a time- and
dose-dependent decrease in ATP levels (61,62),
with a depletion of cytosolic NAD™ levels and
activation of lactate dehydrogenase activity
(62). These depletions (observed only after 6 h
and with a maximum at 24 h after MPP* expo-
sition) can be protected by the addition of glu-
cose but not of pyruvate (62). These results
indicate that MPP*, similarly to other cell
models (63-65), causes impairment of cellular
energy metabolism, with a major dependence
on glycolisis as a source of energy.

The Middle Act: Cytochrome c, Bax,
and Colleagues

Numerous studies have suggested that
MPP* can induce apoptosis in vitro in other
cell models, such as GH3 pituitary cells,
PC12, SH-SY-5Y, or primary mesencephalic
dopaminergic cells (5,6,26-29), as well as in
cerebellar granule cells (5-7,31,42). MPP* tox-
icity in CGCs causes translocation of
cytochrome ¢ from mitochondria to the
cytosol (6,31,42). The classical time-course for
cytochrome c release of the apoptosis cascade
begins 3 h after MPP+ exposition (6,31), with
a marked time dependence (6). However,
recently (42), an early release (30 min after
MPP+* exposition) of cytochrome c was
described. This early apoptotic event is
strongly associated with an early free-radical
production, because it is demonstrated by the
inhibition of cytochrome c release by antioxi-
dants such as vitamin E (42). These free radi-
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cals are probably the result of the interaction
between MPP* and XO, because allopurinol
(a potent and specific XO inhibitor) blocks
release of cytochome c (42). Interestingly,
release of cytochrome c is not accompanied
by a change in the mitochondrial transmem-
brane potential (A%¥m). However, this para-
meter diminishes later (3 h after MPP*
exposition) (31,32).

The release of cytochrome c is associated
with translocation to the mitochondria of cer-
tain Bcl-2-family proteins (e.g., Bad, Bax, or
Bid) (66) in other cellular MPP+ models (67).
Bax may play a central role in neuronal mito-
chondria-dependent apoptosis (68). Bax can
translocate from the cytosol to mitochondria
following a death signal. In CGCs, this signal is
early production of ROS. In CGCs that are
exposed to MPP*, an early (15-30 min after
MPP+* addition) increase in mitochondrial Bax
levels is observed that parallels free-radical
production and cytochrome c release (42). Two
observations support the dependence on the
early free-radical burst: (a) Bax translocation is
blocked by vitamin E and (b) allopurinol
blocks Bax translocation. These data agree with
recent reports showing the involvement of free
radicals and gluthatione depletion (observed
early in CGCs that are exposed to MPP*) in
Bax activation (69). Bax could form a channel
in mitochondria, allowing cytochrome ¢
release without mitochondrial damage (70).
No observations of early changes in mitochon-
drial membrane potential in MPP* mediated
toxicity in CGCs support this hypothesis.

Bad is another proapoptotic Bcl-2-related
protein. In absence of apoptotic stimuli, Bad is
phosphorylated and sequestered in the cytosol
by binding to 14-3-3 protein (71). During apop-
tosis, Bad is dephosphorylated and promotes
cell death by binding to bcl-XvL (71). Bad is
preferably, but not exclusively, phosphorylated
by Akt (72) and dephosphorylated by PP1 and
PP2 phosphatases (66). In CGCs treated with
MPP+*, Bad is strongly dephosphorylated
simultaneously (15-30 min after addition of
MPP* to Bax translocation to the mitochondria
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(42). Bad can bind Bcl-Xr, which could con-
tribute to the inhibition of the death-repressor
activity of Bcl-Xi, facilitating the Bax-induced
cytochrome c release. Preincubation of CGCs
with okadaic acid, a broad-range protein phos-
phatase inhibitor, partially inhibits both early
Bad dephosphorylation and cytochrome c
release (42). This result indicates that phos-
phatases are activated during the 30 min after
exposition of MPP*+ and that this activation is
involved in cytochrome c release. Because Bad
dephosphorylation is also inhibited by vitamin
E and allopurinol (42), one could hypothesize
that phosphatase activities are activated by the
ROS that is produced in the first minutes after
MPP+ exposition. Bid is the third proapoptotic-
bcl2 member implicated in cytochrome c
release in MPP+induced neurotoxicity in
CGCs. The ability of Bid to induce cytochrome
c release has been suggested to be mediated by
Bax, because Bid can facilitate the insertion of
Bax into the mitochondrial membrane to form
functional oligomers (73,74). The active form
of Bid is the truncated tBid, which is formed by
cleavage by caspase 8 after Fas engagement.
Indeed, caspase 8 activity (measured using Ac-
IETD as a substrate) increases in a time-depen-
dent manner in CGCs that are exposed to
MPP* starting from 30 min (with a maximum
at 60 min) after the beginning of the experi-
ment (Gonzalez-Polo et al., unpublished data).
Interestingly, in CGCs, the tBid form increases
in parallel with Bax translocation to mitochon-
dria and Bad dephosphorylation and precedes
the release of cytochrome c (Gonzélez-Polo et
al,, unpublished data). These data strongly
indicate the participation of these three
proapoptotic BCP-member proteins in MPP+-
mediated cytochrome c release (and induction
of apoptosis) in CGCs.

5.3. The End: Caspase Activation

In the apoptotic cascade, release of cyto-
chrome c from cytosol precedes the activation
of several of the executors of the apoptotic
program: caspases—especially caspase-3. Cas-
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pase-3 is activated for proteolytic cleavage,
which is detected by fluorescence assays using
Ac-DEVD as a substrate or by Western blot
detection of 17 kDa. Caspase-3 implication in
CGC death is demonstrated by the fact that
both pancaspase inhibitor Z-VAD-fmk and the
specific caspase-3 inhibitor DEVD  signifi-
cantly attenuates MPP+*-induced cell death in
CGCs (6,42). Indeed, some works (6,42)
describe the increase of caspase-3 activity in
CGCs treated with MPP*. In two cases,
cytochrome ¢ preceded caspase-3 activity but
had a different schedule. Gonzélez-Polo et al.
(42) detected that an early (60 min) caspase-3
activation preceded, as described previously,
by a release of cytochrome ¢ (30 min) is associ-
ated with an early production of ROS (5-10
min). Therefore, the apoptotic cascade appears
to begin with an early production of ROS
because all events are blocked by antioxidants
such as vitamin E, suggesting that the early
events implicated in MPP*-induced apoptosis
in CGCs are related to oxitative stress—proba-
bly as a result of activation of the XO system
(42). Apoptotic cell death can be detected from
6 h after MPP* exposition by MTT assay (75)
and analysis of typical DNA fragmentation
(5-7,42,43). Similarly to the other previous
events, CGC death and DNA fragmentation
can be prevented by antioxidants like vitamin
E (42), indicating that oxidative stress plays a
crucial role in MPP*-mediated apoptotic cell
death in CGCs.

Conclusions

This survey of recent literature has con-
firmed the extreme usefulness of the cerebellar
granule neurons as a model to study the cellu-
lar pathways and the molecular signals related
to the balance of survival/death of neural cells.
Although CGCs have not been extensively
studied as a prominent target for MPP* neuro-
toxicity, the data illustrated in this article indi-
cate that CGCs are quite sensitive to the toxic
effects of MPP* in vitro. The MPP* mode of
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Time (h)

0 6

1.0-15" Oxidative burst

2. 15'-30" Bax translocation
Bad dephosphorylation
Caspase 8 activation
Bid

3. 30-60" Cyt c release

4. 60'-120": Caspase 3 activation

1. Impairment of cellular energy (decrease in ATP and NAD* levels).
2. Changes in mitochondrial transmembrane potential

I )

1. DNA fragmentation
2. C6Cs death

Fig. 2. Summary of the proposed schedule for the CGCs death induced by MPP+. Only the most representa-

tive events have been included.

action in CGCs is closely related to its effect in
dopaminergic cells, including mitochondrial
dysfunction, oxidative stress, energetic failure,
and activation of the molecular pathways
involved in apoptosis (see Figs. 2 and 3). The
initial oxidative burst and the subsequent
recruitment of the mitochondrion-dependent
apoptotic factors seem to play a pivotal role,
with caspase-3 as the main executioner of cell
death. These data support the use of CGCs as a
valid model to study MPP* neurotoxicity and
its application to the understanding the gene-
sis of PD, like the participation of presynaptic
proteins (as synuclein) or autophagy.

Typical Preparation of Cerebellar
Granule Cells

This protocol is optimized for the prepara-
tion of CGCs from rat cerebellum but can
essentially be used to obtain CGCs from others
animals.

Primary cultures of CGCs are obtained from
7- to -8 d-old Wistar rats of either sex. The ani-
mals are housed in a temperature-controlled
room maintained at 12 h light-dark cycles. The
standard laboratory animal food and tap water
were freely available for the mothers ad libitum.
The experimental protocol resumed here is in
accordance with the National Institutes of
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Health guidelines and is designed to minimize
pain or discomfort of the animals. Cerebella
dissected that are free of meninges are
chopped into small pieces and digested with
trypsin (2.5 mg/mL, 10 min at 37°C) in a
Krebs-Ringer buffer solution, pH 7.4, contain-
ing 3 mg/mL of bovine serum albumin. After
addition of soybean trypsin inhibitor (0.5
mg/mL) and DNAse (0.1 mg/mL), the tissue
is disrupted by 10 passages through a fine-tip
plastic transfer pipet. The resulting cell sus-
pension is filtered through a 100-um nylon
cloth; centrifuged and resuspended in DMEM
that is supplemented with 10% fetal calf
serum, 25 mM of KCP, 2 mM of glutamine,
penicillin (50 U/mL), and streptomycin (50
ug/mL). Then cells are seeded in poly-L-
lysine-pretreated plates at a density of 5x10°
cells/mL and grown in a humidified atmos-
phere of 5% COz at 37°C. Cytosine arabinoside
(10 uM) is added 24 h after plating to arrest the
growth of no neuronal cells (mostly astrocytes
and microglia).

After extraction of the CGCs, the experi-
ments are normally carried out after 7 d in cul-
ture in a DMEM medium (without fetal calf
serum) supplemented with 25 mM of KCP, 2
mM of glutamine, 50 U/mL of penicillin, 50
ug/mL of streptomycin, 0.1 mg/mL of sodium
pyruvate, 20 nM of progesterone, and 5 pg/mL
of insulin.

Volume 30, 2004



*21p $||92 2y} ‘Ajeul] ‘enuajod auelqWSW [BLIPUOYDOIW BY) JO UOIIRI)[e pue 1sing SOY
MU B ‘ainjie) Aauiydew d139319uUs YiM $Iindd0 uoniqiyul | xajdwod |eripuoydonw ‘aseyd aje| ayy u| ‘uoljeAnde ¢-asedsed pue (aseyd
A4 ul W LY JO SSO| INOYIIM) DSBS D SWOIYD0IAD dlelpawl pjnom siaquiaw uiajoid-z|Dg onoldode aaiy) asay] pigl Wio) 9A11d. dY) Ojul
pawWLIojsUel} SI plg pue pajeAnoe si g-asedsed ‘A|[euonippy "eLpuoyd0}iW dY} 0} UoledOo|suel) Xeg pue (uonjeanoe aseyeydsoyd ureyoud
Aq) uonejAioydsoydap peg 0} 9INqLIIUOD PINOM SS21)S DAIFEPIXO Y] "dSEPIXO dulYiuex Aq pajelpawl aq pjnod SOY jo uondnpoid ddw
SN Jo saunynd Arewrd ur ANDIXO} LddN Ul paredijdwil sjuaaa aye| pue Ajiea ay) 1o} wsiueydsw pasodoid ayy jo Arewwng “¢ -1

.

E.zmu,"x_uz.:u prg U
Hiv3q 71132 | < 6uuappo| ¥NG 4///\ - xog P

/N ¢ asodsp)y PIg

’
/’ A ooo
u.._uf.ov_._u ‘ 2 2WO0JYI04AD OO

S4UDPIXOIUY A joutandoyp 5
/ v‘ p19D 21DPOYO
SO ! S{UDPIXOI4UD
\/ m joutando|jo
S4UDPIXOL4UD I

SJUDPIXOI4UD £-€-¥1

—E— 24

saspjoydsoyd

SJUDPIXOI4UD
YRV A
av t 3 ® sy
g 2sbdsp) | 3SDPIXO UIY4UDY

/
)
3

$29) 2pisuI /

$999 2pISinO £ 190

3 2401 (Yye-0) siuaa2 Ajun3



MPP+ in Cerebellar Granule Cells

Acknowledgments

This study was partially supported by
grants 2PR01A079 (G. Soler), 2PR02B034 (J. M.
Fuentes), and 03/13 (J. M. Fuentes) from Junta
de Extremadura, Spain. The authors also
thanks to Dr. Nicola Vahsen for her inestimable
helpful assistance.

References

1 Gallo V., Ciotti M. T., Coletti A., Aloisi F., and
Levi G. (1982) Selective release of glutamate
from cerebellar granule cells differentiating in
culture. Proc. Natl. Acad. Sci. USA 79, 7919-7923.

2 Kingsbury A. E., Gallo V., Woodhams P. L., and
Balazs R. (1985) Survival, morphology and
adhesion properties of cerebellar interneurones
cultured in chemically defined and serum-sup-
plemented medium. Brain Res. 349, 17-25.

3 Thangnipon W., Kingsbury A., Webb M., and
Balazs R., Observations on rat cerebellar cells in
vitro: influence of substratum, potassium con-
centration and relationship between neurones
and astrocytes. Brain Res. 313, (1983) 177-189.

4 Marini A. M., Schwartz J. P, and Kopin L. J.
(1989) The neurotoxicity of 1-methyl-4-phenyl-
pyridinium in cultured cerebellar granule cells.
J. Neurosci. 9, 3665-3672.

5 Dipasquale B., Marini A. M., and Youle R. J.
(1991) Apoptosis and DNA degradation induced
by 1-methyl-4-phenylpyridinium in neurons.
Biochem. Biophys. Res. Commun. 181, 1442-1448.

6 Du Y, Dodel R. C., Bales K. R., Jemmerson R.,
Hamilton-Byrd E., and Paul S. M. (1997)
Involvement of a caspase-3-like cysteine pro-
tease in 1-methyl-4-phenylpyridinium-medi-
ated apoptosis of cultured cerebellar granule
neurons, J. Neurochem. 69, 1382-1388.

7 Gonzalez-Polo R. A., Mora A., Clemente N., et
al. (2001) Mechanisms of MPP(+) incorporation
into cerebellar granule cells. Brain Res. Bull. 56,
119-123.

8 Gonzalez-Polo R. A, Soler G., Alvarez A., Fab-
regat 1., and Fuentes ]. M. (2003) Vitamin E
blocks early events induced by 1-methyl-4-
phenylpyridinium (MPP+) in cerebellar gran-
ule cells. J. Neurochem. 84, 305-315.

9 Takada M., Campbell K. J., and Hattori T. (1991)
Regional localization of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) uptake: mis-

Molecular Neurobiology

261

match between its uptake and neurotoxic sites.
Neurosci. Lett. 133, 137-140.

10 Lossi L. and Merighi A. (2003) In vivo cellular
and molecular mechanisms of neuronal apopto-
sis in the mammalian CNS. Prog. Neurobiol. 69,
287-312.

11 Clarke P. G. (1990) Developmental cell death:
morphological diversity and multiple mecha-
nisms. Anat. Embryol. (Berl). 181, 195-213.

12 Cohen I., Castedo M., and Kroemer G. (2002)
Tantalizing Thanatos: unexpected links in death
pathways. Trends Cell Biol. 12, 293-295.

13 Kerr J. E, Wyllie A. H., and Currie A. R. (1972)
Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics. Br.
J. Cancer 26, 239-257.

14 Boobis A. R., Fawthrop D. J., and Davies D. S.
(1990) Mechanisms of cell toxicity. Curr. Opin.
Cell Biol. 2, 231-237.

15 Stewart B. W. (1994) Mechanisms of apoptosis:
integration of genetic, biochemical, and cellular
indicators. . Natl. Cancer Inst. 86, 1286-1296.

16. Ortiz A., Lorz C., Justo P, Catalan M. P., and
Egido ]J. (2001) Contribution of apoptotic cell
death to renal injury. J. Cell Mol. Med. 5, 18-32.

17 Marks N. and Berg M. J. (1999) Recent advances
on neuronal caspases in development and neu-
rodegeneration. Neurochem. Int. 35, 195-220.

18 Eberhardt O. and Schulz J. B. (2003) Apoptotic
mechanisms and antiapoptotic therapy in the
MPTP model of Parkinson’s disease. Toxicol.
Lett. 139, 135-151.

19 Ferri K. F. and Kroemer G. (2001) Organelle-
specific initiation of cell death pathways, Nat.
Cell Biol. 3, E255-E263.

20 Zakeri Z. and Lockshin R. A. (2002) Cell death
during development. . Immunol. Methods 265,
3-20.

21 Langston J. W., Ballard P, Tetrud J. W., and
Irwin I. (1983) Chronic Pakinsonism in humans
due to a product of meperidine-analog synthe-
sis. Science 219, 979-980.

22 Davis G. C., Williams A. C. Markey S. P, et al.
(1979) Chronic Parkinsonism secondary to
intravenous injection of meperidine analogues.
Psychiatry Res. 1, 249-254.

23 Chiueh C. C,, Huang S. ]., and Murphy D. L.
(1992) Enhanced hydroxyl radical generation
by 2"-methyl analog of MPTP: suppression by
clorgyline and deprenyl. Synapse 11, 346-348.

24 Chiueh C. C., Miyake H., and Peng M. T. (1993)
Role of dopamine autoxidation, hydroxyl radical
generation, and calcium overload in underlying

Volume 30, 2004



262

mechanisms involved in MPTP-induced parkin-
sonism. Adv. Neurol. 60, 251-258.

25 Heikkila R. E., Nicklas W. ]., Vyas I, and
Duvoisin R. C. (1985) Dopaminergic toxicity of
rotenone and the 1-methyl-4-phenylpyridinium
ion after their stereotaxic administration to rats:
implication for the mechanism of 1-methyl-4-
phenyl-1, 2,3,6-tetrahydropyridine toxicity. Neu-
rosci. Lett. 62, 389-394.

26 Hartley A., Stone J. M., Heron C., Cooper J. M.,
and Schapira A. H. (1994) Complex I inhibitors
induce dose-dependent apoptosis in PC12 cells:
relevance to Parkinson’s disease. |. Neurochem.
63, 1987-1990.

27 Mochizuki H., Nakamura N., Nishi K., and
Mizuno Y. (1994) Apoptosis is induced by 1-
methyl-4-phenylpyridinium ion (MPP+) in ven-
tral mesencephalic-striatal coculture in rat.
Neurosci. Lett. 170, 191-194.

28 Itano Y. and Nomura Y. (1995) 1-methyl-4-
phenyl-pyridinium ion (MPP+) causes DNA
fragmentation and increases the Bcl-2 expres-
sion in human neuroblastoma, SH-SY5Y cells,
through different mechanisms. Brain Res. 704,
240-245.

29 Yoshinaga N., Murayama T., and Nomura Y.
(2000) Apoptosis induction by a dopaminergic
neurotoxin, 1-methyl-4-phenylpyridinium ion
(MPP(+)), and inhibition by epidermal growth
factor in GH3 cells. Biochem. Pharmacol. 60,
111-120.

30 Nicotra A. and Parvez S. H. (2000) Cell death
induced by MPTP, a substrate for monoamine
oxidase B. Toxicology 153, 157-166.

31 Leist M., Volbracht C., Fava E., and Nicotera P.
(1998) 1-Methyl-4-phenylpyridinium induces
autocrine excitotoxicity, protease activation, and
neuronal apoptosis. Mol. Pharmacol. 54, 789-801.

32 Camins A., Sureda F. X., Gabriel C., Pallas M.,
Escubedo E., and Camarasa J. (1997) Effect of 1-
methyl-4-phenylpyridinium (MPP+) on mito-
chondrial membrane potential in cerebellar
neurons: interaction with the NMDA receptor. J.
Neural. Transm 104, 569-577.

33 Tipton K. F. and Singer T. P. (1993) Advances in
our understanding of the mechanisms of the
neurotoxicity of MPTP and related compounds.
J. Neurochem. 61, 1191-1206.

34 Mayer R. A, Kindt M. V,, and Heikkila R. E.
(1986) Prevention of the nigrostriatal toxicity of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
by inhibitors of 3,4-dihydroxyphenylethy-
lamine transport. J. Neurochem. 47, 1073-1079.

Molecular Neurobiology

Gonzilez-Polo et al.

35 Bougria M., Vitorica J., Cano J., and Machado A.
(1995) Implication of dopamine transporter sys-
tem on 1-methyl-4-phenylpyridinium and
rotenone effect in striatal synaptosomes. Eur. |.
Pharmacol. 291, 407-415.

36 Snape B. M,, Pileblad E., Ekman A., Magnusson
T., Carlsson A., and Engel J. (1988) The effects of
1-methyl-4-phenylpyridinium ion (MPP+) on
the efflux and metabolism of endogenous
dopamine in rat striatal slices. J. Pharm. Pharma-
col. 40, 620-626.

37 Shang T., Uihlein A. V., Van Asten ]., Kalyanara-
man B., and Hillard C. ]J. (2003) 1-Methyl-4-
phenylpyridinium accumulates in cerebellar
granule neurons via organic cation transporter
3. J. Neurochem. 85, 358-367.

38 Reinhard J. F, Jr. Daniels A. J., and Painter G. R.
(1990) Carrier-independent entry of 1-methyl-4-
phenylpyridinium (MPP+) into adrenal chro-
maffin cells as a consequence of charge
delocalization. Biochem. Biophys. Res. Commun.
168, 1143-1148.

39 Kitamura Y., Kosaka T., Kakimura J. I, et al.
(1998) Protective effects of the antiparkinsonian
drugs talipexole and pramipexole against 1-
methyl-4-phenylpyridinium-induced apoptotic
death in human neuroblastoma SH-SY5Y cells.
Mol. Pharmacol. 54, 1046-1054.

40 Desole M. S., Esposito G., Enrico P, et al. (1993)
Effects of ageing on 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) neurotoxic effects
on striatum and brainstem in the rat. Neurosci.
Lett. 159, 143-146.

41 Rossetti Z. L., Sotgiu A., Sharp D. E. Hadjicon-
stantinou M., and Neff N. H. (1988) 1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and
free radicals in vitro. Biochem. Pharmacol. 37,
4573-4574.

42 Gonzalez-Polo R. A., Soler G., Alvarez A., Fab-
regat 1., and Fuentes ]. M. (2003) Vitamin E
blocks early events induced by 1-methyl-4-
phenylpyridinium (MPP+) in cerebellar gran-
ule cells. J. Neurochem. 84, 305-315.

43 Kalivendi S. V., Kotamraju S., Cunningham S.,
Shang T., Hillard C. J., and Kalyanaraman B.
(2003) 1-Methyl-4-phenylpyridinium (MPP+)-
induced apoptosis and mitochondrial oxidant
generation: role of transferrin-receptor-depen-
dent iron and hydrogen peroxide. Biochem. J.
371, 151-164.

44. Gonzalez-Polo R. A., Soler G., Alonso J. C.,
Rodriguez-Martin A., and Fuentes J. M. (2004)
Protection by antioxidants in MPP+ neurotoxic-

Volume 30, 2004



MPP+ in Cerebellar Granule Cells

ity in cerebellar granule cells. Cell Biology Inter-
national, in press.

45 Atlante A., Gagliardi S., Minervini G. M., Ciotti
M. T., Marra E., and Calissano P. (1997) Gluta-
mate neurotoxicity in rat cerebellar granule cells:
a major role for xanthine oxidase in oxygen radi-
cal formation. J. Neurochem. 68, 2038-2045.

46 Satoh T., Numakawa T., Abiru Y., et al. (1998)
Production of reactive oxygen species and
release of L-glutamate during superoxide anion-
induced cell death of cerebellar granule neu-
rons. J. Neurochem. 70, 316-324.

47 Valencia A. and Moran ]. (2004) Reactive oxy-
gen species induce different cell death mecha-
nisms in cultured neurons. Free Radic. Biol. Med.
36, 1112-1125.

48 Atlante A., Gagliardi S., Minervini G. M., Ciotti
M. T., Marra E., and Calissano P. (1997) Gluta-
mate neurotoxicity in rat cerebellar granule cells:
a major role for xanthine oxidase in oxygen radi-
cal formation. J. Neurochem. 68, 2038-2045.

49 Akaneya Y., Takahashi M., and Hatanaka H.
(1995) Involvement of free radicals in MPP+
neurotoxicity against rat dopaminergic neurons
in culture. Neurosci. Lett. 193, 53-56.

50 Cassarino D. S., Fall C. P, Swerdlow R. H., et al.
(1997) Elevated reactive oxygen species and
antioxidant enzyme activities in animal and cel-
lular models of Parkinson’s disease. Biochim.
Biophys. Acta. 1362, 77-86.

51 Ben Shachar D. and Youdim M. B. (1993) Iron,
melanin and dopamine interaction: relevance to
Parkinson’s disease. Prog. Neuropsychopharma-
col. Biol. Psychiatry 17, 139-150.

52 Santiago M., Matarredona E. R., Granero L.,
Cano J., and Machado A. (1997) Neuroprotec-
tive effect of the iron chelator desferrioxamine
against MPP* toxicity on striatal dopaminergic
terminals. |. Neurochem. 68, 732-738.

53 Beckman J. S., Beckman T. W., Chen J., Marshall
P. A, and Freeman B. A. (1990) Apparent
hydroxyl radical production by peroxynitrite:
implications for endothelial injury from nitric
oxide and superoxide. Proc. Natl. Acad. Sci. USA
87, 1620-1624.

54 Misko T. P, Highkin M. K., Veenhuizen A. W.,
et al. (1998) Characterization of the cytoprotec-
tive action of peroxynitrite decomposition cata-
lysts. J. Biol. Chem. 273, 15,646-15,653.

55 Przedborski S., Jackson-Lewis V., Yokoyama R.,
Shibata T., Dawson V. L., and Dawson T. M.
(1996) Role of neuronal nitric oxide in 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine =~ (MPTP)-

Molecular Neurobiology

263

induced dopaminergic neurotoxicity. Proc. Natl.
Acad. Sci. USA 93, 4565-4571.

56 Schulz J. B., Matthews R. T., Mugit M. M,,
Browne S. E., and Beal M. F. (1995) Inhibition of
neuronal nitric oxide synthase by 7-nitroinda-
zole protects against MPTP-induced neurotoxi-
city in mice. J. Neurochem. 64, 936-939.

57 Hantraye P, Brouillet E., Ferrante R., et al.
(1996) Beal M. E., Inhibition of neuronal nitric
oxide synthase prevents MPTP-induced parkin-
sonism in baboons. Nat. Med. 2, 1017-1021.

58 Simmons M. L. and Murphy S. (1993) Cytokines
regulate L-arginine-dependent cyclic GMP pro-
duction in rat glial cells. Eur. ]J. Neurosci. 5,
825-831.

59 Przedborski S., Jackson-Lewis V., Djaldetti R., et
al. (2000) The parkinsonian toxin MPTP: action
and mechanism. Restor. Neurol. Neurosci. 16,
135-142.

60 Di Monte D., Sandy M. S., Ekstrom G., and
Smith M. T. (1986) Comparative studies on the
mechanisms of paraquat and 1-methyl-4-
phenylpyridine (MPP*) cytotoxicity. Biochem.
Biophys. Res. Commun. 137, 303-309.

61 Marini A. M. and Nowak T. S., Jr. (2000) Meta-
bolic effects of 1-methyl-4-phenylpyridinium
(MPP(+)) in primary neuron cultures. J. Neu-
rosci. Res. 62, 814-820.

62 Gonzalez-Polo R. A., Soler G., Alonso J. C,
Rodriguez-Martin A., and Fuentes J. M. (2003)
MPP(+) causes inhibition of cellular energy
supply in cerebellar granule cells. Neurotoxicol-
ogy 24, 219-225.

63 Bates T. E., Heales S. J., Davies S. E., Boakye P.,
and Clark J. B. (1994) Effects of 1-methyl-4-
phenylpyridinium on isolated rat brain mito-
chondria: evidence for a primary involvement
of energy depletion. J. Neurochem. 63, 640-648.

64 Chalmers-Redman R. M., Fraser A. D., Carlile
G. W., Pong A., and Tatton W. G. (1999) Glucose
protection from MPP+-induced apoptosis
depends on mitochondrial membrane potential
and ATP synthase. Biochem. Biophys. Res. Com-
mun. 257, 440-447.

65 Storch A., Kaftan A., Burkhardt K., and Schwarz
J. (2000) 1-Methy1-6,7-dihydroxy-1,2,3,4-tetrahy-
droisoquinoline (salsolinol) is toxic to dopa-
minergic neuroblastoma SH-SY5Y cells via
impairment of cellular energy metabolism. Brain
Res. 855, 67-75.

66 Desagher S. and Martinou J. C. (2000) Mito-
chondria as the central control point of apopto-
sis. Trends Cell Biol. 10, 369-377.

Volume 30, 2004



264

67 Vila M., Jackson-Lewis V., Vukosavic S., et al.
(2001) Bax ablation prevents dopaminergic neu-
rodegeneration in the 1-methyl- 4-phenyl-
1,2,3,6-tetrahydropyridine mouse model of
Parkinson’s disease. Proc. Natl. Acad. Sci. USA
98, 2837-2842.

68 Putcha G. V., Deshmukh M., and Johnson E. M.,
Jr. (1999) BAX translocation is a critical event in
neuronal apoptosis: regulation by neuroprotec-
tants, BCL-2, and caspases. J. Neurosci. 19,
7476-7485.

69 Jungas T.,, Motta I, Duffieux F, Fanen P,
Stoven V., and Ojcius D. M. (2002) Glutathione
levels and BAX activation during apoptosis
due to oxidative stress in cells expressing
wild-type and mutant cystic fibrosis trans-
membrane conductance regulator. J. Biol. Chem.
277, 27,912-27,918.

70. Antonsson B., Montessuit S., Lauper S., Eskes R.,
and Martinou J. C. (2000) Bax oligomerization is
required for channel-forming activity in lipo-
somes and to trigger cytochrome c release from
mitochondria. Biochem. |. 345 (Pt 2), 271-278.

Molecular Neurobiology

Gonzilez-Polo et al.

71 Zha J., Harada H., Yang E., Jockel ]., and
Korsmeyer S. J. (1996) Serine phosphorylation
of death agonist BAD in response to survival
factor results in binding to 14-3-3 not BCL-X(L).
Cell 87, 619-628.

72 Dudek H., Datta S. R., Franke T. E,, et al. (1997)
Regulation of neuronal survival by the serine-
threonine protein kinase Akt. Science 275,
661-665.

73 Desagher S., Osen-Sand A., Nichols A., et al.
(1999) Bid-induced conformational change of
Bax is responsible for mitochondrial cytochrome
¢ release during apoptosis. |. Cell Biol. 144,
891-901.

74 Kudla G., Montessuit S., Eskes R., et al. (2000)
The destabilization of lipid membranes induced
by the C-terminal fragment of caspase 8-cleaved
bid is inhibited by the N-terminal fragment. J.
Biol. Chem. 275, 22,713-22,718.

75. Mosmann T. (1983) Rapid colorimetric assay for
cellular growth and survival: application to pro-
liferation and cytotoxicity assays. J. Immunol.
Methods 65, 55-63.

Volume 30, 2004



	f515: 
	f516: 
	f517: 
	f518: 
	f519: 
	f520: 
	f521: 
	f522: 
	f523: 
	f524: 
	f525: 
	f526: 
	f527: 
	f528: 
	f529: 
	f530: 
	f531: 
	f532: 
	f533: 
	f534: 
	f535: 
	f536: 
	f537: 
	f538: 
	f539: 
	f540: 
	f541: 
	f542: 
	f543: 
	f544: 
	f545: 
	f546: 
	f547: 
	f548: 
	f549: 
	f550: 
	f551: 
	f552: 
	f553: 
	f554: 
	f555: 
	f556: 
	f557: 
	f558: 
	f559: 
	f560: 
	f561: 
	f562: 
	f563: 
	f564: 
	f565: 
	f566: 
	f567: 
	f568: 
	f569: 
	f570: 
	f571: 
	f572: 
	f573: 
	f574: 
	f575: 
	f576: 
	f577: 
	f578: 
	f579: 
	f580: 
	f581: 
	f582: 
	f583: 
	f584: 
	f585: 
	f249: 
	f250: 
	f251: 
	f252: 
	f253: 
	f254: 
	f255: 
	f256: 
	f257: 
	f258: 
	f259: 
	f260: 
	f261: 
	f262: 
	f263: 
	f264: 
	f265: 
	f266: 
	f267: 
	f268: 
	f269: 
	f270: 
	f271: 
	f272: 
	f273: 
	f274: 
	f275: 
	f276: 
	f277: 
	f278: 
	f279: 
	f280: 
	f281: 
	f282: 
	f283: 
	f284: 
	f285: 
	f286: 
	f287: 
	f288: 
	f289: 
	f290: 
	f291: 
	f292: 
	f293: 
	f294: 
	f295: 
	f296: 
	f297: 
	f298: 
	f299: 
	f300: 
	f301: 
	f302: 
	f303: 
	f304: 
	f305: 
	f306: 
	f307: 
	f308: 
	f309: 
	f310: 
	f311: 
	f312: 
	f313: 
	f314: 
	f315: 
	f316: 
	f317: 
	f318: 
	f319: 


