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The death of a cell via apoptosis is characterized by
morphological changes including cell shrinkage and
nuclear condensation. Intracellularly, proteases,
including caspases, are activated. In the present article
we have compared the ability of three different neuro-
toxic agents to induce caspase activity in cerebellar
granule cells (CGC). These compounds are the micro-
tubule-disrupting agent colchicine and the oxidative
stress-inducing agents hydrogen peroxide and meth-
ylmercury (MeHg). We have previously shown that
each of these agents causes nuclear changes that are
consistent with apoptosis, i.e., induction of chromatin
condensation and DNA cleavage into fragments of
regular size (700, 300 and 50 kbp). However, only col-
chicine causes a large increase in caspase activity, as
monitored by the ability of whole cell extracts to
cleave the synthetic caspase substrate DEVD-MCA. In
contrast, MeHg and hydrogen peroxide do not induce
any significant increase of DEVDase activity as com-
pared to control cells. Immunocytochemistry confirms
that active caspase-3 is abundant only in colchi-
cine-exposed cells. In agreement with these findings,
the pan-caspase inhibitor, z-VAD-fmk, is efficient in
protecting CGC against colchicine, but not against
hydrogen peroxide or MeHg. These data suggest that
in CGC the activation of caspases is not always
required to induce morphological changes and pat-
tern of DNA fragmentation consistent with apoptosis.
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INTRODUCTION

Apoptosis was originally defined by morpholog-
ical criteria as a cell death process characterized
by nuclear condensation, chromatin condensa-
tion and margination, cellular shrinkage and
fragmentation (Kerr et al., 1972). These changes
have long been the defining characteristics of a
cell undergoing apoptosis and have served to
distinguish this mode of cell death from necro-
sis, where there is swelling of the cell and its
organelles. Since the early 1970s there has been a
considerable increase in our understanding of
the biochemical processes that underlie these
morphological changes. One of the first identi-
fied biochemical changes, i.e., progressive regu-
lar DNA cleavage into high-molecular weight
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fragments followed by oligonucleosomal ladder-
ing, linked to the activation of specific endonu-
cleases, has become an established hallmark of
apoptosis (Wyllie, 1980). This laddering is a rela-
tively late event in apoptosis.

More recently, the caspase family of proteases
has emerged as having particular importance in
achieving the morphological changes that occur
during apoptosis in a variety of cell types,
including neuronal cells (Gorman et al., 1998).
Caspase activation is one of the early steps com-
mitting a cell to apoptosis. These enzymes are a
family of at least 14 cysteine proteases that spe-
cifically cleave after aspartate residues (Thorn-
berry and Lazebnik, 1998). Their long list of
substrates includes the DNA repair enzyme,
poly(ADP-ribose) polymerase (PARP) and the
cytoskeletal ~protein, fodrin (Stroh and
Schulze-Osthoff, 1998).

Caspases are normally present in the cell in an
inactive proform, which requires proteolytic
processing to generate the heterodimeric active
enzyme. Based on their substrate specificities
caspases can be subdivided into three groups
(Nicholson and Thornberry, 1997). Group III cas-
pases (which include caspases-8, -9 and —10) are
the initiator caspases of apoptosis, being largely
involved in cleavage of group II caspases result-
ing in activation of the latter. Group II caspases
are sometimes referred to as the executioner cas-
pases since they are largely responsible for cleav-
ing the many proteins that are degraded during
apoptosis and they include caspases-2, -3 and
—7. Group I caspases are involved in cytokine
production and are not directly linked to apop-
tosis.

Primary cultures of rat cerebellar granule neu-
rons (CGC) are a useful experimental model to
study mechanisms of neuronal cell death. The
cells are dissociated from the cerebellum within
the first postnatal week, when their differentia-
tion is not yet completed, and seeded in vitro.
After one week the culture consists of a highly
homogenous population of differentiated CGC.
These cells are known to be sensitive to a wide

variety of treatments that mimic the conditions
that occur in neurodegenerative disorders. For
example, they are sensitive to the toxic effects of
colchicine (Bonfoco et al., 1995; Gorman et al.,
1999), which has been used to induce cytoskele-
tal damage similar to that occurring in Alzhe-
imer's disease (Nakagawa et al., 1987; Mattson,
1992). These cells are also sensitive to oxidative
stress (Ahlbom et al., 1999; Gétz et al., 1999),
which is implicated in many neurodegenerative
disorders (Gorman et al., 1996; Sun and Chen,
1998) including Alzheimer's disease (Behl, 1999),
Parkinson's disease (Jenner and Olanow, 1996)
and amyotrophic lateral sclerosis (Cookson and
Shaw, 1999). They have also proved to be useful
models to study the neurotoxic mechanisms of
environmental toxins, such as methylmercury
(MeHg) (Kunimoto, 1994; Castoldi et al., 2000;
Daré et al., 2000).

The present article summarizes and extends
the work that we have done in the past few years
aimed at clarifying the relation between induc-
tion of apoptotic morphology, DNA fragmenta-
tion and caspase activation in CGC exposed to
colchicine, hydrogen peroxide and MeHg. Previ-
ous reports (see Bonfoco ef al., 1995; Gorman et
al., 1999; Ahlbom et al., 1999; Gotz et al., 1999;
Daré et al., 2000) concluding that these treat-
ments induce apoptosis were primarily based on
the altered morphology of the cells, in particular
the observation of chromatin condensation, and
on the finding of DNA fragmentation into
high-molecular weight fragments of > 50 kbp.
Therefore, we have extended this work to deter-
mine the relationship between these nuclear
changes and caspase activation in CGC exposed
to the three toxic agents.

METHODS

Experimental Animals

Pregnant Sprague-Dawley rats (B&K, Stock-
holm, Sweden) were housed singly and checked
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twice daily. Animals were kept in air-condi-
tioned quarters, with a controlled photoperiod
(14 h light: 10 h darkness) and free access to food
and tap water. Procedures used in animal exper-
imentation comply with the Karolinska Insti-
tute's regulations for the care and use of
laboratory animals.

Cell Culture and Treatments

Cerebellar granule cells (CGC) were prepared
from pups on postnatal day 7 as previously
described (Schousboe et al., 1989; Ahlbom et al.,
1999; Gorman et al., 1999). In brief, the cerebella
from rat pups were dissected, minced with a
Mcllwain tissue chopper (Histo-Lab, Gothen-
burg, Sweden), dissociated with trypsin (Life
Technologies, Gibco BRL, Grand Island, NY,
USA) and seeded on dishes (or glass coverslips
for microscopic analysis) coated with
poly-L-lysine (Sigma, St. Louis, MO, USA) (MW
300,000), at a density of 500,000 cells/cm?. Cells
were maintained in basal Eagle's medium (Life
Technologies, Gibco BRL, Grand I[sland, NY,
USA) supplemented with 10% inactivated FCS
(fetal calf serum)(Sigma, St.Louis, MO, USA), 25
mM potassium chloride and 0.5% (v/v) penicil-
lin-streptomycin (Life Technologies, Gibco BRL,
Grand Island, NY, USA). To prevent growth of
glial cells 10 pM cytosine arabinoside (Sigma, St.
Louis, MO, USA) (MW 300,000) was added to
the cultures 40 h after seeding. The cells were left
for 7 days in culture to differentiate and thereaf-
ter exposed to 25 uM hydrogen peroxide (Fluka,
Buchs, Germany), 1 puM methylmercury (II)
hydroxide (ALFA, Johnson Metthey, Karlsrhue,
Germany) or 1 pM colchicine (Sigma, St.Louis,
MO, USA) for 24 hrs. The caspase inhibitor ben-
zyloxycarbonyl-Val-Ala-Asp (O-methyl) fluor-
omethyl ketone (z-VAD-fmk, Peptide Institute,
Osaka, Japan) was dissolved in dimethyl sulfox-
ide (DMSO) at the concentration of 100 mM,
stored at —20°C and diluted 1/1 (v/v)}in absolute

ethanol before use. CGC were pre-incubated with
100 pM z-VAD-fmk 30 min before the treatment
with colchicine, MeHg or hydrogen peroxide.

Nuclear Stainings

In order to evaluate nuclear morphology CGC,
grown on coverslips, were fixed in ice-cold 80%
methanol, washed in phosphate-buffered saline
(PBS), stained with propidium iodide (Molecular
Probes Eugene, Oregon, USA) (5 pg/ml) for 5
min and rinsed in PBS. Coverslips were
mounted onto glass slides with PBS-glycerol
(1:9) containing 0.1% phenylenediamine (Sigma,
St. Louis, MO, USA) and examined using a fluo-
rescence microscope. The percentage of nuclei
with chromatin condensation was determined
for each treatment by scoring no less than 300
nuclei in three fields for each culture dish. Statis-
tical analysis was performed with One-Way
Analysis of Variance (ANOVA), using the
Tukey-Kramer multiple comparisons test
(GraphPad Instat program). In addition, living
cells were stained with propidium iodide and
Hoechst 33342. Uptake of propidium iodide
indicates membrane damage, a feature charac-
teristic of necrosis, while Hoechst 33342 readily
traverse the membrane of intact cells. Conse-
quently, nuclear condensation visualised with
Hoechst 33342, in the absence of propidium
iodide uptake, is characteristic of apoptotic cells.
However, in cell culture systems where phago-
cytosis of apoptotic cells does not occur, there is
a delayed lysis of the plasma membrane of apop-
totic cells (secondary necrosis), and some cells
show condensed nuclei in addition to membrane
permeability. Cells exposed to the stimuli induc-
ing apoptosis were incubated with Hoechst
33342 and propidium iodide (= 0.5 pg/ml each
in culture medium) for 10 min prior examination
under a fluorescence microscope. A total of at
least 200 cells were counted.
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Staining with TUNEL (terminal
deoxyribonucleotide transferase
[TdT]-mediated dUTP nick end labeling)

Cells were grown on coverslips, treated with col-
chicine, MeHg or H,0O, for 24 h and fixed with
methanol as described above. Cells were then
covered with reaction mixture [20 pM
dUTP-biotinylated, 0.25 U/ul terminal deoxyri-
bonucleotide transferase, 1 mM CoCl,,
25 mg/ml BSA (bovine serum albumin), 200 mM
potassium cacodylate, 25 mM Tris-HCl pH 6.6
(Boehringer Mannheim, Bromma, Sweden)] and
incubated at 37 °C for 1 h. Coverslips were then
incubated in 300 mM NaCl, 30 mM sodium cit-
rate at room temperature for 15 minutes. After
washing twice with PBS, the samples were
blocked with 2% BSA in PBS for 30 min at room
temperature, then rinsed with PBS twice, cov-
ered with Extravidine-FITC (fluorescein isothio-
cyanate) (Sigma, St. Louis, MO) diluted 1/100 in
PBS and incubated at 37°C for 30 min in the dark.
After 2 washes with PBS, the coverslips were
stained with propidium iodide (2.5 pg/ml in PBS)
and mounted onto slides as described above for
microscopic analysis, Images were collected with
the C4742-95-10sc digital camera (Hamamatsu
Photonics Norden AB, Solna, Sweden).

MTT Assay

The cytotoxic potential of colchicine, MeHg and
H,O, was evaluated with a colorimetric assay,
based on the capacity of mitochondrial enzymes
to transform the yellow 3-(4,5-dimethylthia-
zol-2-y1)-2,5-diphenyl  tetrazolium  bromide
(MTT) into a blue formazan product. This assay
is useful for determining cell survival and func-
tion of mitochondrial enzymes (Slater, et al.,
1963; Mosmann, 1983; Ankarcrona et al., 1995).
CGC were treated with the toxic agents for 24 h,
then the medium was removed and the cells
were covered with MTT tetrazolium dissolved in
serum free culture medium without phenol red
to a final concentration of 0.3 mg/ml. After incu-

bation at 37 °C for 1 h, the medium was removed
and isopropanol was added to extract the forma-
zan crystals. The absorbance of the samples was
measured at A =592 nm on a Multiscan reader.
Data (percentage of inhibition relative to
untreated control) are means + SEM of four inde-
pendent determinations.

Measurement of Caspase Activity

Cleavage of the synthetic caspase substrate
Ac-Asp-Glu-Val-Asp-a-(4-methyl-coumaryl-7-
amide) (DEVD-MCA) was measured according
to a method previously described (Nicholson et
al., 1995), with some modifications (Gorman et
al., 1999). At the end of the exposure to the vari-
ous treatments the CGC were scraped gently
from the plates, collected in tubes and washed
with PBS. The pellets were suspended in PBS
(100,000 cells/pl) and the cell suspensions were
transferred in separate wells of a 96-well plate
(25 pl/well). The plate was frozen on liquid
nitrogen. Immediately before the assay, 50 pl of
assay buffer {100 mM N-2-hydroxyethyl-pipera-
zine-N'-2-ethanesulphonic acid (HEPES) pH 7.5,
10% sucrose, 0.1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulphonate, 5 mM
dithiothreitol (DTT), 1074% Nonidet P-40, 50 uM
DEVD-MCA} was added to each well. The cas-
pase substrate DEVD-MCA was purchased from
Peptide Institute (Osaka, Japan), dissolved in
DMSO at the concentration of 200 mM and
stored at —20 °C. Substrate cleavage leading to
the release of free MCA was monitored at 37 °C
using a Fluoroskan Il (Labsystem AB, Stock-
holm, Sweden) (excitation 355 nm, emission 460
nm). Fluorescent units were converted to pmoles
of MCA released using a standard curve gener-
ated with MCA and subsequently related to
number of cells. The measurements were per-
formed in triplicates and the experiments were
repeated 3 times. Statistical analysis was per-
formed with ANOVA, using the Dunnet's multi-
ple comparisons test.
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FIGURE 1 Double staining of CGC with propidium jodide (left) and TUNEL assay (right). Panel A and B, control cells. Nuclei
with chromatin condensation and TUNEL positive cells were detected after exposure to 1 pM colchicine (C, D), 1 uM MeHg (E,
F) and 25 uM hydrogen peroxide (G, H) for 24 h. Scale bar = 5 pm (See Color Plate V at the back of this issue)
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Protein Extraction, SDS-PAGE
and Immunoblotting

CGC were scraped, centrifuged and washed
with PBS. The cells were suspended in gel load-
ing buffer (0.4% SDS, 4% glycerol, 1% B-mercap-
toethanol, 12.5 mM Tris-HCI, pH 6.8) and boiled
for 5 min. The proteins were separated by
SDS-PAGE (sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis) (Laemmli, 1970) in
Tris-glycine buffer, pH 8.3. Proteins were quanti-
fied by a procedure described previously by
Schaffner-Weissmann (Schaffner and Weiss-
mann, 1973) and equivalent amounts of proteins
(40 pg) were loaded in the wells. The proteins
were then electroblotted onto nitrocellulose
membranes at 75V for 1-2 h using as transfer
buffer 20% (v/v) methanol, 186 mM glycine, 26
mM Tris, pH 8.3. In order to verify equal load-
ing, the proteins transferred on the membranes
were visualized with 2% red Ponceau-S, 3%
trichloroacetic acid. The blots were blocked with
a solution containing 5% non-fat dry milk, 1%
BSA in HSB (500 mM NaCl, 50 mM Tris-HCl, pH
7.5), at 4 °C overnight. The membranes were
then incubated with a polyclonal antibody
against the p17 fragment of caspase-3 (a kind gift
from Dr. D. Nicholson), diluted 1/5000 in a solu-
tion containing 1% BSA in HSBT (0.05%
Tween-20 in HSB) at room temperature for 1 h.
After washing 3 times for 15 minutes with HSBT,
the blots were incubated with a goat anti-rabbit
IgG-peroxidase conjugated (Pierce, Rockford,
Illinois, USA), diluted 1/10,000 in 1% BSA in
HSBT, at room temperature for 1 h. They were
then washed again 3 times as described above,
rinsed twice for 5 min with 150 mM Nad(l, 50
mM Tris, pH 7.5, incubated with ECL reagents
for chemiluminescence (Amersham, Little Chal-
font, Bucks, UK) and exposed to X-ray autoradi-
ography films (Fuji, Japan).

Immunocytochemistry

CGC grown on coverslips were fixed with 4%
ice-cold paraformaldehyde for 20 minutes. The

coverslips were incubated with a polyclonal
antibody against the active fragment of cas-
pase-3, pl17 (Kouroku et al., 1998; Urase et al.,
1998) diluted 1/200 in PBS supplemented with
0.3% Triton-X100 and 0.5% BSA, in a humid
chamber at 4°C overnight. The cells were then
rinsed with PBS, and incubated with a FITC-con-
jugated secondary antibody (Amersham) diluted
1/10 in PBS containing 0.3% Triton-X100 for 30
min at room temperature. After 3 rinses with
PBS, coverslips were mounted in glycerol-PBS
containing 0.1% phenylenediamine. The CGC
were then examined with a fluorescence micro-
scope Olympus BX60. Images were collected
with the C4742-95-10sc digital camera.

RESULTS

The cascades of cellular events leading to cell
death of cerebellar granule neurons exposed to
colchicine, MeHg or hydrogen peroxide were
evaluated and compared. The results are pre-
sented in a way to highlight the similarities and
the differences in morphological and biochemi-
cal changes occurring in cells exposed to the
selected stimuli. The data are summarised in
table II.

Analysis of Morphology

Cell shrinkage and loss of neurites were
observed in CGC exposed to 1 uM colchicine
(Bonfoco et al., 1995; Gorman et al., 1999), 1 uM
MeHg (Daré et al., 2000) or 25 uM hydrogen per-
oxide (Gé6tz et al., 1999; Ahlbom et al., 2000) for
24 h. Staining of the nuclei with propidium
iodide revealed the presence of condensed chro-
matin in a large proportion of the treated cells
(Fig. 1, panel C, E, G). Chromatin changes were
accompanied by convolution of the nuclear out-
line. These observations indicated that all of the
three toxic stimuli induced morphological
changes typical of cells undergoing apoptosis.
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Furthermore, staining of living cells with
Hoechst 33342 and propidium iodide revealed
that a number of cells (less than to 15%) exposed
to colchicine, MeHg or hydrogen peroxide
exhibited membrane permeability to propidium
iodide in association with nuclear condensation,
indicating that they had undergone secondary
necrosis (data not shown).

TUNEL Assay

Exposure to colchicine, MeHg and hydrogen
peroxide for 24 h had been previously shown to
induce DNA cleavage into high molecular
weight fragments of 700, 300 and 50 kbp, using
field inversion gel electrophoresis (FIGE) (see
Gorman et al., 1999; Ahlbom et al., 1999; Gétz et
al., 1999; Daré et al., 2000). The presence of DNA
fragments with 3'-hydroxyl ends due to activa-
tion of specific endonucleases is often observed
in cells undergoing apoptosis, and can be evalu-
ated in fixed cells using the TUNEL assay.
Figure 1 shows that TUNEL positive cells were
induced by exposure to 1 uM colchicine (panel
D), 1 uM MeHg (panel F) or 25 uM hydrogen
peroxide (panel H) for 24 h. However, not all
cells showing chromatin condensation were pos-
itive for TUNEL, whereas all TUNEL positive
cells presented condensed chromatin.

MTT Assay

Mitochondrial metabolism of MTT into forma-
zan was measured in CGC exposed to the toxic
agents for 24 h. Decreased MTT metabolism was
observed after exposure to 1 uM colchicine (31.2 +
9.4 % inhibition), 1 pM MeHg (37.6 + 6.6 % inhibi-
tion) and 25 pM hydrogen peroxide (37.9 25 +
7.8 % inhibition), as compared to control cells.

DEVDase Activity Assay

The main effector caspases (caspase-3 and 7) of
apoptosis have a preference for cleaving after the

sequence DEVD and therefore, the ability of the
various treatments to stimulate DEVDase activ-
ity was examined. Colchicine was previously
shown to cause a rapid (within 6 h) induction of
DEVDase activity, which continued to increase
in the following hours (Gorman et al., 1999).
After 18 h of treatment DEVDase activity was
18-fold that of basal. This demonstrated a clear
involvement of caspases in colchicine-induced
CGC death. In contrast, the level of DEVDase
activity measured in cells treated with 1 pM
MeHg was found not to be significantly different
from control cells (Daré et al., 2000).

In Fig. 2 we present a time course of DEVDase
activity following exposure to 25 pM hydrogen
peroxide. There was no increase in DEVDase
activity detected at any of the time points tested
in cultures treated with hydrogen peroxide
(Fig. 2, A), in spite of the progressive chromatin
condensation (Fig.2, B). In fact, there was a
slight but significant (p < 0.05 at 0.5 h and p <
0.01 at 6 h) decrease in the basal level of activity,
suggesting that hydrogen peroxide may inhibit
the DEVDase activity.

TABLE 1 The caspase inhibitor z-VAD-fmk protects CGC
against colchicine, but not against MeHg or hydrogen
peroxide

Treatment —2-VAD-fmk*  + 2-VAD-fimk*
Control 3.3+0.9 6.7+1.4
1 uM colchicine 60.3 + 4.6 16.3 +7.84
1 uM MeHg 57.3+7.2° 59.7 £2.0°
25 uM hydrogen peroxide 51.3£2.7° 63.3+2.0¢

a. Values (means £ SEM, n = 3) show the percentage chro-
matin condensation in the CGC cultures following 24 h expo-
sure to the various treatments. Statistical analysis was
performed with ANOVA [F (7, 16) =45.9; p < 0.0001] fol-
lowed by the Tukey-Kramer multiple comparisons test

b. z-VAD-fmk (100 pM) was added to the conditioned
medium 30 min before exposure to colchicine, MeHg or
hydrogen peroxide.

c. Significantly different from control (p < 0.001).

d. Significantly different from colchicine in absence of
2-VAD-fmk (p < 0.001).
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FIGURE 2 Lack of caspase activity in CGC treated with hydrogen peroxide. (A) DEVD-MCA cleavage activity was measured in
cellular extracts taken at different times following exposure to 25 uM hydrogen peroxide using a fluorimetric assay. Values are
means + SEM of three determinations. Statistical analysis was performed with ANOVA (F = 3.349, p = 0.0292), with Dunnet's
post-hoc test ('significantly different from control, p < 0.05; significantly different from control, p < 0.01). (B) Time course of
nuclear condensation. Nuclei stained with propidium iodide were scored for nuclear condensation in cultures treated with 25
uM hydrogen peroxide for 24 h. Values are means + SEM of three independent determinations

Detection of Activated Caspase-3 by Western
blotting and Immunocytochemistry

Caspase-3 is one of the main group II caspases
responsible for DEVD cleavage activity (ie.,
effector caspase activity) in apoptotic cells. Acti-
vation of procaspase-3 occurs by proteolytic
cleavage and generates the active p17 fragment.
Analysis of protein extracts obtained from CGC
exposed to 1 uM colchicine by Western blotting
confirmed that the level of p17 increased pro-
gressively starting from 6 h (Gorman et al., 1999)
(Fig. 3). The p17 fragment was also detectable in
CGC exposed to 1 uyM MeHg for 24 h (Daré et al.,
2000). However, p17 was not detectable in CGC
exposed to 25 uM hydrogen peroxide for 3-24 h
(Fig. 3).

Measurement of DEVDase activity in whole
cell extracts or detecting p17 by immunoblotting
are relatively crude ways to assess the activation
of caspase-3, since it is possible that caspases
may be activated in only a small proportion of
the total cell population at any one time and then
rapidly inactivated. Therefore, it was decided to
examine the presence of activated caspase-3 in

single cells by performing immunocytochemis-
try. Using an antibody that recognizes only p17
and not its pro-form, activated caspase-3 was
found to be abundant in the majority of CGC
exposed to colchicine (Fig. 4, A), while it was vir-
tually undetectable in control cells (results not
shown). CGC exposed to MeHg showed spo-
radic staining with the p17 antibody (Fig. 4, B).
In contrast, the activated pl7 fragment was
undetectable in CGC exposed to hydrogen per-
oxide (Fig. 4, C).

Effect of Caspase Inhibitors

The pan-caspase inhibitor z-VAD-fmk inhibits
both group II and group III caspases. Previous
experiments  have  demonstrated  that
z-VAD-fmk strongly protected CGC from colchi-
cine-induced chromatin condensation (Gorman
et al., 1999), but not from MeHg-induced chro-
matin condensation (Daté et al., 2000). Here we
report that the presence of z-VAD-fmk had no
protective effect-also against hydrogen perox-
ide-induced chromatin condensation (Table I).
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FIGURE 3 Detection of the activated p17 fragment of caspase-3 by Western blotting. Total proteins extracted from CGC at dif-
ferent time points following exposure to either 1 pM colchicine (A) or 25 uM hydrogen peroxide (B) were separated by
SDS-PAGE and blotted onto nitrocellulose membranes. The p17 antibody used in this experiment recognizes pro-caspase 3 (32
kDa), the activated p17 fragment and an additional p29 fragment. The p17 fragment was detectable in cells exposed to colchi-
cine for 6-9 h (A) but absent in cells exposed to hydrogen peroxide for 324 h (B)

DISCUSSION

In the studies presented in this paper, we have
exposed CGC to three different conditions, i.e.,
colchicine, hydrogen peroxide and MeHg. All of
the treatments induced apoptosis according to
the classical morphological criteria based on
shrinkage of the cells, chromatin condensation
and DNA cleavage into high molecular weight
fragments of ~50 kbp (Gorman et al., 1999; Ahl-
bom et al., 1999; Gotz et al., 1999; Daré et al,,
2000). Chromatin condensation, associated with
the initial step of DNA cleavage forming
HMW-DNA fragments, is considered an early
event of apoptosis, which occurs independently
from the subsequent and dispensable internucle-
osomal DNA fragmentation (Hara et al., 1996).
Therefore, DNA stainings (i.e. propidium
iodide) and techniques to detect DNA fragmen-
tation, such as TUNEL, do not provide the same
type of information. This may explain the obser-
vation made by us and others (Kaasik et al., 1999)
that not all cells with condensed chromatin are
positive for TUNEL.

The data summarized in Table II clearly indi-
cate that despite the common nuclear changes
induced by these neurotoxic agents there was a
range of responses in terms of caspase involve-
ment in the process of cell death. It is clear that
only colchicine induced distinct caspase activa-
tion. The caspase inhibitor z-VAD-fmk signifi-

cantly reduced chromatin condensation induced
by colchicine indicating a causal role of caspases
in the process of cell death. However, it did not
prevent the damage to the neuronal processes, as
also reported by Volbracht et al. (1999).

The cell death pathways promoted by the
other two agents are less certain. There is a dis-
tinct lack of evidence for an involvement of cas-
pases in CGC death due to hydrogen peroxide,
since the caspase-3 like activity was lower than
in control cells and the caspase inhibitor
z-VAD-fmk did not block chromatin condensa-
tion. There is a critical redox active cysteine in
caspases that is easily inhibited by oxidative
stress (Baker et al., 2000). In fact, hydrogen per-
oxide has previously been shown to inhibit acti-
vated caspases in Jurkat T lymphocytes
(Hampton and Orrenius, 1997) although para-
doxically, depending on the concentration and
cell type it can also lead to caspase-mediated
apoptosis (Stridh et al., 1998). Evidence has also
been presented suggesting that hydrogen perox-
ide might inhibit apoptosis by depletion of ATP
(adenosine-5'-triphosphate) (Lee and Shacter,
1999). Caspases did not appear significantly acti-
vated during MeHg-induced CGC death, and
the caspase inhibitor z-VAD-fmk could not pre-
vent chromatin condensation. MeHg is known to
increase generation of reactive oxygen species
(Sarafian and Verity, 1991) and this may account
for the low levels of active caspases observed.
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In contrast to the lack of protection by
z-VAD-fmk, antioxidants such as estrogens, pro-
tected CGC exposed to either MeHg and hydro-
gen peroxide. Estrogens have been shown to
display antioxidant properties, based on their
phenolic A-ring, which confers part of the radi-
cal scavenging capacity (Mooradian, 1993; Behl
et al., 1997; Moosmann and Behl, 1999). Pre-incu-
bation of CGC with either 17B-estradiol or the
radical scavenger J811 (Romer et al., 1997), a syn-
thetic compound structurally derived from
estradiol, prevented cell shrinkage, loss of neur-
ites, chromatin condensation and DNA fragmen-
tation induced by MeHg (Table II) (Daré et al.,
2000). J811 also blocked cell shrinkage, loss of
neurite arborization, chromatin condensation
and DNA cleavage in CGC exposed to hydrogen
peroxide, while it was completely ineffective
against colchicine (Gotz et al., 1999). This points
to reactive oxygen species formation as the cru-
cial step in the process of cell death due to MeHg
and hydrogen peroxide, whilst it indicates that
caspases are not relevant to the execution of
death following oxidative stress in CGC.

It is probable that hydrogen peroxide and
MeHg-induced CGC death may involve pro-
teases other than caspases. In support of this we
have found that MeHg and, to a minor extent,
hydrogen peroxide, consistently increased prote-
olytic fragments obtained by specific calpain
cleavage of procaspase-3 (29 kDa) (Wolf et al.,
1999; McGinnis et al., 1999) and a-fodrin (150
kDa) (Nath et al., 1996), pointing to activation of
calpain (Daré et al., 2000). Calpains are proteases
regulated by Ca%" (Sorimachi ef al., 1997), thus
the increase of intracellular Ca?* that is well doc-
umented in MeHg-exposed CGC might be
responsible for calpain activation (Marty and
Atchison, 1997). It has recently been reported
that calpain activity can cause inactivation of
caspase-3 protease activity in hippocamal neu-
rons (Lankiewicz et al., 2000) although the neu-
rons can still die. A similar effect may be
occurring in CGC treated with either hydrogen
peroxide or MeHg which would explain the lack

FIGURE 4 Immunocytochemical staining with the pl7 anti-
body, specific for activated caspase-3. CGC exposed to colch-
icine (A), MeHg (B) or hydrogen peroxide (C). Scale bar =5
um (See Color Plate VI at the back of this issue)

or low levels of DEVDase activity and lack or
low levels of p17 fragment for each of the treat-
ments respectively. The fact that the scavestro-
gen ]811 prevented the calpain dependent
formation of a-fodrin and procaspase-3 break-
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down products induced by MeHg points to cal-
pain activation being a consequence of oxidative
stress (Daré et al., 2000).

Other groups have also described the induc-
tion of morphological changes typical of apopto-
sis in the absence of caspase activation. For
example, retinal cells have been reported to
undergo cell shrinkage, DNA nicking (TUNEL
assay) and phosphatidylserine exposure in the
absence of caspase activity while inhibitors of
caspase activity had no effect on cell survival
(Carmody and Cotter, 2000). The anticancer
agent, curcumin, has also been shown to cause
cell death characterized by chromatin condensa-
tion and high molecular weight DNA fragmen-
tation with a lack of involvement of caspases
(Piwocka et al., 1999). These findings prompt the
question as to how chromatin condensation and
DNA fragmentation are achieved in CGC with-
out the action of caspases. It has recently been
shown that a number of different factors contrib-
ute to the nuclear changes that are observed dur-
ing apoptosis. Among them caspase-activated
DNase (CAD) and apoptotic chromatin conden-
sation inducer in the nucleus (Acinus) cause
chromatin condensation in a caspase-3 depend-
ent manner, whereas apoptosis-inducing factor
(AIF) does not require caspase activity. AIF has
been characterized as a 57 kDa flavoprotein that
is normally confined to the mitochondria but
translocates to the nucleus when apoptosis is
induced (Susin et al., 1999). AIF is particularly
interesting to the present study in that it is capa-
ble of inducing both chromatin condensation
and high molecular weight DNA fragmentation
in a caspase-independent manner. It could there-
fore be responsible for the nuclear changes
observed in CGC treated with MeHg and H,0,.

A possible involvement of lysosomes in oxida-
tive stress-induced cell death has lately attracted
considerable attention. Several studies have
demonstrated that intracellular generation of
reactive oxygen species causes early damage of
lysosomal membranes and results in spillage of
lysosomal hydrolytic enzymes in the cytosol

(Ollinger and Brunk, 1995; Roberg et al., 1999).
The intensity of the toxic insult reaching the lys-
osomes seems to influence the cell fate, leading
alternatively to repairable sub-lethal damage or
cell death (Brunk et al., 1997). The endonucleases
and proteases released into the cytosol from the
lysosomes may be execution factors in the proc-
esses of chromatin condensation and DNA frag-
mentation occurring in cells exposed to
oxidative stress.

In conclusion, the data summarized here
strongly suggest that there is more than one
pathway operating in CGC leading to apoptotic
cell death. Although caspase activation is fre-
quently considered to be a biochemical hallmark
of apoptosis, the evidence presented indicates
that morphological changes and DNA fragmen-
tation characteristic of apoptosis may not be
always associated with caspase activation. An
understanding of the pathways activated by
neurotoxicants appears indispensable to devel-
opment of appropriate therapeutic strategies for
neuroprotection.
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