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ABSTRACT Neurotoxicity induced by overstimulation of
N-methyl-p-aspartate (NMDA) receptors is due, in part, to a
sustained rise in intracellular Ca2*; however, little is known
about the ensuing intracellular events that ultimately result in
cell death. Here we show that overstimulation of NMDA
receptors by relatively low concentrations of glutamate in-
duces apoptosis of cultured cerebellar granule neurons
(CGNs) and that CGNs do not require new RNA or protein
synthesis. Glutamate-induced apoptosis of CGNs is, however,
associated with a concentration- and time-dependent activa-
tion of the interleukin 1B-converting enzyme (ICE)/CED-3-
related protease, CPP32/Yama/apopain (now designated
caspase 3). Further, the time course of caspase 3 activation
after glutamate exposure of CGNs parallels the development
of apoptosis. Moreover, glutamate-induced apoptosis of CGNs
is almost completely blocked by the selective cell permeable
tetrapeptide inhibitor of caspase 3, Ac-DEVD-CHO but not by
the ICE (caspase 1) inhibitor, Ac-YVAD-CHO. Western blots
of cytosolic extracts from glutamate-exposed CGNs reveal
both cleavage of the caspase 3 substrate, poly(ADP-ribose)
polymerase, as well as proteolytic processing of pro-caspase 3
to active subunits. Our data demonstrate that glutamate-
induced apoptosis of CGNs is mediated by a posttranslational
activation of the ICE/CED-3-related cysteine protease
caspase 3.

Glutamate, the principal excitatory amino acid neurotrans-
mitter in the central nervous system, is also a potent excito-
toxin when one (or more) of the known ionotropic glutamate
receptor subtypes is overstimulated (1). Excitotoxicity, in-
duced by excessive activation of glutamate receptors, has been
postulated to underlie the neuronal death that occurs after
ischemic (stroke) or traumatic brain injury (1) as well as that
associated with a number of neurodegenerative disorders,
including Alzheimer disease and Huntington disease (2-4).
Although excitotoxicity that occurs after overstimulation of
glutamate receptors is associated with an exaggerated and
prolonged rise in intracellular Ca?* (5, 6), little is known about
the subsequent events that ultimately lead to cell death.

The exact mode of neuronal cell death induced by excito-
toxins has remained controversial (see refs. 7 and 8 for
discussion), although more recent data suggest that both
necrotic and apoptotic pathways are activated after overstimu-
lation of various glutamate receptor subtypes (9-11). Many of
the genes responsible for apoptotic cell death, including those
underlying neuronal apoptosis, initially were identified in the
nematode Caenorhabditis elegans (C. elegans cell death or CED
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genes) (12). Mammalian homologs of these genes now have
been identified, and to date, at least 11 members of the
interleukin 1B-converting enzyme (ICE)/CED-3 protease
family have been reported (13). Each of these aspartate-
specific cysteine proteases is synthesized as a proenzyme that
is proteolytically processed to subunits that form catalytically
active heterodimers (14). Although various ICE/CED-3 pro-
teases have been shown to mediate apoptosis in many cell
types, the role of these proteases in mediating apoptosis of
mammalian neurons, either that which occurs during normal
brain development (15, 16) or after traumatic or toxic insult
(17), is poorly understood. Very recently, however, mice
deficient in the ICE/CED-3-related cysteine protease CPP32
have been generated and brain development found to be
profoundly affected (18). Moreover, mice deficient in CPP32
appear to have markedly reduced apoptosis in brain regions
where during normal brain development major morphogenetic
change occurs (18).

We recently have cloned a rat homolog of CPP32 and found
expression of its mRNA to be profoundly down-regulated
during brain development (19). To investigate whether this
ICE/CED-3-related protease (now designated caspase 3)! is
involved in the apoptotic death of neurons in the developing
brain we studied its expression in cultured cerebellar granule
neurons (CGNs). CGNs are among the most abundant neu-
ronal phenotype in the mammalian brain (20) and are readily
maintained in primary culture in their fully differentiated state
if depolarized with high concentrations of K* (21). Cultured
CGNs can be induced to apoptose if subsequently exposed to
nondepolarizing culture conditions and the latter requires new
RNA and protein synthesis (8, 22). Exposure of CGNs to
nondepolarizing culture conditions results in overexpression of
caspase 3 mRNA, which can be blocked by adding depolarizing
concentrations of K* before the commitment point for induc-
tion of apoptosis (19). These data suggest that caspase 3 may
play a role in apoptosis of CGNs induced by K* withdrawal.

Recently, excitotoxic death of CGNs induced by glutamate
has been shown to occur via both necrosis and apoptosis, with
apoptosis predominating after exposure to relatively low con-
centrations of glutamate and with a relatively delayed time
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IAlnemri and colleagues (13) recently have proposed a new nomen-
clature for the human ICE/CED-3 protease family. We have adopted
this nomenclature and now refer to the CED-3-related cysteine
protease CPP32/Yama/apopain as caspase 3.
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course (10). In the present study we confirm that exposure of
CGNs to low concentrations of glutamate induces a delayed
apoptosis, but in contrast to K* withdrawal-induced apoptosis
does not require new RNA or protein synthesis. Rather,
glutamate-induced apoptosis of CGNs is associated with a
marked increase in cytosolic caspase 3 activity, cleavage of one
of its known substrates, poly(ADP-ribose) polymerase
(PARP), as well as proteolytic processing of pro-caspase 3 to
its active p12 subunit. Both cell death and the increase in
caspase 3 activity induced by glutamate are blocked by coin-
cubation with the N-methyl-D-aspartate (NMDA) receptor
antagonist dizocilpine or a cell permeable inhibitor of caspase
3. Our data strongly suggest that glutamate-induced apoptosis
of CGNs is mediated by a posttranslational activation of the
CED-3-related cysteine protease caspase 3.

MATERIALS AND METHODS

Neuronal Cell Cultures and Assessment of Neuronal Via-
bility. CGNs were prepared from 8-day-old Sprague-Dawley
rat pups (Harlan, Indianapolis) as described (8, 23). Freshly
dissected cerebella were dissociated and the cells seeded at a
density of 1.2 to 1.5 X 10° cells/ml on poly-L-lysine coated
dishes in basal medium Eagle supplemented with 10% FBS, 25
mM KCL, and 0.1 mg/ml gentamicin. Cytosine arabinoside (10
M) was added to the culture medium 24 hr after initial
plating. All experiments used neurons after 7-8 days in vitro.
Viable granule neurons were quantified by counting fluores-
cein (green) positive cells, which result from the de-
esterification of fluorescein diacetate (FDA) by living cells.
Briefly, cultures were incubated with 10 pug/ml FDA for 5 min,
examined, and photographed using UV light microscopy, and
the number of neurons from representative low-power fields
were counted as described (8, 24). Propidium iodide (PI),
which interacts with nuclear DNA producing a red fluores-
cence, was used to identify dead neurons (24). For PI staining,
cultures were incubated with PI (5 ug/ml), examined, and
photographed using UV light microscopy as described (24).

Assessment of Apoptosis. To quantify and assess nuclear
morphology, CGNs were fixed for 10 min with 4% formalde-
hyde in PBS at 4°C, washed with distilled water, and stained for
5 min with 5 ug/ml Hoechst 33258 to reveal nuclear conden-
sation/aggregation. Representative photomicrographs were
taken with a Leica DM/LM microscope under UV illumina-
tion (8). Internucleosomal DNA cleavage was assessed by
conventional gel electrophoresis after extraction of nuclear
DNA (25). Briefly, CGNs (6 X 107 per treatment condition)
were cultured in 100-mm dishes and after treatment were
collected in cold PBS. After centrifugation (1,000 rpm, 5 min)
CGNs were lysed in 100 wl buffer (50 mM Tris'HCI, pH 7.5/20
mM EDTA/1% Nonidet P-40). After centrifugation (10,000 X
g, 5 min), supernatants were treated with 1% SDS and RNase
A (5 pg/ul final concentration) for 2 hr at 37°C followed by
proteinase K (2.5 pg/ul final concentration) overnight at 56°C.
DNA was precipitated by the addition of 1:10 (vol/vol) of 3 M
potassium acetate and 1 vol of isopropyl alcohol for 1 hr at 4°C,
pelleted, and then redissolved in loading buffer. DNA samples
were then size-fractionated on a 1.5% agarose gel (25).

Electron Microscopy. Electron microscopy of CGNs was
carried out to further assess and quantify features of apoptotic
death. Neuronal cultures were collected by centrifugation, and
the media decanted and replaced with a buffered fixative
solution containing 2% formaldehyde and 2.5% glutaralde-
hyde. Further tissue processing consisted of a secondary
fixative with 2% buffered osmium tetroxide. After rinsing with
0.12 M cacodylate buffer, samples were dehydrated with
serially increasing concentrations of ethanol, and then embed-
ded in epoxy resin. Areas for ultrastructural examination were
chosen from toluidine blue stained 1-um thick sections by
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examination using light microscopy. Ultrathin sections (80—
100 nm) were mounted on copper grids, stained with uranyl
acetate and lead citrate, and examined with a transmission
electron microscope (Philips, 410LS) (26).

Protease Activity. Treated cells were collected, washed three
times with PBS, pH 7.2, and resuspended in precooled buffer
(50 mM Tris-HCL, pH 7.4/1 mM EDTA/10 mM EGTA/1 mM
DTT/0.1 mM phenylmethylsulfonyl fluoride/2 ug/ul aproti-
nin) (27). Cells were allowed to swell on ice for 20 min. After
homogenization with 20 strokes of a B-type pestle, lysates were
centrifuged at 15,000 rpm at 4°C for 20 min, and protein
concentrations were determined (Pierce). Extracts either were
used immediately or stored at —80°C. Aliquots of protein (30
png) were incubated with 100 uM caspase 3 substrate (Ac-
DEVD-p-nitroaniline; Calbiochem) in a total volume of 1.0 ml
at 37°C. The colorimetric release of p-nitroaniline from the
Ac-DEVD-pNA substrate was recorded every 10 min at 405
nm (28). One unit of enzyme is defined as the amount of
enzyme required to release 0.22 pmol of p-nitroaniline at 37°C
per min. Enzymatic activity for caspase 3 was linear over the
range of protein concentrations used to calculate specific
activity.

Western Blot Analysis. Western blot analysis was performed
on 50 ug whole-cell and 200 pg cytoplasmic extracts from
treated and untreated cultures. Whole-cell extracts were pre-
pared by lysing cells in a buffer containing 1% Nonidet P-40,
0.1% SDS, 50 mM Tris (pH 8.0), 50 mM NaCl, 0.05%
deoxycholate, protease inhibitors (Boehringer Mannheim).
Proteins were size-fractionated (SDS/PAGE) on a 10-20%
polyacrylamide gradient gel and transferred onto nitrocellu-
lose (Hybond N, Amersham). The blots then were probed with
polyclonal antibodies specific for PARP (Enzyme Systems
Products, Dublin, CA) or CPP32 (Upstate Biotechnology,
Lake Placid, NY), followed by anti-rabbit IgG horseradish
peroxidase-linked antibody (Jackson ImmunoResearch).
Bound antibody was visualized using enhanced chemilumines-
cence (Amersham).

Whole-Cell Voltage-Clamp Recording and Analysis. Re-
cordings were conducted at room temperature (20°C-24°C)
using cells from CGN cultures maintained 9-12 days in vitro
(29). Immediately before a recording session the culture
medium was replaced with an external solution consisting of
130 mM NacCl, 5.0 mM KC1, 2.0 mM CaCl,, 1.0 mM MgCl,,
5.6 mM glucose, and 5.0 mM Hepes (pH 7.4). Patch pipettes
contained 140 mM KC1, 0.2 mM MgCl,, 11.0 mM EGTA, 1.0
mM CaCl,, 0.5 mM NaCl, and 10.0 mM Hepes (pH 7.2).
Macroscopic currents elicited with 0.5-1 sec duration pulses of
30 uM glutamate using a Picospritzer II were recorded with a
List EPC7 patch-clamp amplifier. Ac-DEVD-CHO, made up
as a stock in dimethyl sulfoxide, was diluted to the experimen-
tal concentration (100 uM) in the external solution (0.1% final
dimethyl sulfoxide concentration). Both Ac-DEVD-CHO and
1 uM dizocilpine were administered directly through the bath.
Whole-cell currents assessed from a membrane holding po-
tential of —70 mV were filtered, digitized and leak-and ca-
pacitative-subtracted for off-line analysis (pCLAMP).

RESULTS

Glutamate-Induced Apoptosis of CGNs Is Mediated by
NMDA Receptors and Does Not Require New RNA and
Protein Synthesis. As has been reported previously (30),
glutamate-induced cell death of CGNs observed over a broad
range of glutamate concentrations was completely prevented
by the noncompetitive NMDA receptor antagonist dizocilpine
(MK-801) [(5R,10S)-(+)-5-methyl-10,11-dihydro-5H-diben-
zo[a,d]cyclohepten-5,10-imine hydrogen maleate], but not by
the non-NMDA receptor antagonists CNQX (6-cyano-7-
nitroquinoxaline-2,3-dione) and DNQX (6,7-dinitroquinoxa-
line-2,3-dione) (31) (Fig. 14). More than 70% of the nuclei in
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CGNs exposed to a relatively low concentration of glutamate
(30 uM, 24 hr) displayed the morphological features of apo-
ptosis (8, 10, 14) (Fig. 1 D and E), including pyknotic nuclei,
condensation of nuclear chromatin, and heterochromatic
clumping when assessed by transmission electron microscopy,
compared with 5% of those from control (untreated) culture
(>200 nuclei counted per treatment group; P < 0.001 by
Student’s ¢ test, data not shown). Internucleosomal DNA
fragmentation, also a typical feature of apoptosis, readily was
detected in CGNs exposed to glutamate (30 uM, 24 hr) (see
Fig. 4B).

We then investigated whether glutamate-induced apoptosis
(like apoptosis observed in many other cell types/tissues) is
dependent on de novo transcription and translation. We were
unable to block glutamate-induced apoptosis with the RNA
and protein synthesis inhibitors, 40 nM actinomycin D, and 3.5
uM cycloheximide (Fig. 1B), respectively. By contrast, apo-
ptosis of CGNs, which is reliably induced by nondepolarizing
culture conditions, is almost completely blocked by the same
concentrations of actinomycin D or cycloheximide, as we (8)
and others (22) previously have reported (Fig. 1C).

Glutamate-Induced Apoptosis of CGNs Is Blocked by a Cell
Permeable Inhibitor of Caspase 3, But Not Caspase 1. Cul-
tured CGNs were exposed to glutamate for 24 hr and subse-
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FiG. 1. (A) Glutamate-induced neurotoxicity (excitotoxicity) is
mediated by the NMDA receptor. Cultured CGNs were pretreated
with 1 uM dizocilpine (MK-801), 10 uM CNQX (6-cyano-7-
nitroquinoxaline-2,3-dione), or 20 uM DNQX (6,7-dinitroquinoxa-
line-2,3-dione) for 5 min, then exposed to 30 uM glutamate for 24 hr.
(B) Glutamate-induced apoptosis is not dependent on de novo gene
transcription or translation because neither 40 nM actinomycin D nor
3.5 uM cycloheximide attenuates glutamate-induced neurotoxicity
(s, P < 0.001 treated vs. control by Student’s ¢ test). (C) Apoptosis
of CGNs induced by switching from depolarizing (high K*, cHK) to
nondepolarizing (low K*, cLK) media is greatly attenuated by 40 nM
actinomycin D and 3.5 uM cycloheximide (cLK = 5 mM KCl, cHK =
20 mM KCl) (*, P < 0.05, #*, P < 0.01, cLK treated vs. cLK alone by
Student’s ¢ test). Neuronal viability was determined as described in
Materials and Methods and calculated as a % of control (untreated
cultures). Values are expressed as the mean * standard error of
triplicate determinations from at least three separate experiments
(3, P < 0.001 treated vs. control by Student’s ¢ test). Ultrastructural
analysis (X8,400) of CGNs after glutamate exposure reveals morpho-
logical features typical of apoptosis including condensed chromatin
(bar = 1 wm) (E), as compared with control (D). Note markedly
condensed chromatin and small pyknotic nuclei. Lower power electron
microscopy photomicrographs (X4,400) were used to quantify number
(%) apoptotic CGNs after glutamate exposure. Data is presented in
text.
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quently examined for cell viability by double-staining with
FDA/PI. Approximately 50-70% of CGNs died when they
were exposed to a glutamate concentration of 30 uM. Neu-
ronal killing was attenuated by 75% when cells were coincu-
bated with glutamate (30 uM, 24 hr) and the specific caspase
3 inhibitor Ac-DEVD-CHO (200 uM). No protection was
observed, however, when CGNs were coincubated with glu-
tamate and the caspase 1 (ICE) inhibitor Ac-YVAD-CHO
(Figs. 24-H and 3A4). To further confirm the protective effect
of Ac-DEVD-CHO against glutamate-induced neuronal
death, CGNs were exposed to a range of glutamate concen-
trations (3-1,000 uM) in the absence or presence of Ac-
DEVD-CHO. The most robust neuroprotection was observed
when 200 uM Ac-DEVD-CHO is coincubated with glutamate
at concentrations of 30 uM or less (P < 0.001). When CGNs
were exposed to higher concentrations of glutamate (>100
uM), Ac-DEVD-CHO still attenuated glutamate-induced
neurotoxicity, but to a lesser degree. Moreover, Ac-DEVD-
CHO failed to protect CGN when exposed to glutamate
concentrations of 1 mM (Fig. 3B). The inhibition of glutamate-
induced toxicity of CGNs by Ac-DEVD-CHO was concentra-
tion-dependent with an ECs¢ of approximately 50 uM (Fig.
3C), similar to the ECsy reported for inhibition of Fas-
mediated apoptosis of various cell types (32, 33).

F16.2. (A-H) Effects of the cell-permeable caspase 3 (CPP32) and
caspase 1 (ICE) protease inhibitors, Ac-DEVD-CHO and Ac-YVAD-
CHO, respectively, on glutamate-induced apoptosis of cultured CGNs.
Representative fields of CGNs were photographed under phase
contrast microscopy (A-D) and after double staining with FDA and PI
(E-H) as described in Materials and Methods. Compare untreated
control cultures (4 and E) to glutamate (30 wm; 24 hr)-treated (B and
F) vs. glutamate + Ac-DEVD-CHO (C and G) to glutamate +
Ac-YVAD-CHO (D and H). Notice that the CPP32/apopain protease
inhibitor, Ac-DEVD-CHO, but not the ICE-specific protease inhibitor
Ac-YVAD-CHO, greatly attenuates glutamate-induced toxicity of
CGN as measured by phase contrast microscopy or double staining
with FDA and PI. (X100)
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FiG. 3. (A) Quantification of the effects of Ac-DEVD-CHO and
Ac-YVAD-CHO on glutamate-treated (30 um, 24 hr) CGNs also
shows almost complete protection by Ac-DEVD-CHO but not by
Ac-YVAD-CHO. (B) The CPP32 inhibitor Ac-DEVD-CHO signifi-
cantly attenuates glutamate-induced apoptosis of CGNs (ANOVA,
P < 0.001). CGNs were exposed to increasing concentrations of
glutamate (3-1,000 uM) for 24 hr in the presence or absence of 200
uM Ac-DEVD-CHO (s##x, P < 0.001, *, P < 0.05 by Student’s ¢ test).
(C) CGNs were exposed to 30 uM glutamate for 24 hr in the presence
of increasing concentrations of the CPP32 protease inhibitor, Ac-
DEVD-CHO. Neuronal viability was assessed by FDA and PI staining
and visual counting of viable neurons from representative photomi-
crographs. Values in 4, B, and C are expressed as a % of control
cultures for each experiment, and the data represent the mean =
standard error of triplicate determinations from a representative
experiment repeated at least three times with similar results.

Additionally, we investigated the effects of Ac-DEVD-CHO
on glutamate-induced apoptosis of CGNs measured by stain-
ing with Hoechst 33258 and DNA fragmentation analysis. The
number of apoptotic nuclei induced by glutamate treatment
(30 uM, 24 hr) was reduced significantly by 200 uM Ac-
DEVD-CHO from 70% to 30%, as measured by Hoechst
33258 staining (Fig. 44). Similar results were observed by
electron microscopy analysis (data not shown). Internucleo-
somal DNA fragmentation induced by glutamate was com-
pletely prevented in the presence of 200 uM Ac-DEVD-CHO,
i.e., when nuclear DNA from CGNs exposed to glutamate with
and without Ac-DEVD-CHO was fractionated by gel electro-
phoresis (Fig. 4B).

Glutamate-Induced Apoptosis of CGNs Is Associated with
a Concentration and Time-Dependent Activation of Caspase 3.
To confirm that caspase 3 mediates glutamate-induced apo-
ptosis of CGNs, we examined the effects of glutamate treat-
ment of CGNs on caspase 3 protease activity as measured by
monitoring the release of p-nitroaniline from the caspase
3-specific substrate Ac-DEVD-pNA (Fig. 5) (34). In all ex-
periments cytosolic extracts of glutamate-treated (30 uM; 24
hr) CGNs were found to have specific caspase 3 protease
activity that is almost 8-fold greater than extracts prepared
from control (untreated) cultures (Fig. 54). Importantly, the
specific NMDA receptor antagonist dizocilpine (MK-801) (1
uM), which completely blocks glutamate-induced apoptosis of
CGN:s, also prevents the increase in caspase 3 protease activity
induced by glutamate (Fig. 54). Caspase 3 protease activity
markedly increased 15 hr after 30 uM glutamate exposure,
which roughly correlates with an increase in the number of
apoptotic nuclei as measured by Hoechst 33258 staining (Fig.
5B). To further characterize this protease activity, we incu-
bated cytosolic extracts from glutamate-treated (30 uM; 24 hr)
CGNs with the caspase 3 tetrapeptide inhibitor Ac-DEVD-
CHO or the caspase 1 (ICE) protease inhibitor Ac-YVAD-
CHO. Caspase 3 protease activity in cytosolic extracts of
glutamate-treated CGNs is inhibited specifically by Ac-
DEVD-CHO (ICsp < 10nM), but not by Ac-YVAD-CHO
(Fig. 54, Inset). Consistent with the enzyme activity experi-
ments, we confirmed activation of caspase 3 by demonstrating
cleavage of PARP, a known caspase 3 substrate, and the
proteolytically active p12 subunit from pro-caspase 3 in West-
ern blots after exposure of CGNs to glutamate (30 wM; 24 hr)
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F1G. 4. (A) The caspase 3 protease inhibitor Ac-DEVD-CHO
attenuates the morphological features of apoptosis induced by gluta-
mate in cultured CGNs. CGNs were treated with 30 uM glutamate for
24 hr in the presence or absence of 200 uM Ac-DEVD-CHO and then
stained with 5 ug/ml Hoechst 33258. The number of apoptotic nuclei
(small with condensed chromatin) were counted from representative
photomicrographs (x1,250) and are represented as a % of the total
number of nuclei counted (n = 400) (+++, P < 0.001 glutamate vs.
control; *, P < 0.05 glutamate vs. glutamate + Ac-DEVD-CHO by
Student’s ¢ test). (B) Internucleosomal DNA fragmentation (DNA
laddering) induced in CGNs after exposure to glutamate (30 uM, 24
hr) is greatly attenuated by 200 uM Ac-DEVD-CHO. CGNs (control,
lane 1) were exposed to glutamate (30 uM, 24 hr) in the absence (lane
2) or presence of 200 uM Ac-DEVD-CHO (lane 3).

in the absence or presence of 40 nM actinomycin D (Fig. 5C)
(35, 36).

Neuroprotection Afforded by Ac-DEVD-CHO Is Not Due to
Channel Block of Ionotropic Glutamate Receptors. We next
examined the possibility that the excitoprotective effects of
Ac-DEVD-CHO against glutamate-induced apoptosis of
CGNs may have been due to a direct interaction of the peptide
with ion channels known to be involved in glutamate toxicity.
Individual CGNs were clamped in the whole-cell configuration
(29) to assess changes in glutamate-evoked currents in the
presence of an Ac-DEVD-CHO concentration that enhances
neuronal survival and blocks apoptosis induced by glutamate.
Macroscopic currents activated by 30 uM glutamate remained
unchanged when simultaneously exposed to 100 uM Ac-
DEVD-CHO (data not shown). Moreover, because coappli-
cation of Ac-DEVD-CHO and 1 uM dizocilpine (MK-801)
produced an almost complete (93 = 0.7%) block of glutamate
currents, the Ac-DEVD-CHO responses described here can-
not be attributed to a direct block of NMDA or other
ionotropic glutamate receptors.

DISCUSSION

This report demonstrates a critical role for an ICE/CED-3
related protease in the excitotoxic and apoptotic death of
mammalian neurons induced by glutamate. Excitotoxicity of



Neurobiology: Du et al.

Units/mg Protein
Apoptotic nuclei (% total)

Glutamate 30uM
+DEVD

g 3 ]
5 & 8%
3 a =
3 @
E £
3 3
o a
ActinomycinD - - +
Glutamate -+ +

. PARP.
- — 118 kD
- a0

—1zx0

Fic. 5. Caspase 3 protease activity in cultured cerebellar granule
neurons is induced by glutamate. (4) The caspase 3-specific color
substrate Ac-DEVD-pNA was incubated for 60 min at 37°C with 30 ug
cytosolic protein collected from CGNs treated with glutamate (30 uM,
24 hr) in the presence or absence of Ac-DEVD-CHO (200 uM, 24 hr)
or dizocilpine (MK-801), (1 uM, 24 h). Measurements were taken at
405 nm (see Materials and Methods for details). One unit of enzyme
is defined as the amount of enzyme required to release 0.22 pmol of
p-nitroaniline per min at 37°C. Note that both Ac-DEVD-CHO and
dizocilpine (MK-801) completely inhibit glutamate-induced activation
of caspase 3 activity. (B) Caspase 3 protease activity is induced
significantly at 15 hr after glutamate exposure and increases 8-fold
over the ensuing 9 hr (solid dark line), just before the measurement of
apoptosis (bars). Note increase in caspase 3 activity that is temporally
associated with an increase in the number (%) apoptotic nuclei
measured by Hoechst 33258 staining (see Materials and Methods for
details). Caspase 1 protease activity was not detected at any time point
after glutamate exposure (30 uM, 24 hr). Protease activity was
determined as described above. Glutamate-induced caspase 3 protease
activity measured in cytosolic extracts from CGNs exposed to gluta-
mate is potently inhibited in vitro by Ac-DEVD-CHO (ICsp < 10nM),
but not by the caspase 1-specific inhibitor Ac-YVAD-CHO (4, Inset).
(C) PARP and caspase 3 proenzyme from cell extracts of CGNs
exposed to glutamate (30 uM, 24 hr) are proteolytically processed to
their 85-kDa and 12-kDa subunits, respectively. Protein from CGNs
exposed to glutamate (30 uM, 24 hr) were size-fractionated on a
10-20% gradient gel, transferred to nitrocellulose, and detected with
polyclonal antibodies directed to PARP or the 12-kDa subunit of
caspase 3 using enhanced chemiluminescence (see Materials and
Methods for details).

CGNs, which under our experimental conditions is mediated
by NMDA receptors, occurs by either necrosis or apoptosis,
depending on the degree of receptor stimulation (10). Indeed,
our data strongly suggest that the specific CED-3-related
cysteine protease CPP32 (now designated caspase 3) is, in fact,
the specific protease mediating glutamate-induced apoptosis
of CGNs. We caution, however, that although caspase 3 is
activated by glutamate and with a time course that parallels the
apoptotic death of CGN:s, it is still conceivable that a closely
related Caspase 3-like enzyme (rather than Caspase 3 itself)
may be responsible. Moreover, the inhibition of glutamate-
induced apoptosis of CGNs by Ac-DEVD-CHO suggests, but
does not prove, that caspase 3 is involved. Experiments carried
out in CGNs derived from the CPP32 knockout mouse (18)
obviously could be useful in answering this question. Other
reports have strongly implicated ICE/CED-3-related pro-
teases in trophic/growth factor-deprived apoptosis of periph-
eral sympathetic neurons (37) or PC12 cells (38) or in apo-
ptosis of CGNs induced by K* withdrawal (19, 39, 40), but a
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specific protease(s) has not been identified. Finally, we show
here that the activity of the CED-3-related cysteine protease
caspase 3 is increased in CGNs by relatively low concentrations
of glutamate, the principal excitatory neurotransmitter in
brain.

Cultured cerebellar granule neurons have been used by
several laboratories to study neuronal apoptosis (8, 22, 41, 42)
and to characterize excitotoxicity induced by various glutamate
receptor agonists (5, 8, 11, 30, 31, 40). In all of these studies
CGNs have been maintained in primary culture by using
culture conditions that effectively block their programmed
death (via apoptosis); i.e., that which would occur normally in
the absence of any specialized culture conditions. It is likely
that the apoptotic death of CGNs induced by nondepolarizing
culture conditions mimics the natural death of granule neu-
rons, which occurs in the developing cerebellum (43) and
appears to be critical for matching in rather precise stoichi-
ometry the number of granule neurons and Purkinje cells
observed in the adult cerebellum (44).

Apoptosis of CGNs can be induced in several ways, including
switching CGNs from depolarizing (high K*) to nondepolar-
izing (low K*) media and (or) by serum withdrawal. Recently,
Miller and Johnson (42) have characterized apoptosis of CGNs
induced by either K* or serum deprivation and have delineated
both fast-dying (7% = 4 hr) and slow-dying (7% = 25 hr)
populations. The latter population (which is induced to die by
K* withdrawal) accounts for approximately 80% of CGNs that
apoptose after combined K*/serum (42). We previously have
characterized apoptosis of CGNs induced by nondepolarizing
culture conditions (switching to low K* medium) and have
found it to require new RNA and protein synthesis, but to be
insensitive to ionotropic glutamate receptor antagonists (8).
Similar findings recently have been reported by Schulz and
colleagues (39). By contrast, Atabay and coworkers (41) have
reported that glutamate receptor antagonists (of both the
NMDA and AMPA /kainate receptor subtypes) can block a
portion of serum withdrawal-induced apoptosis of CGNs.
Moreover, we also have found that the wasp venom peptide
mastoparan, which stimulates the G proteins Go/Gi, readily
induces apoptosis of CGNs. The latter is attenuated by cholera
toxin (an activator of Gs) and cycloheximide, but not by
glutamate receptor antagonists (45). Taken together, these
data suggest that apoptosis of CGNs can be induced by
different stimuli and environmental conditions and that dif-
ferent intracellular mechanisms are likely to be involved.

Our data strongly suggest that the majority of NMDA
receptor-mediated apoptosis of CGNs is mediated by post-
translational activation of caspase 3. Unlike Fas-mediated
apoptosis of mouse lymphoma cells (32) caspase 1 (ICE) itself
is not involved, as no evidence shows increased caspase 1
activity after glutamate exposure of CGNs, nor does a specific
caspase 1 inhibitor affect glutamate-induced apoptosis. More-
over, we previously have failed to detect caspase 1 mRNA in
CGNs under either depolarizing or nondepolarizing culture
conditions (19). Our experiments provide no information,
however, as to how caspase 3 is activated after NMDA receptor
stimulation, nor can we exclude the involvement of other
ICE-related proteases, either upstream or downstream of
caspase 3. Conceivably, activation of an as-yet-unidentified
Ca?*-dependent protease by the high levels of intracellular
Ca?* induced by NMDA receptor activation, and previously
shown to initiate the excitotoxic death cascade (6), may induce
processing and activation of the caspase 3 proenzyme. None-
theless, it is clear from our work (8) and the work of others (11,
22, 31) that apoptosis of CGNs can proceed via mechanisms
that require de novo gene transcription or, as reported here, by
the activation of already translated protein(s).

Finally, if our findings can be extended to other populations
of neurons (and/or) other glutamate receptor subtypes, brain-
penetrable inhibitors of caspase 3 may prove to be of thera-
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peutic value for a number of neurodegenerative disorders
where overstimulation of glutamate receptors has been impli-
cated (1, 3).
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