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Activation of ionotropic glutamate receptors of the AMPA and
NMDA subtypes likely contributes to neuronal injury and death
in various neurodegenerative disorders. Excitotoxicity can
manifest as either apoptosis or necrosis, but the mechanisms
that determine the mode of cell death are not known. We now
report that levels of AMPA receptor subunits GluR-1 and
GluR-4 are rapidly decreased in cultured rat hippocampal neu-
rons undergoing apoptosis in response to withdrawal of trophic
support (WTS), whereas levels of NMDA receptor subunits
NR1, NR2A, and NR2B are unchanged. Exposure of isolated
synaptosomal membranes to “apoptotic” cytosolic extracts
resulted in rapid degradation of AMPA receptor subunits. Treat-
ment of cells and synaptosomal membranes with the caspase

inhibitors prevented degradation of AMPA receptor subunits,
demonstrating a requirement for caspases in the process. Cal-
cium responses to AMPA receptor activation were reduced
after withdrawal of trophic support and enhanced after treat-
ment with caspase inhibitors. Vulnerability of neurons to exci-
totoxic necrosis was decreased after withdrawal of trophic
support and potentiated by treatment with caspase inhibitors.
Our data indicate that caspase-mediated degradation of AMPA
receptor subunits occurs during early periods of cell stress and
may serve to ensure apoptosis by preventing excitotoxic
necrosis.
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Activation of glutamate receptors may play important roles in the
neuronal deaths that occur naturally during development of the
nervous system and in various neurodegenerative disorders. Data
implicate glutamate receptor activation in trophic factor
withdrawal-induced death of cultured dopaminergic neurons
(Schierle and Brundin, 1999) and in experimental models of
stroke (Choi, 1992), Alzheimer’s disease (Mattson et al., 1992;
Guo et al., 1999), and amyotrophic lateral sclerosis (Rothstein,
1995; Kruman et al., 1999). Two major subtypes of ionotropic
glutamate receptors mediate physiological and degenerative re-
sponses of neurons to glutamate (for review, see Seeburg, 1993).
AMPA receptors are heterodimers composed of subunits GluR1–
GluR4; these receptors flux both Na1 and Ca21 and play a major
role in glutamate-induced membrane depolarization and Ca21

influx (Doble, 1995; Michaelis, 1998). NMDA receptors are het-
eromeric complexes formed by an obligatory NR1 subunit and
one or more NR2 subunits designated NR2A-D (Gasic and
Hollmann, 1992). NMDA channel opening is dependent on glu-
tamate binding and previous membrane depolarization, which
results in Ca21 influx. Overactivation of AMPA and NMDA
receptors, particularly under conditions of metabolic and oxida-
tive stress, initiates a cascade of events involving protease activa-
tion and mitochondrial dysfunction that can result in cell death.
Such “excitotoxic” neuronal death can manifest as either apopto-

sis or necrosis depending on the intensity of receptor activation
and other factors that are poorly understood (Ankarcrona et al.,
1995; Staton and Bristow, 1997; Tenneti et al., 1998).

Apoptosis plays a central role in the death of neurons during
development of the nervous system (Oppenheim, 1991) and is
also implicated in neurodegenerative disorders such as stroke
(Linnik et al., 1995; Mattson et al., 1999), Alzheimer’s disease (Su
et al., 1994; Guo et al., 1998), and Parkinson’s disease (Tatton et
al., 1998; Duan et al., 1999a). Among the biochemical events
involved in apoptosis, activation of members of the caspase family
of cysteine proteases is believed to play a particularly important
role in coordinating the cell death process (Thornberry, 1997; Li
and Yuan, 1999). Caspases cleave several different protein sub-
strates that might play important roles in the execution of apo-
ptosis. Examples of caspase substrates and the possible conse-
quences of their cleavage include actin—cell shrinkage and
membrane blebbing; poly ADP-ribose polymerase—nuclear
DNA degradation; NF-kB subunits—suppression of expression
of survival-promoting genes; and Bcl-2—promotion of mitochon-
drial membrane permeability transition (for review, see Chan and
Mattson, 1999). Activation of glutamate receptors can result in
caspase activation, and caspase inhibitors can protect neurons
against excitotoxicity (Du et al., 1997; Hara et al., 1997; Mattson
et al., 1998; Tenneti et al., 1998). The specific caspase substrates
that play critical roles in neuronal apoptosis are unknown. Be-
cause excitotoxic apoptosis is, by definition, unique to cells such
as neurons that express ionotropic glutamate receptors, we tested
the hypothesis that glutamate receptor proteins themselves are
subject to caspase-mediated degradation. Our data indicate that
caspases promote AMPA receptor degradation in neurons un-
dergoing apoptosis and that such degradation plays an important
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role in “driving” neurons down an apoptotic pathway, thereby
preventing necrosis.

MATERIALS AND METHODS
Primary neuronal cultures and experimental treatments. Hippocampi and
neocortical hemispheres were removed from embryonic day 18 Sprague
Dawley rats (Harlan Sprague Dawley, Indianapolis, IN). Cells were
dissociated by mild trypsination and trituration as described previously
(Mattson et al., 1995), seeded onto polyethyleneimine-coated plastic
dishes or 22 mm 2 glass coverslips, and incubated in Neurobasal medium
containing B-27 supplements, 2 mM L-glutamine, 25 mg/ml gentamycin, 1
mM HEPES (Life Technologies, Gaithersburg, MD), and 0.001% genta-
micin sulfate. All experiments were performed using 9- to 10-d-old
cultures. Hippocampal cultures were used for all analyses except immu-
noblots that, because the analysis required relatively large numbers of
neurons, were performed in samples from cortical cultures. Caspase
inhibitors (zVAD-fmk, Calbiochem, La Jolla, CA; zDEVD-fmk and

WEHD-fmk, Enzyme Systems, Inc.) and staurosporine (Sigma, St.
Louis, MO) were prepared as 5003 stocks in dimethylsulfoxide.

Quantification of neuronal survival and apoptosis. Neuronal survival was
quantified by established methods (Mattson et al., 1995). Briefly, viable
neurons in premarked fields (103 objective) were counted before exper-
imental treatment and at specified time points thereafter. Neurons with
intact neurites of uniform diameter and soma with a smooth round
appearance were considered viable, whereas neurons with fragmented
neurites and vacuolated soma were considered nonviable. To determine
apoptotic cell death, cells were fixed, membranes were permeabilized,
and staining with propidium iodide was performed. Cells were visualized
under epifluorescence illumination (340 nm excitation and 510 barrier
filter) with a 403 oil immersion objective. The percentage of apoptotic
cells was determined by nuclear morphological criteria; cells with con-
densed and/or fragmented DNA were considered apoptotic, whereas
cells in which the DNA was distributed diffusely and uniformly through-
out the nucleus were considered not apoptotic. For experiments using
high levels of glutamate, in which cells die rapidly by necrosis, cell
viability was determined by the trypan blue exclusion method.

Measurement of caspase activation. Caspase-3-like protease activity was
assessed using a method described previously (Mattson et al., 1998).
Briefly, cells were incubated for 20 min in the presence of biotinylated
DEVD-CHO (a caspase substrate) and 0.01% digitonin. Cells were then
fixed, incubated for 5 min in PBS containing 0.2% Triton X-100, and then
incubated for 30 min in PBS containing Oregon Green-streptavidin
(Molecular Probes, Eugene, OR). Images of fluorescence (corresponding
to conjugates of activated caspase-3 with DEVD-biotin) were acquired
using a confocal laser scanning microscope. Images were acquired using
the same laser intensity and photodetector gain, to allow quantitative
comparisons of relative levels of immunoreactivity in neurons. The
average pixel intensity per cell body was determined using the Images-
pace software provided by the manufacturer (Molecular Dynamics,
Sunnyvale, CA); 8–16 neurons were analyzed per culture and determi-
nations were made in at least three separate cultures.

Western blot analysis and immunocytochemistry. Separation and protein
quantitation of AMPA receptor subunits by Western blotting was per-
formed using methods similar to those reported previously (Cheng et al.,
1995). Proteins in homogenates of cultured cells and synaptosomal
membranes were separated by SDS-PAGE (10% acrylamide) and trans-
ferred electrophoretically to a nitrocellulose membrane. The membrane
was then incubated in blocking solution [1% normal goat serum in
Tween Tris-buffered saline (TTBS)] followed by a 3 hr incubation in
TTBS containing primary antibody. The primary antibodies included
rabbit polyclonal antibodies against AMPA receptor subunits (GluR1,
GluR2/3, and GluR4) or NMDA receptor subunits (NR1, NR2A, and
NR2B); each primary antibody was purchased from Chemicon (Te-
mecula, CA). Membranes were then incubated for 1 hr in a solution of
peroxidase-labeled goat anti-rabbit IgG secondary antibody (1:4000 di-
lution in TBS). The blots were further processed using a chemilumines-
cence Western blotting kit (Boehringer Mannheim, Indianapolis, IN)
according to the manufacturer’s protocol. To confirm equal protein
loading, blots were reprobed with a polyclonal goat anti-actin antibody
(Santa Cruz Technology, Santa Cruz, CA). Images of blots were captured
with a Umax 1200S scanner, and densitometric analysis was performed
using NIH image 1.47 software.

Cells were immunostained by sequential incubations in PBS contain-
ing primary antibody (anti-GluR4), PBS containing biotinylated anti-
rabbit secondary antibody, and FITC-avidin using methods described
previously (Guo et al., 1998). Images of GluR4 immunofluorescence
were acquired using a confocal laser scanning microscope with a 403 oil
immersion objective (488 nm excitation and 510 nm emission). All
images were acquired using the same laser intensity and photodetector
gain, to allow quantitative comparisons of relative levels of immunore-
activity in neurons. The average pixel intensity per cell body was deter-
mined using the Imagespace software provided by the manufacturer
(Molecular Dynamics); 20–30 neurons were analyzed per culture, and
determinations were made in at least four separate cultures. For double-
labeling studies, cells were exposed to primary antibodies [1:2000 dilu-
tion of goat polyclonal PSD-95 antibody (Santa Cruz) and 1:500 dilution
of rabbit polyclonal anti-caspase-3 antibody (PharMingen, San Diego,
CA)] overnight at 4°C, followed by incubation for 30 min with a mixture
of Texas Red-labeled anti-rabbit and biotinylated anti-goat secondary
antibodies (Vector Laboratories, Burlingame, CA). Cells were then
incubated for 30 min in the presence of avidin–fluorescein, and confocal
images of cellular fluorescence were acquired using dual scanning mode.

Figure 1. Progressive neuronal death of cortical and hippocampal neu-
rons occurs after withdrawal of trophic support. Cortical (a) and hip-
pocampal (b) neurons were incubated without (Con) or with zVAD-fmk
(ZVAD), or deprived of trophic support for 24 hr without (WTS) or with
zVAD-fmk (W 1 Z). At the end of this period, cells were incubated in
complete Neurobasal medium for trophic resupply. Additional cultures
were not resupplied trophic support. Neurons were photographed at 0, 24,
48, and 72 hr after original media change. Values are the mean and SEM
of determinations made in four to six cultures. *p , 0.05 compared with
control; **p , 0.01 compared with WTS value (ANOVA with Scheffe’s
post hoc tests).
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Synaptosome preparation and subcellular f ractionation. The methods for
isolation of synaptosomes from cerebral cortical tissue of adult rats were
the same as those described previously (Keller et al., 1997; Mattson et al.,
1998). Synaptosomes were diluted in Locke’s buffer containing (in mM):
NaCl 154, KCl 5.6, CaCl2 2.3, MgCl2 1, NaHCO3 3.6, glucose 5, HEPES
5, pH 7.2, for all experiments. Synaptosomes were dounce-homogenized
in ice-cold breaking buffer and centrifuged, and plasma membrane-
enriched fractions were isolated from the supernatant by high-speed
centrifugation (100,000 3 g for 45 min). To obtain caspase-enriched
cytoplasmic extract, synaptosomes were incubated with 5 mM staurospor-
ine for 2 hr, a treatment we have previously shown to activate caspases in
synaptosomes (Mattson et al., 1998). The synaptosomes were then ex-
posed to three freeze–thaw cycles to disrupt membranes. The resultant
mixture was centrifuged at 5000 3 g for 30 min to pellet organelles, and
the supernatant was recentrifuged at 100,000 3 g to pellet membranes.
The supernatant (cytosolic extract) was used as a source of activated
caspases.

Quantification of intracellular Ca 21 levels. Intracellular free Ca 21 levels
([Ca 21]i) were quantified by fluorescence imaging of the calcium indi-
cator dye fura-2 as described previously (Mattson et al., 1995). Briefly, at
designated time points after experimental treatments, cells were incu-
bated for 40 min in the presence of the 2 mM acetoxymethylester form of
fura-2 (Molecular Probes). Immediately before imaging, dishes were
washed twice in Locke’s buffer. Cells were imaged on a Zeiss Axiovert
microscope (403 oil immersion objective) coupled to an Attofluor im-
aging system. The average [Ca 21]i in 10–14 neuronal cell bodies per
microscope field was quantified in three or four separate cultures per
treatment condition. Experimental treatments were added to the bathing
medium by dilution from 100–5003 stocks.

RESULTS
Characterization of cell death and caspase activation
after withdrawal of trophic support
To induce caspase activation and apoptosis, cortical and hip-
pocampal cultures were subjected to withdrawal of trophic sup-
port (WTS) by incubation in Locke’s buffer (Chan et al., 1999). In
both cortical and hippocampal cultures, there was progressive
death of neurons over a 72 hr period, with ,10% of the neurons
remaining at the 72 hr time point (Fig. 1). However, when trophic
support was resupplied at the 24 hr time point, ;40% of cortical
neurons (Fig. 1a) and 60% of hippocampal neurons (Fig. 1b)
survived through the 72 hr time point. These data indicate that
the cellular apoptosis program had not fated the majority of
neurons to die after 24 hr WTS, because they could still be spared
by addition of trophic support.

Addition of the broad-spectrum caspase inhibitor zVAD-fmk to
the cultures at the onset of WTS decreased neuronal death,
demonstrating a requirement for caspase activation in the cell
death process in this paradigm (Fig. 1). To establish the temporal
relationship between caspase activation and neuronal death, we
examined levels of caspase activity in hippocampal neurons at
increasing time points after WTS. Confocal images of fluores-
cence associated with biotinylated DEVD-activated caspase con-
jugates revealed that activated caspases were localized in cell
bodies and neurites, with particularly high levels of fluorescence

Figure 2. Caspase activation occurs after withdrawal of trophic support.
a, Cellular fluorescence corresponding to conjugates of activated
caspase-3 with DEVD biotin were imaged using confocal microscopy at 0,
12, 24, and 36 hr after WTS. b, Relative levels of caspase activity were
quantified (see Materials and Methods) at the indicated time points after

4

WTS with or without resupply of trophic support as indicated. Values are
the mean and SEM of determinations made in at least three cultures. *p ,
0.05, **p , 0.01 compared with the basal level; 1 p , 0.01 compared with
36 hr WTS (ANOVA with Scheffe’s post hoc tests). c, Confocal laser
scanning micrographs showing merged images of cultured hippocampal
neurons that had been subjected to withdrawal of trophic support for 24
hr and then double-labeled with antibodies against activated caspase-3
(red) and PSD95 ( green); yellow indicates sites of colocalization. The inset
shows an enlarged image of dendrites. Note that there is considerable
colocalization of active caspase-3 and PSD95 in punctate sites in dendrites
and near the plasma membrane in the neuronal soma.
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being present in perinuclear regions (Fig. 2a). Quantification of
caspase activity showed that levels of activated caspases were
significantly increased within 12 hr of WTS and continued to
increase through 36 hr (Fig. 2b). At the 48 hr time point, levels of
activated caspases decreased, presumably as a consequence of cell
death.

To determine whether caspases are in fact present in the
appropriate subcellular location to have access to AMPA recep-
tor subunits, we performed double-label immunostaining analyses
using antibodies against activated caspase-3 and the postsynaptic
density protein PSD95 (Kennedy, 1997). We chose PSD95 for
these analyses because postsynaptic densities are structures in
dendritic spines where AMPA receptor subunits are known to be
highly concentrated. Examination of the double-labeling images
revealed a high level of colocalization of caspase-3 immunoreac-

tivity and PSD95 immunoreactivity in dendrites and the cell body
(Fig. 2c).

Caspase activation after an apoptotic stimulus
modifies neuronal sensitivity to glutamate
Neurons in mature cortical and hippocampal cultures express
both AMPA and NMDA receptors, and activation of these re-
ceptors appears to play roles in both apoptosis and necrosis after
exposure to various insults (Mattson et al., 1993; Cheng et al.,
1995; Larm et al., 1997; Tenneti et al., 1998). Activation of
glutamate receptors may contribute to neuronal death in para-
digms involving reduced trophic factor signaling (Caldero et al.,
1997), and several different neurotrophic factors can protect cul-
tured hippocampal and cortical neurons against excitotoxic insults
(Mattson et al., 1989; Cheng and Mattson, 1991), suggesting a
role for glutamate receptor activation in the modulation of cell
death after WTS. To determine whether caspase activation plays
a role in modifying neuronal responses to glutamate after an
apoptotic insult, we measured Ca21 responses to glutamate in
hippocampal neurons after WTS in the absence or presence of
zVAD-fmk. As expected from previous studies (Krieglstein et al.,
1996; Xi and Ramsdell, 1996), the elevation of [Ca21]i in re-
sponse to AMPA receptor activation was suppressed when
voltage-dependent Ca21 channels were blocked with nimodipine
(data not shown). The Ca21 response to glutamate was signifi-
cantly attenuated in neurons at 24 hr after WTS, and addition of
zVAD-fmk to cultures after WTS partially restored the Ca21

response to glutamate (Fig. 3a). Treatment of cultures with
zVAD-fmk for 24 hr resulted in a highly significant increase in
both the peak and sustained [Ca21]i increase (Fig. 3a). When
AMPA receptors were selectively activated by addition of kainate
in the presence of the NMDA receptor antagonist MK-801, the
amplitude of the peak Ca21 response was significantly reduced in
neurons that had been subjected to WTS compared with neurons
in control cultures (Fig. 3b). In contrast, the Ca21 response to
AMPA receptor activation was significantly increased in neurons
treated for 24 hr with zVAD-fmk. Acute application of zVAD-
fmk (30 sec before addition of glutamate) did not affect the
calcium response (data not shown), indicating that zVAD-fmk
does not directly affect receptor function.

We next quantified neuronal survival after exposure to gluta-
mate in cultures that had been subjected to WTS for 24 hr in the
absence or presence of zVAD-fmk. In one set of experiments we
used trypan blue to identify necrotic neurons. Exposure of cul-
tures that had not been subjected to WTS or zVAD-fmk treat-
ment to a high concentration of glutamate (500 mM) caused rapid
necrosis such that .80% of the neurons were trypan blue-positive
within 6 hr (Fig. 4a). In contrast, .40% of the neurons survived
exposure to 500 mM glutamate in cultures that had been subjected
to WTS. Treatment with zVAD-fmk significantly exacerbated
necrotic neuronal death induced by glutamate in cultures that
either had or had not been subjected to WTS (Fig. 4a). These
data suggested that caspase activation suppresses excitotoxic
necrosis.

We next subjected neurons to WTS for 24 hr and then exposed
them to a lower concentration of glutamate (10 mM), which results
in delayed neuronal death that manifests as apoptosis (Duan et
al., 1999b) for an additional 24 hr. Approximately 50% of the
neurons died within 24 hr of exposure to 10 mM glutamate,
whereas 60% of the neurons died within 48 hr of WTS (Fig. 4b).
Combined exposure to glutamate and WTS resulted in a highly
significant increase in neuronal death compared with cultures

Figure 3. Evidence that caspase activation alters Ca 21 responses to
glutamate. Hippocampal neurons were incubated without (Con) or with
zVAD-fmk (ZVAD), or deprived of trophic support for 24 hr without
(WTS) or with 100 mM zVAD-fmk (W 1 Z). At the end of this treatment,
the Ca 21 indicator dye fura-2 was added to cells for 30 min. [Ca 21]i was
quantified before and after exposure to either 100 mM glutamate (a,
glutamate added at the 1 min time point) or 50 mM kainic acid and 20 mM
MK-801 (b, kainic acid added at the 1 min time point). Values are the
mean and SEM of determination made in eight cultures (10–20 neurons
assessed per culture). Statistical comparisons (peak calcium response): a,
zVAD versus control ( p , 0.01); WTS versus control ( p , 0.05); W 1 Z
versus zVAD ( p , 0.01); b, zVAD versus control ( p , 0.05); WTS versus
control ( p , 0.01). ANOVA with Scheffe’s post hoc tests.
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exposed to either insult alone such that 90% of the neurons died
during the course of the experiment. Treatment with zVAD-fmk
afforded nearly complete protection against cell death induced by
WTS and glutamate alone or in combination (Fig. 4b), indicating
a requirement for caspase activation in the cell death process.
Thus, although WTS can significantly inhibit glutamate (500
mM)-induced necrosis by a caspase-mediated mechanism, it exac-
erbates excitotoxic apoptosis at later time points.

Withdrawal of trophic support results in caspase-
mediated degradation of AMPA receptor subunits
The data to this point indicated that caspases can modify neuro-
nal sensitivity to glutamate and may thereby influence the mode
of cell death, suppressing necrosis and promoting apoptosis. One
possible mechanism whereby caspases might modulate glutamate
responses is by affecting glutamate receptor subunits. We there-
fore determined whether levels of AMPA and/or NMDA recep-
tor subunits are changed after WTS and/or treatment with
zVAD-fmk. Western blot analyses were performed on homoge-
nates of control cultures and cultures subjected to WTS in the
absence or presence of zVAD-fmk using antibodies against dif-
ferent AMPA (GluR1, GluR2/3, and GluR4) and NMDA (NR1,
NR2A, and NR2B) receptor subunits. WTS resulted in a dra-
matic decrease in levels of full-length GluR4, to ,25% of control
values, within 24 hr (Fig. 5a–c). Levels of GluR1 and GluR3 were
also significantly decreased after WTS. Cotreatment of neurons
with zVAD-fmk prevented the decreases in levels of each AMPA
receptor subunit after WTS (Fig. 5a,c). Treatment of cultures
with zVAD-fmk alone (without WTS) resulted in 10–30% in-
creases in levels of the AMPA receptor subunits. In contrast to
the effects of WTS on AMPA receptor subunits, levels of the
NMDA receptor subunits NR1, NR2A, and NR2B were un-
changed after WTS and/or treatment with zVAD-fmk (Fig. 5d).
Because zVAD-fmk can inhibit several different caspases, we
performed an additional experiment in which we used a selective
inhibitor of caspase-1 (z-WEHD-fmk) (Thornberry et al., 1997)
and a selective inhibitor of caspase-3 (zDEVD-fmk) (Allen et al.,
1999; Gastman et al., 1999). Both caspase inhibitors reduced
GluR4 degradation, with zDEVD-fmk having a more pro-
nounced effect (Fig. 5b).

Additional findings suggest that the caspase-mediated decrease
in levels of AMPA receptor subunits after WTS is the result of
caspase-mediated degradation of receptors, rather than being the
result of selective loss of neurons expressing the subunits. First,
we assessed levels of GluR4 by confocal analysis in cultures that
had been subjected to WTS for 12 hr and then resupplied trophic
support for an additional 24 hr. Under these conditions very few
neurons had died, and levels of activated caspases returned to
near basal levels (Figs. 1, 2). Levels of GluR4 recovered to near
basal levels after resupply of trophic support indicating that the
process was reversible (Fig. 6). As was the case in the immunoblot
analyses, zVAD-fmk prevented the decrease in levels of GluR4
immunoreactivity after WTS (Fig. 6).

Figure 4. Analysis of the roles of caspase activation in glutamate-
induced apoptosis and necrosis. a, Untreated control hippocampal culture
without (Con) or with zVAD-fmk (ZVAD), and cultures deprived of
trophic support for 24 hr without (WTS) or with zVAD-fmk (W 1 Z) were
exposed to 500 mM glutamate for 6 hr. Neuronal survival was assessed by
the trypan blue exclusion method. b, Untreated control hippocampal
cultures without (Con) or with zVAD-fmk (ZVAD), and cultures deprived
of trophic support for 24 hr without (WTS) or with zVAD-fmk (W 1 Z)
were exposed to 10 mM glutamate in Locke’s buffer for an additional 24 hr,
and neuronal survival was determined by morphology-based analysis.
Values are the mean and SEM of determinations made in eight cultures.
*p , 0.05, **p , 0.01 compared with control cultures; 1 p , 0.05, 11 p ,
0.01 compared with corresponding group without zVAD-fmk (ANOVA

4

with Scheffe’s post hoc tests). c, Hippocampal cultures were exposed to the
indicated concentrations of glutamate for either 1 or 5 hr; control cultures
were exposed to saline for 5 hr (Con). Levels of caspase activity were
quantified, and values are the mean and SEM of determinations made in
four cultures.
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To determine more directly the effect of caspase activity on
AMPA receptor subunit levels, and to rule out the involvement of
alterations in transcription and translation of the subunits, we
performed studies in a cell-free system. We isolated membranes
from rat cortical synaptosomes and then exposed them to cyto-
solic extracts from synaptosomes that had been treated with
staurosporine, a potent inducer of caspase activation (Mattson et
al., 1998). Before incubation with the membranes, cytoplasmic
extracts were treated with either zVAD-fmk or vehicle. Immuno-
blot analysis showed that levels of GluR4 decreased markedly
within 2 hr of addition of activated cytoplasmic extract and reached
a level ,20% of control values by 6 hr (Fig. 7a). Treatment of
activated extracts with zVAD-fmk before incubation with synaptic
membranes completely prevented the decrease in levels of GluR4,
demonstrating a requirement for activated caspases. In contrast,
levels of NR1 remained unchanged after addition of the activated
cytoplasmic extract (Fig. 7b). Collectively, these data suggest that
AMPA receptor subunits are selectively degraded in neurons un-
dergoing apoptosis by a mechanism involving caspase activation.

DISCUSSION
Our data suggest that AMPA receptor subunits are targets of
caspase-mediated degradation in neurons undergoing apoptosis.
As evidence, we found that levels of full-length GluR1, GluR2/3,
and GluR4 decreased markedly after WTS and exposure to
staurosporine, two well established apoptotic stimuli in neurons.
The decrease in levels of the AMPA receptor subunits was
prevented by the caspase inhibitor zVAD-fmk. We found that the
decrease in levels of full-length AMPA receptor subunits occurs
rapidly (within 1–2 hr) in isolated synaptosomal membranes
exposed to activated cytosolic extract, an effect blocked by zVAD-
fmk, indicating that caspases induce degradation of AMPA re-
ceptor subunits rather than affect biosynthesis of the subunits.
Indeed, data indicate that AMPA receptor subunits have long
half-lives of ;48 hr (Perry and Henley, 1997). Caspase-mediated
degradation of AMPA receptor subunits was reversed after re-
supply of trophic support in neurons subjected to WTS, indicating
that receptor degradation was not simply a nonspecific conse-

Figure 5. Evidence for selective caspase-mediated degradation of AMPA receptor subunits after withdrawal of trophic support. a, Immunoblots were
performed on untreated control cortical cultures without (Control ) or with zVAD-fmk (ZVAD), and cultures deprived of trophic support for 24 hr
without (WTS) or with zVAD-fmk (W 1 Z), using antibodies against the indicated AMPA or NMDA receptor subunits, or an anti-actin antibody. b,
Cultures were pretreated for 30 min with vehicle (control ), 10 mM zDEVD-fmk, or 10 mM zWEHD-fmk. Cultures were then subjected to WTS for the
indicated time points, and immunoblots were performed on cell lysates using anti-GluR4 antibody. c, d, Results of densitometric analyses of
immunoblots; values are mean and SEM of three separate experiments. *p , 0.05, **p , 0.01 compared with control cultures (ANOVA with Scheffe’s
post hoc tests).
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quence of cell death. Our data suggest that the mechanism for
reversal of caspase-mediated degradation of AMPA receptors
after resupply of trophic support involves decreased levels of
caspase activity and synthesis of new AMPA receptor subunits. It
therefore appears that within a certain time window, caspase
activation does not commit hippocampal neurons to death, a
scenario consistent with previous studies of NGF withdrawal-
induced death of sympathetic neurons (Deshmukh and Johnson,
1997). Levels of the NMDA receptor subunits NR1, NR2A, and
NR2B were unchanged after WTS and/or exposure to zVAD,
indicating that caspase activation results in selective degradation
of AMPA receptors. This contrasts with calpains, which are

activated in neurons undergoing either apoptosis or necrosis and
can degrade both NMDA and AMPA receptor subunits (Bi et al.,
1996, 1997, 1998a,b). Thus, selective AMPA receptor subunit deg-
radation is specifically associated with apoptosis and not necrosis.

Our confocal analysis demonstrating colocalization of activated
caspase-3 and PSD95 suggests that activated caspase-3 is present
in the appropriate subcellular compartment for access to AMPA
receptor subunits. When taken together with recent studies that
describe membrane-associated caspases (Krebs et al., 1999) and
demonstrate that caspases can be activated locally in synaptic
terminals (Mattson et al., 1998) and with data in the present study
showing that caspases can cause degradation of AMPA receptor
subunits in isolated synaptic membranes, the data strongly sug-
gest that activated caspases can indeed degrade AMPA receptor
subunits in vivo. There is certainly ample evidence that other
membrane-associated proteins are cleaved by caspases in cells
undergoing apoptosis, including spectrin, amyloid precursor pro-
tein, and presenilins (Martin et al., 1995; Kim et al., 1997; Barnes
et al., 1998).

Figure 6. Levels of GluR4 immunoreactivity are decreased in hippocam-
pal neurons in a caspase-mediated manner, after withdrawal of trophic
support. a, Representative confocal laser scanning microscope images of
GluR4 immunoreactivity in a neuron in an untreated control hippocam-
pal culture without (A) or with ( C) zVAD-fmk, and cultures deprived of
trophic support for 12 hr (B) or deprived of trophic support for 12 hr, and
then incubated in complete Neurobasal medium for an additional 24 hr
(D). b, Levels of GluR4 immunoreactivity were quantified, and values are
the mean and SEM of determinations made in four cultures (10–20
neurons assessed per culture). *p , 0.05, **p , 0.01 compared with
control value; 1 p , 0.05, 11 p , 0.01 compared with WTS value
(ANOVA with Scheffe’s post hoc tests).

Figure 7. Caspase-mediated degradation of GluR4 in isolated synapto-
somal membranes. Cortical synaptosomes were exposed to staurosporine
(to activate caspases) for 2 hr, then cytoplasmic extracts prepared. These
extracts were then added to synaptosomal membranes in the presence (Z)
or absence ( C) of zVAD-fmk and incubated at 37°C. At the indicated time
points, protein samples were subjected to Western blot analysis using
antibodies against either GluR4 (a) or NR1 ( b). Each blot was reprobed
with an anti-actin antibody to confirm equal protein loading.
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An increasing number of proteins are being identified that are
cleaved by caspases during the process of apoptosis (for review,
see Chan and Mattson, 1999). Such caspase substrates include the
DNA repair protein Ku (Ajmani et al., 1995), poly-ADP ribose
polymerase (Lazebnik et al., 1994), actin and spectrin (Martin et
al., 1995; Kayalar et al., 1996, Wang et al., 1998), gelsolin (Ka-
mada et al., 1998), and presenilins (Kim et al., 1997). Several
observations are consistent with the possibility that AMPA re-
ceptor subunits are direct substrates for caspases. First, we found
that the caspase inhibitor zVAD-fmk prevented AMPA receptor
subunit degradation in intact neurons subjected to apoptotic
insults and in isolated synaptic membranes exposed to cytosolic
extracts containing activated caspases. Second, each of the
AMPA receptor subunits contains putative caspase cleavage sites
(S. L. Chan and M. P. Mattson, unpublished data). Third, recent
studies have shown that other membrane receptors are substrates
for caspases, including a receptor for netrin-1 (Mehlen et al.,
1998) and the T-cell receptor z chain in lymphocytes (Gastman et
al., 1999). If caspases do indeed directly cleave AMPA receptor
subunits, it seems likely that further rapid degradation of the
subunits occurs because lower molecular weight cleavage products
of the subunits were not typically present in our Western blot
analyses. Previous studies have shown that cleavage of a protein
by caspases can result in either generation of stable cleavage
products or rapid degradation of the entire substrate protein,
depending on the particular substrate (Chan and Mattson, 1999).

Data from our Ca21 imaging and cell survival studies provide
evidence for a role for caspase-mediated degradation of AMPA
receptor subunits in modulating neuronal death responses to
glutamate. Calcium responses to glutamate and neuronal vulner-
ability to excitotoxic necrosis were significantly decreased after
WTS, and these alterations were largely prevented by treatment
with the caspase inhibitor zVAD-fmk. On the other hand, our
data indicate that caspase activation after WTS contributes to
increased neuronal vulnerability to apoptosis induced by expo-
sure to a low level of glutamate. We therefore propose that
caspase-mediated cleavage of AMPA receptor subunits serves the
function of “driving” neurons down an apoptotic pathway of cell
death, thereby preventing necrosis. In this scenario, the mem-
brane proteins (AMPA receptors) that control the intensity and
duration of the “death signal” (calcium and sodium influx) are
subject to a form of feedback modulation by an enzyme(s)
(caspases) that acts as an executioner of the cell death process.
This novel mechanism for controlling the mode of neuronal death
is likely to be operative in various physiological and pathological
settings in which activation of glutamate receptors plays a role,
including programmed cell death during development of the
nervous system (Caldero et al., 1997); death of cortical, striatal,
and hippocampal neurons after cerebral ischemia (Linnik et al.,
1995; Mattson et al., 1999); degeneration of hippocampal and
cortical neurons in Alzheimer’s disease (Su et al., 1994; Guo et
al., 1998); and death of spinal cord motor neurons in amyotrophic
lateral sclerosis (Rothstein, 1995; Kruman et al., 1999).

Because our data indicate that caspase activation and AMPA
receptor subunit degradation are reversible processes, it should
also be considered that caspase-mediated modulation of AMPA
receptors may play a role in processes that are regulated by gluta-
mate receptors, including developmental and synaptic plasticity
(Mattson et al., 1989; Rajan and Cline, 1998; Wheal et al., 1998;
Zamanillo et al., 1999). AMPA receptors are localized primarily in
postsynaptic regions of dendrites. Recent studies have shown that
activation of glutamate receptors results in local activation of

caspases in such dendritic compartments (Mattson et al., 1998;
Duan et al., 1999b). The present findings therefore suggest that one
function of such localized caspase activation is to modulate
postsynaptic responses to glutamate. Such a role for caspases would
be consistent with emerging data from studies of non-neuronal
cells showing that by cleaving specific signal transduction proteins,
caspases can modify various signaling cascades. Examples include
focal adhesion kinase (Gervais et al., 1998), the tyrosine kinase
Fyn (Ricci et al., 1999), and protein kinase C isoforms (Khwaja and
Tatton, 1999). In light of the complex signaling pathways involved
in the regulation of neuronal survival and plasticity, it seems likely
that many different signaling proteins will be identified that are
subject to modification by caspases.
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