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SUMMARY

We have reported that overexpression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; EC 1.2.1.12) is involved in
age-induced apoptosis of the cultured cerebellar granule cells
that grow in a depolarizing concentration (25 mm) of KCI. The
present study was undertaken to investigate whether GAPDH
overexpression also occurs and participates in apoptosis of the
cerebellar granule cells that result from switching the culturing
conditions from high (25 mwm) to low (5 mm) concentrations of
KCI. We found that exposure of granule cells to low potassium
(K*) for 24 hr induces not only apoptosis but also necrotic
damage. The latter is supported by the morphological obser-
vations that a subpopulation of nheurons showed cell swelling,
extensive cytoplasmic vacuolization, damaged mitochondria,
and apparently intact nuclei. Treatments with two antisense but
not sense oligodeoxyribonucleotides directed against GAPDH
attenuated low K*-induced neuronal death by approximately

50%. Morphological inspection revealed that GAPDH antisense
oligonucleotides preferentially blocked low K*-induced apo-
ptosis with little or no effect on necrotic damage. Similar to
antisense oligonucleotides, actinomycin-D partially inhibited
low K*-induced death of granule cells with a predominant
effect on apoptosis. In contrast, cycloheximide almost com-
pletely blocked low K*-induced neuronal death and seemed to
prevent both apoptotic and necrotic damage. The levels of
GAPDH mRNA and protein were markedly increased in a time-
dependent manner after low K* exposure. The overexpression
of GAPDH mRNA and protein was completely blocked by cy-
cloheximide, actinomycin-D, and its antisense but not sense
oligonucleotides. Taken together, these results lend credence
to the view that exposure of cerebellar granule cells to low K*
induces both apoptosis and necrosis and that only the apopto-
tic component involves overexpression of GAPDH.

In the rat, CGC arise in the external germinal layer of the
cerebellum shortly after birth. The cell bodies then migrate
through the molecular layer to settle in the granule layer, but
they leave behind their extended axons (1, 2). In the granule
layer, the granule cells form short dendrites and receive
glutamatergic innervations via mossy fibers. The granule
cells project their axons, termed parallel fibers, to innervate
the dendrites of other cerebellar neurons, such as Purkinje
cells. The granule cell-to-Purkinje cell ratio is highly regu-
lated and is thought to be maintained by neuronal apoptosis
(3, 4). Because CGC differentiate after birth, they can be
readily cultured from newborn rodents, and such primary
cultures provide the most highly enriched in vitro system for
the study of a single neuronal cell type. CGC in culture
differentiate and mature into glutamatergic neurons capable
of synthesizing and releasing glutamate (5). These processes
require the presence of a depolarizing concentration of KCl or

an initial activation of NMDA receptors (5, 6), which indi-
cates an essential role of intracellular calcium. It has been
reported that when mature CGC grown in high KCl are
switched to a lower but more physiological concentration of
KCl (i.e., 5 mm), they undergo cell death with morphological
and biochemical hallmarks characteristic of apoptosis, in-
cluding condensation and aggregation of chromatin, internu-
cleosomal cleavage, and requirements for de novo RNA and
protein synthesis (7, 8). This low K* switch-induced apopto-
sis of CGC can be protected by treatment with various exci-
tatory amino acids (8) or insulin-like growth factor (7). How-
ever, the molecular mechanisms underlying this low K-
induced apoptosis remain largely unknown.

We have recently reported that, under typical growth con-
ditions (i.e., in the presence of 25 mMm KCI without medium
change and periodic glucose supplement), CGC spontane-
ously die by an apoptotic mechanism as the age of the cul-

ABBREVIATIONS: CGC, cerebellar granule cells; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NMDA, N-methyl-pD-aspartate; FDA,
fluorescein diacetate; Pl, propidium iodide; PBS, phosphate buffered saline; CHX, cycloheximide; Act-D, actinomycin-D; ATA, aurintricarboxylic
acid; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; THA, 9-amino-1,2,3,4-tetrahydroacridine; DIV, days in vitro.

542

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

tures reaches a critical stage, a process defined as age-in-
duced apoptosis (9). This age-induced apoptosis of CGC is
strikingly associated with overexpression of a 38-kDa protein
in the particulate fraction, which has been identified as
GAPDH (9). Antisense but not sense oligodeoxyribonucleo-
tides to GAPDH protect against age-induced apoptosis of
CGC. Moreover, GAPDH antisense oligonucleotides and
other neuroprotectants suppress the age-induced accumula-
tion of GAPDH mRNA and protein (9, 10). By the same
criteria, GAPDH overexpression has been implicated in age-
induced apoptosis of cultured cerebrocortical neurons (11)
and cytosine arabinoside-induced apoptosis of cultured CGC
(12). The present study was undertaken to further charac-
terize low K" -induced apoptosis, and, more importantly, to
explore whether GAPDH also participates in this form of cell
death. We present evidence that low K*-induced CGC death
involves multiple processes, including apoptosis, which in-
volves GAPDH overexpression, and possibly necrosis, which
does not. Some of these results have appeared as an abstract
(13).

Experimental Procedures

Preparation of rat cerebellar neurons. CGC were prepared
from 8-day-old Sprague-Dawley rat pups as previously described (5).
Briefly, neurons were dissociated from carefully dissected cerebella
by mechanical disruption in the presence of trypsin (0.025%) and
DNase (0.008%) and were then plated in poly-L-lysine-coated 35-mm
culture dishes. Cells were seeded at a density of 0.85-1.0 X 10°
cells/ml (2 ml/dish) in basal modified Eagle’s medium containing 10%
fetal bovine serum and 25 mM KCl. Cytosine arabinoside (10 uM) was
added to the culture medium 20 hr after plating to arrest the growth
of non-neuronal cells. After 7-8 DIV, low K*-induced apoptosis of
CGC was carried out as described by D’Mello et al. (7). Cells were
washed twice with and maintained in serum-free basal modified
Eagle’s medium (normally containing 5 mM KCI) supplemented with
glutamine, gentamicin, and cytosine arabinoside in the absence or
presence of test agents, as indicated elsewhere. For routine studies,
cell viability was determined 24 hr after exposure to low K* concen-
trations.

Assessment of neuronal viability. Cells were washed with
Locke’s solution and double-stained with 0.0008% FDA, which is
cleaved by esterases present in live cells, yielding yellowish-green
fluorescein, and 0.0002% PI, which passes through the plasma mem-
branes of dead cells to bind to DNA, producing orange-red nuclei (14).
Both types of fluorescent cells can be simultaneously observed in a
standard fluorescence microscope (Olympus IMT-2; Olympus, Tokyo,
Japan). Cell viability was measured by the ratio of the number of
FDA/FDA+PI positively stained cells in the photomicrographs of
four representative squares (500 X 500 um containing approxi-
mately 330 total cells) from each dish in a blind experiment.

Morphological examinations. Neurons grown in 35-mm plastic
dishes were prefixed and postfixed in 3% glutaraldehyde and 1%
0OsO,, respectively, dehydrated in ethanol, and embedded in Quetol
812 (Nisshin EM, Tokyo, Japan) for electron microscopy. In situ
embedding of cultures, preparation of ultrathin sections, and double
electron staining of those specimens were performed as described
previously (9). For nucleus staining with Hoechst 33258 (Hoechst,
Frankfurt, Germany), CGC were grown on a cover glass. After re-
moving the medium, the neurons were washed two times with ice-
cold PBS, fixed with 3% glutaraldehyde in PBS for 30 min at 4°, and
washed again with PBS three times. Cells were then stained with
Hoechst 33258 (0.4 ug/ml in PBS) for 15 min at 37°, washed, and
mounted in 50% glycerol in PBS. Nuclei were visualized using a
Olympus IMT-2 fluorescence microscope with a 60X magnification
objective.
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Synthesis of antisense and sense oligonucleotides. The phos-
phorothioate analogues of a 20-mer antisense and sense oligode-
oxyribonucleotides to the rat GAPDH transcript were synthesized by
using the sulfurizing reagent as previously described (15). Underlin-
ing indicates the phosphorothioated nucleotides. The GAPDH anti-
sense-1 oligonucleotide sequence was 5-GACCTTCACCATCTT-
GTCTA-3', which corresponds to a sequence of the rat GAPDH gene
(16) that flanks the ATG initiation codon. The GAPDH antisense-2
oligonucleotide sequence was 5'-GTGGATGCAGGGATGATGTT-3',
and its sequence corresponds to the nucleotide sequence between 637
and 656 of the coding region of rat GAPDH mRNA. The sequences of
the sense-1 and sense-2 oligonucleotides were the exact inverse of
their respective antisense oligonucleotides, with phosphorothioate
bonds in the corresponding position. A concentration of 10 um
GAPDH antisense oligonucleotide was found to be optimal for the
present antisense knock-down study. For comparative studies, anti-
sense oligonucleotides to lactate dehydrogenase and protein kinase
C2 were also constructed. The lactate dehydrogenase antisense oli-
gonucleotide sequence corresponded to the flanking initiation codon
of the mRNA of the mouse gene (i.e., 5'-GAGGGTTGCCATCTTG-
GACT-3’). The protein kinase C antisense oligonucleotide sequence
was against the flanking termination codon of the mRNA of the
human gene (i.e., 5'-GTTCTCGCTGGTGAGTTTCA-3’). The latter
was phosphorothioated throughout sequence.

Northern blotting. Total RNA isolation and Northern blot anal-
ysis were performed essentially as described previously (17), except
that the human GAPDH and/or B-actin cDNA probe were 1.1- and
1.8-kb in length, respectively (Clontech, Palo Alto, CA) and that
high-stringency washing of the hybridized blots was performed in
0.1X standard saline citrate (1X = 150 mm NaCl, 15 mM sodium
citrate) containing 0.1% SDS at 60° for 10 min (one or two times).
Approximately 9 ug of total RNA from each sample was separated by
electrophoresis through a 1.2% agarose-formaldehyde gel. GAPDH
mRNA bands were then quantified by charge-coupled device densi-
tometry of the autoradiograms. GAPDH and B-actin mRNA levels
were normalized to total cellular RNA in each sample, as described
previously (17).

SDS-PAGE and Western blot analyses. At the indicated length
of exposure to low K* concentrations, cells were harvested from the
dish and then sonicated in 50 mm TrissHCI, pH 7.4. After centrifu-
gation of the homogenate at 200,000 X g for 30 min, the particulate
fraction (pellet) was dissolved in a small volume of SDS (2%)-con-
taining sample buffer. An aliquot of the samples (10-12 ug protein)
was loaded onto each lane of the gel (8-16% linear gradient) for
SDS-PAGE analysis, as described by Laemmli (18). The separated
protein bands on the gel were visualized by using staining with 0.1%
Coomassie brilliant blue. Western blotting was performed after
transferring proteins on the gel to a polyvinylidene difluoride mem-
brane (Polyscreen; DuPont-New England Nuclear, Boston, MA) as
described previously (10). For specific immunostaining of GAPDH
protein, a mouse anti-rabbit GAPDH monoclonal antibody (Biogen-
esis, Poole, England) was used at the appropriate dilution in 0.5%
skim milk, 20 mM Tris-HCI, pH 7.4, 137 mM NaCl, and 0.05% Tween
20 and allowed to react for 60 min at room temperature with the
blotted membrane preincubated with 10% skim milk. Peroxidase-
conjugated rabbit anti-mouse IgS antibody (Dako, Glostrup, Den-
mark) was used as a secondary antibody. The immunoreactive pro-
teins were visualized by the enhanced chemiluminescence
autography (Renaissance, DuPont-New England Nuclear). Chicken
muscle GAPDH was a product of Sigma Chemical (St. Louis, MO).
Quantification of a 38-kDa protein band on the gel and GAPDH
protein band on the autogram was performed by using a charge-
coupled device densitometric image analyzer.

Unless otherwise stated, results shown are from a typical experi-
ment that was repeated three times with similar results.
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Results

Characterization of low K*-induced death of CGC.
Switching culturing conditions of CGC at 7 DIV from me-
dium containing high (25 mM) KCI concentrations to medium
containing low (5 mm) KCI concentrations resulted in a time-
dependent decrease in cell viability quantified by FDA/PI
double staining (Fig. 1). The loss of neurons was approxi-
mately 51% at 24 hr and 77% at 48 hr. This low K*-induced
neuronal death was suppressed by CHX (5 ug/ml) and, to a
lesser extent, by Act-D (1 wg/ml), whereas ATA (5 um), a
DNase inhibitor, was ineffective. Conversely, the continuous
presence of 25 mm KCl after medium switch did not induce
toxicity.

Light microscopic examination of CGC with FDA 24 hr
after low K* exposure revealed a subpopulation of neurons
that were swollen, round, and weakly labeled with FDA (Fig.
2B) compared with the unexposed CGC, which were devoid of
these features (Fig. 2A). Electron microscopic examination of
these swollen neurons showed morphological properties typ-
ical of necrotic injury [i.e., the presence of numerous vacuoles
in the cytoplasm and disintegration of the inner mitochon-
drial membranes but no visible alteration of nuclear chroma-
tin (Fig. 2C)].

By contrast, another population of CGC exposed to low K™
for 24 hr showed morphological hallmarks of apoptosis re-
vealed by ultrastructural changes and nuclear dye staining.
Electron micrographs showed heterochromatic patches on
the margin of the nuclear membrane and blebbing of the
plasma membrane, which are characteristic of an early stage
of apoptosis (Fig. 3B), as compared with the unexposed
healthy cells (Fig. 3A). Typical hallmarks of a later stage of
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Fig. 1. Time course of the death of CGC exposed to low K*. Neuro-
protection by CHX, Act-D, or high KCl. CGC were prepared and cul-
tured as described in Materials and Methods. At 7 DIV, the culture
medium was replaced with a serum-free basal modified Eagle’s me-
dium containing 5 mm KCI with no additives (vehicle, i.e., H,0), 25 mM
KCl (K25), CHX (5 ng/ml), Act-D (1 pg/ml), or ATA (5 um). At the
indicated times after exposure to low K™, neuronal viability was deter-
mined by FDA-PI double staining as described in Materials and Meth-
ods. Results are expressed as the mean =+ standard error from three
independent experiments. #, p < 0.05; #*, p < 0.01 compared with the
corresponding untreated (vehicle) control at each time using Student’s
t test.

Fig. 2. Morphological features of CGC exposed to low K*: FDA-PI
fluorescence and electron microscopic examinations. At 24 hr after
replacement with a serum-free medium containing 5 mm KClI, cultures
were morphologically examined as described in Materials and Meth-
ods. Cells were stained with FDA and PI. A, Unexposed control. B, After
24-hr exposure to low K*. Note that numerous swollen cells can be
seen after low K*exposure (arrows). Scale bar, 25 um. C, A typical
electron micrograph of the swollen cells shown in B. Note the high
degree of vacuolization in the cytoplasm and damaged inner mitochon-
drial membranes (arrowheads). Scale bar, 1 um.

apoptosis were also observed. These included dense chroma-
tin condensation (pyknosis), dilation of the endoplasmic re-
ticulum, and intact mitochondrial structures (Fig. 3C). Inves-
tigation of the morphology of cells stained with a
bisbenzimide dye (Hoechst 33258) also revealed a marked
change in nuclear organization in some CGC during the
course of low K™ -induced neuronal death. Twelve hours after
low K* exposure (77.0% viability), some nuclear fragmenta-

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

Fig. 3. Electron micrographs of CGC showing the morphological
changes associated with apoptosis. CGC were exposed to low K*for
24 hr and then were subjected to electron microscopy as described in
Materials and Methods. The viability of exposed cells was 53.2% at this
point. A, Unexposed healthy cells. B, An early nuclear change during
apoptosis. Heterochromatic patches were marginated at the nuclear
membrane, and membrane-bound blebs (arrows) were found. C, A later
stage of apoptotic death. The nucleus exhibited highly condensed
chromatin, and a dilated, rough endoplasmic reticulum was observed.
Scale bar, 1 pm.

tion was observed (Fig. 4B) compared with the unexposed
control (Fig. 4A). At 24 hr (52.3% viability), the appearance of
nuclei with condensed chromatin was more frequent (Fig.
4C). Additionally, we found a marked enhancement in inter-
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Fig. 4. Nuclear chromatin features of CGC exposed to low K*. At 7
DIV, cultures were replaced with 5 mM KCI medium and, thereafter, at
the indicated times, cells were fixed and stained using the DNA-specific
fluorochrome Hoechst dye 33258 as outlined in Materials and Methods.
A, Unexposed control. B, Twelve hours after exposure. C, Twenty-four
hours after exposure. Note the typical features of apoptosis, namely,
nuclear fragmentation (arrows) and chromatin condensation (arrow-
heads) in neurons in B and C. Scale bar, 20 pm.

nucleosomal DNA cleavage revealed by DNA ladders (multi-
ples of 180 bp) on agarose gels after electrophoresis, which
confirmed the previous reports of D’'Mello et al. (7) (results
not shown). Collectively, the above morphological results
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strongly suggest that low K*-induced death of CGC involved
both apoptosis and necrosis. Careful morphological assess-
ments and measurements of dead cells and intact nuclei (19)
showed that, 24 hr after low K" exposure, approximately
70% of neurotoxicity was the result of apoptosis, and the
remaining neurotoxicity was the result of necrosis.
Neuroprotective effects of GAPDH antisense oli-
godeoxyribonucleotides, CHX, and Act-D. The neuropro-
tective effects of RNA and protein synthesis inhibitors on low
K" -induced neuronal death suggest an involvement of de
novo gene expression in this process. Because GAPDH over-
expression has been linked to age-induced apoptosis of CGC
(9, 10), we initially used the antisense knock-down strategy
to examine the possible role of GAPDH in the neurotoxicity
induced by low K" exposure. Both antisense-1 and anti-
sense-2 oligodeoxyribonucleotides blocked low K*-induced
cell death at 24 hr by approximately 50%, whereas their
corresponding sense oligonucleotides were ineffective (Fig.
5). As a negative control, we used two antisense oligonucle-
otides directed against lactate dehydrogenase and protein
kinase C2. The former bears functional similarity to GAPDH,
whereas the latter is abundantly expressed in CGC. Neither

Dead Cells per Square
a

. 8 8 &8
ngmmesed
Vehicle H
cix | H:
Act-D H:
AS-1 H 3
AS-2 H *

S-1 H

S-2 H
THA H =+
LDH AS H
PKC AS H

Fig. 5. Neuroprotective effects of GAPDH antisense oligonucleotides,
Act-D, CHX, and THA on low K*-induced neuronal death. CGC were
exposed to low K*and treated with indicated agents as described in the
legend to Fig. 1, except that antisense or sense oligonucleotides (10
wM) and THA (50 um) were also included in low K*-exposed conditions.
After 24-hr exposure to low K™, the number of dead cells was assessed
by using PI staining as described in Materials and Methods. AS-1,
+GAPDH antisense-1 oligonucleotide; AS-2, + GAPDH antisense-2 oli-
gonucleotide; S-1, +GAPDH sense-1 oligonucleotide; S-2, + GAPDH
sense-2 oligonucleotide; LDH AS, +lactate dehydrogenase antisense
oligonucleotide; PKC AS, +protein kinase C « antisense oligonucleo-
tide. Values are the mean = standard error of three independent ex-
periments. *, p < 0.01; #*, p < 0.001 compared with the untreated
(vehicle) control using one-way analysis of variance followed with Dun-
nett’s t test.

oligonucleotide showed a significant effect on low K™ -induced
cell death. CHX almost completely blocked the death of CGC;
however, Act-D was only as effective as the antisense oligo-
nucleotides. Interestingly, an antidementia drug, THA (20),
also showed weak but significant neuroprotection. In addi-
tion, MK-801, an antagonist of NMDA receptor, did not show
any neuroprotective effect in the tested concentration range
of 107 to 10™* M (results not shown), which suggests that the
low K" -induced neurotoxicity was not the result of increased
release of glutamate from CGC to act on NMDA receptors.

Direct visualization of living and dead cells by using dou-
ble-labeled fluorescent microscopy revealed that, 24 hr after
low K* exposure, the number of dead cells was markedly
reduced by treatment with CHX, Act-D, or the antisense but
not sense oligonucleotide (Fig. 6, A-D) compared with CGC
exposed to low K* only (Fig. 2B). Importantly, the cell swell-
ing associated with low K" -induced neurotoxicity was abol-
ished by CHX, whereas the antisense oligonucleotide and
Act-D did not block the appearance of cell swelling. These
results suggest that GAPDH and Act-D preferentially block
apoptotic cell death with little or no effect on necrotic dam-
age. Surprisingly, CHX seemed to block both apoptosis and
necrotic injury of CGC.

Overexpression of GAPDH mRNA and protein levels:
suppression by GAPDH antisense oligonucleotide,
CHX, and Act-D. To demonstrate the validity of the anti-
sense knock-down experiments, we studied the effects of the
antisense oligonucleotide on GAPDH mRNA and protein lev-
els. The level of GAPDH mRNA as measured by Northern
blot hybridization increased 1 hr after low K" exposure,
reaching a maximum at 2 hr, which was approximately 2.5-
fold of the unexposed control (Fig. 7A). The level then de-
clined at 3 hr and returned to the basal value at 4 hr. In
contrast, the levels of B-actin mRNA remained relatively
constant in the time course studied. The presence of the
antisense but not sense oligonucleotide reduced the GAPDH
mRNA to the control (Fig. 7B). CHX and Act-D also blocked
the low K*-induced GAPDH mRNA increase. CHX did not
affect the viability and GAPDH mRNA level of CGC cultured
in 25 mM K" (results not shown).

The high-speed particulate fraction of CGC homogenates
was electrophoresed and stained on SDS-PAGE, and the
amount of GAPDH (38-kDa band) was estimated. The level of
the 38-kDa protein band was increased by approximately
2-fold 12 hr after low K*-exposure (75.9% viability) (Fig. 8),
and this increase was sustained at 24 hr. Treatment with
GAPDH antisense but not its corresponding sense oligonu-
cleotide completely blocked the increase in this protein, a
result similar to the effect of CHX and/or Act-D. Although our
previous microsequencing study showed that the bulk of this
protein band on SDS-PAGE represented GAPDH protein (9),
the reliability of the results obtained with SDS-PAGE anal-
ysis was further examined by means of Western blotting
using a GAPDH-specific monoclonal antibody. As shown in
Fig. 9, on the whole, Western blot analysis clearly confirmed
the observations found using SDS-PAGE and shown in Fig. 8.
The overexpressed GAPDH protein in the particulate frac-
tion was suppressed by GAPDH antisense oligonucleotides in
a concentration-dependent manner with an IC;, of approxi-
mately 2 uM (results not shown). Additionally, the level of
GAPDH protein in the high-speed supernatant (cytosolic)
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Fig. 6. Effects of GAPDH oligonucleotides, Act-D, and CHX on the morphology of CGC exposed to low K*. Monolayered CGC cultures were
treated with indicated agents as described in the legends to Figs. 1 and 5. Twenty-four hours after exposure to low K™, cells were double-stained
with FDA and Pl and then photographed with a fluorescence microscope as described in Materials and Methods. A, CHX added. B, Act-D added.
C, GAPDH antisense-1 oligonucleotide added. D, GAPDH sense-1 oligonucleotide added. Note that both the number of dead cells and the
fragmentation of nerve fibers in D were effectively suppressed by CHX, Act-D, and the GAPDH antisense oligonucleotide; however, the swelling
of neurons (arrows) was blocked only by CHX treatment as in A. The GAPDH sense-1 oligonucleotide did not show any neuroprotective effect;
the experiment is thus similar to the vehicle control in Fig. 2B. Scale bar, 25 um.

fraction was found to be unchanged during exposure of CGC
to low K" (results not shown).

Discussion

In this study, we have characterized the neuronal damage
of granule cells resulting from the switch of culturing condi-
tions from high to low K™ concentrations. We have confirmed
previous reports that low K* culturing conditions induce
apoptotic cell death (7, 8). Moreover, we have provided the
first evidence that necrosis significantly contributes to this
low K*-induced neurotoxicity; e.g., morphological observa-
tions show that a subpopulation of neurons is swollen and
shows extensive vacuolization in the cytoplasm and damaged
mitochondria but no visible change in nuclear structures
(Figs. 2 and 6). It was recently reported that NMDA or nitric
oxide/superoxide can trigger either apoptotic or necrotic
death of cultured cerebrocortical neurons depending on the
intensity of the initial insults (21). The occurrence of both
apoptosis and necrosis of CGC after a low K* concentration
switch raises the possibility that these cultured neurons may
not be homogeneous; a subpopulation of neurons may be

more vulnerable than the others to necrotic insults. The
heterogeneity of cultured CGC is also suggested by our re-
ceptor autoradiographic findings that a muscarinic receptor
antagonist labels individual CGC unequally and that some
CGC are not labeled at all (22).

In view of the involvement of GAPDH overexpression in
age-induced apoptosis of CGC, we explored its role in low
K" -induced neuronal death. We found that both GAPDH
antisense-1 (directed against the flanking region of the initi-
ation site) and antisense-2 (directed against the coding re-
gion) oligonucleotides protect against low K" -induced neuro-
nal death by approximately 50% (Fig. 5). In contrast, two
unrelated antisense oligonucleotides against lactate dehy-
drogenase and protein kinase C failed to provide protection
(Fig. 5). Morphological inspection suggests that GAPDH an-
tisense oligonucleotides preferentially protect against apo-
ptosis with little or no effect on necrotic damage in CGC (Fig.
6). That the antisense protection is related to GAPDH knock-
down is supported by the observations that the antisense but
not sense oligonucleotides suppress the overexpressed
GAPDH mRNA and protein levels (Figs. 7, 8, and 9). Low
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Fig. 7. Northern blot analysis of GAPDH mRNA levels in CGC during
exposure to low K*: time course and effects of GAPDH oligonucleo-
tides, Act-D, and CHX. Mature CGC were treated with indicated agents
as described in the legends to Figs. 1 and 5. Experimental conditions
for the Northern analysis are as described in Materials and Methods. A
fraction of each sample was used for the quantification of total RNA by
densitometry of photographic negatives taken of ethidium bromide-
stained agarose gel as described previously (17). Bar graphs, levels of
quantified GAPDH mRNA are expressed as values relative to the un-
exposed control. A, Time course of changes in GAPDH mRNA levels in
neurons after low K* exposure. Note the relatively constant level of
B-actin mRNA (ACTIN). B, Effects of GAPDH oligonucleotides, Act-D,
and CHX on the overexpressed GAPDH mRNA levels induced by low
K" exposure for 2 hr. Values are the mean = standard error of three
independent experiments. *, p < 0.01; **, p < 0.001 compared with the
untreated (vehicle) control using one-way analysis of variance followed
with Dunnett’s t test. V, vehicle; X, +CHX; A, +Act-D; AS, +GAPDH
antisense-2 oligonucleotide; S, + GAPDH sense-2 oligonucleotide.

K" -induced GAPDH mRNA accumulation peaks 2 hr after
medium switch (Fig. 7A). This GAPDH up-regulation is tem-
porally related to the report by Galli et al. (23) in that the
effective rescue of CGC exposed to low K™ can occur only if
Act-D is added before 2 hr after low K* exposure. The anti-
sense protection does not seem to be the result of inhibition of
global protein synthesis, because GAPDH antisense oligonu-
cleotides did not significantly affect [*H]leucine incorporation
into proteins under our low K™ experimental conditions (re-
sults not shown). Taken together, our results strongly sug-
gest that, as in age-induced and cytosine arabinoside-induced
apoptosis (9, 11, 12), GAPDH overexpression is also involved
in low K*-induced apoptosis but not necrosis of CGC.
Similar to the GAPDH antisense oligonucleotide, Act-D
also partially blocks low K*-induced death of CGC, and its
protection is predominantly for the apoptotic rather than
necrotic neurons (Figs. 5 and 6). Unexpectedly, CHX was
found to inhibit both apoptotic and necrotic damage of CGC,
producing the most robust protection (Figs. 5 and 6). These
results seem to be paradoxical, inconsistent with the general
rule that necrosis does not require de novo protein synthesis
(for a review, see Ref. 24). Given that secondary necrosis has
been proposed to be the result of a progression or extension of
apoptosis in some cases, depending on mitochondrial func-
tion (25), it is not surprising that some parallels exist be-
tween apoptosis and necrosis and that there are certain ge-
netically programmed responses to both types of stimuli. In
this context, we found that the occurrence of swollen cells
was apparent approximately 12 hr after low K* exposure,
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Fig. 8. SDS-PAGE analysis of particulate proteins of CGC: effects of
GAPDH oligonucleotides, Act-D, and CHX. Cells were treated with
indicated agents as described in the legends to Figs. 1 and 5 and then
harvested at 12 hr after low K* exposure. Experimental conditions for
SDS-PAGE analysis are as described in Materials and Methods. An
aliquot of the samples was loaded onto each lane of the gel. Left lane,
marker proteins for molecular mass (kDa). Measurements of cell viabil-
ity and level of the 38-kDa protein are as described in Materials and
Methods. Bars, Levels of quantified 38-kDa proteins expressed as
relative values compared with the unexposed control (C). Values are the
mean * standard error of three independent experiments. *, p < 0.001
compared with the untreated (vehicle) control using one-way analysis
of variance followed with Dunnett’s t test. V, vehicle; X, +CHX; A,
+Act-D; AS, +GAPDH antisense-1 oligonucleotide; S, +GAPDH
sense-1 oligonucleotide.

reached a maximum at 24 hr, and declined drastically be-
tween 36 and 48 hr (results not shown). It is of interest that
the protective effects elicited by the antisense oligonucleo-
tides, Act-D, and CHX are all associated with the suppression
of low K" -induced up-regulation of GAPDH mRNA and a
selective blockade of the overexpressed GAPDH protein
(Figs. 7, 8, and 9). In all cases, the basal, constitutive levels
of GAPDH mRNA and protein were unaffected by these neu-
roprotectants. This suggests that there may be multiple pools
of GAPDH mRNA and protein that are subjected to differen-
tial regulation. This notion is consistent with reports that
there are more than 300 copies of GAPDH genes in the rat
genome (16) and that GAPDH protein is located in multiple
cellular compartments, including the plasma membrane, mi-
tochondria, cytoskeletons, and nuclei (26, 27). Low K*-in-
duced cell death is also significantly protected by the antide-
mentia drug, THA, but not by the endonuclease inhibitor,
ATA, at 5 um (Figs. 1 and 5). Regarding the neuroprotective
effect of THA, it is intriguing to note that a monoclonal
antibody raised against amyloid plaques from Alzheimer’s
patients’ brains reacts with both the overexpressed 38-kDa
protein (i.e., GAPDH) and the B-amyloid precursor protein
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Fig. 9. Immunoblotting patterns of CGC particulate proteins and pu-
rified GAPDH. Various particulate fractions derived from CGC at 12 hr
after low K* exposure were subjected to SDS-PAGE for Western blot-
ting as illustrated in Fig. 8. After protein transfer, the blot was incubated
with GAPDH monoclonal antibody as described in Materials and Meth-
ods. Measurements of cell viability and level of GAPDH protein on the
autogram are also described in Methods. Bar graph, levels of quantified
GAPDH proteins. These results are expressed as relative values com-
pared with the unexposed control (C). Values are the mean * standard
error of three independent experiments. *, p < 0.001 compared with
the untreated (vehicle) control using one-way analysis of variance fol-
lowed with Dunnett’s t test. V, vehicle; X, +CHX; A, +Act-D; AS,
+GAPDH antisense-1 oligonucleotide; S, +GAPDH sense-1 oligonu-
cleotide. Note that a very low level of a low-molecular-mass protein
present in V and S is also immunoreactive; this protein can be seen in
the purified GAPDH preparation.

]

(10), which supports a previous report that GAPDH interacts
with the B-amyloid precursor protein (28). Higher concentra-
tions of ATA (10-50 uMm) exacerbate the cell death (results
not shown), which suggests that CGC exposed to low K* are
vulnerable to this insult. The ATA neurotoxicity could be
related to its diversity of actions, including inhibition of
NMDA receptor function, nucleic acid polymerase activity, or
protein synthesis (29-31).

The mechanisms underlying GAPDH overexpression in
CGC exposed to low K" are unclear, but the induction is
likely to be triggered by lowering the intracellular Ca®" level.
In a related study using cultured sympathetic neurons, it has
been shown that programmed cell death triggered by nerve
growth factor withdrawal is effectively suppressed by thap-
sigargin-induced Ca®" influx (32) and is associated with the
expression of various protooncogenes (33). It remains to be
studied whether these protooncogenes are also induced in
CGC exposed to low K* and, if so, whether these induced
protooncogenes serve as transcriptional factors in mediating
the expression of GAPDH. GAPDH is an enzyme with mul-
tiple functions and is present not only in the cytosolic but also
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in the particulate fraction. The present and previous studies
(9, 12) show that the overexpressed GAPDH protein is lo-
cated in the particulate fraction where most of the nonglyco-
lytic activities of GAPDH are found. Thus, some of these
nonglycolytic functions may play a role in neuronal apopto-
sis. These include bundling of microtubules (34), binding to
B-amyloid precursor protein (28), modulation of actin-fila-
ment network (35), facilitation of membrane fusion (36), and
regulation of nuclear transcription and uracil DNA glycosy-
lase activity (37, 38) as well as being the target of covalent
NAD ™" -linkage mediated by nitric oxide and oxygen free rad-
icals (39, 40). Studies are in progress to determine which of
these activities of the GAPDH protein are involved in the
apoptosis of CGC.
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