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Macromolecular
Synthesis Inhibitors Prevent Oxidative Stressinduced Apoptosis
in Embryonic Cortical Neurons by Shunting
Cysteine from Protein Synthesis to Glutathione
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Although
macromolecular
synthesis
inhibitors
have been
demonstrated
to prevent neuronal apoptosis
in a number of
paradigms,
their mechanism
of protection
remains unclear.
Recently, we found that neuronal
death resulting from cystine deprivation,
glutathione
loss, and oxidative
stress is
apoptotic
and is prevented
by inhibitors
of macromolecular
synthesis. We now report that protection
is associated
with
enhanced
availability
of acid-soluble
cyst(e)ine
and restoration of cellular
glutathione
levels. Kacetylcysteine,
an
agent that delivers exogenous
cysteine
intracellularly
and
raises glutathione,
is also protective,
while buthionine
sulfoximine, an inhibitor of glutathione
synthesis, prevents protection by inhibitors of macromolecular
synthesis. These results suggest that protection
provided by these agents, in
this paradigm,
derives from shunting of the amino acid cysteine from global protein synthesis
into the formation of the
antioxidant
glutathione.
[Key words: apoptosis,
cycloheximide,
glutathione,
oxidative stress, glutamate,
cortical neurons, cyst(e)ine]

Inhibitors of macromolecular synthesis have been shown to
abrogate neuronal death induced by a broad range of stimuli,
including nerve growth factor deprivation (Martin et al., 1988;
Oppenheim et al., 1990; Scott and Davies, 1990; Mesner et al.,
1992), hypoxia and hypoglycemia (Goto et al., 1990; Papaset
al., 1992), MPTP (1-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine) (Di Pasqualeet al., 1991), calcium channel antagonists
(Koh and Cotman, 1992), and x-irradiation (Ferrer, 1992). In
each of theseparadigms(many of which demonstrate morphologic and/or biochemical features of apoptosis)protection by
inhibitors of macromolecular synthesishasbeen interpreted as
evidence for a gene-directed program of cell suicide (Martin et
al., 1988; Oppenheim, 1991). In vertebrate systems,efforts to
define a specific protein, or cascadeof proteins, whose timely
expressionresultsin cell death have beeninconclusive (Franklin
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romolecular synthesisinhibitors unrelated to specific “death”
proteins have been proposed(Franklin and Johnson, 1992; Papaset al., 1992),plausibleschemeshave yet to be demonstrated.
We recently showed that degenerationof immature primary
cortical neurons induced by continuous exposure to glutamate
or homocysteate (HCA) for 24 hr displays morphologic and
biochemical features of apoptosis (Ratan et al., 1994). In this
paradigm, the toxic effectsof glutamate do not appear to result
from receptor-mediatedactivation oftransmembrane ion fluxes
or phosphatidylinositol turnover (Murphy and Baraban, 1990),
but rather result from glutamate’s ability to inhibit competitively the uptake of the amino acid cystine at its plasmamembrane transporter (Murphy et al., 1989, 1990). Inhibition of
cystine uptake or removal of cystine from the bathing medium
leadsto depletion of the antioxidant glutathione and death due
to oxidative stress.Apoptotic death due to glutathione depletion
can be prevented not only by the antioxidants vitamin E (Murphy et al., 1990), idebenone, and butylated hydroxyanisole but
also by inhibitors of macromolecular synthesis (Ratan et al.,
1994).
Herein, we demonstrate that macromolecular synthesisinhibitors act by a novel mechanismof protection. Suppression
of protein synthesis enhancesavailability of the amino acid
cysteine, which can then be used to increaseproduction of cellular antioxidants, suchasglutathione. Theseobservationssuggestthat macromolecularsynthesisinhibitors may protect against
cell death induced by oxidative stressby augmenting cellular
antioxidant defenses.
Materials and Methods
Cell cultures were obtainedfrom the cerebralcortex of fetal SpragueDawleyrats (day 17of gestation)aspreviouslydescribed(Murphy et
al., 1990). All experiments
were initiated
24-72 hr after plating. These
young cultures do not express significant
receptor
mediated
responses
to glutamate
and thus do not appear to be susceptible
to excitotoxicity.
For cystine deprivation-induced
cytotoxicity
studies, the cells were rinsed
once with warm phosphate-buffered
saline (PBS) and then switched to
medium
[Minimum
Essential
Medium
(MEM;
Advanced
Biotechnologies) with 5.5 gm/liter
glucose, 5% FCS, 2 mM L-glutamine,
and 100
PM cystine]
containing
the glutamate
analog homocysteate
(0.25-10
mM). Homocysteate
was diluted from 1 OO-fold concentrated
solutions
that were adjusted
to pH 7.5. Media containing
cycloheximide
(O.OOl10 &ml),
actinomycin-D
(2 @g/ml), anisomycin
(0.005-0.5
fig/ml),
or
idebenone
(3 PM) were made by diluting
at least 1OOO-fold concentrated
solutions
prepared
in dimethyl
sulfoxide
(DMSO
vehicle, 0.1% v/v, had
no protective
or toxic effect by itself). Buthionine
sulfoximine
(200 FM
to 1 mM) and N-acetylcysteine
(100 PM) were diluted from stock solutions that had been prepared
in sterile water and adjusted
to pH 7.5.
All pharmacologic
agents were from Sigma unless otherwise
specified.
Loss of membrane
integrity
is a late event in apoptotic
death (Wyllie,
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Figure 1. Diagram of proposed mechanism of protection by macromolecular synthesis inhibitors in preventing glutamate- or homocysteate-induced neuronal death. Many cells require exogenous cysteine
because they are not capable of synthesizing it. However, cysteine, added
to culture medium, or released from the cell, is unstable and rapidly
auto-oxidized to cystine. Cystine crosses the cell membrane via a cystine/glutamate antiporter, a process driven by facilitated diffusion. Once
inside the cell, cystine is rapidly reduced back to cysteine, where it can
be utilized, primarily, for synthesizing protein and glutathione. Inhibition of transmembrane cystine transport in immature cortical neurons
by glutamate analogs such as HCA, or low exogenous cystine, leads to
a depletion of cysteine and consequently glutathione. Macromolecular
synthesis inhibitors spare cysteine and allow it to be utilized for synthesis
of glutathione and maintenance of cellular antioxidant potential.

1980). Cell death was quantitated by the release of the cytosolic enzyme
lactate dehydrogenase (LDH) as previously described, 8-10 hr after the
appearance of chromatin condensation and fragmentation typical of
apoptosis (24 hr after the onset of HCA exposure) (Ratan et al., 1994).
Glia, which represent approximately 25% of cells in these primary cortical cultures, are spared under conditions of cystine deprivation that
induce neuronal cell death (Murphy et al., 1990). Measurements of LDH
release, as a fraction of the total LDH in the culture, thus underestimate
percentage of neuronal death.
Glutathione measurements. Total glutathione levels (GSH + GSSG)
were measured by the method of Tietze (1969) as described in Murphy
et al. (I 989) with the following modifications. After 8-12 hr of exposure
to potential toxins f inhibitors, the cells were washed once with cold
PBS. They were then lysed with 0.5% Triton X- 100 in 0.1 M potassium
phosphate buffer, pH 7.0 (500 ~1 per 60 mm dish), and scraped off the
bottom of the dish with a rubber policeman. The resulting lysate was
divided in halffor LDH and glutathione measurements. The halfutilized
for glutathione measurements was dissolved in an equal volume of 6%
perchloric acid (PCA). The remaining steps of the glutathione assay
were performed as previously described (Murphy et al., 1990). Glutathione is conventionally expressed as a function of total protein in cell
extracts. In the present study, we normalized glutathione to LDH activity (A,,,/min) in cell extracts rather than total protein, as the latter
is affected by protein synthesis inhibitors and would falsely overestimate
glutathione levels. The method of normalization was validated by the
observation that LDH activities do not change at early time points (< 18
hr of HCA exposure).
Single-cell assessment of glutathione levels was performed using the
glutathione indicator dye monochlorobimane (BmCI; Molecular Probes)
(Femandez-Checa and Kaplowitz, 1990). For bimane fluorescence, cells
were incubated for 10 min with 5 PM BmCl (dissolved in media) at
37°C rinsed gently with warm phosphate buffer, and placed in a buffered

salt solution. Cells were excited at 380 nm, and bimane fluorescence
was observed using a 450 nm emission filter. To determine the specificity
of fluorescence for glutathione, cells in parallel dishes were incubated
with 2 mM diethyl maleate (DEM) for 15 min and rinsed thoroughly
with warm PBS prior to BmCl loading. DEM is enzymatically conjugated to glutathione by glutathione-S transferase and thus acts to deplete
glutathione (Bellomo et al., 1992).
3SS-cystine uptake studies. Radioactive uptake experiments were performed as described previously (Murphy et al., 1990) with the following
modifications. Cultured cells plated in 6- or 12-well dishes were washed
with 1 ml/well of PBS and then incubated for 3 hr at 37°C with 1 mM
HCA with or without 10 &ml cycloheximide that had been dissolved
in MEM medium. Prior to labeling, the cells were rinsed once with PBS
and the medium was replaced with 1 mM HCA f 10 &ml cycloheximide dissolved in 1 ml of a control salt solution, containing 120 mM
NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 25 mM Tris hydrochloride pH 7.4,
15 mM glucose, 2 mM L-glutamine, 1 FM cystine, and 2 mM D-aspartate.
D-Aspartate was added to inhibit uptake of radioactive cystine into glia
via its low-affinity, high-capacity transporter (Murphy et al., 1990); 2
PCi of YS-cystine (686.1 Ci/mmol; New England Nuclear) was then
added to each well for 20 min. In parallel, cells were labeled in the
presence of an excess of cold cystine (1 mM) to determine nonspecific
radioactive uptake. The labeling was stopped by three rapid washes with
2 ml of ice-cold PBS supplemented with 1 mM CaCl, and 1 mM MgCl,.
Immediately after the washes, the cells were lysed with 3% PCA, scraped,
and transferred to Eppendorf tubes. The samples were spun for 10 min
at 7400 x gat 4°C and the radioactivity of an aliquot of the supernatant
was determined by liquid scintillation counting as a measure of the acidsoluble ?S-cyst(e)ine. The acid-precipitable pellet, containing the labeled, newly synthesized protein, was dissolved in 0.1 M NaOH. The
radioactivity in this NaOH solute was measured and the protein was
determined by the bicinchoninic acid reagent (Pierce) method (Smith
et al., 1985). In parallel experiments, treatment with HCA * cycloheximide (10 pg’ml) and labeling with 2 pCi/ml of Y$ were performed for
a period of 3 min, to determine the direct effects of cycloheximide on
the initial rate of cystine uptake. Measurements of acid-soluble and
acid-precipitable radioactivity were then performed as described above.
Statistics. Results are presented as mean f standard error of the mean
for three to five experiments unless otherwise noted. Experimental groups
with multiple treatments were analyzed by analysis of variance.

Results
Glutathione levelsafter treatment with macromolecular
synthesisinhibitors
In recent studies, we have found that macromolecular
synthesis
inhibitors block neuronal toxicity in immature primary cortical
cultures induced by cystine deprivation
and subsequent glutathione depletion (Ratan et al., 1994). In considering
possible
mechanisms mediating protection by these inhibitors,
we noted
that in addition to being a vital precursor for glutathione
synthesis, intracellular
cysteine is also utilized in protein synthesis.
Therefore, we examined whether protection conferred by macromolecular
synthesis inhibition
could result from a redistribution of cysteine from protein synthesis into the formation of
glutathione (Fig. 1). Unexpectedly,
we found that cycloheximide
and actinomycin-D
increase glutathione (GSSG + GSH) in HCAtreated cultures (Table 1). The degree of elevation ofglutathione
by cycloheximide
and actinomycin-D,
respectively, correlates
with their ability to protect neurons from cell death (Table 1).
To ensure that decreases in glutathione
levels do not reflect an
alteration in cell number, glutathione
measurements
were performed 8-12 hr after the onset of HCA exposure (prior to any
morphologic
or biochemical
indices ofapoptosis or loss in membrane integrity). In this regard, LDH activities in cell extracts,
which nave been shown to be proportional
to cell number
(Schnarr et al., 1979; Koh and Choi, 1987), were nearly identical
(5 10% differences among treatment groups) at the time of glutathione assay.
Measurement
of glutathione
and cell viability as a function
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Table 1. Cycloheximide and actinomycin-D protection is associated
with increases in total intracellular glutathione
Cyto-

Treatment

Glutathione

(~a)

toxicity
(O/o LDH
release)

Control
1 mM
1 mM
1 mM
1 mM

9.8+
2.6
8.8
5.2
2.9

=
=
=
=

13
69
12
32
69

homocysteate
homocysteate
homocysteate
homocysteate

+ chx
+ act-D
+ 0.1%

DMSO

f
zk
zk
k

1.4n=5
0.4 n
1.4 n
0.4 n
0.6 n

5*
5
5*
5*

-

cell viability
Glutathlone

+ 2%
Yk two*
k 3%
k 5%*
k 9*

Cells were treated with HCA -C potential inhibitors as described in Figure I Total
glutathione (GSSG + GSH) was measured as described in Materials and Methods
and normalized
to LDH activity of the same cell extracts. Measurements
of glutathione were performed
8-12 hr after exposure to HCA + inhibitors, prior to
morphologic
or biochemical (5 10% difference in LDH activity of cell extracts
among treatment groups) evidence of cell death. In parallel cultures, cell death
was measured by quantifying release of LDH after 22-24 hr. Values in each group
represent mean f SEM for three to live different experiments. We did not observe
an increase in glutathione in control cells treated with macromolecular
synthesis
inhibitors,
suggesting that under these conditions intracellular
cysteine content
may not be rate limiting for glutathione synthesis (data not shown). chx, cycloheximide; act-D, actinomycin-D,
DMSO, dimethyl sulfoxide.
* Statistical difference from control (p x 0.05).

of HCA concentration revealed a closecorrelation betweentotal
intracellular glutathione measuredprior to cell death (8-12 hr
after exposure to HCA) and cell viability measured22-24 hr
after the onset of HCA treatment (Fig. 2). These observations,
along with the previous finding that vitamin E potently protects
against toxicity from cystine deprivation but doesnot result in
restoration of cellular glutathione, suggestthat glutathione depletion is a cause,not a consequence,of cell injury (Murphy et
al., 1989).
Total glutathione measurementsreflect glutathione in both
glia and neuronsin thesemixed cultures. Previous histochemical
and biochemical studieshave suggestedthat concentrations of
total glutathione are low in neuronsrelative to glial cellsin brain
(Slivka, 1987) and in murine primary mixed cultures (Raps et
al., 1989). Along with other studies(Murphy et al., 1989, 1990;
Cho and Bannai, 1990; Kato et al., 1992), our data emphasize
the importance of cystine transport to neuronal and glial glutathione homeostasis.To determine whether glutathione resides
primarily in neuronsor glia, we measuredglutathione in mixed
cultures in the presenceof a selective inhibitor of glial cystine
uptake, o-aspartate. Previous autoradiographic studiesin mixed
cultures revealed that the majority of YS-cystine uptake occurs
in glia via a high-capacity, low-affinity, chloride-dependentcystine antiporter sensitive to glutamate. Blockade of this highcapacity transporter with o-aspartate results in significant loss
of autoradiographic labeling of glia (Murphy et al., 1990).
D-Aspartate treatment (2 mM) for 24 hr in the present study
reducestotal glutathione by only 33% (in contrast to the > 70%
reduction seenafter 8-l 2 hr in the presenceof inhibitors of the
chloride-dependent antiporter), suggestinga significant amount
of the glutathione measuredis derived from neurons. As was
previously shown (Murphy et al., 1990), blockade of the glial
transporter by o-aspartatedid not result in neuronal death after
24 hr (data not shown).
Additional evidence that the glutathione content of neurons
is similar to that of glia in mixed cultures was obtained by
labeling with the glutathione reporter monochlorobimane (Fig.
3A,A’). The fluorescencesignal in both neurons and glia was

homocysteate

(mM)

Figure 2. Total

glutathione
levels are closely correlated
with cell survival. Total glutathione
(GSSG + GSH) pg (normalized
to LDH activity
of cell extracts;
solid circles) was measured 8-12 hr after exposure to
varying
concentrations
of HCA (O-l mM) as described
in Table 1. In
parallel, percentage
viability
(100 - % LDH release; open squares) was
measured
22-24 hr after exposure
at varying
concentrations
of HCA
(O-l mM). Values for each group represent
mean i SEM for three to
five experiments
performed
in triplicate.
SE bars for measurements
of
percentage
cell viability are not shown,but representless than 5% of
the mean value for each concentration
of HCA.

completely abolishedby pretreatment with DEM, a glutathionedepleting agent (Fig. 3&B’).
The effectsof cycloheximide on radioactive cystine uptake in
homocysteate-treatedcultures
To determine whether sufficient cyst(e)ine is shunted from protein synthesisto account for the observed rise in cellular glutathione after macromolecular synthesis inhibition, we measureduptake ofradioactive cystine into the perchloric acid (PCA)soluble and PCA-precipitable (protein) fractions. Glutathione
and its thiol precursorsare acid soluble, while cysteine incorporated into protein is acid precipitable (Tietze, 1969).
HCA (1 mM) reduced incorporation of radioactive cystine
into the acid-solublefractions of embryonic cortical cultures by
58 -t 12% (p < 0.05; Fig. 4) in agreementwith the observed
decreasein total glutathione in this treatment group. Incorporation of radioactive cystine into the acid-insoluble fraction
(protein) was similarly decreased(53 ? 9%, p < 0.05; Fig. 4).
Treatment with 10 pg/ml of cycloheximide for 3 hr in the presence of HCA reduced incorporation of cystine into protein by
greater than 90% of controls. However, cystine labeling in the
acid-solublefraction was nearly equivalent to controls (Fig. 4),
in agreementwith our findings of preserved glutathione in cells
treated with HCA and cycloheximide together.
To determine whether increasesin soluble cystine labeling
reflect a direct effect of cycloheximide on cystine transport, cells
exposed to HCA for 2 hr were labeled with radioactive cystine
in the presenceand absenceof cycloheximide for 3 min in
addition to 20 min. Although incorporation of radioactive cystine into protein after 3 min is decreasedby greater than 90%
in cycloheximide-treated cells, cycloheximide did not increase
total cellular uptake of radioactive cystine at 3 min (data not
shown) or 20 min of labeling (Fig. 4). We conclude that cycloheximide does not directly affect cystine transport, but rather
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Figure 3. Staining with the glutathione specific reporter monochlorobimane demonstrates that glutathione
is present in neurons and glia in mixed
cortical cultures. Forty-eight hours after plating, cultured neurons were loaded with 5 PM monochlorobimane
(dissolved in media) for 10 min at 37°C.
Monochlorobimane
becomes fluorescent only after enzymatic conjugation
to reduced glutathione. Cultures were
then rinsed gently in warm PBS and
transferred to a buffered salt solution.
A, Cultured cells visualized under Hoffman microscopy. A’, Cells depicted in
A loaded with monochlorbimane
and
visualized under florescence microscopy. Arrowheads (A and A’) point to
cluster of cells with the morphology of
neurons. Asterisks (A and A’) refer to
flat, large cell typical of a glial cell. Note
that all the cells in the field are labeled.
To determine the specificity of the fluorescent signal for reduced glutathione,
cultures depicted under Hoffman microscopy in B were treated with diethyl
maleate (2 PM) for 15 min prior to labeling with monochlorobimane.
Diethyl maleate depletes glutathione by conjugating to it, a process catalyzed by the
enzyme glutathione transferase. B’,
Monochlorobimane fluorescence of cells
depicted in B after depletion of glutathione. Note the absence of labeling in
any of the cells in the field.

solubleradioactive cystine levels by accumulation of
precursors liberated by inhibition of protein synthesis. While
the most likely candidate for the increasein solubleradioactivity
is redistributed cysteine, changesmay also result from ah increasein intracellular glutamate, which by facilitated diffusion
out of the cell at the cystine/glutamate antiporter, would act to
overcome HCA inhibition and drive cystine into the cell (Bannai
and Ishii, 1988). While our experimentsdo not allow us to rule
out other possibilitiesrelated to inhibiting synthesisof specific
proteins, such as glutathione-degradingenzymes, they do suggestthat elevations in glutathione can account for the observed
protection of macromolecular synthesisinhibitors.

influences

Potency and specificity of protein synthesis inhibitors
To determine the degreeof protein synthesisinhibition required
for protection, we measuredcell viability in the presenceof 1
mM HCA as a function of cycloheximide concentration. We
found cellscould be maximally protected againstHCA-induced
degeneration with concentrations of cycloheximide as low as
100 rig/ml (Fig. 5a). This concentration of cycloheximide only
inhibited protein synthesisby about half, but was sufficient to
restore glutathione to control levels [9.8 + 0.6 Kg (normalized
to LDH activity; seeMaterials and Methods), 1 mM HCA +
100 gm/ml cycloheximide; versuscontrols, 10.6 ? 0.5 pg (normalized to LDH activity); p > 0.051.
Anisomycin, another inhibitor of protein synthesis,also pre-

vented cell death induced by 1 mM HCA (Fig. 5b). Because
anisomycin acts through a different mechanismto inhibit protein synthesis,it is likely that the effects of cycloheximide and
anisomycin derive from protein synthesisinhibition rather than
a nonspecific mechanism. In support of this conclusion, anisomycin was found to increasePCA-soluble 35S-cystineincorporation and total glutathione levels to the sameextent as cycloheximide (data not shown).

N-acetylcysteine protects against glutamate analog toxicity
If the protective actions of cycloheximide, anisomycin, and
actinomycin-D result from their ability to replenishcellular cysteine depletedby HCA-induced blockade of cystine uptake, then
agentsknown to deliver cysteine into the cell should also be
protective. N-acetylcysteine hasbeen usedasan antioxidant in
a variety of systems.It decreasesmembrane damageby superoxide-generating systems in porcine aortic endothelial cells
(Junod et al., 1987),diminishesendotoxin-induced lung damage
in sheep(Gernard et al., 1984), and protects animals against
acetaminophen hepatotoxicity (Miners et al., 1984). The protective effectsof N-acetylcysteine appearto result from its ability
to increasecellular cysteine and glutathione and/or scavenge
oxidant species(Aruoma et al., 1989).N-acetylcysteine hasbeen
shown to increase intracellular cysteine in fibroblasts in the
presenceof inhibitors of the cystine/glutamate antiporter such
as glutamate or HCA (Isselset al., 1987). Consistentwith these
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control, 10.8 rt 0.5 pgglutathione (normalized to LDH activity);
p < 0.051.
Cycloheximide protection is prevented in the presenceof
buthionine sulfoximine, an inhibitor of glutathione synthesis
To determine if increasesin glutathione observedin HCA-treated cultures exposed to cycloheximide
are necessary for the survival promoting

1 mM Homocysteate
cycloheximide

_

+

+
+

(10 ug/ml) -

Figure 4. Cycloheximide increases acid-soluble r?S-cystine
in cultures exposed to homocysteate. Cultures were exposed to the designated
treatments for 3 hr at 37°C. They were then labeled with G5S-cystine
for 20 min as described in Materials and Methods. The labeling was
stopped by three rapid cold washes. The cells were resuspended in 3%
PCA and separated into acid-soluble and acid-precipitable fractions by
centrifugation. The former fraction represents nonprotein thiols such
as glutathione and the acid-precipitable fraction represents labeled, newly synthesized protein. In each column, the left bar (solid) indicates
acid-soluble radioactivity and right bar(stippled)indicates acid-precipitable radioactivity. Uptake is expressed on the y-axis as picomoles of
Q5S-cystine/microgram
of protein/20 min of labeling. Asterisks
denote
statistical difference from control (p < 0.05).

reports, we found that 100KM N-acetylcysteine completely protected embryonic cortical neuronsfrom HCA toxicity (Fig. 6a).
This protection

was associated

with restoration

of glutathione

above control values [ 1 mM HCA + 100 PM N-acetylcysteine,
15.4 f 1.2 pg glutathione (normalized to LDH activity), vs

effects of these agents, we assessed the effects

of buthionine sulfoximine (BSO). BSO is an irreversible inhibitor of y-glutamylcysteine synthetase,the enzyme responsible
for covalently linking glutamate and cysteine in the first step of
glutathione synthesis(Griffith and Meister, 1979). It has been
shown to causea time-dependent decreasein glutathione in a
variety of cell types (Meister, 1983). While concentrations of
BSO above 500 PM are lethal to immature cortical neurons(data
not shown), 200 PM BSO depletescellular glutathione, but does
not result in significant cell death after 24 hr (Fig. 66). Differencesin viability in BSO (200 PM) and HCA (1 mM) treated
cultures, which depleteglutathione equally, may relateto HCA’s
ability to deplete cyst(e)ine as well as glutathione. Although it
is a lessefficient antioxidant than glutathione, cysteinecan function to maintain

the antioxidant

potential

of the cell by direct

reduction of free radicals (Tsen and Tappel, 1958; Meister and
Anderson, 1983; Newton and Fahey, 1990)aswell as by acting
as a precursor

for cysteine-rich,

antioxidant

proteins

such as

metallothionein (Hidalgo, 1990).
Incubation of immature cortical neurons with HCA and cycloheximide, in the presenceof 200 WM BSO, prevented cycloheximide protection (Fig. 66). In this setting, BSO prevents the
preservation of glutathione observed with cycloheximide (44 +
5% of controls, n = 6; p < 0.05 by two-tailed t test). BSOinduced toxicity in the presenceof cycloheximide could be prevented by coadministration of the antioxidant idebenone(3 KM)
(Fig. 6b). Taken together, theseresults suggestthat increasesin
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Figure 5. Concentration-response
of cycloheximide and anisomycin on survival of cultured cortical neurons treated with homocysteate (1 mM).
a, Cultures were exposed to 1 mM HCA as described in Figure 1 with varying concentrations of cycloheximide. Percentage cell viability (solid
circles)was determined by subtracting percentage of total LDH released during the experimental period from 100. Results are expressed as means
? SEM for at least three wells. b, Cultures exposed to 1 mM HCA as described in Figure 1 with varying concentrations of anisomycin. Results are
expressed as means * SEM of percentage viability (as described for Fig. 6~) for at least three wells.
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Figure 6. a, Effect of N-acetylcysteine
(100 PM) on LDH releasecausedby 24 hr of exposureto HCA (1 mM).From 24 to 72 hr after plating,
culturesweretreatedwith HCA + N-acetylcysteine
asin Figure1 for 24 hr. b, Effectof buthioninesulfoximine(BSO; 200PM) on cycloheximide
(10 &ml) protection.Cultureswereexposedto designated
toxins ? inhibitorsfor 24 hr asin Figure 1. ZDB, idebenone
(3 FM), an antioxidant.
Eachbar represents
mean* SEM for three to five experimentsperformedin triplicate.Asterisk denotesstatisticaldifferencefrom control (p i
0.05).

glutathione are necessaryfor cycloheximide protection against
HCA toxicity.
Discussion
In a previous study, we demonstrated that delayed neuronal
degenerationin an in vitro model of oxidative stressis apoptotic
and can be prevented by macromolecular synthesisinhibitors
(Ratan et al., 1994).We now provide evidence for a novel mechanism of protection by these agents that includes enhanced
availability of nonprotein thiols and preservation of total levels
of glutathione, thus preventing the adverse metabolic consequencesof cystine uptake blockade (Table 1, Fig. 4). Similar
preservation of cellular glutathione and cell viability in HCAtreated cultures occurs in the presenceof N-acetylcysteine (Fig.
6~; seealso Results). Taken together, these data suggestthat
maintenanceof glutathione homeostasisis suficient for cell survival in the presenceof cystine deprivation in immature embryonic cortical neurons. Additionally, protection conferred by
cycloheximide can be prevented by a specific inhibitor of glutathione synthesis, BSO (Meister, 1988) suggestingthat formation of glutathione, in this paradigm, is necessaryto manifest
the survival-promoting effects of cycloheximide (Fig. 66). BSO
appearsto reversethe antioxidant effectsofcycloheximide, rather than inducing cell death by a distinct mechanism,as coadministration of the antioxidant idebenonewith BSO, cycloheximide, and HCA prevented neuronal death (Fig. 6b).
Glutathione (y-glutamyl-L-cysteinylglycine) is a tripeptide that

is widely distributed within peripheral and brain tissues(Meister
and Anderson, 1983; Kudo et al., 1990). It is present in brain
at concentrations of approximately 2 mM (Slivka et al., 1987)
and the majority (>99%) is enzymatically maintained in the
reduced form (GSH). GSH is involved in protection against
oxidative damageas well as detoxification of xenobiotics. It is
capableof preservingcell integrity by reducing intracellular peroxides and free radicals, as well as by maintaining protein disulfide bonds in the reduced state (Orlowski and Karkowsky,
1976;Kosower and Kosower, 1978; Mitchell and Russo, 1987).
The ability of macromolecular synthesisinhibitors to elevate
cellular glutathione suggeststhat the protective actions of these
agentsin other systemsmay derive from their ability to enhance
the antioxidant potential of the cell. Indeed, cycloheximide has
beenprotective in a number of systemswhere free radical injury
is believed to occur. Macromolecular synthesisinhibition spares
granulecellsfrom MPTP toxicity (DiPasqualeet al., 1991).Such
toxicity has been attributed to reactive oxygen speciesformed
as a result of blockade of mitochondrial complex I by MPP+,
a metabolite of MPTP (Hasegawaet al., 1990).Protein synthesis
inhibitors have also been shown to reduce cortical neuronal
death in vivo after x-irradiation (Ferrer, 1992).The lethal effects
of ionizing radiation are believed to mediated, in part, through
generation of free radicals (Mitchell and Russo, 1987). Modulation ofglutathione levels influencesboth MPTP toxicity (Weiner et al., 1988; Adams et al., 1989) and radiation damage
(Mitchell and Russo, 1987; Kuo et al., 1993) suggestingthat
the protective effects of macromolecular synthesisinhibition in
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these situations may derive from elevations of cellular glutathione.
Recent studies have elucidated an antioxidant
role for the
proto-oncogene
bcl-2 in apoptosis and necrosis (Hockenbery et
al., 1993; Kane et al., 1993). Together with the results presented
here, these data are consistent with a role for free radicals in a
final common pathway of cell death. Indeed, previous studies
have shown that oxidative stress can induce apoptosis in nonneural cells (Lennon et al., 1991; Hockenberry
et al., 1993;
Sandstrom
and Buttke, 1993) and neural cells (Ratan et al.,
1994). One of these studies demonstrated
that low levels of
oxidative stress induce apoptosis, while at higher levels necrosis
occurs (Lennon et al., 1991). This observation
may reconcile
our results with the previously held view that ischemia-induced
oxidative stress in neurons reesults in necrosis (Deshpande et
al., 1992).
Rates of protein synthesis have been shown to decrease as a
consequence of insults such as trauma (Steward, 1986), excitotoxins (Orrego and Lipmann, 1967; Vornov and Coyle, 199 l),
hypoxia (Bodsch et al., 1986), serum deprivation
(Montine and
Henshaw, 1989) viral infection (Huang and Schneider, 1990),
and heat shock (Duncan and Hershey, 1984). The onset of protein synthesis inhibition
correlates with other signs of toxicity
and has therefore been interpreted
as a marker of cell stress and
impending degeneration (Lipton and Heimbach, 1977; Thilman
et al., 1986; Dwyer et al., 1987; Hovda et al., 1992). The present
results suggest that cessation of protein synthesis under conditions of cell stress may reflect endogenous compensatory
mechanisms engaged to delay or prevent incipient cell death. Specifically, liberation of amino acids such as cysteine may provide
needed precursors to sustain cell defenses (Fig. 4). This observation raises the intriguing
possibility that hormonal
or pharmacologic agents capable of reversibly inhibiting
protein synthesis could be utilized in proximity
to an insult to mitigate
neuronal damage. The additional
finding in the present study
that N-acetylcysteine
is as effective a neuroprotectant
as macromolecular
synthesis inhibitors
suggests that intracellular
delivery of amino acid analogs may be as viable a therapeutic
strategy as protein synthesis inhibition.
In summary, we have demonstrated
that apoptosis induced
by oxidative stress in primary cortical neurons can be prevented
by inhibitors of transcription
and translation (Ratan et al., 1994).
The cytoprotective
effects of these agents, in this paradigm,
derive from their ability to preserve cellular antioxidant
potential through elevations in glutathione.
Preservation
of glutathione may result simply from redistribution
of the amino acid
cysteine released by global protein synthesis inhibition,
and may
not involve the inhibition
of specific “death”
proteins. Additional studies are needed to determine whether macromolecular
synthesis inhibitors
prevent cell death in other paradigms by
increasing glutathione.
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