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In the present study we tested whether
Kacetyl-L-cysteine
(LNAC) affects apoptotic
death of neuronal cells caused by
trophic factor deprivation.
LNAC, an antioxidant,
elevates
intracellular
levels of glutathione.
We used serum-deprived
PC12 cells, neuronally
differentiated
PC12 cells deprived
of serum and NGF, and NGF-deprived
neonatal sympathetic neurons.
In each case LNAC prevents
apoptotic
DNA
fragmentation
and maintains
long-term
survival in the absence of other trophic support. Unlike NGF, LNAC does not
induce or maintain neurite outgrowth
or somatic hypettrophy. To rule out actions of LNAC metabolic
derivatives,
we
assessed Kacetyl-o-cysteine
(DNAC). DNAC also prevents
death of PC12 cells and sympathetic
neurons.
However,
other antioxidants
were ineffective
in this regard. Since it
has been hypothesized
that trophic factors prevent neuronal death by either preventing
or coordinating
cell cycle
progression,
we tested whether
LNAC or DNAC treatment
can affect cell cycle. We found that both (but not other antioxidants)
suppress
proliferation
and DNA synthesis
by
PC12 cells and do so at concentrations
similar to those at
which they prevent apoptotic
death. Although
the abilities
of LNAC and DNAC to rescue cells from apoptosis
triggered by trophic factor deprivation
could derive from their
direct influences
on cellular
responsiveness
to oxidative
stress, our observations
raise the possibility
of a mechanism involving
cell cycle regulation.
[Key words: apoptosis,
cell cycle, Nscetyk-cysteine,
PC12 cells, sympathetic
neurons, cell death, NGF, Nscetylc-cysteine]

Cell death is an important feature of development (Ellis et al.,
1991). This phenomenonis particularly prominent in the nervous system in which about half of all neurons produced die
(Hamburger and Oppenheim, 1982; Purves and Lichtman,
1985), and selectionof surviving cells appearsto be basedon
competition for limiting amountsof trophic factors exemplified
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pendenceon trophic factors even in the mature state (Hendry
and Campbell, 1976; Rich et al., 1987), and it has been suggestedthat all cell types may require the continuouspresenceof
survival-promoting agents(Raff et al., 1993).
Insight regarding the mechanismof neuronal cell death has
been limited. Death triggered by withdrawal of trophic support
generally appearsto follow an apoptotic pathway characterized
by distinct morphological changes including early chromatin
condensationand subsequentnuclear disruption and by characteristic internucleosomalDNA digestion (Wyllie et al., 1980;
Batistatou and Greene, 1991; Edwards et al., 1991; Deckwerth
and Johnson, 1993; Edwards and Tolkovsky, 1994).
Two model neuronalsystemshave beenextensively exploited
to study the mechanismsof apoptotic death causedby loss of
trophic support. One is the neuroblast-likePC12 cell model in
which apoptosisis rapidly triggered by withdrawal of serum
from proliferating cultures and prevented under suchconditions
by NGF (Greene, 1978; Batistatou and Greene, 1991; Rukenstein et al., 1991). In addition, after these cells have been induced to reach a nondividing, neuronally differentiated state by
long-term NGF treatment, death can be evoked by withdrawal
of serumand NGF (Greene, 1978; Batistatou and Greene, 1991;
Mesner et al., 1992; Pittman et al., 1993). A complementary
systemis representedby sympathetic neuron cultures in which
apoptotic death occurs within several days after NGF deprivation (Edwards et al., 1991; Batistatou and Greene, 1993; Deckwerth and Johnson,1993; Edwards and Tolkovsky, 1994).
Evidence has been raised that supports several alternative
mechanismsby which apoptotic death of neuronal cells occurs
following withdrawal of trophic support. One model suggests
that death is due to oxidative stressbrought about by trophic
factor withdrawal. Trophic factors have been reported both to
enhancethe activity of metabolic pathways that deal with oxidative stressas well as to protect cultured neuronsfrom oxidative-stress-inducedcell death (Jackson et al., 1990; Nistico et
al., 1991; Spinaet al., 1992;Pan and Perez-Polo, 1993; Sampath
et al., 1994). An alternative mechanismthat hasbeen suggested
to account for neuronal apoptotic death is an inappropriately
regulatedor aborted attempt to reenter or traverse the cell cycle
(Batistatou and Greene, 1993; Farinelli et al., 1993; Heintz,
1993; Rubin et al., 1993; Freemanet al., 1994; Greene et al.,
1994).
In the present study, we tested the capacity of
N-acetylcysteine (NAC) to affect apoptosiscausedby withdrawal of serumand/or NGF from PC12 cells and sympatheticneurons. NAC is an antioxidant that increasesintracellular glutathione, a major component of the pathways by which cells are
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protected from oxidative stress (Meister, 1988). We found that
NAC effectively rescues both cell types. The efficacy of NAC
in protecting cells from apoptosis generally has been interpreted
within the context of a mechanism involving oxidative stress.
However, we made the unanticipated
observation
that NAC
blocks cell proliferation
and DNA synthesis. This raises the possibility that NAC rescues trophic-factor-deprived
cells due to its
antiproliferative
actions rather than to its protection from oxidative stress.

Materials and Methods
Materials. Mouse NGF was prepared from adult male submaxillary
glands as previously described (Mobley et al., 1976) and was used at a
concentration of 100 rig/ml. N-Acetyl-L-cysteine (Sigma) and N-acetylo-cysteine (Research Organic Inc.) were dissolved in RPM1 1640 at a
concentration of 800 mM and diluted to the desired concentration directly in the culture medium. Circular dichroism analysis confirmed that
the o-stereoisomer did not contain detectable levels of LNAC. All other
reagents were purchased from Sigma Chemical Co.
Cell cultures. PC12 cells were cultured as previously described on
collagen-coated dishes in RPM1 1640 medium supplemented with 10%
heat-inactivated horse serum and 5% fetal bovine serum (Greene and
Tischler, 1976). For the experiments in serum-free medium, cells were
extensively washed in serum-free RPM1 1640 medium as previously
described (Batistatou and Greene 1991; Rukenstein et al., 1991).
For survival experiments, washed cells were resuspended in RPM1
1640 medium and plated in 0.5 ml at a density of S-10 X lo4 per well
in 24 well plastic culture dishes coated with rat tail collagen. To feed,
but to avoid loss of floating cells, fresh medium (0.2 ml) was added to
the cultures on days 1, 5, and 10. For experiments involving “primed”
PC12 cells, cultures were pretreated for l-2 weeks with NGF in RPM1
1640 medium supplemented with 1% heat-inactivated horse serum. The
cells were then washed and passaged into serum-free RPM1 1640 medium as described above.
Primary cultures of dissociated sympathetic neurons were prepared
from the superior cervical ganglia of postnatal day 2 or 3 rats (Lee et
al., 1980). Cells were mated at a densitv of aooroximatelv 0.4 eanglion
per well in 24 well plastic culture dishes precoated with collag&.-Cultures were grown in RPM1 1640 culture medium supplemented with
10% heat-inactivated horse serum and 100 rig/ml NGE Fluorodeoxyuridine (10 FM) and uridine (10 FM) were added on days l-3 and 5-7
to eliminate non-neuronal cells. To effect rapid and total NGF deprivation, the cultures were washed three times with RPM1 1640 medium
containing 10% horse serum and then maintained in the same medium
(0.5 ml/well) in the presence of affinity-purified anti-NGF polyclonal
rabbit antibodies (provided by Fidia Research Laboratories, Abano Terme, Italy) at a dilution of 1:250. At this dilution, the anti-NGF antibodies completely antagonize the effect of NGF (20 rig/ml) when tested
on neurite regeneration of NGF-primed PC12 cells. Thereafter, cultures
were fed every 2 d.
Cell counts. For PC12 cells, the culture medium was removed to
avoid loss of floating cells, centrifuged (500 X g, 5 min), and replaced
with 0.2 ml of a detergent-containing solution that lyses the plasma
membrane but leaves the nuclei intact (Soto and Sonnenschein, 1985).
The nuclei were counted in a hemacytometer. Nuclei were counted only
if they were completely intact and showed an evident limiting membrane. Counts were performed on triplicate wells and are presented as
means + SEM. The results are presented relative to the cell number
initially plated per well (designated as 100).
For sympathetic neurons, neuronal cell number was determined by
strip counts (Greene et al., 1990). The neuronal cell bodies, as seen by
phase contrast microscopy, are round and phase bright and thus easily
distinguishable in the cultures. Cells in triplicate wells were scored and
the counts are presented as means -+ SEM. The results are presented
relative to the cell number in NGF-treated cultures (designated as 100).
DNA fragmentation. Experiments were performed according to Edwards et al. (1991) and Batistatou and Greene (1993). In brief, PC12
cells were washed and plated (4-8 X lo6 per 100 mm dish) in RPM1
1640 medium with or without additives. After incubation for 3 hr at
37°C the cells were triturated off the substrate, centrifuged at 800 X g
for 5 min and the pellet washed twice with ice-cold PBS (Ca2+/Mg2+free). Soluble DNA was extracted and resuspended in TE buffer (10
mM Tris, pH 8; 1 mM EDTA). Subsequently, the samples were incubated

with 50 kg/ml DNase-free RNase (Boehringer Mannheim) at 37°C for
30 min. DNA samples were subjected to electrophoresis on a 1.2%
agarose gel, blotted onto Gene Screen Plus Membrane (Du Pant/New
England Nuclear) and analyzed with radioactive probes from digested
total PC12 cell genomic DNA. Probe labeling was performed according
to Sambrook et al. (1989) and hybridization according to the manufacturer’s protocol (Du Pant/New England Nuclear).
3H-Thymidine incorporation. Replicate cultures were established in
24 well culture dishes and treated as described. At the indicated times
0.5 l&i/well of 3H-thymidine (s.a. 6.7 Ci/mmol, New England Nuclear)
was added in 0.5 ml of serum-free RPM1 1640 medium. After incubation for 1 hr at 37°C the cultures were washed three times with ice-cold
PBS, and then incubated with ice-cold 5% (w/v) trichloroacetic acid to
extract soluble jH-thymidine. The acid-insoluble material was taken up
in 1 N NaOH, neutralized with 1 N HCl and subjected to liquid scintillation counting.
Glutathione measurements. Glutathione levels (GSH) were measured
by the method of Tietze (1969). Briefly, 2 X 10h cells were washed
twice with PBS, lysed with 3% perchloric acid (PCA) for 15 min at
4°C and centrifuged, and the supernatants were neutralized with 9 vol
of NaH,PO,, 0.1 M (5 mM EDTA), pH 7.5. Glutathione content was
measured by the addition of DTNB and the reaction monitored at 412
nm. Glutathione is expressed as a function of total protein in the cell
extract. In consonance with a previous study (Pan and Perez-Polo,
1993), no GSSG was detectable in the cells by the method of Griffith
(1980).

Results
LNAC promotes long-term survival of serum-deprived
PC12
cells
Previous studies have shown that serum-deprived
PC12 cells
undergo rapid death that can be prevented by NGF and other
trophic agents (Greene, 1978; Rukenstein et al., 1991). To test
the effect of LNAC in this system, cultures were washed free
of serum and plated in RPM1 1640 medium with no additive,
NGF or LNAC. As shown in Figure IA most of the untreated
cells died under these conditions within two days and all died
by 5 d. In contrast, LNAC, like NGF promoted long term survival (2 weeks) of PC12 cells in serum-free medium. Maximal
long-term survival-promoting
activity was observed at 60 mM
LNAC with an ED,, of approximately
30 mM (Fig. 1B). Cells
died within 2 d after LNAC was withdrawn
from the cultures
in serum-free medium (Fig. 1C). Thus, the LNAC effect is concentration dependent and reversible.
As shown in Figure 2, LNAC-maintained
cells, were phase
bright, and in contrast to those without additives, the cultures
did not contained cellular debris. LNAC, however, unlike NGF,
did not promote either neurite outgrowth
or somatic hypertrophy. Moreover, although NGF consistently supported an initial
increase in cell number in serum-free medium, LNAC did not
(Fig. 1A).
We next tested whether LNAC can rescue neuronally differentiated PC12 cells from death caused by NGF withdrawal
in
serum-free medium. Figure 3 shows that LNAC has this capacity. However, unlike NGF, LNAC does not promote neurite
maintenance or regeneration
(data not shown).
LNAC prevents PC12 cell DNA fragmentation
Detection of internucleosomal
DNA fragmentation
provides a
sensitive means to monitor early events of apoptotic death. In
PC1 2 cell cultures, such cleavage is evident within 3 hr of serum
withdrawal
and can be prevented by NGF and other trophic
agents (Batistatou
and Greene, 1991, 1993). To determine
whether LNAC inhibits apoptotic DNA fragmentation,
PC12
cells were deprived of serum and incubated for 3 hr in the presence of either different concentrations
of LNAC, 100 rig/ml
NGF or no additives. Figure 4 shows that LNAC, in a dose-
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Figure2. Morphology of PC12 cells maintained in serum-free medium with or without LNAC. PC12 cells were maintained for 8 d in
serum-free RPM1 1640 medium either without additive (A) or supplemented with 60 mM LNAC (B). Phase-contrast optics. Magnification,
307x.
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dependent manner similar to that with which it rescuesPC12
cells from death, prevents internucleosomalDNA cleavage.
60 mM NAC

60 mM
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LNAC promotes long-term survival of sympatheticneurons

after NGF deprivation
Becauseof its efficacy in the PC12 cell paradigm,we next tested
the capacity of LNAC to rescue normal neuronsfrom trophic
factor deprivation. Sympatheticneuronsestablishedin vitro in the
presenceof NGF rapidly die after NGF withdrawal (Levi-Montalcini andAngeletti, 1963;Martin et al., 1988)and thusrepresent
an attractive modeltest system.Neonatalrat sympatheticneurons
were cultured for 7 d with NGF in serum-containingmediumand
t

DAY

Figure 1. LNAC promotes long-term survival of PC12 cells in serumfree medium. Cells were washed and plated in 0.5 ml of RPM1 1640

medium containing either no additive or the indicated agents. Viable
cultures were counted on the indicated days as described in Materials
and Methods. The numbers of surviving cells are presented relative to
the number initially plated (8-10 X 10“; designated 100). A, Time
course of LNAC and NGF effects on survival. Error bars represent SEM
(n = 6). B, Dose-response curve for LNAC (5 d in serum-free medium).
C, Reversibility of LNAC effect on survival. Sister cultures, after serum
deprivation, were treated with 60 mM LNAC for 5 d, washed twice with
RPM1 and incubated for 2 more days in the presence or absence of
LNAC.
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Figure 3. LNAC promotes long-term survival of NGF-primed PC12
cells in serum-free medium. Cells were pretreated with NGF in RPM1
1640 medium containing 1% HS for 10 d, and then washed and passaged into serum-free RPM1 1640 medium and maintained for 10 d
with the indicated additives (NONE, no additive). Cell numbers are
expressed relative to those initially plated (8-10 X 104). Concentration
for NGF was 100 rig/ml. Error bars represent SEM (n = 3). Comparable
results were achieved in three independent experiments.
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Figure 4. LNAC prevents internucleosomal cleavage of DNA. PC12
cells were washed free of serum and cultured in the presence of either
no additive (NONE), 100 rig/ml NGF (NGF), or the indicated concentrations of LNAC for 3 hr. Soluble DNA was extracted from the cells,
resolved on a 1.2% agarose gel, blotted onto Gene Screen Plus membrane and analyzed as described in Materials and Methods. Comparable
results were achieved in two independent experiments.

Figure 5. LNAC promotes survival of rat cultured sympathetic neurons deprived of NGE Neurons were maintained in the presence of NGF
for 1 week, deprived of the factor, and cultured for 3 or 7 d in the
presence of anti-NGF and with or without the indicated concentrations
of LNAC. Living, phase-bright neurons were counted and the values
are presented relative to the number present in NGF-treated cultures
(designated 100). Error bars represent SEM (n = 3 independent cultures). Comparable results were obtained in three independent experiments.

then were deprived of the factor by washoutand treatmentwith
anti-NGF antibodies(anti-NGF). Various concentrationof LNAC
were addedto the cultures at the time of NGF withdrawal. As
shownin Figure 5, by 3 d of NGF withdrawal, most of the neurons died and all died by 7 d. In contrast,by thesetimes, about
90 and 70% respectively, were maintainedby LNAC. Figure 6
showsthe morphology of neuronsunder the various conditions
of treatment.By 3 d of NGF withdrawal, both the neuronalcell
bodiesand neurite network underwentmarked degenerationand
by 10 d only debris was present.In contrast, at the sametimes,
LNAC-treated neurons,although smallerthan NGF-treated controls, maintainedphase-brightneuronalcell bodiesand appeared
healthy. In addition, aswith neuronally differentiatedPC12 cells,
althoughLNAC promotedsurvival, it did not maintainthe neurite
network and the processesdisintegrated.However, readditionof
NGF to suchculturesresultedin the reappearance
of healthy neurites (data not shown).
LNAC blocks cell proliferation
Although LNAC may protect cells from oxidative stress,we
consideredthe possibility that its capacity to rescuePC12 cells
and sympatheticneuronsfrom trophic factor withdrawal might
arisefrom anothermechanism.We noted that in contrastto PC 12
cells rescuedby NGF, those maintained with LNAC did not
undergoinitial replication in serum-freemedium(Fig. 1A). Furthermore,we have shownthat PC12 cells committed to die after
serumdeprivation continue DNA synthesisand that prevention
of their entry into the cell cycle rescuesthem from death (Farinelli et al., 1993;Ferrari and Greene, 1994).We thereforetested
whether LNAC might affect cell proliferation. For this purpose
we first measured3H-thymidine incorporation, an index of S
phaseactivity, with PC12 cells grown for 1 d in completemedium * LNAC. Figure 7A showsthat, under theseconditions,
3H-thymidine incorporation was inhibited by LNAC in a concentration-dependentmanner.We next determinedthe effect of
LNAC on cell proliferation and, as shown in Figure 7B, found
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that this was also suppressedin a dose-dependentmanner.Despite the absenceof proliferation, the cells maintaineda healthy
appearanceand there was no cellular debris in the cultures of
the type generatedby cell death. Both thymidine incorporation
and proliferation were nearly completely blocked by 60 mM
LNAC with an ED,, of about 30 mM. Thesedose-responserelationshipswere strikingly similar to that at which LNAC rescuesPC12 cells and sympatheticneuronsfrom apoptotic death.
Becauseinhibitors of protein synthesisprevent apoptosisof
sympatheticneurons(Martin et al., 1988; Edwardset al., 1991;
Deckwerth and Johnson,1993), we testedwhether LNAC might
affect protein synthesisin PC12 cells. We found that 3H isoleutine incorporation in cultures treated with 60 mM LNAC was
35% lessthan that detected in untreated cells (data not shown).
Since similar inhibition was observed at 5 mM LNAC, this effect, does not appear to correlate with the dose-responsefor
promotion

of survival.

Also, in PC12 cell cultures, blockade

of

protein synthesisdoesnot rescuethe cells from apoptotic death
(Rukensteinet al., 1991).
DNAC has similar effects to LNAC
BecauseLNAC is subjectto cellular uptake and metabolic conversion (e.g., to cysteine and glutathione), we testedthe effects
of its stereoisomerN-acetyl-D-cysteine (DNAC). This com-
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Figure 6. Effect of LNAC on cultured rat sympathetic neurons deprived
of NGE Newborn sympathetic neurons
were cultured for 7 d with NGF and
then for 3 (A-C) or 10 (D-F) d as follows: A and D, with NGF present (100
r&ml): B and E. without NGF and with
anti-h&F; C and F, without NGF, with
anti-NGF and LNAC (30 mu). Magnification, 307 X.

pound, while maintaining the antioxidant properties of the
L-isomer,

should

not be metabolized.

As shown

in Figure

8,

DNAC promotes, in a dose dependentmanner,PC12 cell survival after withdrawal of trophic support. At 24 hr of serum
deprivation, a maximal effect is observedat 30 mM DNAC with
an ED,, of approximately 20 mM (Fig. 8A). DNAC (30-40 mM)
also promotes long term survival under these conditions (Fig.
8B). Furthermore, as LNAC, DNAC prevents death of sympathetic neuronsafter NGF deprivation (data not shown).
We next determinedwhether DNAC, as LNAC, affects cell
cycle progression.The data in Figure 8, C and D, respectively,
show that DNAC inhibits DNA synthesisand proliferation of
PC12 cells. Moreover, the doseresponsesfor these actions are
highly similar to those with which DNAC prevents cell death
(Fig. 8A).
Antioxidants do not mimic the actions of NAC
We next tested whether other antioxidants such as vitamin E
(100 p,g/ml), deferoxamine(10 PM), BHA (50 FM), and vitamin
C (50 FM) sharewith LNAC and DNAC the ability to promote
PC12 cell survival and to affect DNA synthesis.These compoundswere selectedbecausethey have been reported to prevent deathinducedby oxidative stressof both neuronaland nonneuronal cells (Sies, 1993; Greenspanand Aruoma, 1994). As
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not exposedto NAC or growth factors die and thus cannot be
evaluatedfor GSH levels). As shownin Figure 10, the levels of
GSH in DNAC and LNAC-treated cells were similar to one
another and were greatly elevated in comparisonwith those in
cultures treated with insulin or NGE The presenceof insulin
(Fig. 10) or of NGF (data not shown) did not suppressthe elevation of GSH by LNAC. Thesefindings show for the first time
that DNAC can increaseintracellular GSH and raise the possibility that promotion of survival by LNAC and DNAC may be
causally related to their effects on intracellular GSH.
Discussion
In the present study, we show that LNAC and its nonmetabolizable stereoisomerDNAC prevent apoptotic death of neuronal
I
0
I
I
cells causedby withdrawal of trophic support.The cells assessed
0
20
40
80
80
included serum-deprivedPC12 cells; PC12 cells induced into a
NAC (mM)
nonproliferating, neuronally differentiated state and then deprived of NGF; and sympatheticneuronsfrom which NGF was
withdrawn.
Although LNAC shareswith NGF the ability to prevent apoptotic death, it is notable that the two agentsare not equivalent
in their actions. Unlike NGF, LNAC doesnot support an initial
proliferation of PC12 cells in serum-freemedium, nor does it
induce somatichypertrophy. Moreover, LNAC doesnot promote
generation or regenerationof PC12 cell neurites and does not
maintain the processesof NGF-deprived sympathetic neurons.
These findings confirm previous observations that separate
mechanisticpathways are responsiblefor maintenanceof survival and for promotion of neuronal differentiation (Greene,
1978; Greene et al., 1990; Batistatou and Greene, 1991, 1993;
Rukensteinet al., 1991; Gagliardini et al., 1994).
There are severalpossiblemechanismsby which NAC might
prevent neuronal cell death after trophic factor deprivation. In
various cell systems,apoptotic death can be delayed by sup01
I
I
,
I
pressionof protein or RNA synthesis(Martin et al., 1986; Ed0
20
40
80
80
wards et al., 1991; Deckwerth and Johnson, 1993). However,
NAC (mM)
this appearsto be an unlikely mechanismfor NAC, sinceit had
only a relatively minor effect on leucine incorporation. MoreFigure 7. LNAC diminishes3H-thymidineincorporationand prolifover,
in the naive PC12 cell system,inhibitors of protein or RNA
eration.Cellswereplatedin RPM1containing10%HS and5% FCS,
incubatedin absence
or presence
of the indicatedadditiveandassessed synthesisdo not delay apoptotic death (Rukensteinet al., 1991;
Batistatou and Greene, 1993).
for 3H-thymidine
incorporation
andcell numberafter 1 (A) and6 d (B),
respectively.Arrow in B indicatesthe numberof cellsplated.
Protection againstoxidative stressrepresentsthe conventional
interpretation of the meansby which NAC rescuescells from
apoptotic death. NAC is an antioxidant capableof direct reduction of reactive oxygen species(Aruoma et al., 1989). In addishown in Figure 9, A and B, these compounds,unlike NAC,
tion, LNAC and, as demonstratedhere, DNAC, increaseintrafailed to provide long-term maintenanceof PC12 cells after trophic factor deprivation and do not affect thymidine incorporacellular levels of glutathione (GSH), an important antioxidant
within cells (Meister, 1988). Several lines of evidence suggest
tion. Examination of the survival experiment starting after 24 hr
of treatment showed no short-term effects of these concentrathat theseproperties may contribute to protection of cells from
tions of antioxidants on survival. Dose-responseexperiments apoptosis.For example, LNAC inhibits the cytotoxic effects of
TNFo (Chang et al., 1992), which is also reported to produce
establishedthat the concentration used for each compound did
rapid oxidative stress(Asoh et al., 1989). LNAC also protects
not compromiselong-term PC12 cell survival in serum-freemecultured neuronsfrom glutamate analog toxicity via a mechadium supplementedwith NGF (data not shown). Thus, the obnisminterpreted to involve protection from oxidative stress(Raserved lack of survival effects were not due to toxicity.
tan et al., 1994a). In another recent study, LNAC, like bcl-2
LNAC and DNAC increase intracellular GSH
overexpression, partially protected a non-neuronal cell line
(FL5.12) from apoptotic death induced by IL3 deprivation
In contrast to the other antioxidants we employed, a well de(Hockenbery et al., 1993).In this case,overexpressionof selenoscribed action of LNAC is to increaseintracellular GSH (Burenzyme-glutathioneperoxidase,which usesglutathione asa subgunder et al., 1989). It has not been clear whether DNAC has
strate in the reduction of peroxide, also prevented apoptotic
such an effect. We therefore compared the levels of GSH in
death, thus suggestingthat the protective effect of LNAC might
serum-deprivedPC12 cells after exposureto LNAC or DNAC
be linked to its enhancementof cellular capacity to deal with
with those in cells maintainedwith either insulin or NGF (cells
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oxidative stress.Of relevance to the potential relationship between growth factor deprivation and oxidative stress,bcl-2 overexpressionboth protects neuronal cells from death due to loss
of trophic support (Garcia al., 1992; Batistatou et al., 1993) and
from induced oxidative stress(Hockenbery et al., 1993; Kane et
al., 1993). It has further been shown that NGF treatment enhancesthe capacity of PC12 cells to resistdeath causedby peroxidase treatment and that correlateswith increasesin intracellular GSH and enzymesinvolved in GSH metabolism(Pan and
Perez-Polo, 1993; Sampathet al., 1994).
The above observations, coupled with the present findings,
raisethe possibility that withdrawal of trophic supportfrom neuronal and non-neuronalcells subjectsthem to oxidative stress
which then triggers their apoptotic death. In this scenario,NAC
would prevent such death, either directly, and/or due to enhanced glutathione levels, by alleviating or preventing such
stress.One aspectof our resultsthat does not fully support this
interpretation was the observation that a variety of antioxidants
did not mimic the actions of NAC in our system.This would
suggesteither a different mechanismor that NAC protects cells
from oxidative stressthrough a role other than asan antioxidant.

20
DNAC

40
(mM)

Figure 8. DNAC prevents death of
PC12 cells after trophic factor deprivation and inhibits PC12 cell DNA
synthesis and proliferation. A and B,
PC12 cells were washed free of serum
and plated in RPMI-1640 in the absence or presence of the indicated concentration of DNAC. Numbers of surviving cells were assessed after 1 (A)
and 8 (B) d. For day 1, the data were
normalized so that the proportion of
cells surviving in the absence of additive (32% of-cells plated) was set at
zero. For day 8, no cells survived without additive. In each case, numbers of
cells are expressed relative to the number plated. C, Effect of DNAC on W
thymidine incorporation by PC12 cells
after 1 d of treatment. 0, Effect of
DNAC on PC12 cell proliferation, assessed after 6 d of treatment. Arrow
represents the number of cells plated
(100,000).

Our observationsthat LNAC and DNAC suppressDNA synthesis and cell proliferation and do so with similar dose responseswith which they prevent apoptosis,suggestan alternative, and unanticipatedmechanismfor their survival-promoting
actions. It has been hypothesized for both neuronal and nonneuronalcells that an attempt to enter or traverse the cell cycle
in the absenceof appropriatetrophic factors can lead to a miscoordinated or aborted cycle which results in apoptotic death.
There are a growing number of observationsthat support this
hypothesisfor both non-neuronalcells (seeLee et al., 1993, for
review) as well as for both dividing neuroblastsand postmitotic
neurons (Batistatou and Greene, 1993; Farinelli et al., 1993;
Heintz, 1993; Rubin et al., 1993; Freemanet al., 1994; Greene
et al., 1994). With regard to neuronal cells, for example, PC12
cells that are destinedto die due to serumdeprivation continue
to incorporatethymidine, indicating that they are still attempting
to traverse the cycle (Ferrari and Greene, 1994). In contrast, if
such cells are inhibited from entering S phaseby induction of
dominant-negative Ras (Farinelli et al., 1993; Ferrari and
Greene, 1994) or by treatment with Gl phaseinhibitors (Farinelli et al., 1993; Greeneet al., 1994; Farinelli and Greene,un-
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Figure
10. LNAC and DNAC increase intracellular GSH. PC12 cells
were cultured for 48 hr in serum-free medium in the presence of either
40 mM DNAC, 40 mM LNAC, 3 FM insulin, insulin + 40 mM LNAC,
or NGE The cells were then harvested and assessed for GSH levels as
described in Materials and Methods. Error bars indicate SEM (n = 3).

Figure 9. Other antioxidants, unlike NAC, do not affect either PC12
cell survival (A) or thymidine incorporation (B). PC12 cells were assessed for serum-free survival (8 d) and thymidine incorporation as
described in Figures 1 and 7, respectively.

publishedobservations),they are rescuedfrom apoptotic death.
In the caseof nondividing, neuronally differentiated PC12 cells,
when theseare deprived of NGF, they reenter the cycle if serum
is present (Greeneand Tischler, 1976), but die if serum(a form
of trophic support) is absent(Greene, 1978). Also, before death
occursdue to NGF withdrawal, there occurs activation of cdc2,
a protein kinase whose activity is required for cells to traverse
the cycle (Brooks et al., 1993; Rubin et al., 1993). Significantly,
apoptotic death causedby NGF withdrawal from neuronally differentiated PC12 cells is averted by induction of dominant-negative Ras (Ferrari and Greene, 1994) or by exposure to a Gl
phaseblocker (Farinelli and Greene,unpublishedobservations).
These findings are all consistent with the likelihood that NGF
withdrawal triggers nonproliferating PC12 cells to reenter the
cycle and that when trophic supportis absent,this culminatesin
apoptotic death. Finally, there is support for similar behavior in
postmitotic neurons.For example, in transgenicmice, targeted
expressionof SV40 T antigenwithin neuronalcells suchasphotoreceptors(Al-Ubaidi et al., 1992), immature and mature Purkinje cells (Freddersenet al., 1992) and retinal horizontal cells

(Hammanget al., 1993) resultsin their death. In addition, sympathetic neuronsdeprived of NGF undergo induction of cyclin
Dl, a protein highly expressedin Gl and involved in cycle
progression(Estuset al., 1993; Freemanet al., 1994).
Such considerationshave led to the suggestionthat neurotrophic factors such asNGF maintain survival either by permitting neuroblaststo traverse the cell cycle or by influencing neurons to differentiate and to leave and remain out of the cycle
(Greeneet al., 1994). Conversely, accordingto this model, withdrawal of trophic support from cycling neuroblasts,as with proliferating non-neuronalcells, leadsto an uncoordinatedattempt
at proliferation and death; similarly neurotrophic factor withdrawal from noncycling neuronsor from neuronally differentiated PC12 cells in serum-freemedium causesan inappropriate
attempt to leave quiescencewhich triggers apoptosis(Batistatou
and Greene, 1993; Rubin et al., 1993; Freeman et al., 1994;
Greene et al., 1994). On the basisof thesehypothesesand observations,the capacity of NAC to protect neuronal cells from
apoptotic death triggered by withdrawal of trophic support can
be explained by its ability to keep them from entering or traversing the cycle. A propos to this, our recent observations(G.
Ferrari, K. Cechova, R. Dalla-Favera, and L. A. Greene,unpublished observations)indicate that NAC alsoblocks proliferation,
thymidine incorporation and apoptotic death by non-neuronal
cells.
Irrespective of the final mechanismby which NAC prevents
neuronal cell death causedby trophic factor withdrawal, the
present data point to the possible involvement of GSH. Both
LNAC and, unexpectedly, DNAC greatly increasedintracellular
GSH levels. It has been suggestedthat LNAC increasesintracellular GSH either by being converted to cysteine (Burguder et
al., 1989) a precursorof GSH, or by reducing extracellular cystine to cysteine which is more efficiently transportedinto cells
(Isselset al., 1988). Since DNAC should not be metabolized,
our findings favor the latter possibility. Of further relevance, it
was recently reported (Ratan et al., 1994a) that inhibitors of
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protein and RNA synthesis, which protect neurons from apoptosis caused by trophic factor withdrawal (Martin et al., 1988)
and oxidative stress (Ratan et al., 1994a,b), substantially increase
intracellular GSH. Coupled with the lack of effect of other antioxidants in our system, these considerations suggest that it will
be important to determine whether elevated GSH plays a direct
role in preventing neuronal apoptosis following loss of trophic
support.
In summary, we show that LNAC and DNAC protect neuronal cells from apoptotic death brought about by trophic factor
deprivation. Although the conventional interpretation of NAC
actions suggests a mechanism involving oxidative stress, our
novel findings regarding the antiproliferative activity of NAC
may be taken to support the cell cycle hypothesis. Finally, it is
worth considering
the viewpoint that the two mechanisms are
not mutually exclusive in that there may be functional cross-talk

between the meansby which cells respondto oxidative stress
and by which

they regulate

cell cycle progression.

Note added in press

After submissionof this work, the following article appeared:
Mayer and Noble (1994).
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