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Prevention of PC12 Cell Death by N-Acetylcysteine Requires

Activation of the Ras Pathway
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We have shown that N-acetylcysteine (NAC) promotes survival
of sympathetic neurons and pheochromocytoma (PC12) cells in
the absence of trophic factors. This action of NAC was not
related to its antioxidant properties or ability to increase intra-
cellular glutathione levels but was instead dependent on ongo-
ing transcription and seemed attributable to the action of NAC
as a reducing agent. Here, we investigate the mechanism by
which NAC promotes neuronal survival. We show that NAC
activates the Ras-extracellular signal-regulated kinase (ERK)
pathway in PC12 cells. Ras activation by NAC seems neces-
sary for survival in that it is unable to sustain serum-deprived
PC12 MM17-26 cells constitutively expressing a dominant-
negative form of Ras. Promotion of PC12 cell survival by NAC
is totally blocked by PD98059, an inhibitor of the ERK-
activating MAP kinase/ERK kinase, suggesting a required role

for ERK activation in the NAC mechanism. In contrast,
LY294002 and wortmannin, inhibitors of phosphatidylinositol
3-kinase (PI3K) that partially block NGF-promoted PC12 cell
survival, have no effect on prevention of death by NAC. We
hypothesized previously that the ability of NAC to promote
survival correlates with its antiproliferative properties. However,
although NAC does not protect PC12 MM17-26 cells from loss
of trophic support, it does inhibit their capacity to synthesize
DNA. Thus, the antiproliferative effect of NAC does not require
Ras activation, and inhibition of DNA synthesis is insufficient to
mediate NAC-promoted survival. These findings highlight the
role of Ras-ERK activation in the mechanism by which NAC
prevents neuronal death after loss of trophic support.
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Neuronal apoptotic death is an important aspect of nervous
system development and disease and is regulated partly by trophic
factors (Ellis et al., 1991). To dissect the mechanisms of trophic
factor-mediated neuronal survival, we have used the rat PCI12
pheochromocytoma cell line. PC12 cells die apoptotically after
serum deprivation, and under serum-free conditions, NGF revers-
ibly maintains the long-term survival of these cells (Greene, 1978;
Batistatou and Greene, 1991; Rukenstein et al., 1991). This
system has been used to uncover small molecules that mimic the
survival-promoting action of NGF (Rukenstein et al., 1991;
Farinelli and Greene, 1996; Park et al., 1996a). These molecules,
in turn, provide insight into the pathways involved in neuronal
survival and death.

The small molecule N-acetylcysteine (NAC) is highly effective
in promoting long-term survival of trophic factor-deprived PC12
cells and sympathetic neurons (Ferrari et al., 1995). NAC also
protects other cells from a variety of apoptotic stimuli including
trophic factor deprivation (Shen et al., 1992; Mayer and Noble,
1994; Lin et al., 1995; Schultz et al., 1996) and enhances neuronal
survival in animal models of forebrain ischemia and lower motor
neuron degeneration (Knuckey et al., 1995; Henderson et al.,
1996). NAC has been used to alleviate the symptoms of progres-
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sive myoclonus epilepsy (Hurd et al., 1996) and has been consid-
ered for treatment of a variety of disorders (Vyth et al., 1996;
Herzenberg et al., 1997; Ponz de Leon and Roncucci, 1997).

NAC has a broad range of actions potentially relevant to its
protective effects. These include antioxidant activity (Aruoma et
al., 1989), enhancement of intracellular glutathione levels, inhi-
bition of proliferation, and stimulation of transcription [for re-
view, see Cotgreave (1997)]. Although the mechanism by which
NAC promotes cell survival is unknown, it is widely assumed to
be attributable to its antioxidant properties as well as to its
elevation of glutathione.

In previous work, we provided evidence that questions these
assumptions. For instance, NAC-promoted survival of sympa-
thetic neurons and PC12 cells is not mimicked by other antioxi-
dants, occurs at concentrations (20—60 mm) far higher than that
required for antioxidant activity, is independent of glutathione
(GSH) elevation, and requires ongoing transcription (Ferrari et
al., 1995; Yan et al., 1995). Also, other thiol-containing reducing
agents reproduce to some extent the ability of NAC to promote
survival (Yan et al., 1995). Furthermore, NAC inhibits PC12 cell
proliferation at the same concentrations required to prevent ap-
optosis. Other blockers of G,/S progression inhibit neuronal
death caused by NGF deprivation (Farinelli and Greene, 1996;
Park et al., 1996a), and this raised the possibility that the promo-
tion of survival of NAC correlates with its arrest of proliferation
(Ferrari et al., 1995). Taken together, these data suggested that
NAC does not protect neuronal cells from loss of trophic support
by working as an antioxidant but rather that it may act by reducing
relevant thiol groups, thereby activating key pathways that lead to
transcription of molecules that maintain neuronal survival.

With respect to regulation of transcription, reducing agents,
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NAC included, can affect the activity of transcription factors such
as NF-«B and activator protein-1 (AP-1) (Sen and Packer, 1996)
and can trigger induction of immediate early genes in several cell
types (Meyer et al., 1993; Li et al., 1994). In addition, NAC
activates the signal transduction molecule ERK in HeLa cells
(Miiller et al., 1997). The ERK pathway has been implicated in
NGF-mediated PC12 cell survival (Xia et al., 1995) and seems
required for NGF-mediated cell cycle arrest (Pumiglia and
Decker, 1997) and for NGF-triggered AP-1 activity (Gille et al.,
1992). Therefore the molecular components of the ERK pathway
are potential candidates as targets and/or participants in the NAC
mechanism.

Here, we explore the mechanisms by which NAC elicits survival
of trophic factor-deprived PC12 cells. We find that NAC causes
rapid activation of the Ras-ERK signaling pathway and that this
is required for promotion of survival.

MATERIALS AND METHODS

Materials. Human recombinant NGF was a generous gift from Genentech
(San Francisco, CA) and was used at a concentration of 100 ng/ml.
N-Acetyl-L-cysteine (Sigma, St. Louis, MO) was made up in serum-free
medium as an 800 mm stock solution, pH 7.4. L'Y294002 was purchased
from Biomol (Plymouth Meeting, PA), and PD98059 was purchased from
Alexis (San Diego, CA). Wortmannin was obtained from Sigma.

Cell culture. PC12, M7, and MM17-26 cells were maintained in RPM 1
1640 supplemented with 5% fetal bovine serum and 10% heat-
inactivated horse serum (JRH Biologicals, Lenexa, KS).

For survival experiments, PC12, M7, or MM17-26 cells were extensively
washed with serum-free medium and plated in collagen-coated 24-well
plates at a density of 20 X 10* cells per well (Rukenstein et al., 1991).

Cell counts. To determine the number of live cells in the survival
experiments, we removed medium and replaced it with 0.1 ml of lysis
buffer (Soto and Sonnenschein, 1985), which lyses the cell membrane and
leaves the nuclei intact. The lysates are then loaded into a hemacytomer,
and the intact nuclei were scored. All counts were done in triplicate and
expressed relative to cells present on the day of plating = SEM.

Thymidine incorporation. For thymidine incorporation experiments,
M7 or MM17-26 cells were plated with media supplemented with 300 um
insulin into collagen-coated 24-well plates at a density of 20 X 10* cells
per well. Thereafter, the cells were treated with different concentrations
of NAC overnight. Thymidine incorporation were determined as de-
scribed in Yan et al. (1995).

ERK-1 activity assay. Confluent 100 mm dishes of PC12 or MM17-26
cells treated with the indicated compounds in medium with serum were
washed with PBS. Thereafter, ERK-1 was immunoprecipitated and as-
sayed for activity as described previously (Loeb et al., 1992). In brief,
ERK-1 was immunoprecipitated from cell extracts with anti-ERK-1
antibody (Santa Cruz, Santa Cruz, CA) at a dilution of 1:100 and protein
A-Sepharose beads. The immunoprecipitates were washed and resus-
pended in a kinase buffer containing [y->*P]ATP and myelin basic pro-
tein as substrate. The kinase reaction was incubated at 37°C for 30 min
and terminated with the addition of Laemmli sample buffer. The samples
were resolved on a 12% SDS-PAGE gel, blotted onto nitrocellulose, and
stained with Ponceau S. The MBP bands were excised and submitted to
scintillation counting.

Ras assay. A modified protocol of Qiu and Green (1992) was used.
Confluent PC12 cells grown in 100 mm dishes were unfed for 3 d and
then washed three times with Hank’s buffered saline with glucose (137
mM NaCl, 2.7 mm KCI, 1.2 mm CaCl,, 0.5 mm MgCl,, 25 mm HEPES,
pH 7.4, and 1 mg/ml glucose) and labeled for 3 hr with 1-2 mCi of
[**PJorthophosphate (New England Nuclear, Boston, MA). At the end of
the labeling period, the cells were treated with the indicated compounds,
washed with cold PBS, and lysed with 725 ul of cold lysis buffer (50 mm
HEPES, pH 7.5, 1% Triton X-100, 100 mm NaCl, 5 mm MgCl,, 1 mg/ml
BSA, 1% aprotinin, 1 ug/ml leupeptin, 1 ug/ml pepstatin, 1 ug/ul trypsin
inhibitor, and 1 mm PMSF). The samples were centrifuged at 15,000 X
g for 4 min at 4°C. The following reagents were added to the supernatant:
100 wl of 5 M NaCl, 50 ul of 10% deoxycholate salt, 25 ul of 2% SDS, and
100 ul of charcoal blocked with 10% BSA. The samples were vortexed,
put on ice for 5 min, and centrifuged for 10 min at top speed in a tabletop
microfuge to remove the charcoal. The supernatant of each sample was
then split into two equal parts, one that was exposed to the anti-Ras
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antibody Y13-259 (Santa Cruz) and one that was not and constituted the
background sample. Both samples were incubated with protein
A-Sepharose preconjugated with rabbit anti-Ras antibody (Zymed, San
Francisco, CA). After immunoprecipitation, the samples were washed
eight times with cold wash buffer (50 mm HEPES, pH 7.4, 1% Triton
X-100, 500 mMm NaCl, 5 mm MgCl,, and 0.005% SDS) and resuspended
in 20 ul of elution buffer (2 mm EDTA, 2 mm DTT, 0.2% SDS, 2 mMm
GTP, and 2 mMm GDP). The samples were then incubated at 68°C for 20
min, and the guanidine species in the supernatant were resolved on
polyethyleneimine-cellulose TLC plates in 0.9 M KH,PO,, pH 3.4, and
were visualized by a phosphorimager. The radioactivity in GTP and
GDP spots was quantified by densitometry, and the ratio of GTP bound
to Ras was calculated as GTP/(GTP + 1.5 X GDP). The background was
subtracted for each sample.

Northern blots. Cells were treated with 100 ng/ml NGF or 60 mm NAC
in serum-containing medium for the indicated times. Total RNA was
extracted using Tri-Reagent (Molecular Research Center, Cincinnati,
OH). Purified RNA was subjected to Northern blotting as described in
Batistatou et al. (1992).

RESULTS

NAC activates the Ras-ERK pathway

Our previous data demonstrated that NAC requires transcrip-
tional activity to protect PC12 cells from trophic factor with-
drawal. Consistent with this are reports that NAC induces c-fos
and c-jun transcript levels in several cell systems (Li et al., 1994;
Keogh et al., 1995). To test whether this was also true in our
system and to elucidate the mechanism by which NAC maintains
long-term survival, we treated PC12 cells with NAC for different
times and measured the levels of c-fos or c-jun mRNA expression
by Northern blotting. For these experiments, we chose NGF as a
positive control because NGF also maintains long-term survival
of PC12 cells and because its signaling pathways have been well
studied and characterized (van der Geer et al., 1994). Figure 1
shows that both NAC and NGF transiently increase expression of
the immediate early genes c-fos and c-jun as well as TIS1. How-
ever, induction of the immediate early genes by NAC was less
intense in comparison with that by NGF. We also tested whether
NAC, like NGF, elicits long-term gene regulation in PC12 cells by
measuring mRNA levels for transin. This gene is greatly in-
creased in expression after 2 d of NGF treatment (Machida et al.,
1989). However, NAC did not increase transin mRNA levels after
2 d of exposure (data not shown). Thus, NAC does not reproduce
all transcriptional activity of NGF.

Because induction of immediate early genes can be mediated in
part by activation of the ERK/MAPK pathway (Gille et al,
1992), we next evaluated the effect of NAC on ERK-1 activity.
This was achieved by measuring kinase activity of immunopre-
cipitated ERK-1 using myelin basic protein as substrate. NAC
increased ERK-1 activity in PC12 cells after 15 min of treatment
(Fig. 2) and maximally stimulated activity by 60 min. We also
observed that NAC brought about tyrosine phosphorylation of
ERK-1 in cells treated with this compound for 30 min (data not
shown). As in the case of immediate early gene induction, the
kinetics as well as the intensity of ERK-1 activation by NAC differ
from that reported for NGF. Maximal induction of ERK activity
by NGF in PCI12 cells occurs more rapidly and is more robust
(Qiu and Green, 1992). For instance, we verified that at 5 min
NGF-induced ERK activity is already twice that of the maximum
activity induced by NAC (Fig. 2).

Because of the high concentrations of NAC required to induce
ERK-1 activity, it was conceivable that the increases observed
were attributable to osmotic effects (Matsuda et al., 1995) rather
than to a specific action of NAC alone. Therefore, we tested
whether ERK-1 activity was also increased with 60 mm methio-
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Figure 1. NAC increases the expression of immediate early genes. PC12

cells in serum-containing medium were treated with 100 ng/ml NGF or 60
mMm NAC. At the indicated times, the RNA was collected, blotted, probed
with radiolabeled TIS1, c-fos, or c-jun, stripped, and reprobed with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Similar findings
were achieved in another independent experiment.

nine. We observed no effect of such treatment on ERK-1 activity
or on promotion of cell survival (data not shown).

Many instances of ERK and immediate early gene activation
are mediated via the GTP-binding Ras protein, which acts up-
stream from ERK (Waskiewicz and Cooper, 1995). We therefore
measured Ras activity in NAC-treated PC12 cells by quantifying
the relative proportion of Ras-GTP versus total Ras (see Mate-
rials and Methods). In four independent experiments, NAC treat-
ment increased the level of Ras-GTP by an average of 2.5-fold
(Fig. 3). This increase peaked after 15 min of exposure and
returned to baseline levels after 30 min. Again, consistent with
the differences between NGF and NAC in kinetics and intensity
of ERK induction and immediate early gene regulation, NAC-
stimulated Ras activity was both delayed and less robust in
comparison with that by NGF (Qiu and Green, 1992) (Fig. 3).

Ras activity is necessary for NAC-mediated survival

We next determined whether Ras activity is necessary for NAC-
mediated neuronal survival. For this purpose, we used the PC12
MM17-26 cell line that constitutively expresses high levels of
Ha-Ras(Asn'”), a dominant-negative form of Ras, and the PC12
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Figure 2. Time course of NAC-induced ERK-1 activity. PC12 cells
grown in medium with serum were treated with 100 ng/ml NGF for 5 min
or 60 mM NAC for the indicated times, after which the cells were collected
and submitted to anti-ERK-1 immunoprecipitation (see Materials and
Methods) and assessment of ERK-1 activity using myelin basic protein
(MBP) as substrate. ERK-1 activity is expressed as the amount of *?P
incorporated into MBP per 30 min.
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Figure 3. NAC activates Ras. PC12 cells loaded with [*?PJorthophos-
phate were treated with no additives (control), with 100 ng/ml NGF for 5
min, or with 60 mm NAC for the indicated times. Ras activity is measured
as the ratio of [**P]GTP/total nucleotides associated with Ras after
immunoprecipitation (see Materials and Methods). The results are ex-
pressed relative to the activity present in untreated cells; » = number of
independent experiments; data are expressed as the mean + SEM.

M7 cell line that was transfected with the control construct
(Szeberényi et al., 1990). MM17-26 and M7 cells proliferate in
medium with serum, die in response to serum withdrawal, and can
be rescued under such conditions by addition of NGF or insulin
(Yao and Cooper, 1995) (data not shown). However, in contrast
to its effects on wild-type PC12 (Ferrari et al., 1995) and on M7
cells, NAC did not maintain MM17-26 cells under serum-free
conditions (Fig. 4). We also observed that NAC does not increase
ERK-1 activity in the MM17-26 cells (Fig. 5) or elevate c-fos
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Figure 4. NAC does not protect MM17-26 cells from apoptosis caused by
withdrawal of trophic support. Replicate cultures of PC12 cells trans-
fected with control vector (M7) or dominant-negative Ras (MM17-26)
were cultured in serum-free medium treated with no additives (control ) or
40 or 60 mMm NAC for 2 d. Cells were counted, and results are expressed
relative to initial plating number (n = 3).
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Figure 5. NAC induces ERK-1 activity in PC12 but not in MM17-26
cells. Cells grown in medium supplemented with serum were treated with
no additives (control), 100 ng/ml NGF, or 60 mm NAC for 30 min, after
which ERK-1 was immunoprecipitated and assessed for activity as de-
scribed in Materials and Methods. Activity is expressed as the amount of
32P incorporated into myelin basic protein in 30 min. This experiment is
representative of three others.

transcript levels (data not shown), thus confirming that NAC does
not activate the Ras pathway in this line. These data thus suggest
that NAC requires Ras activity to maintain survival as well as to
activate the ERK pathway.

ERK activation plays a role in NAC-mediated survival

We next sought to distinguish which of the signaling pathways
downstream from Ras is required for NAC-induced cell survival.
Recent findings implicate phosphatidylinositol 3-kinase (PI3 ki-
nase) activity as a signaling component in trophic factor-
maintained cell survival (Rodriguez-Viciana et al., 1994; Dudek
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et al., 1997; Kennedy et al., 1997) and indicate that PI3 kinase
regulation may be downstream as well as independent of Ras
(Kodaki et al., 1994; Rodriguez-Viciana et al., 1994; Yao and
Cooper, 1995). We thus investigated whether PI3 kinase activity
is necessary for NAC-induced survival by using the PI3 kinase
inhibitor LY294002 (Vlahos et al., 1994); 10 um LY294002 de-
creased by ~50% NGF-promoted cell survival of PC12 cells in
serum-free medium (Fig. 64). However, it had no significant
effect on survival of NAC-treated cells. We also used wortman-
nin, another PI3 kinase inhibitor (Kimura et al., 1994) (Fig. 7).
Although wortmannin substantially inhibited NGF-dependent
survival, it had no effect on survival of NAC-treated cells. Neither
drug affected survival promoted by CPT-cAMP, which was in-
cluded as a control for toxic activities of the drugs.

In contrast, PD98059, an inhibitor of a kinase downstream of
Ras and upstream of ERKs (MAPKK/MEK) (Alessi et al.,
1995), reduced NAC-induced survival to near control levels (Fig.
6A). In contrast, NGF-promoted survival was decreased by ap-
proximately half. Consistent with these observations, PD98059
inhibited NAC-induced ERK-1 activity to basal levels and only
partially blocked NGF-induced ERK-1 activity (Fig. 6B8). When
the cells were treated with both LY294002 and PD98059, all
survival-promoting activity by NGF was abolished. In contrast,
the combination of drugs had little if any further inhibitory effect
on NAC-mediated survival in comparison with that with
PD98059 alone. PD98059 had no effect on cAMP-induced sur-
vival. These results indicate, firstly, that the ERK pathway is
necessary for NAC-mediated survival. Secondly, they show that
the ERK and PI3 kinase pathways contribute differently to NAC-
and NGF-mediated survival. Although NAC seems to rely pri-
marily on the ERK pathway to exert its survival-promoting effect,
NGF-promoted survival seems to use both the ERK and PI3
kinase pathways. An additional point is that consistent with past
findings (Alessi et al., 1995), PD98059 does not completely abol-
ish activation of ERK-1 by NGF (Fig. 6 B), and thus there may be
an underestimation of the role of MAPKK in NGF-mediated
survival.

NAC-mediated cell cycle inhibition is not sufficient

for survival

In a previous report, we demonstrated that NAC inhibits PC12
cell proliferation and hypothesized that this is causally related to
promotion of survival (Ferrari et al., 1995). We therefore exam-
ined the relationship between Ras activity and NAC-mediated
cell cycle arrest. Thymidine incorporation was used as a measure
of cell cycle progression. Despite the inability of NAC to promote
survival of MM17-26 cells, it inhibited thymidine incorporation in
this line (Fig. 8). Maximal inhibition of thymidine incorporation
with NAC occurred at 30—60 mmMm, concentrations that provided
significant protection against trophic factor withdrawal for PC12
cells transfected with control vector (M7) but not for MM17-26
cells (Fig. 4). These findings suggest that the effect of NAC on cell
cycle arrest is independent of Ras activation.

Additional thymidine incorporation experiments were per-
formed with PC12 cells exposed to PD98059 or LY294002. Al-
though these pharmacological inhibitors were not toxic (Fig. 6),
they inhibited thymidine incorporation at least by half in control
cells cultured in the absence of NAC (Fig. 9). This was most likely
because the trophic factors present in serum may in part depend
on MEK and PI3 kinase activity to promote cell proliferation.
Thymidine incorporation in the presence of NAC was unaffected
by either of the inhibitors and remained far below that in NAC-
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Figure 6. Effect of MEK and PI3 kinase inhibitors on NAC-mediated PC12 cell survival (4) and of MEK inhibition on NAC-induced ERK-1 activity
(B). A, For the survival experiments, cells in serum-free medium were pretreated with no inhibitors, with 100 um PD98059, and/or with 10 uM LY294002
for 1 hr before addition of no additives (CONTROL), 100 ng/ml NGF, 100 uM 8-(4-chlorophenylthio)-cAMP (CPT-cAMP), or 60 mm NAC. Surviving
cells were counted after 24 hr, and results are expressed relative to NGF-treated cells in the absence of inhibitors (n = 3). B, For the assessment of ERK-1
activity, cells in complete medium were pretreated with no inhibitor or with PD98059 for 1 hr before addition of no additives (CONTROL), 100 ng/ml
NGF or 60 mm NAC for 30 min, after which ERK-1 was immunoprecipitated and assessed for kinase activity (see Materials and Methods). Activity is
expressed as the amount of *?P incorporated into myelin basic protein in 30 min.
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Figure 7. The PI3 kinase inhibitor wortmannin does not affect NAC-
mediated survival. PC12 cells in serum-free medium were pretreated with
150 nM wortmannin for 30 min and then 60 mMm NAC for 9 hr. Wortman-
nin was added every 2 hr to compensate for breakdown. Results are
expressed relative to survival obtained in NGF-treated cells in the ab-
sence of wortmannin (n = 3).

untreated controls. This indicates that NAC does not require
MEK or PI3 kinase (PI3K) activity to arrest proliferation.

DISCUSSION

Mechanism by which NAC protects neurons from loss
of trophic deprivation

At concentrations of 20—60 mm, NAC protects neuronal cells
from death evoked by withdrawal of trophic support (Ferrari et
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Figure 8. NAC inhibits thymidine incorporation in both M7 and
MM17-26 cells. The cells were cultured in serum-free medium supple-
mented with 100 uM insulin and were treated with increasing concentra-
tions of NAC overnight. Results are expressed relative to cells that were
not treated with NAC (n = 3).

al,, 1995). Our aim here was to determine the mechanism by
which this occurs. Because NAC is an antioxidant and elevates
another antioxidant, glutathione, it is often assumed that such
activities account for all of the neuroprotective actions of NAC.
Conversely, protection by NAC is frequently assumed to indicate
that oxidative stress is a cause of death. However, as reviewed
above, there were multiple reasons to discount this mechanism in
the case of protection from trophic deprivation.
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cell cycle arrest. PC12 cells in serum-containing medium were preincu-
bated with 100 um PD98059 or 10 um LY294002 for 1 hr and then were
incubated with or without 60 mM NAC overnight. Measurements of
thymidine incorporation were performed as described in Materials and
Methods. Results are expressed relative to the untreated control (n = 3).

Starting with the observation that NAC requires transcription
to protect PC12 cells and that it induces immediate early genes in
several cell systems, we showed that NAC induces c-fos, c-jun, and
TIS1 in PC12 cells. This observation led us to follow the signaling
pathway upstream and to determine that NAC stimulates activa-
tion of ERK-1 and of p21Ras. Furthermore, NAC was unable to
protect cells overexpressing a dominant-negative form of Ras
from loss of trophic support, thus indicating that Ras plays a
required role in the survival mechanism of NAC. Abolition of
NAC-promoted survival with PD98059 further indicates a nec-
essary role for M EK activity and is consistent with a role for ERK
activation as well (Xia et al., 1995). The implication of Ras
activation in NAC-promoted neuronal survival is consistent with
reports that a constitutively active form of Ras rescues NGF-
deprived sympathetic neurons and PC12 cells (Rukenstein et al.,
1991; Nobes et al., 1996).

Activation of the Ras-ERK pathway leads to induction of
immediate early genes including c-fos and c-jun. It has been
observed that reducing agents, including NAC, can directly acti-
vate transcription factors, apparently by reduction of critical thiol
groups (Abate et al., 1990; Meyer et al., 1993). However, our
findings with PC12 MM17-26 cells indicate that induction by
NAC of at least c-fos occurs via Ras rather than by direct action
on transcription factors. Nevertheless, we cannot exclude that
such direct activation of transcription contributes to NAC-
promoted neuronal survival.

The mechanism by which NAC activates Ras is presently un-
clear. One possibility was via tyrosine phosphorylation and acti-
vation of the SH2-containing protein (SHC) protein that medi-
ates stimulation of Ras by growth factors such as NGF (Basu et
al., 1994). However, we measured tyrosine phosphorylation of
SHC immunoprecipitated from cells treated with NAC for vari-
ous times and found no significant effect (data not shown). An
alternative possibility was NAC-mediated nitrosylation of Ras.
Recent findings indicate that nitrosylation of a critical cysteine
residue enhances Ras activity (Lander et al.,, 1997). Moreover,
NAC increases nitric oxide (NO) release from protein-bound
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stores in vascular tissue (Muller et al., 1996). We therefore
pretreated PC12 cells with the NO synthase inhibitor N-nitro
arginine methyl ester (L-NAME), but this did not block NAC-
mediated survival (data not shown). A third prospect is that NAC
directly activates Ras by virtue of its reducing potential. The
affinity of G-proteins for GTP measured in vitro is significantly
increased in the presence of reducing agents (Carty and Iyengar,
1994). Moreover, a critical redox-sensitive cysteine residue has
been identified in Ras (Lander et al., 1997). This mechanism is
supported by our observations that reducing agents in addition to
NAC have survival-promoting activity (Yan et al., 1995) and is
compatible with the high concentrations of NAC that are re-
quired to prevent death in our systems.

Comparing the actions of NGF and NAC

NAC shares with NGF and other growth factors the capacity to
maintain neuronal survival. Like NGF, NAC activates the Ras-
ERK pathway and induces immediate early genes. However,
NAC does not completely mimic the trophic actions of NGF. For
instance, unlike NGF, NAC does not elicit or maintain neurites or
induce the late gene transin. This reinforces past observations
that promotion of survival alone is not necessarily sufficient for
maintenance or promotion of differentiation (Batistatou and
Greene, 1991; Ferrari et al., 1995).

Constitutive activation of Ras mimics at least some of the
differentiation-promoting actions of NGF including stimulation
of neurite outgrowth (Bar-Sagi and Feramisco, 1985), and acti-
vation of the Ras pathway plays a required role in NGF-
stimulated neuronal differentiation (Szeberényi et al., 1990). Why
then does Ras activation by NAC not drive differentiation? Stim-
ulation of Ras by NAC is of slower onset, reaches lower levels,
and is far less sustained than that with NGF. The stronger,
sustained activation of the Ras-ERK pathway by NGF has been
suggested to be required for the induction of neurite outgrowth
(Qiu and Green, 1992). Thus, one reason that NAC mimics only
the survival-promoting actions of NGF might be its relatively
weak and nonsustained degree of Ras stimulation.

In addition, unlike NGF, NAC does not stimulate Trk and is
therefore unlikely to reproduce the full repertoire of signaling
events evoked by NGF. An important pathway stimulated by
NGF is activation of PI3K (Stephens et al., 1994). As suggested
previously (Yao and Cooper, 1995) and confirmed here, this
pathway seems to account at least in part for NGF-promoted
survival of PC12 cells. In contrast, inhibitors of this pathway had
no effect on survival stimulated by NAC. This suggests that NAC
does not activate PI3K. This is also consistent with the inability
of NAC, in contrast to NGF, to maintain survival of MM17-26
cells.

Our observations are consistent with the presence of at least
two alternative signaling pathways that contribute to NGF-
promoted PC12 cell survival: the Ras-ERK pathway and the PI3K
pathway. Depending on cellular context, the relative contribu-
tions of these pathways may vary. For instance, the Ras-ERK
pathway seems to be required for NGF-mediated survival of chick
sensory but not sympathetic neurons (Borasio et al., 1993), and it
has been reported that PD98059 does not affect survival of
cultured rat sympathetic neurons (Virdee and Tolkovsky, 1995,
1996). Our findings indicate that NAC differs from NGF in using
only the Ras-ERK pathway to maintain survival.

In response to loss of trophic support, PC12 and other cell
types show an increased JUN kinase (JNK)/p38 kinase activity
(Xia et al., 1995). Evidence has been provided with PC12 cells
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that this increase is required for death, and a model has been
proposed in which survival occurs when the elevation of INK/p38
activity is suppressed and ERK kinase activity is stimulated (Xia
et al., 1995). We showed previously that NAC inhibits the induc-
tion of JNK activity caused by serum withdrawal (Park et al.,
1996b). Thus NAC, like NGF, fulfills both proposed criteria for
promotion of survival: suppression of JNK and activation of
ERK.

An additional point is that survival mediated by CPT-cAMP
was insensitive to both PI3K inhibitors and to PD90859. CPT-
cAMP requires PKA to promote survival (Rukenstein et al.,
1991), and our findings suggest that unlike NAC and NGF, it acts
independently of PI3K or Ras-ERK stimulation. However, it
should be noted that a Ras antibody was reported to interfere
with cAMP-mediated survival of rat sympathetic neurons (Nobes
and Tolkovsky, 1995).

Recently, it was reported that NAC pretreatment of PC12 cells
interferes with NGF-dependent signaling and neurite outgrowth,
and it was suggested that NAC interferes with redox-sensitive
steps in the NGF mechanism (Kamata et al., 1996). An alterna-
tive interpretation raised by our findings is that transient activa-
tion of Ras-ERK signaling by NAC during pretreatment causes a
compensatory refractoriness of this pathway during subsequent
exposure to NGF.

NAC and the cell cycle

We showed previously that NAC inhibits DNA synthesis and
suggested that the capacity of NAC to prevent neuronal cell death
was because of its antiproliferative activity (Ferrari et al., 1995).
This was consistent with other evidence that death evoked by
trophic factor withdrawal involves inappropriate activation of cell
cycle components (Ferrari and Greene, 1994; Farinelli and
Greene, 1996; Park et al., 1996a). The present observation that
NAC inhibits cell cycle progression by PC12 MM17-26 cells but
does not support them suggests that suppression of proliferation
is insufficient to account for the neuroprotective action of NAC
against loss of trophic support. Our findings do not distinguish
between the possibilities that NAC-promoted cell cycle arrest is
irrelevant for support of survival or is required in addition to
stimulation of the Ras-ERK pathway.

The mechanism by which NAC blocks DNA synthesis is un-
known. The antiproliferative action of NAC on MM17-26 cells
indicates that activation of the Ras-ERK pathway is not required
for this effect. This is supported by the inability of PD98059 to
interfere with NAC-induced cell cycle arrest. Thus the stimula-
tion of Ras-ERK and the inhibition of DNA synthesis by NAC
seem to be mediated by different mechanisms.

In summary, we show here that the mechanism by which NAC
rescues neuronal cells from loss of trophic support requires acti-
vation of the Ras-ERK pathway. This is most likely because of the
reducing activity of this compound rather than its actions as an
antioxidant or regulator of GSH levels. NAC is presently being
considered for treatment of a variety of human diseases including
cancer, acquired immunodeficiency syndrome, and neurodegen-
erative disorders (Vyth et al., 1996; Herzenberg et al., 1997; Ponz
de Leon and Roncucci, 1997). In light of this, it is important to
understand more clearly the mechanisms of action of NAC, both
for predicting possible side-effects and for designing additional
agents with comparable or superior activity.
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