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Bcl-2 Affects Survival but Not Neuronal Differentiation of PC12 Cells
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Past studies have shown that serum-free cultures of PC12
cells are a useful model system for studying the mechanisms
of neuronal death after neurotrophic factor deprivation. These
cultures, as well as NGF-deprived cultures of sympathetic
neurons, manifest an endonuclease activity that leads to
“apoptotic” internucleosomal DNA cleavage. Overexpres-
sion of the proto-oncogene bcl-2 blocks apoptotic death in
various cell types. To study the actions of this protein in
neuronal cells, we derived PC12 cell lines stably transfected
with a cDNA encoding human bcl-2. It is reported here that
lines expressing high levels of the exogenous bcl-2 protein
are protected from both death and apoptotic DNA fragmen-
tation caused by removal of trophic support. However, ex-
pression of high levels of exogenous bcl-2 neither mimics
nor interferes with promotion of neurite outgrowth by NGF.
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Neuronal cell death is a prominent feature of vertebrate devel-
opment. About 20-80% of neurons in a given developing pop-
ulation ultimately die (Hamburger and Oppenheim, 1982; Op-
penheim, 1991). According to the “neurotrophic theory,” neurons
compete for target-derived trophic factors that maintain their
survival, and only those that acquire adequate trophic support
avoid death (Purves, 1986; Barde, 1989; Oppenheim, 1989).
Moreover, neuronal cell death is not restricted only to devel-
opment. It also occurs during aging or disecase. The mecha-
nism(s) of neuronal death is (are) not yet understood. The
ultrastructural changes that occur during naturally occurring neu-
ronal death resemble those of cells undergoing apoptosis (Wright
et al., 1983; Server and Mobley, 1991). In addition, in vitro
studies with sympathetic neurons deprived of NGF, hippocam-
pal neurons exposed to toxic levels of glutamate, and cerebellar
granule cells treated with a neurotoxin reveal that internucleo-
somal DNA fragmentation, the biochemical hallmark of apop-
tosis, accompanies these examples of induced neuronal death
(Dipasquale et al., 1991; Edwardsetal., 1991; Kureetal., 1991).

The rat PC12 pheochromocytoma cell line provides a model
system for studying neuronal death (Greene and Tischler, 1976).
PC12 cells survive and multiply in serum-containing medium
in the absence of NGF. However, when serum is withdrawn
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from PCI12 cell cultures, about 50% of the cells die by 24 hr
and nearly all die by 1 week (Greene, 1978). Addition of NGF
to such serum-free cultures rescues the cells from death. There-
fore, in serum-free medium, PC12 cells resemble sympathetic
neurons in that their survival can be maintained by NGF. Ob-
servations with serum-free cultures of PC12 cells often pertain
to NGF-deprived cultured sympathetic neurons. For example,
it has been shown that cAMP analogs promote survival of both
PC12 cells and sympathetic neurons (Rydel and Greene, 1988;
Rukenstein et al., 1991). Moreover, the DNA fragmentation
characteristic of apoptosis appears early in PC12 cell cultures
after serum withdrawal and in cultures of sympathetic neurons
after NGF deprivation (Batistatou and Greene, 1991; Edwards
et al.,, 1991). In addition, aurintricarboxylic acid, a reported
endonuclease inhibitor, promotes serum-free survival of PC12
cells and NGF-free survival of sympathetic neurons (Batistatou
and Greene, 1991).

Bcl-2 is a novel proto-oncogene that appears to affect apop-
totic cell death (for review, sce Korsmeyer, 1992a,b). It was
discovered at the most common chromosomal translocation in
human lymphoid malignancies (Bakhshi et al., 1985; Cleary and
Sklar, 1985; Tsujimoto et al., 1985), and it has been reported
that its deregulated expression prolongs survival of certain he-
matopoietic cell lines after growth factor deprivation (Vaux et
al., 1988; Nuiiez et al., 1990). Moreover, in humans, bcl-2 pro-
tein appears to be topographically restricted to progenitor cells
within mature tissues characterized by apoptotic cell death and
to long-lived cells, including certain neurons (Hockenbery et al.,
1991). Very recent findings indicate that overexpression of bcl-2
in cultured sympathetic neurons prolongs their survival after
withdrawal of NGF (Garcia et al., 1992). To provide an exper-
imentally useful model for examining the potential action of
bcl-2 in the nervous system, we stably expressed human bcl-2
protein in PC12 cells and determined whether it can affect their
survival in serum- and NGF-free medium. We also investigated
whether bcl-2 expression might either mimic or interfere with
the differentiating actions of NGF. Finally, we explored the
subcellular localization of human bcl-2 in the transfected cells
and examined whether endogenous bcl-2 might mediate the
survival-promoting actions of NGF.

Materials and Methods

Cell culture, transfections, and cell counts. PC12 cells were cultured as
previously described (Greene and Tischler, 1976, 1982) on collagen-
coated dishes in RPMI 1640 medium supplemented with 10% heat-
inactivated horse serum and 5% fetal bovine serum (complete medium).
Cells were transfected by electroporation with the SFFVBcl-2nl plasmid
(SFFVNeo vector containing the entire human bel-2 open reading frame;
Hockenbery et al., 1990) or with the parental vector (SFFVNeo) as



described previously (Greene et al., 1991). After selection with geneticin
(Sigma Chemical Co.), several colonies were isolated and expanded.
The resulting clones were cultured in complete medium containing 250
ug/ml geneticin,

For serum-free experiments cells from various clones were extensively
washed in serum-free RPMI 1640 medium, resuspended in the same
medium and plated at a density of 8-15 x 10* per well in collagen-
coated 24-well plastic culture dishes (0.5 ml of medium/well) in the
presence or absence of NGF. Cultures were refed every 2-3 d. At various
times the culture medium was removed and replaced with 0.25 ml of
a solution that lyses the cell membrane but leaves the nuclei intact (Soto
and Sonnenschein, 1985). The nuclei were counted in a hemacytometer.
Counts were performed on triplicate wells in every experiment and are
reported as mean + SEM.

For differentiation experiments, 2-3 x 10° cells per condition were
cultured on collagen-coated 35 mm plastic tissue culture dishes in com-
plete medium containing 100 ng/ml NGF. Cultures were refed every
2-3 d. After 7 d, cultures were scored for neurite-bearing cells as pre-
viously described (Burstein and Greene, 1978). For each clone at least
100 random cells were scored. Counts were performed on duplicate
cultures for each experiment.

Western blot (immunoblot) analysis. Cells from various clones were
harvested by trituration, washed with ice-cold PBS, and resuspended
in a solution containing 150 mm NaCl, 50 mm Tris, 1% Triton X-100,
5 ul/ml aprotinin, and 50 ug/m] phenylmethylsulfonyl fluoride. After
incubation for 10 min on ice, the samples were centrifuged at 13,000
x g for 5 min. Protein contents of the supernatants were measured by
the Bradford assay (Bio-Rad, Bio-Rad Laboratories); 100 ug of protein
from each sample was subjected to electrophoresis on an SDS-12%
polyacrylamide gel and subsequently transferred to nitrocellulose filters
by electroblotting. The blots were blocked with 3% milk in PBS for 2
hr at room temperature and subsequently incubated overnight at 4°C
with a hamster anti-human bcl-2 monoclonal antibody (6C8, 1:75 di-
fution in PBS with 0.05% Tween 20; Hockenbery et al., 1990). After
incubation with biotinylated goat anti-hamster IgG (1:250 in PBS-Tween)
for 2 hr at room temperature and with streptavidin—peroxidase for 1 hr
at room temperature, the blots were developed with diaminobenzidine
and enhanced with nickel chloride (0.03%).

Northern blot (RNA) analysis. Cells from various clones were used
for isolation of total RNA, by a single-step acid guanidinium thiocya-
nate-phenol-chloroform extraction method (Chomczynski and Sacchi,
1987); 20 ug of RNA per sample was separated on 1% agarose—form-
aldehyde gels and transferred to nitrocellulose membranes (Sambrook
etal., 1989). Equal loading was confirmed by ethidium bromide staining
of RNA in agarose-formaldehyde gels. 32P-labeled probe for mouse bel-2
(Nufiez et al., 1990) was prepared by the random priming reaction
(Sambrook et al., 1989). The blots were hybridized with radiolabeled
probe in the presence of 3 x saline-sodium citrate (SSC) at 37°C over-
night, washed in 2 x SSC and 0.5% SDS at 60°C for 2 hr, and subjected
to autoradiography.

Extraction of DNA and Southern blot analysis for detection of DNA
fragmentation. Cells from various clones (4-8 x 109 cells per condition)
were extensively washed with RPMI 1640 medium and plated in un-
coated 100 mm plastic culture dishes in RPMI 1640 medium with or
without NGF. After incubation for 3 hr at 37°C, the cells were triturated
off the dishes and centrifuged at 800 x g for 5 min, and the pellet was
washed with ice-cold PBS. Soluble DNA was extracted as previously
described (Hockenbery et al., 1990). Samples were incubated with 50
mg/ml DNase-free RNase (Boehringer Mannheim) at 37°C for 30 min.
All the soluble DNA recovered per condition (total soluble DNA/cul-
ture) was subjected to electrophoresis on a 1.2% agarose gel, blotted
onto GeneScreen Plus Membrane (Du Pont/New England Nuclear), and
probed with total genomic PC12 cell DNA digested with Sau 3A (Boeh-
ringer Mannheim). 32P-labeled probe was prepared by the random prim-
ing reaction (Sambrook et al., 1989), and hybridization and washings
were performed according to the manufacturer’s protocol (Du Pont/
New England Nuclear).

Immunolocalization of bcl-2 protein. For confocal microscopy,
PCl12bcl-2.1 cells were cultured overnight in collagen-coated eight-
chamber tissue culture slides. Cells were fixed for 20 min at room
temperature with 4% paraformaldehyde in PBS, and then permeabilized
in 0.3% Triton X-100 in PBS, pH 7.2, with 1% BSA and 0.2% nonfat
dry milk (PBS-blocking buffer) for 15 min. After blocking with 1.5%
normal goat serum in PBS for 30 min at room temperature, cells were
incubated with the monoclonal antibody 6C8 (or with a control hamster
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monoclonal antibody) at a 1:50 dilution, for 30 min at room temper-
ature. They were then incubated with a fluorescein-conjugated goat anti-
hamster IgG (CalTag Laboratories) for 30 min at room temperature at
a 1:100 dilution. Following antibody incubations, cells were washed in
PBS and then in PBS-blocking buffer. Streptavidin-Texas red (1:100)
was incubated with cells either alone (1 hr) or in combination with both
primary and secondary antibodies, at a 1:100 dilution. Cells were an-
alyzed and photographed using a Bio-Rad Lasersharp MRC500 scan-
ning confocal microscopy system with filters for dual fluorescein and
Texas red emissions. A Zeiss Axioplan microscope was used for fluo-
rescent microscopy. Subcellular fractionation experiments were per-
formed as previously described (Hockenbery et al., 1990).

Results

Expression of human bcl-2 protein in transfected PC12 cells
To obtain lines stably expressing human bcl-2, PC12 cells were
transfected with the SFFVBcl-2n! plasmid containing the neo-
mycin resistance gene and the entire human bcl-2 open reading
frame driven by the long terminal repeat of the splenic focus-
forming virus (Hockenbery et al., 1990). Control cells were
transfected with the parental SFFVNeo vector lacking the bel-2
sequence. Twelve independently derived neomycin-resistant
clones transfected with the SFFVBcl-2nl plasmid and six neo-
mycin-resistant clones transfected with SFFVNeo were expand-
ed and analyzed. To determine whether the human bcl-2 protein
is expressed in these clones, cell lysates were isolated and 100
ug of protein from each was subjected to electrophoresis on an
SDS-12% polyacrylamide gel. The amount of bcl-2 protein in
each clone was determined by Western immunoblotting using
6C8, a species-specific anti-human bcl-2 monoclonal antibody.
For reference, we used 100 ug of cell lysate from RL-7 cells, a
human B-cell line that expresses high levels of bcl-2 (Hocken-
bery et al., 1990). We found that the SFFVBcl-2nl-transfected
clones express variable levels of human bcl-2 protein. The re-
sults from representative clones are shown in Figure 1. Clones
PC12bcl-2.1, PC12bcl-2.2, and PC12bcl-2.3 express the highest
levels of human bcl-2 protein, though at somewhat lower levels
than in RL-7 cells. Clone PC12bcl-2.4 expresses relatively low
levels of human bcl-2 and in PC12bcl-2.5 this protein is un-
detectable. As expected, clones PCl2neo.1 and PCl2neo.2,
transfected with the SFFVneo, do not express human bcl-2.

Expression of bcl-2 mRNA in transfected PC12 cells

In the above experiments it was not possible to determine the
levels of endogenous bel-2 protein in PC12 cells, since 6C8 is
a species-specific anti-human bcl-2 antibody and since anti-
bodies against rat bel-2 protein are not currently available. We
therefore compared the levels of exogenous and endogenous
bcl-2 mRNA in transfected PC12 cells by Northern blot analysis
with a mouse bcl-2 probe. The blots were washed under low-
stringency conditions to achieve adequate signals. As shown in
Figure 2, three transcripts were detected (indicated by arrows).
The most prominent transcript is approximately 4.5 kilobases
(kb) and corresponds to the transfected human bel-2 cDNA. As
expected, it appears only in PCl12bcl-2.1, PC12bcl-2.2, and
PC12bcl-2.3 but not in PC12neo.2. A less prominent 1.3 kb
band appears in all clones. It does not correspond to any reported
mouse transcript, and it could be either nonspecific or another
bcl-2 mRNA species recognized by the mouse probe. A third
relatively weak band was also detected in all clones and is ap-
proximately 7.5 kb. This is probably the endogenous rat ho-
molog of the previously described murine 7.5 kb bcl-2 mRNA
(Negrini et al., 1987; Nufiez et al., 1990). As described below,
the levels of this transcript do not correlate with the ability of
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Figure 1. Expression of human bcl-2 protein in transfected PC12 cells.
Cells from clones PC12bcl-2.1, PC12bcl-2.2, PC12bcl-2.3, PC12bcl-
2.4, and PC12bcl-2.5 (transfected with the SFFVbcl-2nl plasmid) and
from clones PCl2neo.l1 and PCl2neo.2 (transfected with control
SFFVneo) were cultured in complete medium and used for isolation of
cell lysates; 100 ug of total protein per lane was subjected to electro-
phoresis on an SDS-12% polyacrylamide gel and subsequently trans-
ferred to a nitrocellulose filter by electroblotting. Western blot analysis
was performed as described in Materials and Methods. 6C8, an anti-
human bcl-2 monoclonal antibody, was used at a dilution 1:75; 100 ug
of lysate from human RL-7 cells was used as a positive control. The
numbers at the left represent the position of molecular mass markers
(M, x 10-%).

the cells to survive in serum-free medium and are barely de-
tectable even in the presence of NGF (data not shown).

High expression of bcl-2 correlates with PC12 cell survival in
serum-free medium

Past studies have shown that PC12 cells rapidly die when plated
in RPMI 1640 medium without serum, NGF, or other survival-
promoting agents (Greene, 1978; Rukenstein et al., 1991). We
determined whether expression of exogenous bcl-2 can affect
survival of PC12 cells under such conditions. The SFFVbcl-
2nl-transfected and SFFVneo-transfected lines were washed ex-
tensively and cultured in RPMI 1640 medium without serum
or any other additives. At various times cell counts were per-
formed on triplicate cultures. As shown in Figure 3, control
clones PC12neo.1 and PC12neo.2 behave like the parental PC12
cells (Greene, 1978). Approximately 30-60% of cells are dead
after 1 d and essentially all cells are dead by 1 week of culture
in serum-free medium. Clones PC12bcl-2.4 and PCl12bcl-2.5,
which are transfected with the SFFVbcl-2nl but express low or
undetectable levels of bel-2, show similar behavior. In contrast,
clones PC12bcl-2.1, PC12bcl-2.2, and PC12bcl-2.3, which ex-
press relatively high levels of human bcl-2, show consistently
enhanced survival in serum-free medium. As shown in Figure
3, approximately 80-100% of cells are alive after 1 d. Although
the number of surviving cells declines after a few days, for clones
PC12bcl-2.1 and PC12bcl-2.2 a substantial percentage of cells
(about 50%) are alive after a week or serum deprivation. Clone
PC12bcl-2.3 shows a more rapid rate of death but about 15%
of the cells still remain after removal of serum for a week, At
longer times the number of surviving cells continues to decline
(data not shown).

Figure 4 compares the 1 week serum-free survival obtained
with the various lines in serum-free medium supplemented with
or without NGF. Regardless of the expression of bel-2, NGF
maintains at least 75% of the cells for 1 week in serum-free
medium. Thus, expression of bcl-2 does not appear to affect the
capacity of NGF to promote optimal PC12 cell survival. These
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Figure 2. Expression of cross-hybridizing bcl-2 mRNA in transfected
PC12 cells. Cells from the indicated clones were cultured in complete
medium and used for isolation of total RNA; 20ug of total RNA per
sample was separated on a 1% agarose-formaldehyde gel. Northern blot
analysis was performed with a mouse bcl-2 probe as described in Ma-
terials and Methods. The positions of 18S and 28S rRNAs are indicated
at the left.

data also show that even for those lines expressing the highest
bcl-2 levels, the number of cells undergoing long-term survival
was less than in the presence of NGF.

Expression of bcl-2 inhibits early PC12 cell DNA
[fragmentation in serum-free medium

Previous studies have shown that early internucleosomal DNA
fragmentation is specifically associated with PC12 cell death
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Figure 3. Time course of survival of the transfected clones in serum-
free medium. Cells from various clones were washed and plated in
serum-free RPMI 1640 medium. Viable cells, in triplicate wells, were
counted every 2 d as described in Materials and Methods. Cell survival
data are presented relative to the number of cells in sister cultures treated
with NGF for 1 d (designated as 100). Recovery in the NGF-treated
cultures at 1 d was 116 = 2.5% of the number of cells originally plated.
Error bars represent SEM (n = 3).
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Figure 4. Survival of the transfected clones in serum-free medium in
the presence or absence of NGF. Cells from various clones were washed
and plated in serum-free RPMI 1640 medium in the presence or absence
of 100 ng/ml NGF. Viable cells, in triplicate wells, were counted after
1 week in culture. Cell survival data are presented relative to the number
of cells in sister cultures treated with NGF for 1 d (designated as 100).
Recovery in the NGF-treated cultures (at 1 d) was 116 + 2.5% of the
number of cells originally plated. Error bars represent SEM (n = 3).

after serum and NGF deprivation (Batistatou and Greene, 1991,
1993). This phenomenon is observed as early as 3 hr of culture
in serum-free medium and is inhibited if survival-promoting
factors such as NGF are present. We examined this parameter
in our transfected clones. As shown in Figure 5, clones PC12bcl-
2.1, PC12bcl-2.2, and PC12bcl-2.3, which express the highest
levels of human bcl-2, do not exhibit DNA fragmentation at 3
hr after serum deprivation. In contrast, clones PC12bcl-2.4 and
PC12bcl-2.5 behave like the control PC12neo.1 and PC12neo.2
clones in that they display prominent DNA fragmentation that
is inhibited when NGF is added to the serum-free medium.
Therefore, it appears that adequate expression of bcl-2 can in-
hibit the early DNA fragmentation apparent at 3 hr after with-
drawal of serum. This is consistent with the ability of bcl-2 to
suppress serum-free cell death of the same clones.

Expression of bel-2 in PC12 cells does not mimic or interfere
with NGF-induced neuronal differentiation

PC12 cells cultured in serum-containing medium without NGF
resemble immature precursors of noradrenergic adrenal chro-
maflin cells and sympathetic neurons, while NGF causes them
to cease proliferation and acquire properties of sympathetic neu-
rons, including neurite outgrowth (Greene and Tischler, 1976,
1982; Levi and Alema4, 1991). Although bcl-2, like NGF, pro-
motes PC12 cell survival, it does not promote their neuronal
differentiation. All clones that express either high or low levels
of human bcl-2 protein lack neurites. Furthermore, no cells in
our original, nonselected cultures transfected with SFFVBcl-2nl
underwent spontaneous neurite outgrowth. We also asked
whether high expression of bcl-2 in PC12 cells, besides pro-
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moting their survival in serum-free medium, might affect their
ability to differentiate in the presence of NGF. To examine this
issue we cultured various clones in complete medium with NGF
for 7 d and measured the percentage of cells that responded to
NGF by extending neurites. Data from representative clones
are shown in Figure 6, 4 and B. As shown, expression of bcl-2
does not compromise NGF-dependent neurite outgrowth. Com-
parable results were obtained with all bel-2 expressing clones
(data not shown).

Immunolocalization of human bcl-2 in transfected PCI12 cells

A previous study has shown that bcl-2 is localized to mito-
chondrial membranes, thus providing a possible clue to its func-
tion (Hockenbery et al., 1990). In light of these data, we ex-
amined the localization of human bcl-2 protein in one of the
highest-expressing PC12 clones, PC12bcl-2.1. Immunostaining
of human bel-2 with the monoclonal antibody 6C8 and analysis
with a laser-scanning confocal microscope shows a degree of
punctate cytoplasmic staining similar to that obtained with
streptavidin-Texas red, which targets mitochondria (Fig. 7).
However, the fluorescein pattern is more diffuse than that seen
with streptavidin-Texas red, suggesting that in these cells a sub-
stantial proportion of human bcl-2 protein is not localized to
the mitochondria. Subcellular fractionation studies confirmed
the mitochondrial localization of human bcl-2 in the transfected
cells, but in addition revealed a significant proportion of human
bcl-2 protein in the soluble fraction (data not shown).

Discussion

The proto-oncogene bel-2 was discovered and characterized as
a result of its involvement in the t(14;18)(q3221) chromosomal
translocation that is the cytogenetic hallmark of human follic-
ular B-cell lymphomas (Bakhshi et al., 1985; Cleary and Sklar,
1985; Tsujimoto et al., 1985). It was subsequently shown that
bel-2 is unique among proto-oncogenes in that it inhibits cell
death rather than promoting cell division (Vaux et al., 1988;
Hockenbery et al., 1990; Nuiiez et al., 1990). Recent studies
have established that bcl-2 can suppress programmed cell death
(for review, see Korsmeyer 1992a,b). To this end, it has been
shown that deregulated expression of bcl-2 prolongs survival of
certain hematopoietic cell lines after growth factor deprivation
and inhibits the accompanying internucleosomal DNA frag-
mentation. Moreover, bcl-2 expression in immature thymocytes
of transgenic mice blocks glucocorticoid-, radiation-, and anti-
CD3-induced apoptosis (Sentman et al., 1991; Strasser et al,,
1991). The actions of bcl-2 extend beyond the hematopoietic
system. For instance, it has been reported recently that expres-
sion of human bcl-2 prolongs the survival of baculovirus-in-
fected Sf9 insect cells (Alnemri et al., 1992). A broader site of
action is also suggested by the physiological expression of bcl-
2, which is not restricted to lymphoid tissues. Immunohisto-
chemical studies in humans reveal that a limited number of
mature tissues, all characterized by apoptotic cell death, express
bel-2 protein (Hockenbery et al., 1991). Interestingly, bcl-2 mes-
sage is detected in newborn and adult brain and bcl-2 protein
is found in some neurons in adult brain. The expression of bcl-2
in neurons, as well as in certain human neuroblastoma cell lines
(Reed et al., 1991), is suggestive of a possible role in neuronal
cell survival. Very recently, Garcia et al. (1992) demonstrated
that overexpression of bcl-2 in cultured sympathetic neurons
prevented their death after withdrawal of NGF. These workers
suggested on this basis that bcl-2 might be involved in the mech-



4426 Batistatou et al. » Bcl-2 and PC12 Cell Survival and Differentiation

A
1; .
N\
qOO
AV
<

%
2
QC'\'W&

¥

\f
\OG
3
L

Figure 5.

-23
-9.4
-6.6
4.4

dqy

-
= &

=1.353

=1.078
=0.875

Expression of bcl-2 inhibits the early internucleosomal DNA fragmentation in serum-free medium. Cells from various clones were

washed and cultured in serum-free RPMI 1640 medium, in the presence (+) or absence (—) of 100 ng/ml NGF for 3 hr. Soluble DNA was extracted

from the cultures and analyzed as described in Materials and Methods.

anism whereby NGF and other trophic factors prevent neuronal
cell death.

The established role of bel-2 in inhibiting apoptotic cell death
and its expression in the nervous system led us to introduce this
gene by stable transfection into rat PC12 cells. Because PC12
cells are a model both for sympathetic nervous system devel-
opment and for trophic factor-regulated neuronal cell death and
survival, such cells may provide insight as to the mechanism
and role of bcl-2 in the nervous system. We report here that
expression of human bcl-2 protein inhibits the early internu-
cleosomal DNA fragmentation and promotes the survival of
PC12 cells deprived of trophic support. These effects are de-
pendent on the amount of protein expressed, since clones that
express relatively low levels of exogenous bcl-2 protein behave
like controls. Although bcl-2 expression promoted PC12 cell
survival, in no case did it provide long-term protection from
death equivalent to that obtained with NGF. It is conceivable
that higher levels of expression would have given longer sur-
vival. However, even with lymphocytes deprived of trophic
factors, survival is prolonged by bcl-2 vectors, but the cells are
not indefinitely immortalized (Nufiez et al., 1990). Our PCI12
cell studies also show that high expression of bcl-2 does not
induce neuronal differentiation or interfere with the ability of
NGF to promote neurite outgrowth.

Could bcl-2 mediate the actions of neurotrophic factors such
as NGF? For PCI12 cells and cultured sympathetic neurons,
NGF is able to promote survival in the absence of protein or
RNA synthesis (Martin et al., 1988; Rukenstein et al., 1990;

Edwards et al., 1991), and at least for PC12 cells, macromolec-
ular synthesis is not required for suppression of early DNA
fragmentation by NGF (Batistatou and Greene, 1993). Thus,
present evidence indicates it unlikely that NGF acts by inducing
expression of the bel-2 gene. Consistent with this, Northern blot
analysis of total PC12 cell RNA revealed that PC12 cells express
relatively low levels of endogenous bcl-2 message, even in the
presence of NGF. These levels are much lower than the levels
of exogenous human bcl-2 mRNA required to promote serum-
free survival. Thus, the endogenous bcl-2 levels in PC12 cells
do not appear sufficient to promote their survival even after
NGF treatment.

Although NGF does not appear to promote survival by in-
ducing bcl-2, an alternative is that NGF may prevent death by
activating preexisting bcl-2. Although there is no evidence that
such a step is required for bcl-2 to maintain cell survival (e.g.,
human bcl-2 functions in PC12 cells in the absence of NGF or
other exogenous trophic factors), it is conceivable that in ov-
erexpressing cells, enough bel-2 protein becomes spontaneously
activated to provide support in the absence of trophic factors.

Despite the uncertainty that bcl-2 mediates NGF-promoted
survival, the present findings and the expression of this molecule
in at least certain neurons raise possibilities for its role in the
nervous system. For example, bcl-2 could be involved in sup-
porting immature neurons or neuroblasts before they encounter
and become dependent on trophic factors. Alternatively, or in
addition, bcl-2 could function in some mature neurons to assure
survival of these long-lived cells. Such an activity could replace
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Figure 6. NGF-dependent neurite outgrowth from transfected clones. Cells from clones PC12bcl-2.1, PC12bcl-2.5, and PC12neo.1 were cultured
in complete medium, in the presence 100 ng/ml NGF for 7 d. A, Cultures were scored for neurite bearing cells. Duplicate cultures were scored for
each clone. Error bars represent SEM (n = 2). B, Phase-contrast micrographs of the same cultures. Scale bar, 10 um.

the need for extrinsically supplied trophic factors or could act
as an alternative means to enhance the likelihood of survival if
trophic support is lost or temporarily interrupted. This would
be consistent with the suggestion that neurons may possess re-
dundant survival mechanisms (Rukenstein et al., 1991).

The mechanism of action of bel-2 remains elusive. Our study
indicates that bcl-2 does not merely mimic NGF, since its ex-
pression does not lead to neuronal differentiation. Past studies
have established that the survival and morphological differen-

—

Figure 7. Immunolocalization of human bel-2 protein in transfected
PC12 cells. Cells from clone PC12bcl-2.1 were grown on collagen-coated
glass slides in complete medium. Immunostaining with monoclonal
human bel-2 antibody 6C8 (left) and incubation with streptavidin—
Texas red (right) were performed as described in Materials and Methods.
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tiation of PC12 cells and sympathetic neurons are promoted by
separate pathways (Greene et al., 1990; Batistatou and Greene,
1991; Rukenstein et al. 1991). It appears that bel-2, unlike NGF,
affects only the survival-promoting pathway. Thus, it seems
likely that NGF and bcl-2 utilize independent primary mech-
anisms. However, these may converge to promote neuronal cell
survival by a common pathway. Investigation of the elements
shared by cells responding to neurotrophic agents or expressing
bcl-2 may therefore shed light on the mechanisms of neuronal
cell survival and death. For these studies, as well as for bio-
chemical and molecular biological studies addressing the mode
of bel-2 action, the utilization of neuronal cell lines that stably
express bcl-2 will be particularly helpful. The bcl-2—expressing
PC12 cell lines presented here provide the appropriate model
systems for such investigations.
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