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The neuroactive steroids dehydroepiandrosterone (DHEA), its sul-
fate ester DHEA sulfate (DHEAS), and allopregnanolone (Allo),
produced by the CNS and the adrenals, appear to exert a protective
effect in hippocampal and cortical neuron ischemia- and excito-
toxicity-induced injury. We hypothesized that they may also play
a protective role on the adrenal medulla, an important part of the
sympathetic nervous system, and the tissue adjacent to their
primary site of production. DHEA, DHEAS, and Allo protected rat
chromaffin cells and the rat pheochromocytoma PC12 cell line, an
established model for the study of adrenomedullary cell apoptosis
and survival, against serum deprivation-induced apoptosis. Their
effects were time- and dose-dependent, with EC50 1.8, 1.1, and 1.5
nM, respectively. The antiapoptotic effect of DHEA DHEAS and Allo
was compared to that of a long list of structurally related com-
pounds and was found to be structure-specific, confined mainly to
conformation 3�-OH-�5 for androstenes and 3�-OH for pregnanes.
Indeed, 3-keto, �4, or C7 hydroxylated androstenes and 3� preg-
nanes were ineffective. The prosurvival effect of DHEA(S) and Allo
was N-methyl-D-aspartate-, GABAA-, sigma1-, or estrogen recep-
tor-independent. It involved the antiapoptotic Bcl-2 proteins, their
role being sine qua non for their action because Bcl-2 antisense
oligonucleotides reversed their effects. Finally, DHEA(S) and Allo
activated cAMP response element-binding protein and NF-�B,
upstream effectors of antiapoptotic Bcl-2 protein expression. They
also activated the antiapoptotic kinase PKC���, a posttranslational
activator of Bcl-2 protein. Our findings suggest that decline of
DHEA(S) and Allo during aging or stress may leave the adrenal
medulla unprotected against proapoptotic challenges.

The neuroactive steroids dehydroepiandrosterone (DHEA),
its sulfate ester DHEA sulfate (DHEAS) and allopreg-

nanolone (Allo) are produced in the brain and the adrenals
(1–3). Their production rate and levels in serum and adrenals
decrease gradually with advancing age (4–7). Physical or emo-
tional stress may decrease them, characteristic paradigms being
depression (8) and chronic inflammation (9). The decline of
their levels is associated with neuronal dysfunction and degen-
eration (10–12), most probably because these steroids protect
CNS neurons against noxious agents (13–15). Indeed, both
DHEA and DHEAS [DHEA(S)] protects rat hippocampal
neurons against N-methyl-D-aspartate (NMDA)-induced exci-
totoxicity (16), whereas Allo ameliorates NMDA-induced exci-
totoxicity in human neurons (17).

Based on these findings, we hypothesized that DHEA(S) and
Allo may also play a protective role on the adrenal medulla, an
important part of the sympathetic nervous system, and the tissue
adjacent to their primary site of production. We first tested the
ability of DHEA(S) and Allo to protect freshly prepared rat adrenal
chromaffin and PC12 rat pheochromocytoma cells from serum
deprivation-induced apoptosis. The latter is a well established
NMDA- and GABAA-receptor negative (18, 19) model for the
study of sympathoadrenal cell apoptosis (20–23). Subsequently, to
assess the specificity of their action, we compared their antiapo-
ptotic activity to a long list of androstene-, pregnane-, and preg-

nene-related compounds. Furthermore, to define their mechanism
of action, we examined the possible receptors involved in this event,
including intracellular and membrane estrogen-binding sites and
the �1 receptors (�1R), known to have antiapoptotic activities (24,
25). Thus, the effect of DHEA(S) and Allo was examined in the
presence of specific antagonists of these receptors. In addition, their
protective effect was studied on a postreceptor level, starting with
the antiapoptotic members of the Bcl-2 family, Bcl-2 and Bcl-xL,
which play a central role in cell survival and are shown to be crucial
in sympathetic neurons and PC12 cells (21, 26). Finally, we tested
the effect of DHEA(S) and Allo on the activation of upstream
effectors of prosurvival Bcl-2 gene expression and activation,
including the transcription factors NF-�B, cAMP response ele-
ment-binding protein (CREB), and PKC���. Indeed, the promoter
regions of Bcl-2 and Bcl-xL genes contain a NF-�B-sensitive motif
and cAMP response element (27–28), both being positive regula-
tors of Bcl-2 and Bcl-xL gene expression and involved in the
protection of neurons and PC12 cells (26, 29). PKC��� has been
shown to be involved in the activation of the Bcl-2 protein through
phosphorylation at serine 70 (30, 31).

Materials and Methods
PC12 and Rat Chromaffin Adrenal Medulla Cells. PC12 cells were
obtained from M. Greenberg (Children’s Hospital, Boston). Cells
were cultured at 5% CO2 and 37°C in RPMI medium 1640
containing 2 mM L-glutamine, 15 mM Hepes, 100 units�ml peni-
cillin, 0.1 mg�ml streptomycin, and 10% horse serum, 5% FCS
(both charcoal stripped for removing endogenous steroids), and
different steroids at various concentrations, diluted in ethanol. The
final concentration of ethanol in each well, including controls, was
0.1%. All steroids were purchased from Steraloids (Newport, RI).

Chromaffin cells were isolated from rat adrenals surgically
removed from adult female Sprague–Dawley rats, according to our
protocol (32). Chromaffin cells of medulla were cultured for 5 days
in DMEM-NUT FIX F12 medium containing 15 mM Hepes, 100
units�ml penicillin, 0.1 mg�ml streptomycin, and 10% charcoal-
stripped FCS.

Quantitative Measurement of Apoptosis and FACS Analysis. The
APOPercentage Apoptosis Assay (Biocolor, Belfast, Northern
Ireland) was used to quantify apoptosis, according to the manu-
facturer’s instructions (33). FACS analysis of apoptotic cells was
performed according to our protocol (34). Flow cytometry was
performed with FACScan (Becton Dickinson), and the results were
analyzed with the FACScan CELLQUEST software.
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Western Blot Analysis. PC12 cells lysates were electrophoresed
through a 12% SDS polyacrylamide gel, then proteins were trans-
ferred to nitrocellulose membranes, which were processed accord-
ing to standard Western blotting procedures, as described (21). To
detect protein levels, membranes were incubated with the appro-
priate antibodies: Bcl-2 (C-2, sc-7382, Santa Cruz Biotechnology,
dilution 1:100) Bcl-xL (AMT no. 2762, Cell Signaling Technology,
Beverly, MA; dilution 1:100). To detect the phosphorylated forms
of CREB and PKC, the following antibodies were used: phospho-
CREB, and phospho-PKC��� (antibodies from Cell Signaling
Technology, dilution 1:100). A personal computer-based IMAGE
ANALYSIS program was used to quantify the intensity of each band
(Image Analysis, Ontario, PQ, Canada).

To normalize for protein content, the blots were stripped and
stained with antiactin antibodies (Chemicon, dilution 1:400); the
concentration of each target protein was normalized vs. actin.
Where phosphorylation of CREB and PKC was measured, mem-
branes were first probed for the phosphorylated form of the protein,
then stripped and probed for the total protein. The quantity of the
phosphorylated proteins was expressed as the ratio of the phos-
phorylated protein divided by the total protein in each case.

RT-PCR. Total RNA was extracted from PC12 cells by using the
Trizol Reagent (Invitrogen Life Technologies). One microgram of
total RNA was reverse transcribed by using the Thermo-Script
RT-PCR System (Invitrogen). The cDNA was amplified by PCR
(Perkin–Elmer). PCR was performed in a Perkin–Elmer DNA
Thermal Cycler with the following conditions: 30 s at 94°C, 30 s at
60°C (55°C for actin), and 60 s at 72°C for 35 cycles to detect the
product at the exponential phase of the amplification. Ten micro-
liters of the amplified products (242 bp for Bcl-2, 264 bp for Bcl-xL,
and 174 bp for actin) was separated on a 2% agarose gel and
visualized by ethidium bromide staining.

Primers for Bcl-2 were 5�-CTCGTCGCTACCGTCGTGACT-
TCG-3� (sense), and 5�-CAGATGCCGGTTCAGGTACT-
CAGTC-3� (antisense) and for Bcl-xL were 5�-AGGCTGGCGAT-
GAGTTTGAACTGCG-3� (sense) and 5�-GGCTCTAGGTG-
GTCATTCAGGTAGG-3� (antisense). Primers for actin were
5�-CAT CCT GTC GGC AAT GCCAGG-3� (sense) and 5�-CTT
CCT GGG CAT GGA GTC CTG-3� (antisense). Oligonucleotides
were synthesized by MWG Biotech (Munich).

Bcl-2 Antisense Oligonucleotide Experiments. PC12 cells cultured in
the absence or presence of steroids at 10�7 M were simultaneously
exposed to antisense or nonsense 20-mer phosphorothioate oli-
godeoxynucleotides directed to the translation initiation site of
Bcl-2 transcripts. Oligodeoxynucleotides were purchased from
MWG Biotech: 5�-CAGCGTGCGCCATCCTTCCC-3� (anti-
sense), 5�-GGGAAGGATGGCGCACGCTG-3� (sense), and 5�-
TCGCCACTCGATCCTGCCCG-3� (nonsense). Oligonucleotides
were added to PC12 cultures to a final concentration of 50 �mol per
liter.

Electrophoretic Mobility Shift Assay (EMSA). Nuclear extracts of
PC12 cells treated with the three steroids at 10�7 M or with PMA
for 1 h. The protein in each nuclear lysate was quantitated by using
the Bradford assay (BioRad). One microgram of nuclear extracts
was incubated with 5 � 105 cpm of a 32P-labeled double-stranded
DNA probe representing the classical NF-�B-binding site (5�-
ACAAGGGACTTTCCGCTGGGGACTTTCCAGGG-3�). In-
cubation was carried out for 30 min on ice in a binding buffer
containing 20 mM Hepes (pH 7.5), 0.5 mM EDTA, 5 mM MgCl2,
50 �g�ml BSA, 0.005% Nonidet P-40, 60 mM KCl, 10 mM DTT,
10% glycerol, and 1.5 �g of poly(dI�dC).

Immunofluorescence Confocal Microscopy. PC12 cells were grown on
glass or chamber slides and treated with steroids at 10�7 M for 1 h.
At the end of the incubation, cells were fixed in 2% (wt�vol)

formaldehyde for 10 min, permeabilized in 0.2% (wt�vol) Triton
X-100 for 10 min, blocked in 1% FCS in PBS for 15 min, and then
incubated overnight at 4°C with a rabbit p65 NF-�B antibody
(sc-109, Santa Cruz Biotechnology) diluted 1:100 in PBS containing
1% FCS. Samples were washed with PBS and incubated for 1 h with
fluorescein isothiocyanate-conjugated secondary anti-rabbit poly-
clonal antibody diluted 1�100. Cells were visualized under a con-
focal laser scanning microscope (TCS-NT, Leica, Heidelberg,
Germany).

Statistical Analysis. For the statistical evaluation of our data, we
have used analysis of variance, post hoc comparison of means
followed by the Fisher’s least significance difference test. For data
expressed as percent changes, we have used the nonparametric
Kruskal–Wallis test for several independent samples.

Results
DHEA(S) and Allo Exerted an Antiapoptotic Effect on Normal and
Tumoral Adrenal Chromaffin Cells. The effect of DHEA, DHEAS,
and Allo was evaluated in primary cultures of serum-deprived
freshly isolated rat adrenomedullary cells compared to parallel
serum-supplemented cells. All three steroids exhibited a statistically
significant protective effect on primary serum-deprived adreno-
medullary cells (Fig. 1). Specifically, chromaffin cells cultured for
12 h in serum free medium in the absence of steroids showed an
apoptosis rate of 1.10 � 0.01 (expressed as OD units), compared to
0.77 � 0.02, 0.75 � 0.01, and 0.66 � 0.03 apoptosis rates measured
in the presence of DHEA, DHEAS, and Allo, respectively (mean �
SD, n � 3, P � 0.001). For comparison, serum supplementation for
12 h showed an apoptosis rate of 0.61 � 0.04. Inhibition of apoptosis
in chromaffin cells was retained for at least 48 h.

Based on these data, additional experiments were carried out by
using the well established in vitro model of chromaffin cell apopto-
sis, the PC12 rat pheochromocytoma cell line (20). As expected,
serum deprivation had a deleterious effect on PC12 cell cultures.
FACS analysis revealed that 25% of PC12 cells maintained in
serum-free medium underwent apoptosis within 24 h (Fig. 2C).
Apoptosis of PC12 cells after serum deprivation became apparent
as early as 2 h, peaking at 24 h (Fig. 2A), confirming previously
published observations (21).

The effects of steroids were examined in serum-deprived PC12
cells and were compared to the protective effect of serum, accord-
ing to the conditions used in the case of chromaffin cells. DHEA,
DHEAS, and Allo exerted a strong time-dependent antiapoptotic
effect (Fig. 2A). The antiapoptotic effect became apparent as early
as 2 h and was maintained for at least 48 h, reaching its maximum
at 24 h. Indeed, PC12 cells cultured for 24 h in serum-free medium
in the absence of steroids showed an apoptosis rate of 0.69 � 0.09,

Fig. 1. DHEA(S) and Allo protected rat chromaffin cells in culture against serum
deprivation-induced apoptosis. Freshly isolated rat chromaffin cells were cul-
tured either in complete or serum-free media containing 10�7 M DHEA, DHEAS,
or Allo for various time periods (2–48 h). Apoptosis was quantified by the
APOPercentage assay. Values represent mean � SD of three independent exper-
iments. Each measurement was performed in triplicate (*, P � 0.05).
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compared to 0.35 � 0.07, 0.24 � 0.04, and 0.20 � 0.03 apoptosis
rates measured in the presence of DHEA, DHEAS, and Allo,
respectively (mean � SD, n � 6, P � 0.001). Thus, all three steroids
tested strongly inhibited serum deprivation-induced apoptosis by
�50%, to the extent that their protective effects were also easily
visualized under optical microscopy. For comparison, serum sup-
plementation for 24 h showed an apoptosis rate of 0.047 � 0.008,
resulting, as expected, in higher protection. The antiapoptotic
effects were dose-dependent with EC50 at 1.8, 1.1, and 1.5 nM for
DHEA, DHEAS, and Allo, respectively (Fig. 2B)

Cytoprotection was also shown by using Annexin V�propidium
iodine staining of apoptotic cells and subsequent FACS analysis.
Fig. 2C depicts a mean 40% inhibition of serum deprivation-
induced apoptosis in PC12 cells exposed to three steroids. Indeed,
the percentage of apoptotic cells cultured in serum-free medium in
the absence of steroids was 24.6%, compared to 15.1%, 16.9%, and
10.8% for DHEA, DHEAS, and Allo, respectively. This profile of
FACS analysis was highly reproducible in at least three independent
experiments.

The Antiapoptotic Effect of DHEA(S) and Allo Was Structure-Specific.
To assess the specificity of the cytoprotective action of DHEA,
DHEAS, and Allo, a host of structurally related compounds were
also tested in parallel to our steroids. Structure–activity analysis
revealed the following data. (i) Androstenes: (a) conformations
3�-OH, 3-keto, �4 (double bond at C4-C5) were inactive. Thus, the
�4-3-keto steroids, including testosterone, progesterone, cortico-
sterone, and 4-androsten-3�-ol-17-one, 5-androsten-3�-ol-17-one,
and 5-androsten-3,17-dione, did not have any antiapoptotic activity
in serum-starved cells (Fig. 2D); (b) hydroxylation at C7 (7�-
hydroxy-DHEA, 7�-hydroxy-DHEA) or C17 (hermaphrodiol) re-

sulted in loss of antiapoptotic activity (Fig. 2D). (ii) Pregnanes:
Conformation 3�-OH was crucial because the 3�-OH analog of
Allo, epi-Allo, had no effect (Fig. 2D). On the other hand, the � or
� conformation of C5 was not critical for antiapoptotic activity,
because pregnanolone and its sulfate ester were effective (Fig. 2D).
Estradiol was used as an additional positive control (25) and was
shown to effectively rescue serum-deprived PC12 cells from apo-
ptosis, assessed with both the Apopercentage assay (Fig. 2D) and
FACS analysis (data not shown).

The Antiapoptotic Effect of DHEA(S) and Allo Was Not Affected by
Estrogen and �1R Antagonists. Classically, it is assumed that for
DHEA(S) to exert biological effects, they should first convert
into androgens or estrogens. Our data indicated that the antiapo-
ptotic effect of these steroids did not involve conversion, because
routine immunoassay techniques failed to detect estradiol, es-
trone, and testosterone in our culture media of cells exposed to
DHEA(S). Radiolabeled steroid-binding assays identified very
low levels of intracellular estrogen (but not progesterone or
androgen) receptors in cytosolic preparations of our cells (data
not shown), confirming previous reports (35, 36). Additionally,
the cytoprotective effects of DHEA(S) and Allo were not altered
by the presence of a 100-fold molar excess (10�5 M) of estrogen
receptor antagonist ICI 182,780 (Fig. 2D). Furthermore, dose–
response curves and EC50 of DHEA(S) and Allo action were not
affected by the presence of 10�5 M ICI 182,780 (data not shown).
ICI 182,780 was also not effective in blocking the cytoprotective
effect of estradiol (Fig. 2D). Recently identified membrane
estrogen-binding sites were associated with the neuroprotective
actions of estrogens in septal SN56 cells (37). We have thus
tested the hypothesis that DHEA(S) and Allo have been cyto-

Fig. 2. DHEA(S) and Allo protected PC12 rat pheochromocytoma cells against serum deprivation-induced apoptosis. Cells were cultured either in complete
media (serum-supplemented) or serum-free media containing steroids as per protocol. (A) Time course. Cells cultured for various time periods (2–48 h) in
serum-free medium in the absence or presence of 10�7 M DHEA, DHEAS, or Allo. Apoptosis was quantified by the APOPercentage assay, depicted as OD. Values
represent mean � SD of six separate experiments, each performed in triplicate (*, P � 0.05). (B) Dose response. Cells cultured for 24 h in serum-free medium
containing different steroid concentrations ranging from 10�11 to 10�5 M. Apoptosis was quantified by the APOPercentage assay, depicted as percent of
serum-free parallel controls. Values represent mean � SD of three separate experiments, each performed in triplicate (*, P � 0.05). (C) Representative FACS
analysis. Cells were cultured in 24-well plates (106 cells per well) for 24 h in serum-free media in the absence or presence of 10�7 M DHEA, DHEAS, or Allo. The
x axis represents Annexin V-FITC, whereas the y axis represents the number of events. A total of 10,000 cells were assigned per treatment. (D) Cells were cultured
for 24 h in serum-free media with various steroids at 10�7 M in the absence or the presence of 10�5 M of estrogen receptor antagonist ICI 182,780 or the �1R
antagonist haloperidol. Apoptosis was quantified by the APOPercentage assay, depicted as OD. Values represent mean � SD of four separate experiments, each
performed in triplicate (*, P � 0.05).
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protective in our system via binding on similar membrane sites.
However, all three steroids, tested at concentrations from 10�12

to 10�6 M, failed to displace [3H]estradiol from its binding to
PC12 membrane preparations (Fig. 7, which is published as
supporting information on the PNAS web site). Membrane
binding of [3H]estradiol was potent (IC50:10.5 nM) and highly
specific, not displaceable by testosterone or progesterone.

Several 7-hydroxylated (7�-hydroxy-DHEA and 7�-hydroxy-
DHEA) and 17-hydroxylated (hermaphrodiol) metabolites of
DHEA or 7-hydroxylated DHEA precursor molecules (7-
hydroxy-cholesterol) may serve as targets of apoptosis-
associated intracellular receptors (38). In our hands, these four
molecules were ineffective in rescuing PC12 serum-deprived
cells from apoptosis (Fig. 2D). It thus appears that cytoprotec-
tion of serum-deprived cells by DHEA(S) cannot be attributed
to their conversion to estrogens, androgens of active 7-hydroxy-
lated metabolites, and subsequent activation of conventional
steroid hormone receptors.

DHEA(S) and Allo interact with �1Rs in various systems (39,
40), whereas several �1R ligands are reported to have neuro-
protective actions (24). Because PC12 cells express functional
�1Rs (41), we have tested the hypothesis that these neuroactive
steroids may exert their antiapoptotic effects in serum-deprived
cells through �1R. However, the cytoprotective effect of
DHEA(S) and Allo was not affected by the presence of a
100-fold molar excess (10�5 M) of �1R antagonist haloperidol,
and �1R agonist SKF 10047 showed no cytoprotective properties
(Fig. 2D). Additionally, dose–response curves and EC50 of
DHEA(S) and Allo action were not affected by the presence of
10�5 M haloperidol (data not shown).

The Antiapoptotic Effect of DHEA(S) and Allo Was Mediated by
Antiapoptotic Bcl-2 Proteins. Fig. 3 depicts serum deprivation
suppression of antiapoptotic Bcl-2 and Bcl-xL mRNA and
protein levels in PC12 cells. DHEA(S) and Allo were preventing
this effect as early as 4 h to levels comparable to those of serum
supplementation (Fig. 3B). Fig. 3A depicts their effect on the
transcriptional level.

To confirm these data, further experiments were carried out
by using Bcl-2 antisense oligonucleotides, which reversed the
antiapoptotic cytoprotective effects of DHEA(S), and Allo (Fig.
4A). This effect was specific to AS treatment, because nonsense
oligonucleotides were ineffective (Fig. 4A), and sense oligonu-

cleotides (data not shown) did not show any significant effect in
blocking steroid-induced cytoprotection. Western blot analysis
showed that the Bcl-2 antisense manipulation was effective in
inhibiting Bcl-2 protein production, except in the case of serum-
deprived cells, cultured in the absence of steroids, where basal
expression of Bcl-2 was already very low (Fig. 4B).

Effect of DHEA(S) and Allo on Prosurvival Transcription Factors NF-�B
and CREB. In EMSA analysis shown in Fig. 5A, serum supplemen-
tation strongly induced NF-�B activity, which was almost blunted
when PC12 cells were cultured in serum free media. The shift band
(corresponding to NF-�B p50�p65 heterodimers) was completely
eliminated when nuclear extracts from serum-supplemented PC12
cells were incubated with excess unlabeled cold NF-�B oligonucle-
otides (Fig. 5A). In serum-deprived cells, DHEA(S) and Allo were

Fig. 3. DHEA(S) and Allo induced the expression of the
antiapoptotic Bcl-2 proteins in serum-deprived PC12 cells.
Cells were cultured for 2–12 h either in complete or serum-
free media containing 10�7 M DHEA, DHEAS, or Allo.
Cellular extracts containing total mRNA or total proteins
were collected, and levels of Bcl-2 and Bcl-xL mRNAs (A)
and proteins (B) were measured either by semiquantita-
tive RT-PCR or by Western blot, as described in Materials
and Methods and normalized per actin mRNA or protein
content, respectively. Values represent mean � SD of
three independent experiments (*, P � 0.05).

Fig. 4. Antisense oligonucleotides against the Bcl-2 transcript reversed the
cytoprotective effects of DHEA(S) and Allo on serum-deprived PC12 cells. Cells
were cultured for 24 h in serum-free media containing 10�7 M DHEA, DHEAS,
or Allo in the absence or the presence of 50 �mol per liter of nonsense (NS) or
antisense (AS) 20-mer phosphorothioate oligodeoxynucleotides directed to-
ward the translation-initiation site of the Bcl-2 transcript. Apoptosis was
quantified by the APOPercentage assay (A) and the Bcl-2 proteins by Western
blot (B). Values represent the mean � SD of three independent experiments
(*, P � 0.05); S, steroid; 1, Bcl-2; 2, actin).
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able to partially maintain NF-�B-binding activity, the most efficient
being DHEA and Allo. Similar results were obtained in two
additional EMSA experiments.

Confocal laser scanning microscopy localization of p65 NF-�B
corroborated to our EMSA data. Indeed, in PC12 cells cultured
in serum-supplemented media NF-�B was almost exclusively
localized within the nucleus, whereas in cells maintained in
serum-free media NF-�B was found in the cytoplasm (Fig. 5B).
In serum-deprived cells, exposed to steroids, NF-�B staining was
mainly seen within the nucleus, as in the case of serum-
supplemented cells (Fig. 5B).

Western blot analysis was performed for the phosphorylated
and total forms of CREB. Serum deprivation resulted in a sharp,
within 1 h, decrease of phosphorylated CREB, compared to
serum-supplemented PC12 cells (1.05 � 0.3 in serum-deprived
compared to 4.41 � 0.7 in serum-supplemented cells, n � 3, P �
0.005) (Fig. 5C). In serum-deprived cells exposed to steroids,
levels of phosphorylated CREB were maintained to those seen
in the presence of serum (DHEA, 4.21 � 0.3; DHEAS, 2.87 �
0.3; Allo, 5.16 � 0.5; n, 3; P � 0.005) (Fig. 5C).

Effect of DHEA(S) and Allo on the Antiapoptotic Isoforms of PKC.
Western blot analysis was performed for the phosphorylated and
total forms of PKC���. Serum deprivation resulted in a acute
(within 10 min) decrease of phosphorylated PKC���, compared
with cells cultured in the presence of serum (2.13 � 0.2 in
serum-deprived compared to 5.16 � 0.1 in serum-supplemented
PC12 cells, n � 3, P � 0.05) (Fig. 6). In serum-deprived cells
exposed to steroids for 10 min, levels of phosphorylated PKC���
were maintained to those seen in the presence of serum (DHEA,
3.69 � 0.2; DHEAS, 4.12 � 0.1; Allo, 4.96 � 0.3; n, 3; P � 0.05)
(Fig. 6). The ability of neuroactive steroids to restore PKC���
phosphorylation under serum deprivation was retained for at
least 20 min.

Discussion
In human adrenals, the DHEA(S)- and Allo-producing cortical
cells of zona reticularis and the chromaffin cells of the medulla
are interwoven to suggest paracrine interactions, possibly via
DHEA and Allo. Apart from the anatomical proximity, the
decline of DHEA and Allo production and levels in serum and
adrenals with advancing age and the parallel adrenomedullary
malfunction further suggest interaction between these two parts

of the adrenal gland. It should be noted that adrenomedullary
cells divide throughout life, constantly requiring the presence of
growth factors including nerve growth factor, insulin-like growth
factor-II, and fibroblast growth factor type 2 (20, 42). Our
findings suggest that DHEA(S) and Allo function as prosurvival
agents against f luctuations in the local presence of growth
factors. The decline of these steroids with aging or during
chronic stress may leave the adrenal medulla unprotected against
proapoptotic challenges. This effect appears to be structure-
specific, requiring for DHEA an intact D5-3�-	
 conformation
and for Allo the conformation 3�-OH.

The protective effect of DHEA(S) and Allo appears indepen-
dent of most known receptors, associated with neurodegenera-
tive�neuroprotective processes. Our model, the PC12 cells, does
not express functional NMDA and GABAA receptors (18, 19),

Fig. 5. DHEA(S) and Allo activated transcription factors NF-�B
and CREB in serum-deprived PC12 cells. Cells were cultured in
complete or serum-free media containing 10�7 M DHEA,
DHEAS, or Allo. (A) Representative EMSA assay, performed
with 1 �g of nuclear extract of cells treated with steroids for 60
min, combined with 5 � 105 cpm of a 32P-labeled double-
stranded DNA probe representing the NF-�B-binding site. Sim-
ilar results were obtained in two additional independent ex-
periments. (B) Confocal laser-scanning microscopy of cells
grown on chamber slides and treated with steroids for 1 h were
fixed and incubated with a rabbit anti-p65 NF-�B antibody and
visualized by using FITC-conjugated secondary anti-rabbit
polyclonal antibody. Cells were analyzed by using confocal
laser-scanning microscopy (�400). (C) Western blot analysis of
cells treated with steroids for 60 min, with antibodies specific
for phosphorylated (pCREB) and total CREB (tCREB). Values are
expressed as pCREB�tCREB ratio and represent mean � SD of
three independent experiments (*, P � 0.05).

Fig. 6. DHEA(S) and Allo induced the phosphorylation of PKC in serum-
deprived PC12 cells. Cells were cultured for 10–30 min either with complete or
serum-free media, containing 10�7 M DHEA, DHEAS, or Allo. Western blot
analysis was performed by using antibodies specific for phosphorylated (pPKC)
and total (tPKC) conventional PKC���. Values are expressed as pPKC�tPKC ratio
and represent mean � SD of three independent experiments (*, P � 0.05).
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and estrogen receptor and �1R antagonists failed to reverse their
antiapoptotic actions. The rapid onset of prosurvival signaling
supports the hypothesis that these neuroactive steroids may use
a membrane receptor system, although an intracellular receptor
cannot be excluded. A DHEA-specific G� protein-coupled
membrane receptor has been identified in human and bovine
endothelial cells, which, however does not bind DHEAS or Allo
(43). It is thus possible that different binding sites mediate the
action of DHEA(S) or Allo. This hypothesis is also supported by
the differential structural requirements for cytoprotection of
PC12 cells, between androstenes (DHEA) and pregnanes (Allo).
It is also remarkable that in the same system, estrogen receptor
(ER) antagonist ICI 182,780 failed to reverse the cytoprotective
action of estradiol, suggesting that it does not seem to act through
intracellular ER either. It is possible that estradiol exerts its
cytoprotective action through the specific membrane-binding
sites we identified in PC12 membrane preparations. Similar
estrogen-binding sites, involved in cytoprotection from � amy-
loid toxicity, were recently reported in septal SN56 cells (37).
The possibility of DHEA–Allo and E2 acting through the same
membrane binding is weak, because DHEA(S) and Allo failed to
displace tritiated estradiol from its binding on PC12 cell mem-
branes. The exact nature of the receptor system mediating
DHEA(S) and Allo cytoprotective actions in sympathoadrenal
cells remains unknown. It is of note that various neuroactive
steroids (DHEA and pregnenolone) were recently reported to
bind on microtubule-associated proteins (44, 45), known to play
a central role in neuronal cell death and survival (46).

Our data suggest that the prosurvival effect of DHEA(S) and
Allo uses the major antiapoptotic pathway in sympathoadrenal
cells, the antiapoptotic Bcl-2 proteins. Indeed, DHEA(S) and
Allo induce the antiapoptotic Bcl-2 and Bcl-xL proteins. The role
of these proteins appears crucial, because inhibition of their
production by antisense oligonucleotides (directed toward the
translation initiation site of the Bcl-2 transcript) resulted in an
almost complete abolition of the protective effect of neuroactive
steroids. The prosurvival pathway also included activation of the
transcription factors NF-�B and CREB and the antiapoptotic
kinase PKC���.

Finally, it should be mentioned that in diabetic rats, DHEA
protects hippocampal neurons by preventing nitric oxide-induced
activation of NF-�B (47) and in mice with experimental allergic
encephalitis, DHEAS decreases demyelinization mediated by a
decrease in activation and translocation of NF-�B (48). DHEAS
also protects against glutamate-induced neurotoxicity via induction
of NF-�B activity (49). In the present study, where the proapoptotic
stimulus derived from an absence of growth factors, DHEA(S) and
Allo reversed this deleterious effect via activation of the Bcl-2
prosurvival machinery. The observed activation of NF-�B and its
role in inducing Bcl-2 and Bcl-xL protein production may suggest
tissue and stimulus specificity in the downstream effectors of
DHEA(S) and Allo. This is not unexpected, because it is known
that NF-�B can act as either a pro- or an antiapoptotic effector,
depending on cell type and internal milieu.
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