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ABSTRACT Estrogen is known to influence different
functions in brain tissue ranging from neuronal development
to plasticity and survival, but the mechanisms involved have
not been defined clearly. Previous studies have shown the
presence of the two estrogen receptors (ERs), ERa and ERf,
in several brain areas, but less is known about the role of
estrogen in the peripheral nervous system. Here we demon-
strate that dorsal root ganglion (DRG) neurons express ERa
and ERf3 during early postnatal development and in culture,
and that the ERs localize mainly to neuronal cell nuclei.
Studying the role of estrogen in DRG, we observed that low
concentrations of 173-estradiol increased survival of cultured
DRG neurons deprived of nerve growth factor. 17 3-Estradiol
up-regulated the expression of the antiapoptotic molecule
Bcl-x without affecting that of Bax, suggesting a mechanism by
which the hormone counteracted neuronal death. Antiestro-
gens abolished the action of 17p3-estradiol in the DRG neu-
rons, which demonstrates an involvement of ERs. The results
show that estrogen and ERs play an important role in the
development and survival of DRG neurons.

In the nervous system, depending on the region, about one-half
of the neurons produced during fetal life are eliminated during
the process of naturally occurring cell death (1). In the
peripheral nervous system (PNS), target-derived neurotrophic
factors, such as nerve growth factor (NGF), support the
survival of specific classes of neurons in the dorsal root ganglia
(DRG) (1). These neurons depend crucially on the supply of
neurotrophic factors during early development, but lose this
dependency at later developmental stages (2, 3). Thus,
whereas embryonic and early postnatal DRG neurons require
NGF, adult neurons survive even in the absence of NGF (4).
The precise mechanisms by which developing DRG neurons
change their requirements for neurotrophic factors are largely
unknown. It has been shown that DRG neurons respond,
beside NGF, to brain-derived neurotrophic factor (BDNF) (5),
to glial cell line-derived neurotrophic factor (GDNF) (6), and
to insulin-like growth factor I (IGF-I) (7, 8). In addition, other
factors, such as neuropeptides, also influence neuronal sur-
vival and/or promote differentiation (9).

It has been proposed that cell death of neurons is regulated
by the relative levels of anti- and proapoptotic proteins. In
DRG the ratio between Bel-xL (Bcl-x), promoting survival,
and Bax, inducing cell death, plays a decisive role in the control
of cell death (10, 11). In particular, it was shown recently that
Bcl-x levels increase significantly during early postnatal devel-
opment of DRG neurons, concomitantly with a decrease in
Bax (12).

Estrogens represent an important class of hormones that can
promote development, maturation, and function of the central
nervous system (13, 14). These hormones have been shown to
regulate the expression of neurotrophic factors (15), to affect

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

10905

the phenotype expression of neural cells (16, 17), and to
control synaptic plasticity (18, 19). Recent studies indicate that
estrogen administration may modulate cognitive functions
such as memory and learning, showing a role for estrogen in
brain functions that are not related strictly to sexual activities
(20, 21). However, a detailed view of how estrogen and their
cognate receptors modulate neural cells currently is unknown.

The wide distribution of estrogen receptors (ERs), including
estrogen receptor a (ERa) and the recently cloned estrogen
receptor B (ERB) (22) in brain tissue supports the view for an
important function of estrogen in the nervous system. The ERs
are present in many brain regions already during early devel-
opment (23, 24), and the expression is maintained in many
cases into adulthood (25-27). In contrast to brain, little is
known about ERs in the PNS. However, ERa-positive neurons
recently were observed in adult rat DRG (28, 29), indicating
that estrogens may play an important role in the function
of DRG.

In this study, we have investigated the possible role of
estrogen in developing PNS by using cultured DRG neurons
prepared from postnatal day 3 (P3) rats. We demonstrate that
postnatal DRG neurons express ERa and ERB both in vivo
and in vitro. 17B-Estradiol, through activation of ERs, was able
to counteract cell death of DRG neurons induced by NGF
deprivation. We also identified Bcl-x as a target for 173-
estradiol action in these neurons, suggesting a molecular
mechanism by which estrogens promote neuronal survival.

MATERIALS AND METHODS

DRG Cultures and Survival. DRG were dissected from
P3-P4 Wistar rats, and ganglia were collected in PBS contain-
ing 0.45% glucose. Trypsin (0.25%; GIBCO) was added for 30
min at 37°C, and the digestion was terminated by DMEM
(GIBCO) supplemented with 10% charcoal-stripped serum
(Imperial Chemical Industries). Cells were centrifuged for 3
min at 900 rpm and washed three times, and a single cell
suspension was obtained by passing the tissue through a
Pasteur pipette. The cells were preplated for 2 h on a 35-mm
Petri dish, and nonadherent cells were seeded onto 0.1 mg/ml
poly-DL-ornithine/6 pg/mllaminin-precoated (Sigma), 24-well
plates at a density of 9,400 cells/cm?. NGF (50 ng/ml) was
added in addition to 0.01 mM cytosine B-D-arabino-furanoside
(Sigma) to reduce the number of nonneuronal cells. After
incubation overnight (37°C, 5% CQO.), fresh, serum-free me-
dium was added, together with different concentrations of
17B-estradiol (Sigma), tamoxifen (Sigma), or ICI 182,780
(kindly provided by A. Maggi, University of Milan, Italy) as
indicated in the figure legends. Three fields per well were
counted in triplicate at 3-5 consecutive days by using a grid in
the ocular of the microscope with stable coordinates. Every
experiment was repeated at least three times. Neurons were
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Fic. 1. ERp and ERa are expressed in early postnatal DRG. DRG sections were prepared from P3-P4 rats and incubated with an antiserum
against ERB (4-D) and ERa (E-H) as described in Materials and Methods. (A and E) Control without primary antibody. (B and F) Low
magnification. (C, D, G-H) High magnification. Nuclear staining of DRG neurons is clearly visible with some staining of the cytoplasm for ERB.

(Bar = 30 pum.)

identified by using phase-contrast optics as bright process-
bearing cells. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT) assay was performed as described
earlier (30). For statistical analysis, Student’s ¢ test was used.

Immunochemistry. To detect ERa and ERB, a mouse mAb
(7 pg/ml, clone C-542; StressGen Biotechnologies, Victoria,
Canada) and an affinity-purified rabbit anti-ERB (5 ug/ml,
PA1-311; Affinity BioReagents, Neshanic Station, NJ) were
used, respectively. Cells cultured for 2 days on coverslips were
fixed for 15 min at 4°C by using 4% paraformaldehyde in 0.1
M phosphate buffer and blocked overnight with 5% skimmed
milk in PBST (PBS/0.3% Triton X-100). Primary antibody was
added for 48 h, followed by a biotinylated horse anti-mouse or
a goat anti-rabbit IgG (1:250 Vector Lab) secondary antibody,
which was added for 2 h at room temperature. Avidin—biotin
complex (1:1,000; Vector Laboratories) was added for 1 h, and
the immunoreactivity was visualized by using diaminobenzi-
dine (Sigma) as a chromogen.

Slices, 15 uM, containing DRG were prepared from P3-P4
rats, fixed for 30 min in 4% paraformaldehyde at 4°C, washed
with PBS, and incubated for 15 min with 0.3% H202 to inhibit
endogenous peroxidases. The slices were blocked overnight at
4°C in PBST containing 3% rat serum, and primary antibodies
were added for 3 days at 4°C. Control incubations were without
primary antibodies, in addition to studies by using an excess of
the corresponding peptide for ERB.

Western Blot Analysis. Cells were plated onto six-well plates
for 2 days as described above. Western blotting was performed
essentially as described (31). Briefly, DRG neurons were lysed
in ice-cold buffer (1% Nonidet P-40/20 mM Tris, pH 8.0/5
mM EDTA) supplemented with protease inhibitor mixture
(Boehringer-Mannheim). Equal amounts of protein, deter-
mined by a protein assay (Bio-Rad), were loaded onto a 12%
SDS gel, and the proteins were blotted onto poly(vinylidene
difluoride)-membranes (Amersham), which were stained for
equal transfer by using Ponceau staining. The membrane was
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blocked for 2 h by using 5% skimmed milk in TNT buffer (10
mM Tris, pH 7.5/100 mM NaCl/0.1% Tween 20). Incubation
with antibodies (Bcl-x, 1:1,000; Transduction Laboratories;
Bax, 1:500, Santa Cruz Laboratories) was performed overnight
at 4°C. After washing with TNT buffer, horseradish peroxi-
dase-coupled secondary antibody (anti-rabbit, 1:1,000; Dako)
was added for 2 h at room temperature. The signals were
visualized by using the enhanced chemiluminescence method
(Amersham). Quantification was done by using a digitized
image analyses system, and values were compared with con-
trols set to 1.

RESULTS

ERa and ERf Are Expressed in Early Postnatal DRG and
in Cultures. The expression of ERa and ERp in postnatal,
P3-P4 DRG was studied by using specific antibodies, which
showed that both receptors are present in cells with the
morphology of neurons (Fig. 1). The ERs were localized in
nuclei, although some ERp staining was detectable into the
cytosol. Preincubation of the ERpB antibody with the corre-
sponding peptide significantly reduced both nuclear and cy-
toplasmic staining.

Cultured DRG neurons also express both ERs with a clear
nuclear localization (Fig. 2). ERa was detected in about 30%
of the neurons, whereas about 50% were positive for ERB. To
study the functionality of ERs, the cognate ligand 173-
estradiol was added to the cultures for 10-20 min, which
resulted in a down-regulation of both receptors, as was shown
previously in other target cells for estrogen (32).

F1G. 2. DRG cultures from postnatal rats are immunoreactive for
ERs. DRG neurons are positive for ERa (4) and ERB (B). Signals are
mainly in the nucleus. (C) Phase-contrast picture of DRG cultures.
(Bar = 30 pm.)
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17-Estradiol Delays DRG Neuronal Cell Death After NGF
Withdrawal. DRG neuron cultures were prepared from P3-P4
rats and treated with 1 nM 17B-estradiol to study possible
survival effects of estrogen. Within 72 h after NGF withdrawal,
about 75% of DRG neurons died (Fig. 34). However, in the
presence of 17B-estradiol, cell survival was protracted signif-
icantly although not to the same extent as with 50 ng/ml NGF
(Fig. 34). The effect of the hormone became apparent after
24 h, and at 48 h, 17B-estradiol treatment caused a 20-30%
increase in neuron survival as compared with control (Fig. 34).
The maximum effect of 17B-estradiol was observed between 2
and 3 days of culture depending on the preparation, and,
extending the time of study to 5 days, we noted that 178-
estradiol was still able to promote survival by about 15% (n =
3). Using the MTT test to study cell survival, that in DRG was
significantly (about 25%) augmented by 17p-estradiol at day 2
(Fig. 3B). Studying different concentrations of 17B-estradiol,
ranging from 107!2 to 107 M, a saturating effect, a 25%
increase in survival, was observed already at 10~ M.

To study the possible interplay between estrogen and NGF,
DRG neurons were treated with 1 nM 17B-estradiol in the
presence of different NGF concentrations. Using 1 ng/ml
NGF, there was an additive effect of NGF and 17B-estradiol
on cell survival (a 22% increase for 17B-estradiol vs. control,
a 20% increase for NGF vs. control, and an ~40% increase for
both together vs. control; n = 3). However, this was not
observed when using 10 ng/ml and 50 ng/ml NGF. To
investigate whether the 17B-estradiol effect depends on NGF,
we used a specific anti-NGF antibody to block NGF action
(33). Although this treatment completely abolished the effect
of NGF on DRG neurons, it did not interfere with that of
estrogen (data not shown). This suggests that the survival-
promoting effect of 17B-estradiol is not due to increased levels
of NGF in the cultures.

The Effect of 178-Estradiol on Survival Depends on ERs.
To investigate the role of ERs in the 17B-estradiol-induced
survival, cultured DRG neurons were incubated in the absence
or presence of specific antagonists for ERs. ICI 182,780, a well
characterized antiestrogen compound, completely blocked the
increase in survival observed by 17B-estradiol (Fig. 44). A
qualitatively similar result also was obtained by using another
specific ER antagonist such as tamoxifen (data not shown).
Likewise, the MTT assay substantiated the findings obtained
with ICI 182,780 with respect to survival (Fig. 4B). These
results show that 17B-estradiol increases DRG neuron survival
acting through one or both ER subtypes present in the DRG.

Bel-x Is Up-Regulated by 173-Estradiol in Postnatal DRG
Cultures. To study the mechanism by which 17B-estradiol
increases neuronal survival, the levels of Bcl-x and Baxin DRG
were examined. In neurons treated for 48 h with 178-estradiol,
Bcl-x increased significantly (3-fold) compared with controls
(Fig. 5); however, no change was observed in Bax under the
same conditions (Fig. 5B). In contrast to 17B-estradiol, NGF
treatment did not influence Bcl-x levels (Fig. 5D). Tamoxifen
completely blocked the effect of 17B-estradiol, showing an
involvement of ER. Interestingly, tamoxifen alone slightly
decreased Bcl-x, which may indicate a basal activation of ERs
by other factors than the ligand (34).

DISCUSSION

In the present study we demonstrate that estrogen increases
survival of DRG neurons during early postnatal development
and that both ERa and ERB are expressed in the DRG.
Estrogen up-regulates the expression of Bcl-x in cultured
DRG, which could account for its effect on survival. The
effects of estrogen on Bcl-x and neuronal survival were
mediated by ER, as shown by using specific ER antagonists.

In comparison with the brain, less is known about the activities
of estrogen in the PNS. There are a few reports showing the
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FiG. 3. 17B-Estradiol delays neuronal cell death of DRG in cultures after NGF withdrawal. (4) DRG cells were prepared from P4 rats and
cultured with (O) or without NGF in the absence (O) or presence of 1 nM 17B-estradiol (m). Process-bearing neurons were counted each day, and
the numbers were normalized with respect to day 0. The figure shows one typical experiment that was repeated three times with comparable results.
Bar graph represents mean = SEM. #x, P = 0.002 for estrogen vs. control; ®@@®, P = 0.001 for NGF vs. control; +++, P = 0.001 for NGF vs.
estrogen; +, P = 0.05 for NGF vs. estrogen. (B) MTT test was done after 2 days in culture. Values represent mean + SEM. Statistical significance

is as in A.

presence of ERa in adult DRG (28, 29); however, no data exist
on the recently cloned ERB in the periphery. In this study, we
observed the presence of both subtypes of ER in developing DRG
neurons. The relative abundance of these receptors within DRG
during early postnatal life suggests an important developmental
function for estrogen in these neurons.
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Previous studies have indicated a role for estrogen as a
protective agent against various types of cell death. Clinical
studies on estrogen have shown that a replacement therapy
with the hormone significantly retards the manifestation of
Alzheimer’s disease (35, 36) and that estrogen treatment
reduces the amount of B-amyloid protein (37). However,
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FiG. 4. 17B-Estradiol protects DRG from cell death through activation of ER. Cells were treated with 1 nM 17B-estradiol, 100 nM ICI 182,780,
or 50 ng/ml NGF as indicated in the figure. DRG cell count and MTT assay were done after 3 days in culture. (4) Cell count. Values represent
mean = SEM. =x, P < 0.001 for estrogen vs. control. (B) MTT assay. Values are mean = SEM. *, P < (0.005 for estrogen vs. control; **, P < 0.001

for NGF vs. control.
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despite the plethora of effects attributed to estrogen, the
molecular mechanisms of its action often have remained
controversial. In particular, in brain it is unclear whether
estrogen can regulate neuronal survival through the involve-
ment of ERs or by exerting an antioxidant or some membrane
effects, which are still to be determined. In this study, we show
that estrogen delays death of DRG neurons deprived of NGF.
Using ICI 182,780, a specific ER antagonist, the survival effect
of estrogen was found to depend on the activation of ER. DRG
neurons express ERa and ERp, both of which might be
involved in the effects observed. No major abnormalities were
reported in brain of mice carrying a null-mutation for ER«a
(38). However, the PNS has not been studied thoroughly, and
the present finding on ERB in DRG suggests that both types
of ER are important in nervous tissue. Future studies will show
whether the two ERs colocalize and whether they have indi-
vidual roles in DRG neurons. Recently, a differential effect of
ERa and ERB was observed on the AP1 promoter in trans-
fected cells (39).

To study the mechanism by which estrogen controls DRG
neuron survival, we investigated the levels of proteins belong-
ing to the Bcl-2 family, which are major regulators of cell death
in various cell types. Bcl-x particularly is relatively highly
expressed within developing DRG (12), and by using Western
blots we found that Bcl-x levels in DRG were up-regulated
strongly by 17p-estradiol, whereas Bax remained constant. The
effect of 17B-estradiol on Bcl-x was blocked by tamoxifen,
which strengthens the notion that ER activation is instrumen-
tal for the hormone to protect DRG neurons. In view of our
data in DRG, it is possible that Bcl-x is a downstream target
for estrogen action in other brain cells as well. It remains to be
studied whether estrogen stimulates transcription of the Bcl-x
gene directly or acts indirectly.

NGF is a classical neurotrophic factor for the DRG neurons
and influences their survival and neuronal differentiation
(1-3). The effect of 17B-estradiol was not blocked by the
presence of anti-NGF antibodies, showing that 17g-estradiol
does not affect the levels of NGF in these cultures. In contrast
to 17B-estradiol, NGF failed to increase Bcl-x in DRG, sug-
gesting that they act through two largely independent pathways
promoting DRG neuronal survival. However, we observed an
additive effect on cell survival by using 1 nM 17B-estradiol and
a low concentration, 1 ng/ml, of NGF. This suggests a possi-
bility for a crosstalk between estrogen and NGF, as shown

NGF E2

W s W Bclx
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D FiG. 5. 17B-Estradiol up-regulates Bcl-x
without affecting Bax in postnatal rat DRG
cultures. P4 DRG neurons were cultured for
2 days as indicated in the figure. Cell lysates
were prepared, and an equal amount of pro-
teins was subjected to Western blotting as
described in Materials and Methods. (A and D)
Bcl-x protein (26 kDa). (B) Bax protein (21
kDa). (C) Quantification was done by using a
digitized image analyses system, and values
were compared with controls set to 1 (n = 3).
C, control; E2, 1 nM 17B-estradiol; TX, 100
nM tamoxifen; NGF, 50 ng/ml NGF.

previously, by the regulation of NGF receptor p75NSFR and
TrkA in adult DRG with estrogen (29).

The lack of ER-expressing neurons has made most studies
on ER activity in the nervous system rather difficult. In this
study, we have found that DRG neurons express considerable
levels of both ERa and ERB compared with other brain areas,
making DRG a suitable system to study estrogen effects on
neurons. Sensory neurons have different functions and medi-
ate sensations such as pain and touch. In view of the abundance
of ERs in DRG sensory neurons observed here, it is likely that
estrogens can influence a variety of DRG functions both
during development and in adult life.
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