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Estrogens and estrogen receptors (ER) are key actors in the control of differentiation and
survival and act on extrareproductive tissues such as brain. Thus, estrogens may display
neuritogenic effects during development and neuroprotective effects in the pathophysiolog-
ical context of brain ischemia and neurodegenerative pathologies like Alzheimer’s disease
or Parkinson’s disease. Some of these effects require classical transcriptional “genomic”
mechanisms through ER, whereas other effects appear to rely clearly on “membrane-
initiated mechanisms” through cytoplasmic signal transduction pathways. Disturbances of
these mechanisms by endocrine-disrupting chemicals (EDC) may exert adverse effects on
brain. Some EDC may act via ER-independent mechanisms but might cross-react with
endogenous estrogen. Other EDC may act through ER-dependent mechanisms and display
agonistic/antagonistic estrogenic properties. Because of these potential effects of EDC, it is
necessary to establish sensitive cell-based assays to determine EDC effects on brain. In the
present review, some effects of estrogens and EDC are described with focus on ER-mediated
effects in neuronal cells. Particular attention is given to PC12 cells, an interesting model to
study the mechanisms underlying ER-mediated differentiating and neuroprotective effects of
estrogens.

Estrogens are key actors in the control
of differentiation and survival. Estrogens are
important in reproductive processes, but also
exert numerous actions in nonreproductive
tissues such as bone, cardiovascular, brain,
and immune systems. Indeed, in the con-
text of aging in women, menopause is the
result of a decrease of ovarian hormones secre-
tion, especially estradiol (E2) and progesterone,
which elicits complex tissue-specific responses
throughout the body. That underlies the role
of estrogen in osteoporosis, in coronary heart
disease, in cognitive decline, or in develop-
ment of neurodegenerative pathologies like
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Alzheimer’s or Parkinson’s disease (Pike et al.
2009; Stice et al. 2009). In addition, it is
well established that estrogens produce mito-
genic effects and critically influence the eti-
ology and progression of human breast and
uterus cancers (Henderson et al. 1988; Pike
et al. 1983). Therefore, in the context of
hormone replacement therapy (HRT) follow-
ing menopause, estrogens may exert beneficial
effects by maintaining or restoring functions or
might produce deleterious effects by favoring
proliferative effects (Stice et al. 2009; Turgeon
et al. 2004; Yeh 2007). In the context of toxi-
cology, some plasticizer derivates, drugs, flame
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EFFECTS OF ESTROGEN AND EDCs ON NEURONAL CELLS 301

TABLE 1. EDC Present in the Environment, Estrogenic Potency, and Concentrations in Rivers (in France, Korea, and China)

Environmental
concentration

Family Compounds Estrogenicity References (ng/L) References

Natural estrogens 17 β-Estradiol (E2) +++ (Petit et al. 1997; Van
den Belt et al. 2004;
Witters et al. 2010)

1–10 (Duong et al.
2010;
Habauzit et al.
2007)

Estrone (E1) +++ 1–77.5
Estriol (E3) +++ 1–2.5

Phytoestrogens Genistein (Gen) ++ (Dhooge et al. 2006; Li
et al. 2004; Payne
et al. 2000)

0.7–5 (Duong et al.
2010)Resveratrol (Res) + nd

Drugs Diethylstilbestrol (DES) +++ (Witters et al. 2010) 0–8.5 (Moreira et al.
2009; Yoon
et al. 2010)

Ethinylestradiol (EE2) +++ 2–54
4-Hydroxytamoxifen (4-OHT) − 10–200
Raloxifene (RAL) − nd

Xenoestrogens
Insecticides Dichlorodiphenyltrichloroethane

(DDT)
++ (Klotz et al. 1996) 15–10000 (Arditsoglou and

Voutsa 2010;
Barrek et al.
2009)

Flame
retardants

Polychlorobiphenyls (PCB) + (Petit et al. 1997) 5–200 (Palmer et al.
2010)

Products of
incomplete
combustion

Benzo[a]pyrene (B[a]P) + (Tsai et al. 2004) 50 (Barrek et al.
2009)

Plastic
derivatives

Bisphenol A (BPA) ++ (Dhooge et al. 2006;
Petit et al. 1997;
Sanfilippo et al. 2010)

1.7–1580 (Arditsoglou and
Voutsa 2010;
Barrek et al.
2009; Chen
et al. 2009;
Jonkers et al.
2010; Moreira
et al. 2009;
Yoon et al.
2010)

Nonylphenol (NP) +++ 17–4626
Diethyl hexyl phthalate (DEHP) + 1300

Heavy metals Cadmium (Cd) − (Denier et al. 2008; Le
Guevel et al. 2000)

nd

Note. Estrogenic potency: +++ strong; ++ intermediate; + weak; – antiestrogenic.

retardants, pesticides, and heavy metals exhibit
an estrogenic activity and might alter functions
in wildlife living within or near contaminated
areas (Guillette et al. 1996; De Rosa et al.
1998; Choi et al. 2004; Soto et al. 2009)
(Table 1). These estrogenic compounds belong
to a group of endocrine-disrupting chemicals
(EDC), exogenous agents that interfere with the
synthesis, secretion, transport, binding, action,
or elimination of natural hormones in the
body that are responsible for the maintenance
or homeostasis, reproduction, development,
and/or behavior (Kavlock et al. 1996). Several
methods based on animals, organs, and cells
systems were developed to assess estrogenic

effects of EDC (Flouriot et al. 1995; Habauzit
et al. 2008; 2010; Le Guevel and Pakdel 2001;
Petit et al. 1997; Soto et al. 1995).

The presence of estrogen receptors (ER) in
the brain during development and adulthood
(Gonzalez et al. 2007) provides an anatomical
framework for understanding the mechanisms
by which estrogens regulate neural systems and
functions. Brain effects attributed to estrogens
have been especially examined by using a vari-
ety of in vivo and in vitro models and correlated
to accumulation in brain areas where it binds
ER alpha (ERα) and ER beta (ERβ). Briefly, in
situ hybridization studies reported in rodents
a distribution of ERβ mRNAs throughout the
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302 D. HABAUZIT ET AL.

brain regions, including olfactory bulbs, cere-
bral cortex, thalamus, ventral tegmental area,
substantia nigra, and cerebellum (McEwen
2002). Moreover, results from in situ hybridiza-
tion and immunohistochemical studies for ERβ

mRNAs and proteins showed good agreement,
even if in some cases immunohistochemical
studies gave a more restricted localization of
the protein. Following binding using 3H or 125I
estradiol for in situ hybridization and immuno-
histochemical studies, ERα was found in the
hippocampus, preoptic area, and most of the
hypothalamus (McEwen 2002).

Estrogens have been particularly well
studied in animal models of brain injury (neu-
roprotection) and in models of differentiation
processes (neuronal growth). However, multi-
ple cellular and molecular mechanisms were
evidenced at multiple sites. The roles of respec-
tive ER and estrogen binding in brain and
subsequent changes in brain functions remain
often unclear, as the result of:

• Different anatomical characteristics with
(i) functional relations between brain areas,
(ii) possible endogenous colocalizations of
ERα and ERβ in some brain areas, and (iii) the
presence of ERs in different cell populations
(neuronal cells and nonneuronal cells).

• Different molecular characteristics of ER sig-
naling with (i) the possible expression of ER
variants, (ii) the possible formation of het-
erodimers when ERα and ERβ are expressed
in the same cells, and (iii) the possible pres-
ence of “nongenomic to genomic” pathways
with a complex interplay between mem-
brane signaling and nuclear events.

• Different pharmacological characteristics of
endogenous or exogenous ER ligands.

In this review some aspects of the role
of estrogens are developed in brain func-
tions, targeting models of cerebral insult and of
neural growth. Studies agree upon protective
and neuritogenic effects of estrogen, mediated
by ER. Some in vivo experiments, especially
experiments using ER knockout (ER KO) mice,

were developed that succeeded in character-
izing the role of the subtypes ERα and ERβ

in estrogen-target cells within specific brain
areas. However, special attention is given here
to in vitro experiments using different cell
lines, notably the cell line PC12. These in
vitro studies, which delineate estrogen sig-
naling pathways (nuclear and/or extranuclear
events) and gene expression, have brought
an essential contribution in the understand-
ing of protective and neuritogenic effects of
estrogens. In a last part, specific “estrogenic”
mechanisms of action were characterized for
EDC in brain cells. Indeed, several studies
reported disturbance effects of EDC on devel-
oping (Gore 2008; McCarthy 2008) and adult
brain (Blaustein 2010; Brown 2009; Colborn
et al. 1993; Kimura-Kuroda et al. 2007; Masuo
et al. 2004; Negishi et al. 2004).

ESTROGEN AND BRAIN FUNCTION

A growing body of literature has been ded-
icated in the past decade to determine the
mechanisms of action of ER and estrogens in
the brain, focusing on some in vivo experi-
ments (considering models of stroke or devel-
oping brain in wild animals or KO mice) and
on a plethora of in vitro experiments.

Epidemiologic studies revealed that the
prevalence of Parkinson’s disease and atten-
tion deficit hyperactivity disorder (ADHD) is
higher in males than in females and that the
progression of the disease might be more
rapid in males compared with females (Sawada
and Shimohama 2003). In rodents, females
appear clearly protected after focal cerebral
ischemia compared to males, as demonstrated
in rats (Alkayed et al. 1998) or in gerbils (Hall
et al. 1991). Chronic and acute E2 treatment
reduced brain damage in ischemic animals
of both genders with loss of E2 by either
surgical intervention (ovariectomy), pharma-
cological agents (ER antagonists), or aging
(reproductive senescence). E2 replacement in
ovariectomized young rats (Dubal et al. 1998;
Wise and Dubal 2000) or gerbils (Shughrue
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EFFECTS OF ESTROGEN AND EDCs ON NEURONAL CELLS 303

and Merchenthaler 2003) greatly attenuates
the extent of brain damage induced by cere-
bral occlusion. The response of aging ani-
mals was tested with varying results. A similar
E2-induced protection was reported following
ischemia in young (3–4 mo old) and middle-
aged (9–11 mo old) ovariectomized rats by
Wise and Dubal (2000), with the middle-age
period of life being associated with reproduc-
tive cycles that are beginning to become irreg-
ular. In older rats similar methods of ischemia
had limited success (Wise and Dubal 2000).

Targets of E2 on the development and
plasticity of brain structures include apopto-
sis, with E2 preventing it in some regions but
promoting it in others. Thus, by regulating
apoptosis, E2 may be responsible of volumet-
ric differences in some brain areas, depending
on gender. The actions of E2 also include
synaptogenesis and morphometry of neurons
and astrocytes, with, for instance, establish-
ment of sexually dimorphic astrocyte morphol-
ogy and synaptic patterning in some brain areas
(McCarthy 2008).

In conclusion, physiological and pharma-
cological concentrations of E2 classically pro-
foundly attenuate the extent of injury and
decrease cell death in the brain, and elicit
selective enhancement of neurite (axons and
dendrites) growth. A combination of different
effects including anti-inflammatory, antiapop-
totic, and trophic effects might be involved
in the protective and neuritogenic action of
E2. However, the mechanisms have not been
clarified yet, as the consequences of multiple
target cells: neuronal cells, but also nonneu-
ronal cells, such as endothelial and smooth
muscle cells, oligodendrocytes, astrocytes, and
microglia. Moreover, an intricate regulation
of cell–cell communication between neurons
and nonneuronal cells has been evidenced,
essential for survival and differentiation pro-
cesses by regulating the allocation of growth
factors, controlling antiapoptotic and death
cascades, and attenuating inflammatory pro-
cesses. In the following sections, the role of
ER subtypes in mediating effects of E2 in
experiments in vivo is first considered, and
then the intimate mechanisms that have been

reported in different estrogen-target cells are
delineated.

ER SUBTYPES AND
ESTROGEN-INDUCED BRAIN
PROTECTION AND DIFFERENTIATION
IN VIVO

The E2-induced brain protection was
demonstrated to be ER dependent by using
pharmacological agents. For instance, in an
experimental model of global ischemia (Miller
et al. 2005), E2-induced robust protection of
CA1 neurons against death was demonstrated
to be suppressed by the broad-spectrum ER
antagonist ICI 182,780. Moreover, the pro-
tection may be mediated by both ERα and
ERβ, because subtype-selective agonists (ERα-
selective and ERβ-selective agonists) produced
nearly complete protection of CA1 neurons in
approximately 50% of the animals.

ER KO mice were used as a tool to eval-
uate the possible roles of ERα versus ERβ

in estrogen protection. For instance, dissect-
ing the potential biological roles of each ER
subtype in the protective effects of E2 in a
model of brain injury in mouse, Dubal et al.
(2001) demonstrated that ERα is the critical
mechanistic link in mediating the protective
effects of E2. Indeed, the protection induced
in wild ovariectomized mice was maintained
in ERβ KO mice but failed in ERα KO mice.
In contrast, although Dubal et al. (2001) failed
to demonstrate a role for ERβ in the con-
text of cerebral ischemia, Wang et al. (2001)
found, using ERβ KO mice as a model, that
ERβ is necessary for neuronal survival. Species-
specific, cell-specific, and time-related changes
of ER expression induced by brain injury might
explain the observed discrepancies in litera-
ture concerning the respective roles of ERα and
ERβ in brain protection. For instance, global
ischemia in adult macaque monkeys markedly
decreases ERβ immunostaining in CA1 pyra-
midal neurons, increases ERβ immunostaining
in astrocytes and microglia of CA1, but does
not modify ERα expression (Takahashi et al.
2004). In rats, a global ischemia markedly
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304 D. HABAUZIT ET AL.

increases ERα protein, but not ERβ protein, in
CA1 neurons (Miller et al. 2005). The more
recent evidence for divergent time-related pro-
files of the expression of the ERα and ERβ

subtypes over the evolution of a middle cere-
bral artery occlusion (Dubal et al. 2006) sup-
ports an interesting hypothesis. Injury in mice
should induce an overexpression of ERα and
a decrease of the expression of ERβ in brain,
with ERα induction occuring early and ERβ

modulation occuring later (Dubal et al. 2006).
The overexpression of ERα in the adult brain
may reflect dedifferentiation, an attempt to
reenter the cell cycle, postulated to occur in
neurodegenerative injury (Dubal et al. 2006).
The injury-induced increase in ERα may be
involved in delayed cell death after stroke
and be reminiscent of its expression in the
developing brain. ERα might then be a critical
mechanistic link in mediating early protective
effects of E2, enclosing the anti-inflammatory
actions. Corroborating this hypothesis, anti-
inflammatory actions of E2 after intracerebral
injection of lipopolysaccharide (LPS) are lost in
ERα KO mice (Vegeto et al. 2003). However,
synergistic effects of E2 on neurons and non-
neuronal cells like those involved in inflamma-
tory processes may exist because the neuropro-
tection induced by E2 in wild mice following
focal cerebral ischemia is markedly attenuated
in neuron-specific ERα KO but not in microglia-
specific ERα KO mice (Elzer et al. 2010).

The downregulation of ERβ might be
responsible for the late effects of brain injury.
That might explain why the neuronal deficit fol-
lowing ischemia increases in ERβ KO mice and
why the deficit becomes more pronounced as
ERβ KO mice age (Wang et al. 2001). Indeed,
a severe neuronal deficit in the somatosensory
cortex evident as early as 2 mo of age of ERβ

KO mice, increases, and by 2 yr of age there is
degeneration of neuronal cell bodies through-
out the brain, especially in the substantia nigra
(Wang et al. 2001). Because ERβ is downreg-
ulated after ischemic injury and E2 prevents
this downregulation in the late stages of brain
injury, E2-induced protection mediated by ERβ

may rely on late events that follow cessation
of cellular death. Thus ERβ stimulation may

underlie a role in myelination and preservation
of axonal integrity (Arevalo et al. 2009; Tiwari-
Woodruff and Voskuhl 2009).

The developing brain expresses high lev-
els of receptors for estradiol. Moreover, ER
expression is high early in the cortex of rodents
in postnatal life and declines precipitously as
the animal approaches puberty (Toran-Allerand
et al. 1992). The role of regulatory switches,
like neurotrophins, was suggested to explain
the discrepancy between ER expression during
development and after puberty (Toran-Allerand
et al. 1999). Another emerging mechanism of
controlling ER expression concerns epigenetic
modifications by methylation of the promoter
regions, which result in ER gene silencing.
Indeed, ERα and ERβ might be both perma-
nently and reversibly downregulated by DNA
methylation in the adult brain, in reference to
the developing brain. Thus, one of the pro-
moters of the mouse ERα gene becomes pro-
gressively methylated at postnatal day 10, an
age corresponding with the beginning of the
decline in ERα mRNA expression (Wilson and
Westberry 2009). Moreover, Dubal et al. (2006)
previously suggested that after a brain injury
neurons may revert back to a developmen-
tal expression pattern of gene expression. It is
interesting to point out that the level of methy-
lation of the ERα gene also decreased and levels
of ERα increased following ischemia, similar
to during development (Wilson and Westberry
2009).

The knockout mouse model has also pro-
vided several insights regarding effects of E2
on brain plasticity. ERβ is necessary for late
embryonic development of the brain. Thus a
deficit in corticogenesis at the late develop-
mental stage was noted in the cerebral cortex
of adult ERβ KO mice, at least in part due
to an abnormal neuronal migration and an
increase of apoptotic neuronal death (Wang
et al. 2003). Although some studies found that
estrogens significantly influenced the plastic-
ity of neurons located in different part of the
adult brain via ERα, others suggest that ERα

may play a minor role (Hojo et al. 2008).
Thus, electrophysiological investigations using
ERα KO mice reported that ERα has no essential
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EFFECTS OF ESTROGEN AND EDCs ON NEURONAL CELLS 305

contribution to E2-induced rapid enhancement
of the kainate currents in CA1 neurons (Gu
et al. 1999) because a small difference in
E2 effect between wild-type and transgenic
mice is observed. A possible explanation for
the lack of effects might rely on the persis-
tance of a residual N-terminal-modified ERα

(55 kD) in transgenic mice used in this study,
still active for estradiol binding and physiolog-
ically active (Pendaries et al. 2002). Another
possible explanation may be the action of E2
on GPR30 (GPER; G-protein-coupled estrogen
receptor 1). Many conflicting results regarding
the potential role of GPR30 as an ER (Langer
et al. 2010) resulted from in vitro studies ana-
lyzing the subcellular localization of GPR30
and its ability to signal in response to E2.
GPR 30 is widely expressed in the brain, and
many of the short-latency E2 effects, espe-
cially in the hippocampus (Brailoiu et al. 2007;
Gu et al. 1999), are consistent with action
of a G-protein-coupled receptor since some
effects persist in mice lacking both ERα and
ERβ (Lebesgue et al. 2009). GPR30 may act,
as an additional mediator, partly together with
classical ER in signaling cascades (Levin 2009).

NONNEURONAL EFFECTS
OF ESTROGEN

Neurons appear to be evident targets of
E2-induced brain protection and differentia-
tion, which are developed in a specific sec-
tion. However, it seems important to sum-
marize some effects that might clearly rely
on nonneuronal cells. Among them, effects
on glial cells have been extensively studied.
E2 increases the expression of glutamine syn-
thetase, a glia-specific enzyme utilizing gluta-
mate as substrate. Induction of this enzyme
by E2 in key brain regions sensitive to neu-
ronal degeneration, such as the hippocam-
pus, may allow for an accelerated clearance
of synaptically released glutamate, preventing
neuronal damage due to excitotoxicity (Mong
and Blutstein 2006). Estrogens were also shown
to reduce the inflammatory effects of LPS or
amyloid beta-peptide in astrocytes (Arevalo

et al. 2009; Dodel et al. 1999; Kipp et al. 2007;
Tenenbaum et al. 2007). Glial cells may also
play a role in synapse formation in response
to E2 (McEwen et al. 2001). Klintsova et al.
(1995) found that astrocytic volume in the
CA1 region fluctuates in an opposite manner
to synapse density, being lowest on proestrus
when synapse density is highest. Moreover, E2
treatment was reported to increase apolipopro-
tein E (Apo E) expression both in vivo and in
vitro. Because astrocytes produce Apo E, these
cells are likely to play a role in the formation of
membranes via their regulation of cholesterol
and fatty acid availability, with some physiolog-
ical involvement, like sprouting (McEwen et al.
2001; Poirier et al. 1991).

E2 also exerts effects on microglia. E2
exhibited ER-dependent anti-inflammatory
effects on microglia in vitro, attenuating
inductible nitric oxide synthase (iNOS) expres-
sion via ERβ (Baker et al. 2004) and decreasing
superoxide release (Bruce-Keller et al. 2000).
In vivo, when compared with APP23 trans-
genic mice, a mouse model of Alzheimer’s
disease, estrogen-deficient APP23 mice exhib-
ited elevated amyloid beta production and
microglia cultures prepared from the brains
of these mice were impaired in amyloid beta
clearance/degradation (Harris-White et al.
2001; Yue et al. 2005).

Finally, effects of E2 were noted on
endothelial cells. Thus estrogens block the
expression of pro-inflammatory factors such as
iNOS, prostaglandin E2 (Arnal et al. 1996) and
maintain or upregulate nitric oxide production
by endothelial cells (Arnal et al. 1996; Rubanyi
et al. 1997). Moreover, protective effects of
estrogen may rely on an ER-dependent activa-
tion of angiogenesis (Losordo and Isner 2001;
Soares et al. 2003), mediated in part by an
upregulation of vascular endothelial growth
factor (VEGF) and fibroblast growth factor-2
(FGF-2) (Garmy-Susini et al. 2004; Losordo
and Isner 2001). Many of the studies aimed
to delineate cardioprotective effects, but the
brain vasculature is also a target for E2. E2
increased mitochondrial efficiency, decreasing
free radical production and promoting cell sur-
vival (Krause et al. 2006). Moreover, protective
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306 D. HABAUZIT ET AL.

effects of E2 on endothelial cell viability are
mimicked by an ER agonist selective for ERα

(Guo et al. 2010).

NEURONAL EFFECTS OF ESTROGENS

The small number of cells expressing ER in
primary nerve cells culture and the absence of
ER-positive tumors of neural origin have limited
the development of studies related to neuronal
effects of estrogens (Maggi et al. 2004). Models
of primary cortical and hippocampal neurons
in rats, organotypic hippocampal slices, pri-
mary hippocampal neurons, and hippocampal
HT22 cells in mouse, neuroblastoma SK cells,
and PC12 cells have been classically reported
in association for neuroprotection studies with
cell injuries like glutamate excitotoxicity, glu-
tathione depletion, oxidation by hydrogen per-
oxide (H2O2), iron (Fe2+)-induced peroxida-
tion, amyloid beta-peptide toxicity, and apop-
tosis through serum deprivation (Behl 2002).
If there is evidence that nonspecific antioxi-
dant mechanisms due to the presence of a
hydroxyl group in the C3 position of E2 may
occur at supraphysiological doses (greater than
10 μM), many of the neuroprotective effects
of the steroid were found to be mediated by
known ER at physiological doses. However, the
nucleus and the cytoplasm may be primary sites
of action of estrogens in neuronal cells (Maggi
et al. 2004), with subsequent classical genomic
and nongenomic mechanisms, a possible role
of “nongenomic to genomic” pathways, and a
complex interplay between membrane signal-
ing and nuclear events. Several studies revealed
that the neuroprotective mechanisms of estro-
gens include regulation of key molecular play-
ers in neural death pathways: upregulation of
antiapoptotic genes and in parallel downregu-
lation of proapoptotic markers. E2 upregulates
the antiapoptotic gene Bcl-2 in vivo in the
ischemic penumbra following global ischemia
in rat (Dubal et al. 1999) and in vitro in rat hip-
pocampal neurons (Wu et al. 2005; Zhao and
Brinton 2007). Reciprocally, estrogens are able
to downregulate expression of proapoptotic
BAD (bcl-2-antagonist of cell death) and of the

Bcl2-interacting protein nip2 in neuroblastoma
cells (Garnier et al. 1997). Estrogens also
downregulate proapoptotic markers (caspase 3)
in injured primary rat hippocampal neurons
(Kajta et al. 2004; Negishi et al. 2003).

E2 provides protection against nigral neu-
ronal apoptosis produced by exposure to either
bleomycinsulfate or buthionine sulfoximine
(BSO), following an ERβ-dependent mecha-
nism (Sawada et al. 2000). Indeed, this neu-
roprotection provided by E2 is antagonized by
ICI 182,780, and the ER subtype in the sub-
stantia nigra is exclusively ERβ (Kuiper et al.
1997; Shughrue et al. 1997). Moreover, the
protection is not mediated by the activation
of antiapoptotic genes through the estroge-
responsive element (ERE) but appears to be
mediated by inhibition of transcription of
proapoptotic genes through activator protein
1 (AP-1) sites downstream from JNK (c-Jun
N-terminal kinase) and caspase-3 activation
(Sawada et al. 2000).

Estrogens produce selective enhancement
of neuritogenesis in cultured slices of the devel-
oping rodent hypothalamus, preoptic area,
and cerebral cortex (Toran-Allerand 1980).
E2 is known to enhance expression of neu-
rotrophins, neurotrophin receptors, and growth
factors that influence synaptogenesis (Garcia-
Segura et al. 1996; Shughrue and Dorsa 1993;
Wise and Dubal 2000). Estrogen and the neu-
rotrophins may influence each other’s actions
by regulating receptor and/or ligand availabil-
ity through reciprocal regulation at the level of
gene transcription (Toran-Allerand et al. 1999).
An additional factor for synaptogenesis is
the brain-derived neurotrophic factor (BDNF).
Thus estrogen treatment reduced BDNF in hip-
pocampal neurons (Murphy et al. 1998). This,
in turn, may decrease inhibitory and increase
excitatory tone in pyramidal neurons, leading
to a rise in dendritic spine density. E2 might
still modulate via ERα the activity of other
transcription factors including the AP-1 (Webb
et al. 1995) or Stat (Signal Transducer and
Activator of Transcription) proteins (Bjornstrom
and Sjoberg 2002). Ciana et al. (2003) noted
that ERα and Stat3 are functionally interact and
are able to prevent TGFα-induced proliferation
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EFFECTS OF ESTROGEN AND EDCs ON NEURONAL CELLS 307

in the neuroblastoma cell line SK-N-BE. This
protein/protein interaction subtracts ER from
the binding to the ERE-containing promoters,
shifting the cell program toward differentiation
(Ciana et al. 2003).

Moreover, estrogens may exert specific
actions on some neuronal cell populations. For
instance, estrogens act on serotonergic neu-
rons of different brain areas (midbrain raphe,
hypothalamus, nucleus accumbens and olfac-
tory cortex), modifying the expression of sero-
tonin (5HT) transporters or 5HT receptors
(McEwen 2002). In 5HT neurons of the mid-
brain raphe of mice, E2 also induced progestin
receptors. This estrogen induction of progestin
receptors is still present in the ERα KO mouse,
implying that another ER, most likely ERβ, may
be involved (Alves et al. 2000).

EVIDENCE OF MEMBRANE-INITIATED
EFFECTS OF ESTROGEN IN NEURONS

In cells, ERα may mediate E2-induced
rapid, membrane-initiated effects that
involve plasma membrane-associated sig-
naling (Edwards 2005; Mendelsohn 2000)
with changes of adenylate cyclase (AC),
mitogen-activated protein kinases (MAPK), and
phosphatidylinositol 3-kinase (PI3K) activities
and increase of intracellular calcium (Edwards
2005). ER-dependent nongenomic effects
might be mediated by the anchorage of ERα

on the plasma membrane, either through
posttranslational modifications and/or through
interaction with membrane proteins (Maggi
et al. 2004; McCullough and Hurn 2003). Both
in vitro and in vivo experiments give support to
this hypothesis. Incubation in vitro with E2 for
up to 3 h with homogenates of hippocampus
decreased GTPγ S binding on a stimulated
5HT1A receptor. Because this binding is
associated to the initial biochemical event in
the intracellular signalling pathway associated
with GPCRs (G protein-coupled receptors),
similar to 5HT1A receptor, data are consistent
with the involvement of a nonnuclear form
of ER, interacting with G proteins to produce
a rapid heterologous decrease in membrane

GPCR function (Mize et al. 2001). Concerning
in vivo experiments, the use of membrane-
limited conjugates as an experimental probe
administered intracerebroventrically (icv) may
provide evidence for a role for extranuclear ER
activation. However, there has been consider-
able controversy over the possible release of
free E2 from membrane-limited conjugates like
E2-BSA and the possibility of endocytosis of the
conjugate itself with the subsequent release of
free E2 into cells (Vasudevan and Pfaff 2007).
Further, some studies demonstrated a critical
role for extranuclear ER activation in estrogen-
induced neuroprotection, using a new class
of ER subtype-selective ligands, estrogen–
dendrimer conjugates. Because of their charge
and size, these compounds remain outside
the nucleus, discarding a possible direct
genomic effect (Harrington et al. 2006).
Estrogen–dendrimer conjugates administered
icv markedly protected the hippocampal CA1
region against neuronal cell death, and sig-
nificantly improved hippocampal-dependent
cognitive function of rats following global
cerebral ischemia (Yang et al. 2010). Moreover
in the hippocampal CA1 region of rats, a
neuroprotective effect of E2 against global
cerebral ischemia and mediated by extranu-
clear ERα nongenomic signaling was reported
to involve Akt activation and subsequent
phosphorylation/ inactivation of the small GTP
binding protein Rac1, a factor critical for acti-
vation of NOX2 NADPH oxidase, a membrane
enzyme that generates the highly reactive
free radical superoxide (O2

−) (Zhang et al.
2009). In hippocampal-derived HT22 cells, the
E2-induced neuroprotection against the effects
of glutamate is present in both ERα and ERβ,
but not in control ER-negative cells (Mize et al.
2003). This protection is independent of ERE
activity because E2 also protects cells stably
transfected with a mutated form of ERα, which
lacks the ability to mediate ERE-mediated
transcription. In addition, the MEK inhibitor
PD98059 (2´-amino-3´-methoxyflavone)
blocks neuroprotection, suggesting that rapid
activation of the MAPK pathway by a cyto-
plasmic ERα is an important part of the
neuroprotective mechanism (Mize et al. 2003).
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308 D. HABAUZIT ET AL.

Rapid effects of E2 were noted for differen-
tiating processes, especially plasticity and spine
density. E2 modulated memory-related synap-
tic plasticity not only slowly but also rapidly, for
example, in hippocampal slices from adult rats
(Hojo et al. 2008; Sato et al. 2007). However,
the rapid E2-induced spinogenesis is region
specific and heterogeneous. Thus in adult rat,
a treatment with E2 for 2 h increased the den-
sity of spine in CA1 pyramidal neurons, but
diminished the density of spine-like structure
in CA3 pyramidal neurons, especially in the
stratum lucidum of CA3, having contacts with
mossy fiber terminals originated from granule
cells (Hojo et al. 2008). These effects in CA1
and CA3 neurons appear to be mediated by
ERα, and more especially by a nonnuclear ERα

since (1) E2 acted rapidly and (2) blockade
of phosphorylation of the MAPK/ERK (MAPK/

extracellular signal-regulated kinase) pathway
by PD98059 was completely prevented the
E2-induced spinogenesis (Hojo et al. 2008). In
contrast, in rats at 8 d of age, E2 induced synap-
togenesis between mossy fibers and CA3 neu-
rons and enhanced expression of the dendritic
spine scaffolding protein postsynaptic density-
95 (PSD95) on spine heads. This effect might
rely on the enhancement of BDNF release from
the dentate gyrus in a nuclear-ER-independent
and PKA-dependent manner (Sato et al. 2007).
The role of PSD-95 in the E2-induced forma-
tion of new spines was also suggested in dif-
ferentiated NG108-15 neurons. In these cells,
E2 might also stimulate the formation of new
spines by the nongenomic regulation of specific
signal transduction pathways Akt and 4E-BP1
(eukaryotic initiation factor 4E binding pro-
tein 1), involving a rapid increase of PSD-95
(Akama and McEwen 2003).

Various attempts have been made to iden-
tify membrane ER that mediate rapid actions
on synaptic plasticity in neuronal models such
as hippocampal cultures. At the present stage,
the most probable candidates for synaptic ER
may be ERα, ERβ, and GPR30 (Hojo et al
2008). Using immunocytochemical studies,
membrane estrogen receptor ERα was found
to be localized in spines of hippocampal prin-
cipal glutamatergic neurons, as evidenced by

immunogold electron microscopy (Mukai et al.
2007). In contrast, investigations of immunos-
taining of ERβ by Milner et al. (2005) suggested
that extranuclear expression of ERβ including
dendritic appearance in the hippocampal prin-
cipal neurons occurred. Attention needs to be
paid in studies of immunostaining in that non-
purified ERα and ERβ antisera react significantly
with several unknown proteins, resulting in arti-
factual staining (Hojo et al. 2008). As reported
earlier, KO mice or hippocampal cultures from
these KO mice may be useful to delineate
the contribution of ERα and ERβ to rapid E2
modulation of synaptic plasticity.

THE PC12 CELL LINE: A MODEL FOR
THE STUDY OF NEUROPROTECTIVE
AND DIFFERENTIATING EFFECTS OF
ESTROGENS

The PC12 cell line was derived from rat
pheochromocytoma, a tumor arising from the
adrenal medulla (Greene and Tischler 1976).
PC12 cells have a special place among the
different in vitro designated neuronal mod-
els. In fact, PC12 cells easily differentiate into
sympathetic-like neurons, extend neurite out-
growth when treated with nerve growth fac-
tor (NGF), and might be considered rather
as a pseudo-neuronal model of differentia-
tion. These cells represent a valuable model to
study not only cell fate neuronal differentiation,
but also cell proliferation and cell apoptosis,
because these cells easily undergo cell death
following serum and NGF withdrawal or fol-
lowing oxidative shock.

The PC12 cell line is an interesting model
of study of protective effects of E2 against
neurodegenerative diseases such as Parkinson’s
and Alzheimer’s diseases. Bonnefont et al.
(1998) demonstrated that E2 protected PC12
cells exposed to either amyloid L-peptide
(AL) alone or acetylcholinesterase-amyloid
L-peptide complexes (AChE-AL complexes). E2
also prevented PC12 cells from effects due
to exposure to 1-methyl-4-phenylpyridinium
(MPP+), a DA neurotoxin that produces
Parkinsonism in primates. This neurotoxin
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EFFECTS OF ESTROGEN AND EDCs ON NEURONAL CELLS 309

induces oxidative stress in PC12 cells and
affects the neuronal cytoskeleton, maybe
through proteolysis and/or abnormal structural
changes in neurofilaments (NF). Notably, E2
might help neuronal cells in recovering after
oxidative stress by inducing expression of the
NF subunits NFM and NFH (Chiasson et al.
2006).

The PC12 cell line is also an interesting
model of study of hypoxia and/or ischemia.
Jung et al. (2008) found that E2 protected PC12
against neuronal apoptosis in CoCl2-mimicked
hypoxic/ischemic conditions. Preincubation of
E2 prior to CoCl2 treatment (1) attenuated
the CoCl2-mediated reactive oxygen species
(ROS) production, (2) reducing the activities of
the caspase cascades, such as caspase-8, -9,
and -3, and (3) downregulating the Bax:Bcl-2
ratio (proapoptotic protein:antiapoptotic pro-
tein ratio), leading to a decreased incidence of
cell death (Jung et al. 2008).

NEUROPROTECTIVE AND
DIFFERENTIATING EFFECTS OF
ESTROGEN IN PC12 CELLS INVOLVE ERα

Finally, some PC12 cell variants do not
express endogenous ERα in their native state.
Since many of the differentiating and neuro-
protective effects of E2 are mediated by ERα,
the PC12 cell line allows studies of the impact
of different forms of ERα after transient or stable
transfections of the corresponding expression
vector.

Several studies determined mechanisms
underlying E2-induced protection, especially
the role of ERα. E2 treatment markedly
increased in serum-free media the viability
of PC12 cells stably expressing ERα relative
to control ERα negative cells (Gollapudi and
Oblinger 1999a; 1999b). This increased viabil-
ity appeared to rely on a decrease in apop-
tosis, with an increased expression of the
anti-apoptotic protein Bcl-XL and a reduced
expression of the pro-apoptotic protein BAD
(Gollapudi and Oblinger 1999a). Moreover,
since ER co-localize with neurotrophin recep-
tor systems in the developing basal forebrain,

some studies examined the potential for recip-
rocal regulation of estrogen and neurotrophin
receptor systems by their ligands in the pro-
totypical neurotrophin target, the PC12 cell.
E2 synergized with NGF to stimulate neurite
sprouting of PC12 cells stably expressing ERα

and to modulate through ERα the level of
some cytoskeletal mRNAs, like those of periph-
erin, which is activated when extensive growth
occurs (Gollapudi and Oblinger 2001). This
effect of E2 is consistent with a genomic effect,
due to the presence of a mutated estrogen-
responsive element (ERE) relative to the con-
sensus motif (GGTCAnnnTGACC) upstream in
the promoter of the peripherin gene. Moreover,
concurrent exposure to estrogen and NGF
differentially regulates the expression of the
two NGF receptors trkA and p75NGFR. The
expression of trkA mRNA is upregulated, while
p75NGFR mRNA is downregulated transiently
by E2 (Sohrabji et al. 1994). E2 may exert
a direct transcriptional effect, by differentially
acting on putative ERE of p75NGFR and trkA
mRNA (Sohrabji et al. 1994).

Merot et al. (2005) also studied the dif-
ferentiating effects of E2 in PC12 cells treated
with NGF and the protective effects of E2
in PC12 cells treated with buthionine sul-
foximine (BSO). This drug, which induces
depletion of intracellular glutathione (GSH)
(Froissard et al. 1997; Le Foll and Duval
2001), is one of the major factors control-
ling the redox status, leading to apopto-
sis (Higuchi and Matsukawa 1999; Serghini
et al. 1994). E2 protects cells from BSO and
increases NGF-induced neurite outgrowth in
PC12 stably expressing ERα, but not in con-
trol (ERα-negative) cells. Since neuroprotec-
tive effects of E2 require a period of pre-
treatment and were reversed by ICI 182,780,
data suggested that an ERα-mediated alter-
ation of gene expression is required to afford
neuroprotection. Further, a possible synergis-
tic interaction between GSH and E2, if pos-
sible as previously reported in the neuronal
HT22 cell line (Green et al. 1998), was dis-
carded. Taken together, these data suggest that
effects of E2 may depend upon ER, especially
ERα, and that some ERE-dependent genomic
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310 D. HABAUZIT ET AL.

effects are involved. Merot et al. (2005; 2009)
defined the mechanistic bases of these pro-
cesses, targeting the importance of DNA bind-
ing and transactivation properties of ERα. E2
markedly enhanced the neurite outgrowth trig-
gered by treatment with NGF in PC12 cells
stably expressing human ERα (hERα66 cells),
but not in nontransfected cells or in cells
transfected with a truncated ERα, devoid of
the AB domain (hERα46 cells) (Merot et al.
2005). In a similar manner, stable transfec-
tion of hERα46 in PC12 cells did not confer
an E2-induced cell proliferation as opposed
to a twofold rise in thymidine incorporation
observed in hERα66 cells (Penot et al. 2005).
In totality, these results underline the impor-
tance of ERα and AB domain in differentiating,
neuroprotective effects of E2, as previously
reported by Gollapudi and Oblinger (1999a;
1999b; 2001), but also in mitogenic effects of
E2. Since the deletion of the AB domain abol-
ishes effects of E2 in NGF-differentiated cells
and since the AB domain possesses transacti-
vation function AF1 (Metzger et al. 1995), it
was suggested that the transactivation function
AF1 might be required for the neuritogenic
capacity of E2. Corroborating this hypothesis,
Merot et al. (2005) demonstrated that NGF-
induced differentiation favors AF1 in PC12
cells. Indeed, 4-hydroxytamoxyfene (4-OHT),
in which the transcriptional activity exclusively
relies on the transactivation function AF-1, sig-
nificantly enhanced the transcriptional activity

of a C3-LUC reporter gene in ERα PC12 cells
differentiated by NGF, but not in undiffer-
entiated cells (Merot et al. 2005). Similar to
E2, agonistic properties of agonist/antagonists
4-OHT or raloxifene were observed by mea-
suring neuritogenic effects. 4-OHT (Figure 1)
and raloxifene (Nilsen et al. 1998) synergized
with NGF, similar to E2, and stimulated neurite
sprouting of PC12 cells stably transfected with
the full-lengh ERα gene or strongly express-
ing ERα. Moreover, the synergy with NGF
might require the transactivation function AF-
1 because the agonistic activity of 4-OHT is no
more detectable when experiments were per-
formed in PC12 cells stably transfected with
the truncated ERα, devoid of the AB domain
(hERα46) (Figure 1).

Finally, the ERα 46-kD isoform, used as
a tool in the previously described in vitro
experiments, was also found to be physiolog-
ically expressed through an alternative splicing
(Flouriot et al. 2000) in the uterus (Pendaries
et al. 2002) or in the gubernaculum testis, asso-
ciated with the full-length ERα (Staub et al.
2005). The physiological role of the 46-kD iso-
form in brain remains unknown, but a possible
expression offers new perspectives, especially
considering possible interactions with the wild
form when expressed in the same cell and
considering possible differences in both timing
and levels of expression of the two competitive
ERα46, ERα66 proteins, as observed in some
reproductive tissues (Staub et al. 2005).

FIGURE 1. Stimulation of NGF-induced neurite outgrowth by estradiol or 4-hydroxytamoxifene requires the domain AB. PC12 clones
stably expressing ERα or a ERα mutant lacking the domain AB were treated during 2 d with NGF (5 ng/ml) in the presence or not of 10 nM
E2 or 10 μM 4-OHT. Neurite outgrowth was then quantified as follows. Cells were scored as cells bearing neurites/undifferentiated cells
and results were expressed for each clone relative to the level obtained in cells treated with NGF alone. Cells bearing neurites represent
cells having at least a neurite whose length was greater than one cell body. Data are the mean ± SEM of 20–60 fields in light microscopy).
Significant effects of E2 and 4-OHT for each clone indicated by ∗p < .05, ∗∗p < .01, Analysis of Variance (AOV), followed by a post hoc
analysis of individual group differences.
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EFFECTS OF ESTROGEN AND EDCs ON NEURONAL CELLS 311

NEURITOGENIC EFFECTS OF
ESTROGEN ARE TRANSCRIPTIONAL
MECHANISMS INDEPENDENT OF ERE

Recently, Merot et al. (2009) used a wider
series of PC12 clones stably expressing different
deleted or mutated ERα clones (Figure 2). The
differentiating effects of E2 are still detectable
in ERα �A clones (deleted of the A domain)
and ERα �A/box1 clones (deleted of the
A domain and of the AF-1 subregion box1)
(Figure 2). However, it is no longer detectable
in ERα46 clones (ERαCF; deleted of the AB
domain) and ERα �AF-2 clones. This ERα �AF-
2 clone lacks the helix 12 of the C-terminal
part of the E domain, a critical secondary
structure for AF-2 transcriptional activity (Kos
et al. 2002; Tora et al. 1989) (Figure 2).
The increased NGF-induced neurite outgrowth
after treatment with E2 requires then the trans-
activation functions of ERα (AF-1 and AF-2).
Further, the stimulation of NGF-induced neu-
rite outgrowth by E2 is maintained in the ERα

DF clone, characterized by the further deletion
of the DNA binding domain (DBD) (Figure 2).
Thus, data suggested that ERα binding to DNA
is apparently not required for E2 increase of

NGF-induced neurite outgrowth and that an
ERE-independent transcriptional mechanism is
potentialy relevant for the neuritogenic prop-
erties of E2 in ERα-expressing PC12 cells.
Furthermore, E2 enhanced mRNA of VGF (a
marker of neuronal differentiation) in cells sta-
bly expressing ERα and confered transcriptional
responsiveness of the VGF-Luc reporter gene
(Merot et al. 2009). Since the VGF promoter
does not contain ERE, the previous postulation
of an ERE-independent transcriptional mecha-
nism mediating the neuritogenic properties of
E2 is reliable.

Since the neuritogenic effects of E2 do not
rely on ERE, the effects may then be related
to direct actions on genes containing elements
such as AP-1 sites, cAMP-response elements,
and Sp1 sites (Kushner et al. 2000; Sabbah
et al. 1999; Safe 2001). This postulation is rein-
forced by the fact that the neuritogenic effect
of E2 is no longer detectable in PC12 cells
expressing an ERα mutant lacking a D domain
(ERα � D) (Figure 2), a domain that was pre-
viously reported to be essential for ERα inter-
action with other transcription factors such as
AP-1, Sp1, and c-jun (Kim et al. 2003; Kushner
et al. 2000; Safe 2001; Teyssier et al. 2001).

FIGURE 2. Stimulation of NGF-induced neurite outgrowth by liganded ER requires the transactivation functions and D domain of the
receptor. PC12 clones stably expressing various ERα mutants deficient for classical ERα functions were treated during 2 d with NGF
(5 ng/ml) in the presence or not of 10 nM E2. Neurite outgrowth was then quantified as follows. Cells were scored as cells bearing
neurites/undifferentiated cells and results were expressed for each clone relative to the level obtained in cells treated with NGF alone.
Cells bearing neurites represent cells having at least a neurite whose length was greater than one cell body. Data are the mean ± SEM of
30–60 fields in light microscopy). Significant effect of E2 for each clone indicated by ∗p < .05, ∗∗p < .01, ∗∗∗p < .001 AOV, followed by
a post hoc analysis of individual group differences.
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312 D. HABAUZIT ET AL.

NEURITOGENIC EFFECTS OF
NONLIGANDED ERα AND POSSIBLE
MEMBRANE-INITIATED MECHANISMS

Some effects attributed to E2 might be
mediated by nonnuclear ER in neurons. ERα

was also found in PC12 cells to mediate
E2-induced cytoplasmic actions that involve
plasma membrane-associated signaling. Thus
in PC12 cells, the NGF-induced stimulation of
the TrkA receptor activates the small G proteins
Ras and Rap1, respectively, to elicit rapid and
sustained activation of ERK (York et al. 2000).
Some mediators, including pituitary adenylate
cyclase-activating polypeptide (PACAP), follow-
ing binding GPCR, exhibit similar effects to E2
in PC12 cells, increasing NGF-induced neurito-
genesis (Vaudry et al. 2002a; 2002b). Further,
the activation of ERK1/2 is required for PACAP-
induced neuritogenesis in PC12 cells, through
a possible direct activation of Rap-1 (Vaudry
et al. 2002b) and cross interaction with NGF
signaling. It is not known whether E2- and
PACAP-induced neuritogenesis is mediated by
a common mechanism involving ERK. Some
arguments suggest that the mechanisms are
different. Importantly, although E2 elevated
NGF-induced neurite outgrowth, E2 exerted
no significant impact on NGF-induced activity
of MAPK, ERK and Akt signaling pathways
(Merot et al. 2009). Using different ERα-
mutated clones, Merot et al. (2009) demon-
strated that a transcriptional mechanism was
potentialy relevant for the neuritogenic prop-
erties of E2.

In contrast, stable expression of ERα in
PC12 cells repressed NGF-induced differen-
tiation and decreased MAPK and PI3K/AKT
signaling pathways in the absence of E2. This
E2-independent repression did not rely on ERα

ability to transactivate. Indeed, neither AF-1
nor AF-2 transactivation functions of ERα were
required for blockade because the inhibition
of NGF-induced neuritogenesis in ERα PC12
cells persisted in PC12 cells stably transfected
with the truncated ERα, devoid of the AB
domain (hERα46) or devoid of the C-terminal
part of the E domain (ERα �AF-2) (Merot et al.
2009). In addition, DF domains are sufficient

to mediate the inhibition of NGF-induced
neuronal differentiation. Taken together, these
data suggest that repressive action of unli-
ganded ERα does not involve its transactivation
and DNA-binding domains, thereby suggest-
ing that direct transcriptional activity of ERα is
not required. A role of an extranuclear ERα,
mediating membrane-initiated effects, might
be involved. Interestingly, the A/B and C
domains of ERα were found to be dispensible
for inhibition and did not contribute to mem-
brane ERα localization, palmitoylation, and
association with caveolin-1 in some cell lines,
like HeLa and HepG2 (Acconcia et al. 2005).
Finally, the estrogen-induced increase of neuri-
togenesis does not rely on an elementary rever-
sion of the effects of the unliganded ERα follow-
ing ligand/ER binding, since a direct genomic
ERE-independent action mediates effects of
estrogens.

ENDOCRINE DISRUPTOR
COMPOUNDS IN BRAIN

EDC are widespread in the environ-
ment, and among them, estrogenic compounds
are found in concentrations ranging from
nanograms to micrograms per liter (Table 1).
Even if EDC concentration in environmental
water remains low, daily low-dose exposure
and the presence in the environmental sam-
ple of several compounds that might interact
in synergy may be a “risk” for human and
wildlife.

Several studies demonstrated a possible
link between some EDC and disturbances of
brain function, such as schizophrenia, autism,
and attention deficit hyperactivity disorder
(ADHD) (Brown 2009; Kimura-Kuroda et al.
2007; Masuo et al. 2004). However, the mech-
anisms by which EDC induce these brain
disturbances are still unclear because these
compounds, like estrogen, may act on neu-
rons but also on other brain cell populations,
like endothelial or glial cells (Bredhult et al.
2007; Tavolari et al. 2006; Yokosuka et al.
2008). In most publications describing effects
of EDC on cell viability and differentiation,
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EFFECTS OF ESTROGEN AND EDCs ON NEURONAL CELLS 313

FIGURE 3. Mechanisms of EDC action in context of brain apoptosis. In ER-independent pathways, it has been reported that estro-
genic compounds could promote apoptosis by activating cytoplasmic kinases. On the other hand, estrogenic compounds could also
protect cells from amyloid beta-, BSO-, or glutamate-induced apoptosis by their antioxidant properties. In ER-dependent pathways,
estrogenic compounds protect cells from stress-induced apoptosis by direct genomic or nongenomic (membrane-initiated) effects (see
also text for references). BPA: bisphenol A; BSO: buthionine sulfoximine; DDT: dichlorodiphenyltrichloroethane; DES: diethylstilbestrol;
E2: 17β-estradiol; EDCs: endocrine-disrupting chemicals; ER: estrogen receptor; ERK: extracellular signal-regulated kinase; GEN: genis-
tein; JNK: c-Jun N-terminal kinase; MAPK: mitogen-activated protein kinases; NP: nonylphenol; 4-OHT: 4-hydroxytamoxifene; PCB:
polychlorobiphenyls; Ral: raloxifene; RES: resveratrol.

the concentrations used were generally 10-
to 1000-fold higher than those observed in
environmental samples (Table 1). These stud-
ies, however, led to an understanding of sev-
eral general molecular mechanisms underlying
EDC actions on the viability and differentiation
of neuronal cells: (i) a direct ER-independent
mechanism, with or without adverse-mediated
drugs, and (ii) an ER-dependent mechanism
(Figures 3 and 4). In these two modes of action,
possible cross-talk between ER-dependent and
ER-independent effects of EDC is poorly docu-
mented. The general molecular mechanisms by
which cell viability and differentiation are influ-
enced by EDC are described in the following
sections.

EFFECTS OF EDCS ON APOPTOSIS AND
VIABILITY OF NEURONAL CELLS

Effects of EDC were initially evaluated for
their capacity to induce or protect against
cell death and apoptosis. In this way, EDC
mainly target the cytoplasmic pathways in an
ER-independent manner, especially ERK, JNK,
and MAPK signalization cascades (Figure 3).
In PC12 cells, dichlorodiphenyltrichloroethane
(DDT) promoted apoptosis by activating MAPK
and Elk-1 (Shinomiya and Shinomiya 2003).
Similarly, BPA, NP, or polychlorobiphenyls (PCB)
enhanced apoptosis by targeting the phospho-
rylation of ERK and activation of caspase 3 in
PC12 and neuroblastoma cell lines (Kudo et al.
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314 D. HABAUZIT ET AL.

FIGURE 4. Mechanisms of EDC action in context of brain dif-
ferentiation. In ER-independent manner, estrogenic compounds
induce or inhibit differentiation. In ER-positive cells, ER inhibits
the cell line differentiation. Nevertheless, differentiation could
be restored by estrogenic stimulation. Estrogenic treatment
activates either direct genomic or nongenomic (membrane-
initiated) action of ER that promotes cell differentiation (see also
text for references). ARG1: arginase 1; B[a]P: benzo[a]pyrene;
BPA: bisphenol A; DAID: daidzein; DES: diethylstilbestrol; E2:
17 β-estradiol; ER: estrogen receptor; GEN: genistein; MAP2:
microtubule-associated protein 2; NP: nonylphenol; 4-OHT:
4-hydroxytamoxifene; PCB: polychlorobiphenyls; PKC: protein
kinase C; Ral: raloxifene.

2004; Kusunoki et al. 2008; Lee et al. 2007;
Negishi et al. 2003; Park et al. 2010; Shimokawa
et al. 2006) (Figure 3). The roles of Ca2+ and
Na+ ion channels were clearly identified in
the EDC-induced activation of JNK and ERK
(Kusunoki et al. 2008; Shimokawa et al. 2006).
Hence, an inhibitor of voltage-gated Ca2+ chan-
nels, nimodipine, decreased activation of JNK
by PCB. However, an inhibitor of Na+ ion chan-
nels, tetrodotoxin, totally abolished the effects
of PCB on JNK activation and cell apoptosis.
Evidence indicated that PCB-induced apopto-
sis is essentially mediated by an Na+-dependent
mechanism (Tofighi et al. 2010).

On the other hand, EDC were also
reported to protect neuronal cells injured
by some promoters of apoptosis, like H2O2,

glutamate, or amyloid beta peptides (Figure 3).
These EDC-induced antiapoptotic effects also
relied upon an ER-independent mechanism.
Thus, a high concentration of E2, anti-estrogen
4-OHT (Gursoy et al. 2002), or phytoestrogens
(genistein and resveratrol) or a low concentra-
tion of BPA (Gursoy et al. 2001) inhibited apop-
tosis through anti-oxidant activity in several cell
lines like HT22, PC12, and neuroblastoma SK
(Gagne et al. 2003; George et al. 2010; Kang
et al. 2009; Ma et al. 2010b; Wang et al.
2006). Phytoestrogens genistein and resvera-
trol inhibited JNK activation (Kang et al. 2009;
Ma et al. 2010b) and activated mitochondrial
superoxide dismutase (SOD2) by a mecha-
nism involving PI3K/Akt and GSK-3beta/beta-
catenin signaling pathways in HT22 cell lines
(Fukui et al. 2010). Genistein promoted the
expression of the antiapoptotic protein Bcl-2
(George et al. 2010).

Besides ER-independent mechanisms, some
protective effects of EDC were clearly demon-
strated to rely on ER-dependent mechanisms.
Hence, diethylstilbesterol (DES) or raloxifene,
similar to E2, protected PC12 cells from apop-
tosis by activating ion channel Ca2+ and the
PI3K/AKT cascades through a membrane ER
pathway (Alexaki et al. 2004; 2006; Du et al.
2004). Further, activation of these cascades
also enhanced the telomerase catalytic sub-
unit (TERT) (Du et al. 2004; Koh et al. 2006;
Wang et al. 2006; Won et al. 2006) and NOS
activity (Alexaki et al. 2004). Nevertheless, the
ER-dependent effects of EDC on apoptosis and
survival remain poorly documented (Figure 3).
Finally, future challenges in the understanding
of EDC disturbance need to determine a global
evaluation of EDC effects on ER-positive and
ER-negative neuronal cell lines by exploring
membrane-initiated mechanisms and genomic
mechanisms that are implicated in apoptosis
and survival of neuronal cells.

EFFECTS OF EDC ON NEURONAL
DIFFERENTIATION

EDC may exert positive or negative effects
on differentiation, either by inhibiting or
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promoting neuritogenesis. As summarized in
Figure 4, these effects depend on the chem-
ical nature of the EDC, the cell model,
and the presence of ER subtypes. Using an
ER-independent mechanism, dibutyl phthalate
(DBP), NP, and BPA were noted to interact
with microtubule-associated protein 2 (MAP2)
in hippocampal neurons. Since MAP2 protein
promotes the assembly and stability of micro-
tubules and is involved in the extension of
dentritic tree (Matsunaga et al. 2010), interac-
tion between EDC and MAP2 may influence
neurite outgrowth. Another novel method of
EDC action recently evidenced as a growth fac-
tor of cerebellar neurons is arginase 1 (Arg1),
a rate-limiting step for polyamine synthesis.
Since polyamine confers resistance of neurons
to myelin inhibition, promotes nerve regenera-
tion in vivo, and protects motor neurons from
trophic factor deprivation-induced apoptosis,
that might explain the neuritogenic effect of
the phytoestrogen daidzein mediated by ER-,
CREB-, and cAMP-independent mechanisms
(Ma et al. 2010a). ER-independent effects of
EDC were also described in PC12 cell lines.
The phytoestrogen genistein and plastic deriva-
tive NP inhibited NGF-induced neurite out-
growth by decreasing respectively PKC and
PKA (Bouron et al. 1999; Lu et al. 2009;
Wooten et al. 1998). In contrast to results
obtained by Bouron et al. (1999), our anal-
ysis showed that a 10−8 M concentration of
genistein did not modify neuritogenesis in ER-
negative PC12 cells but increased neuritoge-
nesis, similar to E2, in ER-positive PC12 cells
(Figure 5). This controversial result may be due
to the concentration of genistein used in these
experiments. Our studies employed a concen-
tration of 10−8 M genistein whereas Bouron
and collaborators (1999) used 2 × 10−4 M.

MAPK/ERK and PI3K/Akt pathways do not
seem to be involved in inhibiting effects of NP,
even if these two pathways are involved in
PC12 differentiation. Some other publications
reported that EDC, like BPA (Lee et al. 2007) and
phthalate (B[a]P) (Radio et al. 2008), affected
PC12 differentiation, but without detailing ER
dependence or independence of the mecha-
nisms (Slotkin and Seidler 2009a; 2009b).

FIGURE 5. Genistein increases the NGF-induced neurite out-
growth, using an ER-dependent mechanism. PC12 clones stably
expressing or not ERα were treated during 2 d with NGF (5 ng/ml)
in the presence or not of 1 nM E2 or 10 nM of genistein (GEN).
Neurite outgrowth was then quantified as follows: Cells were
scored as cells bearing neurites/undifferentiated cells and results
were expressed for each clone relative to the level obtained in
cells treated with NGF alone. Cells bearing neurites are cells hav-
ing at least a neurite whose length was greater than one cell body.
Data are the mean ± SEM of 50–60 fields in light microscopy.
Asterisks indicate significant effect of E2 or GEN for each clone
(∗∗∗p < .001 (AOV)), followed by a post hoc analysis of individual
group differences.

EDC also affect differentiation processes
using an ER-dependent mechanism. DES
or BPA increased spinogenesis in CA1-
hippocampal neurons by an ER-dependent
mechanism. Consequently, DES and BPA pro-
moted cell communication by activation of
the MAPK/ERK pathway and a rise in Ca2+
influx (Ogiue-Ikeda et al. 2008). However,
BPA was found to prevent neurite outgrowth
under E2 stimulation (Leranth et al. 2008). Kim
et al. (2007) demonstrated that BPA decreased
proliferation of neural progenitor cells associ-
ated with enhanced ROS, potentially affect-
ing neonatal brain development. Some EDC,
like raloxifene and tamoxifene, bind to both
ERα and ERβ with high affinity and possess
functional antagonistic/agonistic activity. Thus,
raloxifene (a benzothiophene derivative) pro-
duces antiestrogenic effects in vivo in breast
and uterus but also in brain as demonstrated by
delay of E2-induced peroxidase accumulation
in the rat brain with aging (Seifer et al. 1994).
In contrast, Nilsen et al. (1998) reported that
raloxifene exerted neurotrophic effects similar
to E2 in PC12 cells strongly expressing ERα.
Moreover, raloxifene did not block the neurite
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growth of simultaneously E2-treated PC12 cells
(Figure 4). Taken together, these results suggest
that ER may play a key role on differenti-
ation under EDC stimulation. Further, oppo-
site effects might occur depending upon ER
status and dose of compounds used. Future
approaches would contribute to understand-
ing the global EDC effects on brain, target-
ing both ER-dependent and ER-independent
mechanisms.

CONCLUSIONS AND PERSPECTIVES

The present study demonstrated that E2 is
a multifunctional molecule displaying molec-
ular and cellular effects. Some of them are
beneficial in the pathophysiological context of
brain ischemia or neurodegenerative patholo-
gies like Alzheimer’s disease or Parkinson’s dis-
ease by preventing in vitro apoptosis and/or
oxidative stress of various cell types, includ-
ing neurons and glial and endothelial cells. In
contrast, ERα expression is intimately associ-
ated with cancer, notably breast cancer, since
E2 promoted proliferative effects. Some of
the reported effects require classical transcrip-
tional “genomic” effects, while others effects
appear clearly “membrane-initiated effects.”
Although membrane-initiated actions of E2 are
mainly characterized by an effect on com-
ponents of signal transduction pathways, the
cellular response to these effects may ulti-
mately be a regulation of gene expression
(Levin 2005) (turning on transcription fac-
tors such as cAMP-responsive element bind-
ing protein).

The well-established existence of ligand-
independent mechanisms of ER, associated
with the possible physiological colocalization
and interaction of different isoforms (ERα, ERβ,
ERα partially lacking the AB domain), offers per-
spectives for future investigations. Therefore,
an alternative to a direct impact of unli-
ganded ERα on some targets of the NGF
signaling pathway is an ERα-mediated inhibi-
tion of NGF signaling through epigenetic reg-
ulations or changes in gene expression, with
these processes requiring longer periods. Taken
together, beneficial effects lead to considering

estrogens as attractive candidates in the treat-
ment of brain diseases. The A/B domain of ERα

and thus AF-1 is dispensable for the signaling,
leading to major peripheral vasculoprotective
effects of E2 (Billon-Gales et al. 2009) but also
resulting in some aspects of in vitro brain cell
differentiation/protection (Merot et al. 2005;
2009) and of in vitro breast cancer cells (Penot
et al. 2005). This might promote research
focusing especially on (1) the role of isoforms of
ERα and (2) mechanisms of action of estrogens,
especially EDC.

Concerning the second point, some EDC
may exert deleterious/beneficial effects on
brain cells, by promoting or inhibiting apop-
tosis or neuritogenesis, depending upon ER-
independent mechanisms. In this case, spe-
cial attention needs to be given to cross-
reactions with endogenous estrogen and possi-
ble long-term environmental “risk” for human
and wildlife, as some EDC act on cytoplas-
mic signaling pathways (ERK, JNK, or PKC)
similar to E2. Nevertheless, some EDC, like
genistein, may act using both ER-dependent
and ER-independent mechanisms, with the
final effect, deleterious or beneficial, depend-
ing upon the cell-specific ER status. Up to now,
EDC effects have been poorly documented on
ER-positive and on ER-negative brain cells. In
this way, future investigations would take ER
status into account. Other EDC might exert
deleterious/beneficial effects on brain cells,
depending only upon ER-dependent mecha-
nisms and their agonistic/antagonistic property.
Future investigations will need to character-
ize new selective estrogen receptor modulators
(SERM), capable of exerting specific beneficial
effects on brain or cardiovascular systems, and
to avoid adverse effects on other tissues like
proliferation of breast cells.
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