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This  review  analyzes  the  signaling  mechanisms  activated  by  estradiol  to regulate  neuritogenesis  in  sev-
eral neuronal  populations.  Estradiol  regulates  axogenesis  by the  activation  of  the mitogen  activated
protein  kinase  (MAPK)  cascade  through  estrogen  receptor  �  located  in the  plasma  membrane.  In  addi-
tion, estradiol  regulates  MAPK  signaling  via  the  activation  of protein  kinase  C  and  by  increasing  the
expression  of  brain  derived  neurotrophic  factor  and  tyrosine  kinase  receptor  B.  Estradiol  also  interacts
with  the  signaling  of insulin-like  growth  factor-I  receptor  through  estrogen  receptor  �, modulating  the
phosphoinositide-3  kinase  signaling  pathway,  which  contributes  to  the  stabilization  of microtubules.
rain derived neurotrophic factor
strogen receptors
-protein-coupled-receptor 30

nsulin-like growth factor-I
itogen activated protein kinase
eurogenin 3
hosphoinositide-3 kinase

Finally,  estradiol  modulates  dendritogenesis  by  the  inhibition  of Notch  signaling,  by a  mechanism  that,
at least  in  hippocampal  neurons,  is  mediated  by  G-protein  coupled  receptor  30.

This  article  is  part  of a  Special  Issue  entitled  ‘Neurosteroids’.
© 2011 Elsevier Ltd. All rights reserved.
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. Introduction estradiol have been well characterized in the hypothalamus [1–4],
Estradiol regulates the differentiation of neurons and glial
ells in the central nervous system. The developmental actions of

Abbreviations: BDNF, brain-derived neurotrophic factor; CREB, cAMP-response
lement-binding protein; ER, estrogen receptor; ERE, estrogen responsive element;
RK, extracellular signal-regulated kinases; GPR30, G-protein-coupled-receptor 30;
SK3�, glycogen synthase kinase 3; IGF-I, insulin-like growth factor-I; MAPK, mito-
en activated protein kinase; Ngn3, neurogenin 3; PI3K, phosphoinositide-3 kinase;
KC, protein kinase C; TrkB, tyrosine kinase receptor B.
∗ Corresponding author at: Instituto Cajal, CSIC, Avenida Doctor Arce 37, E-28002
adrid, Spain. Tel.: +34 915854729; fax: +34 915854754.

E-mail address: lmgs@cajal.csic.es (L.M. Garcia-Segura).

960-0760/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2011.09.004
where the hormone generates sex differences in neuronal circuits
controlling neuroendocrine events, feeding, growth and reproduc-
tion. However, the regulation of neuronal development by estradiol
is not restricted to the hypothalamus, since it has also been detected
in other brain regions such as the midbrain [5] the cerebellum [6,7],
the hippocampus [8] and the neocortex [9].  Estradiol also affects
axonal growth in primary sensory neurons in the dorsal root ganglia
[10]. These developmental actions of estradiol do not always cor-
respond to a hormonal effect, since estradiol locally synthesized by

neurons or astrocytes also participates in the regulation of neuronal
development by paracrine or autocrine mechanisms [9,11–15].

In addition to regulate the survival of developing neurons, estra-
diol regulates at least other four aspects of neuronal development:

dx.doi.org/10.1016/j.jsbmb.2011.09.004
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:lmgs@cajal.csic.es
dx.doi.org/10.1016/j.jsbmb.2011.09.004
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i) the growth of axons; (ii) the growth of dendrites; (iii) the
rowth of dendritic spines and (iv) the formation of synapses. Dif-
erent mechanisms may  be implicated in each one of these four
evelopmental actions of estradiol and it is also possible that the
echanisms differ depending on the neuronal type or the brain

egion considered.
Estradiol may  potentially affect neuronal differentiation by a

ariety of integrated and convergent mechanisms. These may
nvolve classical estrogen receptors (ERs), which include nuclear-
nitiated ER signaling and membrane/cytoplasm-initiated ER
ignaling. The nuclear-initiated ER signaling by classical ERs (ER�
nd ER�)  is the best characterized mode of action of estra-
iol and involves transcriptional actions at estrogen responsive
lement (ERE) sequences in the genome [16]. In addition, clas-
ical ERs may  act as transcriptional partners at non-ERE sites,
uch as AP-1 sites, interacting with other DNA-binding elements
17]. Membrane/cytoplasm-initiated ER signaling involves the
nteraction of classical ERs in the membrane or the cytoplasm

ith G-proteins, glutamate receptors, signaling kinases and phos-
hatases [18–21] as well as actions on the mitochondria [21].
inally, estradiol may  signal through ER-dependent mechanisms
y non-classical ERs, such as those mediated by G-protein-coupled-
eceptor 30 (GPR30), a putative membrane ER [22–24].

The implication and interaction of these potential mechanisms
n the developmental effects of estradiol on neurons are still not
ell understood. In this review, we will focus on recent advances

n the understanding of the mechanisms involved in the regulation
f neuritogenesis (axogenesis and dendritogenesis) by estradiol.

. The mitogen activated protein kinase (MAPK) cascade
lays a central role in the neuritogenic actions of estradiol

Estradiol is known to increase ERK phosphorylation in devel-
ping neurons. Toran-Allerand and her collaborators [25] showed
hat estradiol phosphorylates c-Src in explants form postnatal mice
erebral cortex. The phosphorylation of c-Src in cortical explants is
ssociated with the phosphorylation of Shc in tyrosine and with
n increased association of Shc with Grb2 and the induction of Ras
ctivation. Since Ras is the initial signaling kinase of the MAPK cas-
ade, estradiol may  activate ERK signaling via the phosphorylation
f c-Src.

These findings suggest that estradiol may  regulate neural devel-
pment by the activation of c-Src/Ras/ERK signaling (Fig. 1). Indeed,
irect evidence of the involvement of ERK on neuritogenesis was
btained by Dominguez et al. [26] on cholinergic neurons from the
asal forebrain in culture and by Carrer and collaborators [27,28]

n primary hypothalamic neurons. More recently, the involvement
f c-Src/Ras/ERK signaling pathway on the neuritogenic effects of
stradiol has been demonstrated in cerebellar granule cell cul-
ures [29]. The activation of ERK signaling by estradiol in primary
erebellar granule cells, primary hypothalamic neurons, primary
ippocampal neurons and in dorsal root ganglion neurons in cul-
ure is associated with the activation of the transcription factor
AMP-response element-binding protein (CREB) [29–32].  There is
lso evidence that an increase in intracellular Ca++ concentration
articipates in the regulation of c-Src/Ras/ERK cascade and in the
ctivation of CREB in hippocampal and hypothalamic neurons by
stradiol [30,31]. Furthermore, activation of protein kinase C by
stradiol is also involved in the activation of ERK in hypothalamic
eurons [31].

. Interaction of estradiol with BDNF signaling in the

egulation of neuritogenesis

In the previous section we have seen that estradiol promotes
euritogenesis through the regulation of the MAPK cascade. Other
ry & Molecular Biology 131 (2012) 52– 56 53

factors that regulate neuritogenesis, such as brain derived neu-
rotrophic factor (BDNF) and insulin-like growth factor-I (IGF-I) also
activate MAPK and may  therefore interact with estradiol on devel-
oping neurons (Fig. 1).

Estradiol is known to interact with BDNF in the nervous system
[33–35]. BDNF regulates neuronal development and may  therefore
participate in the developmental actions of estradiol on neurons.
For instance, estradiol increases the expression of BDNF in the
developing cerebellum and this may participate in the estrogenic
effects on dendritogenesis, spinogenesis and synaptogenesis of
Purkinje neurons [13]. Estradiol also promotes synaptogenesis in
the hippocampus by increasing BDNF release by granule cells of the
dentate gyrus [36]. Furthermore, estradiol increases the expression
of tyrosine kinase receptor B (TrkB) in male-derived hypothalamic
neurons in culture [37] and an antisense oligonucleotide against
TrkB prevents the axogenic action of estradiol in these cells [27,38].
Therefore, estradiol may  regulate neuronal development by mod-
ulating the levels of both BDNF and its receptor TrkB. Since TrkB,
in turn, regulates the activity of MAPK signaling cascade, BDNF and
estradiol may  potentially interact in the regulation of neuritogene-
sis at the level of MAPK signaling. However, this possibility remains
unexplored.

4. Interaction of estradiol with insulin/IGF-I signaling in
the regulation of neuritogenesis

IGF-I, which is highly expressed in the developing CNS, is one
of the factors that regulate neuritogenesis [39–42]. IGF-I signals
through the IGF-I receptor, a tyrosine kinase receptor that acti-
vates the MAPK and the phosphoinositide-3 kinase (PI3K) cascades.
Both signaling pathways, which are also regulated by estradiol [43],
participate in the neuritogenic actions of IGF-I [39–41].

Both estradiol and IGF-I regulate the dendritic arbour of embry-
onic hypothalamic neurons in culture. The dendritogenic action of
IGF-I on hypothalamic neurons is blocked when the cultures are
incubated with antisense oligonucleotides that block ER� expres-
sion or when the cultures are incubated with an ER� antagonist
(ICI 182,780) that block ER� mediated transcription. In turn, the
dendritogenic action of estradiol is blocked when the cultures
are incubated with an antisense oligonucleotide that blocks IGF-
I synthesis [44]. A similar interaction between estradiol and IGF-I
has been detected in PC12 cells. The ER receptor antagonist ICI
182,780 blocks the neuritogenic effect of IGF-I on PC12 cells and
the IGF-I receptor antagonist JB1 blocks the neuritogenic effect
of estradiol on PC12 cells [45]. Furthermore, estradiol induces an
increase in axonal growth and in the expression of IGF-I recep-
tors in ventromedial hypothalamic neurons from male rats, when
neurons are cultured in the presence of conditioned media from
glial cells removed from the target region. In contrast, estradiol
does not affect the expression of IGF-I receptors and axonal growth
when neurons are not incubated with conditioned media from glial
cells [37]. All these findings suggest that estradiol interacts with
IGF-I receptor signaling to induce neuritogenesis and that factors
released by glia may  regulate this interaction.

5. Interaction of estradiol with Notch signaling in the
regulation of neuritogenesis

Notch signaling, which is activated by Notch receptor ligands
Delta and Jagged, regulates neurogenesis and neuronal differen-
tiation in vertebrates [46]. Activation of Notch inhibits neurite

outgrowth, while the inhibition of notch signaling promotes neu-
rite extension [47–49].  Notch signaling inhibits the expression
of neurogenin 3 (Ngn3) a proneural gene that is involved in
the control of dendrite morphology and synaptic connectivity of



54 M.A. Arevalo et al. / Journal of Steroid Biochemistry & Molecular Biology 131 (2012) 52– 56

Fig. 1. Schematic representation of the signaling pathways involved in the regulation of neuritogenesis by estradiol. Activation of ERK signaling by estradiol (triangle), via
ER�  located in the plasma membrane, plays a central role in the neuritogenic actions of the hormone (1). Regulation of intracellular Ca++ concentration by estradiol, via
the  activation of PKC, contributes to the regulation of neuritogenesis, through the MAPK pathway (2). Signaling elicited by TrkB (3) and IGF-I receptor (IGF-1R) (4) may
interact with estradiol in the regulation of ERK signaling and neuritoegenesis. ER� also interacts with IGF-I receptor (5) and with components of the PI3K signaling pathway,
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ontributing to the stabilization of microtubules. Actions of estradiol on GPR30 may
hat  remain unknown. Classical genomic actions of estradiol (7) via the activation
endritogenesis and axogenesis.

ippocampal neurons [49–51].  Recent studies have shown that
stradiol inhibits Notch signaling in developing hippocampal neu-
ons [52,53],  increasing the expression of Ngn3 and the growth
f dendrites [53]. In addition, the downregulation of Ngn3 with
pecific siRNAs blocks the neuritogenic action of estradiol [53].
herefore, these findings indicate that estradiol regulates dendri-
ogenesis in developing hippocampal neurons by the modulation
f Notch signaling (Fig. 1).

. How neuritogenic estradiol signaling is initiated?

Although the studies previously mentioned clearly indicate that
stradiol regulates neuritogenesis in several neuronal types trough
he activation of c-Src/Ras/ERK/CREB signaling and by interaction
ith BDNF, IGF-I and Notch signaling, a still unresolved question

s the role of ERs in the initiation of this mechanism. In corti-
al explants, the mechanism of activation of Src/Ras/ERK/CREB by
stradiol seems to be independent of ER�,  since estradiol elicits
he phosphorylation of c-Src from both ER�KO and wild type mice
25]. However, a recent study has shown that estradiol induces
he recruitment of beta-arrestin-1, a G-protein-coupled receptor
daptor protein and c-Src to ER� in cortical neuronal cultures [54],
uggesting that ER� may  be involved in the activation of c-Src.
n addition, the neuritogenic effect of estradiol in hypothalamic
nd midbrain neurons is imitated by a membrane impermeable
stradiol construct (E2-BSA), supporting the possible implication
f a membrane-associated ER in ERK activation and neuritogenesis
5,27,28]. Indeed, ER� has been localized in the plasma membrane

f embryonic hypothalamic neurons and an ER� agonist activates
RK in these neurons [55]. ER� localized in the plasma membrane
as also been proposed to participate in the activation of ERK and

n the induction of neuritogenesis in cerebellar granule cells [29].
ontribute to neuritogenesis by the inhibition of Notch signaling (6) by mechanisms
 mediated transcription at ERE sites in the genome probably contribute as well to

The interaction of estradiol and IGF-I on neuritogenesis may  also
be mediated by ER� (Fig. 1), which interacts with IGF-I receptor
in different cell types including neurons [20,43].  ER� also interacts
with other components of the insulin/IGF-I receptor signaling, such
as insulin receptor substrate-1, PI3K, Akt, glycogen synthase kinase
(GSK) 3� and �-catenin [43,56,57].  ER�,  via this signaling pathway
[56] inhibits the activity of GSK3� in neural cells [56–59] and this
may  be involved in the neuritogenic action of the hormone, since
GSK3� is crucial for neuronal polarization and axonal growth [60].
On the other hand, recent findings indicate that G1, an agonist of
GPR30, which is known to regulate microtubule stability [61], imi-
tates the effect of estradiol on developing hippocampal neurons,
promoting dendritogenesis by the inhibition of Notch signaling
[53]. This suggests that estradiol may  in part regulate neuritoge-
nesis acting on GPR30 or on other G1 targets (Fig. 1).

7. Concluding remarks and future perspectives

Knowledge about cellular and molecular mechanisms that par-
ticipate in the neuritogenic actions of estradiol have significantly
advanced over the past decade. Far from being simple, these
mechanisms involve multiple signaling cascades that are acti-
vated through classical and non-classical ERs, depending on the
neuronal type and the brain region considered. Moreover, the exis-
tence of cross-talk with neurotrophic factors and their receptors
increase the complexity of interactions by estradiol in the brain
during different development stages. We  have reviewed here the
best characterized signaling pathways and extracellular factors

involved in the regulation of neuritogenesis by estradiol. How-
ever, it is important to consider that other endocrine, paracrine
and autocrine factors may  interact with the hormone to coordi-
nate neuritogenesis. Thus, extracellular signals such as nitric oxide,
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polipoprotein E and angiotensin II are involved in the neuritogenic
ctions of the hormone in some neuronal types [62–64].  Probably,
uture studies will clarify the interaction of estradiol with the sig-
aling mechanisms of other major modulators of neuritogenesis
nder physiological and pathological conditions. Additional stud-

es will be also necessary to assign specific functions to the proteins
nd signaling pathways involved in neuronal outgrowth. Because
icrotubule assembly and membrane expansion are the two  key

vents involved in neurite elongation, it is necessary to evaluate
ow the estradiol-activated cascades affect cytoskeletal and mem-
rane dynamics in growing dendrites and axons. In this regard, the
ecent identification of signaling cascades linking ER�,  via WAVE 1
nd moesin, to actin remodeling and branching during the forma-
ion of dendritic spines [65] may  be also relevant to understand the
ctions of the hormone on axonal and dendritic growth cones.
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[7] A. Miñano, X. Xifró, V. Pérez, B. Barneda-Zahonero, C.A. Saura, J. Rodríguez-
Alvarez, Estradiol facilitates neurite maintenance by a Src/Ras/ERK signalling
pathway, Mol. Cell. Neurosci. 39 (2008) 143–151.

[8] R.A. Bender, L. Zhou, W.  Wilkars, L. Fester, J.S. Lanowski, D. Paysen, A. König,
G.M. Rune, Roles of 17�-estradiol involve regulation of reelin expression
and synaptogenesis in the dentate gyrus, Cereb. Cortex 20 (2010) 2985–
2995.

[9] R. Hu, W.Q. Cai, X.G. Wu,  Z. Yang, Astrocyte-derived estrogen enhances synapse
formation and synaptic transmission between cultured neonatal rat cortical
neurons, Neuroscience 144 (2007) 1229–1240.

10] A.D. Blacklock, M.S. Johnson, D. Krizsan-Agbas, P.G. Smith, Estrogen increases
sensory nociceptor neuritogenesis in vitro by a direct, nerve growth factor-
independent mechanism, Eur. J. Neurosci. 21 (2005) 2320–2328.

11] O. Kretz, L. Fester, U. Wehrenberg, L. Zhou, S. Brauckmann, S. Zhao, J. Prange-
Kiel, T. Naumann, H. Jarry, M.  Frotscher, G.M. Rune, Hippocampal synapses
depend on hippocampal estrogen synthesis, J. Neurosci. 24 (2004) 5913–5921.

12]  C. von Schassen, L. Fester, J. Prange-Kiel, C. Lohse, C. Huber, M.  Böttner, G.M.
Rune, Oestrogen synthesis in the hippocampus: role in axon outgrowth, J. Neu-
roendocrinol. 18 (2006) 847–856.

13] K. Sasahara, H. Shikimi, S. Haraguchi, H. Sakamoto, S. Honda, N. Harada, K. Tsut-
sui,  Mode of action and functional significance of estrogen-inducing dendritic
growth, spinogenesis, and synaptogenesis in the developing Purkinje cell, J.
Neurosci. 27 (2007) 7408–7417.

14] J. Prange-Kiel, H. Jarry, M.  Schoen, P. Kohlmann, C. Lohse, L. Zhou, G.M. Rune,
Gonadotropin-releasing hormone regulates spine density via its regulatory role
in  hippocampal estrogen synthesis, J. Cell. Biol. 180 (2008) 417–426.

15] L. Fester, L. Zhou, A. Bütow, C. Huber, R. von Lossow, J. Prange-Kiel, H. Jarry,
G.M. Rune, Cholesterol-promoted synaptogenesis requires the conversion of
cholesterol to estradiol in the hippocampus, Hippocampus 19 (2009) 692–705.

16] C.J. Gruber, D.M. Gruber, I.M. Grube, F. Wieser, J.C. Huber, Anatomy of the
estrogen response element, Trends Endocrinol. Metab. 15 (2004) 73–78.

17] P.J. Kushner, D.A. Agard, G.L. Greene, T.S. Scanlan, A.K. Shiau, R.M. Uht, P. Webb,
Estrogen receptor pathways to AP-1, J. Steroid Biochem. Mol. Biol. 74 (2000)
311–317.

18] M.J. Kelly, O.K. Rønnekleiv, Control of CNS neuronal excitability by estrogens
via  membrane-initiated signaling, Mol. Cell. Endocrinol. 308 (2009) 17–25.

19] P. Micevych, R. Dominguez, Membrane estradiol signaling in the brain, Front.
Neuroendocrinol. 30 (2009) 315–327.

20] R. Marin, M. Díaz, R. Alonso, A. Sanz, M.A. Arévalo, L.M. Garcia-Segura, Role
of  estrogen receptor alpha in membrane-initiated signaling in neural cells:
interaction with IGF-1 receptor, J. Steroid Biochem. Mol. Biol. 114 (2009) 2–7.

21] J.W. Simpkins, K.D. Yi, S.H. Yang, Role of protein phosphatases and mitochondria

in  the neuroprotective effects of estrogens, Front. Neuroendocrinol. 30 (2009)
93–105.

22] E. Terasawa, S.D. Noel, K.L. Keen, Rapid action of oestrogen in luteinising
hormone-releasing hormone neurones: the role of GPR30, J. Neuroendocrinol.
21  (2009) 316–321.

[

ry & Molecular Biology 131 (2012) 52– 56 55

23] B. Zhang, S. Subramanian, S. Dziennis, J. Jia, M. Uchida, K. Akiyoshi, E. Migliati,
A.D. Lewis, A.A. Vandenbark, H. Offner, P.D. Hurn, Estradiol and G1 reduce
infarct size and improve immunosuppression after experimental stroke, J.
Immunol. 184 (2010) 4087–4094.

24] D. Lebesgue, M.  Traub, M.  De Butte-Smith, C. Chen, R.S. Zukin, M.J. Kelly, A.M.
Etgen, Acute administration of non-classical estrogen receptor agonists atten-
uates ischemia-induced hippocampal neuron loss in middle-aged female rats,
PLoS One 5 (2010) e8642.

25] I.S. Nethrapalli, M.  Singh, X. Guan, Q.F. Guo, D.B. Lubahn, K.S. Korach, C.D. Toran-
Allerand, Estradiol (E2) elicits Src phosphorylation in the mouse neocortex: the
initial event in E2 activation of the MAPK cascade? Endocrinology 142 (2001)
5145–5148.

26] R. Dominguez, C. Jalali, S. de Lacalle, Morphological effects of estrogen
on  cholinergic neurons in vitro involves activation of extracellular signal-
regulated kinases, J. Neurosci. 24 (2004) 982–990.

27] H.F. Carrer, M.J. Cambiasso, V. Brito, S. Gorosito, Neurotrophic factors and estra-
diol interact to control axogenic growth in hypothalamic neurons, Ann. N. Y.
Acad. Sci. 1007 (2003) 306–316.

28] H.F. Carrer, M.J. Cambiasso, S. Gorosito, Effects of estrogen on neuronal
growth and differentiation, J. Steroid Biochem. Mol. Biol. 93 (2005) 319–
323.
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