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Estrogens are important regulators of neuronal cell morphology, and this is thought to be critical
for gender-specific differences in brain function and dysfunction. Dendritic spine formation is
dependent on actin remodeling by the WASP-family verprolin homologous (WAVE1) protein,
which controls actin polymerization through the actin-related protein (Arp)-2/3 complex. Emerg-
ing evidence indicates that estrogens are effective regulators of the actin cytoskeleton in various
cell types via rapid, extranuclear signaling mechanisms. We here show that 17B-estradiol (E2)
administration to rat cortical neurons leads to phosphorylation of WAVE1 on the serine residues
310, 397, and 441 and to WAVE1 redistribution toward the cell membrane at sites of dendritic
spine formation. WAVE1 phosphorylation is found to be triggered by a Ga;/GB protein-depen-
dent, rapid extranuclear signaling of estrogen receptor « to ¢-Src and to the small GTPase Rac1.
Rac1 recruits the cyclin-dependent kinase (Cdk5) that directly phosphorylates WAVE1 on the three
serine residues. After WAVE1 phosphorylation by E2, the Arp-2/3 complex concentrates at sites of
spine formation, where it triggers the local reorganization of actin fibers. In parallel, E2 recruits a
Ga,3-dependent pathway to RhoA and ROCK-2, leading to activation of actin remodeling via the
actin-binding protein, moesin. Silencing of WAVE1 or of moesin abrogates the increase in den-
dritic spines induced by E2 in cortical neurons. In conclusion, our findings indicate that the control
of actin polymerization and branching via moesin or WAVE1 is a key function of estrogen receptor
ain neurons, which may be particularly relevant for the regulation of dendritic spines. (Molecular
Endocrinology 23: 1193-1202, 2009)

he brain is an important target of sex steroids, which play
multiple regulatory roles at this level (1). One of the most
intriguing actions of these hormones is the control of brain
plasticity, which is critical for memory, learning, and cognition
(2). Clinical studies suggest that the lack of estrogens, such as
after the menopause, may be related to the progression of de-
generative diseases, like Alzheimer’s dementia or Parkinson’s
disease (3), and the hypothesis that estrogen administration to
postmenopausal women might decrease the progression of these
conditions is lingering (4).
At the basis of brain plasticity is the ability of neurons and
glial cells to remodel their mutual connections, which requires
major architectural changes of the cytoskeleton and cell mem-
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brane (5). These morphological modifications depend on the
generation of dynamic structural modifications of the cytoskel-
eton, via actin polymerization and depolymerization, and on the
development of protrusive membrane structures, such as lamel-
lipodia and filopodia. These structures are critical in the gener-
ation of cell-cell interconnections and represent the starting
platform for cytokinesis, adhesion, and motility (6).

Recent findings indicate that sex steroid hormones are funda-
mental regulators of cell morphology and motility in human cells
and that many of these actions are played via rapid signaling to the
actin cytoskeleton achieved via the recruitment of actin-binding
proteins, including the Ezrin/Radixin/Moesin (ERM) protein moe-
sin (7-9). In these cells, estrogen or progesterone exposure leads to

Abbreviations: Arp, Actin-related protein; Cdk5, cyclin-dependent kinase; DPN, 2,3-bis(4-
hydroxyphenil)-propionitrile; E2, 17p-estradiol; ERe, estrogen receptor «; IP, immunopre-
cipitate; PON, phosphorothioate oligonucleotide; PPT, 4,49,40-(4 propyl-[1H]-pyrazole-
1,3,5-triyl); PTX, pertussis toxin; siRNA, small interfering RNA.
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rapid modifications of the interaction with the surrounding envi-
ronment and nearby cells (7-9). The control of cell morphology is
also enacted by estrogens in the central nervous system, where
changes in neuron/neuron interconnections and dendritic spine
density ensue related to the cyclical changes in estrogen levels (10).

Between the many regulators of the actin cytoskeleton, the
WASP-family verprolin homologous (WAVE) family proteins,
neural WASP, WAVE1, and WAVE3 are important in brain
cells, where they link extracellular stimuli to actin reorganiza-
tion (11).

WAVET acts as a scaffolding protein that relays signals from
small GTPases to the actin-related protein (Arp)-2/3 complex
that is responsible for the branching of actin filaments. Loss of
WAVE1 in vivo or in cultured neurons results in a decrease in
mature dendritic spines (12), suggesting that phosphorylation/
dephosphorylation of WAVET1 in neurons plays a role in the
formation of the filamentous actin cytoskeleton and thus in the
regulation of dendritic spine morphology.

The aim of the present study was to explore the molecular
basis of the action of estrogen on neuronal morphology. In
particular, we wished to identify whether these actions may
require the regulation of the actin cytoskeleton via WAVE1 or
moesin and to characterize the intracellular cascades that may
be recruited during this signaling.

Results

Estrogen induces rapid cytoskeletal and cell
membrane remodeling and dendritic spine formation
in cortical neurons

As a first step in identifying the effects of estrogen on neuronal
morphology, we studied the actions of a rapid estrogen exposure
on the actin cytoskeleton. Treatment with 17B-estradiol (E2, 10
nM) resulted in a rapid change in actin organization, with a remod-
eling of the actin cytoskeleton toward the cell membrane resulting
in a thickening of the membrane (Fig. 1, A~C). This phenomenon
was time dependent and transient, being maximal after 15-20 min
and reversing to baseline after 60 min (Fig. 1, A-C). In parallel, an
increased number of dendritic spines was found that followed the
same time course (Fig. 1, A and D).

Estrogen rapidly induces WAVE1 and
moesin phosphorylation

WAVET is regulated by phosphorylation on three serine res-
idues in the proline-rich domain (Ser®'®, Ser®*®”, and Ser**')
(12). Treatment with E2 (10 nm) rapidly increased the phos-
phorylation of WAVET on all three serine residues along a tem-
poral pattern that was consistent with that of actin remodeling
(Fig. 2, A and B). In parallel, E2 induced a dynamic phosphor-
ylation on Thr**® of the actin-binding protein moesin (Fig. 2C),
which is responsible for triggering actin remodeling toward the
membrane in endothelial and breast cancer cells (7-9).

Upon exposure to E2, WAVE1 was redistributed toward the
plasma membrane, in particular along the dendritic protrusions
(Fig. 2D), in parallel with actin and cell membrane remodeling (Fig.
2, E and F).

Estrogen Controls Neuronal Spines via WAVE1

Mol Endocrinol, August 2009, 23(8):1193-1202

To test whether actin remodeling by WAVE1 or moesin is
required for the estrogen-dependent membrane rearrangement
in neurons, we silenced WAVE1 with small interfering RNAs
(siRNAs) and moesin with antisense phosphorothioate oligonu-
cleotides (PONs). WAVET1 expression was significantly reduced
when neurons were transfected for 48 h with WAVE1 siRNAs
(supplemental Fig. A, published as supplemental data on The
Endocrine Society’s Journals Online web site at http://mend.
endojournals.org). In WAVET-silenced neurons, E2 failed to
induce actin reorganization (Fig. 2, G and H). Moesin silencing
resulted in lack of actin remodeling in response to E2, in the
absence of any modification of WAVET1 expression or localiza-
tion (Fig. 2, G and H). As control, transfection of a sense (inac-
tive) oligonucleotide for moesin had no effect on cytoskeletal
changes or WAVE1 expression during E2 administration (Fig.
2, G and H).

Estrogen regulates WAVE1 via estrogen receptor
o (ERa)

Phosphorylation of WAVE1 induced by E2 identified as a shift
in the gel migration was prevented by the pure ER antagonist ICI
182,780 (100 nm) (Fig. 3A). To identify which ER isoform medi-
ates the signaling of E2 to WAVE1, we used the preferential ER«
agonist 4,49,40-(4 propyl-[1H]-pyrazole-1,3,5-triyl) trisphenol
(PPT, 10 nMm) or the ERB agonist 2,3-bis(4-hydroxyphenil)-propi-
onitrile (DPN, 10 nm). WAVE1 phosphorylation was detected only
in the presence of E2 or PPT, suggesting that ERa supports the
signaling to WAVE1, whereas ER is not required (Fig. 3A). To
substantiate this observation, we silenced ER« in cortical neurons
with siRNAs. This resulted in a reduction of ERa expression, along
with a dramatic decrease in WAVE1 phosphorylation on all three
serine sites during exposure to estrogen (Fig. 3, B and C). This
happened in the absence of modifications of the expression of
WAVEL1 or ERB (Fig. 3B).

In agreement, remodeling of actin and cell membrane local-
ization of WAVE1 induced by E2 were prevented by ICI
182,780 and supported by the ERa agonist PPT but not by the
ERB-selective agonist DPN (supplemental Fig. B).

ERa signals to WAVE1 via a G protein/c-Src-
initiated cascade

To look for the cascades involved in the signaling of ERa to
WAVET in neurons, we used a variety of approaches to interfere
with E2 signaling to WAVE1. PD98059 (5 mm), which inhibits
the ERK1/2 MAPK, and wortmannin (30 nm), an inhibitor of
phosphatidylinositol-3 kinase, were unable to reduce the phos-
phorylation of WAVE1 by E2 (supplemental Fig. C).

WAVET1 phosphorylation was instead prevented by the G
protein inhibitor pertussis toxin (PTX, 100 ng/ml) and by the
inhibitor of ¢-Src, PP2 (0.2 um) (supplemental Fig. C), indicat-
ing that ERa recruits a G protein/c-Src cascade to WAVET.

Interaction of ERa with Ge; and G is required to E2
signaling to c-Src

Consistent with the previous results, E2 administration resulted
in ¢-Src phosphorylation in neurons (Fig. 4A). ¢-Src phosphoryla-
tion was prevented by PTX and by inactivating the G proteins Ge
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FIG. 1. E2 induces dendritic spine formation and dynamic actin remodeling in cortical neurons. A, Neuronal cells were treated for different times with E2 (10 nm).
Actin fibers were stained with phalloidin linked to Texas Red (red labeling), and nuclei were counterstained with 4',6-diamidino-2-phenylindole (blue labeling). The
insets show dendritic spines at higher magnification from the white boxes. The yellow boxes on the cells indicate a sample cellular area that is analyzed in the colored
graphs. In these graphs, the longitudinal axis represents the gray level, and the horizontal axis indicates pixels. Blue, red, and yellow areas indicate the extracellular,
plasma membrane, and cytoplasmic fractions, respectively. B and C, Mean intensity ratio of actin staining in the membrane/cytoplasm in the same experiment. The
results are derived from the sampling of five areas of the cell membrane of 40 different random cells. Areas of minimum and maximum cell membrane thickness were
always included. The results are expressed as the mean = s of the measurements. *, P < 0.05 vs. 0 min. D, Mean number (+sp) of dendritic protrusions per 10 um

dendrite length. *, P < 0.05 vs. 0 min. CON, Control.

and G with either a dominant-negative construct or with specific
siRNAs but not by inactivating Ga,; with a dominant-negative
construct (Fig. 4A). The interaction of ERa with Go; and GBy has
been recently reported in endothelial cells (13). With co-immuno-
precipitation experiments, we also find a ligand-induced interac-
tion of ERa with Ga;; and G, (Fig. 4, B and C). During E2-
induced binding of ERa with Gf3,, the interaction of Ga;; and GB,
is decreased (Fig. 4C). Consistent with our previous results in en-
dothelial and breast cancer cells (7-9), ERa is also able to interact
with Gay 5 in the presence of E2 (Fig. 4D).

c-Src is a transducer of signals from G proteins to small
GTPases (14), and WAVE is involved in actin reorganization
and in the formation of membrane ruffles induced by the
small GTPase Racl (15). We thus studied whether Racl is

recruited during the signaling of ERa to WAVET1. Indeed,
during treatment with E2, cortical neurons transfected with a
Rac1 dominant-negative construct did not show an enhanced
WAVET1 phosphorylation but actually displayed a slight de-
crease vs. baseline (Fig. 4E). Rac1 is recruited downstream of
c-Src, because the Racl dominant-negative construct does
not impair activation of ¢-Src by E2 (supplemental Fig. D).

Blockade of G proteins (with PTX), c-Src (with PP2), or
Rac1 (with the dominant-negative construct) all resulted in a
visible inhibition of WAVE1 membrane translocation and of
actin remodeling induced by E2 (supplemental Fig. E), indi-
cating that a signaling cascade involving G proteins, c-Src,
and Rac1 mediates the regulatory effects of E2 on WAVEL1 in
cortical neurons.
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FIG. 2. Estrogen activates actin remodeling in neurons via WAVE1T and moesin. A, Protein extracts from neuronal cells treated with 10 nm E2 for 0-120 min were
assayed with Western analysis for their overall content of WAVET, actin, or P-Ser>'°-, P-Ser®®’-, and P-Ser**'-WAVE1. B, Densitometric analysis of the P-WAVE1 bands
in A. C, Western analysis for wild-type and Thr>>8-P-moesin of neuronal protein extracts treated with E2 (10 nm) for 0—~60 min. D, Neuronal cells were treated for
different times with E2 (10 nm). Actin fibers were stained with phalloidin linked to Texas Red (red labeling), WAVE1 was stained with fluorescein isothiocyanate (green
labeling), and nuclei were counterstained with 4’,6-diamidino-2-phenylindole (blue labeling). E, Mean * sb thickness of the cell membrane and mean number =+ sp of
membrane-localized WAVE1, estimated as WAVE1 spots at the cell membrane per cell, indicated as the mean of the measurement of 40 different cells per condition. F,
Mean intensity ratio of actin staining in the membrane/cytoplasm in the same experiment. The results are derived from the sampling of five areas of the cell membrane
of 40 different random cells. Areas of minimum and maximum cell membrane thickness were always included. *, P < 0.05 vs. 0 min. G, Neuronal cells were
transfected with siRNA vs. WAVE1 or with antisense or sense PONs toward moesin for 48 h. WAVE1 expression and cellular localization status was checked by staining
for WAVE1 (fluorescein isothiocyanate). Actin fibers were stained with phalloidin-Texas Red, and nuclei were counterstained with 4’,6-diamidino-2-phenylindole. H,
Mean = sp thickness of the cell membrane as well as the intensity of actin staining in the cytoplasm and membrane in the same experiment. Technical details are as in
E and F. D and G, The white boxes on the cells indicate a sample cellular area that is analyzed in the colored graphs. In these graphs, the longitudinal axis represents
the gray level, and the horizontal axis indicates pixels. Blue, red, and yellow areas indicate the extracellular, plasma membrane, and cytoplasmic fractions, respectively.

CON, Control.

Estrogen signals to WAVE1 via cyclin-dependent

kinase 5 (Cdk5)

CdkS phosphorylates WAVE1 on the serine residues Ser>'°,
397 441 (12). To test the requirement of CdkS$ for
estrogen signaling in neuronal cells, we immunoprecipitated

Ser®”’, and Ser
CdkS5 and used the immunoprecipitates (IPs) to perform kinase
assays using dephosphorylated histone H1 as the target for
serine phosphorylation. E2 administration resulted in a rapid

increase in CdkS$ activity, which was sensitive to roscovitine (50
uM), a selective inhibitor of CdkS5 (Fig. SA). Cdk$ activation in
the presence of E2 was also prevented by the c¢-Src inhibitor
(PP2) as well as by transfection of a Rac1l dominant-negative
construct (Fig. 5B), overall suggesting that ERa recruitment of
¢-Src and Racl1 leads to CdkS$ activation.

Consistent with this hypothesis, WAVE1 phosphorylation
on the three Cdk$5 target sites induced by E2 was inhibited by
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FIG. 2. Continued

roscovitine (Fig. 5C). In addition, transfection of neurons with
three constructs encoding for WAVE1 with serine to alanine
mutations (12) deleting the Cdk5 serine phosphorylation sites
(Fig. 5D) resulted in decreased dendritic spine density, particu-
larly with the mutated Ser®'° construct (S310A-WAVE1) (Fig.
5,Eand F), confirming the hypothesis that E2 regulates WAVE1
and dendritic spine formation via CdkS3.

Differential signaling of ERa to moesin and WAVE1
in neurons

To confirm that ER« recruits different signaling avenues to
regulate moesin and WAVE1, we exposed neurons to E2 (10
nM) during the blockade of Ga;, GB, c-Src, Racl, and Cdk5
(involved in the signaling to WAVE1) or of Ga,;, RhoA, or
Rho-associated kinase (involved in signaling to moesin). West-
ern analysis of WAVE1 and moesin phosphorylation showed
that the blockade at any level of the c-Src/Rac1/Cdk5 cascade

results in impaired phosphorylation of WAVE1 but not of moe-
sin (Fig. 5G). Conversely, blockade of the Ga,;/RhoA/Rho-
associated kinase impairs moesin phosphorylation by E2 but
not WAVE1 phosphorylation (Fig. 5G). Blockade of Ga; or G
resulted in inhibition of both moesin and WAVE1 phosphory-
lation, suggesting that these two G proteins may be involved in
downstream signaling to these actin regulators via multiple
pathways.

Estrogen signaling to WAVE-1 results in Arp-2/3
membrane translocation

Actin nucleation by the Arp-2/3 complex is critical for the
rapid formation of an actin network at the leading edge of cells
(16). In response to Racl, the Arp-2/3 complex initiates the
formation of lamellipodia. WAVET1 acts as a scaffolding com-
plex relaying signals from small GTPases to the Arp-2/3 com-
plex (17).
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PWAVER . CoN: E coN & moesin in cortical neurons
WAVE! g n [ a8 Bl e e a——" - _ The formation of excitatory synaptic
Y0 T — S ———— ERS connections in neurite extensions is depen-
dent on the development of actin-rich den-
C 2 s VAVE! (e e - e dritic spines (18). Actin staining in cortical
> B3PS ps3qg neurons demonstrated a net enrichment in
" — T . = .. . . .
£ —ra dendritic spine density after treatment with
E 1 . L
= ERr e E2 (Fig. 7, A and B). Silencing of WAVE1
3 PS441 el e with siRNAs significantly decreased the
i number of spines induced by E2 (Fig. 7, A
ACTIN ey CEN e .
con = —CZ': m:: and B). As control, the transfection of a
a5

siRNA-resistant WAVE1 construct reversed

FIG. 3. Estrogen signals to WAVE1 via ERa. A, Cortical neurons were exposed for 20 min to 10 nm

E2 in the presence or absence of the pure ER antagonist ICI 182,780 (ICl; 100 nm) or with the ERa-
selective ligand PPT (10 nm) or the ERB-selective agonist DPN (10 nm). Total phosphorylation of
WAVE1 was assayed with Western analysis as a gel migration shift in the band. B, Cortical neurons
were transfected with siRNA vs. ERa (siRNA ERa) or with vehicle, and protein analysis for ERa, ERB,
actin, or wild-type (WAVE1) or P-Ser®'%-, P-Ser®7-, and P-Ser**'-WAVE1 was performed on cell

the effect of the siRNA (Fig. 7, A and B).
Moesin silencing with specific PONs also
prevented the increase in dendritic spines by
E2 (Fig. 7, A and B).

lysates after treatment for 20 min with 10 nm E2. C, The graph displays the quantitative analysis of
the intensity of the bands in B, obtained as number of photons measured by the ChemiDoc digital
imaging system and evaluated with the Quantity One Software (Bio-Rad, Hercules, CA). CON,

Control.

Cortical neurons treated with E2 displayed a membrane
translocation of Arp-2 that was time consistent with the phos-
phorylation of WAVE1 (Fig. 6, A and B). Blockade of ¢-Src with
PP2 or of Rac1 by transfection of a dominant-negative construct
or of Cdk$ with roscovitine blocked the estrogen-induced mem-
brane translocation of Arp-2, supporting the concept that estro-
gen signals to WAVE1 and Arp-2 through a c-Src/Rac1/CdkS
cascade.

Discussion

The control of cell morphology and of the
interaction of the cell with the extracellular environment re-
quires a number of regulators orchestrating the different cy-
toskeletal components and their interactions with the cell mem-
brane and with anchorage proteins (6). These phenomena are
key determinants of brain plasticity, making cognition, mem-
ory, or learning possible via neuronal/glial remodeling (5). Den-
drites are the sites where neurons receive, process, and integrate
inputs from their multiple presynaptic partners. Both the shape
of the dendritic trees and the density and shape of their spines
can undergo significant changes during the develop-
ment and life of a neuron. Dendritic spines are com-

Rac1DN
A E CON E, CON E posed mainly of actin microfilaments that undergo a
E2 Rac! - ——— continuous remodeling that is important for the de-
CON E2 PTX Ggl3 Gug1 Gp1 PP2 _— velopment of neuronal circuits (19).

CSrc T — —— s — e — Estrogens stimulate the formation of dendritic
— . e e el 0 spines as early as during embryonic neuronal devel-
PEM1  COS T e opment and continue to act on mature neurons reg-
WAVE! [ s il ulating their structural plasticity at mature synapses
B C D and increasing dendritic spine density through the

i P GB1 o Gats dynamic con.tro.l of actir.l filamepts (20).
= e e —. The key finding of this work is thbat.ERa uses the
- e o actin controllérs WAVE1 and moesin in neurons to
—=- = paa™ ‘' ERa induce a rapid cytoskeletal remodeling that sup-
TS ERE g A ERe ERB ports the formation of dendritic spines. In the pres-
IDOE1GG:CON; . 1C) “= = e® =" ERB Input IgG CON icl ence of its ligand, ERa recruits a Go;-Gp/c-Src/
L Input 1gG CON & T E2 Rac1/Cdk5/WAVE1 cascade (Fig. 8). This turns
E2 into WAVE1 phosphorylation and translocation to

FIG. 4. ERa signals to WAVE1 via Gai, GB, c-Src, and Rac1. A, Cortical neuronal cells were
exposed for 20 min to 10 nm E2, in the presence or absence of the G protein inhibitor PTX
(100 ng/ml) or the c-Src inhibitor PP2 (0.2 um) or after transfection with dominant-negative
Ga13 or Gai constructs or siRNAs vs. GB1. Wild-type c-Src or P-Tyr#'6-c-Src were assayed in
cell extracts. B-D, Neuronal cell protein extracts were immunoprecipitated with antibodies
toward the indicated G proteins and co-immunoprecipitation of ERa, ERB, and Gai (C) was
tested by Western analysis. E, Cortical neurons were treated for 20 min with 10 nm E2, with
or without transfection of a dominant-negative Rac1 for 48 h. Rac1, wild-type WAVET, or
P-Ser310-, P-Ser397-, and P-Ser**'-WAVE1 were assayed in cell extracts. CON, Control.

the sites where the actin cytoskeleton and the cell
membrane are actively remodeled and in the parallel
membrane localization of the Arp-2/3 protein com-
plex, which is responsible for the extension and
branching of actin filaments and thus for cell mem-
brane remodeling. The parallel recruitment of the
Ezrin/Radixin/Moesin (ERM) actin-binding pro-
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FIG. 5. Estrogen signals to WAVE1 via a Gai-GB/c-Src/Rac1/Cdk5 cascade, whereas signaling to moesin requires a Ga13/RhoA/ROCK2 pathway. A-C, Cortical
neurons were treated with E2 in the presence or absence of the specific Cdk5 inhibitor roscovitine (Rosc; 50 um) or the c-Src inhibitor PP2 (0.2 um) or after transfection
with a dominant-negative Rac1 construct. A and B, Whole protein extracts were immunoprecipitated with an antibody against Cdk5. The IPs were used in a kinase
assay to phosphorylate histone H1 (substrate of Cdk5). Phosphorylated histone H1 was detected after Western analysis with a phosphospecific antibody. C, Neuronal
cell content of Cdk5, WAVE1, and P-Ser3'%-, P-Ser®°7-, and P-Ser**'-WAVE1 were assayed with Western analysis. D-F, Cortical neurons were exposed to 10 nm E2 for
20 min with or without transfection of WAVE1 constructs with inactivating mutations of the Ser3'°, Ser®®7, and Ser**! Cdk5 phosphorylation sites. D, Western analysis
of wild-type or P-Ser®'°-, P-Ser®’-, or P-Ser**'-WAVE1 was performed. E, Dendritic spine morphology and number were measured with immunofluorescence after
staining actin fibers with phalloidin/Texas Red. Scale bar, 5 um. F, The graph shows the quantitative analysis of spine density calculated as the number of spines per 10
wm dendrite length, normalized vs. nontransfected, vehicle-treated neurons and expressed as a percentage. The results are expressed as the mean = sp. *, P < 0.05 vs.
E2 in nontransfected cells. G, Cortical neurons were treated with E2 in the presence or absence of the G protein inhibitor PTX (100 ng/ml), the c-Src inhibitor PP2 (0.2
um), the Cdk5 inhibitor roscovitine (Rosc; 50 um), or the Rho-associated kinase inhibitor (ROCK-2) Y-27632 (Y, 10 um) or after transfection with dominant-negative
Ga13, Gai, Rac1, or RhoA constructs or with siRNAs vs. GB1. Western analysis for actin, wild-type, and Thr>>8-P-moesin, wild-type, and P-Ser3'°-, or P-Ser®®’-, or P-

Ser**"-WAVE1 was performed. CON, Control.

tein, moesin, via a Ga;3/RhoA/ROCK-2 cascade (Fig. 8) con-
tributes to the remodeling of the cytoskeleton and is required for
the estrogen-induced dendritic spine formation.

Recent evidence on cultured neurons and in intact mice shows
that loss of WAVE1 results in a dramatic decrease in mature den-
dritic spines (12), suggesting that in neurons, the regulation of the
actin cytoskeleton is critical for the development and maintenance
of these structures. Thus, the finding that estrogen controls neuro-
nal cell morphology through the rapid modulation of WAVE1
heralds promises from both the biological and medical perspective.
Indeed, WAVE1 knockout mice exhibit deficits in learning and
memory (21), suggesting the intriguing hypothesis that the in-

creased prevalence of cognitive impairment and of some degener-
ative disorders observed in conditions of estrogen withdrawal
might to some extent be due to lack of WAVE1 control by these
steroids in brain cells.

When E2 hits ERa, a signaling cascade to Cdk$ is recruited.
This leads to intracellular localization of WAVE1 at the cell mem-
brane where it drives the accumulation of actin filaments and in-
creases the mechanical force necessary for neurite extension and
growth-cone translocation. Although all the three identified
WAVE proteins are known to localize at growth cones, their re-
spective roles are unclear (22). The WAVE1 complex seems to be
transported by kinesin-1, which has been suggested to be particu-
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membrane or within the cytoplasm (24, 25), in
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FIG. 6. Estrogen signaling to WAVE1 turns into membrane localization of the Arp-2/3 complex. Cortical
neurons were treated for 20 min with 10 nm E2 in the presence or absence of the Cdk5 inhibitor
roscovitine (Rosc; 20 um) or the c-Src inhibitor PP2 (0.2 um) or after transfection with a dominant-negative
Rac1 construct. A, Cells were stained with an antibody against Arp-2 (fluorescein isothiocyanate), actin
fibers were stained with phalloidin linked to Texas Red, and nuclei were counterstained with 4',6-
diamidino-2-phenylindole. Yellow arrows indicate membrane-localized Arp-2. B, Quantification of the
membrane-localized Arp-2 complexes in the different conditions. Results are expressed as percent vs.
control cells (mean = sp). *, P < 0.05 vs. control. Membrane-localized Arp-2 complexes were counted in

40 different cells. CON, Control.

larly important for axon elongation (18), whereas other reports
indicate an involvement of neural WASP in spine formation (23).
Phosphorylation and dephosphorylation of WAVE1 seem to be
necessary for spine formation, as well. During spine formation, the
WAVE1 complex is hyperphosphorylated on the proline-rich
region by Cdk3, resulting in a later functional regulation of
the Arp-2/3 complex (12). Thus, Cdk5-dependent phosphory-
lation of WAVET and the subsequent Arp-2/3-mediated branch-
ing of actin is a newly identified mechanism by which dendritic
spine formation is regulated by estrogen. It is likely that this
phenomenon results from the synergic regulation of multiple
converging pathways, as suggested by the seemingly paradoxi-
cal reduction of WAVE1 phosphorylation induced by E2 during
Rac1 blockade. This suggests that E2 also recruits a yet uniden-
tified inhibitory pathway that reduces Cdk5 phosphorylation of
WAVET1 that is independent of Racl (Fig. 8). In addition, the
requirement of moesin for optimal cytoskeletal remodeling and
spine formation also stands for the existence of an integrated
signaling network enacted by ERs in neurons to control the
architecture of the cytoskeleton.

Increasing evidence indicates that a number of dynamic func-
tional modifications induced by estrogens in neurons are made via
rapid extranuclear signaling pathways recruited by ERs at the cell

PP2 various cell types, including neurons (26, 27).
These rapid signaling actions of ERs render
estrogens flexible modulators of neuronal
function. It is intriguing to find that the mod-
ifications of the neuronal cytoskeleton and cell
membrane are achieved through this category
of action of ERs. Whether such rapid modifi-
cations of the structure of neuronal membrane
and of the number of dendritic spines can in
any way be related to changes in neuronal
function that could lead to improved or pre-
served cognition or memory is difficult to say.
However, it is well established that brain func-
tion undergoes rapid modifications in the pres-
ence of changing estrogen concentrations, as
shown by animal models and by the brain-
originated disturbances (e.g. vasomotor symp-
toms) seen after delivery or menopause, sup-
porting the idea that sex steroids might have a
role as fast regulators of central nervous sys-
tem function.

In conclusion, we here show that estrogens
are implicated in neurite extension in neuronal
cells acting through rapid, extranuclear signal
transduction pathways recruited by ERa. Es-
tradiol acts through the activation of G pro-
teins via ERa, leading to the recruitment of
a ¢-Src/Racl/Cdk5/WAVE1/Arp-2/3 cascade.
Through this cascade, E2 supports the rear-
rangement of the actin cytoskeleton at sites of
ongoing spine formation in cortical rat neu-
rons. The parallel G protein-dependent activa-
tion of the RhoA/ROCK-2/moesin cascade
contributes to this phenomenon. The identification of these origi-
nal rapid actions of estrogen in brain cells increases our under-
standing of the complex actions of sex steroids in the central ner-
vous system and may provide new tools to interfere with some of
the gender-related degenerative changes observed in the brain
throughout aging.

Materials and Methods

Neuronal cell cultures

Primary cultures of cortical neurons were obtained from embryonic
d-18 rat fetuses as described (28).

Immunoblotting

Immunoblotting was performed with antibodies against histone H1,
phospho-histone H1 (P-Ser®”), and WAVET1 (Sigma-Aldrich Laborato-
ries, St. Louis, MO); actin (C-11), Arp-2 (H-84), ERa (H-184), ERB
(N-19), c-Src (H-12), Racl (C-14), Gay; (R4), GB, (C-16), and Ga,
(A-20) (Santa Cruz Biotechnology, Santa Cruz, CA); Cdk5 (268-283)
(Calbiochem, La Jolla, CA); phospho-Src (Tyr*'®) (Cell Signaling Tech-
nology, Beverly, MA); WAVE1 (c-term), phospho-Ser>!°-WAVE1,
phospho-Ser**”-WAVE1, phospho-Ser**'-WAVE1, and moesin (clone
38; Transduction Laboratories, Lexington, KY); and Thr>*®-P-moesin
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FIG. 7. Estrogen increases dendritic spine density via WAVE1 and moesin. Cortical neurons were incubated in the presence of 10 nm E2 for 20 min in baseline conditions or
after silencing of WAVE1 with specific SIRNAs or of moesin with antisense PONs Sense PONs for moesin served as control. A, Dendritic spine morphology and number were
measured with immunofluorescence after staining actin fibers with phalloidin/Texas Red. Scale bar, 5 um. B, The graph shows the quantitative analysis of spine density
expressed as the number of spines per 10 um dendrite length. The results are expressed as the mean =+ sp. *, P < 0.05 vs. control. CON, Control.

(sc-128935; Santa Cruz). Each blot was performed individually, without
stripping and reprobing membranes.

Cell immunofluorescence

Fixed cells on coverslips were incubated with anti-WAVE1 (1:750;
Sigma-Aldrich) and anti-Arp-2 (H-84) (1:300; Santa Cruz). Inmunoflu-
orescence was visualized using an Olympus BX41 microscope.

Quantitative analysis of cell membrane morphology and
thickness and of actin fiber remodeling

The remodeling of actin fibers and the morphological changes of the
membrane were quantified by assessing the intensity of actin fluorescence

A— [ Actin
— | branching

FIG. 8. Signaling cascades of ERa to WAVE1 and moesin and dendritic spine
formation in cortical neurons.

using the Leica QWin software (Leica Microsystems, Wetzlar, Germany).
This analysis was performed by randomly measuring fluorescence using
boxes of a fixed size including the extra- and intracellular space across the
membrane, and by recording the intensity of the signal in a spatial-related
fashion. In other words, the program provides a graph where the pixel
fluorescence intensity is linearly recorded. By visually selecting the inner
and outer parts of the membrane in each microphotograph, we were able to
quantify the thickness of the membrane as sampled in each box. In addition,
the measure of the mean fluorescent intensity in the areas identified as
membrane space or intracellular space within the box was used to quantify
the amount of cytosolic vs. membrane-associated actin. Using these boxes,
we sampled five areas per cell, and we repeated this on 40 different cells per
experimental condition. Number of spine protrusions per 10 um dendrite
length were measured in five different dendrites per cell and repeated in 40
different cells.

Immunoprecipitation

Primary cortical neurons were harvested with IP lysis buffer. The im-
munoprecipitating antibodies were added in 500 ul of lysis buffer for 1 h at
4 C with gentle rocking, and 40 ul 1:1 protein A-agarose was added and
rocked for 2 additional hours. The mixture was centrifuged, and the IPs
were washed. Immunoprecipitated proteins were separated by 10% SDS-
PAGE and transferred to a polyvinylidene difluoride membrane. Mem-
branes were incubated with antibodies toward the co-immunoprecipitating
proteins, and Western analysis was performed.

Kinase assays

Neurons were harvested, equal amounts of lysates were immunopre-
cipitated with anti-Cdk$ (2 ug) antibody, 40 ul 1:1 protein A-agarose
was added, and the IPs were washed three times. Two additional washes
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were performed, and the samples were resuspended with 5 ug dephos-
phorylated histone H1 (H4524; Sigma-Aldrich) together with 500 um
ATP and 75 mm MgCl,. The reaction was stopped on ice and by resus-
pending the samples in Laemmli buffer. Western analysis was performed
for Cdk5 (268-283; Calbiochem) and anti-phospho-histone H1.4
(pSer?”) (H7664; Sigma-Aldrich).

Gene silencing and protein inactivation

Synthetic siRNAs targeting ERa (siRNA SMARTpool ESR1; Dharma-
con, Lafayette, CO), WAVE1 (siRNA SMARTpool WAVE1; Dharma-
con), or GB1 (sc-41762; Santa Cruz) were used at the final concentration of
50-75 nM. Two synthetic siRNAs targeting ERa (siRNA SMARTpool
ESR1; Dharmacon) were used at the final concentration of 100 nM to
silence ERa. Validated antisense PONSs (S-modified) complementary to the
1-15 position of the human moesin gene coding region were obtained. The
sequence was 5'-TACGGGTTTTGCTAG-3' for moesin antisense PON.
The complementary sense PON was used as control (5'-CTAGCAAAAC-
CCGTA-3'). Cortical neurons were treated 48 h after siRNA or PON
transfection. The efficacy of gene silencing was checked with Western anal-
ysis and found to be optimal at 48 h.

Transfection experiments

The dominant-negative constructs for Ga;; (Gay; G202T), Racl (Racl
T17N), RhoA (RhoA T19N), and Ge5 (Ga,; Q2261/D294N) were from
the Guthrie cDNA Resource Center (www.cdna.org). The inserts were
cloned in pcDNA3.1+. The plasmids (10 ug) were transfected into cortical
neurons using Lipofectamine (Invitrogen, Carlsbad, CA). Parallel cells were
transfected with empty pcDNA3.1+ plasmid. Cells (60-70% confluent)
were treated 24 h after transfection.

Statistical analysis

All values are expressed as mean = sp. Statistical analyses and graphics
were done using InStat from GraphPad Prism Software. Statistical differ-
ences between mean values were determined by ANOVA, followed by the
Fisher’s protected least significance difference (PLSD).

For additional detail, see supplemental Materials and Methods.
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