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Abstract
The ovarian hormone estrogen increases the axospinous synapse density in the hippocampal CA1
region of young female rats but fails to do so in aged rats. This estrogen-mediated alteration of
spine synapse structures suggests the coincident requirement for the structural reorganization of
the underlying actin cytoskeleton network. Actin reorganization is known to require the
deactivation of Cofilin, an actin depolymerization factor. Cofilin is deactivated by LIM Kinase
(LIMK), and LIMK activity is modulated by the phosphorylation of specific residues. We have
previously demonstrated that estrogen is able to increase phosphorylated LIMK (pLIMK)
immunoreactivity (IR) in the hippocampus in vivo and that this estrogen-stimulated pLIMK-IR is
decreased in the aged brain. Because Cofilin phosphorylation allows for actin filament elongation
and spine synapse growth, we sought to determine if estrogen acts through Cofilin and if such
estrogen action requires the observed LIMK activity. Using both hippocampal neurons and the
NG108-15 neuroblastoma cell line, we demonstrate here that estrogen stimulates the
phosphorylation of Cofilin in vitro. Furthermore, this estrogen action on Cofilin requires LIMK.
Lastly, while initiating the phosphorylation of LIMK and Cofilin, estrogen can also stimulate the
formation of filopodial extensions, an early step in the formation of nascent spines, demonstrating
that estrogen can alter the actin-dependent neuronal morphology. This linkage of estrogen
communication to Cofilin via LIMK provides the functionality to the age-sensitive pLIMK-IR that
we have observed in vivo.

INTRODUCTION
The hippocampal formation remains receptive and responsive to experience and to stimuli
throughout adulthood. This responsiveness includes a sensitivity to circulating steroid
hormones that results in the morphological remodeling of hippocampal neurons in vivo
(McEwen, 2002). Across the estrous cycle of adult female rats, hippocampal CA1 pyramidal
neurons respond to cyclical increases in the circulating estrogen levels with corresponding
increases in dendritic spine density and axospinous synapse number (McEwen and Milner,
2007; Woolley and McEwen, 1992). The observation of such estrogen-induced spinogenesis
in vivo has been reiterated in vitro with early video microscopy studies on cultured primary
hippocampal neurons where stimulation with supra-physiological levels of estrogen induces
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the formation of immature spines, or neurite filopodia (Brinton, 1993). Together, these in
vivo and in vitro observations of estrogen-modulated morphologic plasticity suggest that
estrogen directly communicates with and affects the structural reorganization of the
cytoskeletal network in hippocampal neurons (Dillon and Goda, 2005; Matus, 2000;
Schubert and Dotti, 2007). However, this ability of estrogen to modulate dendritic spine
plasticity is lost in the aged female brain (Adams and Morrison, 2003; Morrison et al.,
2006).

In the aged female brain, estrogen fails to increase CA1 spine synapse density, presumably
due to a loss of the required molecular communication from estrogen to the underlying actin
cytoskeletal network (Yildirim et al., 2008). Actin filaments, the major cytoskeletal protein
structures in the dendritic spine, impact synaptic plasticity by regulating the formation of
synaptic structures as well as by affecting dendritic spine size and shape (Cingolani and
Goda, 2008; Sekino et al., 2007). Estrogen may be involved in regulating spine synapse
formation by regulating the actin cytoskeletal network. In support of this possibility, we
have recently observed that estrogen can increase phosphorylated (p) LIM Kinase (LIMK)
immunoreactivity (IR) in the hippocampus in vivo (Spencer et al., 2008a), and that this
estrogen-stimulated pLIMK-IR in neurons is diminished in the aged brain (Yildirim et al.,
2008).

LIMK is a signal transduction intermediate that is essential for spine formation and synapse
function (Sarmiere and Bamburg, 2002) and plays a key role in regulating actin
polymerization and depolymerization (Bernard, 2007). LIMK functions as a serine/threonine
kinase, and one LIMK target substrate of interest is Cofilin (Yang et al., 1998). Cofilin, a
member of the actin depolymerization factor (ADF) family, is a key actin binding protein
that promotes the turnover and severing of actin filaments (Bernstein and Bamburg, 2010;
Maciver and Hussey, 2002). Cofilin plays an important role in neuronal shape (Sarmiere and
Bamburg, 2004), and Cofilin is localized to neuronal structures with high actin filament
turnover, including the growth cone of axons and dendrites (Fass et al., 2004; Gungabissoon
and Bamburg, 2003). Importantly, Cofilin is present in CA1 spines and is enriched near the
membrane an in the post-synaptic density (PSD) where it can regulate actin dynamics in the
context of synapse activity and plasticity (Racz and Weinberg, 2006). LIMK phosphorylates
Cofilin, rendering Cofilin severing inactive and thereby promoting actin filament extension
and dendritic spine formation (Arber et al., 1998; Endo et al., 2007; Meng et al., 2003).

To identify a functional role for the estrogen-stimulated pLIMK-IR that is observed in vivo,
we asked whether estrogen affects the phosphorylation of the LIMK substrate Cofilin in
cultured hippocampal neurons and in NG108-15 neuronal cells in vitro. We determined that
estrogen can stimulate the phosphorylation of both Cofilin and LIMK in vitro, and we
demonstrate here that the phospho-modulation of Cofilin by estrogen is LIMK-dependent.

RESULTS
Estrogen stimulates the phosphorylation of ADF/Cofilin

Cofilin is an actin binding protein that regulates the actin assembly into microfilaments
(Bernstein and Bamburg, 2010; Maciver and Hussey, 2002). Cofilin promotes the severing
of filamentous actin (F-actin) that results in an increased total number of shorter actin
filaments and actin monomers (Kiuchi et al., 2007). Cofilin activity is regulated by the
phosphorylation of the amino-terminal Ser3 residue whereupon Cofilin no longer binds to
actin (Meng et al., 2004). Phosphorylation of Cofilin thus deactivates Cofilin and allows for
actin polymerization and stabilization denoted by the accumulation of F-actin content in
hippocampal neurons in vivo (Fukazawa et al., 2003). When Cofilin is phospho-deactivated
in neurons, dendritic spine initiation is rapidly established as the assembly of elongating

Yuen et al. Page 2

Brain Res. Author manuscript; available in PMC 2012 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



actin filaments provides a protrusive motor that results in filopodial extension and spine
growth (Gungabissoon and Bamburg, 2003; Svitkina et al., 2003).

Because estrogen stimulates the formation and growth of dendritic spines in vivo and the
extension of filopodia in hippocampal neurons in vitro (Brinton, 1993; Murphy and Segal,
1996; Segal and Murphy, 2001), we hypothesized that estrogen also regulates the
phosphorylation of Cofilin. To measure changes to Cofilin phosphorylation in vitro, we used
the NG108-15 cell line, which provides a good model for examining general cellular and
molecular mechanisms that occur in neurons (Docherty et al., 1991; Hamprecht, 1977; Klee
and Nirenberg, 1974). Unlike primary cultured neurons, the NG108-15 neuron is readily
transfectable with high efficiency, rendering these cells suitable for recombinant
manipulations. Moreover, these cells, which have been previously used to study the
regulation of actin dynamics and the function of actin-binding proteins such as Cofilin
(Tojima et al., 2003; Tojima and Ito, 2004), provide a homogeneous population whose
uniform responsiveness allows for the in vitro study of subtle changes in signal transduction.
In addition, these cells express estrogen receptors and are estrogen-responsive (Akama and
McEwen, 2003; Nishio et al., 2004).

NG108-15 cells were treated with 10 nM of the estrogen 17β-Estradiol (E) at staggered time
points, and whole cell lysates were examined by Western blot for phosphorylated Cofilin
(pCofilin) levels and total Cofilin (tCofilin) levels. The levels of E-stimulated pCofilin
increase in minutes, while the levels of tCofilin remain relatively constant following E-
treatment (Fig. 1A). This E-stimulated increase in pCofilin is discernable as soon as 30 min
(Fig 1C) post-treatment. Quantified E-stimulated pCofilin enhancement is significant by 4 to
6 hr post-treatment, and at 6 hr, densitometric analyses of Western blots demonstrate a 67%
increase in pCofilin levels in the E-treated cells compared to the diluent control (con)-treated
cells (Fig. 1C, two-tailed Student’s t test; n = 6, p < 0.05).

Dissociated cultures of rat hippocampal neurons also were assayed to determine if there is
any comparable pCofilin response to E. Primary cultured hippocampal neurons treated with
10 nM E also demonstrate an increase in pCofilin levels (Fig. 1B), and this E-stimulated
increase in pCofilin is statistically significant (Fig. 1D, two-tailed Student’s t test; n = 4,
p<0.05). Moreover, this 68% increase at 6 hr in primary hippocampal neurons is consistent
with the results in NG108-15 cells.

Estrogen stimulates the phosphorylation of LIMK1 in NG108-15 neurons
The upstream kinase to Cofilin is LIMK, which can directly phosphorylate Cofilin at Ser3.
LIMK is a key regulator of F-actin-based structures such as filopodia and dendritic spines,
and LIMK1 is a neuron-enriched LIMK isoform (Meng et al., 2003; Sarmiere and Bamburg,
2002; Stanyon and Bernard, 1999). LIMK1 is associated with cognitive function
(Frangiskakis et al., 1996), and LIMK1 knockout mice demonstrate abnormal dendritic
spine morphology and spatial learning disability (Meng et al., 2002).

The activation of LIMK is controlled by phosphorylation at specific residues (Amano et al.,
2001; Edwards et al., 1999; Sumi et al., 2001), and in vitro analyses here with LIMK1-
positive NG108-15 neuronal cells (Tojima et al., 2003) demonstrated the ability of E to
parallel in vivo findings by stimulating the phosphorylation of LIMK (Spencer et al., 2008a;
Yildirim et al., 2008). The anti-pLIMK polyclonal antibody used in these experiments
requires over-expressed recombinant LIMK according to the manufacturer (also, K.T.
Akama unpublished observation), and so for phosphorylated LIMK (pLIMK) analyses,
NG108-15 cells were first transfected with a plasmid encoding for the expression of a
chimeric enhanced green fluorescent protein (eGFP)-LIMK1 protein (Yang et al., 1998;
Yang and Mizuno, 1999). The exogenous expression of this recombinant eGFP-LIMK1
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protein is readily distinguishable from the endogenous LIMK protein by the increased
apparent molecular weight due to the covalent addition of eGFP. E treatment of transfected
NG108-15 cells resulted in significantly increased phosphorylation levels of LIMK1 while
the total amount of LIMK and β-actin protein levels were unaffected (Fig. 2A), suggesting a
phospho-activation of LIMK1 by E. Densitometric analyses on Western blots demonstrated
that E increased pLIMK levels in NG108-15 cells by approximately three-fold (Fig. 2B;
two-tailed Student’s t test; n = 5, p<0.01). Additionally, chromogenically enhanced Western
blot analyses of whole cell lysates collected from untransfected NG108-15 cells treated with
either con or E demonstrated that E treatment also correlated with an elevated level of
endogenous LIMK phosphorylation while total LIMK levels remained unchanged (see
Supplemental Data).

Estrogen-stimulated Cofilin phosphorylation is LIMK1-dependent
Transfection of NG108-15 cells was subsequently performed with a mutated plasmid
encoding for the expression of a recombinant eGFP-dominant negative (dn) LIMK1
chimeric protein (D460A), that is still capable of being phosphorylated but is kinase inactive
(Yang et al., 1998; Yang and Mizuno, 1999), to determine the role of LIMK1 in the E-
mediated phospho-deactivation of Cofilin. Functionally, this dnLIMK1 chimeric protein
blocks any endogenous LIMK1 signaling. As a transfection negative control, NG108-15
cells were transfected instead with eGFP alone. Both eGFP- and eGFP-dnLIMK1-
transfected cells were then treated with either diluent control or with E. As demonstrated by
Western blot analyses on whole cell lysates, neither construct affected the total protein
levels of Cofilin or β-actin, but the over-expression of eGFP-dnLIMK1 dramatically reduced
pCofilin levels regardless of treatment (Fig. 3). The reduction of pCofilin levels by eGFP-
dnLIMK1 demonstrates that LIMK1 activity is required for Cofilin phosphorylation in
NG108-15 cells, and also suggests that the loss of E-mediated Cofilin phosphorylation is not
compensated for by another kinase or LIMK isoform.

Estrogen concomitantly stimulates the formation of filopodia in NG108-15 cells
A morphologic response to estrogen treatment was assessed in NG108-15 cells to determine
if E-stimulated Cofilin phosphorylation is also associated with any changes to filopodial
outgrowth.

NG108-15 cells were transfected to express eGFP and then treated with either diluent
control or E. Fluorescence microscopy on transfected cells revealed the clear presence of
several branched dendrite-like structures extended from NG108-15 cell bodies, as well as
the presence of numerous thin, elongated projections from these structures (Fig. 4A). The
NG108-15 cells were morphologically estrogen-sensitive in the elaboration of filopodia.
Fluorescent microscopy imaging of eGFP-expressing NG108-15 cells 6 hr post-treatment
revealed an increased number of E-stimulated filopodial projections (Fig. 4B).

Cells treated with diluent control did not typically exhibit an increase of filopodial
projections, and quantification of filopodial projections from cells treated with diluent
control or E demonstrated that E increased the number of filopodial projections by
approximately two-fold compared to control (Fig. 4C; two-tailed Student’s t test, p<0.01;
con group: 1.39±0.11, n = 80; E group: 3.00±0.10, n = 76). This increase in E-stimulated
filopodial density (number per 10 μm length of dendrite) is consistent with prior published
in vitro results of a two-fold change in primary rat hippocampal neurons (Segal and Murphy,
2001). These data demonstrates that E not only increases the phosphorylation of Cofilin, but
also increases the density of filopodial projections in neuronal cells.

Yuen et al. Page 4

Brain Res. Author manuscript; available in PMC 2012 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In summary, these data indicate that estrogen can stimulate the formation of potential new
spines, or filopodia, and at the same time support the actin dynamics required for nascent
filopodia via the activation of LIMK1 and the phosphorylated deactivation of Cofilin (Fig
5).

DISCUSSION
The work presented here contributes several important points to our understanding of
estrogen effects on spine synapse plasticity. First, these data demonstrate that estrogen
controls the phospho-modulation of ADF/Cofilin via LIMK1, thus supporting that estrogen
can act on the actin filament network to remodel neuron morphology. Second, the
polymerization of actin filaments associated with Cofilin phosphorylation may explain how
estrogen concomitantly drives the actin-based projections of filopodia observed in this
study. Third, the LIMK-dependent action on Cofilin phosphorylation provides a functional
link to the increase in estrogen-stimulated pLIMK-IR observed in the female rat and mouse
hippocampus in vivo (Spencer et al., 2008a; Yildirim et al., 2008).

Estrogen modulates Cofilin
The phosphorylation of Cofilin is mediated by LIMK1, which was also phosphorylated and
activated following the exposure to estrogen, both in vivo and in vitro. Transduction of the
estrogen stimulus to these signaling intermediates may possibly be conveyed by non-
genomic signaling mechanisms mediated by non-nuclear and dendritic spine-localized
estrogen receptors, such as GPR30, ERα, or ERβ (McEwen et al., 2001; Prossnitz et al.,
2008; Raz et al., 2008; Spencer et al., 2008b). A recent report demonstrated that in adult
hippocampal slice tissue, estrogen-stimulated Cofilin phosphorylation is blocked
pharmacologically with an inhibitor to RhoA kinase (Kramar et al., 2009). Since RhoA
kinase feeds into the LIMK pathway, it becomes clear that understanding how estrogen is
coupled to LIMK will be critical to understanding why estrogen fails to increase the
axospinous synaptic density in the aged brain (Adams and Morrison, 2003; Yildirim et al.,
2008).

Cofilin and LIMK are ultimate and penultimate regulators of actin polymerization,
respectively (Bamburg, 1999). Both of these molecules have garnered considerable attention
for their role in proper dendritic spine formation and synapse function. Neuronal Cofilin
plays a key role in synapse-associated learning and memory function by modulating the
actin-based dendritic spine architecture. Deficits in either Cofilin or the Cofilin deactivator
LIMK1 result in gross morphological abnormalities of spines, neurotransmission, and
overall cognitive function (Bamburg and Wiggan, 2002; Meng et al., 2003; Scott and Olson,
2007). Aberrant Cofilin activity is associated with actin rod pathology seen in Alzheimer’s
disease, Pick’s disease, and alcoholism thought to cause neurite degeneration and synapse
loss (Bamburg and Wiggan, 2002; Bamburg et al., 2010; Maciver and Harrington, 1995;
Minamide et al., 2000). LIMK1-/- knockout mice demonstrate abnormal dendritic spine
morphology and spatial learning disability (Meng et al., 2002). In addition, LIMK1 deletion
is thought to underlie the visuospatial cognitive defects of Williams syndrome (Donnai and
Karmiloff-Smith, 2000; Frangiskakis et al., 1996; Morris and Mervis, 2000). Thus, the loss
of proper Cofilin regulation results in spine loss or in pathologies associated with aging. Our
data point to Cofilin as the critical dysregulated molecular substrate as estrogen-stimulated
LIMK activity is diminished in the aged brain (Yildirim et al., 2008).

Estrogen-mediated signal transduction and aging
Estrogen enhances the phosphorylation of Cofilin in NG108-15 cells observable as early as
30 minutes after hormone exposure, which is similar to what is observed in acute
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hippocampal slice tissue (Kramar et al., 2009). Such a time frame would suggest that
estrogen acts on Cofilin at least in part through a non-genomic pathway, independent of a
slower, gene expression-dependent process. This effect is sustained through 4 to 6 hours, a
point coincident in time with the visible increase in filopodia formation. While other
downstream events would determine whether a filopodium is to become a mature dendritic
spine, it is noteworthy that through the phosphorylation of Cofilin, estrogen augments the
opportunity of neurons to form more eventual spines. Potentially, a brief, peri-menopausal
estrogen treatment could therefore provide the brain the necessary opportunity to build or to
maintain new synapses (Bohacek and Daniel, 2010; Daniel and Bohacek, 2010; Gibbs,
2010; Sherwin, 2009). Conversely, the diminished LIMK sensitivity to estrogen in the aged
brain (Yildirim et al., 2008) would therefore result in the inability of estrogen to stimulate
new spine formation in the aged brain.

The effect of estrogen on actin polymerization and assembly is directly relevant to
subsequent assembly of synaptic proteins (Kim and Huganir, 1999). Studies on synaptic
plasticity point to an obligatory physical interaction between actin and other scaffolding
proteins in the dendritic spine in order to position synaptic receptors and to coordinate signal
transduction intermediates at the PSD (Allison et al., 1998; Kreienkamp, 2008; Shirao and
Sekino, 2001). It is possible then that the loss of estrogen regulation of actin assembly may
contribute to the loss of other estrogen-stimulated signal transduction pathways in the aged
brain, such as the Akt pathway (Yildirim et al, this issue), since Akt kinase can physically
interact with and co-localize with the actin cytoskeleton (Cenni et al., 2003). Prolonged
deprivation of estrogen may result in a loss of assembled signal transduction complexes (Lin
and Koleske, 2010), rendering the dendritic spine insensitive to future estrogen
administration in the aged brain. In order to maintain estrogen sensitivity as the brain ages, it
is perhaps possible that estrogen therapy must be administered at the start of ovarian
senescence and before a hormone-maintained assembly of actin localized signaling
components is lost.

The results presented above support the delineation of estrogen signaling directly to the actin
cytoskeleton, and thus this study affords a new way of thinking about the induction of spines
by estrogen. Estrogen may not only activate signaling pathways ultimately to regulate and to
increase the production of post-synaptic proteins associated with dendritic spine maturation
(Akama and McEwen, 2003; Lee et al., 2004), but additionally, estrogen may activate
Cofilin-targeting signaling pathways to regulate the mechanical aspects of actin dynamics
for nascent spine formation.

Current research on estrogen effects on the aging brain suggests that a discrete “Window of
Opportunity” for proper estrogen replacement therapy around the peri-menopause stage is
lost beyond the post-menopausal stage. Estrogen signaling that would involve LIMK and
Cofilin may play a significant role in maintaining proper synaptic shape and function and
should be considered when designing estrogen replacement therapies.

EXPERIMENTAL PROCEDURES
Materials

Rabbit polyclonal antibodies raised against phospho-cofilin (p-cofilin), total cofilin (t-
cofilin), phospho-LIMK1/2 (p-LIMK), total LIMK, and β-actin were all purchased from
Cell Signaling Technology (Beverly, MA). As stated by the manufacturer, this anti-pLIMK
polyclonal antibody requires exogenous, recombinant protein for phospho-detection. The
eGFP-chimeric wild-type (wt) LIMK-1 and eGFP-chimeric dnLIMK-1 plasmid constructs
were kindly provided by Kensaku Mizuno, PhD (Tohoku University, Sendai, Japan) (Yang
et al., 1998; Yang and Mizuno, 1999).
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Animals
All methods have been approved by The Rockefeller University Institutional Animal Care
and Use Committee and conform to National Institutes of Health guidelines. Animals were
housed with food and water available ad libitum under a 12 hr light-dark cycle in a
temperature-controlled room. For primary hippocampal neuron preparations, dissections
were performed as similarly described (Brinton, 1993; Murphy and Andrews, 2000). Briefly,
primary hippocampal cell cultures were derived from brains of E18 rat embryos that were
harvested and dissected in ice cold Hank’s Balanced Saline Solution (HBSS, Invitrogen,
Carlsbad, CA). All hippocampi were dissected into and triturated in HBSS. Neurons were
plated in phenol red-free Neurobasal (Nb) media supplemented with B-27, 2 mM L-
glutamine (Invitrogen) and fresh 25 μM glutamate (Sigma, St. Louis, MO). Cells were
subsequently maintained in B27-supplemented phenol red-free Nb media without glutamate
for 21 days in vitro before the performance of any experimental treatment.

Cell culture and DNA transfection
The NG108-15 neuroblastoma cell line was purchased from American Type Cell Culture
(Manassas, VA; cell line number HB-12317). NG108-15 cells were propagated in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% PenStrep
(100 U/ml penicillin G sodium and 100 μg/ml streptomycin sulfate; Invitrogen). To
differentiate NG108-15 neurons, cells were plated in wells that had been coated with poly-
L-lysine (Sigma). Two days after plating, cells were washed with Dulbecco’s PBS
(Invitrogen), and media was replaced with phenol red-free DMEM supplemented with 0.5%
charcoal-stripped FBS (HyClone, Logan, UT), 1% PenStrep, and 1 mM dibutyryl cAMP
(Sigma). NG108-15 cells were differentiated for 10 days prior to all experimental
treatments. Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) according
to the manufacturer’s instructions. NG108-15 neurons were analyzed 48 hr post-
transfection. For estrogen treatments, ethanol-soluble 17β-Estradiol (Sigma) was prepared
by dissolving in 100% EtOH first at a 10 mM stock concentration and then diluting this
stock 1000 fold further to an intermediate concentration of 10 μM in phenol red-free
DMEM. Final treatment concentrations were 10 nM 17β-Estradiol. Control treatments (con)
entailed a comparable dilution of the ethanol diluent in phenol red-free DMEM (0.0001%
EtOH).

Imaging
NG108-15 cells that had been eGFP-transfected were viewed by inverted fluorescent
microscopy using a Nikon Eclipse TE200 station and images were captured with a CoolSnap
digital camera. Black and white images were captured via IP Labs software (Scanalytics,
Fairfax, VA) and then white-black inverted via Photoshop software (Adobe, San Jose, CA)
for ease in filopodial visualization and printing.

Western blot analysis
Experimental samples were harvested in 2x Laemmli sample lysis buffer that had protease
and phosphatase inhibitor cocktails (Sigma) added freshly. For time-point assays, cells were
treated in staggered fashion and then harvested at the same time. Lysates were sonicated and
boiled for 5 minutes before separation by SDS-PAGE. Protein transfer was performed onto
polyvinylidene difluoride membrane (Millipore, Bedford, MA). Membranes were blocked
and then incubated in primary antibody overnight at 4°C. HRP-conjugated goat anti-rabbit
or goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch, West Grove, PA)
was used at a dilution of 1:5000 for 1 hr at room temperature. Visualization was achieved by
enhanced chemiluminescence (Perkin Elmer, Boston, MA). Semi-quantitative densitometry
was performed on scanned Western blot films using Image Quant 5.2 software (Molecular
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Dynamics, Sunnyvale, CA). Phosphorylated protein levels were normalized to total
(phosphorylated and unphosphorylated) protein levels when used in quantification.

Statistical analyses
All numerical data are presented as average ± SEM. Statistical significance was calculated
using Student’s two-tailed t-test (paired two-sample for mean values) to determine if groups
are distinct. P-values of p < 0.05 was used to determine statistically significant difference
between treatment groups.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Estrogen stimulates the phosphorylation of cofilin in NG108-15 cells
(A) Differentiated NG108-15 neurons were treated with the estrogen 17β-Estradiol (E) or
with diluent control (con). Western blot analyses on whole cell lysates revealed a time-
dependent increase in phosphorylated Cofilin (p-cofilin) protein levels relative to total
Cofilin (cofilin) protein levels. (B) While discernable differences in E-stimulated Cofilin
phosphorylation appeared as early as 30 minutes post-treatment, semi-quantitative
densitometric analyses of Western blot data indicate a significant increase in p-cofilin
protein level (values normalized with total cofilin and expressed as % of control) by 4-8 hr
after E treatment. *Statistically significant difference between each paired time point
(p<0.05), n=6 each. (C) E also stimulates the phosphorylation of Cofilin in primary cultured
rat hippocampal neurons. Cultures were treated with diluent control (con) or with 17β-
Estradiol (E) for 6 hr. Western blot analyses on whole cell lysates revealed an increase in p-
Cofilin levels in E-treated primary cultures when compared to con-treated neurons. (D)
Densitometric analyses of Western blots on hippocampal protein lysates indicated a
significant increase in phosphorylated Cofilin protein level (values normalized with total
Cofilin and expressed as % of control) after 6 hr exposure to E. *Statistically significant
difference over control treated group (p<0.01), n=4 each.
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Figure 2. Estrogen significantly enhances the phosphorylation of exogenous LIMK1
(A) NG108-15 cells were transfected to exogenously express chimeric LIMK1-eGFP and
then treated with control (con) or 17β-estradiol (E) for 6 hr. The recombinant LIMK1-eGFP
protein (100 kD) is readily discernable from endogenous LIMK protein (72 kD) due to the
chimerically attached eGFP marker. In Western blot analyses, the anti-phospho-LIMK
antibody is more sensitive to exogenously expressed LIMK protein than to endogenous
LIMK protein. Western blot analyses demonstrated that E significantly enhances the
phosphorylation of exogenously expressed LIMK1-eGFP (p-LIMK) but does not alter the
overall total expression of LIMK1-eGFP (LIMK). As an additional control, the whole cell
lysates were also blotted against β-actin protein levels to demonstrate no change in overall
endogenous protein levels. (B) Densitometric analyses of immunoblots in (A) demonstrate
that estrogen significantly increases the phosphorylation of exogenous LIMK1 when
compared to diluent control. The level of phosphorylated LIMK1-eGFP was normalized to
the level of total LIMK1-eGFP and densitometry is represented as % of control.
*Statistically significant difference between groups (p<0.01), n=5 each.
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Figure 3. LIMK-1 is required for estrogen-mediated phosphorylation of cofilin
NG108-15 cells were transfected to express either chimeric dominant-negative (dn)LIMK1-
eGFP (100 kD) or a corresponding control vector for eGFP expression only. This over-
expressed dnLIMK1 protein contains the D460A mutation which renders the protein kinase
inactive. Transfected cells were treated with diluent control (con) or 10 nM 17β-estradiol
(E). Phosphorylated Cofilin (p-cofilin) and total Cofilin (cofilin) protein levels in whole cell
lysates were assayed by Western blot analyses. Dominant-negative LIMK1 interferes with
E-stimulated Cofilin phosphorylation but does not interfere with overall Cofilin expression.
Trasfection of eGFP alone does not interfere with E-stimulated Cofilin phosphorylation.
Lysates were blotted for LIMK expression, and the level of the higher molecular weight
exogenous dnLIMK1-eGFP protein (LIMK) is shown. As an additional control, the whole
cell lysates were also blotted against β-actin protein levels to demonstrate no change in
overall endogenous protein levels across samples. Blots shown are representative of four
independent experiments.
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Figure 4. NG108-15 elaboration of filopodial projections is estrogen-sensitive
(A and B) Differentiated NG108-15 cells were transfected to express eGFP for inverted
fluorescence microscopy imaging. NG108-15 cells show an increased number of filopodial
projections 6 hr after the administration of 10 nM 17β-estradiol (E). Scale bar is 5 μm.
Imaging of eGFP expression was digitally captured and then white-black inverted in order to
facilitate printing and viewing of filopodial extensions. (C) E administration significantly
increases the filopodia density in NG108-15 cells. Differentiated NG108-15 cells were
treated with E or diluent control (con) for 6 hr and analyzed for number of filopodia/10 μm
of dendritic length. Data represent mean ± SEM. *Statistically significant difference
between E- and con-treated dendrites (p<0.01), control dendrites, n=80; E dendrites, n=76.
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Figure 5. Model of LIMK-dependent phosphorylation of Cofilin
Estrogen stimulates LIMK-dependent phosphorylation of Cofilin. This phosphorylation
promotes filopodial extensions along neuronal processes, serving as an initial step in
dendritic spine formation. The loss or the reduction of estrogen-stimulated LIMK activity,
observed in the aged hippocampus as the reduction of phoshorylated LIMK
immunoreactivity, would result in the failure of estrogen to promote new spine formation in
the aged brain.
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