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Dendritic spines are small postsynaptic compartments of excitatory synapses in the vertebrate brain that are modified
during learning, aging, and neurological disorders. The formation and modification of dendritic spines depend on rapid
assembly and dynamic remodeling of the actin cytoskeleton in this highly compartmentalized space, but the precise
mechanisms remain to be fully elucidated. In this study, we report that spatiotemporal enrichment of actin monomers
(G-actin) in dendritic spines regulates spine development and plasticity. We first show that dendritic spines contain a
locally enriched pool of G-actin that can be regulated by synaptic activity. We further find that this G-actin pool functions
in spine development and its modification during synaptic plasticity. Mechanistically, the relatively immobile G-actin pool
in spines depends on the phosphoinositide PI(3,4,5)P3 and involves the actin monomer–binding protein profilin. Together, our results have revealed a novel mechanism by which dynamic enrichment of G-actin in spines regulates the
actin remodeling underlying synapse development and plasticity.

Introduction
Dendritic spines are small membranous protrusions on neurons
that serve as the postsynaptic platform for most of the excitatory synapses in the vertebrate brain (Nimchinsky et al., 2002).
Spines undergo short- and long-term structural modifications
during the developmental refinement of neural circuits, as well
as during learning and memory (Geinisman, 2000; Yuste and
Bonhoeffer, 2001; Halpain et al., 2005; Segal, 2005). Spine formation and morphology are altered in response to extracellular
stimuli, such as synaptic activity. For example, in models of
learning and memory such as hippocampal long-term potentiation (LTP), the enlargement of existing spine heads, emergence of new spines, and shortening of spine necks have been
observed (Yuste and Bonhoeffer, 2001). These changes have
been proposed to consolidate synaptic modifications (Segal,
2005). Because dendritic spines are crucial for normal synaptic
transmission, defects in or the loss of spines have been strongly
associated with numerous neural disorders (Penzes et al., 2011).
Therefore, a better understanding of the molecular and cellular
mechanisms underlying synaptic development and plasticity is
essential to our understanding of brain development and how it
is altered in neurological diseases.
The actin cytoskeleton is the primary driver of spine structure and modification (Hotulainen and Hoogenraad, 2010), although the precise mechanisms regulating its assembly remain
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to be fully elucidated. The filamentous actin (F-actin) structures
in cells are built from globular actin monomers (G-actin) under
complex regulation by accessory proteins (Pollard et al., 2000).
Individual filaments are assembled through polymerization of
G-actin occurring at the barbed end and the depolymerization
of F-actin at the pointed end. A wide range of accessory proteins regulate the assembly and disassembly rate, as well as
organize the filaments into distinct complex networks for different cellular functions (Pollard and Borisy, 2003; Chha
bra and Higgs, 2007). G-actin is generally thought to exist as
a single diffusible reservoir in the cell to passively support
actin dynamics. However, we have recently shown that a pool
of G-actin is dynamically concentrated at the leading edge of
protruding lamellipodia of motile cells and nerve growth cones
to promote F-actin polymerization and membrane protrusion
(Lee et al., 2013). These findings suggest that spatiotemporal
targeting of G-actin could represent an important mechanism
for local control and regulation of actin assembly and remodeling. By dynamically controlling the local concentration and
nucleotide status of actin monomers, one could directly regulate
actin assembly and disassembly underlying spatiotemporally
restricted cellular activities.
The development of mature dendritic spines depends on
the polymerization of G-actin into distinct F-actin networks
© 2017 Lei et al. This article is distributed under the terms of an Attribution–Noncommercial–
Share Alike–No Mirror Sites license for the first six months after the publication date (see http
://www.rupress.org/terms/). After six months it is available under a Creative Commons
License (Attribution–Noncommercial–Share Alike 4.0 International license, as described at
https://creativecommons.org/licenses/by-nc-sa/4.0/).
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Figure 1. Spine enrichment of actin monomers (G-actin) in cultured hippocampal neurons. (A) Representative images showing the
enrichment of G-actin in spines as revealed by
specific G-actin probes DBP and JLA20. Spines
are highlighted by Alexa Fluor 569 phalloidin.
Bars, 5 µm. (B) Representative images showing
that live-cell extraction by saponin removed the
G-actin signals in spines. Bar, 5 µm. (C) Quantification of the spine enrichment of G-actin by
normalizing the spine signals to the adjacent
shaft signals. Error bars represent the SEM. P <
0.01; one-way ANOVA. Tukey's posthoc test:
**, P < 0.01; G-actin saponin treatment group
versus F-actin group; #, P < 0.05; G-actin saponin treatment group versus G-actin no treatment group. (D and E) Representative images
showing the enrichment of G-actin in spines
by live-cell imaging. Rat hippocampal neurons
expressing EGFP, EGFP-WT actin, EGFP-R62D,
and EGFPG13R actin mutants are shown. The
cells expressed tdTomato as a volume marker,
and ratiometric images are shown to highlight
the spine enrichment of G-actin. Bars, 5 µm.
(F) Quantification of spine enrichment of G-
actin from the live-imaging data. Similarly,
spine signals were normalized against the
adjacent shaft signals. Error bars represent
the SEM. P < 0.01; one-way ANOVA. Tukey's
posthoc test: **, P < 0.01; EGFP group versus
WT, R62D, or G13R group. (C and F) Results
were averaged from 40 spines from three
batches of culture, and the data distribution
was tested for normality with the Shapiro-Wilk
test. H/S, spine head to shaft.

(Hotulainen and Hoogenraad, 2010; Korobova and Svitkina,
2010). Dendritic spines contain a small bulbous head followed
by a neck that has been shown to limit diffusion with the adjacent dendritic shaft (Bloodgood and Sabatini, 2005). As such,
an increase in F-actin for spine enlargement during development and synaptic potentiation requires the availability of a sufficient amount of G-actin that can be rapidly incorporated into
the F-actin networks. In this study, we have provided evidence
for the first time that G-actin is locally enriched in dendritic
spines. Importantly, the enrichment of G-actin in spines can be
regulated by synaptic activity and plays a crucial role in both
spine development and plasticity. Through a combination of
experimental analysis and computational modeling, we have
shown that G-actin is preferentially enriched in spines through
an association with phosphoinositides. We further demonstrate
a role for the actin monomer–binding protein profilin in G-actin
spine enrichment. Thus, our work has uncovered an exciting
mechanism by which the spatiotemporal regulation of local
G-actin in spines by synaptic activity regulates actin assembly and spine remodeling.
2552
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Results
We fluorescently stained G-actin using two probes that we have
previously verified to be specific for actin monomers: vitamin
D–binding protein (DBP) and JLA20 anti-actin antibody (Lee
et al., 2013). Hippocampal neurons cultured for 21 d in vitro
(DIV21) exhibited numerous spines on dendritic processes,
as highlighted by a low dose of fluorescent phalloidin (Gu et
al., 2008), of which many displayed a mushroom morphology
(Fig. 1 A). Strikingly, both DBP and JLA20 highlighted the
spines with strong signals, indicating that G-actin is enriched
in dendritic spines (Fig. 1 A). The G-actin signals appear to
be mostly concentrated in the spine head, not in the spine neck
where F-actin is also abundant (see the enlarged color panels
in Fig. 1 A). Importantly, live-cell extraction using the mild
detergent saponin completely removed DBP or JLA20 signals
in spines without affecting the F-actin signals labeled by fluorescent phalloidin (Fig. 1 B), confirming the specificity of
both probes for G-actin. Quantitative measurements show that
the G-actin signals (labeled by either DBP or JLA20) are over

Figure 2. Expression of EGFP-tagged actin
and actin mutants affects spine development
and synapse formation. (A) Representative
images showing hippocampal neurons expressing low and high levels of EGFP-tagged
actin proteins. Relatively high-expression levels of EGFP-G13R and EGFP-R62D caused
reductions in the number of mushroom-shaped
spines and increases in the number of deformed spines with both SHPs and filopodia-like protrusions. Arrows indicate filopodia,
and arrowheads point to deformed spines
with SHPs. Bar, 5 µm. (B) Quantification of
different dendritic protrusions. P < 0.001;
two-way ANOVA. Tukey's posthoc test: *, P <
0.05; **, P < 0.01; EGFP group versus WT,
R62D, or G13R high-expression group; #, P <
0.05; ##, P < 0.01; WT, R62D, or G13R low-
expression group versus WT, R62D, or G13R
high-expression group. w/, with; w/o, without. (C) Quantification of spine head width of
neurons expressing different levels of EGFP,
EGFP-WT, EGFP-G13R, and EGFP-R62D. P <
0.01; one-way ANOVA. Tukey's posthoc test:
*, P < 0.05; EGFP group versus WT high-
expression group; #, P < 0.05; R62D or G13R
low-expression group versus R62D or G13R
high-expression group. (B and C) Results were
averaged from 50 spines from three batches
of culture, and the data distribution was tested
for normality with the Shapiro-Wilk test. (D and
E) Quantification of the number of protrusions
containing PSD95 and the size of PSD95 in
dendritic protrusions of neurons expressing different levels of EGFP, EGFP-WT, EGFP-G13R,
and EGFP-R62D. P < 0.001 (D) or P < 0.01
(E); one-way ANO
VA. Tukey's posthoc test:
*, P < 0.05; **, P < 0.01; ***, P < 0.001;
EGFP group versus WT, R62D high-expression,
or G13R high-expression group; #, P < 0.05;
##, P < 0.01; R62D or G13R low-expression
group versus R62D or G13R high-expression
group. Results were averaged from 30 spines
from three batches of culture, and the data distribution was tested for normality with the Shapiro-Wilk test. Error bars represent the SEM.

twice as high in the spine head as in the adjacent dendritic shaft
region and, importantly, can be effectively removed by saponin (Fig. 1 C). Therefore, dendritic spines contain a concentrated pool of G-actin.
The enrichment of G-actin in spines was further confirmed by live-cell imaging of two EGFP-tagged nonpolymerizable γ-actin mutants, G13R and R62D (Posern et al., 2002).
To control for the volume, we coexpressed soluble tdTomato
and visualized the actin distribution using the ratio of EGFP to
tdTomato. As expected, the ratiometric distribution of soluble
EGFP was uniform throughout the cell, whereas EGFP-G13R
and EGFP-R62D exhibited an enriched pattern in dendritic
spines similar to that of EGFP-tagged WT (EGFP-WT) γ-actin
(Fig. 1, D and E). The spine head-to-shaft ratio shows that both
actin mutants are similarly enriched in spines (Fig. 1 F). Livecell extraction by saponin also led to the loss of both actin mutants from spines, whereas a substantial amount of EGFP-WT
actin signals remained (Fig. S1, A and B), confirming that these
two mutants did not get incorporated into F-actin. Furthermore,
the G-actin signals in spines were found to positively correlate
with postsynaptic size as measured by either the spine F-actin
or PSD95 signals, suggesting that G-actin is similarly concentrated in spines of different sizes (Fig. S1, C–F). Finally, the

spine enrichment of G-actin was also observed in pyramidal
neurons of organotypic hippocampal slices, suggesting that it
represents an important postsynaptic feature in vivo (Fig. S2).
Together, these results indicate the presence of a bona fide pool
of G-actin enriched specifically in postsynaptic spines.
The presence of a pool of G-actin in spines suggests that
it may function in actin polymerization underlying spine development. This notion is supported by the findings that hippocampal neurons expressing a high level of either EGFP-G13R or
EGFP-R62D exhibited a reduced number of mushroom-shaped
spines, an increased number of filopodia, and the appearance of
deformed spines with spine head protrusions (SHPs), whereas
the low-level expression of these actin mutants had only minimal effects (Fig. 2 A). Based on the quantification of the total
level of actin proteins using immunostaining, the high- and
low-expressing groups of cells are estimated to have expressed
the exogenous GFP-actin at ∼87 and ∼14% of the endogenous
actin level, respectively (Fig. S3, A and B). Our quantification
of dendritic protrusion number and morphology confirmed the
reduction in mushroom-shaped spines and the increase in filopodia and spines with SHPs only when the actin mutants were expressed at high levels (Fig. 2 B). Importantly, the total number of
dendritic protrusions was not altered by these two actin mutants
A role for G-actin enrichment in dendritic spines • Lei et al.
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Figure 3. Activity-dependent G-actin enrichment in dendritic spines during synaptic potentiation. (A) Representative images showing the spine enrichment
of EGFP-WT actin, EGFP-R62D, and EGFP-G13R after chemical LTP induction. The yellow arrows indicate representative spines exhibiting an increase in
fluorescence with (EGFP and EGFP-WT) and without (R62 and G13R) spine enlargement. Bar, 5 µm. (B) Quantification of the EGFP fluorescence in spines
at various times before and after cLTP induction. P < 0.001; two-way repeated-measures ANOVA over time. Bonferroni posthoc test: #, P < 0.05; ##, P
< 0.01; WT, R62D, or G13R group compared with pre-LTP baseline level; *, P < 0.05; **, P < 0.01; WT, R62D, or G13R group versus EGFP group.
(C) Quantification of the spine-size change at various times before and after cLTP induction. P < 0.001; two-way repeated measures ANOVA over time.
Bonferroni posthoc test: #, P < 0.05; ##, P < 0.01; EGFP or WT group compared with pre-LTP baseline level; *, P < 0.05; R62D or G13R group versus
EGFP group. (B and C) Results were averaged from 20 spines from three batches of culture, and the data distribution was tested for normality with the
Shapiro-Wilk test. Error bars represent the SEM.

(Fig. S3 C). The spine head width, but not the spine neck length,
of cells overexpressing EGFP-G13R or EGFP-R62D was also
reduced in comparison with the EGFP-WT–expressing group
(Fig. 2 C and Fig. S3 D). Similar to the results reported previously (Johnson and Ouimet, 2006), overexpression of EGFPWT enhanced the development of mushroom-shaped spines
(Fig. 2, B and C) and increased the total number of dendritic
protrusions (Fig. S3 C). Finally, we found that expression of
EGFP-R62D and EGFP-G13R at high levels markedly reduced
the synapse number as assessed by PSD95 signals (Fig. 2, D
and E; and Fig. S3 E). It is plausible that the nonpolymerizable actin mutants, when expressed at high levels, might have
acted as dominant-negatives to disrupt normal F-actin assembly
throughout the cell. However, two pieces of data argue against
this possibility. First, as presented above, the total number of
dendritic protrusions was not affected by these two actin mutants. Second, the overall dendritic arbor formation was not altered by overexpressing these two actin mutants (Fig. S3, F and
G). Therefore, we hypothesize that it is the local enrichment of
these actin mutants in spines that may enable them to compete
2554
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with the endogenous actin monomers to retard the actin assembly underlying spine formation.
We next examined whether the spine enrichment of Gactin undergoes activity-dependent changes and plays a role
in spine enlargement during synaptic LTP. We used a chemical
LTP approach in which the potassium channel blocker tetraethylammonium (TEA) was briefly applied (10 min; hereafter
referred to as TEA-cLTP) to robustly potentiate excitatory synaptic transmission and spine size (Gu et al., 2010). Live imaging
of cells coexpressing EGFP-tagged actin mutants and tdTomato
was performed to monitor the changes in spine size and actin
enrichment. To prevent any complications caused by preexisting defects in spine morphology or density, we specifically
chose neurons expressing low levels of EGFP-actin or actin
mutants. Our control hippocampal neurons expressing EGFP
exhibited a substantial increase in spine size after TEA-cLTP,
but the EGFP/tdTomato ratio remained constant throughout
the neuron (Fig. 3). However, the fluorescence of EGFP-WT
and its ratio against tdTomato in spines substantially increased
after TEA-cLTP, coinciding with spine enlargement (Fig. 3).

Figure 4. FRAP analysis of the G-actin pool enriched in spines. (A) Representative image sequences showing the fluorescence recovery of EGFP, EGFP-WT
actin, EGFP-R62D, and EGFP-G13R after single-spine photobleaching. The dashed lines outline the dendritic segment and spines, and the yellow arrows
indicate the specific spines subjected to photobleaching when several spines are present. Bar, 5 µm. (B) FRAP curves for different EGFP proteins. The
fluorescent signals in spines are normalized to the prebleaching mean and corrected for the imaging-caused bleaching using the signals from the adjacent
shaft regions. n = 6 for each group, and error bars represent the SEM. (C) Quantification table showing recovery time for 50% prebleaching levels, 50%
plateau levels, 90% and 99% plateau levels, and the final recovery percentages of different EGFP molecules in dendritic spines. All numbers are presented
as mean ± SEM. (D) Curve fitting for the FRAP data. The EGFP FRAP data can be fitted with a single exponential curve, whereas the actin FRAP data
(WT, G13R, and R62D) can only be fitted accurately with double exponential functions. For each FRAP group, six spines from six different neurons were
examined and quantified.

Interestingly, we found that the levels of both EGFP-G13R and
EGFP-R62D also increased in spines after TEA-cLTP, as indicated by their elevated ratio against tdTomato (Fig. 3). Importantly, cells expressing EGFP-G13R or EGFP-R62D showed no
spine enlargement after TEA-cLTP even though both mutants
were expressed at a low level that did not affect normal spine
development (Fig. 3). Similar results were obtained in hippo-

campal neurons using glutamate-induced chemical LTP (Fig.
S4). These data suggest that spine enrichment of G-actin (a)
may represent the first step leading to actin polymerization underlying spine enlargement, (b) does not depend on actin polymerization, and (c) can be regulated by synaptic activity.
To elucidate the potential mechanisms underlying the
spine enrichment of G-actin, we performed a fluorescence reA role for G-actin enrichment in dendritic spines • Lei et al.
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Figure 5. Phosphoinositides mediate the spine enrichment of G-actin. (A) Representative images and fluorescence profiles showing the effects of EGFPtagged PH domain expression on endogenous G-actin in spines. The yellow arrows mark representative spines. Bar, 5 µm. (B–F) Correlation plots of the
gray levels (12 bit) of EGFP-PH domain fluorescence and G-actin signals in spines. R2 values were extracted from linear regression models. (G) Representative images of live cells showing the effects of EGFP-tagged PH domain expression on G-actin enrichment in spines. mCherry/ECFP ratiometric images
are shown to highlight G-actin levels in spines. Bar, 5 µm. H/S, spine head to shaft. (H) Quantification of the G-actin levels in spines from the live-imaging
data. Error bars represent the SEM. P < 0.01; two-way ANOVA. Tukey's posthoc test: *, P < 0.05; **, P < 0.01; EGFP group versus PHPLCδ or PHAKT group;
#, P < 0.05; PH
PLCδ group versus PHAKT group. Results were averaged from 30 spines from three batches of culture, and the data distribution was tested for
normality with the Shapiro-Wilk test.

covery after photobleaching (FRAP) assay to examine the mobility of G-actin in individual spines (Fig. 4). As expected, EGFP
fluorescence in spines recovered rapidly after photobleaching to
reach 50% of the prebleaching level within 1 s (Fig. 4, A–C).
In comparison, the fluorescence of EGFP-WT actin recovered
slowly, reaching 50% of the prebleaching level in ∼5 s and plateauing at ∼88% of the prebleaching level, similar to previous
studies (Star et al., 2002; Hotulainen et al., 2009). The EGFP recovery data can be fitted as a single exponential function, resulting in a time constant (τ) of 1.04 s (Fig. 4 D, and Text S1, part
1). However, the EGFP-WT actin data can only be fitted with a
double exponential function, resulting in a rapid component (τ1
= 1.51 s) and a slow component (τ2 = 44.03 s; Fig. 4 D, and Text
2556
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S1, part 1), of which the fast component likely represents the
diffusible population of WT-actin. As reported previously (Star
et al., 2002; Honkura et al., 2008; Hotulainen et al., 2009), the
slow component likely represents the dynamic pool of F-actin,
whereas the nonrecoverable portion represents the stable F-actin
pool. Intriguingly, both EGFP-G13R and EGFP-R62D also exhibited a slow recovery profile, but they were able to completely
recover to the prebleaching level (Fig. 4, A–C). Fitted with double exponential functions, both actin mutants exhibited a fast
component similar to WT, indicating that the diffusion of these
three EGFP-tagged actin proteins is similar (Fig. 4 D, and Text
S1, part 1). However, G13R and R62D exhibited a larger time
constant (τ2) for the slow component than WT-actin (69 and

Figure 6. Inhibition of PI3K and PTEN affects the base-level and activity-dependent G-actin enrichment in dendritic spines differently. (A) Representative
images and fluorescence profiles showing the changes in G-actin levels in spines as revealed by G-actin probes DBP and JLA20 after treatment with PI 3kinase and PTEN inhibitors. Spines are highlighted by Alexa Fluor 569–phalloidin. The yellow arrows mark some most representative spines of interest. Bar,
5 µm. (B) Quantification of G-actin levels was done in spines by normalizing the spine signals to the adjacent shaft signals. Results were averaged from 25
spines from three batches of culture, and the data distribution was tested for normality with the Shapiro-Wilk test. H/S, spine head to shaft. (C) Representative images of live cells showing the changes in G-actin levels in spines after treatment with PI 3-kinase and PTEN inhibitors. The cells coexpressed either
EGFP-R62D or EGFP-G13R with tdTomato as the volume marker, and ratiometric images are shown to highlight the changes in G-actin levels in spines. Bar,
5 µm. (D) Quantification of the G-actin levels in spines from the live-imaging data. Results were averaged from 30 spines from three batches of culture, and
the data distribution was tested for normality with the Shapiro-Wilk test. (B and D) P < 0.001; two-way ANOVA. Tukey's posthoc test: *, P < 0.05; **, P
< 0.01; DMSO group versus LY294002 or SF1670 treatment group; ##, P < 0.01; ###, P < 0.001; LY294002 treatment group versus SF1670 treatment
group. (E) Representative images showing the changes in G-actin signals in spines after cLTP induction in cells preincubated with PI3-kinase/PTEN inhibitors.
Bar, 5 µm. (F) Quantification of the EGFP fluorescence in spines at various times before and after cLTP induction. P < 0.001; two-way repeated-measures
ANOVA over time. Bonferroni posthoc test: #, P < 0.05; ##, P < 0.01; DMSO, LY294002, or SF1670 treatment group compared with pre-LTP baseline level;
*, P < 0.05; LY294002 treatment group versus DMSO group. Results were averaged from 25 spines from three batches of culture, and the data distribution
was tested for normality with the Shapiro-Wilk test. Error bars represent the SEM.
A role for G-actin enrichment in dendritic spines • Lei et al.
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Figure 7. Knockdown of profilin 1/2 on
G-actin enrichment in spines and FRAP analysis of the spine G-actin pool with PI3K/PTEN
inhibition or profilin 1/2 knockdown. (A) Representative ratiometric images of live neurons
coexpressing EGFP-WT or EGFP-R62D, tdTomato, and shRNA against either scrambled
control or profilin 1/2. The ratios represent
EGFP-WT or EGFP-R62D over tdTomato. Bar,
5 µm. (B) Quantification of the difference in
G-actin levels in spines from the live-imaging
data. The head-to-shaft ratio (H/S ratio) is calculated from normalized EGFP signals (against
tdTomato). P < 0.001; two-way ANO
VA.
Tukey's posthoc test: *, P < 0.05; **, P <
0.01; ***, P < 0.001; EGFP group versus
WT, R62D, or G13R group; #, P < 0.05;
##, P < 0.01; WT, R62D, or G13R group expressing scrambled control versus WT, R62D,
or G13R group expressing shRNA against
profilin 1/2. Results were averaged from 40
spines from three batches of culture, and the
data distribution was tested for normality with
the Shapiro-Wilk test. (C) Representative images showing the spine morphology in DIV21
hippocampal neurons expressing EGFP + shRNAs. Bar, 5 µm. (D and E) Bar graphs showing
the quantification results of spines (with [w/]
or without [w/o] SHPs) and filopodia (D) and
spine head volume (E) of neurons expressing
EGFP + scrambled shRNA or EGFP + shRNA
against profilin 1/2. Results were averaged
from 45 spines from three batches of culture,
and the data distribution was tested for normality with the Shapiro-Wilk test. (D) P < 0.01;
two-way ANOVA. Tukey's posthoc test: *, P <
0.05; **, P < 0.01; EGFP group versus profilin 1/2 RNAi group. (E) *, P < 0.05; Student’s
t test. (F) FRAP curves for EGFP-R62D of neurons with PI3K/PTEN inhibition by LY294002/
SF1670 or profilin 1/2 knockdown. The fluorescent signals in spines are normalized to
the prebleaching mean and corrected for the
imaging-induced bleaching using the signals
from the adjacent shaft regions. The FRAP
curve for EGFP is shown as a dashed line for
reference. The DMSO treatment group is used
as the control. n = 6 for each group. Error
bars represent the SEM.

70 s vs. 44 s). As both G13R and R62D are nonpolymerizable
actin, their slow recovery rates suggest a potential mechanism
that might trap and/or immobilize this pool of G-actin in spines.
What potential mechanism could trap/immobilize/enrich
G-actin in spines but still allow for removal by mild detergents?
One possibility is through interactions with membrane phosphoinositides, especially phosphatidylinositol (4,5)-
bisphosphate
(PIP2) and phosphatidylinositol (3,4,5)-triphosphate (PIP3),
which are well known for their roles in synapse development
and function (Dotti et al., 2014). PIP3 in particular has been
shown to concentrate in spines where it regulates postsynaptic
function and plasticity (Arendt et al., 2010; Ueda and Hayashi,
2013). Therefore, we examined whether the spine enrichment
of G-actin is mediated by these two phosphoinositides using
EGFP-tagged pleckstrin homology (PH) domains from phospholipase Cδ and AKT kinase to preferentially highlight PIP2
and PIP3, respectively. Both EGFP-PHPLCδδand EGFP-PHAKT
highlighted the plasma membrane including dendritic spines,
and their signals were diminished after a brief exposure to the
detergent saponin (Fig. S5, A–C). This suggests that saponin
2558
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removes PIP2 and PIP3 molecules from neuronal membranes.
Furthermore, relatively high expression levels of EGFP-PHPLCδ
or EGFP-PHAKT caused reductions in mushroom-shaped spines
(and spine head width) and increases in both filopodia and deformed spines with SHPs (Fig. S5, D–H), similar to the overexpression of nonpolymerizable G-actin mutants. If G-actin
enrichment in spines depends on either PIP2 or PIP3, we hypothesized that the overexpression of EGFP-tagged PH domains
could lead to a reduction in the levels of G-actin in spines by
blocking the interaction between G-actin and the phosphoinositides. Indeed, we found that spines expressing EGFP-PHAKT
appear to have a reduced level of G-actin, whereas EGFP expression alone has no effect (Fig. 5 A). We further quantitatively examined the correlation between endogenous G-actin
levels and the fluorescence of EGFP-PHPLCδδor EGFP-PHAKT
in spines. Whereas expression of EGFP alone had no effect
on spine G-actin levels (Fig. 5 B), increasing levels of EGFP-
PHPLCδ and EGFP-PHAKT fluorescence correlated with decreasing levels of endogenous G-actin in spines (Fig. 5, C and D).
Neither of these EGFP-PH probes had an effect on ECFP sig-

Figure 8. Schematic model depicting G-actin
enrichment in spines. The local enrichment of
G-actin in spines represents an important step
that leads to actin polymerization underlying
spine enlargement during synapse development and plasticity. The enrichment of G-actin
is mediated, in part, by the actin monomer–
binding protein profilin. The G-actin pool in
spines is relatively immobile because of its association with PIP3, although the exact molecular details remain to be determined. Synaptic
activities regulate G-actin enrichment in spines
by affecting the PIP3 level through PI-3 kinase.
The boxed panel summarizes the different
pools of actin proteins in spines represented
by the recovery curves after photobleaching.
The diffusible G-actin, dynamic F-actin, and
stable F-actin pools have been established previously. Our data indicate the existence of a
relatively immobile pool of G-actin in spines.

nals in spines (Fig. 5, E and F). However, the effect of EGFP-
PHAKT on spine G-actin signals is approximately three times
that of EGFP-PHPLCδ (based on the slopes of the regression lines
of the correlation plots; Fig. 5, C and D), suggesting that PIP3
is the primary phosphoinositide involved in mediating G-actin
enrichment in spines. We further confirmed these findings using
live imaging of mCherry-G13R or mCherry-R62D coexpressed
with EGFP-PHPLCδ or EGFP-PHAKT. Consistently, EGFP-PHAKT
exerted a much stronger inhibition on the spine enrichment of
these actin mutants than EGFP-PHPLCδ (Fig. 5, G and H).
To better interpret our experimental findings concerning
PHPLCδ and PHAKT expression on G-actin in spines, we considered alternative computational models that relate PHPLCδ,
PHAKT, and G-actin through competition for availability of PIP2
and PIP3 (Fig. S6, and Text S1, part 2). We tested four different
competition models, in which either G-actin or a PH domain
can form a scaffold with PIP2 or PIP3 but not both (Fig. S6,
A–C). We found that only the models including the formation of
a ternary scaffold with PIP3, PHAKT, and G-actin (Fig. S6 C) fit
both weak and strong correlation curves from Fig. 5 (C and D),
as shown by the least square optimization fitting with MATLAB
(Fig. S6 D). This result explains the high sensitivity of G-actin
accumulation in spines to the presence of the PHAKT domain
and supports the competition mechanism where there is a much
stronger interaction between G-actin and PIP3 than with PIP2.
Together, these results support the notion that PIP3 mediates
G-actin enrichment in spines, and it represents an important

mechanism underlying dynamic F-actin assembly during spine
development and plasticity.
The cellular levels of PIP3 and PIP2 are regulated by
PI-3 kinase (PI3K; phosphatidylinositide 3-kinase) and PTEN
(phosphatase and tensin homologue). Therefore, we examined
whether pharmacological manipulation of PI3K and PTEN can
alter G-actin enrichment in dendritic spines. We found that inhibition of PI3K using LY294002 (Vlahos et al., 1994) resulted
in a marked reduction in the spine enriched pool of endogenous G-actin, whereas PTEN inhibition by SF1670 (Rosivatz
et al., 2006) led to an increase in spine G-actin (Fig. 6, A and
B). Similar results were obtained from live-cell imaging of
EGFP-G13R and EGFP-R62D (Fig. 6, C and D). Furthermore,
inhibition of PI3K but not PTEN suppressed the TEA-cLTP–
induced increase of G-actin in spines (Fig. 6, E and F). Given
that PI3K is known to be activated by synaptic signaling (Man
et al., 2003; Sui et al., 2008), these results link synaptic signaling to the PIP3-mediated enrichment of G-actin in spines for
activity-dependent changes in spine size.
Phosphoinositides play an important role in the spatiotemporal regulation of the actin cytoskeleton and its dynamics
(Saarikangas et al., 2010), in part through interactions with actin
monomer–binding proteins such as profilin (Paavilainen et al.,
2004). Interestingly, the actin monomer–binding protein profilin has been shown to undergo activity-dependent trafficking
into spines (Ackermann and Matus, 2003; Neuhoff et al., 2005).
To explore the possible involvement of actin monomer–binding

Table 1. FRAP of EGFP-R62D/G13R in dendritic spines under different conditions
GFP-actin
DMSO
LY294002
SF1670
Scramble RNAi
Profilin 1/2 RNAi

50% Prebleaching

50% plateau

90% plateau

99% plateau

Plateau at 300 s
(%)

G13R

3.1 ± 0.3

3.0 ± 0.3

100 ± 5.5

249 ± 16

99 ± 0.62

R62D

3.0 ± 0.4

3.0 ± 0.3

101 ± 5.8

248 ± 15

99 ± 0.84

G13R

1.7 ± 0.3

1.7 ± 0.2

85 ± 4.3

221 ± 13

99 ± 0.82

R62D

1.8 ± 0.2

1.8 ± 0.2

84 ± 4.7

223 ± 14

99 ± 0.99

G13R

10.0 ± 0.3

9.4 ± 0.3

116 ± 6.9

274 ± 16

99 ± 0.51

R62D

9.4 ± 0.4

9.2 ± 0.3

115 ± 7.2

272 ± 17

99 ± 0.56

G13R

3.1 ± 0.3

3.1 ± 0.2

99 ± 6.0

253 ± 16

99 ± 0.53

R62D

3.1 ± 0.2

3.1 ± 0.2

100 ± 5.7

260 ± 15

99 ± 0.56

G13R

1.2 ± 0.3

1.1 ± 0.3

40 ± 4.2

173 ± 14

99 ± 0.95

R62D

1.2 ± 0.3

1.2 ± 0.2

38 ± 4.5

169 ± 13

99 ± 1.00

Quantification table showing recovery time for 50% prebleaching levels, 50% plateau levels, 90% and 99% plateau levels, and the final recovery percentages of EGFP-R62D/
G13R in dendritic spines under different conditions. All numbers are presented in seconds as mean ± SEM.
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Table 2. Curve fitting of FRAP data
GFP-actin
Control

DMSO
LY294002
SF1670
Scramble RNAi
Profilin 1/2 RNAi

F(0)

F(e)

c

τ1 (sec)

τ2 (sec)

WT

0.0960

0.8797

0.4161

1.5112

44.0287

G13R

0.1041

1.0019

0.4637

1.4744

69.3191

R62D

0.1021

1.0002

0.4506

1.5724

70.2468

G13R

0.10126

1.0006

0.45883

1.5190

69.4147

R62D

0.098472

1.0035

0.45535

1.5174

72.7302

G13R

0.1274

1.0004

0.34306↓

1.3793

69.8583

R62D

0.16293

0.99987

0.3464↓

1.4974

68.949

G13R

0.087312

0.9997

0.57153↑

1.6203

70.3258

R62D

0.081741

1.0016

0.57138↑

1.5003

70.0223

G13R

0.099384

0.99966

0.45277

1.5389

70.3558

R62D

0.098478

1.0030

0.45301

1.5687

72.6469

G13R

0.16664

0.9999

0.17228↓

1.5483

72.8719

R62D

0.16208

1.0016

0.17482↓

1.5657

74.7082

The comprehensive table summarizes all five parameters (F[0], F[e], c, τ1, and τ2) of the double exponential function used to fit the FRAP curves of WT actin or actin mutants. Note
that τ1 and τ2 are similar among actin mutants under different conditions. Arrows indicate the changes with bold numbers depicting an increase over the control.

proteins in G-actin enrichment in dendritic spines, we knocked
down both profilin 1 and 2 (hereafter referred to as profilin 1/2)
using shRNA. We observed a large reduction in G-actin levels
in dendritic spines (Fig. 7, A and B). Importantly, knockdown
of profilin 1/2 reduced the number of mushroom-shaped spines
and spine head volume and increased the number of both deformed spines with SHPs and filopodia, without affecting the
total number of dendritic protrusions (Fig. 7, C–E).
Finally, we performed FRAP to examine the recovery kinetics of actin mutants when the PIP3 level was altered or profilin 1/2 was knocked down (Fig. 7 F and Table 1). Consistently,
30-min inhibition of PI-3K resulted in a faster recovery of both
actin mutants, whereas PTEN inhibition slowed the recovery.
Remarkably, knockdown of profilin 1/2 had the most profound
effect, resulting in a much faster recovery of both actin mutants. To gain further insights into the underlying mechanism,
we again performed the curve fitting and found that all these
recovery data can only be adequately fitted with a double exponential function (Table 2). Despite the different manipulations,
all FRAP data contain a rapid component and a slow component
with their time constants (τ1 ≈ 1.5 s and τ2 ≈ 70 s) consistent
across the data (Table 2), indicating that the recovery kinetics
of these two G-actin pools was not altered. However, PI-3K inhibition appears to have reduced the size of the slow component pool. This is indicated by the reduced contribution of this
component to the fit, which is reflected by the smaller value of
the corresponding preexponential constant c (Text S1, part 1).
However, PTEN inhibition resulted in an increased c, suggesting that the size of the slow component pool was increased.
Knockdown of profilin 1/2 had the most profound reduction
in the pool of the slow component, as the constant c is about
three times smaller than that of the scramble control (Table 2).
Together with the reduction in the amount of G-actin in spines
after profilin knockdown or PI-3K inhibition, these results provide strong support to our model in which profilin molecules
are involved in the PIP3-mediated spine enrichment of G-actin
in dendritic spines (Fig. 8). Given that several actin regulatory
proteins have been shown to undergo activity-dependent translocation into spines (Bosch et al., 2014), it is likely that the local
concentration of G-actin and its assembly into distinct F-actin
structures in spines involve the concerted actions of many actin
regulatory proteins. Nonetheless, our findings show a novel
actin mechanism by which spatiotemporal regulation of G-actin
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in spines regulates F-actin assembly and dynamic remodeling
during synapse formation and plasticity.

Discussion
The unique morphology of dendritic spines enables them
to function as isolated electrical and biochemical compartments, thereby permitting individual synapses to function independently during information storage and processing. The
separation of the spine head from the dendritic shaft by the
narrow spine neck has been shown to limit the diffusion of
some molecules and allow for the compartmentalization of
calcium and neurotransmitter receptor signaling (Majewska
et al., 2000; Sabatini et al., 2002; Noguchi et al., 2005; Tønnesen et al., 2014). However, this means that, for certain molecules, particularly those required for rapid activity-dependent
modifications, it may be advantageous to be locally available
rather than recruited on demand from the dendritic shaft. In
this study, we present evidence for a novel actin mechanism
in which spatiotemporal enrichment of G-actin in spines
regulates normal spine development and plasticity-induced
changes in spine morphology. Our data further reveal that the
local enrichment of G-actin in spines depends on the phosphoinositide PIP3 and is regulated by PI3K and PTEN, which
are known to play a crucial role in mediating synaptic signaling and plasticity (Dotti et al., 2014). Importantly, our results
suggest that actin assembly during spine enlargement occurs
in two distinct steps: (1) the local enrichment of G-actin and
(2) its subsequent polymerization into F-actin (see Fig. 8). Finally, our data suggest that the spine enrichment of G-actin
involves actin monomer–binding proteins such as profilin.
Considering that mutations and altered expression of profilin are associated with several neurological disorders (Wu
et al., 2012; Michaelsen-Preusse et al., 2016), our findings
support an important role of the spatiotemporal regulation of
actin monomers in synapse development and may potentially
provide the insights into the cellular mechanisms underlying
these neurological disorders.
Previous studies examining the dynamics of actin in
spines have largely focused on F-actin, while making the
assumption that G-actin is readily diffusible (Star et al.,
2002; Honkura et al., 2008; Frost et al., 2010). At least two

pools of F-actin have been identified: a dynamic pool that
represents the dynamic turnover of F-actin through treadmilling and a relatively stable pool at the base of spine heads
that likely plays a role in stabilizing spines (Star et al., 2002;
Honkura et al., 2008; Frost et al., 2010). Honkura et al. also
identified an enlargement pool with an intermediate time
constant that is confined to the spine head by the spine neck
and is responsible for spine enlargement. Considering the
∼10:1 ratio of F- to G-actin in the spine and the longer time
constant of this pool (Honkura et al., 2008), it is possible
that some fraction of the enlargement pool of F-actin may
include the enriched G-actin described here. We propose refining this model to include the relatively immobile pool of
G-actin that is confined to the spine head by PIP3. The time
constant of this pool of G-actin is longer than the dynamic
pool of F-actin, which suggests that it may function in activity-dependent rapid spine expansion or provide a reservoir
to capture G-actin from rapidly depolymerizing filaments
(see Fig. 8). Superresolution microscopy has recently been
used to identify independently regulated distinct F-actin
networks within spine subdomains, and future studies using
this method using G-actin mutants could shed light on where
monomers are incorporated and reveal whether G-actin is
confined by the spine neck.
In cells, G-actin is bound by families of actin monomer–
binding proteins that regulate its nucleotide state, availability
for polymerization, and interactions with other actin regulatory
proteins (Paavilainen et al., 2004). Here, we show that profilin
is required for the enrichment of G-actin in spines and that
its knockdown results in the loss of mushroom-shaped spines.
This suggests a role for profilin in G-actin enrichment in the
spine head and possibly in mediating an interaction with phosphoinositides. Profilin is able to directly bind both PIP2 and
PIP3, but this interaction could result in the loss of its ability
to bind actin monomers (Saarikangas et al., 2010). Therefore,
the spine enrichment of G-actin may not be a result of direct
PIP3 association of the profilin–actin complex. Instead, it is
possible that profilin–actin complexes may interact with PIP3
through another protein, like a member of the Wiskott–Aldrich
syndrome protein family (Takenawa and Suetsugu, 2007).
Future studies are needed to fully elucidate the molecular
details that enable PIP3-mediated local enrichment of G-actin
in dendritic spines.
It should be noted that of the six mammalian actins,
β and γ cytoplasmic actin are the isoforms found in neurons and only differ by four biochemically similar amino
acids at the amino-terminal region. Previous studies suggest
that both γ-actin and β-actin are found in spines, although
there appears to be some age- and brain region–specific differences in their localization patterns (Kaech et al., 1997;
Cheever and Ervasti, 2013). Although our live imaging used
GFP-tagged γ-actin to show the activity-dependent spine enrichment of G-actin, β-actin likely exhibits a similar spine enrichment pattern as we have shown a similar localization of
both γ– and β–G-actin in the leading edge of motile growth
cones (Lee et al., 2013). However, given that β-actin is often
found in dynamic structures, the ratio of γ-actin and β-actin
in spines may vary depending on the developmental stages
of the spines. Nonetheless, our findings have uncovered a
new mechanism by which dynamic enrichment of G-actin in
spines regulates actin assembly and spine remodeling during
development and plasticity.

Materials and methods
DNA constructs, antibodies, and reagents

The following DNA constructs were used in this study: pcDNA3-EGFP,
pcDNA3-ECFP, EGFP-actin (pCS2+ EGFP–γ-actin), EGFP-actinR62D
(pCS2+ EGFP–γ-actinR62D), EGFP-actinG13R (pCS2+ EGFP–γ-actinG13R),
mCherry-actinR62D (pCS2+ mCherry–γ-actinR62D), mCherry-actinG13R
(pCS2 + mCherry–γ-actin G13R), pLVX-IRES-tdTomato, EGFPC1-PHPLCδ, EGFP-C1-PHAKT, pCAG–PSD-95–tdTomato, and pSUPER
for shRNA expression. The shRNA sequences used in this study are (all
in the 5′-3′ direction): profilin 1, GCAAAGACCGGTCAAGTTT; and
profilin 2, GTAGAGCATTGGTTATAGT. DNA constructs were prepared using the PureLink HiPure Plasmid Maxiprep kit (K2100) from
Invitrogen (Thermo Fisher Scientific).
Gc-globulin from human plasma (DBP) was from SigmaAldrich (G8764). Rabbit polyclonal anti–human Gc-globulin antibody (A0021) was from Dako (Agilent Technologies). Mouse
monoclonal anti-actin antibody (Ab-1; JLA20) was from Calbiochem (EMD Millipore). Mouse monoclonal anti-PSD95 antibody
(MA1-045) and Alexa Fluor secondary antibodies were from
Thermo Fisher Scientific.
All restriction enzymes were from New England BioLabs or
Fermentas (Thermo Fisher Scientific). Alexa Fluor 546 phalloidin
(A22283) was from Invitrogen (Thermo Fisher Scientific). DAPI
(10236276001) was from Roche Life Science. DMSO (D8418), saponin (47036), TEA chloride (T2265), and l-glutamic acid (G1251) were
from Sigma-Aldrich. PFA (18814) was from Polysciences, Inc. Prototypical PI 3-kinase inhibitor LY294002 (1130) and PTEN inhibitor
SF1670 (5020) were from Tocris Bioscience.
Animal care

All animals were treated in accordance with the Emory University Institutional Animal Care and Use Committee guidelines.
Dissociated hippocampal neuron culture

All coverslips for hippocampal neuron cultures were coated with 0.1
mg/ml poly-d-lysine 24 h before dissection. Hippocampi from E18
rat embryos were digested with 0.125% trypsin-EDTA for 25 min at
37°C, followed by trituration with pipettes in the neuronal culture
media (neurobasal medium containing 1% glutamate and 2% B27
supplement). The neuronal culture was kept at 37°C and 5% CO2 in
an incubator thereafter. Then, one third of the neuronal culture media
was changed every 72 h.
Rodent hippocampal slice culture

Brain slice culture was performed by following the method described
previously (Fuller and Dailey, 2007). In brief, P5 rat hippocampi were
cut into 300-µm coronal sections by a tissue chopper after being cut
free from the cerebral hemispheres. Then, the slices were separated
and cultured on culture plate inserts (Millipore) in MEM containing
25% HBSS, 6.5 mg/ml d-glucose, 25% horse serum, and 1% penicillin-streptomycin in a humidified CO2 incubator.
Immunocytochemistry

Neurons were first washed with PBS (5% glucose) and then fixed in
4% paraformaldehyde at RT for 30 min and incubated with 0.1% Triton
X-100 in PBS (5% glucose) for 10 min. After blocking with 8% goat
serum and 1% BSA in PBS (5% glucose) at RT for 1 h, neurons were
incubated in primary antibodies at 4°C for >12 h and subsequently
with Alexa Fluor secondary antibodies at RT for 2 h. Coverslips were
mounted with Fluoromount-G mounting medium from SouthernBiotech before observation.
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Calcium phosphate transfection

A CalPhos transfection kit (Clontech-Takara) was used. For each
35-mm culture dish, 2–4 µg DNA, water, and 5 µl of 2 M CaCl2 were
mixed into a 40-µl total volume. This solution was added into 40 µl of
2× Hepes-buffered saline dropwise while continuously vortexing. The
mixed solution was added to neurons after 20-min RT incubation. After
that, the neurons were incubated at 37°C and 5% CO2 for 30–40 min
and washed with plain neurobasal medium before being put back into
the incubator for another 45–60 min. Finally, the neurobasal medium
was removed, and the normal culture medium was added back. Dissociated hippocampal neurons were transfected at DIV13 and then imaged
and analyzed at DIV21, unless stated otherwise.

trol, and multiple photomultiplier tube detectors. Cells were mounted
in a custom live-cell chamber. All experiments were performed using
an oil immersion objective (60× 1.49NA PlanApoN TIRF). First, six
control images at one frame per second were acquired. Photobleaching
was done by using a region of interest that enclosed a single spine head
with the maximal power of the 488-nm laser line from a 40-mW argon
laser. The bleaching duration was 500 ms, and pixel dwell was set at
3.9 µs. Immediately after photobleaching, a 5-s imaging sequence was
acquired with no delay between frames, yielding nine frames. A second sequence of 150 images was followed with a 2-s interval between
frames. Imaging was done using the following settings: 488-nm laser
power = 2%, pixel dwell = 1.2 µs, and resolution = 0.07 µm/pixel.

Live-cell imaging

Image processing and statistical analysis

Neurons were changed from culture medium to a Hepes-buffered recording solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1.5 mM
MgCl2, 10 mM glucose, and 25 mM Hepes, pH 7.4). Coverslips with
neurons were mounted onto a heating chamber and maintained at 37°C
during imaging. Most of the imaging experiments were performed on
a confocal system (C1; Nikon) using an oil objective (NA = 1.4; 60×;
Plan Apo). For all the cells, we use the same optical settings (laser
power, pinhole size, gain, etc.) for image acquisition, so their fluorescence can be compared. FRAP experiments were done on an A1R confocal system (Nikon) using an oil objective (NA = 1.49; CFI Apo TIRF
60×) with a stage incubator (37°C and 5% CO2).

Data analyses were performed using ImageJ (National Institutes of
Health) and NIS-Elements software. Dendritic regions of interest in
hippocampal neurons were first taken as three-dimensional image
stacks and then projected to two-dimensional images using the maximal intensity z-projection function from ImageJ. To analyze spine
volume, we measured the integrated intensity of tdTomato or EGFP
signals in all the spines selected by the Auto Thresholding function
from ImageJ. Ratio images were made with a custom Ratio ImageJ
Plugin after background subtraction, registration, and photobleaching
correction. For FRAP assay data analysis, images were background
subtracted and corrected for photobleaching. Fluorescence intensity
profiles of dendritic spines were generated along 5 pixel–wide lines
through the centers of dendritic spine heads of interest with the plot
profile tool of ImageJ. Sholl analysis was performed by using the Anirvan Ghosh laboratory ImageJ Sholl Analysis Plugin (v1.0). Most statistical analysis was performed using SPSS Statistics (v.24; IBM Corp.).
To determine the effects of exogenously expressed EGFP-actin
or EGFP-actin mutants on cells, we grouped them into two groups according to the mean EGFP fluorescence intensity of their cell bodies:
low-expression group < 1,500 and high-expression group > 2,500.
Immunostaining of the total actin proteins using a pan-actin antibody
(Ab14128; Abcam) was used to estimate the amount of overexpression
of these EGFP-tagged actin proteins relative to the endogenous level.

Biolistic transfection of neurons in slice culture

Biolistic transfection was performed as previously defined (McAllister,
2000; Woods and Zito, 2008). In short, up to 50 µg of DNA was precipitated on 6–8 mg of gold powders (0.3–3 µm; Crescent Chemical
Co., Inc.) by adding 100 µl of 1 M CaCl2. Then, the gold/DNA pellet was resuspended in 3.5 ml polyvinylpyrrolidone (Sigma-Aldrich)
solution. After that, Tefzel tubing was coated with the gold/polyvinylpyrrolidone solution, dried in the tubing station (Bio-Rad), and cut
into bullets. Finally, brain slices were shot from 0.5–1 inches away
using a Helios gene gun (Bio-Rad) connected to a helium gas tank (180
PSI). Rat hippocampal slices were transfected at DIV3 and then imaged and analyzed at DIV6.

Online supplemental material
Saponin extraction, LTP induction, and enzyme inhibitors application

Live-cell extraction was conducted by treating cells with a permeabilization buffer (20 mM Hepes, 138 mM KCl, 4 mM MgCl2, 3 mM
EGTA, 1% BSA, 1 mM ATP, 3 µM phalloidin, and 0.2 mg/ml saponin)
for 60 s, followed by immediate fixation or imaging.
For TEA-cLTP, we briefly exposed the neurons to the TEA solution for 10 min, as described previously (Gu et al., 2010). The TEA
solution is based on the recording solution but contains 5 mM CaCl2,
0.1 mM MgCl2, and 25 mM TEA (Sigma-Aldrich). For glutamate-
induced cLTP, we followed the previously described protocol (Ackermann and Matus, 2003) and treated the neurons with 10 µM l-glutamate
in Mg2+-free Hepes-buffered solution (142 mM NaCl, 5 mM KCl,
2 mM CaCl2, 10 mM glucose, and 25 mM Hepes, pH 7.4) for 30 min.
Inhibition of PI 3-kinase and PTEN were performed by adding
40 µM LY294002 and 60 µM SF1670 2 h or 30 min before proceeding
with studies of baseline distribution or synaptic activity-dependent localization of G-actin in dendritic spines, respectively.

Fig. S1 shows live-cell extraction of G-actin in spines by saponin and
correlation between G-actin and PSD95 in spines. Fig. S2 shows enrichment of G-actin in dendritic spines of hippocampal neurons in
organotypic brain slices. Fig. S3 shows actin expression level, total
protrusion number, spine neck length, PSD95 signals, and dendritic arborization of neurons expressing different levels of EGFP, EGFP-WT,
EGFP-G13R, and EGFP-R62D. Fig. S4 shows activity-dependent
G-actin enrichment in dendritic spines during glutamate-induced synaptic potentiation. Fig. S5 shows live-cell extraction of PIP2 and PIP3
by saponin and expression of EGFP-PHPLCδ or EGFP-PHAKT on spine
development and synapse formation. Fig. S6 shows alternative models of G-actin interaction with phosphoinositides and the resulting fit
to experimental data. Text S1 is available as a PDF and shows details
of curve fitting of FRAP data and models for binding competition between G-actin and PH domains for association with the inositol lipids
PI(4,5)P2 and PI(3,4,5)P3.
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