’:::’JCB Eaomioey
Endophilin Al drives acute structural plasticity of
dendritic spines in response to Ca%*/calmodulin

Yanrui Yang®?*, Jiang Chen®*, Xue Chen®?, Di Li% Jianfeng He> Shen Wang®@®, Shun Zhao®, Xiaoyu Yang®, Shikun Deng®?, Chunfang Tong', Dou Wang?,
Zhenzhen Guo'?, Dong Li*®, Cong Ma®®, Xin Liang°®, Yun S. Shi*@®, and Jia-Jia Liu>@®

Induction of long-term potentiation (LTP) in excitatory neurons triggers a large transient increase in the volume of dendritic
spines followed by decays to sustained size expansion, a process termed structural LTP (sLTP) that contributes to the cellular
basis of learning and memory. Although mechanisms regulating the early and sustained phases of sLTP have been studied
intensively, how the acute spine enlargement immediately after LTP stimulation is achieved remains elusive. Here, we report

that endophilin Al orchestrates membrane dynamics with actin polymerization to initiate spine enlargement in NMDAR-
mediated LTP. Upon LTP induction, Ca?*/calmodulin enhances binding of endophilin Al to both membrane and p140Cap, a
cytoskeletal regulator. Consequently, endophilin Al rapidly localizes to the plasma membrane and recruits p140Cap to
promote local actin polymerization, leading to spine head expansion. Moreover, its molecular functions in activity-induced rapid
spine growth are required for LTP and long-term memory. Thus, endophilin Al serves as a calmodulin effector to drive acute

structural plasticity necessary for learning and memory.

Introduction

Long-term potentiation (LTP) of synapses contributes to neural
mechanisms underlying learning and memory (Nabavi et al.,
2014). In the mammalian brain, most glutamatergic synapses
are located on dendritic spines, micron-sized membrane pro-
trusions emanating from dendrites of excitatory neurons. In
response to input activity, spines undergo changes in both
morphology (structural plasticity) and function (functional
plasticity), which are tightly correlated during LTP (Harvey and
Svoboda, 2007; Matsuzaki et al., 2001; Matsuzaki et al., 2004).
Imaging of brain slices has revealed that LTP stimuli triggers a
large transient increase in spine volume starting within 1 min of
stimulation (acute or initial phase), followed by the decay of
enlarged spines (early or transient phase) to a long-lasting size
expansion (late or sustained phase; Harvey and Svoboda, 2007;
Matsuzaki et al., 2004). This process of spine morphological
remodeling is termed structural LTP (sLTP), which would allow
physical enlargement of glutamatergic synapses to accommodate
more AMPA-type receptors (AMPARs) for synaptic potentiation
(Herring and Nicoll, 2016). Indeed, recent studies have not only
detected size increase of functionally potentiated spines in the

motor cortex of mice trained with motor learning tasks (Hayashi-
Takagi et al., 2015; Roth et al., 2020) but also established a direct
link between spine expansion and memory trace in vivo by
demonstrating erasure of acquired motor skills by optical
shrinkage of potentiated spines (Hayashi-Takagi et al., 2015).
Nonetheless, whether acute sLTP is necessary for LTP and its
physiological relevance to learning and memory remain to
be determined. Moreover, although sLTP has been studied
intensively, with calcium (Ca?*) signaling-regulated actin
remodeling being the central process that governs the stabili-
zation and consolidation of spine enlargement (Nakahata and
Yasuda, 2018), the mechanism initiating rapid spine growth
remains largely unexplored due to limited spatiotemporal reso-
lution of the molecular events in the acute phase of LTP induction.

Endophilin Al is a member of the endophilin A protein family
characterized by an amino-terminal N-BIN/amphiphysin/Rvs
(BAR) domain and a carboxyl-terminal Src homology 3 (SH3)
domain. The gene encoding endophilin Al (EENI, gene name
sh3gl2) is almost exclusively expressed in brain (Ringstad et al.,
1997) and has been implicated in epilepsy, schizophrenia, and
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Alzheimer’s disease (Corponi et al., 2019; Ren et al., 2008; Yu
et al., 2018a; Yu et al., 2018b). Originally identified as a com-
ponent of the endocytic machinery, endophilin As function in
synaptic vesicle recycling (Milosevic et al., 2011; Ringstad et al.,
1997; Schuske et al., 2003; Verstreken et al., 2003; Watanabe
et al.,, 2018), autophagosome formation, and protein homeosta-
sis at presynaptic terminals (Murdoch et al., 2016; Soukup et al.,
2016). Endophilin A2 (gene name sh3gll) also mediates fast
clathrin-independent endocytosis in mammalian epithelial cells
(Boucrot et al., 2015; Renard et al., 2015). At the postsynaptic
membrane, endophilin A2 and A3 (gene name sh3gl3) interact
with Arc/Arg3.1 to accelerate AMPAR endocytosis during late-
phase synaptic plasticity (Chowdhury et al., 2006).

During synaptic development, endophilin Al contributes to
dendritic spine morphogenesis and stabilization via interac-
tion with p140Cap (Yang et al., 2015), which recruits cortactin
to promote Arp2/3-mediated branched actin polymerization
(Uruno et al., 2001; Weaver et al., 2001). EENI gene knockout
(KO) in the hippocampal CAl region of mouse brain causes
impairment of LTP of the Schaffer collateral (SC)-CAl pathway
and long-term memory (Yang et al., 2018). At the cellular level,
endophilin Al, but not A2 or A3, is required for N-methyl-D-
aspartate receptor (NMDAR)-mediated synaptic plasticity in
mature CAl pyramidal cells (Yang et al., 2018). Intriguingly,
overexpression of pl40Cap fails to rescue the spine plasticity
phenotypes in EENI KO (EENI/~) neurons (Yang et al., 2018),
suggesting the necessity of spatiotemporal coordination of mem-
brane dynamics and actin polymerization via endophilin Al
during synaptic potentiation. In this study, we investigated
the mechanistic roles of endophilin Al in sLTP. We present
evidence that endophilin Al serves as an immediate effector of Ca2*/
calmodulin to promote actin polymerization-dependent membrane
expansion in the acute phase of spine structural plasticity.

Results

Ablation of endophilin Al abolishes acute structural plasticity
of dendritic spines

To investigate the mechanistic roles of endophilin Al in synaptic
plasticity, first we determined at which temporal stages of LTP it
functions by rescuing the morphological phenotype of EENI KO
neurons with overexpressed endophilin Al in the early phase of
chemically induced LTP (cLTP; Fig. 1 A). Quantification of spine
size indicated that endophilin Al is required for spine enlarge-
ment as early as 1 min after application of the NMDAR coagonist
glycine (Fig. 1, B and C).

Actin dynamics in dendritic spines is crucial for structural
plasticity (Nakahata and Yasuda, 2018). Imaging studies have
shown that actin polymerization in spines starts as early as 20 s
after LTP induction (Okamoto et al., 2004). As endophilin Al can
recruit pl40Cap to spines via its SH3 domain (Yang et al., 2015),
we reasoned that it might function to promote actin polymeri-
zation in the acute phase of sLTP. To monitor morphological
changes and actin dynamics of spines simultaneously, we per-
formed super-resolution live imaging of EENI/f! (WT) and Cre-
mediated KO neurons (Fig. 1 D) expressing membrane-anchored
GFP (mGFP) and the F-actin probe LifeAct-mCherry by grazing
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incidence structured illumination microscopy (GI-SIM; Guo
et al,, 2018). In WT neurons, consistent with our previous
study (Guo et al., 2018), we observed rapid increase in both spine
size and F-actin signals in dendritic spines within 1 min upon
glycine application (Video 1 and Fig. 1, E-G). In contrast, no
significant changes in spine size were detected in KO neurons,
even though the shape of spines changed constantly (Video 2 and
Fig. 1, E and F), indicating that endophilin Al is required for
spine enlargement during the acute phase of sLTP. Moreover,
although the spine heads of KO neurons were as motile as those
of WT cells (Video 2), the glycine-induced net increase in F-actin
content was abolished (Fig. 1, E and G), indicating that endo-
philin Al is also required for actin polymerization in the acute
phase of sLTP.

In line with previous findings (Guo et al., 2018; Honkura
et al., 2008), we observed membrane expansion, but not re-
traction, of the spine head, accompanied by a local increase in
F-actin content in the acute phase of SLTP (lower panels, Fig. 1 E;
and Videos 3, 4, 5, and 6). Quantitative image analysis clearly
revealed that plasma membrane (PM) protrusion of spine head
and actin polymerization are tightly coupled spatially and tem-
porally (Fig. 1, H-K; and Video 3). In contrast, membrane pro-
trusion and the increase in local F-actin content were much less
coupled in spines of EENI KO neurons (Fig. 1, E and H-K; and
Video 7), implicating endophilin Al in the interplay between
spine PM and actin cytoskeleton in the acute phase of sLTP.

Ca?*-dependent interaction between calmodulin and
endophilin Al is required for initiation of sLTP

The tight coupling of PM expansion and actin polymerization in
spines undergoing synaptic plasticity prompted us to investigate
mechanisms underlying initiation of sLTP. Although it was
postulated that the membrane source for LTP-induced spine
enlargement comes from transport of Rabll-labeled recycling
endosomes to the PM (Park et al., 2004), imaging studies re-
vealed that spine head expansion precedes most of the AMPAR
exocytic events in the early phase of cLTP (Kopec et al., 2006)
and that the light chain of botulinum toxin type B, which in-
hibits SNARE complex-mediated membrane fusion/exocytosis,
had no effect on the initial spine expansion after the theta burst
paring protocol of LTP induction (Yang et al.,, 2008). Similarly,
treatment with tetanus toxin, another SNARE inhibitor,
did not affect the initial spine growth of glycine-stimulated
hippocampal neurons (Hiester et al., 2018; Fig. S1, A and B).
Overexpression of the dominant negative (DN) form of Rabll
or the SNARE component SNAP23, 25, 39, or 47 (Ibata et al.,
2019) in neurons had no inhibitory effect either (Fig. S1, C-F).
Together, these data indicate that vesicle fusion is not the
direct source of membrane supply for rapid spine expansion in
the acute phase of sLTP.

Electron microscopy and super-resolution imaging reveal
that the surface of mature spines is convoluted (Arellano et al.,
2007; Harris and Stevens, 1989; Smith et al., 2014). To determine
whether the membrane folds/invaginations in spine head con-
tribute to acute expansion, we increased membrane tension
by exposing neurons to hypo-osmotic buffer and found that
glycine-induced spine enlargement was abolished (Fig. S1, G and
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Figure 1. Ablation of endophilin Al abolishes spine expansion and actin polymerization in the acute phase of sLTP. (A) Rescue of sLTP in EENI~/~
neurons. Mouse hippocampal neurons cotransfected with pLL3.7-DsRed (volume marker) and pCMV-Tag2B (FLAG vector) or pCMV-Tag2B-endophilin Al
(FLAG-EEN1) were pretreated with DMSO (vehicle control) or MK801 (NMDAR antagonist), and cLTP was performed using glycine (Gly) on DIV16. Neurons
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were fixed 1 min or 5 min after glycine application, immunostained for FLAG, and imaged by confocal microscopy. Scale bar, 5 um. (B and C) Quantification of
spine size (B) and changes of spine size (C) in A. Data are expressed as mean + SEM for each group (EEN1*/*: n [cells] = 20, n [spines] = 851 for - Gly; n = 15, n =
571 for + Gly 1 min; n = 20, n = 871 for + Gly 5 min; n = 14, n = 568 for + Gly 1 min + MK801; n = 17, n = 668 for + Gly 5 min + MK801. EEN1~/~: n = 20, n = 831 for -
Gly; n =13, n = 563 for + Gly 1 min; n = 16, n = 614 for + Gly 5 min; n = 15, n = 573 for + Gly 1 min + MK801; n = 15, n = 569 for + Gly 5 min + MK801. EEN1~/~ +
EENI:n =19, n = 731 for - Gly; n = 14, n = 581 for + Gly 1 min; n = 16, n = 654 for + Gly 5 min; n = 14, n = 572 for + Gly 1 min + MK801; n = 15, n = 604 for + Gly
5 min + MK801). P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001. (D) Cre-mediated KO in EEN1V hippocampal
neurons. Neurons from an EENIf mouse were transfected with constructs expressing LifeAct-mCherry and GFP or both GFP and the Cre recombinase (GFP-
2A-Cre) on DIV12 and immunostained for EEN1 on DIV16. Scale bar, 20 um. Quantitative data were expressed as mean + SEM for each group (n = 15 for GFP, n =
13 for GFP-2A-Cre). P values were calculated using two-tailed unpaired t test. ***, P < 0.0001. (E) GI-SIM live imaging of EENIf hippocampal neurons
expressing LifeAct-mCherry and mGFP or mGFP-2A-Cre. Glycine was applied after imaging for 1 min, and imaging was continued for 5 more minutes. Upper
panels are representative still images before and after glycine application. Lower panels are color-coded images showing regions of membrane expansion
(increase in mGFP signals, green) and actin polymerization (increase in F-actin signals, red) in dendritic spines (outlined with the Find Edges tool of Image]).
Scale bar, 2 pm. (F and G) Quantitative analysis of spine size increase (F) or F-actin enrichment in spines (G) of EENIVf;mGFP (WT) and EENIVf,mGFP-2A-Cre
(KO) neurons imaged by GI-SIM. Data are plotted along with the mean + SEM for each group (n = 5, n = 36 for EENIVf;mGFP, n = 5, n = 42 for EENI/f;mGFP-2A-
Cre). P values were calculated using two-tailed unpaired t test. ***, P < 0.0001. (H) Quantification of fractions of expanded membrane overlapping with actin
polymerization in individual spines before and after glycine application at 10-s (before) or 5-s (after) intervals. Data for each point are expressed as mean + SEM
(n =5, n =18 for EENIV,mGFP, n = 5, n = 20 for EEN1V,mGFP-2A-Cre). P values were calculated using two-tailed unpaired t test. *, P < 0.05; **, P < 0.01.
(1) Quantification of fractions of membrane expansion overlapping with actin polymerization at 1 min after glycine application. Data are expressed as mean
SEM (n =5, n = 24 for mGFP; n = 5, n = 20 for mGFP-2A-Cre). P values were calculated using two-tailed unpaired t test. *, P < 0.05. () Changes in the extent of
overlap between membrane expansion and actin polymerization 1 min after glycine application in individual spines. Data are normalized to the time point right
before glycine application. The data are plotted along with the mean + SEM for each group (n = 5, n = 24 for mGFP; n = 5, n = 20 for mGFP-2A-Cre). P values
were calculated using two-tailed unpaired t test. ***, P < 0.0001. (K) Mean fluctuation of the overlap between membrane expansion and actin polymerization
in individual spines within 1 min before and after glycine application. n = 5, n = 18 for mGFP; n = 5, n = 20 for mGFP-2A-Cre. P values were calculated using two-

tailed paired t test. ***, P < 0.0001.

H). As membrane tension increases fusion efficiency (Kliesch
et al., 2017), these findings corroborate that membrane fusion
does not contribute to rapid spine expansion. Conversely, in-
cubation of neurons with hyperosmotic buffer, which shrunk
the spines and generated membrane folds, also antagonized
cLTP-induced spine enlargement (Fig. S1, G and H). These data
together suggest that the membrane supply for rapid spine en-
largement in the acute phase of SLTP comes from local unfolding
of spine surface convolutions.

The Ca?*/calmodulin—-CaMKII pathway triggers several sig-
naling cascades to promote actin polymerization during synaptic
potentiation (Murakoshi and Yasuda, 2012). In line with previ-
ous studies (Honkura et al., 2008; Matsuzaki et al., 2004), in-
hibition of actin polymerization with latrunculin A (LatA)
abolished spine enlargement in the acute phase of SLTP (Fig. S1, I
and J). Inhibition of Arp2/3, but not Formin, had a similar effect
to that of LatA (Fig. S1, I and J), indicating that branched rather
than linear actin polymerization is required for initial spine
expansion. As endophilin Al is required for both spine en-
largement and actin polymerization in the acute phase of sLTP,
we hypothesized that it promotes branched actin polymerization
in spines to provide propulsive force for membrane expansion.

Glutamate uncaging-induced rapid spine enlargement re-
quires NMDAR, calmodulin, and actin polymerization, whereas
long-lasting size expansion also requires CaMKII (Matsuzaki
et al., 2004). Similarly, inhibition of calmodulin, but not CaM-
KII, abolished the initial spine enlargement of hippocampal
neurons undergoing cLTP (Fig. 2, A and B). We thus reasoned
that endophilin Al functions earlier than CaMKII in molec-
ular events triggered by NMDAR-mediated Ca?* influx
upon LTP induction. Surprisingly, although Ca%* binding of
endophilin A2 inhibits its interaction with dynamin and
voltage-gated Ca?* channels (Chen et al., 2003), no direct
binding between endophilin Al and Ca?>* was detected by
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isothermal titration calorimetry (ITC) and fluorescence spec-
trometry (Fig. S2).

Recent studies found that calmodulin binds to N-BAR
proteins, including endophilin Al and A2 (Myers et al., 2016).
Indeed, a GST pull-down assay showed that endophilin Al
binds to calmodulin via its N-BAR domain, and the interaction
is strengthened by Ca?* (Fig. 2, C-H). To determine whether
Ca?*/calmodulin regulates its function in plasticity, we gen-
erated a calmodulin binding-deficient mutant of endophilin
Al (1154AL158A, hereafter DM) that has much lower affinity
for calmodulin and is less responsive to Ca?* than WT (Fig. 2,
I and J; Fig. S3). Indeed, in EENI KO neurons, WT but not the
DM mutant restored the rapid increase in spine size and
F-actin content in spines upon LTP induction (Fig. 2, K-N;
and Fig. S4, A-C). Together, these data indicate that Ca2*-
regulated calmodulin-endophilin Al interaction is required
for acute structural plasticity.

Ca?*/calmodulin-enhanced endophilin A1-p140Cap interaction
is required for initiation of sLTP

Next, we investigated regulatory mechanisms underlying actin
polymerization in spines in the acute phase of sLTP. The Rho
GTPases are known effectors of Ca?*/calmodulin and regulators
of actin reorganization and structural plasticity (Hedrick and
Yasuda, 2017; Spiering and Hodgson, 2011). In agreement with
previous findings (Hedrick et al., 2016; Murakoshi et al., 2011),
inhibition of RhoA, which stabilizes polymerized actin via in-
hibition of the actin severing factor ADF/cofilin, abolished
glycine-induced rapid spine enlargement (Fig. S1, I and J). No-
tably, inhibition of Racl, which promotes actin polymerization
via the WAVE-Arp2/3 pathway, only partially inhibited acute
spine expansion (Fig. S1, I and J), suggesting the presence of
other positive regulators for branched actin polymerization
upon sLTP induction. Given that ablation of endophilin Al
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Figure 2. Ca?*-dependent interaction between calmodulin and endophilin Al is required for acute structural plasticity. (A) Effects of W-7 (calmodulin
inhibitor) and KN-62 (CaMKil inhibitor) on spine enlargement 1 min after glycine application. Scale bar, 5 um. (B) Quantification of spine size in A. Data are
expressed as mean + SEM for each group (control [Ctrl]: n = 12, n = 504 for - Gly; n = 14, n = 563 for + Gly. W-7: n = 13, n = 517 for - Gly; n = 18, n = 749 for + Gly;
KN-62: n = 14, n = 526 for - Gly; n = 16, n = 661 for + Gly). P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.0001.
(C) Diagram showing the domain structure and fragments of endophilin Al used in this study. (D) Binding of His-tagged endophilin A1 (EEN1) full-length, ASH3,
and ABAR fragments to GST and calmodulin (CaM) in the GST pull-down assay. (E) Effect of Ca** on EEN1-CaM binding in the GST pull-down assay.
(F) Quantification of EEN1 binding to calmodulin in E. n = 3 independent experiments. P values were calculated using one-way ANOVA by Newman-Keuls post
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hoc test. ***, P < 0.001 when compared with 0 uM Ca?*. (G) Effect of EGTA on EEN1-CaM binding in GST pull-down assay. (H) Quantification of EEN1-CaM
binding in G. n = 5 independent experiments. P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. *, P < 0.05; ***, P < 0.001 when
compared with 0 uM EGTA. (1) Effect of Ca?* on binding of EEN1 DM mutant to calmodulin in GST pull-down assay. (J) Quantification of EEN1 DM binding to
calmodulin compared with WT in I. The y axis shows two segments. n = 4 independent experiments. P values were calculated using one-way ANOVA by
Newman-Keuls post hoc test. **, P < 0.01 when compared with 0 uM Ca?*. (K) Cultured EENI¥f hippocampal neurons cotransfected with LifeAct-mCherry,
GFP or GFP-2A-Cre and FLAG vector, or LifeAct-mCherry, GFP-2A-Cre and FLAG-EEN1 WT or DM expression constructs on DIV12 were pretreated with DMSO
or W-7 and induced cLTP on DIV16. Neurons were fixed 1 min after glycine application, immunostained for FLAG and imaged by confocal microscopy. Scale bar,
5 um. (L) Spine/shaft distribution of EEN1 DM compared with WT. Data are expressed as mean + SEM for each group (n = 11, n = 210 for WT; n = 10, n = 180 for
DM). P values were calculated using two-tailed unpaired t test. (M) Quantification of spine size and changes in spine size in K. (N) Quantification of F-actin
enrichment in spines in K. Data are expressed as mean = SEM for each group in M and N (GFP + vector: n = 12, n = 230 for - Gly; n = 12, n = 223 for + Gly; n = 12,
n =246 for + W-7 + Gly. Cre + vector: n = 10, n = 187 for - Gly; n = 10, n = 183 for + Gly; n = 10, n = 181 for + W-7 + Gly. Cre + WT: n = 11, n = 210 for - Gly; n =11,
n =209 for + Gly; n = 10, n = 189 for + W-7 + Gly. Cre + DM: n = 10, n = 180 for - Gly; n = 10, n = 187 for + Gly; n = 10, n = 192 for + W-7 + Gly). P values were

calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001.

inhibits increase in F-actin content in spines, we reasoned that
Ca?*/calmodulin might regulate the interaction between endo-
philin Al and p140Cap, which recruits cortactin to drive Arp2/3-
mediated branched actin polymerization (Jaworski et al., 2009;
Schnoor et al., 2018; Yang et al., 2015). Indeed, coimmunopre-
cipitation (coIP) from mouse brain lysates showed that the in-
teraction between endophilin Al and p140Cap is Ca?* dependent
(Fig. 3, A and B). Moreover, calmodulin enhanced their inter-
action in a Ca*- and NMDAR-dependent manner (Fig. 3, C-F).
Further, in both cytosolic and membrane fractions of cultured
neurons, the association of endophilin Al with not only cal-
modulin but also pl40Cap was enhanced acutely upon LTP in-
duction, which was abolished by the calmodulin inhibitor W-7
(Fig. 3, G and H). Together, these data indicate that via either
binding-induced conformational change or posttranslational modi-
fication, Ca*/calmodulin enhances the interaction of endophilin Al
with p140Cap in the acute phase of LTP.

Notably, coIP of not only p140Cap but also cortactin by anti-
endophilin Al antibody was enhanced by Ca2* (Fig. 3, A and B).
To test the idea that endophilin Al functions via pl140Cap and
cortactin in acute sLTP, we first determined whether they are
recruited to dendritic spines in a neural activity- and endophilin
Al-dependent manner. Quantitative analysis of immunofluo-
rescence confocal images indicated that enrichment of p140Cap
and cortactin in spines upon LTP induction requires not only
endophilin Al but also activities of calmodulin and NMDAR
(Fig. 3, I and J). Further, the pl40Cap-binding deficient Y343A
mutant of endophilin Al (Yang et al., 2015) failed to rescue the
sLTP phenotypes of EEN1 KO neurons (Fig. 3, K-N; and Fig. S4, D
and E). Thus, Ca2*/calmodulin-enhanced endophilin A1-p140Cap
interaction is required for acute structural plasticity.

Ca?*/calmodulin enhances association of endophilin Al with
spine PM in the acute phase of sLTP

The nanoscale organization of branched F-actin regulators change
dynamically in spines during synaptic plasticity (Chazeau et al.,
2014). Intriguingly, although the interaction between endophilin
Al and p140Cap is required for sLTP, overexpression of pl40Cap
could not rescue plasticity phenotypes of EENI KO neurons (Yang
et al., 2018), suggesting spatiotemporal regulation of their inter-
action during LTP induction. To this end, we analyzed the sub-
spine localization of endophilin Al by immunostaining and 3D
structured illumination microscopy (3D-SIM). Interestingly, in
spines endophilin Al was organized into nanoscale objects (mean
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area 0.014 pm?) which did not overlap with PSD95, a marker
for postsynaptic density structure (Fig. S5 A). Quantitative
analysis revealed an NMDAR-dependent increase in the
number of endophilin Al puncta in spines undergoing sLTP
(Fig. S5, A-C). Moreover, the size of spine head correlated
with the number but not the area of individual endophilin Al
puncta (Fig. S5, E and F). In contrast, the number of endo-
philin Al puncta did not correlate with the size of postsyn-
aptic density structures (Fig. S5, D and G). Further, inhibition
of calmodulin but not CaMKII abolished the increase in not
only spine size but also the number of endophilin Al puncta
in spines (Fig. S5, H-]). These data together indicate that
calmodulin-regulated subsynaptic localization of endophilin
Al correlates with spine enlargement.

As endophilin Al contains the positive membrane curvature-
sensing and binding N-BAR domain (Gallop et al., 2006) that
enables its association with PM invaginations, next we in-
vestigated whether its association with spine PM is also reg-
ulated in the acute phase of sLTP. To distinguish PM-localized
endophilin Al from those localized to endomembrane struc-
tures, we permeabilized cell membrane gently with the mild
detergent saponin to limit access of antibodies to the cytosolic
leaflet of the PM (Hammond et al., 2009; Fig. 4 A). Indeed, SIM
imaging detected an increase in the number of spine PM-
localized endophilin Al puncta as early as 1 min after LTP
induction in a NMDAR- and calmodulin-dependent manner
(Fig. 4, B and D). Further, the number but not area of the
puncta correlated with the size of spine head (Fig. 4, C and F).
As endophilin Al can recruit p140Cap and its effector cortactin
(Yang et al., 2015), these data suggest that upon LTP induc-
tion, endophilin Al rapidly localizes to the inner surface of spine
head, most likely by association with folds or invaginations of the
PM via its N-BAR domain, and promotes local Arp2/3-mediated
actin polymerization underneath.

Given that subspine and PM accumulation of endophilin Al
requires activation of NMDAR and calmodulin (Fig. 4, B, D, and
E; and Fig. S5), we reasoned that binding of Ca?*/calmodulin to
endophilin Al enhances not only its interaction with p140Cap
but also its association with the PM. Indeed, in vitro liposome
cosedimentation assays revealed that while calmodulin alone did
not change the membrane-binding capacity of WT endophilin
Al, Ca**/calmodulin enhanced it significantly (Fig. 4, G and H).
In contrast, Ca®*/calmodulin had no effect on the membrane-
association ability of the calmodulin binding-deficient DM
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Figure 3. Ca2*/calmodulin promotes rapid spine enlargement via the endophilin A1-p140Cap pathway. (A) Effect of EGTA or Ca2* on binding of EEN1 to
pl40Cap and cortactin. Endogenous immunoprecipitation assay was performed from mouse brain lysates with antibodies to EEN1. To mimic a transient

Yang et al. Journal of Cell Biology 7 of 22
Endophilin Al drives acute structural plasticity https://doi.org/10.1083/jcb.202007172


https://doi.org/10.1083/jcb.202007172

TR
(: k(J
IV

increase in intracellular Ca%*, CaCl, (1 mM) was added to lysates for 10 min on ice, followed by incubation with EGTA (1 mM) to chelate Ca?* (Ca2*—EGTA).
Lysates only (Ctrl) and lysates with EGTA serve as negative control. (B) Quantification of EEN1 binding to p140Cap and cortactin in A. n = 5 independent
experiments. P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 when compared with
Ctrl. (C) Effect of Ca?*/calmodulin on EEN1-p140Cap binding in GST pull-down assay. (D) Quantification of p140Cap and calmodulin binding to EEN1in C.n =3
independent experiments. P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. *, P < 0.05. (E) Effect of BAPTA or MK801 on
EEN1-p140Cap binding in neurons upon cLTP induction. (F) Total protein levels of EEN1 and p140Cap and quantification of EEN1-p140Cap binding in E. n = 5
independent experiments. P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001 when compared with - Gly; ###,
P < 0.001 when compared with + Gly 1 min. (G) Effect of W-7 on interactions between calmodulin and EEN1/p140Cap upon cLTP induction. DIV16 neurons
were collected, and the cytosolic (S100) and membrane (P100) fractions were used for immunoisolation with antibodies to calmodulin. (H) Quantification of
EENI1 and pl40Cap immunoisolated by anti-calmodulin in G. n = 5 independent experiments. P values were calculated using one-way ANOVA by
Newman-Keuls post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 when compared with - Gly; ###, P < 0.001 when compared with + Gly 1 min. (1) Neurons
expressing DsRed were pretreated with DMSO, W-7, or MK801 and induced cLTP on DIV16 with glycine for 1 min, and immunostained for p140Cap or cortactin
(green) and imaged by confocal microscopy. Scale bars, 5 um. (J) Quantification of changes in p140Cap and cortactin signal intensities in spines compared with
the control (- Gly) group in I. Data are expressed as mean + SEM for each group. For p140Cap, EENI*/*: n = 11, n = 431 for - Gly; n = 15, n = 482 for + Gly; n = 14,
n =437 for + W-7 + Gly; n = 14, n = 429 for + MK801 + Gly; EEN~/~: n = 12, n = 447 for - Gly; n = 14, n = 473 for + Gly; n = 14, n = 448 for + W-7 + Gly;n = 14,n =
445 for + MK801 + Gly. For cortactin, EEN1*/*: n = 12, n = 446 for - Gly; n = 15, n = 474 for + Gly; n = 14, n = 451 for + W-7 + Gly; n = 14, n = 443 for + MK801 +
Gly; EEN~/=:n = 14, n = 456 for - Gly; n = 15, n = 473 for + Gly; n = 14, n = 464 for + W-7 + Gly; n = 13, n = 435 for + MK801 + Gly). P values were calculated using
one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001. (K) Cultured EENIM hippocampal neurons cotransfected with LifeAct-mCherry, GFP or GFP-
2A-Cre and FLAG vector, or LifeAct-mCherry, GFP-2A-Cre, and FLAG-EEN1 WT or Y343A expression constructs on DIV12 were pretreated with DMSO or MK801
and induced cLTP on DIV16. Neurons were fixed 1 min after glycine application, immunostained for FLAG, and imaged by confocal microscopy. Scale bar, 5 pm.
(L) Spine/shaft distribution of EEN1Y343A compared with WT. Data are expressed as mean + SEM for each group (n = 10, n = 202 for Cre + WT; n = 10, n = 190
for Cre + Y343A). P values were calculated using two-tailed unpaired t test. (M) Quantification of spine size and changes in spine size in K. (N) Quantification of
F-actin enrichment in spines in K. Data are expressed as mean + SEM for each group in M and N (GFP + vector: n = 11, n = 205 for - Gly; n = 11, n = 213 for + Gly;
n =11, n = 227 for + MK801 + Gly. Cre + Vector: n =11, n = 197 for - Gly; n = 11, n = 194 for + Gly; n = 11, n = 195 for + MK801 + Gly; Cre + WT: n = 10, n = 202 for -
Gly; n =11, n = 226 for + Gly; n = 10, n = 193 for + MK801 + Gly; Cre + Y343A: n = 10, n = 190 for - Gly; n = 11, n = 207 for + Gly; n = 10, n = 196 for + MK801 + Gly).

P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001.

mutant (Fig. 4, G and H). Notably, although LatA treatment in-
hibited spine enlargement, it had no effect on LTP-induced in-
crease in PM-localized endophilin Al (Fig. 4, I-L), indicating that
Ca?*/calmodulin-enhanced association of endophilin Al with the
PM precedes actin polymerization during sLTP initiation. Col-
lectively, these data indicate that endophilin Al associates with
the spine PM in response to Ca?*/calmodulin in the acute phase
of sLTP.

The membrane- and p140Cap-binding capacities of endophilin
Al coordinate to recruit Arp2/3 to the PM in response to Ca?*/
calmodulin

Based on the findings that endophilin Al associates with spine
PM and recruits pl40Cap and cortactin in the acute phase of
sLTP, we further reasoned that it might transduce the Ca2*
signals instantaneously to enable spine enlargement by pro-
moting branched actin polymerization underneath the PM. If it
is true, we should be able to detect more endophilin Al associ-
ated with both membranes and the actin cytoskeleton upon LTP
induction. To test this possibility, first we analyzed subcellular
fractions of mouse hippocampi from animals subjected to fear
conditioning, a physiological learning paradigm associated with
synaptic plasticity. Compared with naive mice, there was indeed
significant increase in the amount of endophilin Al and p140Cap
in both membrane and cytoskeletal fractions from trained ani-
mals (Fig. 5, A and B). Consistently, although the total levels of
either protein remained unchanged (Fig. 5, C and D), their
association with membrane and cytoskeleton also increased
in cultured hippocampal neurons in the acute phase of
NMDAR-mediated cLTP (Fig. 5, E and F). Further, inhibition
of calmodulin, not CaMKII, abolished the enhanced association of
endophilin Al and p140Cap with both membrane and cytoskeleton
(Fig. 5, E and F). Notably, subcellular distribution of endophilin A2
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was not affected by either neural activity or Ca?*/calmodulin
(Fig. 5, A-F).

To test the hypothesis that endophilin Al associates with the
PM and promotes local actin polymerization to drive membrane
expansion, we then determined whether the membrane-binding
capacity of endophilin Al is required for the rapid spine en-
largement of neurons undergoing sLTP. Compared with WT, the
membrane binding-deficient KKK-EEE mutant of endophilin Al
(Gallop et al., 2006) failed to rescue the SLTP phenotype of EENI
KO neurons (Fig. 5, G-I; and Fig. S4, F and G). Altogether, these
data indicate that acute structural plasticity requires Ca?*/cal-
modulin-dependent enhancement of not only endophilin Al-
pl40Cap interaction but also the association of endophilin Al
with the membrane.

As the small size of dendritic spines and the wide distribution
of F-actin and actin polymerization regulators in spines prevent
us from better visualizing the spatiotemporal relationship be-
tween PM association of endophilin Al and its effectors, we
tested whether Ca2*/calmodulin regulates the subcellular dis-
tribution of endophilin Al and Arp2/3 using HeLa cells as a
heterologous model system. In HeLa cells ectopically coex-
pressing endophilin Al and p140Cap, upon Ca?* influx induced
by the ionophore ionomycin, we detected enrichment of endo-
philin Al signals underneath the PM by confocal microscopy
(Fig. 6, A-C). Moreover, consistent with findings that Ca2*/cal-
modulin directly regulates accumulation of endophilin Al at the
PM (Fig. 4), inhibition of calmodulin but not actin polymeriza-
tion abolished ionomycin-induced endophilin Al recruitment to
the cell periphery (Fig. 6, A-C). Further, although the strong
intrinsic signals for cortical actin did not allow us to quantify
changes in F-actin content underneath the PM, the Arp2/3
complex (labeled with fluorescently tagged Arplb) was also
enriched at the cell periphery upon ionomycin application

Journal of Cell Biology
https://doi.org/10.1083/jcb.202007172

8 0f22


https://doi.org/10.1083/jcb.202007172

A B - Gly +Gly

EEN1 PI(4,5P, DsRed  merge

ceII body

dendrite

C O -Gly D s a -Gly E
_ Hm +Gly g « +Gly €< 20 -
E 0.7 2 ..l ENE a e
S Ng S . Eo 15
= 0.6 © = Z g
g 05 iO)E ULUJ E;.’- 10
© 04 s e - bec
B 03 az s 52 2
202 5 g s gz O
201 gm — r=T §8 -5
500 MM < = g 5= N
@ Ctrl MK801 W-7 KN-62 - 801 W-7 KN-62 ©7-10 0‘@ S $
F G = s ® =
o iy EEN1WT G EEN1 DM 3 3
- - ~
© -== + Gly _ R2=0.0016 TUMEENT + + + + + + 'g 5+ o+ o+ o+ 4+ ‘g_ =
3 B R2 = -0.0143 0.5 mg/ml liposome - + + + + + ¢ o - + + 4+ 22
—251R2=0.3328 NEO0.15 . 2pMCaM - - # * # * == - - % + ¢ & = 2
Z20{ R2 =0.4864 8=0.12 10uMCa2 - - - + + - § R - - - + + - 5
o 1 2§00 WOMESTAR = S @t == = = ¢ @ ——lLu © His-EEN1
Q1 a 20.06 40J - - | - Short expo
T 2 EE 0.03 pellet| o[ -~ om M- s || » @ |Long expo
z e St 0-00 I a— -— GST-CaM
E 0o 04 0F L2 1-6<LLI - 04 i 401’----.‘** ”------—’:H EEN1
%  Spine head area (um?) Spine head area (um2)  sypernate | *° IS~
a0l ALreiee I[ s esgeee ¥ |GSTCaM
—_ (kD)
H
8§2.0- |
2T
[%2]
30
20 1.5 o
c
Lo 2
25 1.04 o
Bd :
S E£05-
Z0
we
w 04 &
TUMEENT + + + + + + + + + + =
0.5 mg/ml liposome + + + + + + + + + + :‘
2uMCaM - + + + + - + + + +
10uMCa2t - - + + - - - + + -
100uMEGTA - - - + + - - - + +
EEN1 WT EEN1 DM
2 - c
J K% s L §2.
\;‘;0.8 §3 40 Es 3
Sos = =< 30
s §< i < 20
o 04 25 20 = 8 45
o
202 -— S 10 m-“%‘»]o
200 & o 25 5
'(/6). 0 304560120 0 3045 60120 (s) w 0 3045601200 3045 60120 (s) SE 0
DMSO LatA DMSO LatA 30 45 60 120(s)

Figure 4. Ca?*/calmodulin-enhanced PM association of endophilin Al correlates with spine expansion. (A) Detection of PM-localized endophilin Al
DIV16 hippocampal neurons were immunostained for PM-localized EEN1 and PI(4,5)P; (+ control). The volume marker DsRed is pseudocolored blue. Scale bar,
10 pm. (B) DIV16 neurons expressing DsRed were pretreated with DMSO, MK801, W-7, or KN-62 and induced cLTP with glycine for 1 min, immunostained for
PM-localized EEN1 (green), and imaged by 3D-SIM. Scale bars represent 4 pm in the left and center panels and 500 nm in magnified images in the right panels.
(C) Quantification of spine size in B. (D) Quantification of the area and number of individual spine PM-localized EEN1 puncta in B. Data are expressed as mean +
SEM or plotted along with mean + SEM for each group in C and D (Ctrl: n = 12, n = 278 for - Gly; n = 11, n = 254 for + Gly; MK801: n = 12, n = 256 for - Gly; n = 12,
n =263 for + Gly; W-7: n = 13, n = 295 for - Gly; n = 10, n = 278 for + Gly; KN-62: n = 13, n = 317 for - Gly; n = 12, n = 268 for + Gly). P values were calculated using
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one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001. (E) Quantification of changes in the amount of spine PM-localized EEN1 in B. Data are
expressed as mean + SEM for each group (n = 11, n = 254 for Ctrl + Gly; n = 12, n = 263 for MK801 + Gly; n = 10, n = 278 for W-7 + Gly; n = 12, n = 268 for KN-62 +
Gly). P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001. (F) Scatterplot of the number or area of PM-localized
EEN1 puncta versus the size of spine head for control (- Gly, n = 278 spines) and cLTP (+ Gly, n = 254 spines) groups with linear fits using linear regression
analysis. (G) Effect of Ca?*/calmodulin on binding of EEN1 WT or DM protein to curved membrane in liposome (50 nm in diameter) cosedimentation assay. (H)
Quantification of EEN1 binding to liposome in F. n = 7 independent experiments. P values were calculated using one-way ANOVA by Newman-Keuls post hoc
test. ***, P < 0.00L. (1) DIV16 neurons were pretreated with DMSO or LatA, and cLTP was performed. Cells were fixed at 30, 45, 60, or 120 s after glycine
application. PM-localized EEN1 was stained and imaged by 3D-SIM. Scale bar, 500 nm. (J) Quantification of spine size in I. (K) Quantification of spine PM-
localized EEN1 in 1. (L) Quantification of changes in the amount of spine PM-localized EEN1 in |. Data are expressed as mean + SEM for each group in |-L
(DMSO:n =10, n =241 for 0's;n=11,n =246 for 30 s;n = 11, n = 252 for 45s; n = 14, n = 360 for 60 s; n = 14, n = 358 for 120 s; LatA: n = 10, n = 254 for Os; n =
11, n = 269 for 30 s; n = 14, n = 368 for 45 s; n = 15, n = 407 for 60 s; n = 14, n = 306 for 120 s). P values were calculated using one-way ANOVA by
Newman-Keuls post hoc test. ***, P < 0.001 when compared with DMSO O s; ###, P < 0.001 when compared with LatA O s in J and K. ***, P < 0.001 in L.

(Fig. 6, D and E). In contrast, ionomycin treatment failed to cause
recruitment of either the membrane binding- or calmodulin
binding-deficient mutant of endophilin Al to the cell periphery
(Fig. 6, D and E). Intriguingly, although ionomycin application
increased PM accumulation of the pl40Cap-binding mutant
Y343A, no enrichment of Arplb signals at the cell periphery was
detected (Fig. 6, D and E), indicating that PM recruitment of
Arp2/3 requires endophilin Al-pl40Cap interaction.

To corroborate that endophilin Al associates with the PM
in response to Ca?*/calmodulin, we performed live-cell imaging
of EGFP-labeled endophilin Al in Neuro-2a, a mouse neuroblastoma-
derived cell line that has been extensively used for neurosci-
ence research. Indeed, ionomycin treatment induced rapid
accumulation of endophilin Al to the cell periphery (Video 8
and Fig. 6, F and G), which was abolished by W-7 (Video 9 and
Fig. 6, F and G). Together, these data support the idea that in
response to Ca2*/calmodulin, endophilin Al associates with
the PM and promotes branched actin polymerization to initiate
spine membrane expansion.

Ca?*/calmodulin-regulated functions of endophilin Al are
required for LTP and long-term memory

It was proposed that spine enlargement enables formation of a
stable F-actin-cofilin complex that serves as a synaptic tag to
capture postsynaptic constituent proteins for maintenance
and consolidation of the potentiated state (Bosch et al., 2014).
To determine the functional significance of endophilin Al-
mediated structural plasticity, we next tested whether its
molecular functions in activity-induced rapid spine growth are
also required for LTP by electrophysiological analyses. To this
end, we performed molecular replacement in a small subset of
neurons by injection of the hippocampal CAl region of EENIV/f
mice with adeno-associated virus (AAV) vectors encoding the
Cre recombinase together with those encoding either WT or
mutant endophilin Al (Y343A, KKK-EEE, or DM) at postnatal
day 0 (PO) and induced LTP in SC synapses by double patch
whole-cell recording of noninfected and virus-infected CAl
pyramidal cells in acute slices from virus-injected animals at
P14-P21. Consistently, Cre-mediated KO of EENI caused signif-
icant impairment of LTP (Yang et al., 2018), which was fully
rescued by reexpression of WT endophilin Al (Fig. 7, A, B, and
F). In contrast, neither the Y343A nor the KKK-EEE mutant
could restore the magnitude or the maintenance of LTP in KO
neurons, and KO neurons expressing the DM mutant did not
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exhibit normal LTP with a P value of 0.0721, probably reflecting
variations among individual cells recorded (Fig. 7, C-F). To-
gether, the electrophysiological data indicate that molecular
functions of endophilin Al to initiate sLTP are required for
expression and stabilization of synaptic potentiation.

Finally, we determined the physiological significance of the
mechanistic roles of endophilin Al in sLTP by testing whether
endophilin Al mutants can rescue the learning and memory
deficits in EEN1 KO mice. While AAV-mediated expression of WT
endophilin Al in the CAl region restored the long-term memory
in KO mice in both Morris water maze and fear conditioning
tests, neither of the mutants ameliorated the phenotypes (Fig. 7,
G-0). Collectively these data indicate that in CAl pyramidal
cells, Ca®*/calmodulin-regulated functions of endophilin Al in
acute structural plasticity are required for LTP and long-term
memory.

Discussion

The temporal phases of sLTP include initiation of dendritic spine
expansion (<1 min after LTP stimulation, acute phase), transient
(early phase), and sustained spine enlargement (late phase;
Harvey and Svoboda, 2007; Matsuzaki et al., 2004). Although
actin polymerization is essential for sLTP (Matsuzaki et al.,
2004; Obashi et al., 2019), little is known about the relation-
ship between actin remodeling and membrane dynamics during
the acute phase. Here, we uncover a novel mechanism for ini-
tiation of sLTP. We show that in direct response to Ca?*/cal-
modulin, endophilin Al drives acute spine enlargement in
NMDAR-mediated sLTP by localizing to spine PM and recruit-
ing pl40Cap to promote actin polymerization (Fig. 8). We
further show that the molecular functions of endophilin Al
in acute structural plasticity are also required for LTP and
memory, providing evidence that activity-triggered tran-
sient spine enlargement is necessary for not only sustained
structural and functional plasticity but also long-term memory
formation in vivo.

Endophilin A2 and A3 interact with the immediate early
protein Arc/Arg3.1 to accelerate AMPAR endocytosis in late-
phase synaptic plasticity (Chowdhury et al., 2006). Notably,
the plasticity phenotypes of dendritic spines in EEN1 KO neurons
cannot be rescued by overexpression of endophilin A2 or A3
(Yang et al., 2018). Although both endophilin Al and A2 interact
with calmodulin (Myers et al., 2016; Fig. 2; this study), endophilin
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Figure 5. Ca?*/calmodulin enhances the association of endophilin Al and p140Cap with both membrane and cytoskeleton upon LTP induction. (A)
Immunoblotting of subcellular fractionations of mouse hippocampi from naive or fear conditioned animals. (B) Quantification of protein levels of p140Cap,
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EEN1, or A2 in cytoplasmic, membrane, and cytoskeleton fractions in A. n = 6 animals for each group. P values were calculated using two-tailed paired t test.
*, P < 0.05; **, P < 0.01 when compared with Ctrl. (€) DIV16 neurons were pretreated with DMSO, MK801, W-7, or KN-62 and induced cLTP with glycine for
1 min, lysed, and subjected to SDS-PAGE and immunoblotting. (D) Quantification of total protein levels in C. n = 5 independent experiments. (E) Effects of
MK801, W-7, and KN-62 on subcellular distribution of proteins. DIV16 neurons were pretreated with DMSO, MK801, W-7, or KN-62 and induced cLTP with
glycine for 1 min, collected, and subjected to subcellular fractionation. (F) Quantification of protein levels in subcellular fractions in E. n = 5 independent
experiments. P values were calculated using one-way ANOVA by Dunnett post hoc test. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 when compared with - Gly.
(G) EENIf hippocampal neurons cotransfected with GFP or GFP-2A-Cre and FLAG vector or GFP-2A-Cre and FLAG-EEN1 WT or KKK-EEE expression con-
structs on DIVI2 were pretreated with DMSO or MK801 and induced cLTP on DIV16 with glycine for 1 min, immunostained for FLAG, and imaged by confocal
microscopy. Scale bar, 5 um. (H) Spine/shaft distribution of EEN1 KKK-EEE compared with WT. Data are expressed as mean + SEM for each group (n = 10, n =
202 for Cre + WT; n = 11, n = 216 for Cre + KKK-EEE). P values were calculated using two-tailed unpaired t test. (1) Quantification of spine size and changes in
spine size in G. Data are expressed as mean + SEM for each group (GFP + vector: n = 11, n = 205 for - Gly; n = 11, n = 213 for + Gly; n = 11, n = 227 for + MK801 +
Gly; Cre + vector: n = 11, n = 197 for - Gly; n = 11, n = 194 for + Gly; n = 11, n = 195 for + MK801 + Gly; Cre + WT: n = 10, n = 202 for - Gly; n = 11, n = 226 for + Gly;
n =10, n = 193 for + MK801 + Gly; Cre + KKK-EEE: n = 11, n = 216 for - Gly; n = 11, n = 211 for + Gly; n = 10, n = 190 for + MK801 + Gly). P values were calculated

using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001.

Al, but not endophilin A2 or A3, binds and recruits pl40Cap to
dendritic spines to promote actin polymerization (Yang et al.,
2015). Moreover, in vivo and in vitro LTP stimuli induce in-
creased association of endophilin Al, but not endophilin A2, with
both membrane and cytoskeleton. Together these findings indi-
cate that different interaction partners for the endophilin A family
members confer them distinct mechanistic roles in the induction
and expression of synaptic plasticity.

Several studies found that exocytosis of Rabll recycling en-
dosomes and SNARE-mediated membrane fusion are not re-
quired for acute sLTP (Hiester et al., 2018; Yang et al., 2008;
Fig. S1). Instead, imaging analyses have revealed calmodulin-
dependent formation of an F-actin pool that associates with
spine enlargement (hence referred to as “enlargement pool”;
Honkura et al., 2008). Although the observation that the
membrane ruffling of the spine head synchronizes with the
enlargement pool of F-actin prompted the authors to conclude
that spine enlargement is induced by the propulsive force gen-
erated by calmodulin-regulated actin polymerization (Honkura
et al., 2008), the mechanistic link between Ca2*/calmodulin and
actin polymerization was still missing. Here, we demonstrate
that endophilin Al is the direct molecular target of Ca?*/cal-
modulin, which enhances both its membrane association and its
interaction with pl40Cap. Our data further indicate that coor-
dination of the membrane-association and pl40Cap-binding
capacities of endophilin Al provides the protrusive force for
rapid structural remodeling of spines by promoting actin po-
lymerization underneath the relaxed PM, which is also in good
agreement with recent findings that the interplay between
membrane tension and branched actin polymerization could
produce membrane deformations (Simon et al., 2019).

A recent study revealed that although Racl activity is not
required for the initial spine expansion induced by glutamate
uncaging, formation of a reciprocally activating kinase-effector
complex between CaMKII and Tiaml, a guanine exchange
factor for Rac, converts the transient Ca2* signal triggered
by LTP induction into a persistent kinase signal required for
the maintenance of SLTP (Saneyoshi et al., 2019). Given the spinous
dynamic reorganization of nanoscale distribution of various
F-actin regulators downstream of Ca2*/calmodulin and CaMKII
(Chazeau and Giannone, 2016; Chazeau et al., 2014; Noguchi
et al., 2016), there might be crosstalk between Ca?*/calmodu-
lin-dependent, endophilin Al-mediated actin polymerization
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and other Ca**/calmodulin and/or CaMKII effector-regulated
pathways (e.g., Racl and ADF/cofilin), which enables spatio-
temporally controlled actin reorganization during the acute
phase and/or the transition to the early phase of sLTP.

In response to NMDAR-mediated Ca?* influx, Copine-6 re-
localizes from the cytosol to postsynaptic PM and contributes to
structural plasticity and LTP, probably stabilizing the actin cy-
toskeleton by inhibiting ADF/cofilin via the Racl-PAK-LIMK1
pathway (Reinhard et al., 2016). In addition, by keeping cor-
tactin active to antagonize ADF/cofilin, the fast Ca?* sensor
caldendrin stabilizes an F-actin pool at the spine base required
for structural remodeling in the transition from early- to late-
phase LTP (Mikhaylova et al., 2018). In our study, rather than
stabilizing F-actin, endophilin Al responds to Ca?*/calmodulin
and promotes actin polymerization beneath the PM to achieve
rapid spine enlargement. While they all function via CaMKII-
independent mechanisms to regulate actin dynamics, how
Colpine-6, caldendrin, and endophilin Al coordinate with each
other to ensure spine potentiation and stabilization awaits fur-
ther investigation.

Materials and methods

Ethics statement

All animal experiments were approved by and performed in
accordance with the guidelines of the Animal Care and Use
Committee of Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences (approval codes AP2013003 and
AP2015002) and the Animal Care and Use Committee of the
Model Animal Research Center, the host for the National Re-
source Center for Mutant Mice in China, Nanjing University
(approval code AP#SY06). All animals were housed in standard
mouse cages at 22-24°C on a 12-h light/dark cycle with free
access to food and water.

Animals

Generation of EENI?/f and EENI~/- (KO first) mice on the C57BL/
6] background was as previously described (Yang et al., 2018).
Genotyping of mouse lines was performed by genomic PCR of
tail prep DNA from offspring with the following primer pairs:
loxPF/loxPR, 5'-CAAGGACTCCCAGAGACCTAGCATC-3' and 5'-
GAGATGGCGCAACGCAATTAAT-3’ (a PCR product of 375 bp in
EENI KO first mice, but not WT mice); zptF/zptR, 5'-GTAAGC
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Figure 6. In response to Ca2*/calmodulin, endophilin Al associates with the PM and recruits Arp2/3 via p140Cap. (A) Hela cells were cotransfected
with constructs expressing mGFP, myc-p140Cap, and FLAG-EENL1 for 24 h; preincubated with DMSO, W-7, LatA, or CK-666 for 30 min; treated with ionomycin
for 20 min; and immunostained for FLAG for confocal microscopy. Shown are representative images. Magnified images are shown in white boxes. Scale bar,
10 um. (B) Quantification of subcellular distribution of FLAG-EEN1 and mGFP in cells by linescan plots of the fluorescence intensity along the white lines
indicated in the images in A. AU, arbitrary units. Ctrl: n = 34 for — ionomycin, n = 39 for + ionomycin; W-7: n = 35 for — ionomycin, n = 38 for + ionomycin; LatA:
n = 30 for - ionomycin, n = 34 for + ionomycin; CK666: n = 34 for - ionomycin, n = 39 for + ionomycin. (C) Quantification of FLAG-EEN1 distribution in
jonomycin-treated cells in B. n = 39 for Ctrl, n = 38 for W-7, n = 34 for LatA, n = 39 for CK666. (D) Hela cells were cotransfected with constructs expressing
mGFP, myc-p140Cap, Arplb-mCherry and FLAG-EEN1 WT, Y343A, KKK-EEE, or DM for 24 h, treated with ionomycin for 20 min, and immunostained for FLAG
for confocal microscopy. Scale bar, 10 um. (E) Quantification of subcellular distribution of mGFP, FLAG-EEN1 and Arplb-mCherry in cells in D. n = 32 for vector,
n = 31 for WT, n = 31 for KKK-EEE, n = 32 for DM, and n = 31 for Y343A. (F) Neuro-2a cells expressing EGFP-EEN1 were imaged live by confocal microscopy
before and after ionomycin application. Shown are still images of Neuro-2a cells at 0, 1, and 15 min of ionomycin treatment. (G) Quantification of EGFP-EEN1

distribution by linescan plots of fluorescence intensity along the white lines indicated in the images in F. Ctrl: 9 cells; W-7: 11 cells. Scale bar, 10 pm.

GGCTCTAGCGCATGTTCT-3' and 5'-GCAGGGGCATGTAGGTGG
CTCAAC-3' (a PCR product of 466 bp in WT mice, but not EENI~/~
mice, and 627 bp in EENIV mice).

Constructs

DN SNAP23 (deleting the C-terminal 8 residues) and other DN
SNAPs (SNAP25, SNAP29, and SNAP47, deleting the C-terminal
20 residues) were generated by PCR amplification of cDNA from
mouse brain by RT-PCR and insertion into pCMV-Tag2B. The
putative amino acid residues of EEN1 involved in calmodulin
binding were predicated using the Binding Site Search and
Analysis tool provided at the Calmodulin Target Database
(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html).
pCMV-Tag2B-EEN1 DM (I154AL158A) and pET28a(+)-EEN1
single and DM mutants were created by site-directed muta-
genesis using pCMV-Tag2B-EEN1 and pET28a(+)-EEN1 as
template, respectively. pET28a(+)-EEN1 ABAR (Aaa 6-242) and
pET28a(+)-EEN1 ASH3 (Aaa 295-346) were subcloned from
PGEX4T-1-EEN1 ABAR and pGEX4T-1-EEN1 ASH3. The pAAV-
CaMKIIa-EGFP-2A-MCS-3FLAG-EEN1 WT or mutant viral
constructs (KKK-EEE, Y3434, and DM) were generated by cloning
EENI ¢DNA amplified from pCMV-Tag2B-EENI or mutant constructs
into pAOV-CaMKIIa-EGFP-2A-MCS-3FLAG (OBiO Technology).
PAOV-CaMKIIa-mGFP-2A-Cre was generated by replacing
EGFP in pAOV-CaMKIIa-EGFP-2A-Cre (OBiO Technology)
with mGFP. The EGFP-EEN1 construct was generated by
cloning EEN1 cDNA with the 3xGGS linker into pEGFP-C2. The
bacterial expression construct for His-tagged pl140Cap frag-
ment (aa 351-1051) was generated by PCR amplification of the
cDNA encoding p140Cap (aa 351-1051) and insertion into pET-
28a(+). Bacterial expression constructs for calmodulin were
generated by PCR amplification of cDNA from mouse brain by
RT-PCR and insertion into pGEX4T-1 and pET28a(+). The
Arplb-mCherry construct was a generous gift from Drs. Na Mi
and Li Yu (Tsinghua University, Beijing, China). The Rabll-
GFP and Rabll DN (S225)-GFP constructs were generous gifts
from Dr. Jose A. Esteban (Centro de Biologia Molecular Severo
Ochoa, Madrid, Spain). All other constructs used in this study
(pCMV-Tag2B-EEN1 WT, pCMV-Tag2B-EEN1 Y343A, pCMV-
Tag2B-EEN1 KKK-EEE, mGFP, and LifeAct-mCherry) were
described previously (Guo et al., 2018; Yang et al., 2018). Viral
particles of AAV carrying pAOV-CAMKII-mCherry-2A-Cre,
pAOV-CaMKIla-EGFP-2A-Cre, pAAV-CaMKIIa-EGFP-2A-MCS-
3FLAG-EEN1 WT, or mutants and the control construct pAAV-
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CaMKIIa-EGFP-2A-MCS-3FLAG were purchased from OBiO
Technology.

Antibodies

The following antibodies were obtained from commercial
sources: endophilin A2 (sc-10876), mouse anti-SYP (sc-17750),
and mouse anti-cortactin (sc-55588; Santa Cruz Biotechnology)
for Western blotting and anti-cortactin (05-180; Sigma-Aldrich)
for staining; rabbit anti-endophilin Al (159002; Synaptic Sys-
tems); mouse anti-GST (PMO13), rabbit and mouse anti-RFP
which recognizes DsRed and mCherry (PM005 and M165-3;
Medical & Biological Laboratories); mouse anti-M5 DYKDDDDK-
Tag (MF085-02; Mei5 Biotechnology), mouse anti-a-tubulin
(T9026), and mouse anti-B-actin (A5441; Sigma-Aldrich); mouse
anti-His (CW0285M; CoWin Biosciences), rabbit anti-calmodulin
(M06609; Boster Biological Technology) for Western blotting and
mouse anti-calmodulin (05-173; Sigma-Aldrich) for immunopre-
cipitation; mouse anti-phosphatidylinositol 4,5-bisphosphate (anti-
PI(4,5)P,; Z-A045; Echelon Biosciences); rabbit anti-pl40Cap was
described previously (Yang et al., 2015). Alexa Fluor dye-conjugated
secondary antibodies for immunofluorescence staining were from
Molecular Probes (Invitrogen).

Cell culture, transfection, and drug treatment
Primary hippocampal neurons were cultured as previously de-
scribed (Yang et al., 2018). Briefly, mouse hippocampi were
dissected from PO C57BL/6] mice, dissociated with 0.125%
trypsin in Hank’s balanced salt solution without Ca?* and Mg?*
at 37°C for 15 min, and triturated in DMEM, 10% F12, and 10%
FBS (GIBCO). Hippocampal neurons were plated on poly-D-
lysine-coated coverslips in 24-well plates or 30-mm dishes at a
density of 2.5-3.0 x 10* cells/well in a 24-well plate or 1.0-1.2 x
105 cells/35-mm dish. The medium was replaced with the
serum-free Neurobasal A (NB-A) media supplemented with 2%
B27 supplement, GlutaMAX (GIBCO), and 0.3% glucose 4 h after
plating. Half of the media were replaced every 3 d until use.
For neuronal morphology and immunofluorescence staining,
neuronal transfections were performed using Lipofectamine
LTX according to the manufacturer’s instructions (Invitrogen)
on 12-14 d in vitro (DIV) after plating. Briefly, DNA (0.5 ug/well)
was mixed with 0.5 ul PLUS reagent in 50 pl NB-A medium and
then mixed with 1.0 pl Lipofectamine LTX in 50 pl NB-A me-
dium, incubated for 20 min, and added to the neurons in NB-A at
37°C in 5% CO,, for 1 h. Neurons were then rinsed with NB-A and
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Figure7. The calmodulin-, membrane-, and p140Cap-binding capacities of endophilin Al are required for LTP and long-term memory. (A-F) Rescue of
the LTP impairment phenotype in EEN1 KO neurons by EEN1 WT and mutants. AAVs expressing Cre (AAV-mCherry-2A-Cre) and GFP (AAV-EGFP) or Cre, GFP,
and EEN1 WT or mutant (AAV-EGFP-2A-EEN1) were stereotaxically injected into the CA1 regions of EEN1/ mouse brain at PO. Acute hippocampal slices were
prepared on P14-P21 for dual recording analysis of LTP. Shown are pairwise comparisons of LTP in noninfected (Ctrl) and infected neurons of the same slice.
For Cre-expressing neurons (Cre) versus Ctrl (A), six recording pairs from three mice, marked as n = 6/3, were analyzed. n = 10/5 (B), n = 5/4 (C), n = 5/3 (D), and
n = 4/3 (E). Bar graphs show percentage of baseline at 45 min after pairing. A summary of rescue effects of EEN1 WT and mutants is shown in F. Data are
expressed as mean + SEM for each group. P values were calculated using two-tailed paired t test. *, P < 0.05; **, P < 0.01. (G) AAV was stereotaxically injected
into the brain CAl regions of EEN1*/* to express GFP alone, EEN1~/~ to express GFP alone, or GFP and EEN1 WT, KKK-EEE, Y343A, or DM. Left panels are images
of hippocampal sagittal section with GFP signals and DAPI labeling of nuclei. Center and right panels are coronal brain sections showing bilateral injection of
AAV. Scale bar, 1 mm. (H) Immunofluorescence staining of EEN1in CAL neurons of brain slices from mice in G. Scale bar, 50 um. (I-N) Morris water maze test of
AAV-injected mice. Shown are escape latency or distance traveled before escaping to the platform in the visible platform (1) and invisible platform (J) training,
the swim trace in probe trial 3 and recall following training once again 1 mo after training (K and L), number of crossings within the 1.5x platform area in 5-d
probe trial and recall test (M), and number of crossings within the 1.5x platform area before and after recall (N). (O) Freezing behavior in AAV-injected mice
subjected to contextual fear conditioning. All error bars represent the SEM in |, J, and M-O. Number of animals: 15 EEN1*/* + GFP, 10 EEN1~/~ + GFP, 6 EEN1/~ +
EEND, 6 EEN1~/~ +Y343A, 7 EEN1~/~ + KKK-EEE, 7 EEN1/~ + DM. P values were calculated using one-way ANOVA by Newman-Keuls post hoc test or two-tailed
paired t test. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 when compared with EEN1*/* + GFP; #, P < 0.05; ##, P < 0.01; and ###, P < 0.001 when compared

with EEN17/~ + GFP; and &, P < 0.05 and &&, P < 0.01 when compared with before recall (two-tailed paired t test).

incubated in the original medium at 37°C in 5% CO, for 4-5 d. For
cotransfection, neurons were transfected with 1.0 pg of DNA
consisting of two plasmids (0.5 ug each).

DMEM supplemented with 10% FBS and DMEM/F12 supple-
mented with 10% FBS were used for HelLa (CCL-2; ATCC) and
Neuro-2a (CCL-131; ATCC) cell culture, respectively. Cell trans-
fections were performed using Lipofectamine 2000 according to
the manufacturer’s instructions (Invitrogen) after plating.

We referred to literature for working concentrations of
actin reorganization inhibitors for cultured neurons (Chen
and Firestein, 2007; Jiang et al., 2015; Matsuzaki et al., 2004;
Mauceri et al., 2011; Rex et al., 2009; Soykan et al., 2017; van
Bommel et al., 2019; Zhou et al., 2011). For drug treatment, HeLa
cells or primary neurons cultured on coverslips were pre-
incubated with MK801 (10 uM; Sigma-Aldrich), LatA (100 nM;
Sigma-Aldrich), NSC 23766 trihydrochloride (100 pM; Abcam),
CK-666 (100 uM; Sigma-Aldrich), W-7 (20 uM; TOCRIS), KN-62
(4 uM; TOCRIS), and BAPTA-AM (10 pM; Sigma-Aldrich) for
30 min. Neurons were preincubated with ML141 (15 pM; Sigma-
Aldrich) or SMIFH2 (30 uM; Sigma-Aldrich; van Bommel et al,,
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2019) for 2 h or with CT04 (2 pg/ml; Cytoskeleton) for 3 h. For
tetanus toxin treatment (10 nM; Sigma-Aldrich), neurons were
preincubated for 10 min. These drugs were maintained during
glycine or ionomycin application.

For ionomycin treatment of HeLa cells, cells were pre-
incubated with modified Krebs-Ringer Hepes (KRH) buffer
(containing 120 mM NaCl, 4.8 mM KCl, 1.2 mM KH,PO,, 1.2 mM
MgSOQ,, 1.3 mM CaCl,, 5.5 mM glucose, and 25 mM Hepes, pH
7.4, at 37°C) for 30 min then treated with ionomycin (2 pM;
Beyotime Biotechnology) in KRH buffer for 20 min. For ion-
omycin treatment of Neuro-2a cells, cells were preincubated
with the KRH buffer and treated with ionomycin (1 pM) in KRH
buffer for 30 min

cLTP

Chemical induction of LTP was performed as previously de-
scribed (Fortin et al., 2010; Park et al., 2006). Briefly, neurons
were treated with glycine (200 uM) in Mg?*-free extracellular
iso-osmotic solution (in mM: 125 NaCl, 2.5 KCI, 2 CaCl,, 5 Hepes,
33 glucose, 0.2 glycine, 0.02 bicuculline, and 0.003 strychnine,

v
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Figure 8. Model for endophilin Al-mediated initial spine head expansion upon LTP induction. NMDAR-mediated Ca?* influx into dendritic spines ac-
tivates calmodulin. Ca?*/calmodulin interacts directly with endophilin A1 and enhances its binding to both the PM and p140Cap, probably by releasing it from
the autoinhibitory state caused by the intramolecular interaction between the N-BAR and SH3 domain. As a result, the PM-associated endophilin Al recruits
p140Cap, which in turn recruits cortactin to promote branched actin polymerization underneath the PM, generating propulsive force for rapid spine en-
largement during the acute phase of sLTP.
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pH 7.4; Yang et al.,, 2018). For experiments performed in the
absence of extracellular Ca2*, 10 uM BAPTA-AM was substituted
for 2 mM CaCl, in the Mg?*-free extracellular solution.

For experiment to determine the role of membrane tension
in spine expansion, neurons were pretreated with the hypo-
osmotic solution (in mM: 80 NaCl, 2.5 KCl, 2 CaCl,, 5 Hepes,
and 33 glucose, pH 7.4, mOsm 210) or hyperosmotic solution (in
mM: 125 NaCl, 2.5 KCl, 2 CaCl,, 5 Hepes, 33 glucose, and 250
sucrose, pH 7.4, mOsm 600) for 10 min and cLTP in the same
solution.

Immunostaining, image acquisition, and analysis

Neurons were fixed with 4% PFA/4% sucrose in PBS at RT for
15 min. After blocking with 1% BSA in PBS containing 0.4%
Triton-X 100 for 40 min at RT, neurons were incubated with
primary antibodies for 1 h at RT or overnight at 4°C, and ap-
propriate secondary antibodies conjugated with Alexa Fluor 488,
Alexa Fluor 555, or Alexa Fluor 647 were applied for detection.
Immunostaining of PM-localized EENI and PI(4,5)P, was per-
formed as previously described (Hammond et al., 2009). Briefly,
neurons were fixed with 4% formaldehyde and 0.2% glutaral-
dehyde for 15 min at RT, followed by rinsing with PBS con-
taining 50 mM NH,Cl three times. Coverslips were chilled on ice
and blocked with buffer A (20 mM Pipes, 137 mM NaCl, and
2.7 mM KCl, pH 6.8) containing 5% (vol/vol) normal goat serum,
50 mM NH,CI, and 0.5% (wt/vol) saponin for 45 min on ice. Cell
were then incubated with primary antibodies in buffer A con-
taining 5% normal goat serum and 0.1% saponin for 1-2 h and
secondary antibodies for 45 min on ice. Cells were postfixed for
10 min on ice and 5 min at RT with 2% formaldehyde in PBS
followed by three rinses with PBS containing 50 mM NH,Cl.

Confocal images of DAPI, Alexa Fluor 488, Alexa Fluor 555, or
Alexa Fluor 647 channels were collected with a 100x Plan Apo-
chromat VC (NA 1.40) oil objective using the Spectral Imaging
Confocal Microscope Digital Eclipse C1Si (Nikon). Images were z
projections of images taken at 0.2-pm step intervals. The num-
ber of planes (typically four to six) was chosen to encompass the
entire dendrite from top to bottom.

The procedure for morphometric analysis of dendritic spines
was described previously (Yang et al., 2015; Yang et al., 2018).
DsRed or EGFP was used as a cell fill. The final reconstructed
spines were obtained using a maximum-intensity projection
strategy provided by NIS-Elements AR software (Nikon). DsRed-
labeled spines were outlined manually. Dendritic segments
40-120 ym from the neuronal cell body were selected for
analysis. All morphological experiments were repeated at least
three times with an n = 10 for individual experiments. Quan-
tification of F-actin enrichment in spines was described pre-
viously (Yang et al., 2018). To analyze distribution of EEN1
mutants in dendrites, we measured the mean intensity of
fluorescent signals in spines and normalized each measure-
ment with the fluorescent signals along the adjacent dendritic
shaft to obtain the spine/shaft ratio. For analysis of subcellular
distribution of proteins in HeLa and Neuro-2a cells, the fluo-
rescence intensity along the white line in cells was measured
with the Color Profiler tool provided by Image] (National In-
stitutes of Health; NIH) to generate the linescan plots.
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Super-resolution live-cell imaging and data analysis
The GI-SIM live imaging experiments were performed as de-
scribed by Guo et al. (2018). Briefly, mouse hippocampal neu-
rons cultured on 25-mm coverslips were transfected with
constructs expressing mGFP and LifeAct-mCherry on DIV12
and imaged on DIV16 in Mg?*-free extracellular solution (in
mM: 125 NaCl, 2.5 KCl, 2 CaCl,, 5 Hepes, 33 glucose, 0.2 glycine,
0.02 bicuculline, and 0.003 strychnine, pH 7.4; Yang et al.,
2018). Time-lapse images of the mCherry and GFP channels
were obtained with acquisition time of 110 ms for each channel
at 5-s intervals. To quantify the area of each spine head and
enrichment of F-actin in spines, we measured the fluorescent
mean intensity of LifeAct-mCherry within the spines and
normalized each measurement by the fluorescence signal along
the adjacent dendritic shaft with the NIH Image] software. The
mGFP-labeled dendrites or spines were outlined manually.
For analysis of the spatiotemporal relationship between actin
polymerization and membrane expansion in dendritic spines,
spines were segmented from raw GI-SIM images using Otsu’s
method (Otsu, 1979). To facilitate the visualization of instantaneous
spine growth and localized actin polymerization, differential images
of both membrane (mGFP) and F-actin (LifeAct-mCherry)
channels were calculated by subtracting the image at time point ¢
from that at t + 1 through the entire time-lapse movie (1-min
duration before and 5-min duration after glycine application
with 5-s intervals) using MATLAB (R2018a; MathWorks). To
highlight the regions with spine growth/membrane expansion
or increased F-actin signals, only pixels with a positive differ-
ence were displayed in the final differential images shown in
Fig. 1 E. To analyze the spatiotemporal coupling of membrane
expansion and actin polymerization, we chose spines with in-
crease in F-actin signals, measured the overlap between differ-
ential images in the membrane channel and those in the actin
channel at individual time points, and determined the extent of
overlap by calculating the ratio of overlapped to total changes in
the membrane channel using the JACoP plug-in of ImageJ soft-
ware. Then, we obtained fluctuations in the extent of overlap at
different time points before or after glycine treatment to eval-
uate the randomness of overlap between membrane expansion
and actin polymerization.

Immunohistochemical analyses

Mice were anesthetized with 1% sodium pentobarbital and
transcardially perfused with normal saline followed by 4% PFA
in 0.01 M PBS. Mouse brain was dissected out and postfixed with
4% PFA/PBS for 4 h at 4°C. Fixed brain was incubated with 20%
sucrose overnight and then 30% sucrose overnight. The brain
was embedded in optimal cutting temperature compound and
stored at -80°C until usage. 30-pm cryosections were made
using cryostat and collected.

For immunostaining of brain sections, floating 30-um-thick
slices were rinsed with PBS and permeabilized in 0.4% Triton-X
100 in 0.01 M PBS for 30 min. Cryosections were blocked with
1% BSA in PBS containing 0.4% Triton-X 100 for 1 h at RT and
then incubated with primary antibodies overnight at 4°C. Sec-
ondary antibodies conjugated with Alexa Fluor 555 were used
for detection. Sections were then incubated with DAPI (Roche)
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for nuclear staining for 5 min at RT. Following rinsing, cry-
osections were mounted on gelatin-coated slides and covered
with coverslip with mounting medium. Confocal images were
collected using the Spectral Imaging Confocal Microscope Digital
Eclipse CISi (Nikon) with a 10x Plan Apochromat differential
interference contrast N1 0.45 objective or 40x Plan Fluo (NA
1.30) oil objective (Yang et al., 2018).

Protein expression and purification

His-EEN], His-calmodulin, His-p140Cap fragment (aa 351-1051),
or GST-calmodulin was expressed in Escherichia coli BL21 (DE3).
Cells were grown at 37°C in LB (in g/liters: 10 tryptone, 5 yeast
extract, and 10 NaCl) supplemented with ampicillin or kana-
mycin. Cells were induced at ODgo0 of ~0.6 with 0.4 mM IPTG
for 4 h at 30°C or 16 h at 16°C. Cells were harvested and stored at
-80°C until purification.

For His-tagged proteins, cells were resuspended in lysis
buffer (50 mM NaH,PO,, 300 mM NaCl, and 15 mM imidazole,
pH 8.0) supplemented with 1% Triton-X 100 and 0.1 mM PMSF.
Protein were purified with Ni-NTA resin according to the man-
ufacturer’s instructions (R90115; Invitrogen). For GST-tagged
proteins, cells were resuspended in PBS supplemented with
0.2% Triton-X 100 and 0.1 mM PMSF. Proteins were purified
with glutathione Sepharose 4B (GE17-0756-01; Sigma-Aldrich)
according to the manufacturer’s instructions.

For the liposome cosedimentation assay, purified His-
calmodulin was dialyzed in Spectra/Por 4 RC Dialysis Mem-
brane Tubing (08-667D; Thermo Fisher Scientific) against 1,000
vol PBS supplemented with 0.5 mM EGTA at 4°C for 4 h and
replaced with fresh 1,000 vol PBS twice.

ITC

ITC was performed on a MicroCal PEAQ-ITC (Malvern Pan-
alytical) calorimeter. Calmodulin and EEN1 were purified on a
Superdex-200 16/600 column (GE Healthcare) in solution buffer
containing 20 mM Tris-Cl at pH 7.0 and 150 mM NaCl. Solution
buffer containing 1 mM CaCl? was injected into a calorimeter cell
filled with protein solution, with the cell temperature set to
25°C. Each analysis involved 20 injections of 4-s duration (2 pl
per one injection), 120-s spacing, stir with 750 rpm, 5 pcal/s
reference power, and high gain feedback mode. Data were
processed by Origin software to obtain thermodynamic profiles.

GST pull-down, colP, and immunoisolation
For GST pull-down assays, 5 ug GST-tagged protein conjugated
with glutathione Sepharose beads was incubated with 1 pug His-
tagged protein in 0.01 M PBS supplemented with 1% NP-40 at
4°C for 1 h. Beads were washed five times with PBS supple-
mented with 0.3% Triton-X 100 and boiled in SDS sample buffer.
For coIP experiments, cultured neurons or mouse brain were
lysed with lysis buffer 1 (0.05% [vol/vol] NP-40, 15 mM Tris-
HC, pH 7.4, and 50 mM NaCl) supplemented with protease in-
hibitors. Lysates were then centrifuged at 16,000 xg for 15 min
at 4°C. Antibodies (1 pg) were added to the cell lysates and in-
cubated at 4°C for 2 h on a roller mixer, followed by incubation
with Protein A/G agarose (Santa Cruz Biotechnology) pre-
equilibrated in lysis buffer overnight at 4°C. Immunoprecipitates
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were washed four times in lysis buffer, boiled in SDS sample
buffer, and subjected to SDS-PAGE and immunoblotting. To
mimic transient increase in intracellular Ca?*, CaCl, (1 mM) was
added to hippocampal neuron cell lysates and incubated for
10 min on ice followed by addition of EGTA (1 mM) to chelate
Ca?* before colP.

For immunoisolation of membrane proteins, cultured neu-
rons were homogenized with lysis buffer (in mM: 20 Tris-HC,
10 Hepes, pH 7.4, 150 NaCl, and 250 sucrose) supplemented with
protease inhibitors and centrifuged at 800 xg for 15 min. The
supernatants were collected and subjected to high-speed cen-
trifugation at 100,000 xg for 1 h (TLS-55 rotor, OptimaTMMAX
Ultracentrifuge; Beckman Coulter). The supernatants (S100) and
pellets (pl00, the membrane fraction) resuspended in lysis
buffer were subjected to immunoisolation with Dynabeads
Protein G (Invitrogen) coupled with 2 pg mouse anti-calmodulin
antibody. Bound proteins were eluted by boiling in 2x SDS gel
loading buffer and subjected to SDS-PAGE and immunoblotting.

Subcellular fractionation

For subcellular fractionation of mouse hippocampi, mice were
sacrificed and hippocampi were removed 30 min after fear
conditioning training. Mouse hippocampi or cultured neurons
were homogenized to isolate the membrane and cytoskeleton
fractions with Subcellular Protein Fractionation Kit for tissues
(87790; Thermo Fisher Scientific) or cultured cells (77840;
Thermo Fisher Scientific) according to the manufacturer’s in-
structions. Proteins in different fractions were subjected to SDS-
PAGE and immunoblotting.

Liposome cosedimentation assay

Bovine brain extracts (B1502; Sigma-Aldrich) were dissolved in
chloroform and dried under vacuum for 30 min. The solvent-
free lipid films were rehydrated with liposome buffer (150 mM
NaCl, 20 mM Hepes, pH 7.4, and 1 mM DTT) and subjected to
seven cycles of flash freezing in liquid nitrogen and thawing in a
37°C bath. Liposomes were then extruded 21 times through a
polycarbonate membrane with a 50-nm pore size (Mini-Extruder;
Avanti Polar Lipids). Extruded liposomes were centrifuged at 16,000
xg for 5 min to remove insoluble material. Liposomes (0.5 mg/ml)
were then incubated with freshly purified recombinant proteins
(1 WM His-EENI or 1 pM His-EENI1 and 2 uM GST-calmodulin) in
100 ul liposome buffer for 10 min at 30°C before sedimentation at
140,000 xg for 30 min at 4°C. The supernatant (unbound) and pellet
(bound) were subjected to SDS-PAGE. Ratios of binding to liposomes
were determined using NIH Image]J software.

3D-SIM imaging and image analysis

3D-SIM images of Alexa Fluor 488, Alexa Fluor 555, and Alexa
Fluor 647 channels were acquired as previously described (Niu
etal., 2013) on the DeltaVision OMX V4 imaging system (Applied
Precision) with a 100x 1.4 oil objective (Olympus UPlanSApo),
solid-state multimode lasers (488, 593, and 642 nm), and
electron-multiplying charge-coupled device cameras (Evolve
512x512; Photometrics). Serial Z-stack sectioning was done at
125-nm intervals. The microscope is routinely calibrated with
100-nm fluorescent spheres to calculate both the lateral and
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axial limits of image resolution. SIM image stacks were re-
constructed using softWoRx 5.0 (Applied Precision) with the
following settings: pixel size, 39.5 nm; channel-specific optical
transfer functions; Wiener filter, 0.001000; discard negative
intensities background; drift correction with respect to first
angle; and custom KO guess angles for camera positions. Pixel
registration was corrected to be <1 pixel for all channels using
100-nm Tetraspeck beads. For clarity of display, small linear
changes to brightness and contrast were performed on 3D
reconstructions.

Live imaging of Neuro-2a cells

Neuro-2a cells expressing EGFP-EEN1 were incubated with
modified KRH buffer and imaged live at 37°C using a 100x Plan
Apochromat VC (NA 1.40) oil objective with the Spectral Imag-
ing Confocal Microscope DIGITAL ECLIPSE CiSi (Nikon). Cells
untreated or treated with W-7 (20 uM) for 20 min were imaged
every minute for two frames, supplemented with ionomycin
(1 pM), and imaged every 10 s to 1 min for 30 min.

Electrophysiology

Within 24 h after birth, EENI/fl mice were coinjected with high-
titer AAV stock carrying pAOV-CAMKIIa-mCherry-2A-Cre
(AAV-mCherry-2A-Cre) and pAAV-CaMKIla-EGFP-2A-MCS-
3FLAG-EENI1 or mutants of EEN1 (~1-5 x 103 IU/ml). Newborns
were anesthetized on ice for 5 min and then mounted in a
custom ceramic mold to make the head level in the x and y axes.
Lambda was set as (%, y) = (0, 0). Zero point of z axis was the
position at which the injecting needle penetrated the skin. Ap-
proximately 10 nl viral solution was injected at each of the seven
sites ([x, y, z] = [1.2, 1.2, 1.4/1.0/0.6] and [1.5, 1.0, 1.7/1.3/0.9/0.5])
targeting the hippocampus at each cerebral hemisphere with a
microsyringe (Sutter Instrument) and beveled glass injection
pipette. Injected pups were returned to home cage and used for
recording 2-3 wk afterward. Transverse 350-um hippocampal
slices were cut from viral injected EENI/f! mice on a Leica vi-
bratome (VT1000 S) in high-sucrose cutting solution containing
(in mM) 2.5 KCl 1.25 NaH,PO,, 25 NaHCOs, 0.50 CaCl,, 7
MgS0y,, 210 sucrose, 10 glucose, and 1.3 Na-ascorbic acid. Freshly
cut slices were placed in an incubating chamber containing ar-
tificial cerebrospinal fluid, and recovered at 32°C for ~20 min
followed by 60 min at room temperature before recording. The
slices were perfused with artificial cerebrospinal fluid containing
GABAA receptor antagonists PTX (100 uM)/Bic (10 pM) and satu-
rated with 95% 0,/5% CO, in whole-cell LTP experiments. CAl
pyramidal cells were voltage clamped at -70 mV, and AMPAR ex-
citatory postsynaptic current were evoked by stimulation at SC with
concentric electrode (FHC CBBRC75). LTP was induced by stimu-
lating SC axons at 2 Hz for 90 s while clamping the cell at 0 mV,
after recording a stable 3- to 5-min baseline, but no more than 6 min
after breaking into the cell (Dfaz-Alonso et al., 2017; Granger et al.,
2013). To minimize run-up of baseline responses during LTP, cells
were held cell-attached for ~1-2 min before breaking into the cell.

Stereotaxic injection and behavioral tests
9-wk-old sexually naive male and female mice were anesthe-
tized and stereotactically injected with viral particles in the
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hippocampal CAl region as described previously (Yang et al.,
2018). Briefly, mice were anesthetized with isoflurane (1-2%
mixed with oxygen) then were sterilized with iodophors and
alcohol. Viral particles carrying pAAV-CaMKIIa-EGFP-2A-MCS-
3FLAG, pAAV-CaMKIIa-EGFP-2A-MCS-3FLAG-EEN1 WT or
mutants (1 pl, 2.0 x 10'2 viral genomes/ml) were injected bilat-
erally into the hippocampal CAl regions using the following
coordinates relative to bregma: 2.0 mm posterior, 1.8 mm lateral,
and 1.4 mm ventral at a rate of 0.125 pl/min using a microin-
jection system (World Precision Instruments). The needle was
kept in place for 5 min before withdrawal. The virus-injected
mice were tested for behavior 2 wk later. Morris water maze and
fear conditioning tests were performed as previously described
(Yang et al., 2018). Briefly, mice were exposed to the visible trial
when a flag could be visualized on the platform, and then the flag
was removed and the platform, submerged 1 cm below the water
surface, was kept in a fixed position. Mice were trained for 8 d,
and then the number of times that each mouse crossed the 1.5x
platform circle area within 60 s was analyzed. The recall ability
was tested 1 mo after training. The mouse trajectory in the pool
was monitored and analyzed with an automated system (Smart
3.0, Panlab SMART video tracking system). For fear conditioning
tests, mice were trained in a standard fear conditioning appa-
ratus (Harvard Apparatus). They were allowed to explore freely
for 2 min, and then a 2-s, 0.9-mA footshock (unconditioned
stimulus) was delivered, and mice stayed in the chamber for 30
s. Mice were reexposed to the same chamber and a novel
chamber for 2 min on the following 3 d. Freezing was scored and
analyzed automatically using FREEZING software (Harvard Ap-
paratus). We observed no sex-related differences in behavior,
and the results were pooled together.

Statistical analysis

All data are presented as the mean + SEM. GraphPad Prism 5
(GraphPad Software) was used for statistical analysis. For two-
sample comparisons versus controls, a paired or unpaired Stu-
dent’s t test was used. One-way analysis of variance with a
Dunnett’s multiple-comparison or Newman-Keuls multiple-
comparison hoc test was used to evaluate statistical signifi-
cance of three or more groups of samples. A P value of <0.05 was
considered statistically significant. Data distribution was as-
sumed to be normal, but this was not formally tested.

Online supplemental material

Fig. S1 shows effects of inhibitors for membrane fusion, re-
cycling endosomal trafficking, and actin dynamics, as well as
osmotic shocks on acute sLTP of hippocampal neurons. Fig. S2
shows assays testing binding of endophilin Al to Ca2*. Fig. S3
shows binding of endophilin Al point mutants to calmodulin.
Fig. S4 shows rescue of acute sLTP in EENI~/~ neurons by
overexpression of EEN1 WT and mutants. Fig. S5 shows LTP-
induced, calmodulin-dependent change in the subspine distri-
bution of endophilin Al. Videos 1 and 2 show morphological
changes and actin dynamics of spines of EENI WT and KO
neurons during LTP induction, respectively. Videos 3 and 4
show the spatiotemporal relationship between PM expansion
or retraction, respectively, and increases in F-actin in EENIVfU
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spines during LTP induction. Videos 5 and 6 illustrate the spa-
tiotemporal relationship between PM expansion or retraction,
respectively, and decreases in F-actin in spines during LTP in-
duction. Video 7 exhibits the spatiotemporal relationship be-
tween spine membrane expansion and increases in F-actin in
EEN1 KO spines before and during glycine-induced sLTP. Videos
8 and 9 show the effect of ionomycin on subcellular distribution
of EGFP-EEN1 in untreated and W-7-treated Neuro-2a cells,
respectively.
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Figure S1. Membrane unfolding and branched actin polymerization are required for initiation of sLTP. (A) Mouse hippocampal neurons transfected
with pLL3.7-DsRed on DIV12 were pretreated with DMSO or tetanus toxin (TeTx) for 10 min before cLTP induction with glycine on DIV16. Neurons were fixed
at different time points after glycine application and imaged by confocal microscopy. Scale bar, 5 um. (B) Quantification of spine size in A. Data are expressed
as mean + SEM at each point (- TeTx: n = 12, n = 531 for O min; n = 12, n = 536 for 0.5 min; n = 15, n = 685 for 1 min; n = 13, n = 558 for 2 min; n = 12, n = 538 for
3 min; n =15, n=675for 4 min; n =14, n =580 for 5 min + TeTx: n = 14, n = 561 for 0 min; n = 14, n = 546 for 0.5 min; n = 14, n = 549 for 1 min; n = 15, n = 642 for
2 min; n =15, n = 687 for 3 min; n = 15, n = 698 for 4 min; n = 15, n = 588 for 5 min). P values were calculated using two-tailed unpaired t test. ***, P < 0.001.
(€) Mouse hippocampal neurons were transfected with pLL3.7-DsRed and expression construct for GFP fusion of Rab11 WT or DN (S25N) mutant on DIV12 and
pretreated with DMSO or MK801 before cLTP induction on DIV16. Neurons were fixed 1 min after glycine application and imaged by confocal microscopy. Scale
bar, 5 um. (D) Quantification of spine size in C. Data are expressed as mean + SEM for each group (GFP: n = 10, n = 222 for - Gly; n = 11, n = 274 for + Gly; n = 10,
n =228 for + MK801 + Gly; Rab11-GFP: n = 11, n = 273 for - Gly; n = 10, n = 220 for + Gly; n = 11, n = 236 for + MK801 + Gly; Rab11DN-GFP: n = 10, n = 228 for -
Gly; n =11, n =234 for + Gly; n = 11, n = 237 for + MK801 + Gly). P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001.
(E) Mouse hippocampal neurons transfected with pLL3.7-DsRed and expression construct for FLAG-tagged SNAP DN mutant on DIV12 and induced cLTP on
DIV16. Neurons were fixed 1 min after glycine application, immunostained with antibodies to FLAG, and imaged by confocal microscopy. Scale bar, 5 um.
(F) Quantification of spine size in E. Data are expressed as mean + SEM for each group (vector: n = 10, n = 378 for - Gly; n = 11, n = 391 for + Gly; SNAP23 DN:
n =11, n = 374 for - Gly; n = 11, n = 386 for + Gly; SNAP25 DN: n = 10, n = 364 for - Gly; n = 11, n = 394 for + Gly; SNAP29 DN: n =11, n = 393 for - Gly;n=11,n =
385 for + Gly; SNAP47 DN: n = 11, n = 379 for - Gly; n = 11, n = 382 for + Gly). P values were calculated using one-way ANOVA by Newman-Keuls post hoc test.
**¥ P < 0.001. (G) Effect of osmotic shock on spine enlargement 1 min after glycine application. Neurons were pretreated with iso-osmotic, hypo-osmotic, or
hyperosmotic solution, respectively, for 10 min, and cLTP was performed in the same solution on DIV16. Neurons were fixed 1 min after glycine application and
imaged by 3D-SIM microscopy. Scale bar, 4 um. (H) Quantification of spine size in G. Data are expressed as mean + SEM for each group (iso: n = 14, n = 388
for - Gly; n = 12, n = 382 for + Gly; hypo: n = 14, n = 398 for - Gly; n = 15, n = 488 for + Gly; hyper: n = 14, n = 464 for - Gly; n = 13, n = 434 for + Gly). P values
were calculated using two-tailed unpaired t test. ***, P < 0.001. (I) Effects of inhibitors for actin remodeling regulators on spine enlargement 1 min after glycine
application. Shown are representative confocal images. Scale bar, 5 pm. CK-666, Arp2/3 inhibitor; SMIFH2, formin inhibitor; CT04, RhoA inhibitor; NSC 23766,
Racl inhibitor; ML141, Cdc42 inhibitor. (J) Quantification of spine size (left) and changes in spine size (right) in |. Data are expressed as mean + SEM for each
group (Ctrl: n = 13, n = 523 for - Gly; n = 13, n = 537 for + Gly. LatA: n = 12, n = 516 for - Gly; n = 12, n = 519 for + Gly; CK-666: n = 13, n = 520 for - Gly; n = 13,
n =533 for + Gly; SMIFH2: n = 13, n = 552 for - Gly; n = 13, n = 561 for + Gly; CTO4: n = 13, n = 546 for - Gly; n = 13, n = 522 for + Gly; NSC 23766: n = 13, n = 524
for - Gly; n = 14, n = 562 for + Gly; ML141: n = 13, n = 532 for - Gly; n = 13, n = 530 for + Gly). P values were calculated using one-way ANOVA by Newman-Keuls
post hoc test. ***, P < 0.001 when compared with Ctrl.
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Figure S2. Endophilin A1 does not bind Ca2*. (A) Purification of recombinant full-length EEN1 expressed in E. coli. Affinity-purified His-tagged EEN1 was
supplied with 5 mM EDTA and loaded into Superdex 200 16/300 size exclusion chromatography with buffer (20 mM Tris-Cl, pH 7.0, and 150 mM NaCl). The
peak fractions for EEN1 were collected and analyzed by SDS-PAGE. EEN1 displays as monomer and presents negligible degradation without affecting its
function. (B) ITC analysis of 1 mM CaCl, and 30 uM calmodulin. The raw data were fitted to sequential binding site model. The molar ratio of Ca2* ions (Il) to
calmodulin is 4, as previously indicated. Ca?* ions (Il) appear to bind to calmodulin with dissociation constants (K4) of 2.26 + 0.31 uM, 9.08 + 1.25 uM, 55.1+ 11.4
1M, and 2.60 = 2.05 mM, respectively. Each binding site reveals enthalpy changes (AH) of 0.22 = 0.06 kcal/mol 3.31 = 0.76 kcal/mol, -1.62 + 0.14 kcal/mol, and
48.1 + 4.3 kcal/mol, respectively. DP, power differential. (C) ITC analysis of 1 mM CaCl,, 40 uM EEN1 (left panels) and 3 mM CaCl,, 100 uM EENI (right panels).
No significant binding was detected. (D and E) Tryptophan fluorescence of Synaptotagmin-1 C2B (positive control) and EEN1 in the presence of CaCl,. Shown
are tryptophan fluorescence spectra (310-400 nm) of Synaptagmin-1 C2B (D) and EEN1 (E) respectively with an excitation wavelength of 280 nm. Right panels
are enlarged views of the emission peaks in the left panels. The tryptophan fluorescence of Synaptagmin-1 C2B increases with the addition of CaCl, and
saturates at 6 mM final concentration. In contrast, the tryptophan fluorescence of EEN1 fluctuates irregularly with the addition of CaCl,.
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Figure S3. 1154 and L158 are required for endophilin Al binding to calmodulin. (A) Binding of EEN1 WT and mutants to GST-calmodulin in pull-down
assay. Bound proteins were analyzed by SDS-PAGE and immunoblotting with anti-His antibodies. (B) Quantification of mutants binding to GST-calmodulin in A.
Data are represented as mean + SEM, n = 5 independent experiments. P values were calculated using one-way ANOVA by Dunnett post hoc test.

Yang et al.

Endophilin Al drives acute structural plasticity

Journal of Cell Biology
https://doi.org/10.1083/jcb.202007172

S5


https://doi.org/10.1083/jcb.202007172

A - Gly

+ Gly

c 3 »
IV

+W-7 + Gly

LifeAct  FLAG + LifeAct

EENT+/+

=+ - Gly
mm + Gly
= + W-7 + Gly

)

spine

(

Sooocoo~

Py
£
2
[
dos
(]
kel
(0]
[}
L
Q
=
Q.
(%]

Change of spin
head area (ratio

g\* 6@““@ ﬁ

- Gly

LifeAct

FLAG + LifeAct

. EENTH* C
= EENT/- 8
mm EEN1/-+WT £ 4.0
EEN1/-+DM & 35
£ 30
€25
o 2 20
6 515
4 — 1.0
2 205
0 g 0
2 <
+Gly

LifeAct

FLAG + LifeAct

= =3-Gly
mm +Gly
= + W-7 + Gly

NE - Iz IB
@ el gl

+ MK801 + Gly

FLAG FLAG + DsRed

EENT*/+

EEN1--

EEN1--
+WT

EEN1-/-
+Y343A

3 + MK

F -Gly

FLAG

FLAG + DsRed

801 + Gly

+Gly 1"

FLAG

FLAG + DsRed

m EENTY/*

= EENT-/-

= EENT/-+WT
EEN17/-+ Y343A

+MK801 + Gly

FLAG FLAG + DsRed

EEN1-/-
+ WT

EEN1-/-
+ KKK-EEE

G

Hokk

*kk nx

0.901 I:I

0.751 l:
0.60 1
0.451
0.30 1
0.151
0.00-

EENT**EENT/- EEN17- EEN1--
+WT +KKK-EEE

Spine head area (um2)

Yang et al.
Endophilin Al drives acute structural plasticity

FLAG FLAG + DsRed

Gly
+Gly
+MK801+Gly 12
[OF]
ég 09
5 3 0.6
35 03
c o
23 00
o<

FLAG

FLAG + DsRed

Wl EENT+*

Wl EENT-/-

Bl EENT/-+WT

Bl EEN1-/- + KKK-EEE

Journal of Cell Biology
https://doi.org/10.1083/jcb.202007172

Sé6


https://doi.org/10.1083/jcb.202007172

TR
(: k(J
IV

Figure S4. Rescue of acute sLTP in EEN1 KO neurons by EEN1 mutants. (A) Cultured EENI*/* and EENI~/~ hippocampal neurons cotransfected with
LifeAct-mCherry and FLAG vector and EEN1~/~ hippocampal neurons cotransfected with LifeAct-mCherry and FLAG-EEN1 WT or DM on DIV12 were pretreated
with DMSO or W-7 and induced cLTP on DIV16. Neurons were fixed 1 min after glycine application and imaged by confocal microscopy. Scale bar, 5 um. (B)
Quantification of spine size and changes in spine size in A. (C) Quantification of F-actin enrichment in spines in A. Data are expressed as mean + SEM for each
group in Band C (EENI*/*: n = 12, n = 472 for - Gly; n = 12, n = 483 for + Gly; n = 12, n = 450 for + W-7 + Gly; EEN1~/~:n = 12, n = 458 for - Gly; n = 12, n = 464 for
+Gly; n =12, n =461 for + W-7 + Gly; EENI7/~ + WT: n = 12, n = 475 for - Gly; n = 12, n = 466 for + Gly; n = 12, n = 453 for + W-7 + Gly; EEN1~~ + DM:n =12,n =
467 for - Gly; n = 13, n = 487 for + Gly; n = 12, n = 456 for + W-7 + Gly). P values were calculated using one-way ANOVA by Newman-Keuls post hoc test. ***,
P < 0.001. (D) Cultured EEN1*/* and EENI~/~ hippocampal neurons cotransfected with pLL3.7-DsRed and FLAG vector and EENI~/~ hippocampal neurons
cotransfected with pLL3.7-DsRed and FLAG-EEN1 WT or Y343A on DIV12 were pretreated with DMSO or MK801 and induced cLTP on DIV16. Neurons were
fixed 1 min after glycine application and imaged by confocal microscopy. Scale bar, 5 um. (E) Quantification of spine size and changes in spine size in D. Data are
expressed as mean + SEM for each group (EENI*/*: n = 15, n = 528 for - Gly; n = 15, n = 574 for + Gly; n = 14, n = 542 for + MK801 + Gly; EEN1~/~: n = 13,n = 522
for - Gly; n = 13, n = 564 for + Gly; n = 12, n = 502 for + MK801 + Gly; EEN1~/~ + WT: n = 13, n = 515 for - Gly; n = 13, n = 526 for + Gly; n = 13, n = 523 for + MK801
+ Gly; EENI/~ + Y343A: n = 13, n = 527 for - Gly; n = 13, n = 512 for + Gly; n = 13, n = 504 for + MK801 + Gly). P values were calculated using one-way ANOVA by
Newman-Keuls post hoc test. ***, P < 0.001. (F) Same as D, except that the mutant was KKK-EEE. Scale bar, 5 pm. (G) Quantification of spine size or changes
in spine size in F. Data are expressed as mean = SEM for each group (EENI*/*:n =15, n = 528 for - Gly; n =15, n = 574 for + Gly; n = 14, n = 542 for + MK801 +
Gly; EEN1/=:n =13, n = 522 for - Gly; n = 13, n = 564 for + Gly; n = 12, n = 502 for + MK801 + Gly; EEN1~/~ + WT: n = 13, n = 515 for - Gly; n = 13, n = 526 for + Gly;
n =13, n = 523 for + MK801 + Gly; EENI~/~ + KKK-EEE: n = 12, n = 482 for - Gly; n = 12, n = 491 for + Gly; n = 12, n = 489 for + MK801 + Gly). P values were
calculated using one-way ANOVA by Newman-Keuls post hoc test. ***, P < 0.001.
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Figure S5. Calmodulin-dependent increase in the number of endophilin Al puncta correlates with spine size during the acute phase of sLTP. (A)
Cultured hippocampal neurons transfected with pLL3.7-DsRed on DIV12 were pretreated with DMSO or MK801 for 30 min before cLTP induction with glycine
for 5 min on DIV16, immunostained for EEN1 (pseudocolored green) and PSD95 (pseudocolored red), and imaged by 3D-SIM. Shown are representative images
with DsRed pseudocolored blue. Spines were outlined manually. Scale bars represent 4 um in upper panels and 500 nm in magnified images. (B) Quantification
of spine size in A. (C) Quantification of the number of EEN1 puncta in spines in A. (D) Quantification of the area of EEN1or PSD95 puncta in spines in A. Data are
expressed as mean + SEM or plotted along with mean + SEM for each group in Cand D (n = 13, n = 570 for - Gly; n = 13, n = 502 for + Gly; n = 14, n = 543 for +
MK801 + Gly). P values were calculated using one-way ANOVA by Dunnett post hoc test. ***, P < 0.001 when compared with - Gly. (E and F) Scatterplot of the
number or area of EEN1 puncta versus the size of spine head with linear fits using linear regression analysis. (G) Scatterplot of the number of EEN1 puncta
versus the area of PSD95 puncta in spines with linear fits using linear regression analysis. In E-G, n = 13, n = 570 for - Gly; n = 13,n = 502 for + Gly; n = 14, n =
543 for + MK801 + Gly. (H) Effect of W-7 or KN-62 on EEN1 puncta in spines. Neurons were pretreated with DMSO, W-7 or KN-62, before cLTP induction with
glycine for 5 min on DIV16, immunostained and imaged by 3D-SIM. Shown are representative images. Scale bars represent 4 um in upper panels and 500 nm in
magnified images. (1) Quantification of spine size in H. (J) Quantification of the number of EEN1 puncta in spines in H. Data are expressed as mean + SEM or
plotted along with mean + SEM for each group in | and ] (n = 14, n = 577 for - Gly; n = 14, n = 596 for + Gly; n = 14, n = 588 for + W-7 + Gly; n = 14, n = 540 for +
KN-62 + Gly). P values were calculated using one-way ANOVA by Dunnett post hoc test. ***, P < 0.001 when compared with - Gly.
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Video 1. Morphological changes and actin dynamics in EEN1 WT dendrite before and during glycine-induced sLTP. Dendrites of DIV16 EEN1 mouse
hippocampal neurons coexpressing mGFP (green) and the F-actin probe LifeAct-mCherry (red) were imaged every 10 s by GI-SIM for 6 frames before and every
5 s for 44 frames after glycine treatment. Arrowheads indicate expanding spine heads. Video plays at 7 frames/s. Scale bar, 2 um.

Video 2. Morphological changes and actin dynamics in EEN1 KO dendrite before and during glycine-induced sLTP. Dendrites of DIV16 EEN1V mouse
hippocampal neurons coexpressing mGFP-2A-Cre (green) and the F-actin probe LifeAct-mCherry (red) were imaged every 10 s by GI-SIM for 6 frames before
and every 5 s for 47 frames after glycine treatment. Video plays at 7 frames/s. Scale bar, 2 pm.

Video 3. Spatiotemporal relationship between spine membrane expansion and increase in F-actin in EENI/f! spines before and during glycine-
induced sLTP. Increases in fluorescent signals of spine membrane (labeled by mGFP) and F-actin (labeled by LifeAct-mCherry) in sequential differential images
are color coded green and red, respectively. Video plays at 7 frames/s. Scale bar, 2 um.

Video 4. Spatiotemporal relationship between spine membrane retraction and increase in F-actin in EEN1/f! spines before and during glycine-
induced sLTP. Decrease in fluorescent signals of spine membrane (labeled by mGFP) and increase in F-actin (labeled by LifeAct-mCherry) in sequential
differential images are color coded green and red, respectively. Video plays at 7 frames/s. Scale bar, 2 um.

Video 5. Spatiotemporal relationship between spine membrane expansion and decrease in F-actin in EEN1/f spines before and during glycine-
induced sLTP. Increase in fluorescent signals of spine membrane (labeled by mGFP) and decrease in F-actin (labeled by LifeAct-mCherry) in sequential
differential images are color coded green and red, respectively. Video plays at 7 frames/s. Scale bar, 2 um.

Video 6. Spatiotemporal relationship between spine membrane retraction and decrease in F-actin in EEN1/l spines before and during glycine-
induced sLTP. Decreases in fluorescent signals of spine membrane (labeled by mGFP) and F-actin (labeled by LifeAct-mCherry) in sequential differential
images are color coded green and red, respectively. Video plays at 7 frames/s. Scale bar, 2 pm.

Video 7. Spatiotemporal relationship between spine membrane expansion and increase in F-actin in EEN1 KO spines before and during glycine-
induced sLTP. Increases in fluorescent signals of spine membrane (labeled by mGFP) and F-actin (labeled by LifeAct-mCherry) in sequential differential images
of EEN1?fl mouse hippocampal neuron coexpressing mGFP-2A-Cre and LifeAct-mCherry are color coded green and red, respectively. Video plays at 7 frames/s.
Scale bar, 2 um.

Video 8. Accumulation of endophilin Al at the cell periphery in ionomycin-treated Neuro-2a cells. Neuro-2a cells transiently transfected with construct
expressing EGFP-EEN1 were imaged by confocal microscopy every minute for 2 or 3 frames before, and imaged every 10 s to 1 min for 25 frames after,
jonomycin (1 pM) application. Video plays at 7 frames/s. Scale bar, 10 pum.

Video 9. W-7 inhibits ionomycin-induced accumulation of endophilin Al at the cell periphery in Neuro-2a cells. Neuro-2a cells transiently transfected
with construct expressing EGFP-EEN1 were treated with W-7 (20 pM) for 20 min and imaged by confocal microscopy every minute for 2 frames, followed by
ionomycin (1 uM) addition and continued imaging every 10 s to 1 min for 25 frames. Video plays at 7 frames/s. Scale bar, 10 pm.
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