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C E L L U L A R  N E U R O S C I E N C E

Activity-dependent regulation of Cdc42 by Ephexin5 
drives synapse growth and stabilization
Samuel Petshow, Azariah Coblentz, Andrew M. Hamilton, Dipannita Sarkar, Margarita Anisimova, 
Juan C. Flores, Karen Zito*

Synaptic Rho guanosine triphosphatase (GTPase) guanine nucleotide exchange factors (RhoGEFs) play vital roles 
in regulating the activity-dependent neuronal plasticity that is critical for learning. Ephexin5, a RhoGEF implicated 
in the etiology of Alzheimer’s disease and Angelman syndrome, was originally reported in neurons as a RhoA-
specific GEF that negatively regulates spine synapse density. Here, we show that Ephexin5 activates both RhoA 
and Cdc42 in the brain. Furthermore, using live imaging of GTPase biosensors, we demonstrate that Ephexin5 
regulates activity-dependent Cdc42, but not RhoA, signaling at single synapses. The selectivity of Ephexin5 for 
Cdc42 activation is regulated by tyrosine phosphorylation, which is regulated by neuronal activity. Last, in con-
trast to Ephexin5’s role in negatively regulating synapse density, we show that, downstream of neuronal activity, 
Ephexin5 positively regulates synaptic growth and stabilization. Our results support a model in which plasticity-
inducing neuronal activity regulates Ephexin5 tyrosine phosphorylation, driving Ephexin5-mediated activation 
of Cdc42 and the spine structural growth and stabilization vital for learning.

INTRODUCTION
The activity-dependent growth and retraction of dendritic spines 
and their associated synapses is a vital component of the neural cir-
cuit plasticity that occurs during learning (1–4). The Rho guanosine 
triphosphatases (GTPases) RhoA, Cdc42, and Rac1 are important 
regulators of the spine actin cytoskeleton, and their activation in 
dendritic spines is required for the structural and functional chang-
es in spine synapses that support learning (5–10). While spine struc-
tural plasticity relies on the coordinated action of all three of these 
Rho GTPases, each plays a functionally and spatiotemporally dis-
tinct role in spine remodeling (8, 11, 12). Indeed, RhoA activation 
leads to actomyosin contraction, driving spine shrinkage and retrac-
tion, while Cdc42 activation leads to actin nucleation and polymer-
ization, driving spine growth and stabilization (7,  11–16). Thus, 
precise control over the activation of each GTPase is crucial for the 
activity-dependent plasticity that supports learning.

GTPase activation is tightly and precisely regulated by Rho GT-
Pase guanine nucleotide exchange factors (RhoGEFs) and Rho GT-
Pase activating proteins (RhoGAPs). RhoGEFs catalyze exchange of 
guanosine diphosphate (GDP) for guanosine triphosphate (GTP), 
converting the GTPase from its inactive, GDP-bound state to its 
active, GTP-bound state, whereas RhoGAPs deactivate GTPases 
through stimulating hydrolysis of GTP to GDP (12, 17). Ephexin5 
(E5) is a RhoGEF that was identified as a negative regulator of spine 
synapse density and outgrowth (18–21). Initial work in whole brain 
tissue and vascular smooth muscle cells identified E5 as RhoA-
specific GEF (18, 22). Notably, E5 activation of RhoA in the brain is 
thought to be important for its role in contributing to amyloid-β 
(Aβ)-induced spine loss in neurons (20) and memory deficits seen 
in mouse models for Alzheimer’s disease (23, 24).

Most studies on brain E5 highlight its role in restricting synapse 
density and spine outgrowth; in contrast, downstream of neuronal 
activation, E5 has been implicated in promoting spine outgrowth 
(19). Furthermore, in mouse models of Angelman syndrome, E5 was 

reported to mediate an increase in spine density (25). It has been 
unclear how these diverse roles of E5, often with opposing outcomes 
on spine synapse structure, are carried out by the same molecule. 
Intriguingly, studies in nonneuronal cells have asserted that E5 can 
contribute to the activation of Cdc42 (26, 27). In addition, several 
studies report that both the activation and substrate selectivity of 
RhoGEFs can be regulated by phosphorylation (28–30). Therefore, 
we hypothesized that the spine stabilizing role of E5 is regulated by 
an activity- and phosphorylation-dependent mechanism, driving 
Cdc42 activation and facilitating activity-dependent spine outgrowth.

Here, we demonstrate in brain tissue that E5 regulates not only 
RhoA but also Cdc42. Furthermore, using live-cell imaging of 
Förster resonance energy transfer (FRET)–based GTPase biosen-
sors at single synapses, we show that E5 regulates the activation of 
Cdc42, but not RhoA, during plasticity that drives long-term synap-
tic growth and strengthening. We further find that neuronal plastic-
ity is accompanied by a reduction in levels of tyrosine-phosphorylated 
E5 and that a mutation of a key tyrosine residue on E5, Y361, en-
hances E5-dependent activation of Cdc42. Last, we demonstrate 
that E5 GEF activity is required for activity-dependent long-term 
spine growth and Cdc42 signaling. Together, our results support a 
model in which potentiating synaptic plasticity drives dephosphor-
ylation of E5, directing E5 substrate selectivity toward the activation 
of Cdc42, a vital step in the activity-dependent spine structural plas-
ticity that supports learning.

RESULTS
Activation of both Cdc42 and RhoA is reduced in 
E5KO brains
To test our hypothesis that E5 plays a role in the activation of both 
RhoA and Cdc42 in brain tissue, we measured levels of active RhoA 
and Cdc42 in E5 knockout (E5KO) and wild-type (WT) whole 
mouse brains using an active GTPase pull-down assay (31). In this 
assay, active GTP-bound GTPases are isolated from samples via 
their interaction with the GTPase-binding domain of a down-
stream effector protein [Rhotekin for RhoA and p21-activated protein 
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kinase (PAK) for Cdc42] and detected following SDS–polyacrylamide 
gel electrophoresis (SDS-PAGE) via immunoblot.

We measured active RhoA and Cdc42 levels from the brains of 
postnatal day 19 (P19) to P21 E5KO mice and WT littermates. Con-
sistent with previous findings in brain and human embryonic kid-
ney (HEK) 293T cells (18, 22, 26), we found that active RhoA levels 

were reduced in E5KO brains compared to WT littermates (Fig. 1, A 
and B; E5KO/WT, 0.72 ± 0.05). Notably, we also found that active 
Cdc42 levels were reduced to a similar extent in E5KO brains com-
pared to WT littermates (Fig. 1, C and D; E5KO/WT, 0.71 ± 0.09). 
We conclude that E5 regulates the activity of both RhoA and Cdc42 
in the brain.
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Fig. 1. Activity-dependent Cdc42, but not RhoA, signaling is regulated by E5. (A) Immunoblot showing active RhoA (Rhotekin pull-down), isolated from whole brain 
lysates (input) of P18 to P21 E5KO or WT littermate mice. (B) Active RhoA signal/total RhoA signal normalized to WT is reduced in E5KO brains (red; 5 brains) relative to WT 
littermates (black; 5 brains). (C) Immunoblot showing active Cdc42 (PAK pull-down), isolated from whole brain lysates (input) of P18 to P21 E5KO or WT littermates. 
(D) Active Cdc42 signal/total Cdc42 signal and normalized to WT is reduced in E5KO brains (red; 5 brains) relative to WT littermates (black; 5 brains). (E) Fluorescence life-
time images of dendrites of WT and E5KO CA1 pyramidal neurons expressing Cdc42 FRET sensor before (0 min) and after (1 min) glutamate uncaging (HFU, yellow cross) 
on individual dendritic spines (yellow arrowheads). Warmer colors indicate sensor activation. (F) Target spines of E5KO (red) neurons show reduced HFU-induced Cdc42 
activity relative to WT (black). (G) Peak Cdc42 activation (0 to 2 min post-HFU) is reduced in target spines of E5KO (red; 8 spines/8 cells) compared to WT (black; 9 spines/9 cells). 
(H) Fluorescence lifetime images of dendrites of WT and E5KO CA1 pyramidal neurons expressing RhoA FRET sensor before (0 min) and after (1 min) glutamate uncaging 
(HFU, yellow cross) on individual dendritic spines. (I) HFU-induced RhoA activity is robustly elevated in target spines of both WT (black) and E5KO (red) neurons. (J) Peak 
RhoA activation (0 to 2 min post-HFU) in target spines of E5KO (red; 8 spines/8 cells) is not different from those of WT (black; 9 spines/9 cells). Scale bars, 1 μm. Student’s 
t test in (B), (D), (G) and (J). Data are presented as means ± SEM. *P < 0.05 and **P < 0.01. n.s., not significant.
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Plasticity-associated activation of Cdc42, but not RhoA, is 
reduced in E5KO neurons
Given our finding that E5 regulates activation of both RhoA and 
Cdc42 in the brain, along with our prior results showing a role for 
E5 in facilitating activity-dependent new spine outgrowth (19), we 
hypothesized that during plasticity E5 substrate selectivity would be 
biased toward Cdc42, thus supporting spine growth and stabiliza-
tion, rather than RhoA, which would support spine synapse shrink-
age and elimination. To delineate E5 substrate selectivity downstream 
of neuronal activity that induces long-term plasticity in living neu-
rons, we took advantage of well-characterized, genetically-encoded 
Rho GTPase FRET biosensors (8, 32, 33). These bimolecular sensors 
consist of an enhanced green fluorescent protein (eGFP)–tagged 
full-length GTPase that in the active, GTP-bound state binds the 
mCherry-tagged domain of a downstream effector protein (Rho-
tekin for RhoA and PAK for Cdc42), bringing the eGFP and mCherry 
fluorophores close enough to undergo FRET. Activation of the 
GTPase can, thus, be measured as a decrease in the lifetime of eGFP 
signal using fluorescence lifetime imaging microscopy (FLIM). Life-
time measurements were used to calculate the fraction of actively 
signaling molecules (Binding Fraction). In combination with two-
photon glutamate uncaging to induce long-term plasticity at indi-
vidual dendritic spines, these Rho GTPase FRET biosensors were 
used to measure activity-dependent Cdc42 or RhoA signaling in 
single spines.

To monitor the role of E5 in activity-dependent Cdc42 signaling, 
we transfected organotypic hippocampal slice cultures from E5KO 
and WT littermate mice with a bimolecular Cdc42 FRET sensor, 
consisting of eGFP-Cdc42 and mCherry-Pak3(60-113)-mCherry. 
Single spines on CA1 pyramidal neurons were stimulated using 
high-frequency glutamate uncaging (HFU) to induce long-term 
plasticity (4, 5, 34) while monitoring Cdc42 activation using time-
lapse FLIM. Consistent with previous literature (8, 32, 35), HFU 
robustly activated Cdc42 within targeted spines (Fig. 1, E and F). 
Notably, we found that peak activation of Cdc42 (0 to 2 min follow-
ing HFU) was reduced by ~50% in E5KO neurons compared to WT 
(Fig. 1G; E5KO, 0.04 ± 0.01; WT, 0.08 ± 0.01). This difference was 
independent of initial spine size, depth, or sensor expression differ-
ences (fig. S1, A to E). Furthermore, we found that the magnitude of 
spine growth was independent of initial Cdc42 activity but posi-
tively correlated with peak Cdc42 activity (fig. S1, F and G), consis-
tent with a model in which Cdc42 activation promotes spine 
growth. Thus, we conclude that E5 is, in a large part, responsible for 
Cdc42 activation during the induction of long-term plasticity at in-
dividual synapses.

RhoA activation is also increased by plasticity-inducing synaptic acti-
vation (8, 32). We therefore tested whether E5 also plays a role in activity-
dependent RhoA activation. Hippocampal cultures from E5KO or WT 
littermate mice were transfected with a bimolecular RhoA FRET sensor, 
consisting of eGFP-RhoA and mCherry-Rhotekin(8-89)-mCherry, and 
individual spines were stimulated with HFU while RhoA activation was 
monitored using FLIM. Consistent with previous literature (8, 32, 35), we 
found that HFU robustly activated RhoA within targeted spines (Fig. 1, 
H and I). Intriguingly, HFU-induced RhoA activation was unaltered in 
E5KO spines relative to WT (Fig. 1J; E5KO, 0.06 ± 0.02; WT, 0.05 ± 0.01). 
As observed for Cdc42, no differences were detected in spine size, depth, 
or sensor expression between E5KO and WT (fig. S1, H to L). In con-
trast with Cdc42, the amount of spine growth was independent of 
both initial and peak RhoA activity (fig. S1, M and N), supporting 

a model in which spine growth is independent of the extent of 
activity-dependent RhoA activation. Because HFU-induced RhoA and 
Cdc42 activation are both downstream of the NMDA-type glutamate 
receptor (NMDAR) (8) but HFU-induced RhoA signaling remains 
intact in E5KO, we conclude that decreased HFU-induced Cdc42 ac-
tivation in E5KO is not due to a disruption of NMDAR function 
in E5KO cells. Together, our results demonstrate that E5 contributes 
to activity-dependent Cdc42, but not RhoA, signaling in individual 
dendritic spines.

Ephexin5 tyrosine phosphorylation is developmentally 
regulated and activity dependent
Our data support that E5 selectively promotes Cdc42, but not RhoA, 
signaling during activity-dependent neuronal plasticity. Consider-
ing that E5 is widely recognized as a RhoA-GEF, we explored possible 
mechanisms that could explain how a RhoGEF could contribute to 
the differential activation of these two GTPase targets. Several RhoGEFs 
have been shown to undergo phosphorylation-dependent alterations 
in their activation or GTPase substrate selectivity (28, 29, 36–38). 
Because E5 tyrosine phosphorylation has been shown to be 
important for E5 signaling (18), we hypothesized that dynamic 
regulation of E5 tyrosine phosphorylation in the brain could 
control the selective activation of Cdc42 downstream of neuro-
nal activity.

During the first two weeks of postnatal development, the mouse 
brain undergoes a large proliferation of dendritic spines, accompa-
nied by increases in spontaneous neuronal activity (39). Therefore, 
we measured tyrosine-phosphorylated E5 (pTyr-E5) isolated from 
mouse brains at two points spanning an earlier and later part of this 
developmental time period. We used a custom-generated antibody 
(see Materials and Methods) to immunoprecipitate (IP) E5 from 
whole P7 or P19 mouse brains. We then measured E5 tyrosine phos-
phorylation using a pan-phosphotyrosine antibody (Fig. 2A). Nota-
bly, we found that the phosphotyrosine signal of the E5 IP relative to 
total E5 IP protein was markedly lower in P19 compared to P7 mice 
[Fig. 2B; E5-IP, pTyr/E5; P7, 1.05 ± 0.08; P19, 0.61 ± 0.07], despite 
the total E5 in the brain remaining unchanged (Fig. 2C; Input E5; 
P7, 0.91 ± 0.04; P19, 0.88 ± 0.09). Thus, the proportion of pTyr-E5 
in the mouse brain decreases as synaptic connections are established 
across postnatal development.

We next asked whether a neuronal activation protocol that leads 
to long-term changes in synaptic strength could drive a reduction 
of relative pTyr-E5 levels, as observed across development. To test 
this, we induced neuronal activation in acute brain slices using 
chemical long-term potentiation (cLTP) and measured proportion-
al pTyr-E5 levels from IP E5. We selected a cLTP protocol known 
to elicit long-term spine growth through an NMDAR-dependent 
mechanism (40). We treated acute slices from WT mice (P18 to 
P21) with forskolin (50 μM), rolipram (0.1 μM), and picrotoxin 
(100 μM) in 4 mM Ca2+, 0 Mg2+ (cLTP), or with dimethyl sulfoxide 
(vehicle) for 5 or 20 min. Notably, we found that cLTP-treated sam-
ples had reduced pTyr-E5 levels compared to vehicle control [Fig. 
2, D and E; E5-IP:pTyr/E5; vehicle (Veh.), 1.07 ± 0.10 (5 min) and 
1.07 ± 0.28 (20 min); cLTP, 0.60 ± 0.16 (5 min) and 0.23 ± 0.04 
(20 min)]. The total amount of E5 was not altered following cLTP 
treatment [Fig. 2, D and F; Input E5; Veh., 0.99 ± 0.17 (5 min) and 
0.93 ± 0.19 (20 min); cLTP, 0.89 ± 0.16 (5 min) and 0.88 ± 0.18 
(20 min)]. We confirmed the success of cLTP as, consistent with pre-
vious studies (41), cLTP induced strong phosphorylation of GluA1 
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Fig. 2. E5 tyrosine phosphorylation is developmentally regulated and activity dependent. (A) immunoblots of lysates from whole brains of P7 or P19 Wt and 
e5KO mice subjected to iP by e5 antibody. (B) Pan- phosphotyrosine signal (ptyr)/e5 signal from iPed e5 (ptyr/e5) is lower in P19 (gray; 4 mice) compared to P7 (white; 
4 mice) brains. (C) input e5/total protein was not different between P7 (white; 4 mice) and P19 (gray; 4 mice). (D) immunoblots of lysates from acute hippocampal 
slices treated with cltP or vehicle for 5 or 20 min and subjected to iP by e5 antibody. (E) ptyr/e5 is reduced in cltP (gray; 4 biological replicates) compared to vehicle 
(white; 4 biological replicates). (F) input e5/total protein is unchanged in cltP (gray; 4 replicates) compared to vehicle (white; 4 replicates). (G) immunoblots of lysates 
from acute brain slices treated with cltP, cltP + MG132, or vehicle for 20 min and subjected to iP by e5 antibody. (H) ptyr/e5 is reduced in cltP and cltP + MG132 
(gray; 4 biological replicates) compared to vehicle (white; 4 biological replicates). (I) input e5/total protein is unchanged in cltP and MG132 (gray; 4 biological replicates) 
compared to vehicle (white; 4 biological replicates). (J) immunoblots from (A), highlighting the overlap of ptyr (red) and upper e5 (green) bands. (K) Proportion e5 in 
the upper band decreases from P7 to P19. (L) immunoblots from (G), highlighting the overlap of ptyr (red) and e5 (green) bands. (M) Proportion of e5 in the upper band 
is unchanged following cltP and cltP + MG132. two- way analysis of variance (AnOvA) with Bonferroni’s correction for multiple comparisons in (e), (F), (h), (i), and (M) 
and Student’s t test in (B), (c), and (K). data are presented as means ± SeM. *P < 0.05 and **P < 0.01.
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at S845 (fig. S2, A and B). Our results demonstrate that E5 tyrosine phos-
phorylation is reduced following LTP-inducing neuronal stimulation.

A decrease in relative pTyr-E5 levels could be due to the dephos-
phorylation of E5 or to the selective degradation of pTyr-E5, al-
though the latter could be plausible if only a small proportion of E5 
is pTyr-E5, as total E5 was unchanged across development and 
following cLTP (Fig. 2, C and F). To test whether selective protein 
degradation contributes to the cLTP-induced decrease in pTyr-E5, 
we repeated our cLTP experiments in the presence of the protea-
some inhibitor MG132 or vehicle control. Notably, we found that 
MG132 did not affect the cLTP-induced decrease in pTyr-E5 levels 
relative to vehicle (Fig. 2, G and H; IP:E5 pTyr/E5; cLTP, 0.59 ± 0.09; 
cLTP + MG132, 0.51 ± 0.06), suggesting that reduced pTyr-E5 is not 
due to proteasomal-mediated degradation of pTyr-E5. Levels of to-
tal E5 were not altered (Fig. 2, G and I; Input E5; cLTP, 1.06 ± 0.09; 
cLTP + MG132, 1.00  ±  0.09). cLTP was successful (fig. S2, C 
and D) and MG132 was functional, as it increased protein ubiqui-
tination, consistent with previous studies (42) (fig. S2E). Thus, 
our data support that the activity-dependent reduction of pTyr-E5 
is not due to E5 degradation.

Indeed, a closer look at our data provided evidence supporting 
activity-dependent dephosphorylation of E5. We often observed E5 
as multiple bands, consistent with published blots (18, 21, 23, 25), 
and we noticed that the pTyr-E5 signal exclusively overlapped with 
the uppermost band (see Fig. 2J—data from Fig. 2A). During post-
natal development, this upper E5 band was decreased relative to to-
tal E5 levels (Fig. 2, J and K; P7, 0.60  ±  0.03; P19, 0.45  ±  0.03), 
sufficient to account for around half of the previously observed de-
crease in pTyr signal (Fig. 2B). A similar analysis of data from our 
cLTP experiments showed that, again, pTyr-E5 signal exclusively 
overlapped with the uppermost band (see Fig. 2L—data from Fig. 
2G). However, following cLTP, the upper E5 band did not decrease 
relative to total E5 levels (Fig. 2, L and M; Veh., 0.41 ± 0.04; cLTP, 
0.35 ± 0.05; cLTP + MG132, 0.36 ± 0.04), indicating that the de-
crease in pTyr-E5 signal observed following cLTP represents a rela-
tively small fraction of all E5. Together, our data support a model 
in which LTP-inducing neuronal activation at individual dendritic 
spines drives dephosphorylation, not degradation, of E5.

Ephexin5 Y361F mutation results in elevated Cdc42 
activation in neurons
We next sought to determine how activity-dependent alterations in 
E5 tyrosine phosphorylation could affect E5-mediated GTPase acti-
vation. To address this question, we examined the consequences of 
blocking phosphorylation of E5 at residue Y361, a known E5 phos-
phorylation site that is part of a conserved regulatory motif in Ephexin 
family members (29, 30, 43). We measured Cdc42 and RhoA activity 
using GTPase FRET sensors in living neurons where endogenous E5 
was replaced with the E5 containing the Y361F mutation (E5Y361F), 
which is unable to be phosphorylated at Y361 (18).

We first assessed whether phosphorylation at E5 Y361 controls 
E5-dependent regulation of Cdc42 signaling. We expressed the 
Cdc42 FRET sensor in individual WT or E5KO neurons in organo-
typic hippocampal slices alongside either E5WT, E5Y361F, or GEF-
dead E5 (E5LQR) (18) and measured the activity of the Cdc42 FRET 
sensor using time-lapse FLIM. Notably, E5KO neurons expressing 
E5Y361F showed elevated Cdc42 activity compared to neurons ex-
pressing E5WT or E5LQR (Fig. 3, A and B; WT, 0.30 ± 0.04; E5WT, 
0.24 ± 0.03; E5Y361F, 0.38 ± 0.03; E5LQR, 0.21 ± 0.03), suggesting that 

E5 phosphorylation at Y361 negatively regulates Cdc42 signaling. 
We confirmed the coexpression of all three E5 constructs alongside 
the Cdc42 FRET sensor using post hoc immunohistochemistry 
(IHC) (fig. S3, A and B) and the comparable expression of the Cdc42 
FRET sensor between conditions by photon count (fig. S3C). Fur-
thermore, we confirmed that all E5 constructs trafficked to spines at 
comparable levels using GFP-tagged E5 variants (fig. S3, D and E). 
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colors indicate sensor activation. (B) Dendritic Cdc42 activation is elevated in 
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Thus, our results support that dephosphorylation of E5 at Y361 en-
hances Cdc42 signaling.

To assess whether phosphorylation at E5 Y361 also regulates E5-
dependent regulation of RhoA, we used the same approach but, in-
stead, with the RhoA FRET sensor. In contrast to results with Cdc42, 
we found that WT neurons and E5KO neurons expressing E5WT, 
E5Y361F, or E5LQR all exhibited similar RhoA activation levels (Fig. 
3, C and D; WT, 0.37 ± 0.02; E5WT, 0.36 ± 0.05; E5Y361F, 0.36 ± 0.05; 
E5LQR, 0.38 ± 0.04). Again, coexpression of E5 and sensor constructs 
was confirmed by post hoc IHC (fig. S3, F and G), and comparable 
expression of the RhoA FRET sensor between conditions was ob-
served by photon count (fig. S3H). Thus, our combined results indi-
cate that dephosphorylation of E5 at the Y361 residue selectively 
increases Cdc42, but not RhoA, activation.

Our data show that phosphomutation of a single E5 residue 
(Y361F) is sufficient to markedly enhance E5-mediated Cdc42 acti-
vation. Therefore, we wondered whether phosphorylation of this 
single Tyr residue would represent a major component of phos-
phorylated E5 under conditions that favored E5-mediated RhoA 
activation. Earlier studies highlighted the role of E5 in activating 
RhoA both in HEK293T cells and in early brain development 
(18, 21). We therefore examined the consequences of the Y361F 
E5 phosphomutant on the proportion of phosphorylated E5 in 
HEK293 cells, as E5 mutants are only sparsely transfected in brain 
slices, making biochemistry not feasible. We expressed Myc-tagged 
E5WT and E5Y361F in HEK293T cells. First, we observed that, as in 
the brain, E5 protein ran as multiple bands (Fig. 3E) and that the 
upper band represented phosphorylated E5, as calf intestinal alka-
line phosphatase (CIAP) treatment was sufficient to completely col-
lapse the upper band into the bottom band (Fig. 3E). Notably, 
expression of Myc-tagged E5Y361F resulted in a ~22% decrease in 
the proportion of upper band E5 relative to total E5 (Fig. 3, F and 
G), demonstrating that the phosphorylation of E5 at Y361 repre-
sents a substantial proportion of phosphorylated E5 in HEK293 
cells. Intriguingly, we observed a similar (~25%) decrease in the 
proportion of E5 in the upper band during brain development from 
P7 to P19 (Fig. 2H). Our data fit a model whereby, early in brain 
development, E5 is robustly phosphorylated at Y361 and predomi-
nately activates RhoA, whereas later in brain development, activity-
dependent dephosphorylation at E5 Y361 drives the activation 
of Cdc42.

Ephexin5 GEF activity is required for activity-dependent 
long-term spine growth and Cdc42 signaling
Activity-dependent spine growth is vital for learning, both through 
the outgrowth of new spines supporting the formation of new cir-
cuit connections and through the growth of existing spines support-
ing the strengthening of existing connections (1, 4). Our previous 
work indicated a role for E5 in facilitating activity-dependent out-
growth of nascent dendritic spines (19). We wondered whether E5 
also contributes to the activity-dependent long-term growth of ex-
isting spines that accompanies synaptic strengthening.

To test the role of E5 in LTP-associated long-term spine growth, 
we implemented LTP-inducing HFU stimulation at individual spines 
of GFP-transfected E5KO and WT neurons and monitored subse-
quent changes in spine size. We stimulated single dendritic spines 
on CA1 pyramidal neurons in organotypic hippocampal slice cul-
tures with HFU and then monitored their size using time-lapse two-
photon imaging (Fig. 4, A and B). Notably, spines of E5KO neurons 

failed to undergo any sustained spine growth after HFU, in contrast 
with the robust long-term growth observed in the spines of WT lit-
termates (Fig. 4C; E5KO, 97 ± 9%; WT, 211 ± 30%). These results 
were not explained by differences in initial spine size or depth be-
tween E5KO and WT neurons (fig. S4, A and B). Thus, our results 
support a requirement of E5 not only for activity-induced new spine 
outgrowth but also for the activity-dependent long-term spine growth 
associated with synaptic strengthening.

Loss of activity-dependent spine growth in E5KO neurons may 
be due to broader developmental consequences of genetic KO of E5 
on synaptic function. Further, E5 could be required for long-term 
spine growth due to its enzymatic GEF activity or, alternatively, due 
to a structural function, such as scaffolding. Therefore, we examined 
whether the expression of E5 was sufficient to rescue the loss of 
HFU-induced spine growth in E5KO neurons using either full-
length E5 (E5WT) or a GEF-dead mutant of E5 (E5LQR). We stimu-
lated single dendritic spines on WT neurons expressing eGFP or on 
E5KO neurons coexpressing eGFP and either E5WT or E5LQR (Fig. 4, 
D and E). We found that spines on E5KO neurons expressing E5WT 
exhibited similar HFU-induced long-term growth as those on neu-
rons from WT littermates (Fig. 4F; WT, 173 ± 21%; E5KO + E5WT, 
205 ± 26%). However, spines on E5KO neurons expressing E5LQR 
failed to undergo HFU-induced long-term spine growth (Fig. 4F; 
E5KO + E5LQR, 101 ± 11%). No differences in initial spine size or 
depth between the different conditions were observed (fig. S4, C and 
D) and consistent expression of the E5 constructs in E5KO neurons 
was confirmed by IHC (fig. S4, E and F). Together, our data demon-
strate that E5 GEF activity is required for the activity-dependent 
long-term growth of dendritic spines.

Next, we assessed whether the rescue of activity-dependent spine 
growth observed in E5WT-expressing E5KO neurons was accompa-
nied by a restoration of activity-dependent Cdc42 signaling. We ex-
pressed Cdc42 FRET sensor in WT or in E5KO neurons coexpressing 
either E5WT or E5LQR and measured Cdc42 activity during HFU at 
single dendritic spines (Fig. 4G). Notably, we observed that HFU-
induced activation of Cdc42 in E5KO neurons expressing E5LQR was 
markedly reduced as compared to that observed in those expressing 
E5WT or as compared to WT neurons (Fig. 4, H and I; WT, 
0.07 ± 0.01; E5WT, 0.07 ± 0.01; E5KO + E5LQR, 0.02 ± 0.01). Our 
results support that E5 GEF activity is required for the activity-
dependent Cdc42 signaling that drives long-term spine growth.

Ephexin5 Y361F mutant rescues activity-dependent spine 
growth and Cdc42 signaling in E5KO neurons
Our finding that E5 is required for activity-dependent spine growth, 
that E5 contributes to the activation of Cdc42 during synaptic plas-
ticity, and that the phosphomutant E5Y361F enhances baseline Cdc42 
activation led us to hypothesize that the replacement of E5 with 
E5Y361F would be sufficient to rescue or enhance activity-dependent 
spine growth in E5KO neurons. To test our hypothesis, we stimu-
lated single dendritic spines on E5KO neurons coexpressing eGFP 
and either E5WT or E5Y361F (Fig. 5, A and B). We found that the 
HFU-induced long-term spine growth on E5KO neurons expressing 
E5Y361F was not significantly different from neurons expressing 
E5WT (Fig. 5C; E5WT, 159 ± 19%; E5Y361F, 216 ± 35%; P = 0.08 
by unpaired t test). There were no differences in initial spine size 
or depth between the different conditions (fig. S5, A and B). Thus, 
E5Y361F is sufficient to rescue plasticity-induced long-term spine 
growth in E5KO neurons.
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Fig. 4. E5 GEF activity is required for activity-dependent long-term spine growth and Cdc42 activation. (A) Images of dendrites from eGFP-expressing CA1 neurons in slice 
cultures from WT and E5KO animals before (0 min) and after (2 and 30 min) target spine (yellow arrowheads) stimulation with HFU (yellow cross). (B and C) Target spines from E5KO 
neurons (red; 8 spines/8 cells) did not show the HFU-induced long-term growth observed in spines from WT littermates (black; 6 spines/6 cells). Unstimulated (unstim.) spines (open 
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To assess the state of Cdc42 signaling during activity-dependent 
spine growth in E5Y361F- versus E5WT-expressing neurons, we stimu-
lated single dendritic spines on E5KO neurons coexpressing Cdc42 
FRET sensor and either E5WT or E5Y361F with HFU and mea-
sured the activity of Cdc42 using FLIM (Fig. 5, D and E). Given 
our results demonstrating an elevation in baseline Cdc42 activity in 

E5Y361F-expressing neurons, we expected to observe at least a modestly 
increased Cdc42 signaling during the activity-dependent spine 
growth. Unexpectedly, we found that peak Cdc42 activation in E5Y361F-
expressing neurons was not significantly different from that in E5WT-
expressing neurons (Fig. 5F; E5WT, 0.07 ± 0.01; E5Y361F, 0.05 ± 0.01; 
P = 0.06 by unpaired t test). We wondered whether this unexpected 
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result might be due to a ceiling effect due to elevated baseline Cdc42 
activity in E5Y361F. Plotting the unnormalized baseline Cdc42 activity 
showed a marked elevation in E5Y361F-expressing cells compared to those 
expressing E5WT (Fig. 5, G and H; E5WT, 0.27 ± 0.04; E5Y361F, 0.44 ± 0.03), 
consistent with our previous data. Together, we show that E5Y361F is suf-
ficient to rescue activity-dependent spine growth and Cdc42 signaling in 
E5KO neurons, consistent with a model whereby the absence of E5 phos-
phorylation at Y361 supports activity-dependent spine growth.

DISCUSSION
Ephexin5 contributes to the activation of both Cdc42 and 
RhoA in neurons
Here, we show that E5 regulates both Cdc42 and RhoA activation in 
the brain. We further show that E5 promotes activity-dependent, post-
synaptic Cdc42 signaling in neurons. Our results strongly support that 
Cdc42 is a substrate of neuronal E5, in contrast with earlier studies in 
the brain that highlight E5 as a RhoA-specific GEF (18, 20, 21). While 
surprising, we argue that these results are not unexpected, as nonneu-
ronal studies have also identified E5 as an activator of multiple GT-
Pases. Indeed, in pancreatic cancer–derived cell lines, knockdown of 
E5 reduces Cdc42, RhoA, and Rac1 activity, and overexpression leads 
to the activation of Cdc42, RhoA, and Rac1 (26). In vascular epithelial 
cells, E5 overexpression and knockdown lead to an increase and de-
crease in Cdc42 activation, respectively, and E5KO mice display reti-
nal vascular defects consistent with loss of Cdc42 (27). We propose 
that neuronal E5 is capable of promoting both Cdc42 and RhoA acti-
vation under different physiological conditions.

Intriguingly, the ability to activate multiple GTPases may be a 
conserved feature among Ephexin family members. Ephexin1 over-
expression leads to both RhoA and Cdc42 activation in cultured 
cortical neurons and the activation of Cdc42/Rac1 downstream ef-
fector Pak in HEK293T cells (44). In vitro nucleotide exchange as-
says have been used to demonstrate that Ephexin1 can activate both 
Cdc42 and RhoA (29,  30). In addition to activating RhoA (45), 
Ephexin3 (Tim and Arhgef5) also activates Cdc42 in vitro (46), and 
Ephexin3 expression in COS-7 cells produces a phenotype consis-
tent with Cdc42 activation (47). Notably, beyond the Ephexin fami-
ly, for the larger group of around 70 Dbl family RhoGEFs, many are 
capable of activating multiple GTPases, including a handful that 
activate both Cdc42 and RhoA (48–55).

It remains an open question whether E5 activation of Cdc42 is 
the result of direct binding and nucleotide exchange or whether E5 
leads to the activation of Cdc42 via an indirect means such as down-
stream cross-talk and mutual antagonism between RhoA and Cdc42 
(56–58). Evidence for direct binding of multiple GTPases has been 
reported in the case of Ephexin1, which, when expressed without its 
N terminus, binds nucleotide-free RhoA and Cdc42 in activated 
GEF assays (30). In addition, in vitro nucleotide exchange assays, as 
discussed above, show that Ephexin1 and Ephexin3 activate both 
Cdc42 and RhoA (29, 30, 44, 46). Because of the shared sequence 
similarity among Ephexins, particularly in their DH domains, which 
confer GTPase-binding specificity (48), it appears likely that E5 di-
rectly binds and activates Cdc42.

Ephexin5 substrate selectivity is regulated by neuronal 
activity and tyrosine phosphorylation
We found that E5 regulates both RhoA and Cdc42, two GTPases 
with markedly different roles in the regulation of the spine actin 

cytoskeleton: Activated RhoA promotes spine shrinkage and retrac-
tion, whereas activated Cdc42 drives spine growth and stabilization 
(7, 11–16). How might a single RhoGEF coordinate the activation 
of opposing pathways? Earlier studies hint that the answer lies in 
spatiotemporal segregation of these processes by neuronal activity–
dependent regulation. Although most studies reported E5 as an acti-
vator of RhoA that negatively regulates synapse density and spine 
outgrowth (18, 20, 21, 23), E5, downstream of neuronal activity, in-
stead acted to positively regulate spine outgrowth (19). Notably, neu-
ronal activity has been shown to regulate both the activation (59, 60) 
and synaptic localization (61,  62) of other RhoGEFs. Our live-
imaging data demonstrate that downstream of plasticity-inducing 
synaptic activation, E5 selectively plays a role in the activation of 
Cdc42, but not RhoA, signaling.

How does neuronal activity regulate E5? Neuronal activity has 
been shown in several studies to regulate the activation of RhoGEFs 
through phosphorylation (21, 28, 59, 60, 63, 64). Indeed, we found 
that plasticity-inducing stimulation decreased the levels of tyrosine 
phosphorylation of E5. Furthermore, we showed that levels of pTyr-
E5 are lowered in P19 mouse brains compared to P7, an age range 
across which there is an increase in activity-dependent refinement of 
neural circuits and the onset of critical periods for sensory modalities 
(39). The E5 single-point phosphomutant E5Y361F shows enhanced 
activation of Cdc42 and is sufficient to rescue plasticity-associated 
long-term spine growth. Together, we argue that neuronal activity 
regulates E5, at least in part, through the dynamic regulation of E5 
tyrosine phosphorylation. Although we have provided evidence for 
one impactful phosphosite, it is likely that multiple phosphorylation 
states are integrated to confer E5 activation and GTPase selectivity.

How might neuronal activity result in reduced levels of tyrosine 
phosphorylated E5? One possibility is that neuronal activity induces 
rapid degradation of pTyr-E5. Tyrosine phosphorylated E5 has been 
shown to be targeted for ubiquitination and degradation (18). Fur-
thermore, neuronal activity has been shown to lead to a rapid reduc-
tion in dendritic E5 signal that is dependent on proteasomal activity, 
while synaptic E5 was resistant to activity-dependent degradation 
(19). Alternatively, neuronal activity may induce rapid dephosphor-
ylation of E5. We argue that, because the activity-dependent pTyr-
E5 reduction was not blocked by the inhibition of the proteasome, 
our data support a mechanism of active dephosphorylation of E5 
upon neuronal activity. Notably, several protein tyrosine phospha-
tases have been implicated in synaptic plasticity, such as STEP, PT-
P1B, and Shp2, which coordinate long-term depression (65), spine 
morphogenesis, (66), and LTP in hippocampal neurons (67,  68). 
Further investigation into local interactors of E5 at the synapse may 
help resolve which phosphatases are implicated in the activity-
dependent dephosphorylation of E5.

How does activity-dependent E5 tyrosine dephosphorylation drive 
Cdc42, but not RhoA, signaling? Our data support a model in which 
dephosphorylation of E5 at residue Y361 confers selective activation 
of Cdc42. Consistent with this model, we show that a large propor-
tion of E5 expressed in HEK293T cells, from which E5 has been 
shown to robustly activate RhoA (18), is phosphorylated at Y361. 
Dephosphorylation of E5 Y361 could autonomously increase E5 ac-
tivation of Cdc42 or, alternatively, it could alter the way E5 interfaces 
with intermediary proteins that facilitate E5 activation of Cdc42. E5 
Y361 is part of a conserved regulatory motif on the N terminus, 
present in all Ephexins, dubbed the inhibitory helix, which interfac-
es with the DH domain (30, 43). Notably, phosphorylation at the 
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homologous tyrosine has been reported to result in a shift in GTPase 
selectivity from Cdc42 and Rac1 to RhoA for Ephexin1 (29) and to 
lead to RhoA activation for Ephexin3 (30). Alternatively, mutation 
of Y361 could interfere with the regulation of E5, biasing it to bind 
and activate Cdc42. Ephexins are known to undergo intramolecular 
and intermolecular steric inhibition, which is sometimes regulated 
by the binding of other proteins (43, 69, 70). Mutation of the C-
terminal SH3 domain of Ephexin1, which is thought to sterically 
block the GEF domain, increases Ephexin1 activation of Cdc42 (30). 
Thus, mutation of E5 Y361 may result in structural disruption that 
renders the GEF domain more accessible for Cdc42.

Ephexin5 regulates learning-associated neuronal plasticity
Regulation of Rho GTPases is crucial for the activity-dependent 
structural plasticity of dendritic spines that is thought to underlie 
learning and memory (1, 4, 12). Our earlier studies demonstrated a 
role for E5 in the regulation of synaptic plasticity, both in the 
baseline suppression of new spine outgrowth and in the activity-
dependent promotion of new spine outgrowth that supports circuit 
rearrangements during learning (19). Here, we further demonstrate 
that E5 is vital for the activity-dependent long-term growth of exist-
ing spines that accompany synaptic strengthening during learning. 
We propose a model in which activity-dependent modulation of E5 
tyrosine phosphorylation levels at synapses drives an alteration in 
the substrate selectivity of E5 from RhoA to Cdc42 and, thus, pro-
motes the spine growth and stabilization vital for learning.

Our findings also provide insight into the role E5 plays in diseases 
that disrupt learning. E5 has been shown to be a key player in the 
spine loss seen in Alzheimer’s disease. In postmortem human brain 
tissue, Alzheimer’s model mice, and cells treated with amyloid-β, E5 
levels are elevated, and it is thought that this increase in E5 leads 
to the activation of RhoA and, thus, spine elimination (20, 23, 24). 
However, recent studies examining the role of E5 in Angelman syn-
drome found that while levels of E5 in the brain are elevated, spine 
density is unexpectedly increased (25). Our results provide a possible 
mechanism for such an increase, as higher E5 levels could also sup-
port more activity-dependent spine stabilization, depending on 
the phosphorylation state and substrate selectivity of E5. This will 
be an important consideration in the development of E5 as a target 
for therapeutics (24).

MATERIALS AND METHODS
Animals
All experimental protocols were approved by the University of 
California, Davis Institutional Animal Care and Use Committee. 
Heterozygous E5KO mice in a C57BL/6J background were crossed 
to generate E5KO and WT littermate pairs.

Active GTPase pull-down assay
Whole mouse brains from P17 to P21 E5KO and WT littermate 
mice were lysed in ice-cold buffer containing 50 mM tris (pH 7.5), 
150 mM NaCl, 5 mM MgCl2, 5% glycerol, and 1% NP-40 alter-
native (MilliporeSigma) and centrifuged at 10,000g for 1 min to 
remove debris. Samples were incubated with either glutathione 
S-transferase (GST)–RBD or GST-PAK beads (Cytoskeleton Inc.) 
for 1 hour at 4°C, washed once in lysis buffer, boiled in Laemmli 
buffer, separated by SDS-PAGE, and transferred to a polyvinylidene 
difluoride (PVDF) membrane. Membranes were immunoblotted 

overnight with mouse anti-Cdc42 (Cytoskeleton Inc.; 1:250) or 
mouse anti-RhoA (Cytoskeleton Inc.; 1:500) and 1 hour with goat 
anti-mouse 680 (LI-COR; 1:15,000), directly before imaging on a 
LI-COR Odyssey Imaging system (LI-COR).

Preparation and transfection of organotypic hippocampal 
slice cultures
Organotypic hippocampal slices were prepared from P6 to P8 mice 
of both sexes, as previously described (71). Cultures were transfected 
1 day before imaging with biolistic gene transfer, as previously de-
scribed (72). DNA was coated onto 6 to 8 mg of 1.6-μm gold beads. 
For experiments using GTPase FRET sensors, either 15 μg each of 
eGFP-Cdc42 and mCherry-Pak3(60-113)-mCherry or eGFP-RhoA 
and mCherry-Rhotekin(8-89)-mCherry (Addgene) were used. For 
experiments coexpressing E5 constructs, 25 μg of E5WT, E5Y361F, or 
E5LQR was used. For experiments expressing eGFP, 10 μg of eGFP 
(Clontech) was used. For experiments expressing GFP-tagged E5 
constructs, 10 μg of E5WT-GFP, E5LQR-GFP, and E5Y361F-GFP, along 
with 20 μg of DsRed-Express2, were used.

Time-lapse two-photon imaging of spine structural plasticity
Transfected CA1 pyramidal neurons (10 to 14 days in vitro) at 
depths of 10 to 50 μm were imaged using a custom two-photon 
microscope (73) with a Ti:sapphire laser (930 nm; Spectra-Physics, 
Mai Tai) controlled with ScanImage (74). Image stacks with 1-μm 
z-steps (512 pixels by 512 pixels, 0.02 μm per pixel) were collected. 
For each neuron, one segment of secondary or tertiary basal den-
drite was imaged for 30 min at 29° to 30°C in recirculating artifi-
cial cerebral spinal fluid [ACSF; 127 mM NaCl, 25 mM NaHCO3, 
1.2 mM NaH2PO4, 2.5 mM KCl, 25 mM d-glucose, aerated with 
95% O2/5% CO2, and ~310 mOsm (pH 7.2)] with 1 μM tetro-
dotoxin (TTX), 0 mM Mg2+, 2 mM Ca2+, and 2.5 mM MNI-
glutamate (Tocris).

Fluorescence lifetime imaging microscopy
Fluorescence lifetime was measured using time-correlated photon 
counting (Becker & Hickl Gmbh), as previously described (8, 75). 
The microscope setup and experimental conditions were as de-
scribed above, except that FLIM data were obtained using a GaAs(P) 
photosensor (H7422PA-40, Hamamatsu) and a time-correlated 
single photon counting board (SPC-150, Becker and Hickl) con-
trolled with custom software (75). In addition, in the case of FLIM, 
single-plane images (128  pixels by 128 pixels, 0.07 μm per pixel) 
were collected.

Photolysis of MNI-caged glutamate with HFU stimulation
HFU consisted of either 30 pulses (720 nm, 6-ms duration, and ~4 
to 5 mW at the sample) at 0.5 Hz for FLIM or 60 pulses (720 nm, 
2-ms duration, and ~7 to 8 mW at the sample) at 2 Hz for spine 
structural plasticity. The beam was parked at a point ~0.5 to 1 μm 
from the spine at the position farthest from the dendrite. Healthy 
and stimulus responsive cells were selected on the basis of a test 
HFU stimulus at a test spine on a different dendrite than the target 
spine. Spines targeted for HFU stimulation were well isolated and of 
an average size that did not fluctuate during baseline imaging.

Preparation of acute brain slices and chemical LTP treatment
Acute brain slices were prepared, as previously described (76), 
from P17 to P21 C57BL/6N mice of both sexes. Coronal 300-μm 
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slices were cut (Leica VT100S vibratome) in cold choline chloride 
dissection solution containing 110 mM choline chloride, 2.5 mM KCl, 
25 mM NaHCO3, 0.5 mM CaCl2, 7 mM MgCl2, 1.3 mM NaH2PO4, 
11.6 mM sodium ascorbate, 3.1 mM sodium pyruvate, and 25 mM 
glucose, saturated with 95% O2/5% CO2. Slices were recovered first 
at 32°C for 30 min in an oxygenated ACSF before cLTP treatment. 
cLTP was performed by transferring slices to oxygenated ACSF 
containing either 50 μM forskolin, 0.1 μM rolipram, 0.1 μM picro-
toxin (PTX), 4 mM CaCl2, and 0 MgCl2 or equal volume dimethyl 
sulfoxide with 2 mM CaCl2 and 1 mM MgCl2 for 5 to 20 min at 32°C 
before removing slices from the liquid and lysing in radioimmuno-
precipitation assay buffer. For experiments with MG132, slices were 
preincubated in ACSF containing 10 μM MG132 at 32°C for 20 min 
before transfer to ACSF containing cLTP reagents and 10 μM MG132 
for 20 min.

Custom E5 antibody generation and E5 IP
Polyclonal antibodies specific to E5 were generated by injecting 
rabbits with the following peptide sequences: E5 13 to 25 (PTLKP-
PRIIRPRPPSRHC) and E5 277 to 288 (RKLPPLKPPKPTKVRQDC) 
labeled E5-NT and E5-MID, respectively. Serum from injected rab-
bits was subjected to affinity purification with KLH–conjugated 
peptides. Resulting polyclonal antibodies were validated using brain 
tissue from E5KO mice. E5-NT was used in all figures to identify E5 
via immunoblot. IP of E5 was performed by incubating E5-MID 
antibody with Protein G Dynabeads (Invitrogen) for 30 min at 
room temperature, followed by washing three times with tris-
buffered saline (TBS) with 0.02% Tween 20 before incubating the 
beads with a tissue sample (lysed in radioimmunoprecipitation as-
say buffer) for 1 hour at 4°C, washing three times with tris-buffered 
saline with 0.02% Tween 20, and boiling in Laemmli buffer, then 
separation by SDS-PAGE, and transfer to PVDF membrane. 
Membranes were subjected to total protein staining (Revert 700, 
LI-COR) following the manufacturer’s recommendations, then 
immunoblotted overnight with primary antibody: rabbit anti–E5-
NT (1:100); mouse anti-phosphotyrosine (Sigma-Aldrich; 1:500); 
anti-GluA1 (1:1000) (77,  78); rabbit anti-GluA1 phospho-S845 
(Abcam; 1:1000); mouse anti-ubiquitin (Enzo; 1:500); mouse anti-
polyubiquitinylated conjugates (Enzo; 1:500); anti-Myc (Invitro-
gen; 1:500); and 1 hour with secondary antibody (goat anti-mouse 
680, LI-COR; 1:15,000; goat antirabbit 800, LI-COR; 1:15,000) be-
fore imaging.

Culturing and transfection of HEK293T cells
HEK293T cell cultures were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco) and supplemented with 10% fetal 
bovine serum (Gibco) and penicillin-streptomycin (Gibco). Trans-
fection was conducted with Lipofectamine 2000 (Invitrogen) us-
ing the manufacturer’s recommended protocol 24 hours before 
harvesting.

Alkaline phosphatase treatment
Whole P17 mouse brains were lysed in ice-cold buffer containing 
100 mM NaCl, 50 mM tris, 10 mM MgCl2, and 1% NP-40 alterna-
tive (MilliporeSigma) and centrifuged at 10,000g for 1 min to remove 
debris. Samples were treated with 1 U of CIAP (MilliporeSigma) 
per 2 μg of protein for 20 min at 37°C, then immediately boiled 
in Laemmli buffer, separated by SDS-PAGE, and transferred to a 
PVDF membrane.

Immunohistochemistry
Organotypic slices were fixed in 4% paraformaldehyde for 1 hour 
at 4°C, washed three times with phosphate-buffered saline (PBS), 
and blocked in 5% goat serum in PBS with 0.03% Triton X-100 for 
2 hours before incubation with mouse anti-Myc 9e10 (Invitrogen; 
1:1000) overnight at 4°C. Slices were then washed three times with 
PBS with 0.03% Triton X-100 and incubated with secondary anti-
bodies (goat anti-mouse immunoglobulin G Alexa Fluor 350 
when coexpressed with FRET sensor or goat anti-mouse immuno-
globulin G Alexa Fluor 555; Thermo Fisher Scientific) for 4 hours 
at room temperature, followed by washing three times with PBS 
with 0.03% Triton X-100. Slices were mounted in ProLong Gold 
(Life Technologies).

Statistical analysis
Quantification of data from live-cell imaging experiments
For FLIM experiments, differences in measured lifetime from the em-
pirically known lifetime of eGFP were used to calculate the fraction of 
actively signaling molecules, referred to as the binding fraction (75). 
Using lifetime measurements, the average binding fraction of the sen-
sor was calculated from regions of interest (ROIs) encompassing the 
target dendritic spine or from ROIs on the dendrite. For two-photon 
time-lapse imaging of spine structural plasticity, the background-
subtracted integrated green fluorescence signal in ROIs, encasing 
the entire spine of interest or neighbor spines, was used to estimate 
spine volume. All isolated spines within the ROI were analyzed 
as unstimulated neighbors. Spine enrichment analysis was per-
formed as previously described (73); briefly, background-subtracted 
green fluorescence intensity (from eGFP-tagged constructs) of spines/
dendrites was divided by the background-subtracted red fluorescence 
intensity (from DsRed-Express2 cell fill) of spines/dendrites.
Quantification of data from Western blot experiments
Images from the LI-COR Odyssey Imaging system were quantified 
using Fiji. For total protein stain, integrated pixel density from 
whole lanes was background subtracted using background values to 
the left and right of the lane. For bands from proteins of interest, the 
integrated pixel density of bands of interest was background sub-
tracted using background values within the lane of interest above 
and below the band. Band intensity was normalized only to values 
obtained from the same blot.
Quantification of IHC
Immunostained neurons were imaged on a Zeiss Apotome 3 micro-
scope with excitation light power and exposure times held constant. 
Whole-cell images were acquired as 1-μm Z-stacks. Quantification 
of Myc-tagged E5 WT and E5 mutant protein expression levels was 
performed in Fiji by measuring background-subtracted fluores-
cence intensity from a 30-μm–diameter ROI, encompassing the 
soma of each cell, taken from single plane images within the Z-stack 
at the center of the soma.
Statistical tests and sample sizes
Statistical tests were performed using GraphPad Prism Software. For 
all live-imaging experiments, n values represent individual neurons, 
and each experimental condition includes hippocampal slices from 
at least four individual animals. For acute slice biochemistry, two 
technical replicates were averaged together to generate a single n 
value that represents a biological replicate, and each experimental 
condition includes, at minimum, four individual animals. Test types, 
sample sizes, and significance are described in figure legends. Data 
in text are presented as mean ± SEM.
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