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SUMMARY

Dendritic filopodia select synaptic partner axons by
interviewing the cell surface of potential targets, but
how filopodia decipher the complex pattern of ad-
hesive and repulsive molecular cues to find appro-
priate contacts is unknown. Here, we demonstrate
in cortical neurons that a single cue is sufficient
for dendritic filopodia to reject or select specific
axonal contacts for elaboration as synaptic sites.
Super-resolution and live-cell imaging reveals that
EphB2 is located in the tips of filopodia and at
nascent synaptic sites. Surprisingly, a genetically
encoded indicator of EphB kinase activity, unbiased
classification, and a photoactivatable EphB2 reveal
that simple differences in the kinetics of EphB ki-
nase signaling at the tips of filopodia mediate the
choice between retraction and synaptogenesis.
This may enable individual filopodia to choose tar-
gets based on differences in the activation rate of
a single tyrosine kinase, greatly simplifying the pro-
cess of partner selection and suggesting a general
principle.

INTRODUCTION

The pattern of synaptic connections underlies proper brain func-

tion. Yet the physical proximity of a dendrite and an axon is

insufficient to predict the presence of a synaptic connection,

indicating that neurons possess specific mechanisms to enable

the selection of the appropriate synaptic partners (Kasthuri et al.,

2015). Establishment of the appropriate pattern of synaptic con-

tacts requires dendritic filopodia to select among a host of po-

tential target axons and decide whether to retract and seek

new axonal contacts or to generate a stable synaptic connec-

tion. Movement of dendritic filopodia allows for sampling of

many different cellular interactions that drive engagement of ad-
hesive and repulsive cues present on potential targets. However,

the signals that enable the decision to select a small subset of

these dendritic-axonal contacts as targets to be stabilized and

form synapses remain unclear.

At sites of contact between axons and filopodia, if a synapse is

not generated or the target is incorrect, the filopodium retracts or

moves away from the contact. The choice of whether a particular

filopodium is stabilized or repulsed to seek out a new possible

contact occurs rapidly over a few minutes, suggesting that local

signaling at the site of contact determines whether the contact

will be stabilized or lost. An important class of factors thought

to be related to target selection is the transcellular synaptic orga-

nizing proteins. Transsynaptic organizing proteins function as

pairs of interacting molecules, with one member in the presump-

tive presynaptic neuron and a second in the postsynaptic neuron

(Dalva et al., 2007; Shen and Scheiffele, 2010). Yet whether these

molecules are localized to filopodia as they generate new synap-

tic sites is not known.

To discriminate among the multiple axons in close contact

with each dendritic protrusion, a filopodium could use a com-

plex combination of distinct repulsive and attractive cues. Alter-

natively, in principle, a single molecule could generate sufficient

variability in signaling to specify the fate of a given filopodium.

For example, distinct calcium dynamics downstream of the

NMDA receptor have been shown to be sufficient to govern

whether a synapse is strengthened or depressed (Feldman,

2012; Higley and Sabatini, 2012). Of the potential transsynaptic

organizing proteins that might control target selection, the

EphBs and ephrin-Bs are particularly attractive. The EphB fam-

ily of receptor tyrosine kinases (RTKs) function early in develop-

ment when filopodia are abundant and regulate filopodial

motility (Kania and Klein, 2016; Lai and Ip, 2009). Loss-of-func-

tion mutations to EphBs result in defective filopodial movement,

whereas reconstitution experiments indicate that the EphB-

dependent filopodial motility relies on the EphB-ephrin-B inter-

action (Kayser et al., 2008). Not only are EphBs required for

normal filopodial movement, but EphBs can generate adhesive

transcellular interactions that might stabilize filopodia by

binding axonal ephrin-Bs (Kania and Klein, 2016; Lai and

Ip, 2009). EphB binding to axonal ephrin-B is required for
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Figure 1. EphB Receptors Are Located on

the Surface of Filopodia and Colocalize

with Ephrin-B1 and VGLUT1

(A) Combined two-color super-resolution STED

and confocal imaging demonstrate that EphB2 in

filopodia (green, STED) colocalizes with ephrin-B1

(red, STED) and VGLUT1 (purple, confocal). Neu-

rons were transfected with mNeptune (gray,

confocal). Dashed lines show the morphology

of transfectedneurons. Arrows indicateanexample

of colocalization of EphB2, ephrin-B1, andVGLUT1

in filopodia. The scale bar represents 1 mm.

(B) The proportion of EphB2+ and EphB2� filo-

podia (n = 256).

(C) Quantification of EphB2, ephrin-B1, and

VGLUT1 colocalization in EphB2+ filopodia

(n = 189).

(D) Surface staining of EphB2 (green) in DIV7–10

neurons transfected with tdTomato. Arrows indi-

cate EphB2+ filopodia. Dashed lines show the

morphology of transfected neurons. Bottom fig-

ures show that acid treatment removes surface

staining of EphB2. The scale bars in A and D

represent 2 mm.

See also Figure S1.
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presynaptic specialization formation (McClelland et al., 2009),

whereas postsynaptic EphBs are required for normal excitatory

synapse development in vitro and in vivo (Henkemeyer et al.,

2003; Kayser et al., 2006, 2008). In the mature synapse, EphBs

are found within the core of the postsynaptic complex (Perez de

Arce et al., 2015), suggesting the possibility that they are an

early factor important for synapse initiation. However, it remains

unknown whether EphBs are found within filopodia as filopodia

interact with molecular cues to select axons for nascent synap-

tic contacts.

Here, we describe the dynamic intracellular signals that direct

the behavior of individual filopodia to initiate synaptogenesis or

to retract and seek new contacts between cortical neurons.

We find that EphB2 regulates the actions of filopodia through a

combination of precise subcellular localization and induction of

specific intracellular signals within filopodia. EphB2 is localized

to the tips of moving and stable dendritic filopodia. In stable

synaptic filopodia, EphB2 is found adjacent to its ligand

ephrin-B1, presynaptic marker vesicular glutamate transporter 1

(VGLUT1), and synaptic release sites. Using a dual-color ratio-

metric vector-encoded indicator GPhosEphB and an unbiased

classification approach, we demonstrate that the choice of indi-

vidual filopodia to retract or make stable axo-dendritic contacts

is governed by specific differences in EphB signaling: retraction

is initiated by a rapid increase in EphB activity occurring within

minutes, whereas slower activation results in formation of stable
2 Neuron 98, 1–16, May 16, 2018
contacts. The impact of EphB kinase acti-

vation on filopodial retraction is validated

in HEK cells and cultured cortical neurons

using a genetically encoded photoacti-

vatable EphB2 protein. These studies

identify a mechanism that enables indi-

vidual filopodia to locally decide their
own fates, thereby simplifying the selection of appropriate syn-

aptic targets.

RESULTS

EphB2 Is Found at Synaptic Sites in Dendritic Filopodia
Ephrin-B1 and EphB2 are required for synapse formation and are

found at mature synaptic sites (Kayser et al., 2006; McClelland

et al., 2009; Perez de Arce et al., 2015). To determine where

EphB and ephrin-Bs function as axo-dendritic contacts are initi-

ated, we investigated the localization of EphB2 and ephrin-B1

during a phase of rapid EphB-dependent synapse formation

when filopodia are abundant (days in vitro [DIV] 7–10; Kayser

et al., 2008; McClelland et al., 2009). mNeptune-transfected

cortical neurons were immunostained for endogenous EphB2,

ephrin-B1, and the presynaptic marker VGLUT1 (Kayser et al.,

2006; McClelland et al., 2009; Zhou et al., 2012). We conducted

four-color imaging, with two channels imaged by super-resolu-

tion stimulated emission depletion (STED) microscopy (endoge-

nous EphB2 and ephrin-B1) and two channels imaged with

conventional confocal microscopy (VGLUT1 and mNeptune,

Figure 1A, as described previously [Hruska et al., 2015]). Consis-

tent with previous work (Kayser et al., 2008), many contacts were

found along the shaft of the dendrite as indicated by colocaliza-

tion of EphB2, ephrin-B1, and VGLUT1 (Figure 1A). In addition,

many dendritic filopodia were EphB2+ and colocalized with
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Figure 2. EphB Receptors Cluster at the Tip

ofMoving andStable Filopodia andColocal-

ize with Synaptic Release Sites

(A) Experimental procedure for labeling of pre-

synaptic release sites as in Wilhelm et al. (2010).

See STAR Methods for details.

(B) Representative images show filopodia stable

for 30 min in neurons transfected with mTur-

quoise2 (mT2, arrows).

(C) The same dendrite as in (B) overlaid with

images of EphB2-YFP (yellow) and synaptic

release sites (red, labeled with FM4–64).

Arrows indicate EphB2-YFP+ filopodial tips colo-

calized with FM4–64. Dashed lines show the

morphology of transfected neurons. The scale bar

represents 5 mm.

(D) Quantification of colocalization in filopodia (FP,

EphB2+: 69% ± 6%, n = 9; EphB2�: 49% ± 6%,

n = 9; p = 0.024, t test). *p < 0.05. Error bars indi-

cate SEM.

(E) Representative images from 30-min time-lapse

movies of DIV7–10 neurons transfected with

EphB2-YFP. Two types of filopodia were identified

(stable and moving filopodia). Arrows indicate

EphB2+ tips across time window. The scale bars

in C and E represent 2 mm.

See also Video S1.
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ephrin-B1 and VGLUT1 puncta, with ephrin-B1 more frequently

and closely associated with VGLUT1 (Figures S1A–S1F).

To determinewhether the transsynaptic organizers EphB2 and

ephrin-B1were found at potential synaptic sites at the tips of filo-

podia, we quantified the proportion of EphB2+ filopodia apposed

to ephrin-B1 and VGLUT1 puncta. Four-color STED/confocal im-

aging revealed thatmost filopodia containedEphB2 (�74%; 189/

256; Figures 1A and 1B; Hruska et al., 2015). Of the filopodia con-

taining EphB2 puncta,�43% of EphB2+ filopodia (81/189) colo-

calized with or were adjacent to both ephrin-B1 and VGLUT1

puncta (Figures 1A and 1C). Consistent with the well-described

presynaptic localization of ephrin-B1 and the selective function

of ephrin-B1 in recruiting presynaptic specializations (Figures

S1A–S1E; McClelland et al., 2009, 2010), VGLUT1 puncta were

rarely found at filopodia containing EphB2 but lacking ephrin-

B1 (<10%; Figure 1C). Moreover, live-cell staining for EphB2 re-

vealed that EphB2 is enriched on the cell surface in the dendritic

shaft andwithin themajority of dendritic filopodia (72%; 237/328;

Figures 1D, S1G, and S1H; Hanamura et al., 2017; Perez de Arce

et al., 2015). Thus, EphB2 and ephrin-B1 are localized appropri-

ately at sites of contact between filopodia and axons to control

the initial steps of synapse development, suggesting that EphBs

function on the surface of dendritic filopodia and may interact in

trans with presynaptic ephrin-B1.

EphB in Stable Filopodia Colocalizes with Synaptic
Release Sites
To determine whether stable filopodia containing EphB2 might

form functional synapses, we conducted live-cell imaging of syn-
aptic release sites using FMdye. Neuronal morphologywas visu-

alized by transfecting neurons with mTurquoise2 (Goedhart

et al., 2012), and the localization of EphB2 in living cells was

determined by co-expressing EphB2-yellow fluorescent protein

(YFP) (Kayser et al., 2008). In DIV7–10 neurons, stable filopodia

were defined as those that moved less than 1 mm/frame during

the 30-min imaging period (Kayser et al., 2008) and presynaptic

release sites were visualized with spontaneously loaded FM4–64

(see STAR Methods for detail; Figure 2A; Wilhelm et al., 2010).

Stable filopodia were more likely to colocalize with synaptic sites

if EphB2-YFP was present (69% ± 6%; n = 9) than if EphB2-YFP

was absent (49% ± 6%; n = 9; p = 0.024; t test; Figures 2B–2D).

These findings suggest that EphB2 in filopodia may drive the

initiation of functional synapse formation. Together with our

STED imaging results, these findings suggest that the localiza-

tion of EphB2 to tips of filopodia may determine which axo-den-

dritic contacts are stabilized to become synaptic sites.

EphB Clusters in Both Moving and Stable Dendritic
Filopodia
Whereas stable EphB2-containing filopodia are often sites of

synaptic transmission, moving filopodia explore potential axonal

contacts (Kayser et al., 2008). Therefore, we asked whether

EphBs might mediate these distinct cellular behaviors by local-

izing differently in moving and stable filopodia. As expected

from Figure 2C, live-cell imaging of neurons transfected with

EphB2-YFP revealed that clusters of EphB2-YFP were often

found in the tips of stable filopodia (65%; 156/240; Figure 2E;

Video S1). However, similar numbers of clusters of EphB2
Neuron 98, 1–16, May 16, 2018 3
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Figure 3. The GPhos Indicators Selectively Report Activity of EphB or EphA Tyrosine Kinases

(A) Design of single- and dual-color GPhos indicators. GPhosEphB and GPhosEphA indicators differ only in the phospho-peptide region (shown in blue).

(B) GPhosEphB was immunoprecipitated from HEK293T cells transfected with GPhosEphB indicator and EphB2 or EphA4 receptor and probed for phos-

phorylation (PY99). Ephrin-B2 treatment resulted in phosphorylation of GPhosEphB only in cells transfected with EphB2. Lower western blots show expression

controls.

(legend continued on next page)
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were seen in moving filopodia (78%; 83/106; Figure 2E; Video

S1), suggesting that differences in the localization of EphB2

cannot explain the distinct functions of EphBs in moving and sta-

ble filopodia and supporting the previous findings that EphBs are

required for both filopodial motility and synaptogenesis (Kayser

et al., 2006, 2008).

Design and Validation of Genetically Encoded
Fluorescent Reporters for Tyrosine Kinase Activity
Because clusters of EphB2 are localized to both moving and sta-

ble filopodia, we hypothesized that specific differences in the ki-

netics or magnitude of EphB2 kinase signaling might determine

whether a filopodium is repulsed or stabilized upon contact with

an axon. To test this hypothesis, we designed a genetically en-

coded tyrosine phosphorylation indicator called green phos-

phorylation (GPhos) to visualize the subcellular activity of

tyrosine kinases (TKs). The indicator is composed of a single,

circularly permutated EGFP core flanked on the N terminus by

two consensus phosphorylation sites for specific tyrosine ki-

nases and on the C terminus by a relatively promiscuous SH2

domain that binds to phosphorylated tyrosine residues (Fig-

ure 3A; Nakai et al., 2001; Pawson, 2004; Songyang et al.,

1993). To validate our design and enable straightforward testing,

we first made a reporter for the intracellular TK Fyn using a circu-

larly permutated EGFP fused with a peptide containing the two

consensus sites for tyrosine phosphorylation (YEEIVGEFKIYEEI;

Figure S2; Songyang et al., 1993), which undergo phosphoryla-

tion following Fyn activation, and the Fyn SH2 domain. SH2

domain binding to the phosphorylated tyrosine increased fluo-

rescence intensity of the EGFP core (Figure S2). To generate a

quantitative ratiometric tool, we fused a second fluorescent pro-

tein monomeric red fluorescent protein (mRFP) (Figures S2B and

S2C; Campbell et al., 2002) that has a similar bleaching rate to

EGFP with a rigid five-turn a-helical linker to the indicator core

(Figures 3A, S2B, and S2D).

GPhos indicators are phosphorylatable (Figure S3A) and

report both increases and decreases in tyrosine kinase activity

(Figure S3B). Selective indicators for Ephs were created using

peptides containing autophosphorylation sites of the juxtamem-

brane domains of EphB2 or EphA4 (GPhosEphB: YIDPFTYEDP;

GPhosEphA: YVDPFTYEDP; Figure 3A). HEK293T cells trans-

fected with each indicator and either EphB2 or EphA4 and
(C) Ratiometric pseudocolor images of single optical sections collected every th

GPhosEphA (bottom). Cells were treated with activated ephrin-B2 as indicated

ratiometric GPhos signal.

(D) Quantification of the effects of ephrin-B2 treatment on GPhos signal in HEK

p < 0.0001; two-way ANOVA). *p < 0.05; **p < 0.01; ***p < 0.001.Western blot show

15, and 30 min after activation with ephrin-B2.

(E) As in (C), but ratiometric images of single optical sections were collected w

GPhosEphA. GPhosEphA signal increased with ephrin-A1 treatment.

(F) Quantification of the effects of ephrin-A1 treatment (GPhosEphB: n = 10; GPh

0.0001. Western blot shows phosphorylation state of the immunoprecipitated FL

(G) Ratiometric images of TKI mouse neurons transfected with GPhosEphB indic

(H) Quantification of the effects of ephrin-B2 treatment on GPhos signal in transf

(I) Ratiometric images of TKI mouse neurons transfected with GPhosEphB indica

(J) Quantification of the effects of 1-NA-PP1 on ephrin-B treatment (n = 8). The ps

The scale bars in C, E, G, and I represent 5 mm.

Error bars indicate SEM in (D), (F), (H), and (J). See also Figures S2 and S3 and V
treated with activated soluble ephrin-B2 or ephrin-A1 show

selective phosphorylation of GPhosEphB in only EphB2 trans-

fected cells (Figure 3B). Live-cell imaging of EphB2 transfected

cells stimulated with ephrin-B revealed an increase of GPhos

signal in single optical sections within only GPhosEphB trans-

fected cells, but not within cells transfected with GPhosEphA

(GPhosEphB: n = 6; GPhosEphA: n = 4; p < 0.0001; two-way

ANOVA; Figures 3C and 3D; Video S2). GPhosEphB also effec-

tively reported rapid changes in EphB2 activation and the activity

of EphB1 and EphB3 (Figures S2E–S2K). Similarly, ephrin-A

stimulation of cells transfected with EphA4 increased the GPhos

signal in only the GPhosEphA transfected cells (GPhosEphB:

n = 10; GPhosEphA: n = 10; p < 0.0001; two-way ANOVA; Fig-

ures 3E and 3F; Video S3). The increase in ratiometric indicator

signal was similar to the time course of receptor activation visu-

alized by western blot analysis (Figures 3D and 3F). Importantly,

the majority of the GPhos signal was found near the cell mem-

brane (Figures 3C and 3E), suggesting that the indicators can

report spatially restricted signals.

To determine whether the GPhosEphB indicator effectively re-

ports EphB activity in neurons (which often express both EphBs

andEphAs),weconfirmed that transfectionof theGPhos indicator

does not affect synapsedensity (FiguresS3C andS3D) and accu-

rately reflects changes in EphB kinase activity (Figure S3E). We

then tested the specificity of the GPhosEphB indicator for EphB

activity in a triple kinase knockin (TKI)mousemodel that allows ki-

nase activity of EphBs, but not EphAs, to be selectively inhibited

with 1-NA-PP1 (Figure S3F; Soskis et al., 2012). Treatment of

GPhosEphB transfected neurons cultured fromTKImicewith sol-

uble ephrin-B resulted in a robust increase in GPhosEphB signal

(Figures 3G and 3H; Video S4). However, 1-NA-PP1 application

completely blocked the effects of ephrin-B treatment (Figures 3I

and 3J; Video S5). Similarly, transfection of rat cortical neurons

with dominant-negative EphB receptor blocked the ability of

ephrin-B to induce GPhosEphB signal (Figures S3G and S3H).

Together, these findings indicate that GPhosEphBcan selectively

and effectively report EphB kinase activity in neurons.

Restricted Spatial and Temporal Patterns of GPhos
Indicator after Focal Activation by Ephrin-B1
To determine the spatial extent of EphB signaling in neurons, we

examined the ability of axonal ephrin-B1 to induce dendritic
ree minutes from cells transfected with EphB2 and either GPhosEphB (top) or

by the orange bar. The pseudocolored lookup table (16 colors) indicates the

293T cells transfected with EphB2 (GPhosEphB: n = 6; GPhosEphA: n = 4;

s phosphorylation state of the immunoprecipitated FLAG-EphB2 receptor at 5,

hen HEK293T cells were transfected with EphA4 and either GPhosEphB or

osEphA: n = 10; p < 0.0001; two-way ANOVA). **p < 0.01; ***p < 0.001; ****p <

AG-EphA4 receptor at 5, 15, and 30 min after activation with ephrin-A1.

ator and treated with activated ephrin-B2.

ected neurons (n = 11).

tor and blocked with 1-NA-PP1 before treatment with activated ephrin-B2.

eudocolor lookup table (fire) indicates the ratiometric GPhos signal in neurons.

ideos S2, S3, S4, and S5. Molecular weights shown in kD.
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Figure 4. Focal Activation of EphB in Dendrites by Axonal Ephrin-B1

(A) An example of persistent contact between axonal mT2-eB1 puncta (cyan) and GPhosEphB (fire) transfected dendrite. Images of RFP channel at the last frame

of 15-min movie were shown (pseudocolored, green). The region of interest (ROI) shows the contact between axonal mT2-eB1 puncta and GPhosEphB

transfected dendrite (2 min and 15 min). Arrows indicate the colocalization of eB1 puncta (cyan) and persistent GPhos signal (fire).

(B) The RFP image (pseudocolored, green) after fixation is shown. Confocal image of EphB2 (red) colocalizes with eB1 puncta (cyan).

(C) Quantification of the colocalization of mT2-eB1, EphB2, and GPhos.

(D) As in (A), an example of persistent contact between axonal mT2-eB1 and GPhosEphB transfected dendrite. Dashed lines show the morphology of axons.

Arrows indicate sites of contact. Arrowheads indicate control ROIs used in (E).

(E) Quantification of GPhos signal in (D).

(F) Quantification of summary data of GPhos signals in control and mT2-eB1 contacting sites. Data are shown as the average GPhosEphB signal when the mT2-

eB1 puncta are in contact with the axon or in control ROIs (arrowheads inD; Ctrl: 1.00 ± 0.01, n = 19; eB1: 1.23 ± 0.04, n = 19; p% 0.001; paired t test). ***p% 0.001.

(G) Examples of transient contact between moving axonal mT2-eB1 puncta and GPhosEphB transfected dendrite. Arrows and dashed lines are as in (D).

(H) Quantification of GPhos signal in (G).

(I) As in (F), quantification of GPhos signal in control and mT2-eB1 contacting sites from pooled data (Ctrl: 1.00 ± 0.01, n = 9; eB1: 1.24 ± 0.04, n = 9; p% 0.001;

paired t test). ***p% 0.001. Control ROIs were selected at sites in dendritic shaft without axonal contacts andGPhosEphB signals. The scale bars in A, B, D, andG

represent 2 mm.

Error bars indicate SEM in (F) and (I). See also Figure S4 and Videos S6 and S7.
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EphB signaling. mTurquoise2-tagged ephrin-B1 (mT2-eB1) was

transfected into neurons. As expected from data in Figures 1 and

S1 and our previous work (McClelland et al., 2009), mT2-eB1

localized into puncta on the surface of axons (Figure S4A).

To visualize contacts between ephrin-B1-expressing axons

(mT2-eB1 transfected, cyan) and EphB signaling in dendrites

(GPhosEphB transfected, fire) neuronal cultures were first trans-

fected with mT2-eB1 at DIV3–5 and then with GPhosEphB at
6 Neuron 98, 1–16, May 16, 2018
DIV5–7 (see STAR Methods for detail; Figures 4A, 4D, and 4G).

Neurons were imaged once every 0.25–1 min for 15–30 min at

DIV7–10. At sites of contact, the GPhosEphB signal induced

by mT2-eB1 puncta was restricted to a small region near the

apparent point of contact (Figure 4A). The average area of

GPhosEphB signal (0.41 ± 0.09 mm2; n = 28) was significantly

smaller than the average area of mT2-eB1 puncta (0.67 ±

0.06 mm2; n = 28; p = 0.02; paired t test). To test whether the



Please cite this article in press as: Mao et al., Filopodia Conduct Target Selection in Cortical Neurons Using Differences in Signal Kinetics of a Single
Kinase, Neuron (2018), https://doi.org/10.1016/j.neuron.2018.04.011
GPhosEphB signal was due to EphB2-ephrin-B1-mediated

signaling, neurons containing ephrin-B1 puncta that maintained

contact with dendrites during the 15- to 30-min imaging period

were fixed and stained for EphB2 (Figure 4B; see STARMethods

for experimental detail). Retrospective analysis indicates that

80% of sites with persistent mT2-eB1 puncta had both EphB2

and GPhosEphB signals (12/15; n = 6; Figures 4A–4C). Together,

these findings indicate that EphB kinase activation occurs in a

focal area when activated by ephrin-B1.

Whereas many mT2-eB1 puncta remained stationary during

the imaging period, some mT2-eB1 puncta move in a saltatory

fashion within axons of transfected neurons (Videos S6 and

S7). At sites of contact, GPhosEphB signals found within den-

drites had different patterns of GPhosEphB activity, depending

on the behavior of the mT2-eB1 puncta (Figure S4B). At

dendrites contacting a stable mT2-eB1puncta (Figure 4D),

GPhosEphB signals were persistent and significantly elevated

(Ctrl: 1.00 ± 0.01, n = 19; eB1: 1.23 ± 0.04, n = 19; p % 0.001;

paired t test; Figures 4D–4F; Video S6). In contrast, at sites of

contact between dendrites and moving mT2-eB1 puncta, the

GPhosEphB signal was significantly elevated only when the

puncta were in apparent contact with the dendrite; the signal re-

turned to the baseline after the mT2-eB1 puncta moved along

the axon in a saltatory manner (Ctrl: 1.00 ± 0.01, n = 9; eB1:

1.24 ± 0.04, n = 9; p% 0.001; paired t test; Figures 4G–4I; Video

S7). Whereas the duration of these GPhos signals differed, the

magnitude of the signals at persistent or transient mT2-eB1

puncta did not (persistent: 1.23 ± 0.04 versus transient: 1.24 ±

0.04; p = 0.885; t test). Thus, GPhosEphB can report both sus-

tained and transient signals, and axonal ephrin-B1 induces a

spatially restricted EphB activation at sites of axo-dendritic

contact.

Dynamics of EphB Signaling Are Related to Filopodial
Motility and Stabilization
Clusters of EphB2 are found in both moving and stable filopodia.

To test whether differences in the spatial or temporal dynamics

of EphB signaling may enable filopodia to decide whether to

connect to or retract from a contact with an axon, we conducted

live-cell imaging of neurons transfected with GPhosEphB and

visualized contacts between dendritic filopodia and axons.

Axons were visualized by transfecting a different set of neurons

with mTurquoise2 (mT2) using the protocol described in the

STAR Methods (cyan, Figures 5A and 5D). Images of dendrites

contacted by axons were collected 30–60 min once every

minute.

We observed two general types of filopodia: filopodia that

moved during the imaging period (moving filopodia) and filopo-

dia that remained in stable contact with an axon during the imag-

ing period (connected filopodia). Similar to what we saw with

mT2-eB1, EphBs were focally activated within both moving

and connected filopodia, and this activity appeared as discrete

puncta of GPhosEphB signals (Figures 5A and 5D). The area of

the GPhosEphB signal in filopodia was not significantly different

from the area of the signal induced by the axonal mT2-eB1 (mT2-

eB1/GPhos puncta: 0.41 ± 0.09 mm2, n = 28; endogenous GPhos

puncta: 0.27 ± 0.02 mm2, n = 53; p = 0.063; t test). These findings

are consistent with our previous results that EphBs cluster in
moving and stable filopodia, and they support the notion that

endogenous axonal ephrin-B1 (Figures 1A and S1A–S1F;

McClelland et al., 2009) likely induce EphB activation in dendritic

filopodia.

Therewere two types of behavior inmoving dendritic filopodia:

a filopodium contacted an axon and retracted, resulting in a tran-

sient axo-dendritic contact (Retracting filopodia) or a filopodium

extended to contact and remained in contact with the axon to

generate a stable axo-dendritic contact (Connecting filopodia).

Both retracting and connecting filopodia showed increased

levels of EphB kinase activation relative to the dendritic shaft.

Remarkably, distinct patterns of EphB kinase activity reliably

predicted whether a filopodium retracted from an axon or was

stabilized and remained in contact with an axon. The differences

in EphB2 kinase behavior were not reflected in the average area

of activation in retracting or connecting filopodia (Retracting:

0.26 ± 0.04 mm2, n = 9; Connecting: 0.22 ± 0.04 mm2, n = 12;

p = 0.483; t test). Instead, the behavior appeared to be linked

to the rate of activation of the GPhosEphB signal.

To begin to determine whether magnitude or rate of EphB acti-

vation might drive differences in filopodial behavior, we exam-

ined the kinetics of the GPhos signal in retracting and connecting

filopodia. After the initial contact with axons, the average

GPhosEphB signal in retracting filopodia increased rapidly to

reach a maximum of �140% of baseline dendritic levels before

retraction (Figures 5A–5C; see STAR Methods for detail of anal-

ysis; n = 9; Video S8). In contrast, the average GPhosEphB signal

in connecting filopodia reached the maximum after �3 min

(136%; n = 12; Figures 5D–5F; Video S9) and remained elevated

after initial contact. Despite the functional difference in the

behavior of these filopodia, there was no significant difference

between the maximum increase in the EphB signal between re-

tracting and connecting filopodia (Retracting: 136% ± 7%, n = 9;

Connecting: 136% ± 10%, n = 12; p = 0.145; Mann-Whitney

U test). In contrast, the time from the baseline was significantly

different between retracting and connecting filopodia (time to

peak: Retracting: 1.4 ± 0.2 min, n = 9; Connecting: 6.8 ±

1.7 min, n = 12; p = 0.017; Mann-Whitney U test). These findings

suggest that the kinetics of EphB kinase activity within individual

filopodia may drive specific filopodial behaviors.

To test whether differences in the kinetics of EphB kinase

activity determine how filopodia behave, we next calculated

the rate of change in EphB kinase activity between retracting

and connecting filopodia (Figures 5G and 5H). Although the

maximum signal increases in retracting and connecting filopodia

are not significantly different, the rate of increase (slope) in

GPhosEphB activity in the retracting filopodia was significantly

faster than that in the connecting filopodia (Retracting: 0.31 ±

0.04, n = 9; Connecting: 0.17 ± 0.04, n = 12; p = 0.021; Mann-

Whitney U test; Figure 5I). These findings suggest that the rate

of the rising phase of EphB activity may determine whether filo-

podia initiate synapse formation or retract and seek new axonal

contacts. Consistent with this possibility, key features related to

kinase activity (including signal slope, amplitude, and variance)

were sufficient to decode whether a filopodium remained in con-

tact with an axon or retracted at a rate significantly above chance

(98% classification efficiency with held-out validation; range

92.5%–100%; Figure S5). These data support a model where
Neuron 98, 1–16, May 16, 2018 7
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Figure 5. Distinctive Patterns of EphB

Activity in Retracting and Connecting Filo-

podia

(A) An example of retracting filopodia. Axons are

labeled with mTurquoise2 and indicated by

dashed lines. Ratiometric images (pseudocolored)

show transient high GPhosEphB signal (middle

panel). Arrowhead indicates focal GPhosEphB

signal (ROI).

(B) Quantification of GPhosEphB signal in (A).

(C) GPhosEphB signal in the retracting filopodia

group. Gray lines indicate GPhos signal in indi-

vidual filopodia, and the green line represents

mean (n = 9). Time 0 indicates the time filopodia

contact a labeled axon (vertical dashed line). The

bar indicates the fraction of filopodia in contact

with the axons (black, 100%; white, 0%). Control

mean shaft GPhosEphB is indicated by the black

line.

(D) An example of connecting filopodia as in (A).

(E) Quantification of GPhosEphB signal in (D).

(F) As in (C), but themeanGPhosEphB signal in the

connecting filopodia is shown as a red line (n = 12).

(G) Illustration of retracting and connecting filo-

podia behavior and EphB signaling. The slope was

calculated as the difference between the baseline

and the peak value divided by the time from the

baseline to the peak.

(H) Comparison of the kinetics of average

GPhosEphB signal. Retracting group was best fit

with a peak model. The connecting group was

best fit with an exponential model.

(I) The slope of GPhosEphB signal in retracting fi-

lopodia was significantly sharper than that in

connecting filopodia (retracting: 0.31 ± 0.04, n = 9;

connecting: 0.17 ± 0.04, n = 12; p = 0.021; Mann

Whitney U test). *p < 0.05. The scale bars in A and

D represent 2 mm.

Error bars indicate SEM in (I). See also Figure S5

and Videos S8 and S9.
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rapid (%1 min) activation of EphBs induces filopodial retraction,

whereas sustained or slow and more variable activation of

EphBs induces filopodial stabilization.

EphB Signaling Controls Filopodial Movement
To investigate how EphB signaling controls filopodial behavior,

we first examined how bath application of activated soluble
8 Neuron 98, 1–16, May 16, 2018
ephrin-B impacted filopodial movement

(Dalva et al., 2000). Consistent with the

model that sustained EphB2 kinase acti-

vation results in filopodial stabilization,

the bath application of ephrin-B in-

creased overall GPhos signal slowly (Fig-

ures S7E–S7G) and decreased filopodial

movement (Figures 6A–6H).

The differences in EphB signaling in re-

tracting and connecting filopodia suggest

two possible models for how EphB con-

trols the behavior of filopodia: (1) the

decision might be controlled by the
magnitude of the signal or (2) the decision might be controlled

by the rate of increase in the signal. To determine whether spe-

cific types of EphB signaling might cause certain filopodial be-

haviors, endogenous EphB receptor signaling was activated in

GPhosEphB transfected neurons by focal application of fluores-

cently labeled activated soluble ephrin-B (647-eB), and live-cell

imaging was conducted (Figure 6I).
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If a difference in magnitude of the EphB signaling is respon-

sible for filopodial retraction or stabilization, we expect stronger

activation of EphB signaling might induce filopodial retraction,

whereas weaker activation of EphB signaling might induce filo-

podial stabilization. However, the differences in filopodial

behavior were not likely to be driven by the magnitude of EphB

signaling because the maximum increase in amplitude of

GPhosEphB signal at 647-eB puncta was not significantly

different between groups (Retracting: 138% ± 5%, n = 33; Con-

necting: 136% ± 7%, n = 20; p = 0.515; Mann Whitney U test;

Figures 6 and S6A–S6E). The average size of 647-eB puncta

(0.28 ± 0.03 mm2) in retracting filopodia was not significantly

different from the average size of 647-eB puncta in connecting

filopodia (0.27 ± 0.03 mm2; p = 0.726; t test). There was also no

correlation between the size of 647-eB puncta and the

GPhosEphB signal in either retracting or connecting group (Fig-

ure S6G). These findings suggest that ephrin-B concentration

may not be related to cluster size. Regardless, whereas in-

creases in EphB kinase activity are associated with changes

in the motility of dendritic filopodia, the magnitude of EphB

signaling alone cannot generate distinct filopodial behavior.

If the rate of EphB activation drives filopodial behavior, rapid

increases in EphB activity should result in retraction whereas a

slow increase in EphB activity should result in formation of a sta-

ble contact (Figure 5H). Consistent with our models, fast-rising

EphB kinase activity caused filopodia to retract (Figure 6J; Video

S10), whereas slowly rising EphB kinase activity resulted in sta-

ble contacts between filopodia and 647-eB puncta (time to the

peak/Retracting: 1.4 ± 0.1min, n = 31; time to the peak/Connect-

ing: 5.6 ± 1.1 min, n = 20; p % 0.001; Mann-Whitney U test; Fig-

ures 6J, 6K, and S6A–S6E; Videos S10 and S11). Moreover, the

slopes of GPhosEphB signals in induced retracting versus con-

necting filopodia were significantly different (Retracting: 0.29 ±

0.03, n = 31; Connecting: 0.2 ± 0.04, n = 20; p = 0.033; Mann-

Whitney U test; Figure S6F). Importantly, both the slopes and

the time to peak in the ephrin-B-induced retracting and connect-

ing groups were not significantly different from those found in

neurons responding to endogenous ephrin-B cues (p > 0.1 for

all comparisons; Mann-Whitney U test; Figures 5 and 6). These

data support the hypothesis that EphB activity within microdo-

mains of filopodia determines filopodial behavior.

To test whether the EphB signaling governing filopodial retrac-

tion versus connection resulting from the exogenous addition of

ephrin-B was mediated by similar mechanisms as in the endog-

enous events, we asked whether the same unbiased classifica-

tion criteria developed for classification of the endogenous

EphB signals could be effective at classifying exogenously

driven ephrin-B filopodial behavior. We found that a classifier

trained on the endogenously activated GPhosEphB data was

also effective at classifying exogenously activated GPhosEphB

signals in filopodia (Figures 6L and 6M; 98% endogenous versus

91% exogenous classification efficiency with held-out valida-

tion; exogenous eB range 83.3%–100%). These data strongly

support the hypothesis that EphB activity within microdomains

of filopodia determines filopodial behavior.

To test directly whether rapid activation of EphB2 is sufficient

to induce filopodial retraction, we engineered a photoactivatable

form of EphB2 by fusing the cryptochrome 2 (CRY2) domain of
Arabidopsis thaliana to full-length FLAG-tagged EphB2 (fEphB2)

(Figure 7A). We generated several different constructs tagged

with fluorescent proteins (mCherry or iRFP670) and fused with

either a full-length CRY2 (EphB2-CRY2; Kennedy et al., 2010),

an oligomerization-promoting variant of CRY2 (EphB2-Oligo;

Taslimi et al., 2014), or a truncated human codon-optimized

version of CRY2 (EphB2-CRY2hm; Chang et al., 2014). Stimula-

tion with blue light (440 nm or 470 nm) resulted in EphB2 kinase

activation (Figures 7B, S7C, and S7D). Kinase-dead versions

(KD) of fEphB2-CRY2hm-iRFP670 (fEphB2-CRY2) showed no

response to light stimulation or ephrin-B treatment (Figure 7C).

fEphB2-CRY2 localized to the cell surface in neurons (Figures

S7A and S7B). Consistent with published reports on CRY2 acti-

vation kinetics, photostimulation results in a rapid (15-30 s)

phosphorylation of fEphB2-CRY2 with similar activation rates,

regardless of photoactivation strength (Figures S7C–S7G; Kim

et al., 2014). In contrast, ephrin-B treatment results in a slower

activation of EphB kinase in neurons indicated by western blot

(Figures S7C–S7G). Importantly, the kinetics of the rising phase

of photoactivation of EphB2 is similar to the rate of EphB2 kinase

activation found before filopodial retraction (Figures 5C and

S7C–S7G).

To determine the impact of rapid EphB2 activation, we first

asked whether EphB2 might mediate filopodial behavior in

non-neuronal cells that contain dynamic filopodia. HEK293T

cells were transfected with either fEphB2-CRY2 (wild-type

[WT]) or fEphB2-KD-CRY2 (KD) and protected from room light

exposure. Transfected cells were imaged every 10 s for

3–6 min before and after photoactivation of fEphB2-CRY2 with

470 nm light. Photostimulation resulted in a significant loss of

filopodia within 10 s after EphB activation in WT, but not in

KD transfected cells (Figures 7D–7F; Video S12). Photostimula-

tion of EphB2 results in �30% loss of filopodia by 90 s after

stimulation (remaining filopodia: 68% ± 4% versus 100%;

n = 12; p < 0.001; paired t test; Figure 7E). These findings suggest

that rapid activation of EphB2 can drive filopodial retraction in

HEK293T cells.

To determine whether rapid activation of EphB2 might cause

retraction of filopodia in neurons, cortical neurons were trans-

fected with fEphB2-CRY2 (WT) or fEphB2-KD-CRY2 (KD) and

tdTomato and imaged every 10 s for 3–6 min at DIV9–10. Re-

gions of interest in transfected neurons were stimulated with a

single scan of 470 nm light simultaneously with imaging (region

of interest: noise region outlined by the dashed line at time = 0;

Figure 7G; Video S13). There was no effect of photostimulation

on filopodial movement or number in neurons transfected with

KD (Figures 7G–7I; Video S13). However, photostimulation of

neurons expressing WT drove significant increase in the per-

centage of retracting filopodia (40% ± 8%, n = 21, in WT with

stimulation versus Ctrl: 12% ± 9%, n = 11; p = 0.019; Fisher’s

least significant difference [LSD] post hoc; Figures 7G and 7H).

Moreover, photostimulation of WT resulted in a significant

decrease in the length of filopodia (p = 0.025; t test; Figure 7I).

These findings indicate that rapid activation of EphB2 drives

the retraction of filopodia in HEK293T cells and neurons and

suggest that differences in the kinetics of EphB signals within fi-

lopodia control the decision to retract from or stabilize at a

contact.
Neuron 98, 1–16, May 16, 2018 9
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Figure 6. The Dynamics of EphB Activity Determine Filopodial Behavior

Slow activation of EphB2 decreases filopodial movement.

(A) Dendritic filopodia before and after application of control (FC).

(B) Colored lines indicate the distance moved by each filopodium in (A).

(C) As in (A) but images before and after application of activated ephrin-B2.

(D) As in (B).

(E) Quantification of GPhosEphB signal in control (before: 1.3 ± 0.04; after: 1.4 ± 0.09; n = 4; p = 0.358; paired t test).

(F) Quantification of distance moved in control (before: 0.6 ± 0.06; after: 0.5 ± 0.09; n = 4; p = 0.091; paired t test).

(G) Quantification of GPhosEphB signal in ephrin-B2-treated group (before: 1.1 ± 0.04; after: 1.5 ± 0.06; n = 4; p % 0.001; paired t test). ***p % 0.001.

(H) Quantification of distance moved in ephrin-B2 treated group (before: 0.6 ± 0.04; after: 0.4 ± 0.05; n = 4; p = 0.013; paired t test). *p < 0.05.

(I) (Upper) Illustration of the focal application of activated ephrin-B. (Lower) Illustration of the EphB signaling induced by exogenous ephrin-B (cyan) is shown.

(J) An example of retracting filopodia after ephrin-B treatment (cyan). Arrowheads indicate GPhosEphB signal.

(legend continued on next page)
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EphB Signaling in Stable Filopodia Is Linked to Synaptic
Differentiation
We next asked whether filopodia making sustained contacts with

axons had elevated EphB kinase activity. EphB kinase activity in

connected filopodia was persistently and significantly elevated

above baseline (average signal in filopodia: 118% ± 3%, n = 22;

average baseline signal in shaft: 100% ± 1%, n = 16; p % 0.001;

t test; Figures 8A–8C; Video S14). The level of GPhosEphBactiva-

tion within connected filopodia was similar to the levels found in

connecting filopodia 20min after initial contact (connected filopo-

dia: 118%±3%, n= 22; connecting filopodia: 126%± 6%,n = 12;

p = 0.179; t test). These findings suggest that sustained EphB ki-

nase signaling may be associated with long-lasting axo-dendritic

contacts. Consistent with this hypothesis, elevated EphB kinase

signaling was also found at sites of contact between a dendritic

shaft and axon (Figures S8A–S8C), where many synapses form

in immature neurons (Kayser et al., 2006, 2008).

Because EphB2 puncta are found in stable filopodia with func-

tional release sites (Figure 2), we next sought to determine

whether stable filopodia with elevated EphB activity are more

likely to colocalize with presynapticmarkers than stable filopodia

with low levels of EphB activity. Retrospective analysis of

GPhosEphB transfected neurons stained with the presynaptic

marker VGLUT1 after live imaging (see STARMethods for exper-

imental detail) indicates that EphB signals are significantly higher

in stable filopodia that colocalized with VGLUT1 puncta than in

stable filopodia that did not colocalize with VGLUT1 puncta

(VGLUT1�: 110% ± 5%, n = 20; VGLUT1+: 130% ± 4%,

n = 36; p = 0.005; t test; Figures 8D–8L; Video S15). These find-

ings suggest that stable elevated levels of EphB kinase activity

are found in filopodia at synaptic sites. Occasionally, we were

able to observe moving filopodia that became stable during

our imaging period (Figures S8D–S8G). Interestingly, these filo-

podia tended to be stabilized at sites that also colocalize with

VGLUT1 puncta after reconstruction (Figure S8F). These findings

are consistent with the model that sustained EphB activity re-

sults in connected filopodia and suggest that sustained EphB

activity within stable filopodia may drive the decision of a filopo-

dium to initiate synaptogenesis.

DISCUSSION

In this study,wefind thatEphB2RTKsarepositionedandsignal to

enable selection of appropriate synaptic contacts between neu-

rons. EphB receptor tyrosine kinases are important for both syn-

apse formation and the movement of dendritic filopodia (Kayser

et al., 2008) and are clustered on the surface near the tips of filo-

podia. In stable filopodia, EphB2 colocalizes with ephrin-B1,

VGLUT1, and synaptic release sites, indicating that EphBs are

likely to initiate the formation of nascent synaptic contacts. Inter-
(K) An example of connecting filopodia after ephrin-B treatment as in (J).

(L) Graph of GPhosEphB in retracting (green) and connecting (red) filopodia (F

thick lines.

(M) Graph depicting the mean, variance, and slope of individual filopodia that hav

Classifying filopodia using a trained linear kernel support vector machine (using h

identified 91% of the time (classification accuracy range across restarts = 83%–

Error bars indicate SEM in (E)–(H). See also Figure S6 and Videos S10 and S11.
estingly, both moving and stable filopodia contain clusters of

EphB receptors, suggesting that localization of EphB proteins

cannot explain the difference in filopodial behaviors. Visualization

of the dynamics of EphB signaling in living neurons reveals

distinct kinetics in filopodia that behave differently. Fast-rising

EphB signaling is correlated with filopodial retraction, whereas

slow-rising EphB signaling is found in filopodia that make stable

contacts. Both retractionandstabilization require a certain similar

threshold of activation. Stable filopodia with slightly elevated

levels of EphB activity appear to be nascent synaptic sites. These

data suggest that the dynamics of EphB kinase activity are linked

to the behavior of filopodia and the decision to generate a synap-

tic contact. Thus, the process of partner selection by individual fi-

lopodiacouldbe reduced to the integrationof signalingbyasingle

tyrosine kinase, EphB2, illustrating how local differences in signal

kinetics can provide a model that may simplify the complex pro-

cess of target selection and synaptogenesis.

EphB Receptor Signaling and Filopodial Movement
It has long been appreciated that Eph-ephrin binding can induce

repulsion and attraction (Flanagan and Vanderhaeghen, 1998).

Unlike other cell adhesion molecules, such as netrins, which

drive repulsion or attraction through binding of different recep-

tors (Hong et al., 1999; Höpker et al., 1999), EphB-ephrin-B bind-

ing induces repulsion or attraction via the same receptor

(McLaughlin et al., 2003; Zimmer et al., 2003). Previous work

suggests that EphB functions are associated with differences

in the amplitude of the EphB signals. For instance, in the tectum,

EphB expressing interstitial branches of retinal ganglion cells

can be repelled by high concentrations and attracted by low con-

centrations of ephrin-B1 (McLaughlin et al., 2003). It remains un-

clear, however, how EphB activation plays different roles in

repulsion and attraction. Our data indicate that EphB signaling

can occur much faster than previously known and that the rate

of change in EphB signal rather than the absolute magnitude ap-

pears to enable the cell to discriminate differences, which allow

for the initiation of distinct cellular behaviors.

During contact-mediated synaptogenesis, EphB signaling

mediates both filopodial retraction and synapse formation

(Kayser et al., 2008). Our data suggest that distinct EphB

signaling in moving dendritic filopodia controls the decision of fi-

lopodia to retract or stay connected to an axonal partner. EphB

kinase activation reached similar levels in both retracting and

connecting filopodia, suggesting that the decision of a filopodia

to retract or stay in contact with an axon is not solely dependent

on the level of EphB activation. Instead, filopodial retraction ap-

pears to be driven by rapid increases in EphB signals, whereas

stabilization of contacts is generated by slow-rising signals.

Consistent with this model, slow EphB activation by bath appli-

cation of ephrin-B reduces filopodia motility, whereas fast EphB
P). Thin lines represent individual filopodial GPhosEphB signals. Means are

e made contact with presynaptic elements (green, retracting; red, connecting).

eld-out data) reveals that retracting and connecting filopodia can be correctly

100%). The scale bars in D, J, and K represent 2 mm.
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Figure 7. Fast Activation of EphB2 Induces Filopodial Retraction

(A) Design of photoactivatable EphB2. Xfp, fluorescent protein (mCherry or iRFP670).

(B)Western blots of HEK293T cells transfectedwith EphB2-CRY2 variants and treatedwith activated ephrin-B2 (30min) or blue light (440 nm; 1min; CRY2-cherry,

fEphB2-CRY2-mCherry; Oligo-cherry, fEphB2-CRY2-Oligo-mCherry; CRY2hm-cherry, fEphB2-CRY2hm-mCherry; CRY2-iRFP670, fEphB2-CRY2-iRFP670).

(C) Western blots of HEK293T cells transfected with wild-type (WT) or kinase-dead (KD) versions of fEphB2-CRY2hm-iRFP670 (fEphB2-CRY2) and treated with

ephrin-B2 or blue light.

(D) HEK293T cells transfected withWT or KD versions of fEphB2-CRY2 and imaged every 10 s. Photostimulationwas conducted by a single scanwith the 470-nm

laser. Arrows indicate filopodia retracting after photostimulation.

(E) Quantification of fEphB2-CRY2 transfected filopodia (FP) remaining after photostimulation (n = 12; *p = 0.013; **p = 0.002; ***p % 0.001; paired t test).

(F) Quantification of fEphB2-KD-CRY2 transfected filopodia remaining after photostimulation (n = 13; p > 0.05; paired t test).

(G) Neuron transfected with WT or KD versions of fEphB2-CRY2 and imaged every 10 s. Arrows are as in (D). Dashed lines show the border of photostimulated

region.

(H) Quantification of filopodia retraction after photostimulation (PHS) (p = 0.025; ANOVA; WT-PHS+: n = 21, versus WT-PHS�: n = 11, p = 0.019; WT-PHS+:

n = 21, versus KD-PHS+: n = 14, p = 0.036; post hoc: Fisher’s LSD test).

(I) Quantification of the distance filopodia moved after photostimulation (WT-PHS+: n = 50 versus WT-PHS�: n = 25; p = 0.025; t test). The scale bars in D and G

represent 2 mm.

Error bars indicate SEM in (E), (F), (H), and (I). See also Figure S7 and Videos S12 and S13.
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Figure 8. EphB Signaling Is Elevated in Sta-

ble Filopodia and Colocalized with VGLUT1

Puncta

(A) An example of connected filopodia (axonal

contact maintained for >30 min) contacting

an mT2-labeled axon. Dashed lines show the

morphology of axons. Arrowheads indicate

GPhosEphB signal.

(B) Quantification of GPhosEphB signal in (A).

(C) Quantification of GPhosEphB signal in the

pooled dataset (ROI: n = 22, indicated by arrow-

heads; Ctrl: n = 16; p % 0.001; Kolmogorov-

Smirnov [K-S] test).

(D) Arrowheads indicate a stable filopodium.

Images of RFP channel at the last frame of 30-min

movie and after fixation.

(E) Images of GPhosEphB signal in the filopodium

in (D).

(F) The same filopodium as in (D) and (E) shown

overlaid with VGLUT1 staining (white). Dashed

lines show the morphology of the transfected

neuron. Arrowheads indicate GPhosEphB signal

colocalized with VGLUT1.

(G) As in (D), arrows point to a stable filopodium.

(H) Images of GPhosEphB signal in the filopodium

in (G).

(I) As in (F), the filopodiumwas shown overlaid with

staining of VGLUT1.

(J) Quantification of GPhosEphB signal in the

VGLUT1+ filopodium from (D)–(F).

(K) Quantification of GPhosEphB signal in the

VGLUT1� filopodium from (G)–(I).

(L) Average GPhos signal in VGLUT1+ filopodia

was significantly higher than that in VGLUT1� fi-

lopodia (VGLUT1+: 1.30 ± 0.05, n = 36; VGLUT�:

1.10 ± 0.04, n = 20; p = 0.005; t test). The scale

bars in A, D, F, G, and I represent 2 mm. **p < 0.01.

Error bars indicate SEM in (C) and (L). See also

Figure S8 and Videos S14 and S15.
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activation driven by photostimulation induces retraction. Photo-

activation of EphB2 occurs over ten to fifteen seconds, suggest-

ing that, to fully resolve the kinetics of EphB signaling in filopodia,

EphB kinase activity needs to be imaged at a faster rate. These

experiments may reveal additional kinetic components to deci-

sion making in filopodia.
Whether a filopodium retracts or stabi-

lizes appears to be determined by kineti-

cally distinct EphB signals. This model is

supported by the findings that simple dif-

ferences in the rate of EphB kinase acti-

vation are sufficient to drive distinct

modes of filopodial behavior. Indeed,

our data suggest that correct connec-

tions between dendrites and the appro-

priate axons are selected by the presence

of two types of EphB-specific signaling.

This model suggests that, in cases where

EphB signaling is blocked, inappropriate

EphB-ephrin-B interactions would fail to

be rejected and incorrect connections
that are normally lost would be maintained; however, under

these circumstances, synapse formation principally mediated

by the EphB-ephrin-B interactions would be intact. These data

are consistent with recent findings that downregulating EphB ki-

nase activation while maintaining normal EphB-ephrin-B interac-

tions has little impact on synapse number (Soskis et al., 2012). In
Neuron 98, 1–16, May 16, 2018 13
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these animals, we predict that EphB kinase blockade would

result in defective target selection and generate defects in the

specificity of synaptic connections. It will be important to test

whether this is the case.

How are differences in the rate of these signals controlled? For

calcium signaling, chelation of calcium ions controls both the

duration and spatial extent of the signal (Augustine et al., 2003;

Higley and Sabatini, 2012). Phosphatase activity may provide

a similar constraint on intracellular EphB kinase signaling.

Whereas work has focused on the function of a number of phos-

phatases in presynaptic differentiation (Takahashi and Craig,

2013), evidence for phosphatase activity (Pten and PP1) has

also been linked to the regulation of filopodial motility and syn-

apse formation (Fuentes et al., 2012; Luikart et al., 2008; Terry-

Lorenzo et al., 2005). However, it is not clear whether these

phosphatases might regulate EphB kinase function in filopodia.

Whereas phosphatases are an attractive candidate for the regu-

lation of EphB signaling, it is also possible that regulation of EphB

activity is accomplished through another mechanism, such as

receptor cleavage, endocytosis, or cis binding to ephrin ligands

(Kania and Klein, 2016). Significant effort will be needed to deter-

mine the mechanism responsible for regulation of kinetics of

EphB activity in filopodia.

EphB Receptor and the Initiation of Synapse Formation
During development, dendritic filopodia are involved in estab-

lishing axo-dendritic contacts, where nascent synapses can

form within 30 min of initial contact (Friedman et al., 2000; Jin

and Garner, 2008). Consistent with previous findings in EphB tri-

ple knockout animals and using short hairpin RNA (shRNA)

knockdown (Henkemeyer et al., 2003; Kayser et al., 2006,

2008), our data indicate that EphBs are positioned and signal

within neurons to control these key early steps in synaptogenesis

and suggest that EphB signaling is linked to the choice of individ-

ual filopodia to differentiate into synapses.

To initiate new synaptic contacts, transsynaptic synaptogenic

factors need to be positioned at the sites of contact between

dendrites and axons. EphB2 appears to regulate both the stabi-

lization of contacts and filopodial movement, providing a cue

that may control the process of synaptic selection. Previous

work indicates that EphB2 is required for �40% of excitatory

contacts made in cortex and functions postsynaptically by bind-

ing to its presynaptic ligand ephrin-B1 (Kayser et al., 2008;

McClelland et al., 2009). Our super-resolution imaging indicates

that, as synapses are forming, EphB2, ephrin-B1, and VGLUT1

colocalize in �30% of filopodia. In addition, live-cell imaging ex-

periments indicate that stable filopodia that contain EphB2 co-

localize with functional synaptic release sites at a similar ratio

and filopodia with elevated EphB kinase activity were signifi-

cantly more likely to be found at synaptic sites. In filopodia that

extend and make a stable contact with an axon, EphB signaling

increases slowly and becomes sustained. This may enable

recruitment of VGLUT1+ synaptic vesicles (Figure S8). Thus,

EphBs localized in dendritic filopodia appear to actively signal

to generate functional synaptic contacts. Then, through the

well-established direct extracellular interactions between EphBs

and the NMDAR and the intracellular interactions with adaptor

proteins that bind to AMPARs, such as GRIP (Dalva et al.,
14 Neuron 98, 1–16, May 16, 2018
2007; Kayser et al., 2006; Sheffler-Collins and Dalva, 2012),

EphB could then recruit additional synaptic proteins leading to

the maturation of synapses.

Development of Genetically Encoded TK Indicators
Despite the importance of TKs for cell signaling and adaptive

plasticity, there is little known regarding the dynamics of TK ac-

tivity within living cells. GPhos indicators report EphB and EphA

activity selectively, suggesting that the tool can selectively allow

visualization of the dynamic TK signaling, enabling live-cell TK

biochemistry. For instance, the activation kinetics of Eph ki-

nases have long been thought to be slow (>15 min); however,

the GPhosEphB indicator demonstrates that local changes in

kinase activity occur rapidly (%1 min). It will be important to

determine the local kinetics of other TKs using GPhos-based

reporters.

Fluorescence resonance energy transfer (FRET)-based

genetically encoded indicators of kinase activity have been

developed for monitoring ERK, Src, protein kinase A (PKA),

PKB, and PKC activities (Oldach and Zhang, 2014). Our indica-

tors adapt the core of circularly permutated EGFP similar to a

genetically encoded calcium indicator (GCaMP) (Chen et al.,

2013; Looger and Griesbeck, 2012; Nakai et al., 2001),

flanked with the phosphorylation sites from specific kinases

of interest. With GPhos, changes in kinase activity are visual-

ized as increases in fluorescence intensity, making imaging

of our probe relatively straightforward. Considering cell

morphology, focus drift, background noise, and variance in

transfection, we introduced a second fluorescent protein and

fused it via a rigid a-helical linker into the indicator core. The

GPhos dual-color system enables the normalization of changes

in fluorescent intensity (GPhos) to stable baseline fluorescence

(mRFP). This approach effectively attenuates variability and

could be applied to other indicators, including those used for

calcium.

Signaling Microdomains of Tyrosine Kinases
Little has been understood about the impact of the timing and

spatial localization of kinase activity in the control of specific

cellular behaviors. Our data provide an example of how differ-

ences in signaling kinetics of a kinase can result in distinct

cellular outcomes. Eph signaling can drive a host of different

cellular events from actin depolymerization, resulting in repul-

sion and growth cone collapse, to synapse formation and con-

trol of NMDAR synaptic localization (Kania and Klein, 2016;

Sheffler-Collins and Dalva, 2012). Yet in each of these path-

ways, there appears to be little crosstalk. How can a single

molecule function selectively in multiple downstream pathways

within the postsynaptic complex? For EphB signaling in filopo-

dia, it appears that specificity of signaling may be encoded in

part by restricting the signal to a small domain or subregion of

the cell. Thus, rather than generating large-scale, cell-wide

changes, EphB signaling generates specificity by being both

spatially and temporally restricted. We propose that distinct

cellular behaviors driven by a single signaling protein can be

controlled by differences in the pattern, localization, and timing

of kinase signaling. Thus, similar to calcium (Augustine et al.,

2003; Higley and Sabatini, 2012), microdomains of kinase
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activity within cells may be essential to generate specificity of

tyrosine kinase signaling.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal studies were performed according to the Institutional Animal Care and Use Committee guidelines at Thomas Jefferson

University. Triple kinase knock-in (TKI) mice with point-mutations to the kinase domains of EphB1, EphB2, and EphB3 were main-

tained on a 12 hr light/dark cycle and accommodated in breeding pairs (Soskis et al., 2012). E17-18 time pregnant Long Evans

rats and wild-type CD-1 mice were purchased from Charles River Laboratories.

Rat cortical neuronal culture
Unless indicated specifically, cultured cortical neurons were used throughout the paper. Cortical neuron cultures were generated

from E17-18 Long Evans rats as previously described (Dalva et al., 2000; Kayser et al., 2006). Embryos were harvested at E17-18

and brains were isolated in ice-cold HEPES buffered (20 mM) Hank’s balanced salt solution (HBSS). Meninges were removed using

fine forceps. The striatum and hippocampi were separated and discarded and cortices were collected. Cortices were incubated with

10 u/ml papain (Worthington Biochemical Corporation) in HBSS for 2-5 minutes at 37�C. After three washes in HBSS with 0.01 g/ml

trypsin inhibitor (Sigma), the corticies were gently triturated with fire-polished glass Pasteur pipette 10-15 times to obtain a homo-

geneous cell suspension. Bubbling was avoided and the pipette was maintained within the cell suspension during the trituration.

Dissociated neurons were plated on poly-D-lysine and laminin (both from BD Biosciences) coated glass coverslips (12mm, 150-

200K/coverslip), 35mm glass dishes (250K/dish), 6-well plates (2M/well), or 10 cm dishes (8M/dish). Neurons were cultured in Neuro-

basal medium (Invitrogen), supplemented with B-27 supplement (Invitrogen), glutamine (Sigma), and penicillin/streptomycin (Sigma),

and maintained in a humidified incubator with 5% CO2 at 37
�C (Kayser et al., 2006).

Mouse cortical neuronal culture
Mouse neurons were dissociated from brains of newborn pups (postnatal day 1) with knock-in mutations of EphB1, EphB2, and

EphB3 (Soskis et al., 2012). The mouse neuron dissociation protocol was adapted from (Hilgenberg and Smith, 2007; Kayser

et al., 2008). Dissection of mouse brains was similar to that for rat brains. To improve neuronal survival, a dissecting solution was

used as described (Hilgenberg and Smith, 2007). After brain dissection and incubation with papain, mouse cortices were washed
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with 2 HI (high inhibitor solution, 10mg/ml trypsin inhibitor, 10mg/ml BSA, 50 mMAPV) and 3 LI (low inhibitor solution, 1mg/ml trypsin

inhibitor, 1 mg/ml BSA, 50 mM APV). Cortices were triturated 4-5 times through a fire-polished Pasteur pipette. The cell suspension

was spun at 200 rpm for 30 s at 4�C. The supernatant was transferred into a new tube and spun at 800 rpm for 5 minutes at 4�C. The
pellet was resuspended in Neurobasal medium with the supplements as described above. Neurons were plated on 35mm glass

dishes (500K/dish), 6-well plates (2M/well), or 10 cm dishes (8M/dish).

HEK293T cell culture
HEK293T cells were grown in Dulbecco’s Modified EagleMedium (Invitrogen), 10% fetal bovine serum (Hyclone, Atlanta Biologicals),

penicillin/streptomycin, and glutamine.

METHOD DETAILS

Generation of the GPhos indicator core
The indicator (GPhos) consists of a single circularly-permutated GFP core adapted from GCaMP (Nakai et al., 2001), two N-terminal

consensus phosphorylation sites, and a C-terminal relatively promiscuous SH2 domain (Figure 3A) (Songyang et al., 1993). Each

fragment was fused by overhang restriction enzyme sites (Figure 3A).With the available updated versions of GCaMP, we have contin-

ually upgraded our GPhos core with GCaMP6 (Chen et al., 2013). In the following description, uppercase indicates sequence of the

targeted protein and lower case indicates bases added for cloning purposes. For GPhosEphB and GPhosEphA, the selected sites

were from the juxtamembrane tyrosine phosphorylation domain of EphB2 (AA573-582) and EphA4 (AA596-605). The amino acid

sequence used for the GPhosEphB indicator was gsYIDPFTYEDPag, encoded by the forward primer: 50- gatctggatccTATATA

GACCCTTTCACCTATGAAGATCCTgccggcc �30. For the GPhosEphA indicator, the amino acid sequence used was gsYVDPFT

YEDPag, encoded by the forward primer: 50- gatctggatccTATGTGGATCCCTTTACATACGAAGACCCCgccggcc �30. For the

GPhosFyn indicator, the amino acid sequence used was gsYEEIVGEFKIYEEImgle, encoded by the primer sequence 50-ggatccTAC
GAGGAGATCGTTGGTGAAATCTACGAAGAGATCatgggcctcgag�30. Generation of theGPhos constructs was accomplished by an-

nealing the appropriate forward and reverse primers to yield DNA fragments with overhangs for insertion into BglII and XhoI sites. In

addition, a unique BamHI was added to each primer to facilitate future cloning and enable rapid validation of appropriate insert inte-

gration. After phosphorylation, DNA fragments were cloned into the BglII and XhoI sites using standard techniques (Figure 3A).

Notably this approach enabled us to easily change the phosphorylation sites on the indicator. The second element of the GPhos in-

dicator is the domain that selectively binds the phosphorylated tyrosines. For the initial indicators, we used the Fyn SH2 domain. We

first generated primers to amplify a region from AA131 to AA255 of the mouse Fyn kinase. This region contains the SH2 domain,

flanked by 17 N-terminal amino acids and 12 C-terminal amino acids. N-terminal primers contained an MluI site while C-terminal

primers had a NotI site to enable cloning into the vector. Again, to facilitate future cloning and enable rapid validation of insert inte-

gration, we added an AgeI site before the NotI site in the C-terminal primer.

Generation of the dual color indicator
To generate the rigid linker connecting the second fluorescent protein to the GPhos indicator, we used a DNA fragment encoding

5-alpha helical turns. The amino acid sequence used to generate the rigid linker was LAEAAAKEAAAKEAAAKEAAAKEAAAKAAA

(Arai et al., 2004). Forward and reverse primers were designed with 50 BglII and 30 BamHI overhangs, annealed together, then cloned

into the GPhos vector via the BglII and BamHI sites. A unique SalI site was added at the 50 end after the BglII site to enable cloning of

the fluorescent molecule. The primers to amplify full-length mRFP contained a 50 BglII and 30 SalI site. After PCR, the fragment was

ligated to the N terminus of the GPhos core via BglII and SalI sites in front of the 5-alpha helical linker. After introducing the second

fluorescent molecule and modification, we failed to detect any FRET (not shown), suggesting that dual-color ratiometric indicators

are resistant to FRET.

Generation of the photoactivatable EphB2
To generate photoactivatable EphB2, FLAG-tagged EphB2 (fEphB2) (Dalva et al., 2000) was cloned into the pDONR 221 vector

(Gateway Cloning, Invitrogen) to make the entry clone pENTR fEphB2. Then three restriction enzyme sites (MfeI, BamHI, NdeI)

were introduced before the EphB PDZ binding domain by site-directed mutagenesis. The location of the restriction enzyme sites

was chosen based on the location of YFP in our EphB2-YFP construct (Kayser et al., 2006). CRY2 (Arabidopsis cryptochrome

2)-mCherry was cloned by PCR with primers flanking the CRY2-mCherry sequence with MfeI and NdeI sites. The PCR fragment

was digested, cut, and ligated into pENTR-fEphB2 with a ligation kit (Roche Applied Science) (Figure 7A). Then the pENTR-

fEphB2-CRY2-mCherry was cloned into the destination vector by Gateway recombination to generate the expression clone

pFUG-fEphB2-CRY2-mCherry (fEphB2-CRY2). Consistent with a previous finding that CRY2 homo-oligomerizes after blue light

exposure (Chang et al., 2014; Duan et al., 2017), we also successfully induced EphB2 phosphorylation of fEphB2-CRY2 with blue

light. Laser lines of 440, 470 and 530nm were tested. As expected only the 440nm and 470nm lasers were able to induce phosphor-

ylation of EphB2 fused with various CRY2 domains. We first developed a number of photoactivatable EphB2 constructs based on

different available versions of CRY2 and validated each of them (Chang et al., 2014; Taslimi et al., 2014). After testing fEphB2-

CRY2 (Kennedy et al., 2010), fEphB2-CRY2-Oligo (Taslimi et al., 2014) and fEphB2-CRY2hm (Chang et al., 2014), we found that, while
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all three were effectively photoactivated (Figure 7B), fEphB2-CRY2hm generated the most consistent results. To make fEphB2-

CRY2hm compatible with transfection of tdTomato in neurons, we replaced mCherry in fEphB2-CRY2hm with iRFP670 (Shcherba-

kova and Verkhusha, 2013), which can be excited with 633nm laser light. fEphB2-KD-CRY2hm was generated from FLAG-tagged

EphB2-KD (Dalva et al., 2000) using the same approach as described above for fEphB2. Then, fEphB2-CRY2hm-iRFP670 and

fEphB2-KD-CRY2hm-iRFP670 were used for photostimulation in HEK cells and cultured neurons.

Expression Constructs
EphB2-YFP, FLAG-EphB2, FLAG-EphA4, FLAG-EphB1, EphB3, EphB2DN, FynDN, FynCA were generated and used previously

(Dalva et al., 2000; Kayser et al., 2006; Takasu et al., 2002). mTurquoise2-ephrinB1 was generated by inserting mTurquoise2

(a gift from Dr. Joachim Goedhart (Goedhart et al., 2012) after the HA tag of HA-ephrin-B1(McClelland et al., 2009) using restriction

enzyme sites and a ligation kit (Roche Applied Science). tdTomato and mRFPwere gifts from Dr. Roger Tsien (Campbell et al., 2002).

mNeptune (a gift from Dr. Michael Lin) (Zhou et al., 2012) and the GCaMP core domain (Chen et al., 2013) were obtained from

Addgene. Using Gateway recombination (Invitrogen), DNA fragments were cloned into a pFUG vector containing a human ubiquitin

promoter (hUb) (Hruska et al., 2015), a pENTR vector containing a Synapsin promoter (a gift from Dr. Peter Scheiffele), or a vector

containing the pCAG promoter (a gift from Dr. Artur Kania). Both the pENTR vector and pCAG vector were converted to be Gateway

compatible. A fragment of the ccdB gene (inhibiting E. coli growth) for negative selection, flanked by 50 attP5 and 30 attP4 sites for

specific recombination, was cloned downstream of the promoters.

HEK cell transfection
HEK293T cells were transfected using the calcium phosphate precipitationmethod (Xia et al., 1996). Briefly, The pH of HeBS (274mM

NaCl, 10 mM KCl, 1.4 mM Na2HPO4.7H2O, 15 mM D-glucose, 42 mM HEPES) was adjusted by NaOH to yield pH from 7.03, 7.05,

7.07, 7.09, 7.11, to 7.14. HeBS was filter-sterilized, aliquoted and stored at �20�C. Each pH was tested to determine the one

providing the best transfection efficiency. To prepare transfection mixture, 100 mL of HeBS with the most effective pH was added

in an Eppendorf tube. In a different tube, 10 mL 2.5M CaCl2 was diluted to 90 mL HEPES-buffered ddH2O (2.5 mM HEPES). Then

DNA was added into to CaCl2-HEPES tube, mixed by pipetting 6-8 times and added dropwise to the HeBS tube to initiate precip-

itation. Themixture was bubbled 6-8 times and added onHEK cells (onewell in 6-well plate) dropwise. Transfected cells were imaged

or lysed 16-24 hours after transfection.

Transfection of neuronal culture
Neurons were transfected using Lipofectamine 2000 (Invitrogen), as described previously (Kayser et al., 2006; McClelland et al.,

2009). Transfection mixture was prepared (for two coverslips or one 35mm glass-bottom dish) as following: 2 mL Lipofectamine

2000 was added in 100 ul neurobasal medium (plain) in a polystyrene tube (USA scientific). DNA was added to 100 mL neurobasal

medium in an Eppendorf tube. After 10 minutes, DNA mixture was slowly added to Lipofectamine mixture dropwise. The total

200 mL mixture was mixed by bubbling 3-5 times and incubated at room temperature for another 10 minutes. Before adding the

mixture on neuronal culture, conditioned media of neuronal culture was replaced with warm plain neurobasal medium (300 ul for

one well in 24-well plate and 800 ul for one 35mm glass-bottom dish) and kept in water bath at 37�C. The neuronal culture was incu-

bated with the transfection mixture for 2 hours. Then transfection media was replaced with filter-sterilized warm conditioned media

and the neuronal culture was returned to the incubator. For single transfection, neurons were transfected on DIV3-7 or DIV0 and

imaged DIV7-10. For sequential transfections, neurons were first transfected with mTurquoise2 or mT2-ephrin-B1 on DIV3-5, then

maintained in an incubator at 37�C. Two days later at DIV5-7, the same neurons were transfected with the second construct, GPho-

sEphB. These two transfections normally resulted in different sets of neurons. Each set of neurons was transfected with only one

construct. Live-cell imaging was conducted on DIV7-10. GPhosEphB signal in dendrites and dendritic filopodia was imaged at

the sites in contact with axons expressing of mT2 or mT2-ephrin-B1. In the rare cases that neurons were cotransfected with both

constructs (mTurquoise2 and GPhosEphB, or mT2-ephrin-B1 and GPhosEphB), they were excluded from imaging.

FM dye labeling
To examine cultured rat cortical neurons (DIV7-10), conditioned media was replaced with ACSF (140 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 2 mM CaCl2, 20 mM glucose, and 10 mM HEPES, pH 7.2) and neurons were incubated with FM4-64 (Molecular Probes,

10 mM) for 15 minutes. After three 10 minute rinses with ACSF, neurons were imaged for 30 minutes using a Leica SP5 Confocal mi-

croscope. The first frame was used to represent the loaded image. During the 30 minutes imaging time, FM4-64 was spontaneously

unloaded. A final washwas given and a Z stack imagewas taken to represent the background image (Figure 2A) (Wilhelm et al., 2010).

The loaded image was aligned and subtracted with the background image in ImageJ (NIH). The subtracted image was thresholded to

show FM4-64 puncta and merged with the EphB2-YFP channel of the loaded image to show the colocalization of EphB2-YFP and

FM4-64 puncta. The morphology and movement of dendritic filopodia were determined by cell-filling mTurquoise2. The EphB local-

ization was determined by EphB2-YFP clusters.
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Antibodies for immunostaining
The following primary antibodies were used for immunostaining: goat anti-EphB2 (1:200-1:500, R&D), mouse anti-EphB2 (1:200-

1:500, Invitrogen), mouse anti-HA (1:1000, BioLegend), mouse anti-FLAG (1:2000,Sigma), rabbit anti-actin (1:1000, Sigma), goat

anti-ephrin-B1 (1:200, R&D systems), guinea pig anti-VGLUT1 (1:5000, Millipore). Secondary antibodies Atto 425, Dylight 488 or

Cy2, Dylight 647 or Cy5, and Cy3 from Jackson ImmunoResearch, Rockland or Abcam were used from 1:200 to 1:500.

Immunostaining and live-cell surface staining
Cultured rat neurons were washed once with ACSF. Then neurons were fixed with 4% paraformaldehyde and 2% sucrose for eight

minutes. Neurons were washed three times with PBS and blocked with 1% ovalbumin and 0.2% cold water fish gelatin for one hour

with 0.01% Saponin (Sigma). Next neurons were incubated with primary antibodies for 1-2 hours. After three washes with PBS, neu-

rons were incubatedwith secondary antibodies for 45minutes. Finally, neuronswere washed three timeswith PBS andmountedwith

Mowiol (Valnes and Brandtzaeg, 1985).

For live-cell staining, live cultured rat neurons were incubated with primary antibodies at 37�C, 5% CO2 for eight minutes (Hana-

mura et al., 2017; Lander et al., 1998; Perez de Arce et al., 2015). After one brief wash with warm ACSF, neurons were fixed with 4%

paraformaldehyde and 2% sucrose for 8 minutes. Neurons were washed three times with PBS and blocked with 1% ovalbumin and

0.2% cold-water fish gelatin for one hour without detergent (to prevent permeabilization). Neurons were then incubated with second-

ary antibody for 45 minutes. Finally, neurons were washed three times with PBS and mounted with Mowiol. Some neurons were

blocked again with blocking buffer containing Saponin (to permeabilize membranes) and then stained with the same primary anti-

body but a different secondary antibody to visualize the total expression of the protein. In acid-stripping experiments, after incubation

with primary antibody, neurons were placed on ice and washed once with ice-cold ACSF and then incubated with 0.2M acetic acid/

0.5M NaCl for 10 minutes (Carroll et al., 1999). Cells were washed with ice-cold PBS three times before fixation. Then the neurons

were fixed, blocked, incubated with the secondary antibody, washed and mounted as described above.

Treatment of the cells
To block EphB activity, TKI mouse neurons were treated with 1-NA-PP1 (Cayman Chemical). 1-NA-PP1 was first dissolved in DMSO

and then diluted in ACSF to a final concentration of 1 mM. The same amount of DMSO without 1-NA-PP1 was diluted in ACSF and

added to neurons to test whether DMSOwould affect imaging. Considering the minimal amount of DMSO (0.25 ul in 1 mL ACSF), we

did not find any change in GPhos signal (data not shown). TPA or PP2 (Sigma) was diluted in ACSF to a final concentration of 100 nM

(TPA), 3 mM (PP2). Mouse ephrin-B2-FC, ephrin-B1-FC, ephrin-A1-FC or FC (R&D Systems) was clustered with anti-human IgG FC

(Jackson ImmunoResearch) and then diluted in ACSF or neurobasal to a final concentration of 250 ng/ml. For local application, glass

pipettes were pulled by Flaming/Brown micropipette puller (tip opening �3-5 mm) and filled with clustered ephrin-B-FC. Microma-

nipulator (Narishige) controlled the fine positioning of the glass pipette near the imaged neuron (20-50 mm). Ephrin-B-FC was given

by gravity.

When HEK293T cells and neurons were prepared for photostimulation, after transfection, cells were protected from all light until

imaged and care was taken to search for transfected cells using wavelengths that would not drive photoactivation (> 530nm). For

initial validation of EphB2 photoactivatable constructs, dishes of transfected HEK293T cells were exposed to 440 nm laser light

for 1minute. The effects of light intensity on the kinetics of EphB phosphorylation were tested using 470nm (3mW, DC2100, Thorlabs)

and 440 nm (25 mW, PSU-III-FDA, CNI laser) blue light because CRY2 can be activated effectively with these wavelengths (Kennedy

et al., 2010). Finally, HEK cells were illuminated with 470 nm light for 5 s and then lysed at 0.25, 0.5, 1, 2, 15minutes or 440 nm light for

15 s and then lysed at 0.25, 0.5, 1, 2, 5, 15 minutes. Each experiment was repeated > 3 times.

Synaptosome fractionation preparation
Synaptosome fractionation was conducted as previously described (Gurd et al., 1974; Hanamura et al., 2017; Hruska et al., 2015).

Briefly, P21 CD-1 mouse brain was homogenized on ice in HEPES–buffered sucrose (0.32 M sucrose, 4mMHEPES, pH7.4), contain-

ing fresh protease inhibitor and PMSF. The homogenized sample was centrifuged at 1000 g for 15 minutes at 4�C, and the superna-

tant (S1) was centrifuged at 10,000 g at 4�C to yield the crude synaptosomal pellet (P2). P2 was re-suspended in the HEPES-buffered

sucrose, and centrifuged again to yield the washed crude synaptosomal fraction (P20). P20 was lysed again by hypoosmotic shock

using ice cold H2O plus protease inhibitors. P20 was centrifuged at 25,000 g to yield a supernatant (S3) and a pellet (P3). P3 was re-

suspended and spun through a sucrose gradient (0.8M, 1.0M and 1.2M sucrose). Synaptic Plasmamembranes (SPM) was recovered

from the layer between 1.0 and 1.2M sucrose. SPM was re-suspended, added Triton X-100 to 0.5% and centrifuged at 32,000 g to

yield the PSD-1T pellet. The PSD-1T pellet was re-suspended, added TritionX-100 to 0.5% and centrifuged at 200,000 g to yield the

PSD-2T pellet. In a separate step, the PSD-1T was incubated with ice-cold 3% sarcosyl and centrifuged at 200,000 g to yield PSD-S

pellet. The protein concentration of all fractions was measured using DCTM protein Assay (Bio-Rad). An equal amount of protein was

denatured with boiled Laemelli sample buffer and loaded in each lane for western blotting. Primary antibodies used in this experi-

ments are mouse anti-PSD95 (K28/43, 1:5000, Neuromab), rabbit anti-NR1 (GluN1) (1:500, Millipore), Rabbit anti-VAMP 1/2/3

(1:2500, Synaptic Systems), mouse anti-synaptophysin (1:5000, Synaptic Systems) and goat anti-ephrinB1(1:200, R&D systems).
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Immunoprecipitation and Western Blotting
Cells were washed once with ice-cold PBS and lysed in RIPA buffer (20mM Tris-Cl pH 7.5, 140 mM NaCl, 2 mM EDTA) containing

fresh 10 mM NaF (Sigma), 1% NP40 (Thermo Scientific), 0.5% C24H39NaO4 (sodium deoxycholate), 1mM Na3VO4, 1 mM PMSF and

proteinase inhibitor cocktail (all from Sigma) (Dalva et al., 2000). Lysates were centrifuged at 14,000 rpm for 25 minutes at 4�C. The
supernatant was incubated with primary antibody (rabbit anti-GFP, Invitrogen; goat anti-EphB2, R&D systems; mouse or rabbit anti-

FLAG, Sigma) for an hour. Then pre-incubation protein G agarose beads (blocked with 1% BSA in RIPA buffer) were added (Invitro-

gen) and rotated at 4�C for an hour. The beads were then washed three times and denatured with boiled Laemelli sample buffer. The

immunoprecipitated proteins and lysates were separated on an SDS-PAGE gel (6%–15% gel depending on the molecular weight of

the protein of interest) and transferred to PVDF membrane (Millipore). Immunoblots were blocked and probed for phosphorylated

tyrosines using mouse monoclonal anti-p-Tyr (PY99, 1:100, Santa Cruz), or rabbit anti-p-EphB (p*B2, 1:1000, (Dalva et al., 2000)).

The loading controls were probed for rabbit anti-GFP (1:2500, Invitrogen), goat anti-EphB2 (1:500, R&D Systems), mouse anti-

EphB2 (1:500, Invitrogen), or mouse or rabbit anti-FLAG (1:1000, Sigma). Horseradish peroxidase-conjugated secondary antibodies

(anti-mouse and anti-rabbit, Jackson ImmunoResearch) were used at 1:10,000. HRP-conjugated anti-goat secondary antibody (R&D

Systems) was used at 1:2000. Western Lightning� Plus-ECL (PerkinElmer, Waltham, MA) was used for detection of HRP activity.

Image acquisition
Imageswere collected using a Leica SP2, Leica SP5, Leica SP8, or a Leica Confocal microscope equippedwith a Yokagowa spinning

disk CSU 10. Confocal imageswere collected as Z stacks at 0.3 to 0.5 mm intervals. Sequential scanningwas adapted to avoid bleed-

through artifacts. Super-resolution STED images were collected at a single focal plane using a Leica TCS SP5. Images were pro-

cessed using Leica Application Suite Advanced Fluorescence Software (LAS AF software) and ImageJ (NIH) (Hruska et al., 2015;

Kayser et al., 2008). For live-cell imaging, neurons or HEK cells were removed from the incubator and placed in ACSF. Before stim-

ulation or application of reagents, cells were imaged for 10 to 30 minutes to obtain baseline measurements. Images were acquired

every 0.1 to 3 minutes as either single focal planes or Z stacks. For neurons, only cells with pyramidal shape were chosen to be

imaged. Both fluorescent light and laser light were kept at low levels to avoid photobleach. Stable or Connected filopodia were

defined as those that moved less than 1 mm/frame during the 30 minute imaging period (Kayser et al., 2008). For photostimulation,

one scan with the 470nm laser line was applied to the whole field during live-cell imaging of HEK cells or to an ROI during live-cell

imaging of neurons. The output of each scan% 10 uW. Images were collected every 10 s in a single focal plane for HEK cell imaging

and in a 3-4 frame Z stack for neuronal imaging.

Registration of live-cell imaging and images after fixation
First, cultured DIV7-10 neurons were imaged for 30 to 60 minutes. The location of each imaged neuron was recorded using a com-

puter-controlled stage. The live-cell imaging of GPhosEphB was processed and analyzed to generate ratiometric images. After the

last time point of live-cell imaging, neurons were fixed with 4% paraformaldehyde and 2% sucrose immediately to capture the final

morphology of the imaged dendritic filopodia and stained with primary antibody (EphB2 or VGLUT1) as stated above. The location of

imaged neurons was saved to be reloaded for reimaging after fixation. Permanent markers in different colors were used at the four

corners of the glass dish for additional reference of reimaging. After immunostaining, each live-imaged neuron was found using the

recorded location and was reimaged to visualize EphB2 or VGLUT1 puncta. Importantly, the mRFP component of the GPhosEphB

indicator could be visualized after fixation to show neuronal morphology (Figures 4A, 4B, 8D, and 8G). Finally, the images from post-

fixation and live-cell imaging were registered and the level of GPhosEphB signal was determined at the site of contact or in the stable

filopodia. To prevent experimenter bias, the level of EphB activity acquired from live-cell imaging was calculated prior to examine

immunostaining images.

Modeling and analysis
The ability to discriminate Retracting and Connecting filopodia was tested by assessing the cross-validated classification accuracy

of different observations by three classifiers implemented in MATLAB. Two linear classifiers (a linear Support Vector Machine and

linear discriminant) and a non-linear classifier (logistic regression) were employed. The classifiers were trained and tested on three

features of each observation: the slope of the signal from t = �1 to the peak; the mean during contact; and the variance of the signal

during contact. Similar results were obtained by using only pairs of the three features. A 5-fold cross-validation scheme was used.

Such procedure was iterated 500 times in order to obtain a distribution of classification accuracies for statistical testing.

QUANTIFICATION AND STATISTICAL ANALYSES

Image analysis
Image analysis was conducted offline using ImageJ with both custom and standard macros. For super-resolution STED data

analysis, raw STED images were deconvoluted by using SP5 LAS AF 80 nm resolution (determined using 40 nm yellow/green

(505/515) beads, cat #: F8795, Thermo Fisher Scientific). The images then subjected to background subtraction (mean intensity

of all pixels in the images) followed by a Gaussian blur (2 pixel size for STED, 0.7 pixel size for Confocal). The morphology of dendritic

filopodia was defined by mNeptune. Only elongated protrusions without enlarged heads were defined as filopodia. The puncta of
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EphB2, ephrin-B1, and VGLUT1 were thresholded as described previously (Hruska et al., 2015; Kayser et al., 2008; McClelland et al.,

2009). To determine the relationship between EphB2, ephrin-B1, and VGLUT1, the proportion of filopodia containing these puncta

was determined manually. The colocalization of VGLUT1 with EphB2 or ephrin-B1 was determined using a previously published

method (McClelland et al., 2009). Briefly, binary masks of each label were generated and the location of each puncta was cataloged.

Using the catalog of masks of each punctum, the colocalization and percent overlap of each colocalized punctumwas determined in

a field using ImageJ. The distance between puncta was measured by drawing a line between the center of mass of each punctum.

The centers were defined by using an ImageJ macro (https://imagej.nih.gov/ij/macros/DrawEllipse.txt).

For live-cell imaging, any time series with focal plane drifting or photobleaching was discarded. Imageswere first smoothed using a

standard Gaussian blur (radius = 0.5-2 pixels). To obtain a ratiometric image, we used the ratio-plus macro (see: http://rsbweb.nih.

gov/ij/plugins/ratio-plus.html) to calculate the ratio of GFP/RFP. The background was measured as the average signal of an approx-

imately 503 50 pixel region with no transfected cells. Infinity values were set to zero using the custom ScaleRatio macro. The result-

ing images were quantified by measuring average ratio values using standard ImageJ tools. Ratio change was calculated as DF/F =

(F – F0)/F0 (Yuste and Konnerth, 2005). The average signal within imaged neurons before ephrin application was considered as F0.

For analyzing focal activation of GPhosEphB, we first noticed that GPhos signal showed a spatially restricted rather than diffuse

pattern. The average size of the GPhos signal was calculated by thresholding the ratiometric image with 20%above average signal in

the shaft where little dynamics of GPhos signals were detected. Then, we drew an ROI in the dendritic shaft as the baseline and an

ROI at axo-dendritic contacts or filopodia tips where GPhos signals are found. The sizes of ROIs were limited by the width of filopodia

and set in each image at 0.13 to 0.2 mm2 based on the average size of endogenously activated GPhos signal (�0.27 mm2). For analysis

of GPhos signal in filopodia, the average intensity of an ROI defining the area of Gphos activity wasmeasured in the tip of the filopodia

(0.13 to 0.2 mm2) in the ratiometric images. The raw ratiometric value was normalized to the control level, which is defined as the

average intensity of a control region with the same size in the dendritic shaft during same imaging period. The time 0 is defined

as filopodia are in contact with the axons. The average of GPhos signal before �1 min was set as a baseline. The rate of change

(slope) of GPhos signal in filopodia was defined as the difference between the peak signal and the baseline divided by the time

from�1 to the peak signal. For rare cases in which the slope was negative, infinity, or zero (n = 2), the data were excluded. For calcu-

lating the size of ephrin-B puncta, either overexpressed mT2-eB1 or exogenous 647-eB puncta were thresholded and measured as

described previously (Hruska et al., 2015; Kayser et al., 2008; McClelland et al., 2009).

For analysis of filopodia movement before and after ephrin-B treatment, 15minutes movie imaged before and after treatment were

chosen. The maximal activation of EphB2 was found at 15-30 minute after ephrin-B addition (Figure 3); therefore images to be

analyzed were collected 15-30 minutes after ephrin-B treatment. The ImageJ plug-in Manual tracking (https://imagej.nih.gov/ij/

plugins/track/track.html) was used to measure the average distance filopodia moved during 15 minutes. GPhos signal was calcu-

lated as described above.

For quantification of filopodia numbers and distancemoved before and after photostimulation, 10 frames (every 10 s) were chosen

before and after photostimulation. The frame at photostimulation was set at time 0. The first frame before photostimulation was set at

time �10 s. The number of filopodia in HEK cells were counted manually in each frame and normalized to the number of filopodia in

HEK cell at frame of�10 s. For neuron experiments, the distance of filopodia in each frame was measured. Distance moved forward

was indicated as + mm and distance moved backward was indicated as – mm. Because of the limits of microscopy resolution, only

distance moved > 1 mm was considered effective. Finally, the percentage of retracting filopodia in neurons before and after photo-

stimulation was calculated.

Statistical analysis
All experiments were conducted aminimum of three times. Sample size (n) is indicated in the figure legends or in the text correspond-

ing to the number of experiments was performed. Statistical analysis was conducted using GraphPad Prism (GraphPad Software,

San Diego, CA) or Sigmaplot (Systat Software, San Jose, CA). Means were given with standard errors of the mean (±SEM)

throughout. t test was used for two-group comparison. Paired t test was used for matched two-group comparison. Mann-Whitney

U test was used for non-parametric two-group comparison. ANOVA was used for multiple group comparison. Two-way ANOVA was

used for comparison with two independent variables. Fisher’s Least Significance Difference (LSD) was use for posthoc testing. Kol-

mogorov-Smirnov test (K-S test) was used to test whether two sets of data have the same distribution. Extra-sum-of-squares F test

was used to compare the goodness-of-fit of fitted curves.
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