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Semaphorin4D Induces Inhibitory Synapse Formation by
Rapid Stabilization of Presynaptic Boutons via MET
Coactivation
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Changes in inhibitory connections are essential for experience-dependent circuit adaptations. Defects in inhibitory synapses are linked
to neurodevelopmental disorders, but the molecular processes underlying inhibitory synapse formation are not well understood. Here we
use high-resolution two-photon microscopy in organotypic hippocampal slices from GAD65-GFP mice of both sexes to examine the
signaling pathways induced by the postsynaptic signaling molecule Semaphorin4D (Sema4D) during inhibitory synapse formation. By
monitoring changes in individual GFP-labeled presynaptic boutons, we found that the primary action of Sema4D is to induce stabilization
of presynaptic boutons within tens of minutes. Stabilized boutons rapidly recruited synaptic vesicles, followed by accumulation of
postsynaptic gephyrin and were functional after 24 h, as determined by electrophysiology and immunohistochemistry. Inhibitory bou-
tons are only sensitive to Sema4D at a specific stage during synapse formation and sensitivity to Sema4D is regulated by network activity.
We further examined the intracellular signaling cascade triggered by Sema4D and found that bouton stabilization occurs through rapid
remodeling of the actin cytoskeleton. This could be mimicked by the actin-depolymerizing drug latrunculin B or by reducing ROCK
activity. We discovered that the intracellular signaling cascade requires activation of the receptor tyrosine kinase MET, which is a well
known autism risk factor. By using a viral approach to reduce MET levels specifically in inhibitory neurons, we found that their axons are
no longer sensitive to Sema4D signaling. Together, our data yield important insights into the molecular pathway underlying activity-
dependent Sema4D-induced synapse formation and reveal a novel role for presynaptic MET at inhibitory synapses.
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Introduction
GABAergic synapses provide the main inhibitory control over
neuronal activity in the brain and are indispensable for shaping

network function (Isaacson and Scanziani, 2011). Although the
majority of synaptic connections are formed during develop-
ment, synapse turnover is still ongoing in postnatal brain tissue to
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Significance Statement

GABAergic synapses provide the main inhibitory control of neuronal activity in the brain. We wanted to unravel the sequence of
molecular events that take place when formation of inhibitory synapses is triggered by a specific signaling molecule, Sema4D. We
find that this signaling pathway depends on network activity and involves specific remodeling of the intracellular actin cytoskel-
eton. We also reveal a previously unknown role for MET at inhibitory synapses. Our study provides novel insights into the dynamic
process of inhibitory synapse formation. As defects in GABAergic synapses have been implied in many brain disorders, and
mutations in MET are strong risk factors for autism, our findings urge for a further investigation of the role of MET at inhibitory
synapses.
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allow for continuous adaptation and learning (Caroni et al.,
2012). Recent studies have indicated that activity-dependent for-
mation and disassembly of inhibitory synapses are crucial in
experience-dependent circuit adaptation (Hensch, 2005; Keck et
al., 2011; Chen et al., 2015; Froemke, 2015; Sprekeler, 2017), and
defects in GABAergic synapses have been observed in many neu-
rodevelopmental disorders (Marín, 2012; Cellot and Cherubini,
2014; Nelson and Valakh, 2015). We and others have shown that
inhibitory synapses are dynamic structures with presynaptic bou-
tons and postsynaptic scaffolds forming and disappearing with
apparently stochastic dynamics (Wierenga et al., 2008; Fu and
Huang, 2010; Dobie and Craig, 2011; Kuriu et al., 2012; Schue-
mann et al., 2013; Villa et al., 2016). These dynamics allow quick
adaptation of connections in response to changes in the neuronal
circuitry (Staras, 2007; Keck et al., 2011; Frias and Wierenga,
2013; Chen et al., 2015).

Previous work has shown that the formation of inhibitory
synapses is a highly dynamic process, which starts with the for-
mation of a new bouton by the presynaptic axon and takes several
hours, up to 1–2 d, to be complete (Wierenga et al., 2008; Dobie
and Craig, 2011; Schuemann et al., 2013; Flores et al., 2015). In
recent years, enormous progress has been made by the identifi-
cation and characterization of proteins that are involved in the
formation of inhibitory synapses (Siddiqui and Craig, 2011;
Krueger-Burg et al., 2017; Lu et al., 2017), but the precise molec-
ular events that take place when new synapses are formed are not
yet clear. For instance, boutons do not emerge randomly, but
appear and reappear at specific axonal locations (Staras, 2007;
Dobie and Craig, 2011; Schuemann et al., 2013), which seem to be
predefined by a currently unknown mechanism. Furthermore,
only some boutons get stabilized at these locations to form ma-
ture synapses (Wierenga et al., 2008; Fu et al., 2012; Schuemann
et al., 2013; Villa et al., 2016) and it is currently not clear what
determines the decision to “stay or go”.

The class 4 semaphorin Sema4D, originally identified as an
axon guidance factor (Kolodkin et al., 1993; Pasterkamp, 2012),
was shown to be specifically required for the formation of
GABAergic, but not glutamatergic, synapses in primary cultures
as well as in vivo (Paradis et al., 2007). It was further shown that
activation of the Sema4D signaling pathway rapidly induces the
formation of inhibitory synapses (Kuzirian et al., 2013). Sema4D
is a postsynaptic membrane protein and induces inhibitory syn-
apse formation via presynaptic PlexinB1 receptors (Raissi et al.,
2013; McDermott et al., 2018), but the precise molecular events
that take place during Sema4D-induced inhibitory synapse for-
mation are not known. The observation that somatic and den-
dritic inhibitory synapses respond equally to Sema4D signaling
(Kuzirian et al., 2013) suggests that it acts at the majority of (or
perhaps all) inhibitory synapses, making Sema4D signaling an
interesting starting point to study the process of inhibitory syn-
apse formation.

We used high-resolution two-photon microscopy in organo-
typic hippocampal slices to characterize the molecular events
during Sema4D-induced formation of inhibitory synapses in in-
tact tissue. We found that Sema4D signaling does not induce the
formation of de novo synapses, but specifically promotes the
rapid stabilization of inhibitory boutons along the axon in an
activity-dependent manner. Rapid presynaptic changes are fol-
lowed by subsequent slower recruitment of postsynaptic gephy-
rin, and maturation to functional inhibitory synapses completes
over the course of several hours. The intracellular pathway for
bouton stabilization involves specific remodeling of the actin cy-
toskeleton. We demonstrate that Sema4D-induced inhibitory

bouton stabilization requires the activation of the receptor ty-
rosine kinase MET. Our data unravel an important regulatory
pathway of activity-dependent inhibitory synapse formation and
reveal a novel role for presynaptic MET in Sema4D-induced for-
mation of inhibitory synapses.

Materials and Methods
Animals. All animal experiments were performed in compliance with the
guidelines for the welfare of experimental animals issued by the Federal
Government of The Netherlands. All animal experiments were approved
by the Animal Ethical Review Committee (DEC) of Utrecht University.

Hippocampal slice cultures. Hippocampal slice cultures (400 �m thick)
were prepared from postnatal days 5–7 male and female GAD65-GFP
mice (López-Bendito et al., 2004) as previously described (Müllner et al.,
2015). In short, the hippocampi were dissected in ice-cold HEPES-GBSS
[containing the following (in mM): 1.5 CaCl2, 0.2 KH2PO4, 0.3 MgSO4, 5
KCl, 1 MgCl2, 137 NaCl, 0.85 Na2HPO4, and 12.5 HEPES] supplemented
with 1 mM kynurenic acid and 25 mM glucose, and plated in a MEM-
based medium (MEM supplemented with 25% HBSS, 25% horse serum,
30 mM glucose, and 12.5 mM HEPES).

In GAD65-GFP mice, �20% of the CA1 interneurons express GFP
from early embryonic developmental stage into adulthood (López-
Bendito et al., 2004; Wierenga et al., 2010). The majority of GFP-labeled
interneurons expresses reelin and VIP, whereas parvalbumin and soma-
tostatin expression is nearly absent (Wierenga et al., 2010). For our study,
the relatively low number of GFP-positive axons is crucial for the proper
analysis of individual boutons.

The slices were kept in culture for at least 1 week before the experi-
ments [range 7–29 days in vitro (DIV)] at 35°C in 5% CO2. For live
imaging experiments, slices were transferred to an imaging chamber,
where they were continuously perfused with carbogenated artificial CSF
[ACSF; containing the following (in mM): 126 NaCl, 3 KCl, 2.5 CaCl2, 1.3
MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 20 glucose, and 1 Trolox). The
temperature of the chamber was maintained at 35–37°C. Treatment and
control experiments were conducted in slices from the same culture.

Pharmacological treatments. The following pharmacological treat-
ments were used: 0.1/0.2% DMSO, 1 nM Fc, and Sema4D-Fc (amino
acids 24 –711; both R&D Systems), 100 nM latrunculin B (Santa Cruz
Biotechnology), 200 nM Jasplakinolide (Tocris Bioscience), 1 �M PHA-
665752 (Sigma-Aldrich), 10 �M Y-27632 (Sigma-Aldrich), tetrodotoxin
citrate (TTX; Tocris Bioscience), 20 �M 6,7-dinitroquinoxaline-2,3-
dione disodium salt (DNQX; Tocris Bioscience) and 50 �M DL-2-amino-
5-phosphonopentanoic acid (APV; Tocris Bioscience). We used the
small molecule PHA-665752 (PHA), a highly specific MET inhibitor
(Christensen et al., 2003), to decrease endogenous phosphorylation of
MET without affecting MET expression or neuronal cell viability (Chris-
tensen et al., 2003; Lim and Walikonis, 2008).

For treatments that were followed by immunostaining of inhibitory
synapses, 1 nM Fc or Sema4D-Fc was added to the culturing medium and
slices were left in the incubator for 2, 6, or 24 h before fixation.

Two-photon imaging. Time-lapse two-photon microscopy images
were acquired on a Femtonics 2D two-photon laser-scanning micro-
scope, with a Nikon CFI Apochromat 60� NIR water-immersion objec-
tive. GFP was excited using a laser beam tuned to 910 nm (Mai Tai HP,
Spectra Physics). The 3D images (93.5 � 93.5 �m in x,y; 1124 � 1124 pixels)
consisted of 29–33 z-stacks (0.5 �m step size in z). Small misalignments
because of drift were manually corrected during the acquisition.

For acute treatments, drugs were added to the perfusion ACSF after a
baseline period of 40 min [5 time points (TPs)] and we continued imag-
ing for an additional 10 TPs in the wash-in period (total imaging period
is 140 min). In longer treatments, we treated the slices for 6 h after the
baseline period (5 imaging TPs) at the microscope and restarted imaging
for five TPs, for a total treatment period of 6 h and 40 min (400 min).
Morphology of the axons did not change during this period, indicating
slice health was well preserved. For activity blockade, 0.5 �M TTX was
added to the perfusion ACSF before the transfer of the slice to the imag-
ing chamber.
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Two-photon image analysis. The analysis of inhibitory bouton dynam-
ics was performed semiautomatically using ImageJ (U.S. National Insti-
tutes of Health) and MATLAB-based software (MathWorks). The 3D
coordinates of individual axons were selected at every time point using
the CellCounter plugin (Kurt De Vos, University of Sheffield, Academic
Neurology, Sheffield, UK). For each image, 1–5 axons (average length 78
�m with SD 18 �m, with average of 31 boutons per axon with SD 10; for
local treatment experiments, average length 39 �m with SD 8 �m, with
average of 14 boutons per axon with SD of 4) were selected for analysis.

A 3D intensity profile along the selected axons was constructed at each
time point, and individual boutons were identified in a two-step process
using custom-made MATLAB software (Schuemann et al., 2013). In
brief, an axon threshold was calculated to differentiate the axon from the
background (2 SD above mean intensity); subsequently, a local threshold
(0.5 SD above mean axon intensity) identified the boutons along the
selected axon. Only boutons with at least five pixels above local threshold
were included. Each image stack was visually examined, and false-
positives and false-negatives were corrected manually. Only raw data
were analyzed; images were median-filtered for illustration purposes
only.

Boutons were classified as persistent when they were present during all
time points, and non-persistent when they were absent during one or
more time points during the imaging session. Per axon, we calculated the
average fraction of persistent and non-persistent boutons by normaliza-
tion to the average number of boutons for each time point. To bias our
analysis toward synaptic events (Schuemann et al., 2013), we restricted
our analysis to boutons that appeared for at least two time points at the
same location during the imaging period. We verified that our main
conclusions did not change when this restriction was released. Based on
their presence during baseline and treatment periods, we defined five
subgroups of non-persistent boutons: new boutons (not present during
baseline), lost boutons (not present during wash-in), stabilizing boutons
(non-persistent during baseline, persistent during wash-in), destabiliz-
ing boutons (persistent during baseline, non-persistent during wash-in),
and intermittent boutons (non-persistent in baseline and wash-in; Fig.
1). The average fraction of each subgroup of boutons was normalized to
the total average number of non-persistent boutons per axon. Bouton
density was calculated as the average number of boutons at all time points
divided by the 3D axon length.

Local treatment experiments. For the local treatment experiments, we
used HEPES-ACSF [containing the following (in mM): 126 NaCl, 3 KCl,
2.5 CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 20 glucose, and 10 HEPES, pH 7.4]
with 20 �M AlexaFluor 568 (Invitrogen), to visualize the spread of the
local application. Sema4D or Fc was added to the HEPES-ACSF to a final
concentration of 10 nM. We increased the concentration compared with
bath application experiments to account for fast dilution. The solution
was loaded into a patch pipette (4 – 6 M�), and was locally applied to a
GFP-labeled axon using a Picospritzer II (General Valve). Time-lapse
two-photon microscopy imaging was performed as described previously,
except that a second laser (Mai Tai HP, Spectra Physics) was used at 840
nm to visualize the area of the puff and images were taken at every 5 min.
The 3D images (51.3 � 51.3 �m in x,y; 620 � 620 pixels) consisted of
18 –22 z-stacks (0.5 �m step size in z). After a baseline period of 20 min (5
TPs), the pipette was put into position before the stimulation. The stim-
ulation consisted of 300 puffs of 20 –50 ms at 2 Hz. The pipette was
carefully retracted before continuing the time series for 10 additional TPs
(total imaging period of 70 min). Images were analyzed as described in
the previous section.

Electrophysiology. During the experiment, the slice was placed in a
recording chamber perfused with carbogenated ACSF at a rate of 1 ml/
min. The recording ACSF consisted of the following (in mM):126 NaCl, 3
KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25 Na2H2PO4, 26 NaHCO3, and 20 glucose.
Whole-cell voltage-clamp recordings were performed at 35°C in CA1
cells of GAD65-GFP slice cultures at 13–19 DIV. Recordings were made
on a MultiClamp 700B amplifier (Molecular Devices) and stored using
pClamp 10 software. To isolate sIPSCs, 20 �M DNQX and 50 �M APV
were added to the recording ACSF. For mIPSCs, 0.5 �M TTX was added
as well. Thick-walled borosilicate pipettes of 3– 6 M� were filled with an
internal solution containing the following (in mM): 70 K-gluconate, 70

KCl, 0.5 EGTA, 10 HEPES, 4 MgATP, 0.4 NaGTP, and 4 Na2 phospho-
creatine. Cells were excluded from analysis if the series resistance in-
creased �35% over the course of the experiment. IPSCs were
automatically detected in Clampfit and further analyzed in custom
MATLAB scripts. Detected events within 3 ms of each other were merged
and events smaller than three times the RMS of the signal were excluded.

Immunohistochemistry, confocal imaging, and image analysis. For post
hoc immunohistochemistry, an auto-fluorescent laser “scar” was made
after live imaging by performing a line scan at high intensity to mark the
imaged region. Organotypic hippocampal slices were fixed in 4% (w/v)
paraformaldehyde (PFA) for 30 min at room temperature. Slices were
rinsed in phosphate buffer (PBS) and permeabilized with 0.5% Triton
X-100 in PBS for 15 min. Slices were then blocked with 0.2% Triton
X-100 and 10% normal goat serum (ab7481, Abcam) in PBS for 60
min. Primary antibodies were applied overnight at 4°C in blocking
solution. After washing, slices were incubated with secondary anti-
bodies in blocking solution for 4 h at room temperature. Slices were
washed and mounted on slides in Vectashield mounting medium
(Vector Laboratories).

The following primary and secondary antibodies were used: rabbit
�-VGAT (1:1000; Synaptic Systems, 131 003; RRID:AB_887869), mouse
�-gephyrin (1:1000; Synaptic Systems, 147 011; RRID:AB_887717),
guinea pig �-VGLUT1 (1:400; Millipore, AB5905; RRID:AB_2301751),
rabbit �-Homer1 (1:1000; Synaptic Systems, 160 002; RRID:
AB_2120990), mouse �-myc (1:100; Oncogene Research Products,
OP10), mouse �-MET (1:500; Santa Cruz Biotechnology, sc-8057; RRID:
AB_673755), AlexaFluor 405-, AlexaFluor 488-, and AlexaFluor 568-
conjugated secondary antibodies (Invitrogen). For staining MET, we also
used a previously described myc-tagged nanobody, which was shown to
recognize MET with low nanomolar affinity (Heukers et al., 2014). We
visualized the nanobody with an antibody against the C-terminal myc
tag. We validated the MET staining in primary hippocampal cultures
using a previously described immunostaining protocol (Esteves da Silva
et al., 2015).

For immunostainings, high resolution confocal laser scanning micros-
copy was performed on a Zeiss LSM-700 system with a Plan-Apochromat
63� 1.4 NA oil-immersion objective. Each image was a z-series of 11–35
images (0.3 �m z-step size), each averaged four times. The imaging area
in the CA1 region was 78 � 78 �m (1024 � 1024 pixels). Settings were
kept the same to compare fluorescence intensities between slices.

To account for within-slice variability, we took confocal images from
separate regions (maximally 5 per slice) as independent measurements.
For the quantification of vesicular GABA transporter (VGAT) and
gephyrin intensities per image, we determined the mean intensity of 3
randomly chosen areas of 10 � 10 �m of the average projection image
from the five middle z-stacks. For the cumulative plots individual values
(per area) were used. Synaptic puncta size and number of the same image
areas were determined using the PunctaAnalyzer plugin, and inhibitory
synapses were defined as overlapping VGAT and gephyrin puncta.

For determining colocalization of GFP-labeled boutons with synaptic
markers VGAT or gephyrin, or with MET, we manually inspected indi-
vidual boutons through all z-sections. A bouton was only considered
positive when at least one z-stack of the bouton overlapped with VGAT,
gephyrin or MET staining. Images were median-filtered for illustration
purposes only. To check for random overlap between MET puncta and
GFP boutons, colocalization was determined for images in which the
MET channel was inverted.

STED imaging. Dual-color STED imaging was performed in primary
neurons with a Leica TCS SP8 STED 3� microscope using a HC PL APO
100 �/1.4 oil-immersion STED WHITE objective. Primary hippocampal
neurons were prepared as previously described (Esteves da Silva et al.,
2015). Neurons (18 DIV) were fixed with 4% PFA and 4% sucrose in PBS
for 10 min at room temperature and washed three times with PBS sup-
plemented with 100 mM glycine (PBS/Gly). Next, cells were permeabil-
ized and blocked with 100 mM glycine, 0.1% Triton-X, and 10% normal
goat serum in PBS for 1 h at 37°C. Neurons were then incubated for 2–3
h at room temperature with primary antibodies diluted in PBS supple-
mented with 100 mM glycine, 0.1% Triton-X, and 5% normal goat serum.
Next, cells were washed three times with PBS/Gly and incubated for 1 h at
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Figure 1. Classification of presynaptic inhibitory boutons by their dynamics. A, Time-lapse two-photon images of two inhibitory boutons (blue arrowheads) along a GAD65-GFP-labeled axon in
the CA1 region of the hippocampus. These boutons were present at all time points, and were therefore categorized as persistent (P) boutons. Only every second image is shown for clarity. On the right,
the same region is shown after fixation and staining against vesicular GABA transporter (VGAT; magenta). The zoom shows a single optical plane through the bouton to demonstrate overlap (white)
of VGAT and GFP boutons (green). Time in minutes. Scale bars: 2 �m; inset, 1 �m. B1–B5, Same as in A, showing examples of non-persistent (NP boutons: new (B1; absent during baseline), lost
(B2; absent during wash-in), stabilizing (B3; NP during baseline, P during wash-in), destabilizing (B4; P during baseline, NP during wash-in), and intermittent (B5; NP during both baseline and
wash-in) boutons. Filled yellow arrowheads indicate that the bouton is present, and empty yellow arrowheads indicate that the bouton is absent at the time point shown. C, Average fraction of P
and NP boutons at any given time point. D, Schematic illustration of bouton classification. We consider three developmental stages of inhibitory boutons at axon-dendrite crossings: absent (A), NP
or P. Within the group of NP boutons, we define five subgroups, reflecting transitions between these stages: N: new (A¡NP), L: lost (NP¡ A), S: stabilizing (NP¡ P), D: destabilizing (P¡NP),
and I: intermittent (always NP) boutons. E, Average fraction of the five subgroups of NP boutons normalized to the total number of NP boutons. F, Fraction of boutons positive for VGAT and gephyrin
per axon. Two-way ANOVA showed a significant effect on bouton type ( p�0.008). For gephyrin, P versus I, **p�0.001 (Sidak’s multiple-comparisons test). G, Fraction of boutons colocalizing with
VGAT or gephyrin as a function of bouton lifetime (total number of time points (TPs) present during the imaging period). L boutons were not included. � 2: TP2–TP5, p � 0.36; TP6 –TP8, p � 0.11;
TP9 –TP11, p � 0.15; TP12–TP14, p � 0.33: TP15, **p � 0.008. Confocal images in A and B are maximum intensity projections of 5– 8 z-stacks, whereas two-photon images are maximum
intensity projections of 13–15 z-stacks. Data are represented as mean � SEM. Data in C and E are from 90 axons from 24 independent experiments; data in F from 21 axons from five independent
experiments for the VGAT staining (P: n � 282 boutons; N: n � 14; S: n � 6; D: n � 17; I: n � 44) and from 15 axons from 4 independent experiments for the gephyrin staining (P: n � 232 boutons;
N: n � 15; S: n � 6; D: n � 15; I: n � 39). In G, n � 14 –29 per TP, except for TP15.
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room temperature with secondary antibodies diluted in PBS supple-
mented with 100 mM glycine, 0.1% Triton-X, and 5% normal goat serum.
Cells were then washed three times with PBS/Gly and mounted in
Mowiol mounting medium. Abberior STAR 580 was excited with 561 nm
and Abberior STAR 635P with 633 nm pulsed laser light (80 MHz). Both
Abberior STAR 580 and 635P were depleted with a 775 nm pulsed deple-
tion laser. Fluorescence emission was detected using Leica HyD hybrid
detector.

The following primary and secondary antibodies were used: rabbit
�-VGAT (1:1000; Synaptic Systems, 131 003; RRID:AB_887869), mouse
�-MET (1:500; Santa Cruz Biotechnology, sc-8057; RRID:AB_673755),
Abberior STAR 635P �-mouse (1:200; Abberior, 2-0002-007-5) and Ab-
berior STAR 580 �-rabbit (1:200; Abberior, 2-0012-005-8).

miRNA and DNA constructs. The miRNA sequences targeting the ORF
of mouse full-length MET cDNA (NM_008591) were designed with the
BLOCK-iT RNAi Designer (Sequence 1: 5�-GCAGTGAATTAGTTCGC
TATG-3�; Sequence 2: 5�-GCTTGTTGACACATACTATGA-3�). Se-
quence 1 was based on a previously published shRNA (Qiu et al., 2014).
A scrambled sequence was generated with the siRNA Sequence Scram-
bler from Genscript (Sequence: 5�-ACTATAGTAATGCTCGTGCAT-
3�). A loop sequence was added (5�-GTTTTGGCCACTGACTGAC-3�)
and oligos were annealed and cloned into pSM155-GFP (Du et al., 2006).
The miRNA cassette was then cloned into a lentiviral plasmid (FUGW;
RRID:Addgene_14883), which also contains GFP. A double-floxed
(lox2272/loxp) inverse orientation version of these plasmids was created
for Cre-dependent expression of the miRNA and GFP.

cDNA for overexpression of MET was obtained from pBabe puro
MET WT (RRID:Addgene_17493). A PCR was performed with forward
primer 5�-AAGGCGCGCCGCCACCATGAAGGCTCCCACCGT-3� and
reverse primer 5�-AAGGATCCATGTGTTCCCCTCGCC-3�. This frag-
ment was ligated into a pGW2-mCherry vector resulting in a C-terminal
tagged MET.

Verification of knock down. Endogenous MET levels were too low to
detect reliably with Western blot and we therefore relied on MET over-
expression to verify our miRNA constructs. Primary hippocampal neu-
rons were transfected using Lipofectamine 2000 (Invitrogen) at 9 DIV.
Briefly, MET-mCherry and miRNA or GFP only constructs (� total 2.1
�g/well, for a 12-well plate) were mixed with 3.3 �l Lipofectamine 2000
in 100 �l Neurobasal medium (NB), incubated for 25 min, and then
added to the neurons in NB with 0.5 mM glutamine at 37°C in 5% CO2 for
40 min. Next, neurons were washed in preheated NB and transferred
back to their original medium for 48 h. Neurons were fixed with 4% PFA 	
4% sucrose for 10 min and mounted on microscope slides with Vectashield
mounting medium (Vector Laboratories). Images were acquired using a
Zeiss LSM-700 confocal laser scanning microscope. The imaging settings
were kept the same between experiments to compare fluorescence intensity
in the soma.

HEK293 cells (American Type Culture Collection, CRL-1573; RRID:
CVCL_0045) were grown in 10 cm dishes at 37°C and 5% CO2, and
transfected with MET-mCherry and miRNA or GFP only constructs
using polyethylenimine (PEI; 1 �g/�l; Polysciences) to assess MET levels
by Western blot analysis. After 24 – 48 h, HEK293 cells were lysed in
Laemmli sample buffer (10% glycerol, 2% SDS, 100 mM DTT, 50 mM

Tris-HCl pH 6.8 and 0.004% bromophenol blue) and scrapped, and
samples were then boiled for 10 min. Samples were loaded equally and
run on a 10% SDS-PAGE gel. Proteins were transferred to Nitrocellulose
membranes (Bio-Rad, 1620115) and blocked in 2% (w/v) bovine serum
albumin in PBS/0.1% (v/v) Tween 20 for 1 h at room temperature. Pri-
mary antibodies were diluted in the blocking solution and applied over-
night at 4°C. Membranes were washed three times in PBS/0.1% Tween 20
and incubated with secondary IRDye antibodies for 1 h at room temper-
ature. Afterward, membranes were washed three times in PBS/0.1%
Tween 20, and scanned using an Odyssey Infrared Imaging System (LI-
COR Biosciences). MET intensity was corrected for tubulin loading con-
trol, and values for miRNAs were normalized to GFP control values.

The following primary and secondary antibodies were used: mouse
�-MET (1:250; Santa Cruz Biotechnology, sc-8057; RRID:AB_673755),
rabbit �-tubulin (1:10,000; Abcam, ab52866; RRID:AB_869989), IRdye
680LT �-mouse (1:20,000; LI-COR Biosciences, 926-68020; RRID:

AB_10706161), and IRdye 800CW �-rabbit (1:15,000; LI-COR Biosci-
ences, 926-32211; RRID:AB_621843).

Lentivirus production and infection. HEK293 cells were grown in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin
(Pen/Strep) at 37°C and 5% CO2. A confluent 10 cm dish of HEK293
cells was split 1:4 the day before transfection. Per 10 cm dish the
following mixture was used for transfection: 2 �g pMD2.G (RRID:
Addgene_12259), 4 �g psPAX2 (RRID:Addgene_12260), 6 �g FUGW
(RRID:Addgene_14883), 500 �l OptiMEM, and 36 �l PEI (1 �g/�l;
Polysciences). After 15 min incubation at room temperature, the mix-
ture was added to the cells. Culture medium was replaced with 5 ml Op-
tiMEM supplemented with 1% Pen/Strep 4–6 h later. Lentivirus containing
supernatant was harvested after 48–60 h. Virus were concentrated with
Amicon spin filters (Millipore), aliquoted and stored at 
80°C.

Cre-dependent expression of miRNA (Sequence 2) and GFP was in-
duced in organotypic slices of VGAT-Cre mice (RRID:IMSR_JAX:
028862). Stereotactic injections of Lentiviral constructs (miRNA
Sequence 2 	 GFP) were performed in 1 DIV slices using a microinjector
(Eppendorf, FemtoJet) and stereoscopic microscope (Leica, M80). Per
slice, 6 – 8 injections were done in the CA1 stratum radiatum with �50 Pa
pressure (�1 �l virus solution per slice). For control, we used a lentiviral
construct for Cre-dependent GFP expression without miRNA sequence.
Imaging and analysis of GFP-labeled axons in VGAT-Cre slices was per-
formed at 14 –29 DIV as described in the sections Two-photon imaging
and Two-photon image analysis.

Experimental design and statistical analysis. All data analysis was per-
formed blind to the treatment. Live imaging experiments were per-
formed in pairs (control 	 treatment) per batch of slices, and for each
pair of experiments, slices from different animals were used. Data are
represented as mean values � SEM, unless stated otherwise. Statistical
analysis was performed using GraphPad Prism software. Results from
treatment and control experiments were compared using the Mann–
Whitney U test (MW). The � 2 test was used for comparing the fraction of
axons with/without stabilizing boutons and the fraction of boutons with
synaptic markers VGAT and gephyrin. For comparing multiple groups,
we used the Kruskal–Wallis test (KW) followed by a post hoc Dunn’s
comparison test. We used a one-way ANOVA followed by a Dunnett’s
multiple-comparison test (one-way ANOVA) to compare the effect of
wash-in of PHA over time during the electrophysiological recordings.
Treatment effects at multiple time points were compared using two-way
ANOVA followed by a Sidak’s multiple-comparisons test (two-way
ANOVA). For the comparison of cumulative distributions, we used the
Kolmogorov–Smirnov (KS) test. We have indicated the tests and p values
in the figure legends. Differences between control and treatment were
considered significant when p � 0.05 (*p � 0.05, **p � 0.01, ***p �
0.001). In all figure legends and text, N indicates the number of indepen-
dent experiments (slices or neuronal cultures), and n indicates the num-
ber of axons/images analyzed.

Results
We performed time-lapse two-photon microscopy in organo-
typic hippocampal cultures from GAD65-GFP mice to monitor
the dynamics of inhibitory boutons in the CA1 region of the
hippocampus (Wierenga et al., 2008; Schuemann et al., 2013). In
GAD65-GFP mice, the majority of GFP-labeled interneurons are
dendritically targeting CGE-derived interneurons, whereas
MGE-derived parvalbumin and somatostatin interneurons are
not labeled (López-Bendito et al., 2004; Wierenga et al., 2010).
This results in GFP-labeling of �20% of CA1 interneurons, al-
lowing monitoring of individual axons over time. High-
resolution image stacks of GFP-labeled inhibitory axons were
acquired every 10 min, for a total period of 140 min [15 time
points (TPs)].

As previously reported (Wierenga et al., 2008; Dobie and
Craig, 2011; Fu et al., 2012; Schuemann et al., 2013), inhibitory
boutons are remarkably dynamic and many boutons appeared,
disappeared and reappeared during the course of the imaging
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period. To bias our analysis toward synaptic events, we only in-
cluded boutons that were present for at least two TPs at the same
location during the imaging period (Schuemann et al., 2013). We
distinguished two main classes of boutons: persistent boutons,
which were present during all time points (Fig. 1A), and non-
persistent boutons, which were absent during one or more time
points during the imaging session (Fig. 1B). In our slices, the
majority of GFP-labeled boutons (77%, with SD of 12%) were
persistent (Fig. 1C) and they reflect mature inhibitory synapses
(Wierenga et al., 2008; Müllner et al., 2015). Non-persistent bou-
tons reflect locations where inhibitory synapses are “in transi-
tion”, e.g., where synapses are being formed or disassembled in
an apparent trial-and-error fashion (Wierenga et al., 2008; Dobie
and Craig, 2011; Fu et al., 2012; Schuemann et al., 2013).

We assume that synapse formation is reflected in subsequent
transitions of boutons from absent (A) to non-persistent (NP) to
persistent (P) (A ¡ NP ¡ P) and synapse disassembly in the
reverse order. We identify these transitions by comparing the
dynamics of individual boutons in a baseline and wash-in period
and we define five subgroups of NP boutons: new (A ¡ NP), lost
(NP ¡ A), stabilizing (NP ¡ P), destabilizing (P ¡ NP), and
intermittent (always NP) boutons (Fig. 1B,D; for details, see Ma-
terials and Methods). We could observe transitions between de-
velopmental bouton stages in �50% of NP boutons (Fig. 1E).
After live imaging, slices were fixed and immunostained for the
presynaptic VGAT and the postsynaptic scaffold gephyrin to cor-
relate bouton dynamics of individual boutons with their molec-
ular composition. We found that boutons that were NP at the end
of the imaging period (new, destabilizing, and intermittent bou-
tons) showed a lower percentage of association with VGAT and
gephyrin compared with P boutons, reflecting that these boutons
usually do not (yet) form synapses (Fig. 1F). Stabilizing boutons,
which had been present for at least 90 min before fixation,
showed similar association with VGAT and gephyrin to P bou-
tons (Fig. 1F), indicating that they represent nascent inhibitory
synapses that have started to recruit presynaptic and postsynaptic
proteins within this period. Association of NP boutons with
VGAT and gephyrin increased with their total lifetime, suggest-
ing a gradual recruitment of proteins over the imaging period
(Fig. 1G). Recruitment of gephyrin was delayed compared with
VGAT, consistent with earlier reports that synaptic proteins are
recruited in a presynaptic before postsynaptic order (Wierenga et
al., 2008; Dobie and Craig, 2011). These data demonstrate that
inhibitory presynaptic boutons are continuously being formed
and disassembled along axons. By monitoring the dynamics of
individual inhibitory boutons over time we can distinguish bou-
tons at different stages of synapse assembly and disassembly.

Sema4D treatment induces stabilization of
inhibitory boutons
We used our live imaging method to examine whether Sema4D
signaling affects a specific step in the process of inhibitory syn-
apse formation. We bath applied the extracellular domain of
mouse Sema4D-conjugated to the Fc region of mouse IgG2A
(Sema4D; 1 nM) and compared inhibitory bouton dynamics dur-
ing a baseline period of five TPs and during Sema4D treatment in
the subsequent 10 TPs (Fig. 2A). We used Fc (1 nM) as a control
treatment (Kuzirian et al., 2013). Bath application of Sema4D did
not affect axonal morphology (Fig. 2A) and did not change the
overall density of inhibitory boutons (Fig. 2B). However, when
we analyzed the different subgroups of NP boutons, we found
that Sema4D treatment resulted in an enhanced fraction of sta-
bilizing boutons from 6 � 2 to 16 � 3% (Fig. 2C). The absolute

density of stabilizing boutons was increased by �2-fold, while the
other subgroups of boutons were unaffected by Sema4D (Fig.
2D–H). Noticeably, new boutons were unaffected (Fig. 2D), in-
dicating that Sema4D treatment did not induce de novo bouton
formation. To examine how bouton stabilization developed over
time, we quantified the number of boutons that were present for
five consecutive TPs during the baseline and the wash-in period.
Sema4D induced a marked increase in bouton stabilization over
the course of the wash-in period (Fig. 2I), and strongly increased
the number of boutons that were stabilized by the end of the
imaging period (Fig. 2J). Stabilizing boutons were relatively rare
in our slices, as under control conditions most axons display no,
or at most one, stabilizing bouton (Fig. 2K). Treatment with
Sema4D significantly increased the fraction of axons with one or
more stabilizing boutons (Fig. 2K). Longer Sema4D treatment (6
h) did not increase bouton stabilization beyond the 2 h level (Fig.
2L), indicating that only a limited number of inhibitory boutons
can be stabilized by Sema4D. Altogether, these data show that
Sema4D treatment in intact tissue does not induce de novo bou-
ton formation, but rather specifically promotes the stabilization
of inhibitory presynaptic boutons, without affecting synapse
elimination.

Sema4D-induced stabilization of inhibitory boutons is the
first step of inhibitory synapse formation
We wanted to verify that Sema4D-induced inhibitory bouton
stabilization leads to the formation of functional synapses in our
slices. We treated organotypic hippocampal slices with 1 nM Fc or
1 nM Sema4D for 24 h, and recorded miniature inhibitory post-
synaptic currents (mIPSCs; Fig. 3A). Treatment with Sema4D
increased the mIPSC frequency by 37% (from 5.2 � 0.5 to 7.1 �
0.5 Hz), whereas mIPSC amplitude was not affected (Fig. 3B,C).
We also determined overall inhibitory synapse density by colo-
calizations of presynaptic VGAT and postsynaptic gephyrin (Fig.
3D,E). Consistent with the electrophysiology results, Sema4D
induced a clear 24 � 7% increase in the density of inhibitory
synapses (Fig. 3F). These results demonstrate that the bouton
stabilization observed within 2 h after Sema4D treatment leads to
the formation of new functional synapses after 24 h.

A previous study has shown that Sema4D can induce rapid
changes in postsynaptic gephyrin in primary neurons (Kuzirian
et al., 2013), but it was not addressed whether these postsynaptic
changes preceded or followed presynaptic changes. To determine
the time course of the recruitment of presynaptic and postsynap-
tic elements during Sema4D-induced synapse formation, we
quantified VGAT and gephyrin immunostaining after 2, 6, and
24 h treatments. Treatment with Sema4D induced an increase in
the area of VGAT puncta, without affecting their density (Fig.
3G–I), consistent with an effect on stabilization, and not de novo
formation, of inhibitory boutons. For gephyrin, Sema4D treat-
ment caused an increase in puncta density, but not in their size
(Fig. 3J–L), suggesting that stabilizing boutons were recruiting
gephyrin. The average puncta intensity was not affected [at 24 h,
VGAT: 107 � 4% of control, p � 0.35 (MW); gephyrin: 106 �
5% of control, p � 0.51 (MW)]. Interestingly, the time course for
presynaptic and postsynaptic changes was different. Whereas an
increase in presynaptic VGAT area could already be detected after
6 h (Fig. 3G), the increase in postsynaptic gephyrin density was
only evident after 24 h (Fig. 3K). This suggests that Sema4D
signaling induced a gradual increase in presynaptic vesicle con-
tent in stabilized boutons and subsequent acquisition of postsyn-
aptic scaffolds to form new inhibitory synapses. Our data indicate
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that Sema4D signaling primarily acts via the presynaptic axon
and that the changes in postsynaptic gephyrin are secondary.

The previously reported rapid increase in postsynaptic gephy-
rin clusters after Sema4D treatment in primary cultures

(Kuzirian et al., 2013) may be well explained by an overall differ-
ence in neuronal maturation level compared with our experi-
ments. In young neurons, new gephyrin clusters can be rapidly
induced by local GABA signaling (Oh et al., 2016), whereas in

Figure 2. Sema4D treatment promotes inhibitory bouton stabilization. A, Time-lapse two-photon images of GFP-labeled inhibitory axons in the CA1 region of the hippocampus during baseline
[5 time points (TPs)] and wash-in (10 TPs; gray box) of 1 nM Fc- control (C; top) or 1 nM Sema4D-Fc (S4D; bottom). Only every second image is shown for clarity. P (blue) and NP (yellow) boutons are
indicated by arrowheads. Filled arrowheads indicate that the bouton is present, and empty arrowheads indicate that the bouton is absent at that time point. Images are maximum intensity
projections of 11–18 z-stacks. Time in minutes. Scale bar, 5 �m. B, Cumulative distribution of the change in mean bouton density during the wash-in period compared with baseline after wash-in
of C or S4D (MW, p � 0.83). C, Average fraction of subgroups of NP boutons in C- and S4D-treated axons: N: new (MW, p � 0.86); L: lost (MW, p � 0.93); S: stabilizing (MW, **p � 0.003); D:
destabilizing (MW, p � 0.25); I: intermittent (MW, p � 0.89). D–H, Density of new (D; MW, p � 0.41), lost (E; MW, p � 0.61), stabilizing (F; MW, **p � 0.003), destabilizing (G; MW, p � 0.84),
and intermittent (H; MW, p � 0.34) boutons in axons treated with 1 nM Fc (C) and 1 nM Sema4D-Fc (S4D). Each dot represents an individual axon. I, Stabilization of inhibitory boutons, as determined
by the change (compared with baseline) in density of boutons that were present at five consecutive TPs during the imaging period: 0�– 40� (baseline), 50�–90� (wash-in, gray box), and 100�–140�
(wash-in, gray box). Two-way ANOVA showed a significant effect of both treatment (*p � 0.04) and time (*p � 0.03). J, Density of boutons that stabilized in the last five TPs (MW, ***p � 0.0008).
K, Frequency distribution of the stabilizing bouton density in C- and S4D-treated axons (� 2, *p � 0.03). L, Density of stabilizing boutons after treatment with C or S4D for 50, 100, and 400 min.
Two-way ANOVA showed that S4D increased bouton density independent of time (***p�0.0002). At 100�, **p�0.005 (Sidak’s multiple-comparisons test). Data are represented as mean�SEM.
Data from 20 control axons (N � 6) and 22 S4D-treated axons (N � 5). Data in L at 400� from 15 control axons (N � 4) and 17 S4D-treated axons (N � 4).
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Figure 3. Sema4D increases overall inhibitory synaptic density. A, Representative whole-cell voltage-clamp recordings of mIPSCs from CA1 pyramidal cells in organotypic hippocampal slices
treated for 24 h with 1 nM Fc (C) or 1 nM S4D (S4D). B, Mean mIPSC frequency after 24 h treatment with C or S4D (MW, **p � 0.008). C, Mean mIPSC amplitude after 24 h treatment with C or S4D
(MW, p � 0.35). D, Representative images of CA1 dendritic area of GAD65-GFP hippocampal slices treated with 1 nM Fc (C) or 1 nM S4D for 24 h, and immunostained for presynaptic VGAT (green) and
gephyrin (magenta). Images are average intensity projections of five z-stacks. Scale bar, 2 �m. E, Example of an inhibitory synapse (D, white box) identified as the apposition of VGAT (green) and
gephyrin (magenta) puncta. The respective x,z and y,z projections show the close apposition of the two markers. Images are maximum intensity projections of six z-stacks. Scale bar, 1 �m. F, Density
of inhibitory synapses in slices treated with Fc or S4D for 24 h (MW, *p � 0.03). G, Normalized area of VGAT puncta (after treatment with 1 nM S4D for 2, 6, and 24 h). Two-way ANOVA showed that
S4D treatment increased VGAT area independent of time (**p � 0.005). H, Normalized density of VGAT puncta, after treatment with 1 nM S4D for 2, 6, and 24 h. I, Cumulative distributions of the
normalized area of VGAT after treatment with 1 nM S4D for 2, 6, and 24 h. Black line represents the normalized control values. p � 0.81, p � 0.08, and p � 0.14 (KS) for 2, 6, and 24 h, respectively.
J, K, Same as G and H, but for normalized area (J ) and density (K ) of postsynaptic gephyrin puncta. In K, Two-way ANOVA showed a significant effect (Figure legend continues.)
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mature neurons prolonged or additional signaling appears to
be required. In our slices, Sema4D treatment increased inhib-
itory synapse density by �25% after 24 h (Fig. 3F ), which is
comparable to experience-dependent changes in inhibitory
synapses observed in vivo (Keck et al., 2011; Chen et al., 2015;
Villa et al., 2016).

Local application of Sema4D suggests competition between
presynaptic boutons
Under physiological conditions, Sema4D is a membrane-
attached protein acting locally at the synapse (Pasterkamp, 2012;
Raissi et al., 2013), which is very different from the bath-applied
Sema4D treatment that we use in our experiments. To examine
possible differences between local and global Sema4D signaling,
we locally applied Sema4D to short stretches (�40 �m) of GFP-
labeled inhibitory axons (Fig. 4A). Local application with control
solution slightly reduced local bouton stabilization (compare
Figs. 4B, 2I, control curves), possibly because of mechanical pres-
sure. In contrast, local application of Sema4D induced robust
stabilization of inhibitory boutons in these axons (Fig. 4B). In
fact, local application of Sema4D induced a significant increase in
local bouton density (Fig. 4C), whereas bath application had
failed to induce a change in overall bouton density (Fig. 2B).
Presynaptic boutons are known to share presynaptic proteins and
vesicles along the axon (Staras, 2007; Bury and Sabo, 2016). Our
data suggest that stabilizing boutons compete for presynaptic
components within individual axons when Sema4D is bath ap-
plied, limiting an increase in overall bouton density.

Actin remodeling by low doses of latrunculin B promotes
stabilization of inhibitory boutons
Induction of inhibitory synapses in response to Sema4D was pre-
viously shown to be mediated by presynaptic PlexinB1 receptors
(Kuzirian et al., 2013; McDermott et al., 2018). Bouton stabiliza-

tion is presumably induced by local changes in the intracellular
actin cytoskeleton via Sema4D/PlexinB1 signaling pathways,
which are well described in non-neuronal cells (Zhou et al., 2008;
Cagnoni and Tamagnone, 2014). Interestingly, it was reported
that Sema4D/PlexinB1 signaling can induce either polymeriza-
tion or depolymerization of actin via RhoA regulation, depend-
ing on the coactivation of receptor tyrosine kinases MET and
ErbB-2, which act as coreceptors for PlexinB1 (Swiercz et al.,
2008; Sun et al., 2012). To examine how the actin cytoskeleton is
involved in inhibitory bouton stabilization, we studied the effect
of two actin remodeling drugs in our system with intended op-
posite effects: the actin monomer sequestering drug latrunculin B
(LatB; 100 nM), which promotes actin depolymerization, and the
actin stabilizer Jasplakinolide (Jasp; 200 nM), which promotes
actin polymerization. None of these actin drugs affected overall
axon morphology (Fig. 5A). We analyzed bouton dynamics in the
presence of these actin drugs and found that LatB treatment, and
not Jasp treatment, increased the fraction of stabilizing boutons
(Fig. 5B,C). The effect of LatB was highly specific for stabilizing
boutons, as the other bouton subgroups were not affected (Fig.
5C). Indeed, we found that LatB specifically increased the abso-
lute density of stabilizing boutons by almost twofold (Fig. 5D)
and increased the fraction of axons with stabilizing boutons (Fig.
5E), whereas Jasp did not change overall inhibitory bouton dy-
namics. The changes in bouton dynamics after LatB treatment
were rapid and were surprisingly similar to Sema4D treatment
(compare Figs. 5D,E, Fig. 2F,K). At these low concentrations,
actin drugs do not affect synaptic function (Honkura et al., 2008;
Rex et al., 2009), and we therefore assume that the observed ef-
fects reflect the direct action of the actin drugs on the local actin
cytoskeleton. Our findings suggest that inhibitory bouton stabi-
lization is promoted by conditions favoring local actin depoly-
merization, rather than polymerization.

The striking similarity between stabilization of inhibitory
boutons induced by treatment with LatB or Sema4D suggests that
both treatments induce a comparable effect on intracellular actin.
Because we found that only a specific subset of inhibitory bou-
tons was stabilized by Sema4D treatment, we tested whether these
were the same boutons that responded to LatB. We treated slices
with a combination of LatB and Fc, or LatB and Sema4D. We
found that bouton stabilization by LatB occluded a further in-
crease by co-application with Sema4D (Fig. 5F,G). These results

4

(Figure legend continued.) of time (§p � 0.04) and an interaction between treatment and
time (§p � 0.04). L, Same as in I, but for normalized gephyrin density. p � 0.99, p � 0.99, and
***p � 0.0001 (KS) for 2, 6, and 24 h, respectively. Data are represented as mean � SEM. Data
in A–C are from 14 control cells (N � 5) and 14 S4D-treated cells (N � 7); data in F from 15
control images (N � 3) and 15 S4D images (N � 3); and data in G–L from 15 to 20 control images
(N�3– 4) and 15–20 S4D images (N�3– 4) per time point. Dashed lines in G, H, J, and K represent
control values (treatment with 1 nM Fc for 2, 6, and 24 h). Dots in B and C represent individual cells.

Figure 4. Sema4D induces local stabilization of inhibitory boutons. A, Representative image of the local treatment of GFP-labeled inhibitory axons in the CA1 region of the hippocampus.
AlexaFluor 568 (red) was added to the pipette to visualize the area of the puff (yellow circle). Scale bar, 10 �m. B, Stabilization of inhibitory boutons, as determined by the change (compared with
baseline) in density of boutons that were present at five consecutive TPs during the imaging period after local treatment with 10 nM Fc (C) or 10 nM Sema4D (S4D). Red line marks the puffing. Two-way
ANOVA showed a significant effect of treatment (***p � 0.0002) and an interaction between treatment and time (§p � 0.02). At 50�–70�, **p � 0.003 (Sidak’s multiple-comparisons test). C,
Cumulative distribution of the change in mean bouton density after local treatment with C or S4D compared with baseline (MW, *p � 0.045). Data are represented as mean � SEM. Data from 15
control axons (N � 6) and 17 S4D-treated axons (N � 6).
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suggest that LatB and Sema4D treatment act to stabilize a specific,
overlapping, subset of inhibitory boutons.

We then wondered whether treatment with the actin depo-
lymerizing drug LatB would be sufficient to induce inhibitory
synapse formation, similar to Sema4D signaling (Fig. 3F ). In-
terestingly, we observed that although LatB induced changes
in VGAT area and gephyrin puncta density after 2 h (Fig.
6A–F ), these changes were not coordinated and did not result
in an increase in the density of inhibitory synapses (Fig. 6G).
The changes in gephyrin and VGAT staining returned to base-
line with longer LatB treatment. Together, our data suggest
that LatB and Sema4D induce rapid stabilization of the same
subgroup of inhibitory boutons, but that only Sema4D signal-
ing leads to coordinated presynaptic and postsynaptic changes

resulting in inhibitory synapse formation. This indicates that
presynaptic bouton stabilization alone is not enough to induce
inhibitory synapse formation, which requires further signal-
ing mechanisms.

Inhibitory bouton stabilization by Sema4D requires
MET activation
Our observation that LatB could mimic the Sema4D-induced
stabilization of inhibitory boutons points to a possible involve-
ment of MET, as coactivation of MET mediates the actin depoly-
merization pathway downstream of Sema4D/PlexinB1 signaling
(Swiercz et al., 2008). We therefore assessed whether MET acti-
vation is necessary for the Sema4D-induced bouton stabilization
by making use of the highly specific MET inhibitor PHA-665752

Figure 5. Inhibitory bouton dynamics are regulated by actin. A, Time-lapse two-photon images of GAD65-GFP-labeled axons in the CA1 region of the hippocampus during baseline (5 TPs) and
wash-in (10 TPs; gray box) of DMSO - control (C; top), 200 nM Jasplakinolide (Jasp; middle) or 100 nM LatrunculinB (LatB; bottom). Only every second image is shown for clarity. P and NP
boutons are indicated as in Figure 2. Images are maximum intensity projections of 12–14 z-stacks. Time in minutes. Scale bar, 5 �m. B, Fraction of NP boutons in C and Jasp-treated axons: N: new
(MW, p � 0.37); L: lost (MW, p � 0.18); S: stabilizing (MW, p � 0.49); D: destabilizing (MW, p � 0.95); I: intermittent (MW, p � 0.93). C, Same as in B, but for C and LatB-treated axons (N: MW,
p � 0.99; L: MW, p � 0.66; S: MW, *p � 0.01; D: MW, p � 0.6; I: MW, p � 0.29). D, Density of stabilizing boutons in C, Jasp- (MW, p � 0.28), and LatB-treated axons (MW, ***p � 0.0001). Dots
represent individual axons. E, Frequency distribution of the stabilizing bouton density in C, Jasp-, and LatB-treated axons (� 2; C vs Jasp, p � 0.31; C vs LatB, ***p � 0.0005). F, Same as E, but for
combined treatment with 100 nM LatB/1 nM Fc (LatB	C) or 100 nM LatB/1 nM Sema4D (LatB	S4D; � 2, p � 0.37). G, Same as B, but for combined treatment with LatB	C or LatB	S4D (N: MW,
**p � 0.005; L: MW, p � 0.58; S: MW, p � 0.96; D: MW, p � 0.82; I: MW, p � 0.52). Data are represented as mean � SEM. Data in B are from 21 control axons (N � 6) and 20 Jasp-treated axons
(N � 5); in C from 18 control axons (N � 5) and 20 LatB-treated axons (N � 5); and in F and G from 18 LatB	Fc-treated (N � 4) and 20 LatB	S4D-treated axons (N � 5).
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(PHA; Christensen et al., 2003; Lim and Walikonis, 2008). We
first verified that adding PHA alone did not affect bouton dynam-
ics (Fig. 7A) or spontaneous IPSCs (Fig. 7B–D), indicating that
MET is not very active under baseline conditions in our slices.
Next, we treated our slices with Sema4D to induce bouton stabi-
lization and compared bouton dynamics in the presence or ab-
sence of PHA (Fig. 7E). Blocking MET with PHA completely
abolished the Sema4D-induced increase in the density of stabi-
lizing boutons, while the other bouton subgroups were hardly
affected (Fig. 7F). In fact, blocking MET in combination with
Sema4D treatment almost entirely abolished the occurrence of
stabilizing boutons in our slices (Fig. 7G,H). Consistent with the
live imaging data, inhibiting MET with PHA also blocked the
increase in VGAT staining intensity (Fig. 7 I, J) and mIPSC inter-
event interval (Fig. 7K) triggered by Sema4D treatment. To-
gether, these data indicate that activation of MET is required for
the Sema4D-induced stabilization of inhibitory boutons.

As the actin depolymerization pathway downstream of
Sema4D/PlexinB1 signaling via MET is mediated via a reduction
of intracellular RhoA activity (Swiercz et al., 2008; Sun et al.,
2012), we tested whether stabilization of inhibitory boutons
could also be achieved by directly reducing ROCK activity, a well
known downstream effector of RhoA (Amano et al., 2010). We
found that treatment with the specific ROCK inhibitor Y-27632
(Deguchi et al., 2016) resulted in an increase in the density of
stabilizing boutons in our slices (Fig. 7L), without affecting the
other subclasses of boutons. These findings are consistent with an
intracellular pathway induced by Sema4D/PlexinB1 signaling via
coactivation of MET and reduction of ROCK activity to promote
stabilization of inhibitory boutons.

MET is required in presynaptic inhibitory axons
Our pharmacological experiments do not address whether the
Sema4D-induced changes in actin occur in the presynaptic or
postsynaptic compartment. MET was reported to be expressed
predominantly in axons, where it is present in small puncta in the
axonal shaft and small presynaptic terminals (Judson et al., 2009;
Eagleson et al., 2013). However, studies on MET have focused on
glutamatergic synapses (Tyndall and Walikonis, 2006; Xie et al.,
2016) and MET localization in GABAergic axons has never been
directly addressed. We made use of an antibody (Qiu et al., 2014)
and a nanobody (Heukers et al., 2014) with demonstrated speci-
ficity for MET to localize MET in our slices. We first confirmed
that MET was present at synapses in primary hippocampal cul-
tures (Fig. 8A,B). In line with previous reports (Tyndall and
Walikonis, 2006; Eagleson et al., 2013; Xie et al., 2016), the ma-
jority of MET puncta overlapped with excitatory synapses (Fig.
8A,B), but clear association of MET with inhibitory pre-synapses
was also observed in these cultures (Fig. 8B). This was further
confirmed with STED microscopy (Fig. 8C). We then used the
MET nanobody and antibody to label MET in our hippocampal
slices of GAD65-GFP mice (Fig. 8D). Although there was a quan-
titative difference presumably reflecting a difference in labeling
affinity, both methods clearly showed that a subset of GFP-
labeled inhibitory boutons was enriched for MET (Fig. 8E). Com-
parison between the MET staining pattern with staining for
postsynaptic gephyrin (compare Figs. 8F, 3E) suggests a presyn-
aptic localization of MET at these inhibitory synapses, as MET
puncta were often completely enclosed by the GFP-labeled bou-
ton. These data indicate that MET is present at inhibitory axons

Figure 6. Latrunculin B treatment does not promote inhibitory synapse formation. A, Normalized area of presynaptic VGAT puncta after treatment with 100 nM LatB for 2 and 24 h. Two-way
ANOVA indicated a significant effect of time ( p � 0.02) and an interaction between treatment and time (§p � 0.02). At 2 h, *p � 0.047 (Sidak’s multiple comparisons test). B, Normalized density
of VGAT, after treatment with 100 nM LatB for 2 and 24 h. C, Cumulative distributions of the normalized area of VGAT after treatment with 100 nM LatB for 2 and 24 h. Black line represents the
normalized control values. *p � 0.047 and 0.33 (KS) for 2 and 24 h, respectively. D, E, Same as in A and B, but for the area (D) and density (E) of postsynaptic gephyrin puncta. E, Two-way ANOVA
showed a significant effect of time ( p � 0.04) and interaction between treatment and time (§p � 0.04). F, Same as in C, but for normalized gephyrin density. *p � 0.047 and 0.33 (KS) for 2 and
24 h, respectively. G, Normalized density of inhibitory synapses. Data are represented as mean � SEM. Data from 15 control images (N � 3) and 15 LatB images (N � 3) per TP. Dashed line
represents control values (treatment with DMSO for 2 and 24 h).
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Figure 7. Inhibitory bouton stabilization by Sema4D requires MET activation. A, Density of NP boutons in slices treated with DMSO (C) and 1 �M PHA-665752 (PHA): N: new (MW, p � 0.28); L:
lost (MW, p � 0.77); S: stabilizing (MW, p � 0.98); D: destabilizing (MW, p � 0.24); I: intermittent (MW, p � 0.67). B, Representative whole-cell voltage-clamp recordings of spontaneous IPSCs
(sIPSCs) from CA1 pyramidal cells in organotypic hippocampal slices before (
5�) and after treatment (	20�) with PHA (1 �M). Time in minutes. C, D, Mean sIPSC frequency (C) and amplitude (D)
before (
5�) and after (	20�) treatment with PHA. Time in minutes. One-way ANOVA for multiple TPs: p � 0.97 (C), p � 0.19 (D). E, Time-lapse two-photon images of GAD65-GFP-labeled axons
in organotypic hippocampal slices during wash-in (gray box) of combination of 1 nM Sema4D and DMSO (S4D; top) or combination of 1 nM Sema4D with 1 �M PHA-665752 (S4D	PHA; bottom). Only
every second image is shown for clarity. P and NP boutons are indicated as in Figure 2. Images are maximum intensity projections of 15–16 z-stacks. Scale bar, 5 �m. F, Fraction of NP boutons in S4D-
and S4D	PHA-treated axons: N: MW, p � 0.34; L: MW, p � 0.74; S: MW, *p � 0.01; D: MW, p � 0.64; I: MW, p � 0.53. G, Density of stabilizing boutons in slices treated with S4D or S4D	PHA
(MW, **p � 0.006). Dashed line represents control values. Dots represent individual axons. H, Frequency distribution of the stabilizing bouton density in S4D- and S4D	PHA-treated axons (� 2,
*p � 0.048). I, Representative images of hippocampal slices treated with S4D (top) or S4D	PHA (bottom) for 100�, and stained for presynaptic VGAT. Images are average intensity projections of
five z-stacks. Scale bar, 5 �m. J, Normalized mean staining intensity for VGAT in S4D- and S4D	PHA-treated slices (MW, **p � 0.009). Control value is indicated with dashed line. K, Inter-event
interval (IEI) of mIPSCs from CA1 pyramidal cells in organotypic slices after treatment with 1 nM Fc/DMSO (C), 1 nM S4D/DMSO (S4D), or 1 nM S4D/1 �M PHA-665752 (S4D	PHA) for 24 h (KW, C vs
S4D, *p � 0.04; C vs PHA, p � 0.19). Dots represent individual cells. L, Fraction of NP boutons in axons treated with MQ (control; C) or 10 �M ROCK inhibitor Y-27632: N: MW, p � 0.05; L: MW, p �
0.39; S: MW, *p � 0.02; D: MW, p � 0.38; I: MW, p � 0.78. Data are represented as mean � SEM. Data in A are from 18 control axons (N � 4) and 18 PHA-treated axons (N � 4); in C and D from
five CA1 pyramidal cells (N � 5); in F–H from 17 S4D-treated axons (N � 4) and 16 S4D	PHA-treated axons (N � 4); in J from 16 images of S4D-treated slices (N � 3) and 23 images of
S4D	PHA-treated slices (N �4); in K from 14 control cells (N �5), 14 S4D-treated cells (N �7) and 17 S4D	PHA-treated cells (N�6); and in L from 21 control axons (N�5) and 22 Y-27632-treated
axons (N � 5).
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Figure 8. MET is required in presynaptic inhibitory axons. A, Images of primary cultures of hippocampal neurons immunostained with MET nanobody (red) and markers for excitatory synapses:
presynaptic vesicular glutamate transporter (VGLUT; green) and postsynaptic Homer (blue). The majority of MET puncta colocalize with one or both markers (white arrows), but some MET puncta
do not colocalize (red arrows). Images are maximum intensity projections of 13 stacks. Scale bars: overview, 5 �m; zoom, 2 �m. B, Same as A, but neurons were stained with MET nanobody (red)
and markers for excitatory pre-synapses (VGLUT; green) and inhibitory pre-synapses (VGAT; blue). White arrows indicate MET colocalizing with VGLUT and blue arrows indicate MET colocalizing with
VGAT. Images are maximum intensity projections of 12 stacks. Scale bars: overview, 5 �m; zoom, 2 �m. C, Representative STED images (single optical sections) of primary cultures of hippocampal
neurons immunostained with MET antibody (red) and VGAT (green). Green arrows highlight MET puncta colocalizing with VGAT, while red arrows indicate MET puncta that do not colocalize with
VGAT. Scale bars: overview, 10 �m; zoom, 1 �m. D, Representative images of GFP-labeled inhibitory boutons (green) in hippocampal slices, stained with a nanobody (top) and an antibody (bottom)
against MET (magenta). Images are maximum intensity projections of 5– 6 z-stacks. White arrows indicate MET enrichment in GFP-labeled boutons. Scale bars, 5 �m. E, Fraction of GFP boutons
positive for MET. Aspecific staining was determined by anti-myc staining without nanobody (C; black) and random colocalization was determined by inverting the MET channel (Inv; light gray;
nanobody-KW, C vs MET: ***p � 0.0002, MET vs Inv: *p � 0.04; antibody-MW: ***p � 0.0001). F, Example of two inhibitory boutons (green) in hippocampal slices showing enrichment in MET
(magenta), and the respective xz and yz projections. Images are maximum intensity projections of six z-stacks. Scale bar, 1 �m. G, Representative images of primary hippocampal neurons (11 DIV)
transfected at 9 DIV with mCherry-MET (mCh-MET) together with GFP (control) or MET-miRNA#2	GFP (MET-miRNA#2). Red dashed line highlights the neuronal cell body. Scale bar, 20 �m. H,
Normalized intensity of mCherry-MET in primary hippocampal neurons cotransfected with GFP (control) or MET-miRNA constructs (KW: Cvs#1, ***p � 0.0001; Cvs#2, **p � 0.001). I, Western blot
analysis of MET levels in HEK293 cell extracts upon transfection with mCherry-MET and MET-miRNA constructs normalized to control (GFP). (Figure legend continues.)
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and terminals, where it can mediate
Sema4D signaling to induce bouton
stabilization.

To directly test whether presynaptic
MET is required for Sema4D-induced
bouton stabilization we reduced MET
specifically in presynaptic inhibitory ax-
ons using a miRNA-based knock down
approach. We first verified that the
miRNA construct effectively reduced
MET levels in primary hippocampal neu-
rons (Fig. 8G,H) and HEK cells (Fig. 8I).
We then injected Cre-dependent lentivi-
ruses in hippocampal slices from VGAT-
Cre mice at 1 DIV to infect a few
GABAergic cells per slice. We either used a
construct with GFP (control), or GFP
with miRNA against MET (MET-
miRNA), and we performed similar two-
photon experiments at �14 DIV as
previously described. We first confirmed
that Sema4D promoted bouton stabiliza-
tion in GFP-positive axons in VGAT-Cre
slices (Fig. 8J). As GFP-labeled axons in
VGAT-Cre slices comprise all inhibitory
axons (compared with only a subset in
GAD65-GFP slices), this suggests that
many, if not all, inhibitory axons are sen-
sitive to Sema4D signaling. In MET-
miRNA axons, in which MET levels were
reduced for several days, overall bouton
dynamics appeared slightly enhanced
(fraction of NP boutons in MET-miRNA
axons was 20.9 � 1.6% compared with
15.5 � 1.7% in control GFP axons; p �
0.04). In contrast to GFP-positive axons,
Sema4D was not able to increase the den-
sity of stabilizing boutons along MET-
miRNA axons (Fig. 8K). These data
demonstrate that Sema4D-induced in-
hibitory bouton stabilization requires the
coactivation of presynaptic MET in inhibitory axons.

Sema4D-induced bouton stabilization relies on
network activity
Finally, we asked whether Sema4D-induced stabilization of in-
hibitory boutons depends on the level of neuronal activity. As pre-
viously reported (Schuemann et al., 2013), blocking activity by bath
application of TTX mildly decreased overall bouton dynamics in our
slices (data not shown). We found that in the presence of TTX,
Sema4D treatment no longer induced stabilization of inhibitory
boutons, and that Sema4D treatment even led to a reduction in

bouton stabilization compared with control (Fig. 9A,B). Whereas
under control conditions Sema4D treatment increased the fraction
of axons that displayed stabilizing boutons, it led to a decrease in the
presence of TTX (Fig. 9C,D). Interestingly, bouton stabilization by
LatB was not affected by TTX (Fig. 9A–D), indicating that activity-
dependent changes in the actin cytoskeleton cannot explain this re-
sult. These findings suggest that the activity-dependent sensitivity to
Sema4D is regulated upstream of the changes induced at the presyn-
aptic actin cytoskeleton.

Discussion
Research on synapse formation is traditionally dominated by ex-
citatory synapses and has been focused on the postsynaptic side.
Inhibitory synapses are formed in a fundamentally different
manner, with a more prominent role for the presynaptic axon
(Wierenga et al., 2008). Our live imaging experiments provide
unique insight into the dynamics of inhibitory synapse formation
in brain slices, which remain undetected with methods using
stationary comparisons before and after treatment. We used
Sema4D-induced inhibitory synapse formation as a model sys-
tem to study the molecular events happening during presynaptic
bouton formation. Rather than being specific for a certain sub-
type of inhibitory cell, our observations indicate that Sema4D

4

(Figure legend continued.) Dashed line represents control. J, Density of stabilizing boutons in
GFP-positive axons treated with 1 nM Fc (C) and 1 nM Sema4D-Fc (S4D) in VGAT-Cre slices (MW,
*p � 0.05). K, Same as in J, but in MET-miRNA-expressing axons (MW, p �0.88). Data are
represented as mean � SEM. Data in E are from 10 control images (N � 2), 12 images in MET
and inverted group (N �3) for the nanobody staining and 15 images in MET and inverted group
(N � 3) for the antibody staining; in H from 45 control cells (N � 3), 40 MET-miRNA#1 cells
(N � 2) and 43 MET-miRNA#2 cells (N � 3); in I from 2 independent Western blot experiments;
in J from 23 control axons (N � 6) and 26 S4D-treated axons (N � 7); and in K from 24 control
axons (N � 6) and 19 S4D-treated axons (N � 5). Dots in J, K represent individual axons.

Figure 9. Sema4D-induced bouton stabilization is activity-dependent. A, Density of stabilizing boutons in axons treated with 1
nM Fc (C, circles) or DMSO (C, diamonds), 1 nM Sema4D-Fc (S4D), and 100 nM LatrunculinB (LatB) in the presence of 0.5 �M TTX (MW:
C vs S4D, p � 0.17; C vs LatB, **p � 0.008). Dots represent individual axons. B, Stabilization of inhibitory boutons upon treatment
with C, S4D, or LatB in the presence of 0.5 �M TTX, determined by the change (compared with baseline) in density of boutons that
were present at five consecutive TPs during the imaging period: 0�– 40� (baseline), 50�–90� (wash-in) and 100�–140� (wash-in).
Two-way ANOVA showed a significant effect of treatment (C vs S4D, *p � 0.01; C vs LatB, **p � 0.0095). At 100�–140�, C vs S4D,
*p � 0.04 (Sidak’s multiple-comparisons test). C, Frequency distribution of the stabilizing bouton density in C-, S4D-, and
LatB-treated axons, in the presence of 0.5 �M TTX (� 2: C vs S4D, p � 0.32; C vs LatB, *p � 0.01). D, Fraction of axons with
stabilizing boutons in axons treated with C or S4D, in control or activity-depleted slices with TTX [� 2 ( p values are Bonferroni-
corrected): C vs S4D, *p � 0.01; C vs C	TTX, p � 0.58; C	TTX vs S4D	TTX, p � 0.22; S4D vs S4D	TTX, ***p � 0.0001; C	TTX
vs LatB	TTX, **p � 0.006]. Data are from 19 control (Fc) axons (N � 5), 20 S4D-treated axons (N � 5), 20 control (DMSO) axons
(N � 6), and 22 LatB-treated axons (N � 6). The two controls groups are pooled for clarity in B and C, but statistics were performed
between treatment and its own control.
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acts at a specific molecular step during inhibitory synapse forma-
tion. Our current data put the presynaptic inhibitory axon in the
spotlight and highlights the importance of understanding the
precise presynaptic changes and signaling events that occur dur-
ing the formation of new inhibitory synapses.

We demonstrate that the primary action of Sema4D is on the
presynaptic side. During the formation of inhibitory synapses,
synaptic changes generally occur in a pre-before-post sequence
(Wierenga et al., 2008; Dobie and Craig, 2011), but it was recently
reported that the formation of inhibitory synapses can also be
induced by postsynaptic gephyrin clustering (Flores et al., 2015).
A previous observation of rapid formation of new gephyrin clus-
ters after Sema4D treatment in primary cultures (Kuzirian et al.,
2013) suggested that Sema4D may promote inhibitory synapse
formation via postsynaptic gephyrin. However, our data clearly
argue against a triggering mechanism of Sema4D via postsynaptic
gephyrin and indicates that the primary action of Sema4D is at
the presynaptic bouton. We found that Sema4D signaling does
not induce de novo inhibitory synapse formation, but it specifi-
cally stabilizes NP boutons within tens of minutes, without affect-
ing bouton disassembly. Initial presynaptic bouton stabilization
is followed by a slower postsynaptic recruitment of gephyrin and
the entire synapse maturation process takes several (up to 24)
hours. Our results highlight the importance of the presynaptic
changes that occur during inhibitory synapse formation.

Our observations that longer Sema4D treatment does not fur-
ther enhance bouton stabilization and that LatB and Sema4D
stabilize an overlapping bouton population suggests that only a
specific set of boutons is responsive to Sema4D. This indicates
that Sema4D acts at a specific, early step during the synapse for-
mation process and inhibitory boutons which are more mature
or too immature are irresponsive to Sema4D. Bouton stabiliza-
tion and gephyrin recruitment was also induced by LatB, but in
an uncoordinated manner, such that LatB failed to induce new
inhibitory synapses after bouton stabilization (Fig. 6). This sug-
gests that Sema4D signaling coordinates presynaptic and post-
synaptic changes, and that independent signaling pathways exist
for presynaptic and postsynaptic changes during inhibitory syn-
apse formation. This is in line with two recent studies, which
show that impairing clustering of postsynaptic gephyrin does not
affect presynaptic bouton stabilization (Yamasaki et al., 2017; Wu
et al., 2018). Gephyrin clustering at synapses is a complex process,
which is regulated via phosphorylation-dependent interactions
with multiple postsynaptic proteins and GABAA receptors (Pe-
trini et al., 2014; Tyagarajan and Fritschy, 2014; Flores et al., 2015;
Oh et al., 2016; Yamasaki et al., 2017; Wu et al., 2018). It is
currently not known how presynaptic bouton stabilization trig-
gers subsequent recruitment of postsynaptic proteins, but this
may involve the recruitment of presynaptic organizers such as
neurexins (Fu and Huang, 2010; Siddiqui and Craig, 2011; Neu-
pert et al., 2015).

Stabilization of inhibitory boutons involves specific actin re-
modeling via actin depolymerization downstream of Sema4D
signaling. This might seem counterintuitive at first sight, but a
similar rapid actin depolymerization was implied in building spe-
cific actin structures during spine growth (Bosch et al., 2014;
Meyer et al., 2014) and in the formation of immunological syn-
apses (Ritter et al., 2015; de la Roche et al., 2016). Actin remod-
eling likely involves a qualitative switch in the combined action of
many actin-regulating proteins (Lomakin et al., 2015; Rotty et al.,
2015; Suarez et al., 2015). Our data suggest that the actin cyto-
skeleton at stabilizing boutons is different from other compart-
ments and specifically sensitive to LatB. Recent nanoscopy

studies have revealed several actin-based structures in axons (Xu
et al., 2013; Ganguly et al., 2015; Leterrier et al., 2017), but the
precise actin structure in presynaptic boutons remains unre-
solved. It is currently not known which actin-regulating factors
are involved in presynaptic bouton stabilization, but promising
candidates include cortactin (Alicea et al., 2017), cofilin (Bosch et
al., 2014; Piccioli and Littleton, 2014), and Mical (Orr et al.,
2017).

Our experiments uncovered an unexpected role for the recep-
tor tyrosine kinase MET in inhibitory synapses. Human imaging
and genetic studies have identified mutations in the MET gene as
a risk factor for autism spectrum disorder (ASD; Peng et al.,
2013), but the exact role of MET in ASD is not yet understood
(Eagleson et al., 2017). Previous studies in neurons have impli-
cated MET in regulating postsynaptic strength in excitatory neu-
rons (Qiu et al., 2014; Lo et al., 2016), excitatory synapse
formation (Xie et al., 2016), and interneuron migration (Martins
et al., 2011). We found that reducing MET levels specifically in
inhibitory axons blocked Sema4D-induced inhibitory bouton
stabilization, suggesting that presynaptic MET acts as a corecep-
tor with PlexinB1 (or other family members; McDermott et al.,
2018) to mediate actin remodeling in the presynaptic bouton.
This novel role for MET in inhibitory axons could shed new light
on its role in neurodevelopmental diseases such as ASD.

Finally, we found that the sensitivity to Sema4D signaling is
regulated by activity. Several members of the Semaphorin and
Plexin family have been shown to be regulated by neuronal activ-
ity (Orr et al., 2017; Wang et al., 2017). Our experiments suggest
that intracellular actin is not changed, but that the sensitivity for
Sema4D is altered in the axon, possibly by activity-dependent
regulation of surface expression or complex formation of re-
ceptors. It will be important to further address the activity-
dependent regulation of the Sema4D signaling pathway,
including PlexinB and MET receptors, in future studies. Changes
in inhibitory synapses play an important role in the rewiring of
neural circuits during development and in response to behavioral
demands in adulthood (Keck et al., 2011; Chen et al., 2015; Fro-
emke, 2015) and defects in inhibitory synapses are associated
with many neurodevelopmental diseases (Hensch, 2004; Marín,
2012). Our data emphasize that inhibitory synapses are not plug-
and-play devices, but that the activity-dependent formation of
new inhibitory synapses requires a complex series of molecular
events. A better understanding of the signaling pathways that
regulate these events will be crucial to understand circuit adapta-
tion processes during learning and in brain diseases.
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