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ABSTRACT

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 to examine the signaling
pathways induced by the postsynaptic signaling molecule SemaphorindD (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. Stabilizing boutons rapidly recruited synaptic vesicles, which
was followed by accumulation of postsynaptic gephyrin. Newly formed inhibitory synapses
were complete and functional after 24 hours, as determined by electrophysiology and
immunohistochemistry. We further showed that Sema4D signaling is regulated by network
activity and can induce a local increase in bouton density, suggesting a possible role in circuit
adaptation. We further examined the intracellular signaling cascade triggered by Sema4D and
found that bouton stabilization occurred through rapid remodeling of actin, and this could be
mimicked by the actin-depolymerizing drug Latrunculin B or by reducing ROCK activity.
The intracellular signaling cascade required activation of the receptor tyrosine kinase MET,
which is a well-known autism risk factor. Our immunohistochemistry data suggests that MET
may be localized to presynaptic inhibitory axons. Together, our data yield important insights
in the molecular pathway underlying activity-dependent Sema4D-induced synapse formation

and reveal a novel role for MET in inhibitory synapses.

Significance Statement

GABAergic synapses provide the main inhibitory control of neuronal activity in the brain. We
make important steps in unraveling the molecular processes that take place when formation of
inhibitory synapses is triggered by a specific signaling molecule, Sema4D. We find that this
process depends on network activity and involves specific remodeling of the intracellular
actin cytoskeleton. We also reveal a previously unknown role for MET in inhibitory synapses.
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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76  INTRODUCTION
77
78  GABAergic synapses provide the main inhibitory control over neuronal activity in the brain
79 and are indispensable for shaping network function (Isaacson and Scanziani, 2011). In
80  postnatal brain tissue, in which the majority of inhibitory connections have been established,
81 synapse formation and disassembly is still ongoing (Caroni et al., 2012). Formation and
82  disassembly of inhibitory synapses in the brain play an important role in experience-
83  dependent circuit adaptation (Hensch, 2005; Keck et al., 2011; Chen et al., 2015; Froemke,
84  2015; Sprekeler, 2017) and defects in GABAergic synapses have been observed in many
85  neurodevelopmental disorders (Marin, 2012; Cellot and Cherubini, 2014; Nelson and Valakh,
86  2015). We and others have previously shown that inhibitory axons are dynamic structures
87  with boutons forming and disappearing with apparently stochastic dynamics (Fu and Huang,
88  2010; Dobie and Craig, 2011; Kuriu et al., 2012; Frias and Wierenga, 2013). These ongoing
89  bouton dynamics allow quick updating of connections in response to changes in the neuronal
90 circuitry (Staras, 2007; Frias and Wierenga, 2013). New inhibitory synapses form by the
91  emergence of new presynaptic boutons at pre-existing axon-dendrite crossings (Wierenga et
92 al., 2008; Schuemann et al., 2013). However, the signaling pathways that regulate the multiple
93  steps during inhibitory synapse formation are not well understood (Wierenga, 2017).
94 In the recent years, enormous progress has been made by the identification and
95  characterization of proteins that are involved in the formation of inhibitory synapses (Siddiqui
96 and Craig, 2011; Krueger-Burg et al., 2017; Lu et al., 2017). The class 4 semaphorin Sema4D,
97  originally identified as an axon guidance factor (Kolodkin et al., 1993; Pasterkamp, 2012), has
98  hbeen shown to play a crucial role in this process. Formation of GABAergic synapses was
99  shown to depend on Sema4D signaling, as knockdown of postsynaptic Sema4D led to a 30%
100  reduction of GABAergic synapses in primary cultures (Paradis et al., 2007). In addition, acute
101  activation of Sema4D pathway by adding a soluble form of the extracellular part of Sema4D
102  to primary hippocampal cultures induces rapid increase of GABAergic synapses (Kuzirian et
103 al.,, 2013; Raissi et al., 2013). The observation that somatic and dendritic synapses responded
104  equally to Sema4D signaling (Kuzirian et al., 2013) suggests that Sema4D could be acting on
105  abroad range of (or perhaps all) inhibitory synapses.
106  Despite its well-characterized physiological importance, relatively little is known about the
107  cellular mechanism by which Sema4D induces inhibitory synapse formation. It was shown

108 that Sema4D acts as a postsynaptic protein and requires its receptor PlexinB1l to induce
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109 inhibitory synapses (Kuzirian et al., 2013; Raissi et al., 2013). The signal cascades that are
110  triggered by Sema4D-PlexinBl interaction have been well studied in other cells and these
111  studies revealed that Sema4D action is highly cell-specific (Zhou et al., 2008; Cagnoni and
112 Tamagnone, 2014). For instance, Sema4D has been reported to either suppress or enhance
113 cellular adhesion and/or migration, depending on the cell type (Oinuma et al., 2006; Basile et
114  al., 2007; Giacobini et al., 2008; Swiercz et al., 2008). The intracellular molecular events
115  downstream of Sema4D/PlexinBl signaling that lead to inhibitory synapse induction are
116  currently not known.

117  In the current study, we used high resolution two-photon microscopy in organotypic
118  hippocampal slices to characterize Sema4D regulation of inhibitory synapse formation in
119  intact tissue and to examine the underlying molecular pathway. We found that Sema4D
120  signaling specifically regulates the rapid stabilization of inhibitory boutons along the axon
121 and that local bouton stabilization by Sema4D can result in local changes in bouton density
122 within tens of minutes. These rapid presynaptic changes are followed by subsequent
123 recruitment of pre- and postsynaptic proteins to complete the formation of functional
124  inhibitory synapses over the course of the next hours. We also found that Sema4D-induced
125  bouton stabilization is activity-dependent. The intracellular pathway for bouton stabilization
126 involves specific remodeling of the actin cytoskeleton, and requires the activation of the
127  receptor tyrosine kinase MET. Our data unravel an important regulatory pathway of activity-
128  dependent inhibitory synapse formation and reveal a novel role for the receptor tyrosine

129  kinase MET in Sema4D-induced formation of inhibitory synapses.
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130 EXPERIMENTAL PROCEDURES
131

132 Animals

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

137

138  Hippocampal slice cultures

139  Hippocampal slice cultures (400 pm thick) were prepared from postnatal day 5-7 of both male
140  and female GAD65-GFP mice (LOpez-Bendito et al., 2004) as previously described (Mullner
141 et al., 2015). In short, the hippocampi were dissected in ice-cold HEPES-GBSS (containing
142 15 mM CaCl,-2H,0, 0.2 mM KH,PO4 0.3 mM MgSO4-7H,0, 5 mM KCI, 1 mM
143 MgCl,-6H,0, 137 mM NaCl, 0.85 mM Na,HPO, and 12.5 mM HEPES) supplemented with 1
144 mM Kkynurenic acid and 25 mM glucose, and plated in a MEM-based medium (MEM
145  supplemented with 25 % HBSS, 25 % horse serum, 30 mM glucose and 12.5 mM HEPES).
146  In GADG65-GFP mice, approximately 20% of the CAL interneurons express GFP from early
147  embryonic developmental stage into adulthood (LOpez-Bendito et al., 2004; Wierenga et al.,
148  2010). The majority of GFP-labeled interneurons expresses reelin and VIP, while
149  parvalbumin and somatostatin expression is nearly absent (Wierenga et al., 2010). For our
150  study, the relatively low number of GFP-positive axons is crucial for proper analysis of
151 individual boutons.

152  The slices were kept in culture for at least one week before the experiments (range 7-21 days
153  in vitro) at 35 °C in 5 % CO,. For live imaging experiments, slices were transferred to an
154  imaging chamber, where they were continuously perfused with carbogenated artificial
155  cerebrospinal fluid (ACSF; containing 126 mM NaCl, 3 mM KCI, 2.5 mM CaCl,, 1.3 mM
156  MgCl,, 1.25 mM NaH,PO,4, 26 mM NaHCO3z; 20 mM glucose and 1mM Trolox). The
157  temperature of the chamber was maintained at 37°C. Treatment and control experiments were
158  conducted in slices from sister cultures.

159

160  Pharmacological treatments

161  The following drugs were used: 0.1/0.2 % DMSO, 1 nM Fc and Sema4D-Fc (amino acids 24-
162  711) (both R&D Systems), 100 nM Latrunculin B (Santa Cruz Biotechnology), 200 nM
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163  Jasplakinolide (Tocris Bioscience), 1 uM PHA-665752 (Sigma-Aldrich) and 10 uM Y-27632
164  (Sigma-Aldrich). We used the small molecule PHA-665752 (PHA), a highly specific MET
165 inhibitor (Christensen et al., 2003; Deguchi et al.,, 2016), to decrease endogenous
166  phosphorylation of MET, without affecting MET expression or neuronal cell viability. We
167  used 10 nM Fc or Sema4D for the local puffing experiments.

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

171

172 Two-photon imaging

173 For acute treatments, drugs were added to the perfusion ACSF after a baseline period of 40
174  minutes (5 time points) and we continued imaging for an additional 10 time points in the
175  wash-in period (total imaging period is 140 minutes). In longer treatments, we treated the
176  slices for 6 hours after the baseline period (5 imaging time points) at the microscope and
177  restarted imaging for 5 time points, for a total treatment period of 6 hours and 40 minutes
178 (400 minutes). For activity blockade, 0.5 puM tetrodotoxin citrate (TTX; Tocris Bioscience)
179  was added to the perfusion ACSF prior to the transfer of the slice to the imaging chamber.
180  Time-lapse two-photon microscopy images were acquired on a Femtonics 2D two-photon
181  laser-scanning microscope (Budapest, Hungary), with a Nikon CFl Apochromat 60X NIR
182  water-immersion objective. GFP was excited using a laser beam tuned to 910 nm (Mai Tai
183  HP, Spectra Physics). The 3D images (93.5 um x 93.5 um in xy, 1124 x 1124 pixels)
184  consisted of 29-33 z stacks (0.5 um step size in z). Small misalignments due to drift were
185  manually compensated during the acquisition.

186  For the local treatment, we used HEPES-ACSF (containing_126 mM NaCl, 3 mM KClI, 2.5
187 mM CacCl,, 1.3 mM MgCl,, 1.25 mM NaH,PO,4, 20 mM glucose, and 10 mM HEPES; pH
188  7.41) with 20 uM Alexa 568 (Invitrogen), in order to visualize the spread of the local puff.
189  SemadD or Fc was added to the HEPES-ACSF to a final concentration of 10 nM. The
190  solution was loaded into a patch pipette (4-6 MOhm), and was locally applied to a GFP-
191  labeled axon using a Picospritzer 1l (General Valve). Time-lapse two photon microscopy
192  imaging was performed as described previously, except that a second laser (Spectra Physics)
193  was used at 840 nm to visualize the area of the puff. The 3D images (51.3 um x 51.3 pm in
194 Xy, 620 x 620 pixels) consisted of 18-22 z stacks (0.5 um step size in z). After a baseline
195  period of 20 minutes (5 TPs), the pipette was put into position before the stimulation. The
196  stimulation consisted of 300 puffs of 20-50 ms at 2 Hz. The pipette was carefully retracted
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197  before continuing the time series for 10 additional time points (total imaging period of 70
198  minutes).

199

200 Two-photon image analysis

201  The analysis of inhibitory bouton dynamics was performed semi-automatically using ImageJ
202  (US National Institute of Health) and Matlab-based software (Mathworks). The 3D
203  coordinates of individual axons were selected at every time point by using the CellCounter
204  plugin (Kurt De Vos, University of Sheffield, Academic Neurology). For each image, 1-5
205  stretches of axons (average length 78 um with standard deviation 18 pm, with average of 31
206  boutons per axon with standard deviation 11; for local treatment experiments, average length
207 39 um with standard deviation 8 um, with average of 14 boutons per axon with standard
208  deviation of 4) were selected for analysis.

209 A 3D intensity profile along the selected axons was constructed at each time point, and
210 individual boutons were identified in a two-step process using custom-made Matlab software
211 (Schuemann et al., 2013). In brief, an axon threshold was calculated to differentiate the axon
212 from the background (2 standard deviations above mean intensity); subsequently, a local
213 threshold (0.5 standard deviation above mean axon intensity) identified the boutons along the
214  selected axon. Only boutons with at least 5 pixels above bouton threshold were included.
215  Each image stack was visually examined, and false positives and negatives were corrected
216  manually. Only raw data was analyzed; images were median-filtered for illustration purposes
217 only.

218  Boutons were classified as persistent when they were present during all time points, and non-
219  persistent when they were absent during one or more time points during the imaging session.
220  The average fraction of persistent and non-persistent boutons was calculated by normalization
221  to the average number of boutons per axon. To bias our analysis towards synaptic events
222 (Schuemann et al., 2013), we restricted our analysis to boutons that appeared for at least 2
223 time points at the same location during the imaging period. We verified that our main
224  conclusions did not change when this restriction was released. Based on their presence during
225  baseline and treatment periods, we defined five subgroups of non-persistent boutons: new
226 boutons (not present during baseline), lost boutons (not present during wash-in), stabilizing
227  boutons (non-persistent during baseline, persistent during wash-in), destabilizing boutons
228  (persistent during baseline, non-persistent during wash-in), and transient boutons (non-
229  persistent in baseline and wash-in) (Fig. 1). Average fraction of each subgroup of boutons was

230 normalized to the total average number of non-persistent (NP) boutons per axon. The duration
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231 of each bouton was defined as the number of time points present divided by the total number
232 of time points per period. Bouton density was calculated as the average number of boutons at
233 all time points divided by the 3D axon length.

234

235  Electrophysiology

236 During the experiment, the slice was placed in a recording chamber perfused with oxygenated
237  artificial cerebral spinal fluid (ACSF) at a rate of 1 ml/min. The recording ACSF consisted of
238 126 mM NaCl, 3 mM KCI, 2.5 mM CaCl,, 1.3 mM MgCl,, 1.25 mM NazH,PO,, 26 mM
239 NaHCOg, and 20 mM glucose. Whole cell voltage clamp recordings were performed at 35 °C
240 in CAL cells of GAD65-GFP slice cultures at DIV 13-19. Recordings were made on a
241 Multiclamp 700B amplifier (Molecular Devices) and stored using pClamp 10 software. To
242  isolate sIPSCs, 20 uM DNQX and 50 uM APV were added to the recording ACSF. For
243  mIPSCs, 0.5 uM TTX was added as well. Thick walled borosilicate pipettes of 3-6 MQ were
244  filled with an internal solution containing 70 mM K-gluconate, 70 mM KCI, 0.5 mM EGTA,
245 10 mM HEPES, 4 mM MgATP, 0.4 mM NaGTP, and 4 mM Na,Phosphocreatine. Cells were
246  excluded from analysis if the series resistance increased more than 35 %. IPSCs were
247  automatically detected in Clampfit and further analyzed in custom Matlab scripts. Detected
248  events within 3 ms of each other were merged and events smaller than 3 times the RMS of the
249  signal were excluded. The cumulative distributions for individual experiments were
250 interpolated to generate the average distribution.

251

252 Immunohistochemistry, confocal imaging and image analysis

253 For post hoc immunohistochemistry, organotypic hippocampal slices were fixed in 4 % (w/v)
254  paraformaldehyde for 30 minutes at room temperature. Slices were rinsed in phosphate buffer
255 and permeabilized with 0.5 % TritonX-100 in phosphate buffer for 15 minutes. Slices were
256  blocked with 0.2 % TritonX-100, 10 % goat serum (ab7481, Abcam) in phosphate buffer for
257 60 minutes. Primary antibodies were applied overnight at 4°C in blocking solution. After
258  washing, slices were incubated with secondary antibodies in blocking solution for 4h at room
259  temperature. Slices were washed and mounted on slides in Vectashield mounting medium
260  (Vector Labs).

261  The following primary and secondary antibodies were used: rabbit a-VGAT (1:1000;
262 Synaptic Systems, 131 003), mouse a-gephyrin (1:1000; Synaptic Systems, 147 011), guinea
263 pig a-VGLUT (1:400; Millipore, AB5905), rabbit a-Homer (1:1000; Synaptic Systems, 160
264  002), mouse o-myc (1:100; Oncogene Research Products, OP10), mouse a-MET (1:500;

8
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265 Santa Cruz Biotechnology, sc-8057), Alexa405-, Alexa-488 and Alexa-568 conjugated
266  secondary antibodies (Invitrogen). For staining MET we used a previously described myc-
267  tagged nanobody, which was shown to recognize MET with low nanomolar affinity (Heukers
268 et al., 2014). We visualized the nanobody with an antibody against the C-terminal myc tag.
269  We validated the nanobody staining in primary hippocampal cultures using a previously
270  described immunostaining protocol (Esteves da Silva et al., 2015).

271 For immunostainings, high resolution confocal laser scanning microscopy was performed on a
272 Zeiss LSM-700 system with a Plan-Apochromat 63x 1.4 NA oil immersion objective. Each
273 image was a z-series of 11-35 images (0.3 pm z step size), each averaged 4 times. The
274  imaging area in the CA1 region was 78 x 78 um (1024 x 1024 pixels). The confocal settings
275  were kept the same to compare fluorescence intensities between slices.

276  For the quantification of VGAT and gephyrin intensities per image, we determined per image
277  the mean intensity of 3 randomly chosen areas of 10 x 10 um of the average projection image
278  from the 5 middle z-layers. For the cumulative plots individual values (per area) were used.
279  Synaptic puncta size and number were determined using the PunctaAnalyzer plugin, and
280 inhibitory synapses were defined as overlapping VGAT and gephyrin puncta. For determining
281  co-localization of GFP-labeled boutons with synaptic marker VGAT or with MET, we
282  manually inspected individual boutons through all z-sections. A bouton was only considered
283  positive when at least one z stack of the bouton overlapped with VGAT or MET staining. The
284  images were median-filtered only for illustration purposes.

285

286  Statistical Analysis

287  Data are represented as mean values + standard error of the mean, unless stated otherwise.
288  Statistical analysis was performed using GraphPad Prism software. Results from treatment
289 and control experiments were compared using the Mann-Whitney U test (MW). The Chi-
290  Square test (x°) was used for comparing the fraction of axons with/without stabilizing
291 boutons. For comparing multiple groups, we used the Kruskal-Wallis test (KW) followed by a
292 posthoc Dunn’s comparison test. We used a One-Way ANOVA followed by a Dunnett’s
293 multiple comparison test (One-Way ANOVA) to compare the effect of wash-in of PHA over
294  time. We used a Two-Way ANOVA followed by a Sidak’s multiple comparisons test (Two-
295  Way ANOVA) to compare treatment effects at multiple time points. For the comparison of
296  cumulative distributions, we used the Kolmogorov-Smirnov (KS) test. We have indicated the
297  tests and p-values in the figure legends. Differences between control and treatment were

298  considered significant when p < 0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.001). In all figure
9
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299 legends and text, N indicates the number of independent experiments, and n indicates the

300 number of axons/images analyzed.
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300 RESULTS

302

303  We performed time-lapse two-photon microscopy in organotypic hippocampal cultures from
304 GADG65-GFP mice to monitor the dynamics of inhibitory boutons in the CA1 region of the
305  hippocampus (Wierenga et al., 2008; Schuemann et al., 2013). In GAD65-GFP mice,
306 approximately 20% of the CA1 interneurons express GFP. The majority of GFP-labeled
307 interneurons express reelin and VIP, while parvalbumin and somatostatin expression is nearly
308 absent (LOpez-Bendito et al., 2004; Wierenga et al., 2010). High-resolution image stacks of
309  GFP-labeled inhibitory axons were acquired every 10 minutes, for a total period of 150
310 minutes (15 time points). Inhibitory boutons were remarkably dynamic and many boutons
311  appear, disappeared and reappeared during the course of the imaging period. To bias our
312 analysis towards synaptic events, we only included boutons that appeared for at least 2 time
313  points at the same location during the imaging period. We distinguished two main classes of
314  boutons: persistent boutons, which were present during all time points, and non-persistent
315  boutons, which were absent during one or more time points during the imaging session (Fig.
316 1A,B). Approximately 77 % (with standard deviation of 12 %) of inhibitory boutons at any
317  given time point were persistent (Fig. 1C), and they reflect inhibitory synapses (Wierenga et
318 al., 2008; Millner et al., 2015). Non-persistent boutons reflect locations where inhibitory
319  synapses are ‘in transition’, e.g. where synapses are being formed or disassembled (Wierenga
320 et al.,, 2008; Dobie and Craig, 2011; Fu et al., 2012; Schuemann et al., 2013). Based on the
321  presence or absence of non-persistent boutons during a baseline and wash-in period (details
322 are given in the methods section), we distinguished 5 subgroups of non-persistent boutons:
323  new (N; absent during baseline), lost (L; absent during wash-in), stabilizing (S; non-persistent
324  during baseline, persistent during wash-in), destabilizing (D; persistent during baseline, non-
325  persistent during wash-in) and transient (non-persistent in both periods). These different
326  subgroups of non-persistent boutons not only differed in their incidence and duration (Fig.
327 1C,D), but also in their molecular composition, as assessed by immunostaining for the
328  presynaptic vesicular GABA transporter (VGAT) and the postsynaptic scaffold gephyrin (Fig.
329  1E). Stabilizing boutons, which were present for at least 90 minutes before fixation, showed
330 similar association with VGAT and gephyrin as persistent boutons, indicating that they are
331 nascent inhibitory synapses that have started to recruit pre- and postsynaptic proteins within
332  this period. Newly formed boutons, which were present for a short period before fixation,
333 showed a lower percentage of VGAT and gephyrin association. Boutons with longer total

11


https://doi.org/10.1101/100271

bioRxiv preprint doi: https://doi.org/10.1101/100271; this version posted February 22, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

334 lifetime before fixation showed higher association with VGAT and gephyrin, suggesting a
335 gradual recruitment of proteins over the imaging period (Fig. 1F). Recruitment of gephyrin
336 appeared delayed compared to VGAT, as previously reported (Wierenga et al., 2008; Dobie
337 and Craig, 2011). These data demonstrate that inhibitory presynaptic boutons are dynamic
338  structures that are continuously being formed and disassembled along the axons, and suggest
339 that non-persistent boutons reflect boutons at different stages of inhibitory synapse assembly
340  and disassembly.

341

342  Inhibitory bouton stabilization during treatment with Sema4D

343 It was recently shown that class 4 semaphorin Sema4D can rapidly induce an increase of
344  functional inhibitory synapses in hippocampal dissociated cultures (Kuzirian et al., 2013).
345  However, these data could not resolve if Sema4D directly promotes synapse formation or
346  rather prevents ongoing synapse elimination, thereby indirectly increasing synaptic density.
347  To examine the effect of Sema4D on ongoing inhibitory bouton dynamics, we bath applied
348 the extracellular domain of mouse Sema4D conjugated to the Fc region of mouse 1IgG2A
349  (Sema4D; 1 nM) and compared inhibitory bouton dynamics during a baseline period of 5 time
350 points and during Sema4D treatment in the subsequent 10 time points (Fig. 2A). We used Fc
351 alone (1 nM) as a control treatment (Kuzirian et al., 2013). Bath application of Sema4D did
352 not affect overall axonal morphology (Fig. 2A) and did not change the density of inhibitory
353  boutons (Fig. 2B). However, when we analyzed the different subgroups of non-persistent
354  boutons, we found that Sema4D treatment specifically enhanced the fraction of stabilizing
355  boutons from 6 = 2% to 16 = 3 % (Fig. 2C). Indeed, this effect was also clear when we
356  analyzed the absolute density of boutons. The density of stabilizing boutons was increased by
357  >2-fold, while other subgroups of boutons were unaffected (Fig. 2D-H). To examine how
358  Sema4D-induced stabilization developed over time, we quantified the number of boutons that
359  were present for 5 consecutive time points during the baseline and the wash-in period. We
360  found that Sema4D induced a marked increase in these boutons over the course of the wash-in
361 period (% stabilization, Fig. 2I), and strongly enhanced the number of boutons that had
362  stabilized at the end of this period (last 5 time points; Fig. 2J). Stabilizing boutons are
363  relatively rare in our slices, as under control conditions only 40% of the axons display one or
364  more stabilizing boutons. Treatment with Sema4D significantly increased this fraction to 77%
365  (Fig. 2K). Altogether, these data show that Sema4D treatment in intact tissue specifically
366  promotes the stabilization of inhibitory boutons within tens of minutes, without affecting

367  synapse elimination.
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368

369 Sema4D-induced stabilization of inhibitory boutons is the first step of inhibitory synapse
370 formation

371 We next assessed whether Sema4D-induced bouton stabilization also results in an increase of
372  inhibitory synapses in our slices. We first examined if longer Sema4D treatment could
373 enhance the bouton stabilization effect. We compared dynamics of individual boutons during
374  baseline and after 6 h treatment (400 minutes total treatment) and found that longer Sema4D
375  treatment also induced prominent bouton stabilization, measured as fraction as well as
376  absolute density (Fig. 3A,B). However, the 6 h treatment did not increase bouton stabilization
377  beyond the 2 h level (Fig. 3C), suggesting that only a limited number of inhibitory boutons
378  can be stabilized by Sema4D treatment, resulting in saturation of the treatment effect already
379 after 2 hr. In addition to promoting bouton stabilization, with longer treatments we also
380 detected a small reduction in the fraction of transient boutons (Fig. 3A). This effect was only
381 revealed by analyzing the changes in density over time (Fig. 3D), which suggest that this may
382  reflect an indirect effect of prolonged bouton stabilization. These results indicate that the
383  Sema4D-induced stabilization of inhibitory boutons persists, but does not further increase,
384  with longer treatments.

385  We next asked if Sema4D-induced inhibitory bouton stabilization leads to the formation of
386  functional synapses. We treated organotypic hippocampal slices with 1 nM Fc or 1 nM
387 Sema4dD for 24 h, and determined overall inhibitory synapse density by
388  immunohistochemistry. We used antibodies against presynaptic VGAT and postsynaptic
389  gephyrin to visualize inhibitory synapses (Fig. 3E,F). Sema4D induced a clear 24 + 7 %
390 increase in the density of inhibitory synapses (Fig. 3G), suggesting that the observed
391  Sema4D-induced bouton stabilization after 2 h resulted in the formation of new synapses after
392 24 h. We used electrophysiological recordings to verify that these synapses were functional.
393  In agreement with the immunohistochemistry results, we found that 24 h treatment with
394  Sema4D increased the frequency of miniature inhibitory postsynaptic currents (mIPSCs) by
395  37% (from 5.2+ 0.5t0 7.1 + 0.5 Hz), while mIPSC amplitude was not affected (Fig. 3H-K).

396 To determine the time course of the recruitment of pre- and postsynaptic elements during
397  synapse formation, we quantified VGAT and gephyrin immunostaining after 2, 6 and 24 h
398  treatments. Treatment with Sema4D induced an increase in the area of VGAT puncta, without
399  affecting their density (Fig. 4A-C). For gephyrin, Sema4D treatment caused an increase in
400  puncta density, but not in their size (Fig. 4D-F). The average puncta intensity was not affected
401 (at 24 h, VGAT: 107 £ 4 % of control, p = 0.35 (MW); gephyrin: 106 £ 5 % of control, p =
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402 0.51 (MW)). Interestingly, the time course for presynaptic and postsynaptic changes was
403  different. Whereas an increase in presynaptic VGAT area could already be detected after 6 h,
404  the increase in postsynaptic gephyrin density was only evident after 24 h. These data are
405  consistent with gradual increase in presynaptic vesicle content and subsequent acquisition of
406  postsynaptic scaffolds at newly formed inhibitory synapses (Wierenga et al., 2008; Dobie and
407  Craig, 2011). Together, these data indicate that the initial Sema4D-induced stabilization of
408 inhibitory boutons is followed by a slower maturation process, resulting in an overall increase
409 in functional inhibitory synapses after Sema4D treatment.

410

411  Sema4D-induced bouton stabilization relies on network activity

412 We previously showed that inhibitory bouton dynamics are regulated by neuronal activity
413  (Schuemann et al., 2013). We therefore asked whether Sema4D-induced stabilization of
414  inhibitory boutons depended on network activity. Blocking activity by bath application of
415  tetrodotoxin (TTX) slightly decreased overall bouton dynamics in our slices (data not shown),
416  which is in accordance with our previous findings (Schuemann et al., 2013). However, we
417  found that in the presence of TTX SemadD treatment no longer induced stabilization of
418 inhibitory boutons, and that Sema4D treatment even led to a reduction in bouton stabilization
419  compared to control (Fig. 5A,B). Indeed, whereas under control conditions Sema4D treatment
420 increased the number of axons that displayed stabilizing boutons, it led to a decrease in the
421  presence of TTX (Fig. 5C,D). These findings demonstrate that Sema4D treatment affects
422  bouton dynamics in an activity-dependent manner, and indicate that Sema4D promotes the
423  stabilization of inhibitory presynaptic boutons only in active neuronal networks.

424

425  Local Sema4D-induced bouton stabilization

426  Under physiological circumstances, Sema4D is a membrane-attached protein acting locally
427  (Pasterkamp, 2012; Raissi et al., 2013). Presynaptic boutons along the same axon interact and
428  share presynaptic proteins and vesicles (Staras, 2007; Bury and Sabo, 2016) and we wondered
429 if local Sema4D signaling would act differently compared to ubiquitous activation of Sema4D
430 signaling during bath application. We therefore locally applied Sema4D to short stretches
431  (~40 um) of inhibitory axons (Fig. 5E). Local application with control solution appeared to
432  slightly reduce local bouton stabilization (compare control curves in 5F and 21), possibly from
433 mechanical pressure. In contrast, local application of Sema4D induced robust stabilization of
434  inhibitory boutons in these axons (Fig. 5F), resulting in a significant increase in local bouton

435  density in these short axon stretches (Fig. 5G). This indicates that local application of
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436  Sema4D is more potent to induce axonal changes than bath application, which failed to induce
437  a change in overall bouton density (compare Fig. 2B). This suggests that stabilizing boutons
438 may compete for presynaptic components within individual axons when Sema4D is bath
439  applied, limiting overall bouton density. Together, our results demonstrate that Sema4D-
440  signaling is capable to mediate rapid changes in local bouton density of inhibitory axons in an
441  activity-dependent manner.

442

443  Actin remodeling by low doses of LatrunculinB promotes stabilization of inhibitory
444  boutons

445  The Sema4D effect on inhibitory synapses was previously shown to be dependent on its
446  receptor PlexinB1 (Kuzirian et al., 2013). Sema4D/PlexinB1 signaling induces changes in the
447  intracellular actin cytoskeleton via multiple small GTPase signaling pathways in many
448  different cell types (Zhou et al., 2008; Cagnoni and Tamagnone, 2014). Some of these
449  downstream signaling pathways, which can modify actin in multiple ways, are mediated by
450  receptor tyrosine kinases, such as MET and ErbB-2, acting as co-receptors for PlexinB1. It
451  was shown in breast carcinoma cells that, when MET is co-activated, Sema4D/PlexinB1
452  signaling reduces RhoA levels and this results in actin depolymerization, while co-activation
453  of ErbB-2 leads, via RhoA activation, to actin polymerization (Swiercz et al., 2008; Sun et al.,
454  2012). To examine how the actin cytoskeleton is involved in inhibitory bouton dynamics, we
455  studied the effect of two actin remodeling drugs in our system with intended opposite effects:
456  the actin monomer sequestering drug LatrunculinB (LatB), which is generally considered an
457  actin depolymerizing drug, and the actin filament stabilizer Jasplakinolide (Jasp), which
458  promotes actin polymerization. In the low concentrations that we use here (100 nM LatB and
459 200 nM Jasp) these drugs perturb the actin cytoskeleton without affecting synaptic function
460 (Honkura et al., 2008; Rex et al., 2009). None of the treatments changed overall axon
461  morphology (Fig. 6A). We found that the fraction of stabilizing boutons was increased in the
462  presence of LatB, but not in the presence of Jasp (Fig. 6B,C). The effect of LatB seemed
463  highly specific for stabilizing boutons, as the other bouton subgroups were not affected.
464  Indeed, we found that LatB specifically increased the absolute density of stabilizing boutons
465 by almost 2-fold (Fig. 6D) and increased the fraction of axons with stabilizing boutons (Fig.
466  6E). The rapid and highly specific action of LatB suggests a direct action on the local actin
467  cytoskeleton. The changes in bouton dynamics after LatB treatment were surprisingly similar

468  to SemadD treatment (Fig. 2F and 2K). Our findings suggest that inhibitory bouton dynamics
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469  are regulated by specific changes in the actin cytoskeleton and that conditions favoring actin
470  depolymerization promote bouton stabilization.

471  The similarity between stabilization of inhibitory boutons induced by treatment with LatB or
472  Sema4D suggests that both treatments may induce a similar effect on intracellular actin. As
473  we found that only a specific subset of inhibitory boutons were stabilized by Sema4D
474  treatment (Fig. 2C), we wondered if these were the same boutons that responded to LatB. To
475  test this, we treated slices with a combination of LatB and Fc or LatB and Sema4D. We found
476  that bouton stabilization by LatB occluded a further increase by co-application with Sema4D
477  (Fig. 6F and 6G), although it did increase the fraction of new boutons. These results suggest
478  that LatB and Sema4D treatment act to stabilize a specific, overlapping, subset of inhibitory
479  boutons.

480  We then wondered if treatment with the actin depolymerizing drug LatB would be sufficient
481  to induce inhibitory synapse formation, similarly to the Sema4D treatment. Interestingly, we
482  observed that although LatB induced changes in VGAT and gephyrin puncta after 2 h (Fig.
483  7A-F), these changes were not coordinated and did not result in an increase in the density of
484  inhibitory synapses (Fig. 7G). Gephyrin and VGAT staining returned to baseline with longer
485  LatB treatment. Together, our data suggest that LatB and Sema4D induce rapid stabilization
486  of the same subgroup of inhibitory boutons, but that only Sema4D signaling leads to
487  coordinated pre- and postsynaptic changes resulting in inhibitory synapse formation. This
488 indicates that presynaptic bouton stabilization alone is not enough to induce inhibitory
489  synapse formation and that additional signaling may be required.

490

491  Inhibitory bouton stabilization by Sema4D requires MET

492  Our observation that LatB could mimic the Sema4D-induced stabilization of inhibitory
493  boutons points to a possible involvement of MET in this process. We therefore assessed if
494  MET activation is necessary for the observed Sema4D-induced stabilization of boutonsby
495  making use of the highly specific MET inhibitor PHA-665752 (PHA) (Christensen et al.,
496  2003; Deguchi et al., 2016). We first verified that adding PHA alone did not affect bouton
497  dynamics (Fig. 8B) or spontaneous inhibitory postsynaptic currents (data not shown),
498 indicating that MET is not very active under baseline conditions in our slices. Next, we
499  treated our slices with Sema4D to induce bouton stabilization and compared bouton dynamics
500 in the presence or absence of PHA (Fig. 8A, C-D) Blocking MET with PHA completely
501 abolished the Sema4D-induced increase in the density of stabilizing boutons (Fig. 8D). In

502  fact, blocking MET in combination with Sema4D treatment almost entirely abolished the
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503  occurrence of stabilizing boutons on our slices (Fig. 8E), while the other bouton subgroups
504  were not much affected (8C). Consistent with the live imaging data, inhibiting MET with
505 PHA also blocked the increase in VGAT staining intensity (Fig. 8F,G) and mIPSC frequency
506  (Fig. 8H) after Sema4D treatment. Taken together, these data indicate that activation of MET
507 s required for the Sema4D-induced stabilization of inhibitory boutons.

508  As the actin depolymerization pathway downstream of Sema4D/PlexinB1 signaling via MET
509  was previously shown to reduce intracellular RhoA activity (Swiercz et al., 2008; Sun et al.,
510 2012), we tested if stabilization of inhibitory boutons could also be achieved by directly
511  reducing ROCK activity, a well-known downstream effector of RhoA (Amano et al., 2010).
512 We found that reducing ROCK signaling with the specific ROCK inhibitor Y-27632 also
513  resulted in an increase in the density of stabilizing boutons in our slices (Fig. 81), which was
514  similar to the effect of LatB and Sema4D treatments. This suggests that the intracellular
515  pathway that is activated by Sema4D/PlexinB1 signaling to induce stabilization of inhibitory
516  boutons involves activation of MET receptor tyrosine kinase and reduction of ROCK activity
517  to promote specific changes in the actin cytoskeleton.

518

519  MET is enriched at a subset of inhibitory presynaptic boutons

520  Our pharmacological experiments do not address if Sema4D-induced changes in actin occur
521  at the pre- or postsynaptic compartment. The subcellular localization of Sema4D and
522 PlexinB1 is not known (Paradis et al., 2007), but the localization of MET has been described.
523  Interestingly, it was reported that in postnatal tissue the majority of MET is localized in axons
524  (Judson et al., 2009) and detailed EM analysis showed clusters of MET in the shaft of
525 unmyelinated axons and in small presynaptic terminals (Eagleson et al., 2013). The majority
526  of these terminals are glutamatergic (Tyndall and Walikonis, 2006; Xie et al., 2016), but
527  possible MET expression in GABAergic axons was never addressed directly. To address the
528 localization of MET in our slices, we made use of an antibody (Qiu et al., 2014) and a
529  nanobody (Heukers et al., 2014) with demonstrated specificity for MET. We first confirmed
530 that both label synapses in primary hippocampal cultures (Fig. 9A-C). The majority of MET
531  puncta overlapped with excitatory synapses (Fig. 9A,B) in line with previous reports (Tyndall
532  and Walikonis, 2006; Eagleson et al., 2013; Xie et al., 2016). However, clear association of
533  MET with inhibitory presynapses was also observed in these cultures (Fig. 9B,C). We then
534 used the MET nanobody and antibody to label MET in our hippocampal slices of GAD65-
535  GFP mice (Fig. 9D). Although there was a quantitative difference, presumably reflecting a
536 difference in labeling affinity, both methods clearly showed that a subset of GFP-labeled
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inhibitory boutons was enriched for MET (Fig. 9E). Comparison between the MET staining
pattern with staining for postsynaptic gephyrin (compare Figs. 9F and 3F) suggests a
presynaptic localization of MET at these inhibitory synapses, as MET puncta were often
completely embedded in the GFP-labeled bouton. These data suggest that MET may be

present in inhibitory axons and terminals to mediate Sema4D/plexinB1 signaling.
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543 DISCUSSION
544

545 By monitoring individual boutons over time in live brain slices, we observed that the primary
546  action of Sema4D signaling is to stabilize presynaptic boutons of inhibitory axons within tens
547  of minutes. These stabilizing boutons develop into mature, functional inhibitory synapses over
548  the course of several hours. They rapidly acquire presynaptic vesicles as evidenced by an
549 increase in VGAT staining, while recruitment of postsynaptic gephyrin was slower. We
550  demonstrate for the first time that Sema4D-induced bouton stabilization is activity-dependent
551 and that Sema4D signaling can induce local changes in bouton density. We found that
552 inhibitory axons respond differently to Sema4D signaling in active and inactive networks
553  (Fig. 5). These results suggest that inhibitory axons can respond very rapidly to local signals
554 in their environment, but that the response is modulated by the state of the network and/or the
555 local internal state of the axon. It was previously shown that Sema4D in inhibitory synapses
556  signals via the PlexinB1 receptor. We now show that this signaling pathway requires co-
557  activation of the receptor tyrosine kinase MET. The downstream intracellular pathway
558 involves specific remodeling of the actin cytoskeleton, which can be mimicked by bath
559  application of low levels of the actin depolymerizing drug LatB or by reducing ROCK
560 activity. Our immunohistochemistry data suggest that MET is localized to the presynaptic
561 compartment of GABAergic synapses. Our data is the first to show a role for the autism-
562  linked MET in inhibitory synapses.

563

564  Our live imaging experiments give unique insight in the dynamics of inhibitory synapse
565 formation in brain slices, which remain undetected with methods using stationary
566  comparisons before and after treatment. In our slices, the majority of GFP-labeled boutons are
567  persistent and display pre- and postsynaptic markers of mature inhibitory synapses, but a
568  significant portion (~20-25%) of inhibitory boutons are non-persistent and represent locations
569  where inhibitory synapses are ‘in transition’. At these axonal locations, inhibitory synapses
570 are formed and disassembled in an apparent trial-and-error fashion (Wierenga et al., 2008;
571  Dobie and Craig, 2011; Fu et al., 2012; Schuemann et al., 2013; Wierenga, 2017). We found
572 that Sema4D signaling did not induce formation of inhibitory synapses de novo, but
573  specifically stabilized boutons at locations where a bouton had occurred before. We also
574  observed that Sema4D-induced bouton stabilization was not further enhanced by longer

575  treatment (>2 h) or by co-application with LatB, suggesting that the number of boutons
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576  susceptible to Sema4D at any given time is limited. This suggests that Sema4D signaling is
577 involved only at a specific stage during synapse formation and that boutons which are more
578  mature or too immature do not respond to Sema4D. In primary cultures, a larger fraction of
579  synapses are immature compared to intact tissue (Dobie and Craig, 2011; Kuriu et al., 2012),
580 which may explain why the Sema4D effect on inhibitory synapses is stronger in primary
581 neurons (Kuzirian et al., 2013). In our slices, Sema4D treatment increased inhibitory synapse
582  density by ~20% after 24 hours (Fig. 3G), which is comparable to experience-dependent
583  changes in inhibitory synapses observed in vivo (Keck et al., 2011; Chen et al., 2015; Villa et
584 al., 2016).

585

586  One of the key observations of this study is that the primary action of Sema4D is to stabilize
587  presynaptic boutons of inhibitory axons within tens of minutes. These stabilizing boutons
588  develop into mature, functional inhibitory synapses over the course of several hours. It was
589  previously shown that inhibitory synapses can be induced by postsynaptic gephyrin clustering
590 (Flores et al., 2015), and rapid formation of new gephyrin clusters was observed after
591  Sema4D treatment in primary cultures (Kuzirian et al., 2013), suggesting that Sema4D may
592  promote inhibitory synapse formation via a postsynaptic mechanism. However, our data
593  clearly show that gephyrin clustering after Sema4D treatment is delayed and that the primary
594  action of Sema4D signaling is presynaptic bouton stabilization, arguing against a triggering
595  mechanism via postsynaptic gephyrin. The increase in VGAT signal reflects recruitment of
596  synaptic vesicles to newly forming synapses (Dobie and Craig, 2011; Schuemann et al.,
597  2013). Bouton stabilization and gephyrin clustering were also induced by LatB, but LatB
598 failed to induce new inhibitory synapses. This suggests that Sema4D signaling coordinates
599  pre- and postsynaptic changes at emerging inhibitory synapses. The faster time course for the
600 increase in postsynaptic gephyrin clusters in primary cultures (Kuzirian et al., 2013) may
601  reflect an overall difference in neuronal maturation level. In young neurons, new gephyrin
602  clusters can be rapidly induced by local GABA signaling (Oh et al., 2016), while in mature
603  neurons prolonged or additional signaling may be required.

604

605 It was previously shown that Sema4D acts as a postsynaptic protein and requires PlexinB1 for
606  promoting inhibitory synapse formation (Kuzirian et al., 2013; Raissi et al., 2013). Our data
607  shows that this signaling pathway requires co-activation of MET, suggesting that the receptor
608  tyrosine kinase MET acts as a co-receptor of PlexinB1 (Swiercz et al., 2008). PlexinB1 and

609  MET receptors can form a complex which, upon Semad4D stimulation, results in cross-
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610 activation of both receptors (Giordano et al., 2002). It is currently not known if the PlexinB1
611  receptors that mediate the Sema4D signaling are located in the pre-or postsynaptic membrane
612  and our data does not address this issue directly. However, our immunohistochemistry data
613  (Fig. 9) suggest that MET receptors are localized in a subset of inhibitory synapses, in
614  primary hippocampal cultures and organotypic slices. A presynaptic location of MET in
615 inhibitory boutons suggests retrograde signaling of postsynaptic Sema4D via presynaptic
616  plexinB1l receptors. Retrograde semaphorin signaling was recently demonstrated in
617  Drosophila neuromuscular junction (Orr et al., 2017). However, cell-specific genetic studies
618  will be needed to rule out a contribution of Sema4D signaling via postsynaptic receptors in
619 inhibitory synapse formation.

620

621  Our data indicates that inhibitory bouton stabilization by activation of the Sema4D/PlexinB1
622  signaling pathway is induced through actin remodeling (Swiercz et al., 2008; Sun et al.,
623  2012). The induced changes in actin are highly specific and not due to a general decrease in
624  actin dynamics since Jasplakinolide did not affect inhibitory boutons. Treatment with the actin
625  depolymerizing drug LatB or the ROCK inhibitor Y-27632 promoted bouton stabilization in a
626  similar way as SemadD, presumably by inducing similar changes in presynaptic actin at
627  stabilizing boutons. Given that actin is abundantly present in all cells, it is surprising that bath
628  application of LatB specifically promotes stabilization of immature boutons without affecting
629  other inhibitory boutons. It is important to note that low doses of monomer sequestering
630  drugs, such as LatB, do not lead to the complete disassembly of actin structures and leave
631  postsynaptic spines and synaptic transmission intact (Honkura et al., 2008; Rex et al., 2009;
632  Bleckert et al., 2012). Instead, LatB treatment may result in limited availability of actin
633  monomers in small cellular compartments, which indirectly affects actin-regulating factors
634  resulting in structural changes of the actin cytoskeleton (Ganguly et al., 2015; Suarez et al.,
635  2015). Our data therefore suggest that the actin cytoskeleton at stabilizing boutons is different
636  from other compartments and specifically sensitive to LatB. However, we stress here that our
637  experiments cannot distinguish between pre- or postsynaptic effects of LatB, but the rapid
638  (boutons are stabilized within 10 minutes) and highly specific effect seems to suggest a local
639  action of LatB. Inhibitory synapses are usually localized directly on the dendritic shaft and not
640  much is known about a possible role of postsynaptic actin structures at these synapses. Within
641  axons, several actin-based structures have been described (Leterrier et al., 2017) and
642  presynaptic actin has been implicated in transmission, plasticity, as well as synapse formation
643  (Cingolani and Goda, 2008; Chia et al., 2013). In C. elegans and Drosophila it has been
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644  demonstrated that presynaptic actin structures undergo important remodeling during synapse
645  formation (Chia et al., 2014; Piccioli and Littleton, 2014). It is currently not known which
646  actin-regulating factors are involved in presynaptic bouton stabilization, but promising
647  candidates include cortactin (Alicea et al., 2017), cofilin (Piccioli and Littleton, 2014) and
648  Mical (Orr et al., 2017). Future studies will be necessary to unravel precise actin structures in
649 mature and immature boutons and the role of actin-regulating factors during synapse
650  formation.

651

652  Changes in inhibitory synapses play an important role in the rewiring of circuits during
653  development and in response to behavioral demands during adulthood (Keck et al., 2011;
654  Chen et al., 2015; Froemke, 2015) and defects in GABAergic synapses are associated with
655  neurodevelopmental diseases (Hensch, 2004; Marin, 2012). Mutations in the MET gene are an
656  established risk factor for autism spectrum disorder (ASD), as determined by various human
657  imaging and genetic studies (Peng et al., 2013). It is a multifunctional receptor involved in
658 many cellular pathways, and its exact role in ASD is not yet understood (Eagleson et al.,
659  2017). Previous studies in neurons have implicated MET in regulating postsynaptic strength
660 in excitatory neurons (Qiu et al., 2014; Lo et al., 2016), excitatory synapse formation (Xie et
661 al., 2016) and interneuron migration (Martins et al., 2011). Our data demonstrate that
662  activation of MET is also an essential part of the Sema4D-signaling pathway promoting
663  activity-dependent inhibitory bouton stabilization, indicating a novel role of MET in the
664  assembly of inhibitory presynapses.

665

666
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869 FIGURE LEGENDS

870

871  Figure 1. Classification of presynaptic inhibitory boutons by their dynamics.

872 (A)  Time-lapse two-photon images of two inhibitory boutons (blue arrowheads) along a
873 GADG65-GFP-labeled axon in the CAL region of the hippocampus. These boutons were
874  present at all time points, and therefore categorized as persistent boutons. Only every second
875  image is shown for clarity. On the right, the same region is shown after fixation and staining
876  against vesicular GABA transporter (VGAT, magenta). The zoom shows a single optical
877  plane through the bouton to demonstrate overlap (white) of VGAT and GFP boutons. Time in
878  minutes. Scale bars 2 um and 1 pm (zoom).

879  (B1-5) Same as in A, showing examples of new (B1; absent during baseline), lost (B2; absent
880  during wash-in), stabilizing (B3; non-persistent during baseline, and persistent during wash-
881 in), destabilizing (B4; persistent during baseline, and non-persistent during wash-in) and
882  transient (B5; non-persistent during both baseline and wash-in) boutons. Filled yellow
883  arrowheads indicate that the bouton is present, and empty yellow arrowheads indicate that the
884  bouton is absent at the time point shown.

885 (C)  Average fraction of persistent (P) and non-persistent (NP) boutons at any given time
886  point, and average fraction of the 5 subgroups of non-persistent boutons normalized to the
887  total number of non-persistent boutons (N — new; L — lost; S — stabilizing; D — destabilizing;
888 T —transient).

889 (D) Percentage of time points in which boutons were present during baseline (white) and
890  wash-in (gray) periods. #: value for D was significantly different from N and T for wash-in
891 (¥>;DvsN,p=0.002;DvsT,p=0.002).

892 (E) Fraction of boutons positive for VGAT and gephyrin per axon. Two-way ANOVA
893  analysis showed a significant effect on bouton type (p = 0.0098). For gephyrin, Pvs T, p =
894  0.001 (Sidak’s multiple comparisons test).

895 (F)  Fraction of boutons co-localizing with VGAT or gephyrin as a function of bouton
896 lifetime (total number of time points (#TPs) present during the imaging period). Lost boutons
897  (“L’in C,D) were not included. ¥* TP2-5, p = 0.21; TP6-8, p = 0.02; TP9-11, p = 0.13; TP12-
898 14, p=0.35: TP15, p = 0.008.

899  Confocal images in A are maximum intensity projections of 5-8 z stacks, while two-photon
900 images are maximum intensity projections of 13-15 z stacks. Data are represented as mean *

901 SEM. Data in C and D from 90 axons from 24 independent experiments, data in E and F from
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902 21 axons from 5 independent experiments for the VGAT staining (P: n=282 boutons; N:
903 n=13; S: n=6; D: n=17; T: n=45) and from 15 axons from 4 independent experiments for the
904  gephyrin staining (P: n=232 boutons; N: n=15; S: n=6; D: n=15; T: n=39). In F, n=14-28 per
905 TP, except for TP15.

906

907  Figure 2. Sema4D treatment promotes inhibitory bouton stabilization.

908 (A)  Time-lapse two-photon images of GFP-labeled inhibitory axons in the CAL region of
909 the hippocampus during baseline (5 time points) and wash-in (10 time points; grey box) of 1
910 nM Fc - control (C; upper panel) or 1 nM SemadD-Fc (S4D; bottom panel). Only every
911  second image is shown for clarity. Persistent (blue) and non-persistent (yellow) boutons are
912 indicated by arrowheads. Filled arrowheads indicate that the bouton is present, and empty
913  arrowheads indicate that the bouton is absent at that time point. Images are maximum
914  intensity projections of 11-18 z stacks. Time in minutes. Scale bar 5 um.

915 (B) Cumulative distribution of the change in mean bouton density during the wash-in
916  period compared to baseline after wash-in of C or S4D (MW, p = 0.83).

917 (C)  Average fraction of subgroups of non-persistent boutons in C- and S4D-treated axons:
918 N - new (MW, p = 0.86); L — lost (MW, p = 0.93); S - stabilizing (MW, p = 0.003); D -
919  destabilizing (MW, p = 0.25); T — transient (MW, p = 0.89).

920 (D-H) Density of new (D; MW, p = 0.41), lost (E; MW, p = 0.61), stabilizing (F; MW, p =
921  0.003), destabilizing (G; MW, p = 0.84) and transient (H; MW, p = 0.34) boutons in axons
922  treated with 1 nM Fc (C) and 1 nM SemadD-Fc (S4D). Each dot represents an individual
923  axon.

924 () Stabilization of inhibitory boutons, as determined by the change (compared to
925 baseline) in density of boutons that were present at 5 consecutive time points during the
926  imaging period: 0’-40" (baseline), 50’-90” (wash-in) and 100’-140" (wash-in). Two-way
927  ANOVA analysis showed a significant effect of both treatment (p = 0.04) and time (p = 0.03).
928 (J) Density of boutons that stabilized in the last 5 time points (TPs) (MW, p = 0.0008).
929 (K) Frequency distribution of the stabilizing bouton density in C- and S4D-treated axons
930  (y°, p=0.03).

931 Data are represented as mean £ SEM. Data from 20 control axons (N=6) and 22 S4D-treated
932  axons (N=5).

933

934  Figure 3. Sema4D increases overall inhibitory synaptic density.
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935 (A) Fraction of non-persistent boutons after treatment with 1 nM Fc (control; C) or 1 nM
936 Sema4D-Fc (S4D) for 6 hours (400 minutes of total treatment). N — new (MW, p =0.91) L —
937  lost (MW, p = 0.13); S —stabilizing (MW, p = 0.0003); D — destabilizing (MW, p =0.16); T -
938 transient (MW, p = 0.02).

939 (B) Density of non-persistent boutons after treatment with 1 nM Fc (C) or 1 nM Sema4D-
940 Fc (S4D) for 6 hours. N: MW, p = 0.74; L: MW, p = 0.29; S: MW, p = 0.03; D: MW, p =
941  0.09; T: MW, p = 0.11.

942 (C) Density of stabilizing boutons after treatment with Fc or S4D for 50, 100 and 400
943  minutes. Two-way ANOVA analysis showed that S4D increased bouton density independent
944  of time (p = 0.0002). At 100’, p = 0.005 (Sidak’s multiple comparisons test).

945 (D) Same as B, but for transient boutons. Two-Way ANOVA analysis indicated a
946  significant interaction between treatment and time (§; p = 0.03).

947 (E) Representative images of CA1l dendritic area of GAD65-GFP hippocampal slices
948  treated with 1 nM Fc (C) or 1 nM Sema4D-Fc (S4D) for 24 h, and immunostained for VGAT
949  (green) and gephyrin (magenta). Images are average intensity projections of 5 z stacks. Scale
950  bar 2 um.

951 (F) Example of an inhibitory synapse (white box in D), identified as the apposition of
952  VGAT (green) and gephyrin (magenta) puncta. The respective xz and yz projections show the
953  close apposition of the two markers. Images are maximum intensity projections of 6 z stacks.
954  Scale bar 1 um.

955 (G) Density of inhibitory synapses in slices treated with Fc or S4D for 24 h (MW, p =
956  0.03).

957 (H) Representative whole-cell voltage-clamp recordings of miniature inhibitory
958  postsynaptic currents (mIPSCs) from CAL pyramidal cells in organotypic hippocampal slices
959 treated for 24 h with 1 nM Fc/DMSO (C) or 1 nM S4D/DMSO (S4D).

960 (I-J) Mean mIPSC amplitude (H) and frequency (I) in CAL cells after 24 h treatment with
961 Fcor S4D (H: MW, p =0.35; I: MW, p = 0.008).

962 (K) Cumulative distribution of inter-event interval (IEI) of mIPSCs.

963  Data are represented as mean £ SEM. Data in A,B from 15 control axons (N=4) and 17 S4D-
964 treated axons (N=4), data in G from 15 control images (N=3) and 15 S4D images (N=3), and
965 data in H-K from 14 control cells (N=5) and 14 S4D-treated cells (N=7).

966

967 Figure 4. VGAT and gephyrin undergo different changes in response to Sema4D.
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968 (A) Normalized area of presynaptic vesicular GABA transporter (VGAT) puncta (after
969 treatment with 1 nM S4D for 2 h, 6 h and 24 h). Dotted line represents control (treatment with
970 1nM Fc for 2 h, 6 h and 24 h). Two-way ANOVA analysis showed that S4D treatment
971 increased VGAT area independent of time (p = 0.005).

972 (B)  Normalized density of VGAT puncta, after treatment with 1 nM S4D for 2 h, 6 h and
973 24 h. Dotted line represents control (treatment with 1nM Fc for 2 h, 6 h and 24 h).

974 (C)  Cumulative distributions of the normalized area of VGAT after treatment with 1 nM
975  S4D for 2, 6 and 24 h. Black line represents the normalized control values. p = 0.81, p = 0.08
976 and p =0.14 (KS) for 2, 6 and 24 h, respectively.

977 (D-E) Same as in A-B, but for normalized area (D) and density (E) of postsynaptic gephyrin
978  puncta. Two-way ANOVA analysis showed a significant effect of time (p = 0.04) and an
979 interaction between treatment and time (§; p = 0.04) in E.

980 (F) Same as in C, but for normalized gephyrin density. p = 0.99, p = 0.99 and p < 0.0001
981  (KS) for 2, 6 and 24 h, respectively.

982  Data are represented as mean + SEM. Data from 15-20 control images (N=3-4) and 15-20
983  S4D images (N=3-4) per time point.

984

985  Figure 5. Sema4D induces local stabilization of inhibitory boutons.

986 (A) Density of stabilizing boutons in axons treated with 1
987 nM Fc (C) and 1 nM Sema4D-Fc (S4D), in the presence of 0.5 uM TTX (MW, p =0.17).
988 (B) Stabilization of inhibitory boutons upon treatment

989  with C or S4D in the presence of 0.5 uM TTX, determined by the change (compared to
990 baseline) in density of boutons that were present at 5 consecutive time points during the
991 imaging period: 0’-40" (baseline), 50’-90" (wash-in) and 100’-140" (wash-in). Two-way
992  ANOVA analysis showed a significant effect of treatment (p = 0.01). At 100’-140°, p = 0.04
993  (Sidak’s multiple comparisons test).

994 (C) Fraction of axons with stabilizing boutons in axons
995 treated with C or S4D, in normal or activity-depleted slices with TTX (x> (p-values are
996  Bonferroni-corrected): C vs S4D, p=0.01; Cvs C+TTX, p=0.58; C+TTX vs S4AD+TTX, p =
997  0.22; S4D vs SAD+TTX, p < 0.0001).

998 (D) Frequency distribution of the stabilizing bouton
999  density in C- and S4D-treated axons, in the presence of 0.5 uM TTX (3%, p = 0.17).
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1000 (E) Representative image of the local treatment of GFP-
1001 labeled inhibitory axons in the CA1 region of the hippocampus. The pipette was filled with
1002  Alexa568 (red) to visualize the area of the puff (yellow circle). Scale bar 10 um.

1003 (F) Same as B, but for local treatment with 10 nM Fc
1004  (control, C) or 10 nM S4D. Red line marks the puffing. Two-way ANOVA analysis showed a
1005  significant effect of treatment (p = 0.0002) and an interaction between treatment and time (§;
1006  p =0.02). At 50°-70’, p = 0.003 (Sidak’s multiple comparisons test).

1007 (G) Cumulative distribution of the change in mean bouton
1008  density after local treatment with C or S4D compared to baseline (MW, p = 0.045).

1009  Data are represented as mean = SEM. Data in A-D from 19 control axons (N=5) and 20 S4D-
1010  treated axons (N=5), and in F-G from 15 control axons (N=6) and 17 S4D-treated axons
1011 (N=6).

1012

1013 Figure 6. Inhibitory bouton dynamics are regulated by actin.

1014 (A)  Time-lapse two-photon images of GAD65-GFP-labeled axons in the CA1 region of
1015  the hippocampus during baseline (5 time points) and wash-in (10 time points; grey box) of
1016  DMSO - control (C; upper panel), 200 nM Jasplakinolide (Jasp; middle panel) or 100 nM
1017  LatrunculinB (LatB; bottom panel). Only every second image is shown for clarity. Persistent
1018  and non-persistent boutons are indicated as in Figure 2. Images are maximum intensity
1019  projections of 12-14 z stacks. Time in minutes. Scale bar 5 pm.

1020 (B)  Fraction of non-persistent (NP) boutons in C and Jasp-treated axons: N — new (MW, p
1021 =0.37); L - lost (MW, p = 0.18); S — stabilizing (MW, p = 0.49); D — destabilizing (MW, p =
1022 0.95); T —transient (MW, p = 0.93).

1023 (C) Same as in B, but for C and LatB-treated axons (N: MW, p = 0.99; L: MW, p = 0.66;
1024 S: MW, p=0.01; D: MW, p=0.6; T: MW, p = 0.29).

1025 (D)  Density of stabilizing boutons in control, Jasp- (MW: p = 0.55) and LatB-treated
1026  axons (MW: p = 0.005).

1027 (E)  Frequency distribution of the stabilizing bouton density in C, Jasp- and LatB-treated
1028  slices (x% C vs Jasp, p = 0.31; C vs LatB, p = 0.0005).

1029 (F)  Same as E, but for combined treatment with 100 nM LatB/1 nM Fc (LatB+C) or 100
1030  nM LatB/1 nM Sema4D (LatB+S4D) (%, p = 0.37).

1031 (G) Same as B, but for combined treatment with LatB+C or LatB+S4D (N: MW, p =
1032  0.005; L: MW, p=0.58; S: MW, p=0.96; D: MW, p=0.82; T: MW, p = 0.52).
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1033  Data are represented as mean £ SEM. Data in B from 21 control axons (N=6) and 20 Jasp-
1034  treated axons (N=5), in C from 18 control axons (N=5) and 20 LatB-treated axons (N=5) and
1035  in F-G from 18 LatB+Fc- (N=4) and 20 LatB+S4D-treated axons (N=5).

1036

1037  Figure 7. Latrunculin B treatment does not promote inhibitory synapse formation.

1038 (A) Normalized area of presynaptic vesicular GABA transporter (VGAT) puncta (after
1039  treatment with 100 nM LatB for 2 h and 24 h). Dotted line represents control (treatment with
1040 DMSO for 2 h and 24 h). Two-way ANOVA analysis indicated a significant effect of time (p
1041  =0.02) and an interaction between treatment and time (§, p = 0.02).

1042 (B)  Normalized density of VGAT, after treatment with 100 nM LatB for 2 h and 24 h.
1043  Dotted line represents control (treatment with DMSO for 2 h and 24 h).

1044 (C)  Cumulative distributions of the normalized area of VGAT after treatment with 100 nM
1045  LatB for 2 and 24 h. Black line represents the normalized control values. p = 0.047 and 0.33
1046  (KS) for 2 and 24 h, respectively.

1047 (D-E) Same as in A-B, but for the area (D) and density (E) of postsynaptic gephyrin puncta.
1048 In E, Two-way ANOVA analysis showed a significant effect of time (p =0.04) and interaction
1049  between treatment and time (§, p =0.04).

1050 (F)  Same as in I, but for normalized gephyrin density. p = 0.047 and 0.33 (KS) for 2 and
1051 24 h, respectively.

1052 (H) Same as A, but for normalized density of inhibitory synapses.

1053  Data are represented as mean £ SEM. Data from 15 control images (N=3) and 15 LatB images
1054  (N=3) per time point.

1055

1056  Figure 8. Inhibitory bouton stabilization by Sema4D requires MET.

1057 (A)  Time-lapse two-photon images of GADG65-GFP-labeled axons in organotypic
1058  hippocampal slices during wash-in (grey box) of combination of 1 nM Sema4D and DMSO
1059  (S4D; upper panel) or combination of 1 nM Sema4D with 1 pM PHA-665752 (S4D+PHA;
1060  bottom panel). Only every second image is shown for clarity. Persistent and non-persistent
1061  boutons are indicated as in Figure 2. Images are maximum intensity projections of 15-16 z
1062  stacks. Scale bar 5 um.

1063 (B)  Density of non-persistent boutons in slices treated with DMSO (C) and 1 uM PHA-
1064 665752 (PHA): N — new (MW, p = 0.28); L — lost (MW, p = 0.77); S — stabilizing (MW, p =
1065  0.98); D — destabilizing (MW, p = 0.24); T — transient (MW, p = 0.67).
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1066 (C)  Fraction of non-persistent (NP) boutons in S4D- and S4D+PHA-treated axons: N:
1067 MW, p=0.34; L: MW, p=0.74; S: MW, p = 0.01; D: MW, p = 0.64; T: MW, p = 0.53.

1068 (D)  Density of stabilizing boutons in slices treated with S4D or S4AD+PHA (MW, p =
1069  0.006). Dotted line represents control values.

1070 (E)  Frequency distribution of the stabilizing bouton density in S4D- and S4D+PHA-
1071 treated slices (3%, p = 0.048).

1072 (F)  Representative images of hippocampal slices treated with S4D (upper panel) or
1073  S4D+PHA (bottom panel) for 100°, and stained for presynaptic VGAT. Images are average
1074  intensity projections of 5 z stacks. Scale bar 5 um.

1075 (G) Normalized mean staining intensity for VGAT in S4D- and S4D+PHA-treated slices
1076 (MW, p = 0.009). Control value is indicated with dotted line.

1077 (H)  Cumulative distribution of inter-event interval (IEI) of mIPSCs from CA1 pyramidal
1078  cells in organotypic slices after treatment with 1 nM Fc/DMSO (C), 1 nM S4D/DMSO (S4D)
1079  or 1nM S4D/1 pM PHA-665752 (S4D+PHA) for 24 h. C and S4D as in Figure 3K.

1080 () Fraction of non-persistent boutons in axons treated with MQ (control) or 10 yM Y-
1081 27632 (ROCK inhibitor): N: MW, p = 0.05; L: MW, p =0.39; S: MW, p =0.02; D: MW, p =
1082 0.38; T: MW, p=0.78.

1083  Data are represented as mean = SEM. Data in B from 18 control axons (N=4) and 18 PHA-
1084  treated axons (N=4), in C-E from 17 S4D-treated axons (N=4) and 16 S4D+PHA-treated
1085 axons (N=4), in F-G from 16 images of S4D-treated slices (N=3) and 23 images of
1086  S4D+PHA-treated slices (N=4); in H from 14 control cells (N=5), 14 S4D-treated cells (N=7)
1087  and 17 SAD+PHA-treated cells (N=5), and in | from 21 control axons (N=5) and 22 Y-27632-
1088 treated axons (N=5).

1089

1090  Figure 9. MET is enriched in a subset of inhibitory presynaptic boutons.

1091  (A) Images of primary cultures of hippocampal neurons immunostained with MET
1092  nanobody (red) and markers for excitatory synapses: presynaptic vesicular glutamate
1093  transporter (VGLUT; green) and postsynaptic Homer (blue). The majority of MET puncta co-
1094 localize with one or both markers (white arrows), but some MET puncta do not co-localize
1095  (red arrows). Images are maximum intensity projections of 13 stacks. Scale bar 5 pm
1096  (overview) and 2 pm (zoom).

1097 (B) Same as A, but neurons were stained with MET nanobody (red) and markers for
1098  excitatory presynapses (VGLUT; green) and inhibitory presynapses (vesicular GABA
1099  transporter VGAT; blue). White arrows indicate MET co-localizing with VGLUT and blue
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1100  arrows indicate MET co-localizing with VGAT. Images are maximum intensity projections of
1101 12 stacks. Scale bar 5 um (overview) and 2 um (zoom).

1102 (C) Same as A, but hippocampal neurons were stained with MET antibody (red) and
1103  VGAT (blue). Blue arrows highlight MET puncta co-localizing with VGAT, while red arrows
1104 indicate MET puncta that do not co-localize with VGAT. Images are maximum intensity
1105  projections of 17-21 stacks. Scale bar 10 um (overview) and 2 um (zoom).

1106 (D) Representative images of GFP-labeled inhibitory boutons (green) in hippocampal
1107  slices, stained with a nanobody (upper) and an antibody (lower panels) against MET
1108  (magenta). Images are maximum intensity projections of 5-6 z stacks. White arrows indicate
1109  MET enrichment in GFP-labeled boutons. Scale bar 5 um.

1110 (E)  Fraction of GFP boutons positive for MET. Aspecific staining was determined by anti-
1111 myc staining without nanobody (‘C’; black) and random co-localization was determined by
1112 inverting the MET channel (“Inv’; light gray) (Nanobody: KW, p = 0.002; Antibody: MW, p
1113 < 0.0001).

1114 (F)  Example of two inhibitory boutons (green) in hippocampal slices showing enrichment
1115 in MET (magenta), and the respective xz and yz projections. Images are maximum intensity
1116  projections of 6 z stacks. Scale bar 1 pm.

1117  Data are represented as mean + SEM. Data in F from 10 control images (N=2), 12 images in
1118  MET and inverted group (N=3) for the nanobody staining and 15 images in MET and inverted

1119  group (N=3) for the antibody staining.
1120
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