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ABSTRACT 26 

 27 

Changes in inhibitory connections are essential for experience-dependent circuit 28 

adaptations, and inhibitory defects may underlie neurodevelopmental diseases such as 29 

autism. Inhibitory axons and their presynaptic boutons can undergo rapid changes, but the 30 

molecular mechanisms underlying these dynamics and their role in inhibitory synapse 31 

formation are currently unclear. By monitoring inhibitory axons over time in organotypic 32 

hippocampal slices, we show that stabilization of presynaptic boutons is the first step in 33 

inhibitory synapse formation and that this process is regulated by the guidance protein 34 

Semaphorin4D (Sema4D). Sema4D signaling induces inhibitory bouton stabilization within 35 

tens of minutes without affecting bouton disassembly. We show that this signaling pathway 36 

requires ongoing neuronal activity, and involves activation of receptor tyrosine kinase MET 37 

and actin remodeling. Our data indicate that actin plays an important role during synapse 38 

formation and demonstrate a novel link between MET, a known autism risk factor, and 39 

inhibitory presynaptic dynamics.  40 
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INTRODUCTION 41 

 42 

For proper information processing during the ongoing stream of events in life, synaptic 43 

connections in the brain are continuously updated. Recent imaging studies have 44 

demonstrated that axons and their presynaptic terminals (e.g. boutons) are highly dynamic 45 

structures that can rapidly adapt to changes. Intra-axonal exchange of synaptic vesicles 46 

occurs between neighboring boutons at a time scale of minutes (Staras, 2007) and entire 47 

boutons can appear, disappear and reappear over the course of minutes to hours (Sabo et 48 

al., 2006, Wierenga et al., 2008). These ongoing axonal dynamics are thought to allow quick 49 

implementation of synaptic changes in response to activity changes or other environmental 50 

signals (Staras, 2007, Frias and Wierenga, 2013). Inhibitory axons appear particularly 51 

dynamic (Fu et al., 2012, Schuemann et al., 2013, Keck et al., 2011, Chen et al., 2015). Rapid 52 

inhibitory adaptation can serve as a gating mechanism for plasticity at nearby excitatory 53 

synapses, which occurs at a slower time scale (Chen et al., 2015, Froemke et al., 2007, Keck 54 

et al., 2011, Villa et al., 2016), and this may be an important aspect of circuit development 55 

and adaptation (Hensch, 2005, Froemke, 2015). We currently do not understand the 56 

molecular processes taking place during rapid adaptation of inhibitory axons and how these 57 

are regulated. 58 

We previously showed that new inhibitory synapses form by the occurrence of new 59 

presynaptic boutons at pre-existing axon-dendrite crossings (Wierenga et al., 2008, 60 

Schuemann et al., 2013). The apparently stochastic dynamics of inhibitory boutons during 61 

this process seem to contrast with studies in which a local signaling event, such as specific 62 

adhesion between the pre- and postsynaptic membranes, is followed by recruitment of 63 

presynaptic proteins and synaptic vesicles within minutes (Siddiqui and Craig, 2011, 64 

Wierenga, 2016). In studies using heterologous culture systems, presynaptic assembly may 65 

occur as a sequential process, but it is important to understand the sequence of events that 66 

takes place during synapse formation in intact tissue. 67 

The class 4 semaphorin Sema4D has recently been shown to signal rapid changes in 68 

inhibitory synapses. Knockdown of postsynaptic Sema4D leads to a reduction in the density 69 

of GABAergic synapses (Paradis et al., 2007), while addition of soluble Sema4D to primary 70 

hippocampal cultures induces rapid formation of functional inhibitory synapses (Kuzirian et 71 

al., 2013). It was shown that Sema4D acts as a postsynaptic protein and requires only its 72 
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extracellular domain to induce inhibitory synapses through its receptor PlexinB1 (Kuzirian et 73 

al., 2013, Raissi et al., 2013). However, the Sema4D/PlexinB1 signaling pathway in inhibitory 74 

axons is not understood. In neuronal and non-neuronal cells, Sema4D signaling through 75 

PlexinB1 induces signal cascades involving small GTPases (Vodrazka et al., 2009, Oinuma et 76 

al., 2004). Depending on the association of PlexinB1 with receptor tyrosine kinases, different 77 

downstream signal cascades can be activated , which can have opposing effects on the actin 78 

cytoskeleton (Tasaka et al., 2012, Swiercz et al., 2002). It is currently not clear how actin 79 

remodeling is linked with signaling molecules at the membrane and synapse formation. 80 

In the current study, we examine the link between Sema4D signaling and actin in regulating 81 

the dynamics of inhibitory synapse formation. We find that Sema4D signaling regulates 82 

stabilization of inhibitory boutons along the axon, one of the early steps in inhibitory 83 

synapse formation. We further characterized the molecular pathway of Sema4D-induced 84 

bouton stabilization and found that it is activity-dependent, involves actin remodeling, and 85 

requires the activation of the receptor tyrosine kinase MET. Our results elucidate an 86 

important regulatory pathway of activity-dependent inhibitory synapse formation and 87 

identify bouton stabilization by actin remodeling as one of the earliest events in this process.  88 
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RESULTS 89 

 90 

We performed time-lapse two-photon microscopy in organotypic hippocampal cultures from 91 

GAD65-GFP mice to monitor the dynamics of inhibitory boutons in the CA1 region of the 92 

hippocampus (Schuemann et al., 2013, Wierenga et al., 2008). High-resolution image stacks 93 

of GFP-labelled inhibitory axons were acquired every 10 minutes, for a total period of 150 94 

minutes. We have previously shown that inhibitory boutons are highly dynamic and appear, 95 

disappear and reappear during the course of hours (Schuemann et al., 2013, Wierenga et al., 96 

2008). To bias our analysis towards synaptic events, we only included boutons that appeared 97 

for at least 2 time points at the same location during the imaging period in our analysis 98 

(Schuemann et al., 2013). We distinguished two main classes of boutons: persistent boutons 99 

were present during all time points, while non-persistent boutons were absent during one or 100 

more time points during the imaging session (Fig. 1A,B). Persistent boutons reflect inhibitory 101 

synapses (Fig. 1E) (Müllner et al., 2015, Wierenga et al., 2008) and comprised approximately 102 

60% of total imaged boutons that appeared during the total imaging period (Fig. 1C). This 103 

corresponds to approximately 77 % (with standard deviation of 12 %) of boutons at any 104 

given time point being persistent. Non-persistent boutons reflect locations where inhibitory 105 

synapses are formed or disassembled (Schuemann et al., 2013, Wierenga et al., 2008). Based 106 

on the presence or absence of non-persistent boutons during a baseline and wash-in period 107 

(details are given in the methods section), we distinguished 5 subgroups of non-persistent 108 

boutons: new (N; absent during baseline), lost (L; absent during wash-in), stabilizing (S; non-109 

persistent during baseline, persistent during wash-in), destabilizing (D; persistent during 110 

baseline, non-persistent during wash-in) and transient (non-persistent in both periods). 111 

These different subgroups of non-persistent boutons not only differed in their incidence and 112 

the duration of their presence (Fig. 1C,D), but also in their presynaptic vesicular GABA 113 

transporter (VGAT) content (Fig. 1E). Association with VGAT of stabilizing boutons, which 114 

were present for at least 90 minutes before fixation, was not different from persistent 115 

boutons, indicating that nascent inhibitory synapses are able to recruit synaptic vesicles 116 

within this period. On the other hand, new boutons, which were present for a shorter period 117 

before fixation, showed a lower percentage of VGAT association. These data show that 118 

inhibitory presynaptic boutons are dynamic structures that are continuously being formed 119 
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and disassembled along the axons, and suggest that non-persistent boutons reflect boutons 120 

at different stages of inhibitory synapse assembly and disassembly. 121 

 122 

Inhibitory bouton stabilization during treatment with Sema4D  123 

It was recently shown that class 4 semaphorin Sema4D can rapidly induce the assembly of 124 

functional inhibitory synapses in hippocampal dissociated cultures (Kuzirian et al., 2013), but 125 

the underlying mechanisms remain unknown. To examine the effect of Sema4D on inhibitory 126 

bouton dynamics, we bath applied the extracellular domain of mouse Sema4D conjugated to 127 

the Fc region of mouse IgG2A (Sema4D; 1 nM) and compared inhibitory bouton dynamics 128 

during a baseline period of 5 time points and during Sema4D treatment in the subsequent 10 129 

time points (Fig. 2A). We used Fc alone (1 nM) as a control (Kuzirian et al., 2013). Bath 130 

application of Sema4D did not affect overall axonal morphology (Fig. 2A), and did not change 131 

the density of inhibitory boutons (Fig. 2B). However, when we analyzed the different 132 

subgroups of non-persistent boutons, we found that Sema4D treatment specifically 133 

enhanced the fraction of stabilizing boutons, while leaving all other subgroups unaffected 134 

(Fig. 2C, Fig. S1A-E). Indeed, treatment with Sema4D induced a >2-fold increase in the 135 

absolute density of stabilizing boutons (Fig. 2D). To examine how Sema4D-induced 136 

stabilization developed over time, we quantified the number of non-persistent boutons that 137 

were present for 5 consecutive time points during the baseline and the wash-in period. We 138 

found that Sema4D induced a marked increase in bouton stabilization over the course of the 139 

wash-in period (Fig. 2E), and strongly enhanced the number of boutons that had stabilized at 140 

the end of this period (last 5 time points; Fig. 2F). Stabilizing boutons are relatively rare in 141 

our slices and under control conditions only 40% of the axons display one or more stabilizing 142 

boutons. Treatment with Sema4D significantly increased this fraction to 77% (Fig. 2G). 143 

Altogether, these data show that Sema4D treatment rapidly and specifically promotes the 144 

stabilization of inhibitory boutons, without affecting bouton disassembly.  145 

 146 

Sema4D-induced bouton stabilization relies on network activity 147 

We previously showed that inhibitory bouton dynamics are affected by neuronal activity 148 

(Schuemann et al., 2013), suggesting that the process of bouton stabilization may be 149 

affected by ongoing network activity under control conditions. We therefore determined 150 

whether the Sema4D-induced stabilization of inhibitory boutons depended on network 151 
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activity. As expected (Schuemann et al., 2013), blocking activity with tetrodotoxin (TTX) only 152 

slightly decreased overall bouton dynamics in our slices (Fig. S1F). However, we found that in 153 

the presence of TTX Sema4D did no longer induce stabilization of inhibitory boutons, even 154 

leading to a reduction in bouton stabilization compared to control (Fig. 2H,I) and decreased 155 

the density of lost boutons (Fig. S1G). These findings show that Sema4D treatment had a 156 

differential effect on bouton dynamics depending on neuronal activity levels and indicate 157 

that Sema4D requires active neuronal networks to promote the stabilization of inhibitory 158 

presynaptic boutons. 159 

 160 

Sema4D-induced stabilization of inhibitory boutons precedes inhibitory synapse formation  161 

We next assessed whether Sema4D-induced bouton stabilization leads to the formation of 162 

new inhibitory synapses. We first examined if longer Sema4D treatment enhances the 163 

bouton stabilization effect. We compared dynamics of individual boutons during baseline 164 

and after 6h treatment (400 minutes total treatment) and found that longer Sema4D 165 

treatment also induced prominent bouton stabilization (Fig. 3A). However, the 6 h treatment 166 

did not increase bouton stabilization beyond the 2 h treatment (Fig. 3B), suggesting that the 167 

number of inhibitory boutons that can be stabilized by Sema4D is limited. In addition to 168 

promoting bouton stabilization, longer treatments also induced a reduction in the density of 169 

transient boutons (Fig. 3C). This secondary effect was only revealed by analyzing the effect 170 

over time, suggesting a more general reduction of dynamics as an indirect effect of 171 

prolonged bouton stabilization. These results indicate that the Sema4D-induced stabilization 172 

of inhibitory boutons persists, but does not further increase, with longer treatments. 173 

We next asked if Sema4D-induced inhibitory bouton stabilization leads to the formation of 174 

new synapses. We treated organotypic hippocampal slices with 1 nM Fc or 1nM Sema4D for 175 

2, 6 and 24 h, and determined overall inhibitory synapse density by immunohistochemistry. 176 

We used antibodies against presynaptic VGAT and postsynaptic gephyrin to visualize 177 

inhibitory synapses (Fig. 3D,E). Indeed, Sema4D induced a clear increase in the density of 178 

inhibitory synapses after 24 h (Fig. 3F). Treatment with Sema4D induced an increase in the 179 

area of VGAT puncta, without affecting their density (Fig. 3G,H). For gephyrin, Sema4D 180 

treatment caused an increase in puncta density, but not in their size (Fig. 3I,J). The average 181 

puncta intensity was not affected (at 24h, VGAT: 107 % ± 4 % of control, p= 0.34 (MW); 182 

gephyrin: 106 % ± 5 % of control, p = 0.5 (MW)). Interestingly, the time course for 183 
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presynaptic and postsynaptic changes was different. Whereas the increase in presynaptic 184 

VGAT area could be detected after 6 h, the increase in postsynaptic gephyrin density was 185 

only evident after 24 h. Note that the increase in presynaptic VGAT could already be 186 

detected in individual boutons after 2 h (Fig. 1E). The slower postsynaptic response 187 

compared to a previous report in primary cultures (Kuzirian et al., 2013) may reflect a 188 

difference in overall neuronal maturation (Oh et al., 2016). Together, these data indicate 189 

that the initial Sema4D-induced stabilization of inhibitory boutons is followed by a slower 190 

maturation process, through an increase in presynaptic vesicle content and subsequent 191 

acquisition of postsynaptic scaffolds (Dobie and Craig, 2011, Wierenga et al., 2008). 192 

 193 

Actin remodeling by low doses of LatrunculinB promotes stabilization of inhibitory 194 

boutons 195 

The assembly of inhibitory synapses induced by Sema4D in dissociated hippocampal neurons 196 

was shown to be dependent on its receptor PlexinB1 (Kuzirian et al., 2013), and PlexinB1 197 

activation can induce changes in actin (Tasaka et al., 2012, Swiercz et al., 2002). To examine 198 

how the actin cytoskeleton is involved in inhibitory bouton dynamics, we studied the effect 199 

of the actin monomer sequestering drug LatrunculinB (LatB) and the actin filament stabilizer 200 

drug Jasplakinolide (Jasp) in our system. In the low concentrations that we use here (100 nM 201 

LatB and 200 nM Jasp) these drugs perturb the actin cytoskeleton without affecting synaptic 202 

function (Rex et al., 2009, Honkura et al., 2008). None of the treatments changed overall 203 

axon morphology (Fig. 4A). We found that both actin regulators appeared to promote overall 204 

dynamics of inhibitory boutons, as was suggested from a trend towards an increase in new 205 

and transient boutons (Fig. 4B-E and S2). However, these drugs showed clear distinctive 206 

effects on stabilizing boutons. While Jasp did not appear to affect stabilizing boutons (Fig. 207 

4C), we found that LatB treatment resulted in a specific increase in the absolute density of 208 

stabilizing boutons by almost 2-fold (Fig. 4F,G). These findings show that inhibitory bouton 209 

dynamics are regulated by changes in the actin cytoskeleton. Moreover, we found that 210 

treatment with LatB mimics Sema4D-induced stabilization of inhibitory boutons, suggesting 211 

a common underlying pathway. 212 

 213 

 214 

 215 
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MET is enriched at a subset of inhibitory presynaptic boutons 216 

The outcome of Sema4D/PlexinB1 signaling on the underlying actin cytoskeleton relies on 217 

the co-activation of receptor tyrosine kinase receptors. Co-activation of MET upon Sema4D 218 

treatment has been shown to promote anti-migratory effects in some breast cancer lines 219 

through actin remodeling by the inactivation of small RhoGTPase RhoA (Swiercz et al., 2008, 220 

Sun et al., 2012). Based on the observed similarity between Sema4D and LatB treatment on 221 

inhibitory bouton dynamics, we wondered if MET plays a role in Sema4D-induced bouton 222 

stabilization. MET has previously been shown to be enriched in axonal tracts and to co-223 

localize with presynaptic markers of excitatory synapses (Eagleson et al., 2013, Judson et al., 224 

2009), but its presence at inhibitory synapses is debated. To address a possible localization 225 

of MET at inhibitory synapses, we made use of a nanobody against MET (Heukers et al., 226 

2014). We confirmed that this nanobody labels synapses in primary hippocampal cultures 227 

(Fig. S3A). The majority of MET puncta overlapped with excitatory synapses as previously 228 

reported (Eagleson et al., 2013, Tyndall and Walikonis, 2006), but clear association of MET 229 

with inhibitory presynapses was also observed (Fig. S3B). When we labeled MET in our 230 

hippocampal slices of GAD65-GFP mice, we observed that 21 % ± 3 % of the GFP-labeled 231 

inhibitory boutons were enriched for MET (Fig. 5A-C). Comparing the MET staining pattern 232 

with staining for postsynaptic gephyrin (compare Fig. 5B with Fig. 3E) suggests a presynaptic 233 

localization of MET at these inhibitory synapses. Together, these data show that with our 234 

method we are able to detect enrichment of MET in a subset of inhibitory presynaptic boutons. 235 

 236 

Inhibitory bouton stabilization by Sema4D requires MET 237 

We next assessed if MET activation is necessary for the observed Sema4D-induced 238 

stabilization of boutons. After the baseline period, we treated our slices with Sema4D as 239 

before or in combination with PHA-665752 (PHA), a highly specific MET inhibitor (Lim and 240 

Walikonis, 2008). We observed that adding the PHA blocker alone did not affect bouton 241 

dynamics (Fig. S3C-D), suggesting that MET is not activated under baseline conditions in our 242 

slices. However, blocking MET completely abolished the Sema4D-induced increase in the 243 

density of stabilizing boutons (Fig. 5D). In fact, blocking MET almost entirely abolished the 244 

occurrence of stabilizing boutons (Fig. 5E). Sema4D treatment in the presence of PHA had 245 

only a mild effect on the other bouton subgroups (Fig. S4). Consistent with the live imaging 246 

data, inhibiting MET with PHA also blocked the increase in VGAT staining intensity after 247 
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Sema4D treatment (Fig. 5F,G). Taken together, these data indicate that activation of MET is 248 

required for the Sema4D-induced stabilization of inhibitory boutons. 249 

  250 
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DISCUSSION 251 

 252 

Our live imaging experiments give unique insight in the dynamics of the process of inhibitory 253 

synapse formation in brain slices, which would have remained undetected with methods 254 

using stationary comparisons before and after treatment. Our data demonstrate that 255 

presynaptic bouton stabilization is an important early step during inhibitory synapse 256 

formation and we characterized the molecular pathway by which the guidance protein 257 

Sema4D regulates this process. We show that actin remodeling plays an important role in 258 

inhibitory bouton dynamics and reveal a novel role for the receptor tyrosine kinase MET in 259 

inhibitory synapses. 260 

 261 

In postnatal brain tissue, in which the majority of inhibitory connections have been 262 

established, synapse formation and disassembly is still ongoing. In our slices, many GFP-263 

labelled boutons are persistent and display pre- and postsynaptic markers of mature 264 

inhibitory synapses, but a significant portion of inhibitory boutons are non-persistent and 265 

they reflect a subset of non-mature synapses. Non-persistent boutons represent locations 266 

where inhibitory synapses can be formed, but where the outcome (e.g. synapse formation or 267 

not) is still undecided (Fu et al., 2012, Kuriu et al., 2012, Schuemann et al., 2013, Wierenga et 268 

al., 2008). We found that Sema4D-induced stabilization only affected a subset of non-269 

persistent inhibitory boutons and that longer treatment (>2 hr) did not further increase 270 

bouton stabilization, suggesting the involvement of Sema4D signaling only at a specific stage 271 

of synapse formation. Our data demonstrate that Sema4D signaling specifically promotes 272 

the stabilization of inhibitory boutons at pre-defined locations, but that it cannot induce 273 

formation of synapses de novo. Destabilization and disassembly of inhibitory synapses were 274 

also not affected by Sema4D, indicating that formation and disassembly of inhibitory 275 

synapses are independently regulated processes. Our data suggest that signaling pathways 276 

can interfere at different steps of inhibitory synapse formation in a highly specific manner.  277 

 278 

Our results show that the dynamics of inhibitory boutons is regulated by intracellular 279 

modification of actin structures. It has been previously shown that bouton dynamics reflect 280 

intra-axonal transport of presynaptic components, including clusters of synaptic vesicles and 281 
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active zone components (Staras, 2007, Sabo et al., 2006, Fu et al., 2012). Our observation 282 

that Sema4D and LatB induce similar bouton stabilization suggests that both treatments 283 

induce similar changes in immature boutons and that the affinity for vesicle capture may be 284 

defined by local actin structures. Low doses of monomer sequestering drugs, such as LatB 285 

used in our study, presumably do not lead to the complete disassembly of actin structures 286 

(Bleckert et al., 2012, Honkura et al., 2008, Ganguly et al., 2015). Instead, limited availability 287 

of actin monomers may indirectly affect actin-regulating factors resulting in structural 288 

changes of the actin cytoskeleton (Ganguly et al., 2015, Suarez et al., 2015). Future studies 289 

will be needed to unravel precise actin structures and the role of actin-regulating factors in 290 

axonal boutons, and the specific changes that occur during synapse formation.   291 

Although the importance of the actin cytoskeleton in regulating synaptic function has been 292 

clearly shown (Cingolani and Goda, 2008, Nelson et al., 2013), it has been less clear if actin is 293 

involved during synapse formation. Our data indicate that presynaptic actin remodeling is 294 

one of the first events occurring during inhibitory synapse formation. This finding is 295 

supported by two recent studies that show a similar role for actin in synaptogenesis in C. 296 

elegans (Chia et al., 2014) and Drosophila (Piccioli and Littleton, 2014). In these studies, local 297 

axonal actin remodeling is followed by the subsequent recruitment of pre- and postsynaptic 298 

organizing molecules at nascent synapses. It is currently not known if additional signals are 299 

needed to transform stabilized boutons into mature inhibitory synapses in mammalian 300 

tissue. 301 

 302 

Sema4D is a member of the family of semaphorin guidance molecules and plays several roles 303 

in development of the brain and the immune system (Swiercz et al., 2002, Shi et al., 2000). 304 

Sema4D signaling can activate multiple intracellular pathways through its receptor plexinB1 305 

(Oinuma et al., 2004, Vodrazka et al., 2009). In this study, we found that activation of the 306 

receptor tyrosine kinase MET is required for Sema4D-induced inhibitory bouton stabilization. 307 

In analogy to what has been described in non-neuronal cells, we propose that MET acts as a 308 

co-receptor for the Sema4D receptor PlexinB1 (Kuzirian et al., 2013, Swiercz et al., 2008), 309 

promoting an intracellular pathway downstream of Sema4D binding that ultimately leads to 310 

actin remodeling within the axon. Consistent with this scenario, we found that MET is 311 

enriched in a subset of inhibitory synapses, both in primary hippocampal cultures and 312 

organotypic slices. Previous studies have implicated MET in regulating postsynaptic strength 313 
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in excitatory neurons (Lo et al., 2016, Qiu et al., 2014), and in interneuron migration during 314 

early stages of neuronal development (Martins et al., 2011). Our data indicate a novel role 315 

for MET in the assembly of inhibitory presynapses.  316 

 317 

Our observation that Sema4D-induced bouton stabilization required ongoing neuronal 318 

activity suggests that this process plays a role during activity-dependent inhibitory plasticity. 319 

A number of recent papers have described a rapid response of inhibitory axons to changes in 320 

activity levels (Schuemann et al., 2013) and GABAB signaling (Fu et al., 2012) in vitro, as well 321 

as to sensory deprivation (Keck et al., 2011) and motor learning (Chen et al., 2015) in vivo. 322 

The fast inhibitory response may serve as a gating mechanism for plasticity at nearby 323 

excitatory synapses, which takes place at a slower time scale (Froemke, 2015, Froemke et al., 324 

2007, Hensch, 2005, Keck et al., 2011, Villa et al., 2016). These reports suggest that rapid 325 

modulation of levels of inhibition may be a general feature of experience-dependent 326 

adjustment of neuronal networks during development and learning. Defects in inhibitory 327 

adaptation may contribute to neurodevelopmental disorders, including autism spectrum 328 

disorder (ASD). It is therefore interesting that the MET gene is an established risk factor for 329 

ASD, as determined by various human imaging and genetic studies (Peng et al., 2013). 330 

Together, our results elucidate an important regulatory pathway of inhibitory synapse 331 

formation that is relevant for experience-dependent circuit adaptation, and it will be 332 

important to examine how these pathways are affected in ASD mouse models in the future.  333 
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METHODS 334 

 335 

Animals 336 

All animal experiments were performed in compliance with the guidelines for the welfare of 337 

experimental animals issued by the Federal Government of The Netherlands. All animal 338 

experiments were approved by the Animal Ethical Review Committee (DEC) of Utrecht 339 

University. 340 

 341 

Hippocampal slice cultures  342 

Hippocampal slice cultures (400 µm thick) were prepared from postnatal day 5-7 of both 343 

male and female GAD65-GFP mice (Lopez-Bendito et al., 2004) as previously described 344 

(Müllner et al., 2015). In short, the hippocampi were dissected in ice-cold HEPES-GBSS 345 

(containing 1.5 mM CaCl2·2H2O, 0.2 mM KH2PO4, 0.3 mM MgSO4·7H2O, 5 mM KCl, 1 mM 346 

MgCl2·6H2O, 137 mM NaCl, 0.85 mM Na2HPO4 and 12.5 mM HEPES) supplemented with 1 347 

mM kynurenic acid and 25 mM glucose, and plated in a MEM-based medium (MEM 348 

supplemented with 25 % HBSS, 25 % horse serum, 30 mM glucose and 12.5 mM HEPES).  349 

In GAD65-GFP mice, approximately 20% of the CA1 interneurons express GFP from early 350 

embryonic developmental stage into adulthood (Lopez-Bendito et al., 2004, Wierenga et al., 351 

2010). The majority of GFP-labeled interneurons expresses reelin and VIP, while parvalbumin 352 

and somatostatin expression is nearly absent (Wierenga et al., 2010). For our study, the 353 

relatively low number of GFP-positive axons is crucial for proper analysis of individual 354 

boutons. 355 

The slices were kept in culture for at least one week before the experiments (range 7-18 356 

days in vitro) at 35°C in 5 % CO2. For live imaging experiments, slices were transferred to an 357 

imaging chamber, where they were continuously perfused with carbogenated artificial 358 

cerebrospinal fluid (ACSF; containing 126 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 1.3 mM MgCl2, 359 

1.25 mM NaH2PO4, 26 mM NaHCO3, 20 mM glucose and 1mM Trolox). The temperature of 360 

the chamber was maintained at 37°C. Treatment and control experiments were conducted in 361 

slices from sister cultures. 362 

 363 

 364 

 365 
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Pharmacological treatments 366 

The following drugs were used: 0.1/0.2 % DMSO, 1 nM Fc and Sema4D-Fc (amino acids 24-367 

711) (both R&D Systems), 100 nM Latrunculin B (Santa Cruz Biotechnology), 200 nM 368 

Jasplakinolide (Tocris Bioscience) and 1 µM PHA-665752 (Sigma-Aldrich). We used the small 369 

molecule PHA-665752 (PHA), a specific MET inhibitor, to decrease endogenous 370 

phosphorylation of MET, without affecting MET expression or neuronal cell viability (Lim and 371 

Walikonis, 2008). 372 

For treatments that were followed by immunostaining of inhibitory synapses, 1 nM Fc or 373 

Sema4D-Fc was added to the culturing medium and slices were left in the incubator for 2, 6 374 

or 24 h before fixation.  375 

 376 

Two-photon imaging 377 

For acute treatments, drugs were added to the perfusion ACSF after a baseline period of 40 378 

minutes (5 time points) and we continued imaging for an additional 10 time points in the 379 

treatment period (total imaging period is 140 minutes). In longer treatments, we treated the 380 

slices for 6 hours after the baseline period (5 imaging time points) at the microscope and 381 

restarted imaging for 5 time points, for a total treatment period of 6 hours and 40 minutes 382 

(400 minutes). For activity blockade, 0.5 µM tetrodotoxin citrate (TTX; Tocris Bioscience) was 383 

added to the perfusion ACSF prior to the transfer of the slice to the imaging chamber. Time-384 

lapse two-photon microscopy images were acquired on a Femtonics 2D two-photon laser-385 

scanning microscope (Budapest, Hungary), with a Nikon CFI Apochromat 60X NIR water-386 

immersion objective. GFP was excited using a laser beam tuned to 910 nm (Mai Tai HP, 387 

Spectra Physics). The 3D images (93.5 µm x 93.5 µm in xy, 1124 x 1124 pixels) consisted of 388 

29-33 z stacks (0.5 µm step size in z). Small misalignments due to drift were manually 389 

compensated during the acquisition. 390 

 391 

Two-photon image analysis 392 

The analysis of inhibitory bouton dynamics was performed semi-automatically using ImageJ 393 

(US National Institute of Health) and Matlab-based software (Mathworks). The 3D 394 

coordinates of individual axons were selected at every time point by using the CellCounter 395 

plugin (Kurt De Vos, University of Sheffield, Academic Neurology). For each image, 1-5 396 
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stretches of axons (average length 78 µm with standard deviation 18 µm) were selected for 397 

analysis. 398 

A 3D intensity profile along the selected axons was constructed at each time point, and 399 

individual boutons were identified in a two-step process using custom-made Matlab 400 

software (Schuemann et al., 2013). In brief, an axon threshold was calculated to differentiate 401 

the axon from the background (2 standard deviations above mean intensity); subsequently, 402 

a local threshold (0.5 standard deviation above mean axon intensity) identified the boutons 403 

along the selected axon. Only boutons with at least 5 pixels above bouton threshold were 404 

included. Each image stack was visually examined and false positives and negatives were 405 

corrected manually. Only raw data was analyzed; images were median-filtered for 406 

illustration purposes only. 407 

Boutons were classified as persistent when they were present during all time points, and 408 

non-persistent when they were absent during one or more time points during the imaging 409 

session. To bias our analysis towards synaptic events (Schuemann et al., 2013), we restricted 410 

our analysis to boutons that appeared for at least 2 time points at the same location during 411 

the imaging period. We verified that our main conclusions did not change when this 412 

restriction was released. Based on their presence during baseline and wash-in periods, we 413 

defined five subgroups of non-persistent boutons: new boutons (not present during 414 

baseline), lost boutons (not present during wash-in), stabilizing boutons (non-persistent 415 

during baseline, persistent during wash-in), destabilizing boutons (persistent during baseline, 416 

non-persistent during wash-in), and transient boutons (non-persistent in baseline and wash-417 

in) (Fig. 1). The duration of each bouton was defined as the number of time points present 418 

divided by the total number of time points per period. Bouton density was calculated as the 419 

average number of boutons at all time points divided by the 3D axon length. The 420 

instantaneous bouton gain (or loss) was defined as the fraction of boutons that were gained 421 

(or lost) between two consecutive time points, (Schuemann et al., 2013). 422 

 423 

Immunohistochemistry, confocal imaging and image analysis 424 

For post hoc immunohistochemistry, organotypic hippocampal slices were fixed in 4 % (w/v) 425 

paraformaldehyde for 30 minutes at room temperature. Slices were rinsed in phosphate 426 

buffer and permeabilized with 0.5 % TritonX-100 in phosphate buffer for 15 minutes. Slices 427 

were then blocked with 0.2 % TritonX-100, 10 % goat serum (ab7481, Abcam) in phosphate 428 
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buffer for 60 minutes. Primary antibodies were applied overnight at 4°C in blocking solution. 429 

After washing, slices were incubated with secondary antibodies in blocking solution for 4h at 430 

room temperature. Slices were then washed and mounted on slides in Vectashield mounting 431 

medium (Vector Labs). 432 

The following primary and secondary antibodies were used: rabbit α-VGAT (1:1000; Synaptic 433 

Systems, 131 003), mouse α-gephyrin (1:1000; Synaptic Systems, 147 011), guinea pig α-434 

VGLUT (1:400; Millipore, AB5905), rabbit α-Homer (1:1000; Synaptic Systems, 160 002), 435 

mouse α-myc (1:100; Oncogene Research Products, OP10), Alexa405-, Alexa-488 and Alexa-436 

568 conjugated secondary antibodies (Invitrogen). For staining MET we used a previously 437 

described myc-tagged nanobody, which was shown to recognize MET with low nanomolar 438 

affinity (Heukers et al., 2014). We visualized the nanobody with an antibody against the C-439 

terminal myc tag. We validated the nanobody staining in primary hippocampal cultures using 440 

a previously described immunostaining protocol (Esteves da Silva et al., 2015).  441 

For immunostainings, high resolution confocal laser scanning microscopy was performed on 442 

a Zeiss LSM-700 system with a Plan-Apochromat 63x 1.4 NA oil immersion objective. Each 443 

image was a z-series of 11-35 images (0.3 µm z step size), each averaged 4 times. The 444 

imaging area in the CA1 region was 78 x 78 µm (1024 x 1024 pixels). The confocal settings 445 

were kept the same to compare fluorescence intensities between slices.  446 

For the quantification of VGAT and gephyrin intensities per image, we determined the mean 447 

intensity of 3 randomly chosen areas of 10 x 10 µm of the average projection image from the 448 

5 middle z-layers. Synaptic puncta size and number were determined using the 449 

PunctaAnalyzer plugin, and inhibitory synapses were defined as overlapping VGAT and 450 

gephyrin puncta. For determining co-localization of GFP-labeled boutons with synaptic 451 

marker VGAT or with MET, we manually inspected individual boutons through all z-sections. 452 

A bouton was only considered positive when at least one z stack of the bouton overlapped 453 

with VGAT or MET staining. The images were median-filtered only for illustration purposes. 454 

 455 

Statistics 456 

Data are represented as mean values ± standard error of the mean, unless stated otherwise. 457 

Statistical analysis was performed using GraphPad Prism software. Results from treatment 458 

and control experiments were compared using the Mann-Whitney U test (MW). The Chi-459 

Square test (χ2) was used for comparing fractions. For comparing multiple groups, we used 460 
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the Kruskal-Wallis test (KW) followed by a posthoc Dunn’s comparison test. We used a Two-461 

Way ANOVA followed by a Sidak’s multiple comparisons test (Two-Way ANOVA) to compare 462 

treatment effects at multiple time points. We have indicated the used tests in the figure 463 

legends. Differences between control and treatment were considered significant when p < 464 

0.05 (*, p < 0.05; **, p < 0.01; ***, p < 0.001). In all figure legends and text, N indicates the 465 

number of independent experiments, and n indicates the number of axons/images analyzed. 466 

 467 
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FIGURES 615 

 616 

Figure 1. Classification of presynaptic inhibitory boutons by their dynamics. 617 

(A) Time-lapse two-photon images of two inhibitory boutons (blue arrowheads) along a 618 

GAD65-GFP-labeled axon in the CA1 region of the hippocampus. These boutons were 619 

present at all time points, and therefore categorized as persistent boutons. Only every 620 

second image is shown for clarity. On the right, the same region is shown after fixation and 621 
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staining against vesicular GABA transporter (VGAT, magenta). The zoom shows a single 622 

optical plane through the bouton to demonstrate overlap (white) of VGAT and GFP boutons. 623 

Time in minutes. Scale bars 2 μm and 1 μm (zoom).  624 

(B1-5)  Same as in A, showing examples of new (B1; absent during baseline), lost (B2; absent 625 

during wash-in), stabilizing (B3; non-persistent during baseline, and persistent during wash-626 

in), destabilizing (B4; persistent during the baseline, and non-persistent during the wash-in) 627 

and transient (B5; non-persistent during both baseline and wash-in) boutons. Filled yellow 628 

arrowheads indicate that the bouton is present, and empty yellow arrowheads indicate that 629 

the bouton is absent at the time point shown.  630 

(C) Number of persistent and non-persistent boutons (N – new; L – lost; S – stabilizing; D 631 

– destabilizing; T – transient) as fraction of boutons that appeared during total imaging 632 

period.  633 

(D) Percentage of time points in which boutons were present during baseline (black) and 634 

wash-in (light green) periods. #: values for D were significantly different from N and T (p < 635 

0.01; χ2). 636 

(E) Fraction of boutons positive for VGAT per axon. Numbers indicate the number of 637 

boutons analyzed per group. 638 

Confocal images are maximum intensity projections of 5-8 z stacks, while two-photon images 639 

are maximum intensity projections of 13-15 z stacks.  640 

In C and D: data from 92 axons from 24 independent experiments. In E: data from 21 axons 641 

from 5 independent experiments.  642 
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Figure 2. Sema4D treatment promotes inhibitory bouton stabilization.  644 

(A) Time-lapse two-photon images of GFP-labeled inhibitory axons in the CA1 region of 645 

the hippocampus during baseline (5 time points) and wash-in (10 time points; grey box) of  1 646 

nM Fc - control (C; upper panel) or 1 nM Sema4D-Fc (S4D; bottom panel). Only every second 647 

image is shown for clarity. The images show persistent (blue arrowheads), and non-648 

persistent boutons (yellow arrowheads). Filled arrowheads indicate that the bouton is 649 

present, and empty arrowheads indicate that the bouton is absent at that time point. Images 650 

are maximum intensity projections of 11-18 z stacks. Time in minutes. Scale bar 5 μm.  651 

(B) Change in mean bouton density during the last 5 time points compared to baseline 652 

after wash-in of Fc (C) or S4D.  Each dot represents an individual axon; p = 0.41 (MW). 653 

(C) Fraction of total boutons belonging to the five subgroups of non-persistent boutons 654 

in control and Sema4D-treated axons: N – new; L – lost; S – stabilizing; D – destabilizing; T - 655 

transient. ** p < 0.01 (MW per subgroup). 656 

(D) Density of stabilizing boutons in Fc- and S4D-treated axons. Each dot represents an 657 

individual axon. ** p < 0.01 (MW). 658 

(E) Stabilization of inhibitory boutons, as determined by the change (compared to 659 

baseline) in density of boutons that were present at 5 consecutive time points during the 660 

imaging period: 0’-40’ (baseline), 50’-90’ (wash-in) and 100’-140’ (wash-in). Two-way ANOVA 661 

analysis showed a significant effect of both treatment and time. * p < 0.05 (Two-Way 662 

ANOVA). 663 

(F) Density of boutons that stabilized in the last 5 time points (TPs). *** p < 0.001 (MW). 664 

(G) Fraction of axons with stabilizing boutons. * p < 0.05 (χ2). 665 

(H,I)  Same as in D and E, but in the presence of 0.5 µM TTX. Two-way ANOVA analysis 666 

showed a significant effect of treatment. * p < 0.05 (Two-Way ANOVA). 667 

Data in B-H from 20 control axons (N=6) and 22 S4D-treated axons (N=5), and in H-I from 19 668 

control axons (N=5) and 20 S4D-treated axons (N=5).  669 
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 670 

Figure 3. Sema4D increases overall inhibitory synaptic density. 671 

(A) Density of non-persistent boutons (N – new; L – lost; S – stabilizing; D – destabilizing; 672 

T – transient) after treatment with 1 nM Fc (control; C) or 1 nM Sema4D-Fc (S4D) for 6 hours 673 

(400 minutes of total treatment). * p < 0.05 (MW per subgroup). 674 

(B) Density of stabilizing boutons after treatment with Fc or S4D for 50, 100 and 400 675 

minutes. Two-way ANOVA analysis showed that S4D increased density independent of time. 676 

*** p < 0.001 (Two-Way ANOVA). 677 

(C) Same as B, but for transient boutons. Two-Way ANOVA analysis indicated a 678 

significant interaction between treatment and time in D. ** p < 0.01 (Two-Way ANOVA). 679 

(D) Representative images of CA1 dendritic area of GAD65-GFP hippocampal slices 680 

treated with 1 nM Fc (C) or 1 nM Sema4D-Fc (S4D) for 24 h, and immunostained for VGAT 681 

(green) and gephyrin (magenta). Images are average intensity projections of 5 z stacks. Scale 682 

bar 2 μm. 683 

(E) Example of an inhibitory synapse (white box in D), identified as the apposition of 684 

VGAT (green) and gephyrin (magenta) puncta. The respective xz and yz projections show the 685 
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close apposition of the two markers. Images are maximum intensity projections of 6 z stacks. 686 

Scale bar 1 μm. 687 

(F) Density of inhibitory synapses in slices treated with Fc or Sema4D for 24 h. * p < 0.05 688 

(MW). 689 

(G) Normalized density of presynaptic vesicular GABA transporter (VGAT) puncta (after 690 

treatment with 1 nM S4D for 2 h, 6 h and 24 h. Dotted line represents control (treatment 691 

with 1nM Fc for 2 h, 6 h and 24 h).  692 

(H) Same as in G, but for VGAT puncta area. Two-way ANOVA analysis showed that S4D 693 

treatment increased VGAT area independent of time. ** p < 0.01 (Two-Way ANOVA).  694 

(I-J) Same as in G-H, but for density (I) and area (J) of postsynaptic gephyrin puncta. Two-695 

way ANOVA analysis showed an interaction between treatment and time. * p < 0.05 (Two-696 

Way ANOVA). 697 

In A, data from 15 control axons (N=4) and 17 S4D-treated axons (N=4), and in D-J from 15-698 

20 control images (N=3-4) and 15-20 S4D images (N=3-4).  699 
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 700 

Figure 4. Inhibitory bouton dynamics are regulated by actin. 701 

(A) Time-lapse two-photon images of GAD65-GFP-labeled axons in the CA1 region of the 702 

hippocampus during baseline (5 time points) and wash-in (10 time points; grey box) of 703 

DMSO - control (C; upper panel), 200 nM Jasplakinolide (Jasp; middle panel) or 100 nM 704 

LatrunculinB (LatB; bottom panel). Only every second image is shown for clarity. Persistent 705 

and non-persistent boutons are indicated as in Figure 2. Images are maximum intensity 706 

projections of 12-14 z stacks. Time in minutes. Scale bar 5 μm. 707 

(B) Fraction of total number of boutons comprised by the five subgroups of non-708 

persistent boutons (N – new; L – lost; S – stabilizing; D – destabilizing; T – transient) control 709 

and Jasp-treated axons. 710 

(C) Same as in B, but for control and LatB-treated axons. 711 

(D) Density of transient boutons in slices treated with DMSO and Jasp. Each dot 712 

represents an individual axon. p = 0.57 (MW). 713 
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(E) Same as D, but for control and LatB-treated axons. p = 0.13 (MW). 714 

(F) Density of stabilizing boutons in control and Jasp-treated axons. p = 0.55 (MW). 715 

(G) Same as F, but for control and LatB-treated axons. * p < 0.05 (MW). 716 

Data from 21 control axons (N=5) and 20 Jasp-treated axons (N=5) in B, D and F, and from 20 717 

control axons (N=5) and 20 LatB-treated axons (N=5) in C, E and G.  718 
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 719 

Figure 5. Inhibitory bouton stabilization by Sema4D requires MET. 720 

(A) Representative images of GFP-labeled inhibitory boutons (green) in hippocampal 721 

slices, stained for MET (red). Images are maximum intensity projections of 6 z stacks. White 722 

arrows indicate boutons MET enrichments in GFP-labeled boutons. Scale bar 5 µm. 723 

(B) Example of two inhibitory boutons (green) in hippocampal slices showing enrichment 724 

in MET (red), and the respective xz and yz projections. Images are maximum intensity 725 

projections of 6 z stacks. Scale bar 1 μm. 726 

(C) Fraction of GFP boutons positive for MET. Aspecific staining was determined by anti-727 

myc staining without nanobody (‘C’) and random co-localization was determined by 728 

inverting the MET channel (‘Inv’). * p < 0.05, *** p < 0.001 (KW). 729 

(D) Density of stabilizing boutons in slices treated with a combination of 1 nM 730 

Sema4D/DMSO (S4D) or 1 nM Sema4D/1 μM PHA-665752 (S4D+PHA). Dotted line 731 

represents control values. ** p < 0.01 (MW). 732 

(E) Fraction of axons with stabilizing boutons. Dotted line represents control values. ** p 733 

< 0.01 (χ2). 734 
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(F) Representative images of hippocampal slices treated with S4D (upper panel) or 735 

S4D+PHA (bottom panel) for 100’, and stained for presynaptic VGAT. Images are average 736 

intensity projections of 5 z stacks. Scale bar 5 μm. 737 

(G) Normalized mean area staining intensity for VGAT. Control value is indicated with 738 

dotted line. ** p < 0.01 (MW). 739 

In C, data from 10 control images (N=2), and 12 images in Met and inverted group (N=3), in 740 

D-E from 17 S4D-treated axons (N=4) and 16 S4D+PHA-treated axons (N=4), and in G from 16 741 

images of S4D-treated slices (N=3) and 23 images of S4D+PHA-treated slices (N=4).   742 
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 743 

Figure S1. Effect of Sema4D treatment on inhibitory bouton dynamics  744 

(A) Density of new boutons in axons treated with 1 nM Fc (C) and 1 nM Sema4D-Fc (S4D). 745 

p = 0.41 (MW). 746 

(B-E) Same as in A, but for lost (B; p = 0.61 (MW)), stabilizing (C), destabilizing (D; p = 0.84 747 

(MW)) and transient (E; p = 0.33 (MW)). ** p < 0.01 (MW). 748 

(F) Mean instantaneous bouton turnover (average of last 5 time points) in control and 749 

TTX-treated slices.  750 

(G) Density of boutons belonging to the five subgroups of non-persistent boutons in 751 

control (Fc) and Sema4D (S4D)-treated axons in the presence of 0.5 µM TTX: N – new; L – 752 

lost; S – stabilizing; D – destabilizing; T - transient. * p < 0.05 (MW per subgroup). 753 

In A-E, data from 20 control axons (N=6) and 22 S4D-treated axons (N=5), in F from 17 754 

control axons (N=5) and 17 TTX-treated axons (N=5), and in G from 19 control axons (N=5) 755 

and 20 S4D-treated axons (N=5).  756 
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 757 

Figure S2. Effect of actin regulating drugs on inhibitory bouton dynamics. 758 

(A) Density of new boutons in control (C) and Jasplakinolide (Jasp; 200 nM)-treated 759 

slices. p = 0.45 (MW). 760 

(B-E) Same as in A, but for lost (B; p = 0.14 (MW)), stabilizing (C; p = 0.55 (MW)), 761 

destabilizing (D; p = 0.68 (MW)) and transient (E; p = 0.57 (MW)). 762 

(F-J) Same as in A-E, but for control (C) and LatrunculinB (LatB; 100 nM)-treated slices. * p 763 

< 0.05 (MW). 764 

Data from 21 control axons (N=5) and 20 Jasp-treated axons (N=5) in A-E, from 20 control 765 

axons (N=5) and 20 LatB-treated axons (N=5) in F-J.  766 
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 767 

Figure S3. Enrichment of MET at synapses, and effects of MET inhibition on inhibitory 768 

bouton dynamics. 769 

(A) Images of primary cultures of hippocampal neurons immunostained for MET (red) and 770 

markers for excitatory synapses: presynaptic vesicular glutamate transporter (VGLUT; green) 771 

and postsynaptic Homer (blue). White arrows highlight MET puncta co-localizing with one or 772 

both markers. Red arrows indicate MET puncta that do not localize. Images are maximum 773 

intensity projections of 13 stacks. Scale bar 5 µm (overview) and 2 μm (zoom). 774 

(B) Same as A, but neurons were stained with MET nanobody (red) and markers for 775 

excitatory presynapses (presynaptic VGLUT; green) and inhibitory presynapses (presynaptic 776 

vesicular GABA transporter VGAT; blue). White arrows indicate MET co-localizing with 777 

VGLUT and blue arrows indicate MET co-localizing with VGAT. Images are maximum intensity 778 

projections of 12 stacks. Scale bar 5 µm (overview) and 2 μm (zoom). 779 
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(C) Change in mean bouton density compared to baseline after wash-in of control (DMSO) 780 

or 1 μM of PHA-665752 (PHA). Each dot represents an individual axon; p = 0.78 (MW). 781 

(D) Density of boutons belonging to the five subgroups of non-persistent boutons in 782 

control and PHA-treated axons: N – new; L – lost; S – stabilizing; D – destabilizing; T - 783 

transient.  784 

In C-D, data from 18 control axons (N=4) and 18 PHA-treated axons (N=4).  785 
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 786 

Figure S4. MET inhibition on Sema4D effect on inhibitory bouton dynamics. 787 

(A) Time-lapse two-photon images of GAD65-GFP-labeled axons in organotypic 788 

hippocampal slices during wash-in (grey box) of combination of 1 nM Sema4D and DMSO 789 

(S4D; upper panel) or combination of 1 nM Sema4D with 1 µM PHA-665752 (S4D+PHA; 790 

bottom panel). Images are maximum intensity projections of 15-16 z stacks. The images 791 

show persistent (blue arrowheads), and non-persistent boutons (yellow arrowheads). Filled 792 

arrowheads indicate that the bouton is present, and empty arrowheads indicate that the 793 

bouton is absent at that time point. Scale bar 5 μm.  794 

(B) Density of new boutons in S4D and S4D+PHA-treated axons. p = 0.34 (MW).  795 

(C-F)  Same as B, but for lost (C; p = 1 (MW)), stabilizing (D) destabilizing (E; p = 0.14 (MW)) 796 

and transient (F) boutons. * p < 0.05, ** p < 0.01 (MW). 797 

Data from 17 S4D-treated axons (N=4) and 16 S4D+PHA-treated axons (N=4) in D-G.  798 
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