>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
[

Article l

Munc18-1 redistributes in nerve terminals in an
activity- and PKC-dependent manner

Tony Cijsouw, Jens P. Weber, Jurjen H. Broeke, Jantine A.C. Broek, Desiree Schut, Tim Kroon, Ingrid Saarloos,

Matthijs Verhage, and Ruud F. Toonen

Department of Functional Genomics and Clinical Genetics, Center for Neurogenomics and Cognitive Research, Neuroscience Campus Amsterdam, VU University

Amsterdam and VU Medical Center, 1081 HV Amsterdam, Netherlands

unc18-1 is a soluble protein essential for syn-

aptic transmission. To investigate the dynam-

ics of endogenous Munc18-1 in neurons, we
created a mouse model expressing fluorescently tagged
Munc18-1 from the endogenous munc18-1 locus. We
show using fluorescence recovery after photobleaching
in hippocampal neurons that the majority of Munc18-1
trafficked through axons and targeted to synapses via
lateral diffusion together with syntaxin-1. Munc18-1 was
strongly expressed at presynaptic terminals, with indi-
vidual synapses showing a large variation in expression.
Axon-synapse exchange rates of Munc18-1 were high:

Introduction

Synaptic vesicle fusion is executed by Sec1/Munc18 (SM) pro-
teins and the multisubunit SNARE protein complex of synapto-
brevin-2/VAMP?2, syntaxin-1, and SNAP25 (Jahn and Scheller,
2006; Jahn and Fasshauer, 2012; Rizo and Siidhof, 2012). The
SM protein Munc18-1 is a soluble protein initially found as an
interacting partner of syntaxin-1 (Hata et al., 1993; Garcia et al.,
1994; Pevsner et al., 1994). Deletion of munci8-1 completely
arrests synaptic transmission (Verhage et al., 2000), whereas
increased Munc18-1 levels result in a larger readily releasable
vesicle pool (RRP) and increased synaptic efficacy (Toonen
et al., 2006b). Mutations in munc18-1 are found in patients with
epilepsy and intellectual disability, and Munc18-1 dysregulation
is implicated in Alzheimer’s disease and schizophrenia (Jacobs
et al., 2006; Saitsu et al., 2008; Hamdan et al., 2009; Milh et al.,
2011; Vatta et al., 2012; Mastrangelo et al., 2013; Urigiien et al.,
2013). Hence, Munc18-1 is required for normal brain function
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during stimulation, Munc18-1 rapidly dispersed from syn-
apses and reclustered within minutes. Munc18-1 recluster-
ing was independent of syntaxin-1, but required calcium
influx and protein kinase C (PKC) activity. Importantly, a
PKC-insensitive Munc18-1 mutant did not recluster. We
show that synaptic Munc18-1 levels correlate with synap-
tic strength, and that synapses that recruit more Munc18-1
after stimulation have a larger releasable vesicle pool.
Hence, PKC-dependent dynamic control of Munc18-1 lev-
els enables individual synapses to tune their output during
periods of activity.

and its global expression levels scale with synaptic strength.
However, the molecular mechanisms that control its synaptic
levels are largely unknown.

Munc18-1 binds syntaxin-1 with high affinity, clamping
syntaxin-1 in a conformation unable to bind other SNARE pro-
teins (Dulubova et al., 1999; Misura et al., 2000). This inter-
action may stabilize both proteins and support their trafficking,
as abrogated Munc18-1 expression results in aberrant targeting
of syntaxin-1 in heterologous cells (Rowe et al., 2001; Medine
et al., 2007; McEwen and Kaplan, 2008) and reduced expres-
sion levels of syntaxin-1 in neurons (Verhage et al., 2000; Voets
etal., 2001; Zhou et al., 2013). In contrast, Munc18-1 levels are
reduced in syntaxin-1 knockdown neurons (Zhou et al., 2013).

In developing neurons, syntaxin-1 is transported on vesicles
via pathways dependent on the kinesin adaptor proteins syntab-
ulin (Su et al., 2004) and FEZ1 (Chua et al., 2012). Munc18-1 is
present in syntaxin—FEZ1-kinesin transport complexes (Chua
etal., 2012). At this stage, the syntaxin-1/Munc18-1 dimer may
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function as a co-chaperone complex aiding transport and pre-
venting premature breakdown of its constituents. However, in
mature neurons syntaxin-1 is mainly transported via lateral dif-
fusion along the plasma membrane (Mitchell and Ryan, 2004;
Ribrault et al., 2011), and it is unknown whether at this stage
Munc18-1 depends on syntaxin-1 for targeting to fusion sites.
To investigate the dynamics of endogenous Munc18-1
in neurons, we created mice expressing fluorescently tagged
Munc18-1 from the endogenous muncl8-1 locus. We character-
ized Munc18-1 dynamics using FRAP in cultured hippocampal
neurons at rest, during stimulation, and upon application of sev-
eral active compounds. Munc18-1 trafficked through axons and
to synapses with membrane-bound syntaxin-1. During stimula-
tion, synaptic Munc18-1 rapidly dispersed from synapses and
reclustered within minutes. This was independent of syntaxin-1
and synaptic vesicle fusion but required calcium influx and PKC
activity. Hence, the presence of Munc18-1 in synapses is tightly
regulated; during periods of activity Munc18-1 becomes more dy-
namic and reclusters at synapses in a phosphorylation-dependent
way. Finally, we show that increased Muncl18-1 recruitment
correlates with increased strength of individual synapses.

Results

Munc18-1-Venus mice as reporters of
endogenous Munc18-1

Munc18-1-Venus knock-in mice were generated with Venus
cDNA, replacing the stop codon of exon 20 of muncl8-1 (Fig. 1 A)
via homologous recombination in embryonic stem cells (Fig. 1 B).
Wild-type (WT; +/+), Munc18-1-Venus heterozygous (+/m), and
homozygous (m/m) genotypes were detected by PCR (Fig. 1 C).
Total brain protein levels of Munc18-1-Venus in m/m mice were
indistinguishable from Muncl18-1 in +/+ littermates (Fig. 1,
D and F), although Munc18-1-Venus levels were slightly reduced
in +/m littermates (Figs. 1 D and S1), as was found in Munc
13-1-EYFP mice (Kalla et al., 2006). Munc18-1-Venus local-
ization was comparable with Munc18-1 in WT brain with high
expression in axonal fibers and mossy fiber terminals of the
stratum lucidum in the hippocampus (Fig. 1 G).

The morphology and synapse number of hippocampal
neurons from Munc18-1-Venus mice at 8 and 14 d in vitro (DIV)
was similar to WT littermates (Fig. S1 and Fig. 2, A-D). Ex-
citatory postsynaptic current (EPSC) amplitudes (Fig. 2 E),
short-term plasticity (Fig. 2, H and K), spontaneous miniature
EPSC frequency and amplitude (Fig. 2 H), and RRP size and
recovery (Fig. 2, I-K) of Munc18-1-Venus autaptic hippocam-
pal cultures were similar to WT. Hence, Munc18-1-Venus neu-
rons can be used as functional reporters of Munc18-1 dynamics
in living cells.

Munc18-1 transport in axons depends

on syntaxin-1

In cultured neurons, membrane-bound syntaxin-1 diffuses later-
ally through the axon (Ribrault et al., 2011). Munc18-1 colocal-
izes with syntaxin-1 throughout the axon, and both proteins may
be transported as a binary complex (Garcia et al., 1995; Ribrault
et al., 2011). To test this, we imaged hippocampal neurons of
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Munc18-1-Venus mice at 14 DIV, when synaptic contacts are
functional, and compared Munc18-1-Venus dynamics in axons
with soluble GFP and membrane-bound syntaxin-1-enhanced
YFP (Stx-YFP) using FRAP analysis. We bleached extended
regions of single axons (Fig. 3, A—C) to discriminate fast re-
covery of freely diffusing GFP (Fig. 3 A) from relatively slow
recovery typical for membrane-bound molecules like Stx-YFP
(Fig. 3 B). Fluorescence recovery of Stx-YFP was gradual and
bidirectional, but markedly different in speed and extent from
soluble GFP (Fig. 3, A, B, and E). Bleaching of axonal Munc18-1-
Venus resulted in similar bidirectional and gradual recovery
(Fig. 3, C and D). Mean Munc18-1-Venus recovery was similar
to Stx-YFP and significantly slower than GFP (Fig. 3 E). In de-
veloping neurons Munc18-1 is bound to transport vesicles (Chua
et al., 2012). We observed Munc18-1-Venus puncta entering the
bleached area in only 16% of Munc18-1-Venus axons (Fig. S2),
with a minimal effect on total fluorescence recovery. Hence,
the majority of Munc18-1 in axons of 14 DIV neurons, in con-
trast to developing neurons, does not bind transport vesicles.
Munc18-1 also does not diffuse freely like GFP, but may move
through axons by interacting with slowly diffusing proteins,
like syntaxin-1.

To test this, we expressed botulinum neurotoxin C (BoNT/
C) light chain in Munc18-1-Venus neurons 6—12 h before FRAP
experiments. BONT/C cleaves syntaxin-1 at the C terminus just
above the transmembrane region (Blasi et al., 1993; Schiavo
et al., 1995), detaching the remaining protein from the mem-
brane and arresting synaptic vesicle fusion (de Wit et al., 2000).
Fluorescence recovery of axonal Munc18-1-Venus in cells express-
ing BoNT/C was significantly faster than control cells (Fig. 3 F).
BoNT/C expression does not affect electrical properties of
neurons or neuronal morphology at the ultrastructural level
(de Wit et al., 2006), making it unlikely that indirect effects
of syntaxin-1 cleavage contributed to the observed Munc18-1
transport phenotype. Together, these results show that the ma-
jority of Muncl8-1 does not diffuse freely but binds to syn-
taxin-1 for transport through the axon via lateral diffusion in
the membrane.

Synaptic Munc18-1 dynamics are only
partially syntaxin-1 dependent

Munc18-1 is expressed in synapses (Toonen and Verhage, 2007).
Munc18-1-Venus fluorescence was high in presynaptic termi-
nals identified by synapsin-mCherry (Fig. 4 A). The synapse-to-
axon ratio of Munc18-1-Venus was significantly higher than
a membrane-targeted Venus protein (mVenus, Fig. 4 B), which
suggests that Munc18-1-Venus is retained at synapses. To test
this, we used FRAP of Munc18-1-Venus, Stx-YFP, and GFP
on single synapses (Fig. 4 C). A focused laser spot aimed at a
single synapsin-mCherry punctum (Fig. 4 D, open arrowhead)
bleached the synaptic region, and fluorescence recovery was fol-
lowed over time (Fig. 4 D). The initial (at 10 and 30 s) recovery
of synaptic Munc18-1-Venus was markedly slower than GFP
and not significantly different from Stx-YFP, although the mo-
bile fraction of Munc18-1-Venus was slightly smaller than Stx-
YFP (Fig. 4 E). We then compared FRAP of Munc18-1-Venus
in the presence or absence of BoNT/C. Mean fluorescence
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A 19 Avill 20 Avrll Figure 1. Generation and confirmation of Munc18-1-
- - _ I | _ Venus (M18V) mouse. (A) Generation of M18V knockin
Wil Type MiE-1/Gene I I A/—|_ gene. Diagrams indicate WT munc18-1 gene, targeting
Al o0 _— LioxP vl vector, MlSV—neo—knock-{n gene, and Cre-recombined
) MT18V gene. Exons are indicated by gray boxes and
Targeting Vector [HNeo] [ A"I_‘ numbered. Black and gray horizontal bars indicate
probes used for Southern blot analysis and PCR prod-

i PUra— Loxi isp  Jydl ucts used for genotyping, respectively. A 5-kbp section

is not shown (arrowheads). LoxP, loxP sites; Venus,
M18-1-Venus Kl Gene - [ [ A"—l__ Venus cDNA; Avrll, restriction enzyme site; NEO, neo-
- mycin resistance gene; TK, thymidine kinase promoter;
pGEMT Easy, targeting vector. (B) Southern blot analy-

Cre-Recombined B 1 Avrll ZOLOP f\_‘llil_ sis of mouse tail DNA from heterozygous (+/m) and
M18-1-Venus Kl Gene S X WT (+/+) mice. DNA was Avrll-digested. m, M18V-
neo-knock-in gene (8.2 kbp); +, munc18-1 gene (6.3 kbp).
C D (C) Agarose gel of PCR products from +/+, +/m, and
& & & & & m/m mouse DNA. M18V, munc18-1-Venus gene PCR
2 - XN é\\ bp X < S kD product, 449 bp; M18, munc18-1 gene PCR product,
e i " M18V — i
wiavl| . -— ~ - 449 100 195 bp. (D) Western blot of brain lysate of +/+, +/m,

M18 -75 and m/m mice stained for M18V. Actin was used as a

A loading control. The lines indicate that intervening lanes

-195 3
M13 - Actin| @B SR | 40 have been spliced out. (E) Western blot of brain region
lysate of m/m and +/+ mice at E18 stained for M18V.
Valosin-containing protein (VCP) was used as a loading

E & § <°Q°% ‘O&Q F control. (F) Quantification of M18V expression levels in
i & F S & +/+ and m/m brain lysate. Homogenates from +/+ and
# e & & $ & S ! ysate. 9
& R P X ® & o q m/m brains were analyzed by SDS-PAGE (10 pg of pro-
kD 9 tein per lane) and Western blotting with Munc18-1 anti-
M1V [l 45 iy e - — - -100 2 bodies. M18V protein levels were normalized to VCP
I £ protein levels for each mouse (n = 6). Error bars indicate
M18 L pe——— e 505 mean = SEM. (G) Hippocampal localization of M18V
= fluorescence in m/m (M18V homozygote) brain slice
l 100 £ (left) and of antibody-stained Munc18-1 in WT (+/+)
vep - N e — ey ey . ) e mice (right) compared with synaptic marker VAMP and
; dendritic marker MAP2. CA3, hippocampal CA region;
+/+ m/m
Str, striatum; arrowheads, mossy fiber terminals of the
G Munc18-1-Venus Kl Wild-type stratum lucidum. Bars: (overview images) 100 pm; (en-

larged panels) 25 pm.

Munc18-1

MAP2 Composite
WIS

PKC-dependent redistribution of synaptic Munc18-1 761




762

>
@)
)

16001 w18y 800 w18y 4000 400 [
~1400} =WT 700} =WT 3500} 350 |
21200 E 600} £ 3000 5 300 f
§,1ooo £ 500} £ 2500 E 250 |
2 oo} 2 00} S 2000} ; 200 }
£ 600f S 300} £ 1500 F § 150

X

& 400t S 200} 2 1000} & 100 }
200} il 100} © 500} 50 |
ol - ol -- ol ot

12 34 78 12 34 78 WT M18V WT M18V

days in vitro (DIV) days in vitro (DIV)

E F
9 1.0 1.0 1.0
s 7 « 0.8 « 08 0.8
g 6 T T T
£ 5 ~ 0.6 o 0.6 o 0.6
g 4 g 1.0 E 1.0 z
§ 3 B 04| 03 =gy E04f o8 =Migy  E04t
@ 2 02)&04 =WT 02804 =WT o2l&
b ¢ 5
0 WT M18V ae 1 2 3 4 5 c.o 1 2 3 4 5 a0 1 2 3 4 5
EPSC # EPSC # EPSC #
H | J K
N < 30 E =M18V
< 15 = g =-WT
g 8 2 I
5 2 20 S 1 20pAL_
g 10 s <
o E o
& S 10 g
Q 5 Q =
(7] n =]
o |
a i E 0 0.0 e i
E 0 WT M18v € o WT M18v o 20 40 60 80 100 100 1000 05s mwWT
EPSC # (40 Hz) Inter-Stimulus Interval (ms)

Figure 2.  Morphology and synaptic transmission of Munc18-1-Venus (M18V) hippocampal neurons is indistinguishable from WT neurons. Shown are the
characterization of neuron morphology (A-D) and electrophysiology (E-K) of WT (gray) and M18V (green) hippocampal autapse cultures. (A) Dendrite
length was measured using MAP2 staining at 1-2 DIV, 3-4 DIV, and 7-8 DIV (M-W test: WT 1-2 DIV, n = 26 cells; M18V 1-2 DIV, n = 44 cells, P =
0.049; WT 3-4 DIV, n = 27 cells; M18V 3-4 DIV, 27 cells, P > 0.05; WT 7-8 DIV, n = 26 cells; M18V 7-8 DIV, 32 cells, P > 0.05). (B) Axon length
measured using a cocktail of Smi-312 and Ankyrin G staining at 1-2 DIV, 3-4 DIV, and 7-8 DIV (M-W: WT 1-2 DIV, n = 26 cells; M18V 1-2 DIV, n =
44 cells, P > 0.05; WT 3-4 DIV, n = 27 cells; M18V 3-4 DIV, n = 27 cells, P > 0.05; WT 7-8 DIV, n = 26 cells; M18V 7-8 DIV, n = 32 cells, P > 0.05).
(C) Dendrite length measured using MAP2 staining at DIV 14 (MW test: WT, n = 32 cells; M18V, n = 27 cells, P > 0.05). (D) Synapse number per cell
measured using synapsin staining at 14 DIV (unpaired ttest: WT, n = 13 cells; M18Y, n = 13 cells, P > 0.05). (E) Single evoked EPSC amplitudes (WT,
6.4+ 0.9 nA, n=22; M18Y, 6.8 =+ 1.0 nA, n = 24; M-W test, P > 0.05). (F) Normalized shortterm plasticity (STP) curves with 5 EPSCs in 1 Hz (left),
10 Hz (middle), and 50 Hz (right) interstimulus intervals (ISI). (insets) Paired pulse ratios (PPRs; WT 1 Hz, 0.9180 = 0.025, n = 14; M18V 1 Hz, 0.921 =
0.017,n=18; WT 10 Hz, 0.769 + 0.049, n = 12; M18V 10 Hz 0.804 + 0.041, n = 19; WT 50 Hz, 0.557 + 0.044, n = 15; M18V 50 Hz, 0.514 =
0.046, n = 19; MW test, P > 0.05 for all). (G) Example traces for STP experiments at 50 Hz (top) and 1 Hz (bottom). (H) Frequency (left) and amplitude
(right) of spontaneous miniature events (MEPSC; WT frequency, 13.1 + 2.1 Hz, n = 19; M18V frequency, 13.5 + 2.2 Hz, n = 20; WT amplitude, 27.4 +
1.6 pA; M18V amplitude, 28.9 + 1.4 pA; MW test, P > 0.05). (I) Cumulative EPSC amplitudes in a 100 AP, 40 Hz train with readily releasable pool
size estimation via steady-state back extrapolation (inset: pool size in WT, 41.9 £ 0.1 nA, n = 13; M18V, 42.1 £ 0.2 nA, n = 14; M-W test, P > 0.05).
{J) RRP recovery after train depletion (using 100 AP at 40 Hz) and a test pulse with varying ISls (Recovery tau: WT, 665 ms, n = 20; M18V, 659 ms, n =
15; MW test, P > 0.05). (K) Example traces for spontaneous miniature EPSCs (top) and 100 AP, 40 Hz stimulus train with a recovery fest pulse (ISI 400 ms;
bottom). Error bars indicate mean + SEM.

recovery of synaptic Munc18-1-Venus in BoNT/C-expressing Synaptic Munc18-1 dynamics and levels

cells was significantly larger than in control cells (Fig. 4 F) and
resulted in an increased mobile fraction of Munc18-1-Venus
(Fig. 4 G). Hence, deletion of syntaxin-1 increases the dynam-
ics of synaptic Munc18-1-Venus, which indicates that synap-
tic retention of Munc18-1 is largely dependent on syntaxin-1.
A small immobile Munc18-1-Venus pool remained upon BoNT/C
treatment (Fig. 4 G), which suggests that this pool is retained by
interactions with other synaptic proteins.

JCB « VOLUME 204 « NUMBER 5 « 2014

change upon neuronal activity

Next, we tested whether Munc18-1 dynamics are modulated by
activity by stimulating Munc18-1-Venus neurons while bleach-
ing synaptic fluorescence during stimulation. Initial Munc18-1-
Venus fluorescence recovery (after 10 and 30 s) in synapses
stimulated with 600 action potentials (AP) at 20 Hz was in-
distinguishable from control synapses (Fig. 5 A). However, the
mobile fraction (measured at 160 s) was significantly larger in
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Figure 3. Munc18-1-Venus dynamics in axons de-
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and FRAP analysis (bottom) of the axon in C. The ky-
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=23.7 £ 1.3 pm; Stx-YFP, n = 16 field of views, n =
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2.9 pm). (F) FRAP analysis of axonal M18V (see E)
and M18V + BoNT/C. (inset) Statistical significance
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axons, bleach length = 25.7 £ 1.1 pm). Bars, 5 pm.
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stimulated neurons (Fig. 5, A and B). We also probed Stx-YFP
mobility using FRAP and found, in line with Ribrault et al.
(2011), that initial recovery of Stx-YFP fluorescence was not
affected by stimulation (Fig. 5 C). However, the mobile fraction
(measured at 160 s) was increased (Fig. 5, C and D), similar to
Munc18-1-Venus (Fig. 5, A and B). Thus, strong stimulation
increases synaptic Munc18-1 and syntaxin-1 dynamics in hip-
pocampal neurons.

Stimulation causes dispersion of several soluble synap-
tic proteins (Chi et al., 2001; Sankaranarayanan et al., 2003;

Star et al., 2005; Denker et al., 2011), vesicle SNAREs (Li
and Murthy, 2001; Ferndndez-Alfonso et al., 2006), and target
SNARESs (Degtyar et al., 2013). To test whether Munc18-1 dis-
perses from the synapse during stimulation, we measured in-
tensity changes upon stimulation in Munc18-1-Venus neurons.
Munc18-1-Venus was enriched in synapses identified by synap-
sin-mCherry before stimulation (Fig. 6 A). During stimulation,
fluorescence of Munc18-1-Venus and synapsin-mCherry at
synapses decreased (Fig. 6 A): Munc18-1-Venus fluorescence
dispersed from the start of stimulation (Fig. 6 B), similar to

PKC-dependent redistribution of synaptic Munc18-1 ¢ Cijsouw et al.
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Figure 4. Syntaxin-1 binding is the major determinant of an immobile Munc18-1 pool at synapses. (A) Munc18-1-Venus (M18V) axon expressing
synapsin-mCherry. Overlay of M18V and synapsin-mCherry fluorescence (Composite) shows Munc18-1-Venus expression at presynaptic sites. Bar, 4 pm.
(B) Normalized fluorescence intensities of Stx-YFP and mVenus in WT neurons and M18V measured from the center of synapsin-mCherry positive puncta
up to 4 pm into the axon (left; see scale bar in A). Intensity was normalized to axon intensity at 4 pm. Right, synapse (O pm)-to-axon ratio (4 pm) of M18V,
Stx-YFP, and mVenus (K-W fest: ***, P < 0.001; n.s., P > 0.05; M18Y, n = 10 field of views, n = 72 synapses; Stx-YFP, n = 15 field of views, n = 58
synapses; mVenus, n = 12 field of views, n = 52 synapses). (C) Diagram illustrating FRAP experiments shown in D-G. M18V neurons (green) expres-
sing synapsin-mCherry as a synapse marker (not depicted) were cultured together with WT neurons (gray) in a 1:50 ratio. Fluorescence in synapses was
photobleached (arrowheads and box) at t = 0 s, and fluorescence recovery was followed over time (FRAP, right). (D) M18V axon with three synapses
(arrowheads) identified by synapsin-mCherry. Inverted greyscale images show time points before (pre), immediately after photobleaching (bleach, open
arrowheads), and during fluorescence recovery (post t = 22 s and post t = 123 s). Bottom right, normalized intensity of bleached synapse over time. Bar,
5 pm. (E) FRAP analysis of synaptic M18V, GFP, and Stx-YFP. (inset) Statistical significance (M-W test with FDR [6] corrections: n.s., P > 0.05; *, P < 0.05;
M18V, n = 14 field of views, n = 37 synapses; Stx-YFP, n = 9 field of views, n = 23 synapses; GFP, n = 9 field of views, n = 28 synapses). The broken
line indicates a biexponential fit of M18V recovery with a fast mobile fraction of 0.32 and a tau of 4.6 s, and a slow mobile fraction of 0.36 and a tau of
59.8 s. (F) FRAP analysis of synaptic M18V (see E) and M18V + BoNT/C. (insef) Statistical significance (M-W test with FDR [6] corrections: **, P < 0.01;
*, P <0.05; M18V + BoNT/C, n = 6 cells, n = 16 synapses). (G) Mobile fraction of synaptic M18V compared with M18V + BoNT/C calculated from
Fatt=180s (MW test: *** P < 0.001). Error bars indicate mean + SEM.

synapsin-mCherry (Chi et al., 2001; Fig. 6 B, inset). The inten- fluorescence (Fig. 6 C). Stx-YFP also dispersed from synapses
sity changes represented Munc18-1-Venus movement and not (Fig. 6 B), although significantly less than Munc18-1-Venus
changes in Venus fluorescence due to proton-induced quenching (Fig. 6 C). Dispersion of Munc18-1-Venus and synapsin-mCherry
(Nagai et al., 2002), as the fluorescence decrease of an mVenus was required calcium influx and was impaired by superfusion of
ninefold (P <0.001) lower than the decrease in Munc18-1-Venus P/Q-, L-, and N-type calcium channel blockers (Fig. S5). To


http://www.jcb.org/cgi/content/full/jcb.201308026/DC1

test whether Munc18-1 dispersion required active vesicle re-
lease and syntaxin-1, we expressed BoNT/C. This did not affect
Munc18-1-Venus dispersion (Fig. 6, D and E). Thus, stimula-
tion-induced calcium influx triggers the dispersion of a fraction
of synaptic Munc18-1-Venus into the axon. This dispersion is
largely independent of syntaxin-1 and does not require synaptic
vesicle release.

Munc18-1 reclusters at synapses after
synaptic activity

Synapsin-1la fully reclusters to synapses within 10 min after
synaptic activity (Chi et al., 2001). To test whether Munc18-1-
Venus also reclusters at synapses, we followed synaptic
Munc18-1-Venus fluorescence after stimulation. We observed
alarge variation in synaptic Munc18-1-Venus intensity changes
(Fig. 7, A and B) that did not correlate with initial Munc18-1-
Venus levels (Fig. S4). However, the mean response of all
synapses showed dispersion during the stimulus, leading to
a net increase in Munc18-1-Venus levels at t = 160 s (Fig. 7 C).
This reclustering was much faster than synapsin-mCherry
and was not observed for mVenus (Fig. S3). We defined two
sets of synapses, one with initial dispersion (AF/FO < 0 att =
10 s) followed by a net increase of fluorescence (AF/FO > 0 at
t = 160 s, called A+) and one with initial dispersion (AF/FO
< 0 at t = 10 s) followed by a net decrease of fluorescence
(AF/FO < 0 at t = 160 s, called A—). Nearly half of all syn-
apses fell in the A+ subset and over one-third in the A— subset
(Fig. 7 C). Unlike the increase observed for Munc18-1-Venus,
Stx-YFP mean fluorescence remained below initial levels after
dispersion with <25% A+ synapses (Fig. 7 D). Reclustering
was also slower than Munc18-1-Venus (Fig. 7 D). This sug-
gests that Munc18-1-Venus reclusters faster than syntaxin-1
(and synapsin-mCherry), and independently of syntaxin-1. In-
deed, synaptic Munc18-1-Venus fluorescence increased faster
upon BoNT/C expression (Fig. 7, E and F) and resulted in
higher levels at t = 160 s than in control neurons. Also, the
percentage of A+ synapses was higher upon BoNT/C (Fig. 7 E).
Hence, reclustering of synaptic Munc18-1 does not require
syntaxin-1, and is even enhanced in the absence of syntaxin-1.
Munc18-1 reclustering was absent in neurons incubated with
calcium channel blockers (Fig. 7, G and H; and Fig. S5, A-C).
Hence, calcium influx as a result of synaptic activity increases
Munc18-1 mobility and redistributes synaptic Munc18-1 lev-
els such that on average synapses contain more Muncl8-1
after a strong stimulus.

PKC-dependent phosphorylation of
Munc18-1 is necessary for synaptic
Munc18-1 reclustering

PKC-dependent phosphorylation of Munc18-1 is essential for
DAG-induced potentiation of synaptic transmission (Wierda
et al., 2007) and vesicle pool replenishment in chromaffin cells
(Nili et al., 2006). To test if PKC activity modulates synap-
tic Munc18-1 dynamics, we applied the DAG analogue PMA
to Munc18-1-Venus neurons. This did not significantly af-
fect synaptic Munc18-1 levels (Fig. 8, A and B). PMA appli-
cation during electrical stimulation did not further increase
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Figure 5. Activity increases Munc18-1 and Syntaxin-1 mobility at syn-
apses. (A) FRAP analysis of Munc18-1-Venus (M18V) in control synapses
and synapses stimulated with 600 AP at 20 Hz starting att = —15's (black
bar). (inset) Statistical significance (M-W test with FDR [3] corrections: n.s.,
P>0.05; *, P <0.05; M18V, n = 8 field of views, n = 19 synapses; M18V +
stimulation, n = 8 field of views, n = 16 synapses). (B) Mobile fraction of
synaptic M18V, control compared with stimulation calculated from A at t =
160's (M-W test: **, P < 0.01). (C) FRAP analysis of Stx-YFP in control syn-
apses and synapses stimulated with 600 AP at 20 Hz starting att= —15's
(black bar). (inset) Statistical significance (M-W test with FDR [3] corrections:
n.s., P> 0.05; Stx-YFP, n = 6 field of views, n = 16 synapses; Stx-YFP +
stimulation, n = 6 field of views, n = 13 synapses). (D) Mobile fraction of
synaptic Stx-YFP control compared with stimulation calculated from C at t =
160 s (MW test: *, P < 0.05). Error bars indicate mean = SEM.

Munc18-1 recruitment after stimulation (Fig. 8, C and D) or
its dynamics (Fig. S5). Hence, PMA application does not have
an additive effect when PKC activity is triggered by calcium
influx. However, application of the specific PKC inhibitor Ro
31-8220 (Davis et al., 1989) resulted in significantly less dis-
persion during stimulation and an almost complete block of
Munc18-1-Venus reclustering after stimulation (Fig. 8, E and F).
Ro 31-8220 application significantly reduced the number of
synapses and mean recruitment in the A+ subset (Fig. S5).
Hence, PKC activity is required for reclustering of Munc18-1
after strong stimulation. Finally, to test whether PKC-dependent
phosphorylation of Munc18-1 itself is required for its reclus-
tering, we expressed a fully functional but PKC-insensitive
mutant (PKC;) of Munc18-1-EGFP (Wierda et al., 2007) in
munc8-1 null mutant neurons and compared its dynamics with
WT Munc18-1-EGFP on the same null mutant background.
In contrast to WT Muncl8-1-EGFP, which behaved like
Munc18-1-Venus, the PKC-insensitive mutant did not show
reclustering after electrical stimulation (Fig. 8, G and H; and
Fig. S5). This shows that activity-dependent PKC phosphory-
lation of Munc18-1 is essential to recruit Munc18-1 to syn-
apses after neuronal stimulation.
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Figure 6. Synaptic Munc18-1-Venus acutely
disperses upon stimulation. (A) Fluorescence and
greyscale images of a Munc18-1-Venus (M18V)
axon (right) expressing synapsin-mCherry (left).
Greyscale images show the same axon before
(pre) and during stimulation (stim) with 600 AP at
20 Hz. A linescan (bottom) along the axon com-
pares fluorescence intensity in synapses marked
with arrowheads of synapsin-mCherry before (pre,
black broken line) with during (stim, red solid line)
stimulation and intensity of M18V before (pre,
black dashed line) with during (stim, green solid
line) stimulation. Bar, 5 pm. (B) Relative intensity
changes (AF/FO) of M18V, Stx-YFP, mVenus, and
synapsin-mCherry (inset) at synapses during stimu-
lation starting at t = O s (20 Hz, black bar). M18V
and synapsin-mCherry, n = 38 field of views, n =
929 synapses; Stx-YFP, n = 17 field of views, n =
202 synapses; mVenus, n = 20 field of views,
n = 305 synapses. (C) Relative intensity changes
att =10 s of M18Y, Stx-YFP, and mVenus calcu-

pre

lated from B (K-W fest: ***, P < 0.001). (D) Rela-
tive intensity changes (AF/FO) of M18V, M18V + B
BoNT/C, and synapsin-mCherry (inset) in synapses

= mVenus C
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Munc18-1 expression levels in neurons control synaptic
strength by modulating the number of release-ready vesicles
(Toonen et al., 2006b). To determine whether activity-dependent
modulation of synaptic Munc18-1 levels affects presynaptic
strength on a synapse level we probed vesicle release using
FM4-64 uptake during 30 AP at 1 Hz, before and after high-
frequency stimulation (Fig. 9 A). Individual synapses in naive
neurons showed a large variation in Munc18-1-Venus levels and

FM4-64 levels (Fig. 9 B). Interestingly, and in line with our
previous results in Munc18-1—overexpressing neurons (Toonen
etal., 2006b), synaptic Munc18-1-Venus levels showed a sig-
nificant correlation with FM4-64 loading (Spearman’s corre-
lation ry = 0.27, P < 0.001; Fig. 9 C), but not with synapse
size (Fig. S4). Next, we tested whether a change in synap-
tic Munc18-1-Venus levels after high-frequency stimulation
correlated with concomitant modulation in synaptic strength.
We compared the change in FM4-64 uptake before and after
600 AP high-frequency stimulation between synapses with a
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Figure 7. Synaptic activity increases Munc18-
1-Venus mobility and recruits Munc18-1 to
synapses independent of syntaxin-1. (A) Fluores-
cence and greyscale images of Munc18-1-Venus
(M18V) axons expressing synapsin-mCherry.
Greyscale images show the same axon before
(pre), during (t= 12 s), and after stimulation (t =
198's, M18V only) with 600 AP at 20 Hz (start
t = 0's). Bar, 5 pm. (B) Relative M18V intensity
changes (AF/FO) in synapses marked by arrow-
heads in A. Black bars indicate the period of
stimulation. Some synapses, after initial disper-
sion during stimulation, increase fluorescence
above initial levels (broken line), whereas oth-
ers remain low after initial dispersion or do
not change during measurement. (C) Relative
M18V intensity changes of all synapses (green
line, n = 23 field of views, n = 510 synapses)
compared with subsets (gray lines) of synapses
with net positive change (A+, 46.3% of all syn-
apses) and synapses with net negative change
(A—, 37.8%) at t = 160 s. (D) Relative Stx-YFP
intensity changes of all synapses (blue line, n =
10 field of views, n = 125 synapses) and of
subsets (gray line) of synapses with net positive
change (A+, 22.4% of all synapses) or a net
negative change (A—, 36.0%) at t = 160 s.
(E) Relative M18V intensity changes of all syn-
apses (green, n = 5 cells, n = 553 synapses)
and M18V £ BoNT/C synapses (yellow, n =5
cells, n = 290 synapses). (inset) Percentage of
synapses with net positive change (—BoNT/C,
38.6%; +BoNT/C, 44.1%) and synapses
with net negative change (—BoNT/C, 31.9%;
+BoNT/C, 19.3%) att =160 s (Pearson x? test:
*** P < 0.001). (F) Relative M18V intensity
change att =10 s (left) and t = 160 s (right) at
control synapses (green) and synapses expres-
sing BoNT/C (yellow) calculated from E (M-W
test with FDR [2] corrections: ***, P < 0.001).
(G) Relative M18Y and synapsin-mCherry (inset)
intensity changes of control synapses (green,
n = 6 cells, n = 250 synapses) and synapses
superfused with calcium channel blockers to
prevent calcium influx (brown, n = 6 cells, n =
252 synapses). Synapsin-mCherry infensity at
t = 30 s, control versus calcium channel block-
ers, MW test: *** P < 0.001). (H) Relative
M18V intensity change at t = 10 s (left) and
t = 160 s (right) at control synapses (green)
and synapses superfused with calcium chan-
nel blockers (brown) calculated from G (MW
test with FDR [2] corrections: n.s., P > 0.05;
*** P < 0.001). Note that although average
dispersion (t = 10 s) in control synapses is lower
compared with E, Fig. S5 shows that dispersion
in A+ and A— control synapses is significantly
higher than in synapses with calcium channel
blockers. The horizontal broken line indicates
no change.
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net positive reclustering of Munc18-1-Venus and synapses Discussion

with a net negative reclustering. Synapses with positive re-
clustering had significantly more FM4-64 uptake compared
with synapses having a net negative reclustering after high-
frequency stimulation (20 Hz; Fig. 9 D). Synapses that were
stimulated at low frequency (2 Hz; Fig. 9 D) did not show
such a correlation. Together, these results show that synaptic
Munc18-1-Venus levels scale with release efficiency and that
changes in levels after high-frequency stimulation correlate
with increased synaptic strength.
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Here, we investigated the distribution and dynamics of endog-
enous Munc18-1 in axons and synapses using Munc18-1-Venus
knockin mice. In line with its essential role in exocytosis, we
found that Munc18-1 is highly expressed in synapses. The ma-
jority of Munc18-1 traffics through axons via lateral diffusion
together with syntaxin-1. Exchange rates of Munc18-1 at indi-
vidual synapses are high compared with active zone components
Bassoon and Munc13-1 (Kalla et al., 2006; Tsuriel et al., 2009).
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During periods of synaptic activity, Munc18-1 becomes even
more dynamic, rapidly disperses, and subsequently reclusters
at synapses. This requires calcium influx and PKC-dependent
phosphorylation of Munc18-1, but is independent of syntaxin-1
interaction. Importantly, synaptic Munc18-1 levels scale with
release efficiency, and higher Munc18-1 levels after stimulation
increase synaptic strength.

Munc18-1 axonal transport in mature
neurons is largely syntaxin-1 dependent
During neuronal development, Munc18-1/syntaxin-1 and syn-
taxin-1 are transported by FEZ1-KIF5C (Chua et al., 2012) and
syntabulin—KIF5B (Su et al., 2004; Cai et al., 2007) transport
complexes. Our FRAP experiments in axons (Fig. 3) showed
identical recovery of Munc18-1-Venus and Stx-YFP and in-
creased Munc18-1-Venus recovery after cleavage of syntaxin-1,
which indicates that lateral diffusion via membrane-bound syn-
taxin-1 rather than active transport of organelles is the main
mode of delivering Munc18-1 to release sites in mature neu-
rons. This is in line with a study on syntaxin-1 dynamics in
mature rat neurons (Ribrault et al., 2011), underscoring the no-
tion that after initial membrane delivery via fusion of transport
vesicles, Munc18-1-syntaxin-1 complexes diffuse through the
axonal membrane. Only rarely were moving Munc18-1-Venus
puncta observed, which suggests that vesicular transport of
Munc18-1-syntaxin-1 complexes does continue in mature neu-
rons but that diffusion dominates. Hence, during neuronal mat-
uration, the mode of syntaxin/Munc18 transport switches from

! i

2 Hz

stimulation (t fest: n.s., P > 0.05; **, P = 0.006;
2 Hz, n = 4 field of views, n = 146 synapses;
20 Hz, n = 7 field of views, n = 195 synapses).
Error bars indicate mean + SEM.

20 Hz

predominantly vesicular transport (Cai et al., 2007; Chua et al.,
2012) to lateral diffusion.

Munc18-1 is highly dynamic at

individual synapses

Munc18-1-Venus showed a strong synaptic preference (Fig. 4).
Our FRAP measurements revealed that synaptic Munc18-1 is
very mobile. Munc18-1-Venus exchange is best described with
a fast (1 = 4.6 s) and a slow component (T = 60 s), compa-
rable to syntaxin-1 (Ribrault et al., 2011), whereas Bassoon
(Tsuriel et al., 2009; Schroder et al., 2013), Munc13-1 (Kalla
et al., 20006), liprin-a2 (Spangler et al., 2013), and synapsin-1
(Tsuriel et al., 2006) turnover at synapses is much slower, with
exchange rates in the order of minutes to hours. Exchange rates
of the total synaptic vesicle pool are even slower (Orenbuch
et al., 2012b), although individual synaptic vesicle exchange
between boutons is relatively fast (Darcy et al., 2006; Staras
et al., 2010; Herzog et al., 2011). Synaptic activity increased
the mobility of Munc18-1-Venus and Stx-YFP (Fig. 5), in line
with increased mobility of synapsin (Chi et al., 2001; Tsuriel
et al., 2006) and Rab3 (Star et al., 2005). In contrast, Munc13-1
and Bassoon mobility are not affected by acute stimulation
(Kalla et al., 2006; Tsuriel et al., 2009). Hence, synapses ex-
change their components at different speeds. Proteins of the se-
cretory machinery are more mobile than active zone scaffolding
proteins and become even more dynamic during increased ac-
tivity. The scaffolding proteins may therefore provide synapses
with stability to maintain synapse integrity (Tsuriel et al., 2009),
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whereas intersynaptic exchange of presynaptic molecules and
vesicles provides plasticity during increased network activity.

At synapses, ~40% of Munc18-1-Venus resided in an im-
mobile fraction. Cleavage of syntaxin-1 resulted in a larger mo-
bile Munc18-1-Venus fraction, but did not fully abolish the
immobile fraction. This suggests that Munc18-1 also interacts
with other binding partners at the synapse. Here, Munc18-1
may be released when syntaxin-1 interacts with other SNARES,
which lowers the binding affinity of Munc18-1 for syntaxin-1
(Xu et al., 2010). Strong interaction between Munc18-1 and
syntaxin-1 in the axon may ensure proper delivery of Munc18-1
to synapses and protect syntaxin-1 from nonspecific interactions.
A more dynamic interaction at the synapse provides plasticity
to modulate SNARE complex formation and interactions of
Munc18-1 with other proteins.

Svynaptic activity acutely reorganizes
synaptic Munc18-1 levels

Synaptic activity triggers synapsin dispersion from synapses
(Chi et al., 2001; Fig. 6). In the same synapses, we observed
significant Munc18-1-Venus dispersion during stimulation. Stx-
YFP also dispersed, although to a smaller extent, which is in
line with recent results (Degtyar et al., 2013). Dispersion of
Munc18-1-Venus was not affected by BoNT/C expression (Fig. 6).
Thus, calcium influx triggers dispersion irrespective of vesicle
fusion, thereby increasing the concentration of soluble and dy-
namic Munc18-1.

Munc18-1 repopulated the synapse within 2 min after stim-
ulation, much faster than synapsin (Chi et al., 2001; Orenbuch
et al., 2012a) and Rab3a (Star et al., 2005), and reclustering al-
ready started during the stimulation train. On average, synapses
contained more Munc18-1 after stimulation. Interestingly, post-
stimulation changes in Munc18-1-Venus levels were highly vari-
able: some synapses showed an ~20% increase in fluorescence,
whereas others showed an ~10% net decrease (Fig. 7). Such
distinct and acute changes in synaptic levels have not been re-
ported before. As Munc18-1 expression levels correlate with syn-
aptic strength and stamina (Toonen et al., 2006b), this provides a
mechanism that helps individual synapses to quickly tune their
output and maintain vesicle release during periods of high de-
mand. The wide range in initial synaptic Munc18-1-Venus levels
is in line with the notion that individual synapses can have very
different release probabilities (Rosenmund et al., 1993; Murthy
etal., 1997; Matz et al., 2010; Ariel et al., 2012). This presynaptic
mechanism adds to other well-known factors that tune synaptic
output like postsynaptic target identity (Reyes et al., 1998;
Sylwestrak and Ghosh, 2012) and synaptic position on the den-
drite (de Jong et al., 2012), and may partly underlie the effects
of neuronal activity (Branco et al., 2008) and calcium influx
(Ermolyuk et al., 2012) on synaptic output.

Reclustering of Munc18-1-Venus is

PKC dependent and correlates with
synaptic strength

Activation of the DAG-PKC pathway potentiates synaptic trans-
mission (Malenka et al., 1986; Shapira et al., 1987) and is essen-
tial for post-tetanic potentiation (Brager et al., 2003; Fioravante
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et al., 2011). Furthermore, we have shown that DAG-PKC-
dependent synaptic potentiation requires Munc18-1 phosphory-
lation, and that Munc18-1 phosphorylation is essential for
maintaining synaptic release during repetitive stimulation and
for synaptic recovery after stimulation (de Vries et al., 2000;
Wierda et al., 2007). Here we show that Munc18-1-Venus re-
clustering after stimulation is calcium-dependent and almost
absent after PKC inhibition. Moreover, a PKC-insensitive mu-
tant Muncl18-1 showed strongly impaired reclustering after
intense stimulation. Thus, PKC-dependent phosphorylation of
Muncl18-1 is required for its reclustering and consequent changes
in synaptic levels. Together, this provides a plausible mecha-
nism for the fact that efficacy of synaptic vesicle release de-
pends on Munc18-1 expression levels (Toonen et al., 2006b)
and PKC activity (Majewski and lannazzo, 1998; Stevens and
Sullivan, 1998; Francis et al., 2002). We have previously shown
that the PKC-Munc18-1 pathway translocates synaptic vesicles
to the active zone (Wierda et al., 2007) and that Munc18-1 over-
expression promotes membrane delivery of secretory vesicles in
chromaffin cells (Toonen et al., 2006a). Hence, PKC-dependent
recruitment of Munc18-1 temporarily increases its synaptic
levels, thereby facilitating synaptic vesicle recruitment. Im-
portantly, FM4-64 loading correlated with Munc18-1-Venus
expression levels in individual synapses (Fig. 9). Moreover,
synapses that recruited more Munc18-1 after high-frequency
stimulation had a larger releasable vesicle pool. Hence, at the
single synapse, Munc18-1 expression levels correlate with syn-
aptic strength.

Together, our data support a model in which soluble
Munc18-1 is dependent on plasma membrane—bound syntaxin-
1 for delivery to the synapse at rest (Fig. 10, 1). At the synapse,
Munc18-1 resides with syntaxin-1 and SNAP25 in microdo-
mains at the plasma membrane (Lang et al., 2002; Sieber et al.,
2006; Pertsinidis et al., 2013). Muncl18-1 also interacts with
other binding partners, and a fraction of Munc18-1 may transfer
from syntaxin-1 (Fig. 10, 2) to these partners at some point after
arrival in the synapse. Calcium influx temporarily increases
Munc18-1 dynamics, which are independent of vesicle release
or syntaxin-1 binding (Fig. 10, 3). Soluble Munc18-1 can dis-
perse or may bind syntaxin-1 (Fig. 10, 4). After stimulation,
PKC controls reclustering by phosphorylation of Munc18-1
(Fig. 10, 5). PKC-dependent reclustering of Munc18-1 tempo-
rarily increases the release of the synaptic vesicle pool.

Materials and methods

Generation of Munc18-1-Venus knockin mice

A Venus cDNA fragment from pVenus-N1 (Nagai et al., 2002) was sub-
cloned using restriction enzymes (Smal-Notl and Smal, respectively) into
pUC21 (Vieira and Messing, 1991), resulting in pUC21VENUS. A loxNE-
Olox cassette (containing neomycin resistance gene and thymidine kinase
promoter flanked by two LoxP sites) was subcloned using Sall-Xbal into
pUC21VENUS in an antisense orientation 3’ of the Venus stop codon. The
left cloning arm, a genomic sequence 5’ of, and including, exon 20 of the
munc18-1 gene from 129/Sv embryonic stem (ES) cell DNA, was sub-
cloned using PCR into pGEM-T Easy (Promega), resulting in pGEM-T Easy-
Left-Arm. The right cloning arm, a genomic sequence 3" of exon 20 of the
munc18-1 gene from 129/Sv ES cell DNA, was subcloned using PCR into
pGEMT Easy, resulting in pGEM-T Easy-Right-Arm. The right cloning arm
was subcloned into pPGEM-T Easy-Left-Arm using KpNI-Avrll and KpNI-Spel.
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Figure 10. Munc18-1 transport to and behavior in the synapse. In mature neurons, Munc18-1 (shown in green) is transported to synapses via lateral
diffusion with membrane-bound syntaxin-1 (shown in light gray, 1). At the synapse, Munc18-1 interacts with syntaxin-1 (individually or in microdomains)
or dissociates and inferacts with other binding partners (X; 2). Calcium influx triggers dissociation from binding partners (3) and temporarily increases free
Munc18-1 concentrations in the synapse (4). After stimulation, PKC controls reclustering of Munc18-1 (5).

Venus and the loxNEQlox cassette from pUC21VENUS were subcloned
between the left and right arm, with Venus replacing the stop codon of
exon 20 in frame, creating the targeting vector (Fig. 1 A). Mice carrying
the munc18-1-venus-neo gene were generated by homologous recombina-
tion in ES cells and identified by Southern blotting (Fig. 1 B) or PCR (Fig. 1 C).
Heterozygous mice (+/m) were crossed with Ella-cre mice, which express
Cre recombinase in early embryonic stages (Lakso et al., 1996), to remove
the neomycin resistance cassette. All imaging experiments were conducted
on hippocampal m/m neurons of +/m x +/m crosses. Munc18-1 null mu-
tant mice (deleting exon 2-6) have been described previously (Verhage
et al., 2000). All animals were housed and bred according to the institu-
tional and Dutch governmental guidelines for animal welfare.

Neuronal cultures and transfection

Dissociated hippocampal cultures were obtained from embryonic day 18
(E18) m/m mice as described previously (Meijer et al., 2012). In brief, hip-
pocampi were dissected in Hepes-buffered HBBS (Invitrogen) and digested
with 0.25% trypsin (Invitrogen) at 37°C for 20 min. After washing and frit-
uration, cells were plated at a density of 25,000 cells/well for low-density
cultures on top of a pregrown rat glia feeder layer on 18-mm coverslips.
For autaptic cell cultures, cells were plated at a density of 2,000 cells/well
on micro islands of rat glia as described previously (Meijer et al., 2012).
Micro-islands were made by stamping 200-pm-diameter poly-d-lysine
(0.15 mg/ml; Sigma-Aldrich)/rat tail collagen (3.66 mg/ml; BD) dots on
18-mm coverslips pretreated with 0.15% agarose (Type Il-a). Cultures were
kept in neurobasal medium (containing 2% B27, 18 mM Hepes, 0.5 mM
GlutaMAX, and penicillin/streptomycin; all obtained from Invitrogen), and
half the medium was replaced once every week in low-density cultures.
Where applicable, Munc18-1-Venus neurons were cultured together with
WT neurons in a 1:50 ratio to image single fluorescent neurons. Neurons
were used for experiments at 14-21 DIV.

For imaging experiments on WT neurons, syntaxin-1-EYFP, GFP,
mVenus, and synapsin-mCherry were transfected using calcium phosphate
precipitate at 6-10 DIV as described previously (K8hrmann et al., 1999).
For FM4-64 loading experiments in Munc18-1-Venus neurons, synapsin-
ECFP was transfected using calcium phosphate precipitate at 6-10 DIV.
For all other imaging experiments on Munc18-1-Venus neurons, synapsin-
mCherry was expressed by adding lentiviral particles before plating. After
trituration, lentiviral particles were added and cells were incubated at
37°C/5% CO, for 2 h. After three washes with neurobasal medium sup-
plemented with 10% fetal bovine serum to inactivate the lentiviral particles,
cells were plated on glia feeder layers. BoNT/C-ECFP was expressed
using Semliki viral particles 6-12 h before imaging in autaptic cultures.
ECFP signal in the soma of a single neuron on a micro island ensured
BoNT/C expression in the imaged synapses.

For imaging of Munc18-1-EGFP and PKC-insensitive Munc18-1-EGFP
on muncl8-1 null mutant neurons (Verhage et al., 2000), E18 embryos
were obtained from timed munc18-1 heterozygous null mutant matings
and processed for WT neurons. Dissociated null mutant neurons were in-
fected in solution before plating on glia micro islands with lentiviral par-
ticles expressing Munc18-1-EGFP WT or PKC-insensitive mutant together
with synapsin-mCherry particles and placed in a cell culture incubator for
1.5 h. After two washing steps in MEM with 10% FCS, neurons were
counted and plated at a density of 2,000 cells/18-mm coverslip.

Constructs

Syntaxin-1-EYFP is fulllength rat Syntaxinla in pEYFP-N1 (CMV promoter;
Takara Bio Inc.), and has been described previously (Toonen et al., 2005).
Expression plasmid pCMV BoNT/C light chain was a gift from T. Galli
(Institut National de la Santé et de la Recherche Médicale, Paris, France).
Synapsin-mCherry (pcDNA3.1) was a gift from A. Jeromin (Allen Brain
Institute, Seattle, WA). Synapsin-ECFP was generated by replacing mCherry
in Synapsin-mCherry with ECFP. mVenus was generated by the addition of
the last 20 amino acids (KMSKDGKKKKKKSKTKCVIM) of K-Ras2B, repre-
senting a canonical palmitoylation signal (Welman et al., 2000). Synap-
sin-mCherry was subcloned into plenti vectors, and viral particles were
produced as described previously (Naldini et al., 1996). Munc18-1-EGFP
WT and PKC-insensitive mutant Munc18-1-GFP (Munc18pci: S306A,
S312A, S313A; Wierda et al., 2007) were cloned into plenti vectors and

used to rescue munc18-1 null mutant neurons.

Electrophysiological recordings

Electrophysiological recordings were performed on autaptic glutamatergic
hippocampal neurons at room temperature (21-24°C) as described previ-
ously (Weber et al., 2010). In brief, isolated hippocampal neurons were
plated on astrocyte micro islands (Bekkers and Stevens, 1991) in neuro-
basal medium (Invitrogen) supplemented with B-27 (Invitrogen), 17.3 mM
Hepes, 1% GlutaMax (Invitrogen), and 1% penicillin/streptomycin (Invit-
rogen). Autaptic cells between 10 and 14 DIV were used for experiments.
The patch-pipette solution included 135 mM potassium gluconate, 10 mM
Hepes, 1 mM EGTA, 4.6 mM MgCly, 4 mM Na-ATP, 15 mM creatine
phosphate, 50 U/ml phosphocreatine kinase, and 300 mOsm, pH 7.3.
The standard extracellular medium consisted of 140 mM NaCl, 2.4 mM
KCl, 10 mM Hepes, 10 mM glucose, 4 mM CaCl,, 4 mM MgCl,, and
300 mOsm, pH 7.3. Cells were whole-cell voltage clamped at =70 mV
with an EPC9 amplifier (HEKA) under control of Pulse 8.80 software
(HEKA). Currents were low-pass filtered at 1 or 5 kHz and stored at either
10 or 20 kHz. Pipette resistance ranged from 4 to 6 MQ. The series resis-
tance was compensated for 75%. Only cells with series resistances <20 MQ
were analyzed. EPSCs were evoked by depolarizing the cell from —70 to
0 mV for 2 ms.

Immunochemistry

Cultured neurons from 1 to 14 DIV were fixed in 3.7% formaldehyde in
PBS, pH 7.4, for 20 min at RT. Neurons were washed three times in PBS,
permeabilized in 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 5 min, and
incubated with blocking solution (PBS containing 2% normal goat serum,
2% bovine serum albumin, and 0.1% Triton X-100) for 30 min at RT. Neu-
rons were then incubated with primary antibodies in blocking solution for
1 h at RT, washed three times with PBS, and incubated with secondary
antibodies conjugated to Alexa Fluor in blocking solution for 1 h at RT
(1:1,000; Invitrogen). Primary antibodies used were chicken polyclonal MAP2
(1:20,000; Abcam), mouse monoclonal AnkyrinG (1:1,000; SC-12719;
Santa Cruz Biotechnology, Inc.), Smi-312 (1:500; Covance), and polyclonal
synapsin (1:2,000; Synaptic Systems). Finally, cells were washed three
times in PBS and coverslips were mounted in Mowiol on glass slides. Images
were acquired on a confocal microscope (LSM 510 Meta; Carl Zeiss) with
a 63x oil objective lens, NA 1.4, and analyzed in MATLAB (MathWorks,
Inc.) using SynD (Schmitz et al., 2011).
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For labeling of brain slices, P14-P21 WT and Munc18-1-Venus mice
were perfused transcardially with 4% PFA in PBS, then brains were re-
moved and postfixed in 4% PFA in PBS overnight. Subsequently, brains
were submerged in 30% sucrose in PBS for 3 d before cryosectioning. Be-
fore incubation in blocking solution (5% normal goat serum, 2.5% BSA,
and 0.2% Triton X-100 in PBS) for 1 h, 35-ym cryosections were incubated
in 1% H,O, for 30 min and rinsed with PBS. Sections were incubated with
primary antibody in blocking solution overnight at 4°C on a shaker. Pri-
mary antibodies used were rabbit polyclonal Munc18-1b (1:200; Synaptic
Systems), chicken polyclonal MAP2 (1:200; Abcam), and mouse monoclo-
nal VAMP-2 (1:500; Synaptic Systems). Cryosections were then washed
four times in PBS and incubated with secondary antibody (Alexa Fluor;
Invitrogen) diluted in blocking solution for 2 h on a shaker. Finally, cryosec-
tions were mounted in 2.5% DABCO (Invitrogen) in Mowiol on glass slides.
All steps were performed at RT, unless otherwise stated. Images were ac-
quired on a confocal microscope (LSM 510 Meta; Carl Zeiss) with either a
10x air objective lens and 0.7x mechanical zoom (Fig. 1 G, top) or a 40x
objective (1.3 NA) and 0.7x mechanical zoom (Fig. 1 G, bottom).

Live imaging

All live imaging experiments, except FM4-64 synapse labeling (Fig. 9),
were conducted on a custom-built tandem illumination microscope (TIM;
Olympus) consisting of an inverted imaging microscope (IX81; Olympus)
and an upright laser scanning microscope. The inverted microscope part
was used for imaging fluorescence using an MT20 light source (Olympus),
appropriate filter sets (Semrock), and a é0x oil objective lens (NA 1.49)
with or without a 1.6x additional magnification on an EM chargecoupled
device (CCD) camera (C9100-02; Hamamatsu Photonics). Xcellence RT
imaging software (Olympus) was used for controlling the microscope and
recording the images.

FRAP. The upright microscope part (TIM; Olympus) guided and fo-
cused a 473-nm laser (full width at half maximum = ~1 pm) used for fluor-
escence bleaching through a 60x water immersion objective lens (NA
0.90) on the plane of focus of the inverted microscope. For bleaching, one
or multiple positions were selected and prepared in the Xcellence RT imag-
ing software, and a fransistor-transistor logic (TTL) pulse in between two
imaging frames triggered the solid-state laser and laser scanner (UGA40;
both from Rapp OptoElectronic). Laser intensity and pulse duration for
bleaching were optimized to reach >60% fluorescence decrease. Fluor-
escence recovery was monitored by time-lapse acquisitions at 1-2 Hz for
the first 30 s and 0.25-0.5 Hz for the remaining time.

FM4-64 synapse labeling. Experiments were conducted on an in-
verted microscope (Axio Observer Z; Carl Zeiss) for imaging fluorescence,
using an illumination unit (Polychrome V; Till Photonics), appropriate fil-
ter sets (Chroma and Semrock), and a 40x oil objective lens (NA 1.30)
equipped with automated focus adjustment (Definite Focus; Carl Zeiss) on
an EM-CCD camera (C9100-02; Hamamatsu Photonics). Synaptic vesicle
pools were labeled by field stimulation for 30 s at 1 Hz in the presence
of 10 pM FM4-64 (Invitrogen). FM4-64, dissolved in imaging solution,
was applied locally using a barrel pipette 30 s before, during, and 1 min
after stimulation to ensure complete labeling of all recycling vesicles. The
cells were subsequently washed by applying dye-free imaging solution for
15 min via the barrel pipette. The FM4-64 labeling experiments consisted
of seven sequential steps: a baseline of 10 frames each (Synapsin-ECFP,
Munc18-1-Venus, FM4-64); FM4-64 synapse labeling and wash with
1 frame each every 2 min; baseline of 10 frames each; 30 s of 600 AP
at 20 Hz, or 600 AP at 2 Hz with 30 s of 0.2 Hz imaging + 5 min
1 frame every 30 s after Munc18-1-Venus reclustering; baseline of 10
frames each; FM4-64 synapse labeling and wash with 1 frame each every
2 min; baseline of 10 frames each; 30 s of 600 AP at 20 Hz; and baseline
of 10 frames each.

Coverslips were placed in an imaging chamber and perfused
with imaging solution (Tyrode’s: 2 mM CaCl,, 2.5 mM KCl, 119 mM
NaCl, 2 mM MgCly, 20 mM glucose, and 25 mM Hepes, pH 7.4).
Electrical field stimulation by parallel platinum electrodes was applied
by a Master-8 system (A.M.P.l.), a stimulus isolator (A385RC; World
Precision Instruments) delivering 30-mA, 1-ms pulses, and in the pres-
ence of 50 pM (2R)-amino-5-phosphonovaleric acid (AP5; Tocris Bio-
science) and 10 pM 6,7-dinitroquinoxaline-2,3-dione (DNQX; Tocris
Bioscience) to block network activity by inhibiting glutamatergic trans-
mission. PMA (Sigma-Aldrich) was bath applied for long incubations
(22 min) or barrel applied for short incubations (30 s). Ro 31-8220
(EMD Millipore) was bath applied. All imaging experiments were per-
formed at RT (21-24°C).
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Image analysis

Image stacks from time-lapse recordings were loaded into Image] (National
Institutes of Health), and multiple regions of interest were placed: é-pixel-
diameter circles in the middle of bleached areas and/or unbleached syn-
apses, background regions devoid of any cells, and a control region for
acquisition bleaching. Raw traces were extracted and loaded into Excel
(Microsoft) for further analysis. All raw traces were corrected for back-
ground with F(t) = Fou(f) — Fu(t), where Fio(t) and Fy(t) are the intensity of
a raw frace and the background trace, respectively, at time t, and subse-
quently corrected for ongoing photobleaching by multiplying with Fe(0)/
Fenni(f), where Fe(O) is the background-corrected intensity of the control
trace at time O. For synaptic levels analysis, the corrected traces were nor-
malized fo the fluorescence at the start of the experiment with the follow-
ing: AF/FO = (F(t) — F(0))/F(O). For fluorescence recovery (Fe(t)), the
corrected traces of bleached regions were normalized to the fluorescence
before (F(toebieach)) and immediately after bleaching (F(tuieach); Siggia et al.,
2000) with:

_ F(')_F(rb/each) ]
F (rpre-b/each ) -F (fbleach )

rec(

A fit of the mean Munc18-1-Venus recovery trace was made accord-
ing to a biexponential function:

—t —t

Foo(1)= My x| 1™ |+ M, x| 1-e% |,

rec

where M; and M, are the mobile fraction of the fast and slow component,
respectively, and ; and 7, are the recovery time constants for the fast and
slow component, respectively. The NonlinearleastSquares function imple-
mented in MATLAB was used to calculate the best fit. For synapse-to-axon
ratio analysis, a linescan (width of 3 pixels) from the middle of the synapse
(identified by Synapsin-mCherry) up to 4 pm into the axon (without passing
other synapses) was extracted from an image loaded into Image), and the
trace was background corrected and normalized to intensity at the indi-
cated lengths with Foom(x) = F(x)/F(x.), where F(x) is the background-
corrected fluorescence along the linescan and F(x,) is the background-corrected
fluorescence at a specified point in the axon (x,: 3-4 pm from synapse
center). For kymographs, a line (width of 3 pixels) was placed over an
axon in an image loaded into Image), and the kymograph function was
used accordingly.

Chemicals

Nimopedine, omega-agatoxin, and omega-conotoxin were obtained from
Tocris Bioscience. Ro-31-8220 from Sigma-Aldrich. AP-V and DNQX were
from Ascent.

Statistics

Differences between two groups were tested for significance using a Student's
t test for unpaired data when data passed a normality test (Kolmogorov-
Smirnov) and a Mann-Whitney (M-W) test when it did not. Differences
between more than two groups were tested for significance using a Kruskal-
Wallis (K-W) test, and pairwise comparisons using M-W tests were used
where applicable. P-values were adjusted using a false discovery rate
(FDR) correction (Benjamini and Hochberg, 1995) for the number of multi-
ple comparisons in short FDR[number] corrections. For testing significant
differences in the amount of synapses per group under different conditions,
the Pearson’s x? test was used. Correlation between two variables was
tested for significance with Spearman rank correlation. Differences were
regarded as significant when P < 0.05. Statistics were performed in SPSS
(IBM). All data are plotted as mean + SEM (error bars or shaded area) in
arbitrary units.

Online supplemental material

Fig. S1 shows protein expression levels in brain lysate of +/m and —/m
mice together with example images of Munc18-1-Venus neuron morphol-
ogy. Fig. S2 shows kymographs and quantification of bleached axons with
and without transported vesicles. Fig. S3 shows the intensity change of
mVenus during and after stimulation. Fig. S4 shows the relation between
initial synaptic Munc18-1-Venus fluorescence and fluorescence after stimulation
together with the relation between synaptic Munc18-1-Venus fluorescence
and synapse size. Fig. S5 shows the intensity change of Munc18-1-Venus



subsets + P/Q-, L, and N-ype calcium channel blockers; Munc18-1-Venus
FRAP + PMA; Munc18-1-Venus subsets + Ro 31-8220; and subsets of PKC-
insensitive Munc18-1 mutant. Online supplemental material is available at
http://www.jcb.org/cgi/content/full /jcb.201308026,/DC1. Additional
data are available in the JCB DataViewer at http://dx.doi.org/10.1083/
icb.201308026.dv.
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