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receptor activation requires ERK/MAPK
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Abstract

Presynaptic cannabinoid (CB1R) and metabotropic glutamate
receptors (mGIuR2/3) regulate synaptic strength by inhibiting
secretion. Here, we reveal a presynaptic inhibitory pathway acti-
vated by extracellular signal-regulated kinase (ERK) that mediates
CB1R- and mGluR2/3-induced secretion inhibition. This pathway is
triggered by a variety of events, from foot shock-induced stress to
intense neuronal activity, and induces phosphorylation of the
presynaptic protein Munc18-1. Mimicking constitutive phosphory-
lation of Muncl8-1 results in a drastic decrease in synaptic
transmission. ERK-mediated phosphorylation of Muncl8-1 ulti-
mately leads to degradation by the ubiquitin—proteasome system.
Conversely, preventing ERK-dependent Muncl8-1 phosphorylation
increases synaptic strength. CB1R- and mGIuR2/3-induced synaptic
inhibition and depolarization-induced suppression of excitation
(DSE) are reduced upon ERK/MEK pathway inhibition and further
reduced when ERK-dependent Muncl8-1 phosphorylation is
blocked. Thus, ERK-dependent Munc18-1 phosphorylation provides
a major negative feedback loop to control synaptic strength upon
activation of presynaptic receptors and during intense neuronal
activity.
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Introduction

Homeostatic synaptic plasticity allows the brain to respond to
changes in neuronal network activity by adaptation of synaptic
strength (Pozo & Goda, 2010; Turrigiano, 2011). A major pathway
regulating synaptic plasticity in both invertebrates and vertebrates is
the extracellular signal-regulated kinase (ERK) pathway (Martin
et al, 1997; Di Cristo et al, 2001; Satoh et al, 2007). Typically, stim-
ulation of receptor tyrosine kinases leads to activation of the GTP-
binding protein Ras that sequentially activates protein kinases Raf,
MEK, and ERK1/2, ultimately leading to phosphorylation of ERK1/2
targets (Boulton et al, 1991; Gomez & Cohen, 1991; Howe et al,
1992; Kyriakis et al, 1992). In neurons, ERK activation is required
for the induction of long-term potentiation (LTP, English & Sweatt,
1996) and several, mainly postsynaptic, cellular mechanisms have
been described that may underlie this (Zhu et al, 2002; Harvey et al,
2008). In addition to these long-term effects, ERK also controls
synaptic output more directly (Kushner et al, 2005; Vara et al,
2009). The best-studied presynaptic ERK target is synapsin, whose
phosphorylation enhances neurotransmitter release and is impli-
cated in learning and memory formation (Jovanovic et al, 2000;
Kushner et al, 2005; Vara et al, 2009). To prevent negative conse-
quences of excessive excitation, compensating homeostatic mecha-
nisms exist (Turrigiano et al, 1998; Burrone et al, 2002; Moulder
et al, 2006). Multiple lines of evidence point to the involvement of
the ERK pathway in such homeostatic mechanisms. For instance,
stimulation of presynaptic receptors like the cannabinoid 1 receptor
(CB1R) and the metabotropic glutamate receptor 2/3 (mGluR2/3)
in synaptic plasticity paradigms leads to activation of ERK
(Derkinderen et al, 2003; Marsicano et al, 2003; Lee et al, 2009). At
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the same time, activation of these receptors decreases neurotrans-
mitter release (Kamiya et al, 1996; Macek et al, 1996; O’Leary et al,
1997; Scanziani et al, 1997; Barbara et al, 2003; Mateo & Porter,
2007; Pinheiro & Mulle, 2008; Kellogg et al, 2009). This suggests
that inhibitory ERK signaling and corresponding targets exist in the
nerve terminal, in addition to the well-described transmitter release
enhancing ERK effects via its target synapsin. The identity of these
presynaptic target(s) for ERK-dependent inhibition is unknown.

Here, we identify a novel inhibitory ERK pathway with the essen-
tial presynaptic protein Munc18-1 as downstream effector. Munc18-1
is required for synaptic vesicles exocytosis (Verhage et al, 2000;
Stidhof & Rothman, 2009; Carr & Rizo, 2010). Munc18-1 synaptic
levels correlate with synaptic strength as increased Munc18-1 levels
lead to a larger readily releasable pool (RRP) size, whereas reduced
levels of Muncl18-1 in heterozygous null mutant neurons decrease
RRP size and synaptic strength (Toonen et al, 2006; Toonen &
Verhage, 2007). In addition, PKC-dependent phosphorylation of
Muncl18-1 is essential for diacylglycerol (DAG)-induced potentiation
of synaptic transmission (Wierda et al, 2007; Genc et al, 2014) and
synaptic recruitment of Munc18-1 (Cijsouw et al, 2014). Therefore,
activity-dependent regulation of Muncl8-1 phosphorylation
provides a powerful mechanism to control presynaptic output. We
show that ERK phosphorylates Muncl18-1 in vivo after foot shock-
induced stress, high neuronal activity, or upon stimulation of
several types of presynaptic receptors. Preventing ERK-dependent
phosphorylation of Munc18-1 increases RRP size and synaptic
strength, whereas phosphorylation results in strongly reduced
synaptic strength. Increased neuronal network activity results in
ERK-mediated phosphorylation of Munc18-1, which ultimately leads
to degradation by the ubiquitin—proteasome system. We show that
ERK phosphorylation of Munc18-1 is crucial in inhibitory retrograde
signaling pathways in glutamatergic hippocampal neurons that
control presynaptic output, such as CB1R- and mGluR2/3-dependent
depression of neurotransmitter release.

Results
Munc18-1 is a presynaptic ERK substrate

To identify novel synaptic targets of the ERK pathway, we
conducted a mass spectrometry screen from adult rat brain and
identified Munc18-1 as potential interactor of extracellular signal-
regulated kinases 1 and 2 (hereafter referred to as ERK). Direct
interaction between Munc18-1 and ERK1 and ERK2 was confirmed
independently, using a yeast two-hybrid assay (Fig 1A). In addition,
endogenous Muncl8-1 immunoprecipitated with ERK1/2 from
embryonic and adult brain lysate (Fig EVIA) and ERK1 and
Muncl8-1 immunoprecipitated from HEK293T cells co-expressing
these proteins (Fig EV1B).

Using in vitro kinase assays using alanine mutations of potential
ERK phosphorylation sites (PxS/TP) in Muncl8-1, we identified
S241 as the major ERK phosphorylation site in Muncl8-1. A
Muncl8-1 mutant with S241 and T574 changed to alanine
(M18s241a,15724) showed a drastic reduction in radioactive phos-
phate incorporation compared to wild-type Muncl8-1 (M18r,
Fig 1B-D). Mutation of S241 (M18s,414) Was equally effective as
(M18s2414,15724), Whereas the single T574A mutant did not show a
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reduction in ERK-dependent phosphorylation (Fig EVIC and D).
Hence, ERK binds Munc18-1 in vivo and in vitro and phosphorylates
Muncl8-1 at amino acid S241 and, to a much lesser extent, T574.
The phosphorylation consensus sequence and the amino acid resi-
dues around S241 are highly conserved across species (Fig 1E) and
S241 and T574 are in close proximity in the crystal structure
of Muncl18-1 (Misura et al, 2000), localizing to the center of the
horseshoe-shaped pocket that binds closed syntaxin (Fig 1F).

ERK phosphorylates Munc18-1 in vivo

Several studies have shown that ERK activation plays an important
role during plasticity and learning (reviewed in Thomas &
Huganir, 2004). Contextual fear learning is known to activate ERK
leading to phosphorylation of the synaptic vesicle protein synapsin
(Kushner et al, 2005). To test whether and when Muncl8-1 is
phosphorylated by ERK in vivo, we subjected mice to a fear-
learning paradigm (Fig 2A and B) and analyzed endogenous
Munc18-1 phosphorylation in synaptosomes obtained from dorsal
and ventral hippocampus. For this, we first generated a phospho-
antibody that specifically detected Munc18-1 phosphorylated at the
S241 site. Kinase assays using exogenous ERK1 or ERK2 produced
a robust phospho-band in Muncl8yy That was greatly dimin-
ished in the M18s3414 OF M18s2414 15744 Vvariants (Fig EVIE-H).
Immunoreactivity was also ablated upon addition of the ERK path-
way inhibitor PD98059, further confirming Munc18-1 as an ERK1/2
substrate and validating the specificity of this phospho-antibody
(see Fig 3C and D).

To discriminate learning-specific changes from those attributable
to novelty or stress induced by a foot shock, two additional experi-
mental groups were included (no shock and immediate shock expo-
sure, Fig 2B). Whereas phosphorylation at S241 was almost absent
in mice that were placed in the novel environment without foot
shock exposure, S241 phosphorylation drastically increased in both
dorsal and ventral hippocampus when mice received a foot shock
(Fig 2C-F). Induction of synapsin phosphorylation was predomi-
nantly found in ventral hippocampus (Fig 2D, G and H), whereas
Muncl18-1 phosphorylation increased in both ventral and dorsal
hippocampus (Fig 2D-F). Immediate and delayed shocks were
equally effective in triggering ERK auto-phosphorylation (activating
ERK, Fig 2G inset) and eliciting ERK phosphorylation of Munc18-1
and synapsin (Fig 2). This suggests that the main determinant of
ERK activation and Muncl8-1 and synapsin phosphorylation is
shock exposure rather than the associative learning component.
Together, these experiments show that the ERK pathway is rapidly
and robustly activated in vivo in response to intense hippocampal
information processing leading to phosphorylation of Munc18-1 at
S241.

ERK phosphorylation of Munc18-1 is neuronal network
activity dependent

Next, we tested whether alterations in network activity would
affect Munc18-1 phosphorylation. We manipulated network activ-
ity in acute brain slices and subsequently measured phosphoryla-
tion levels in synaptic fractions on Western blots. Increasing
network activity by blocking inhibitory transmission with GABA,
receptor blocker Gabazine (10 uM) for 4 h resulted in increased
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Figure 1. Munc18-1 is an extracellular signal-regulated kinase (ERK) substrate.

A Yeast two-hybrid assays to test for interaction between Munc18-1 and ERK1/2. pGAL4-Munc18-1 (M18) and pGAL4-empty (control) were used as baits and ERK1 and
ERK2 as prey. Both ERK1 and ERK2 bind Munc18-1 and allow growth on selection plates [minus histidine (-HIS) and minus adenosine (-ADE)].

B In vitro kinase assays showing Munc18-1 phosphorylation by ERK. Radioactive phosphoblot (*P) and immunoblot (1B) of in vitro ERK kinase assay using
immunoprecipitated Munc18yyr, Muncl84s (M1817ga 51588 52414 15744), MUNCL834 (M18s158a 52414 75744), @aNd MUNC18an (M18s341475744) from HEK293T cells incubated with
recombinant ERK2. The phosphoblot shows phosphorylated Munc18-1 (pMunc18-1) and auto-phosphorylated ERK2 (pERK?2).

C Quantification of phospho-Munc18-1 intensity in wild-type and Muncl8,, mutant expressed as the amount of 3P incorporation in Munc18-1 normalized to total
Munc18-1 levels. Phosphorylation of Munc18yr was set to 100% (Muncl18yy: 100 £ 3%; Muncl8us: 24 + 2%, n = 3,*P = 0.01). Mean values + SEM, unpaired t-test.

D ERK1 in vitro kinase assay showing ERK-dependent 32p incorporation in Muncl8y; immunoprecipitated from HEK293T cells. Western blot stained with Munc18-1

antibody shows total precipitated Munc18-1 levels were identical in all conditions.

E Alignment of amino acid sequence of Munc18-1 in different species. ERK consensus site (P-X-S/T-P) (yellow) around phosphorylation site S241 (red) is highly

conserved.

F Three-dimensional structure of Munc18-1 (blue, green, and yellow ribbons) and syntaxin 1 (purple and red ribbons). Zoom (right) of gray box in full structure (left)
illustrates position of the ERK phosphorylation sites S241 (red) and T574 (blue). The T574 site has been reported as phosphorylation site for Cdk5 (Shuang et al, 1998).

phosphorylation of Munc18-1 at S241. In contrast, silencing the
network with the sodium channel blocker TTX (2 uM) for 4 h
resulted in a lower level of phosphorylated Munc18-1 (Fig 3A and B).
All treatments were sensitive to inhibition of the ERK pathway,
as application of the MEK inhibitor PD98059 resulted in a
complete absence of Munc18-1 phosphorylation (Fig 3C and D).
Addition of the proteasome blocker MG132 (10 uM) increased
levels of phosphorylated Munc18-1 indicating that phosphorylated
Munc18-1 becomes a substrate for degradation by the proteasome
(Fig 3C and D).

To test whether Munc18-1 is a substrate in pathways that have
been implicated in retrograde signaling or homeostatic plasticity,
we activated presynaptic receptors upstream of the ERK pathway
in the presence of 2 uM TTX (Ferraguti et al, 1999; Hartmann
et al, 2001; Kellogg et al, 2009). Application of the TrkB receptor
agonist BDNF (100 ng/ml, 48 h) or the mGluR2/3 agonist
LY379268 (1 puM, 5 min) increased phosphorylation of Muncl18-1
(Fig 3E). Thus, ERK-dependent phosphorylation of Muncl8-1 is
triggered by increased network activity and by activation of
presynaptic receptors that are implicated in negative feedback
signaling.

The EMBO Journal Vol 35| No 11| 2016

ERK-dependent phosphorylation of Munc18-1 controls
synaptic transmission

To investigate whether ERK-dependent Munc18-1 phosphorylation
affects synaptic transmission, we rescued MuncI8-1 null mutant
autaptic neurons with non-phosphorylatable Munc18-1 (M18s3414),
phospho-mimicking Munc18-1 (M18s,4;p), or wild-type Muncl8
(M18wr) as control. First, we analyzed neurons in which ERK
cannot phosphorylate Munc18-1 (M18s3414). M18s3414 had similar
synapse number, size and localization, dendrite length, and branch-
ing as null mutant neurons expressing wild-type Munc18-1 (M18wr,
Fig EV2A-G).

Ultra-structural analysis using electron microscopy confirmed
this observation and in addition showed that structural features
(length of active zone and postsynaptic density), vesicle numbers,
and the number of docked vesicles were unchanged in M18g,414-
expressing neurons (Fig EV3). Together, these data show that
M18s,414 neurons were morphologically similar to MI18wr
neurons.

Analysis of synaptic transmission using patch clamp electrophys-
iology revealed that M18s,4;4-rescued neurons have an almost

© 2016 The Authors
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Figure 2. ERK phosphorylates Munc18-1 at S241 in vivo.

A Experimental setup of fear-conditioning paradigm. Mice placed in a fear-conditioning box received no shock (NS), an immediate shock (IS), or delayed shock (DS) and
were decapitated 30 min after returning to the home cage. Dorsal and ventral hippocampi were subjected to cellular fractionation (P2). DS and IS significantly
increased the levels of phosphorylated ERK1/2, a hallmark of ERK activation.

B Activity values across three different training paradigms to ascertain that foot shock was received in the IS and DS group.

Simplified schematic representation of dorsal and ventral hippocampal connections and their main functions (see Fanselow & Dong, 2010).

D Western blot analysis of P2 synaptosomal fractions of ventral hippocampi from the fear-conditioning paradigm stained for pM18s,41, total Munc18-1, pSynapsin,
total synapsin, pERK, and GAPDH as loading control.

E Quantification of Munc18-1 phosphorylation in dorsal hippocampus expressed as ratio pM18s,4; Over total Munc18-1 levels. No shock was set to 1 (NS: 1.0 + 0.19,
n =5;DS:4.01 + 039,n = 5;1S: 288 + 0.37,n = 5; **P < 0.01; ***P < 0.001, one-way ANOVA).

F Quantification of Munc18-1 phosphorylation in ventral hippocampus expressed as ratio pM18s,4, divided by total Munc18-1 levels (NS: 1.0 + 0.32, n = 5; DS: 4.39 +
055, n = 5;1S:362 £+ 050, n = 5 **P < 0.01; ***P < 0.001, one-way ANOVA).

G Quantification of synapsin phosphorylation in dorsal hippocampus expressed as ratio pSynapsin divided by total synapsin levels (NS: 1.0 & 0.31, n = 5; DS: 1.88 +
0.43,n = 5;1S:1.18 + 034, n = 5; n.s). Inset shows quantification of ERK2 phosphorylation in dorsal hippocampus expressed as ratio pERK2 divided by total ERK2
levels (NS: 1.0 + 011, n = 5; DS: 3.51 &+ 0.41, n = 5;1S:3.98 £+ 0.24, n = 5; **P < 0.01, one-way ANOVA).

H Quantification of synapsin phosphorylation in ventral hippocampus expressed as ratio pSynapsin divided by total synapsin levels (NS: 1.0 & 0.20, n = 5; DS: 332 +
0.46, n = 5;1S:330 + 0.60, n = 5; **P < 0.01, one-way ANOVA).

Data information: All data are expressed as mean + SEM.
Source data are available online for this figure.
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Figure 3. ERK phosphorylates Munc18-1 during increased network

activity.

A Western blot of whole-cell lysate of adult mouse brain slices treated with
the proteasome inhibitor MG132 (10 uM) and DMSO, the GABA, receptor
blocker Gabazine (GBZ, 10 uM), or the voltage-gated sodium channel
blocker TTX (2 uM) for 4 h. Blots were stained for pMunc18sy41, Munc18-1,
and tubulin as loading control.

B Quantification of (A). ERK phosphorylation of Munc18-1 in adult mouse
brain slices expressed as ratio pM18s,41 divided by total Munc18-1 levels.
Vehicle (DMSO) was set to 1 (DMSO: 100 + 0.4%; GBZ: 1.73 + 0.12; TTX:
0.052 + 0.002, n = 4, *P < 0.05, **P < 0.01, one-way ANOVA).

C Western blot of whole-cell lysate of adult mouse brain slices treated
with proteasome inhibitor MG132 (10 uM) and MEK inhibitor PD98059
(10 pM) for 4 h. Proteasome block increases the levels of
phosphorylated Munc18-1 and ERK1/2, which can be prevented by MEK
inhibition. Blots were stained for pMuncl8s,4:, Muncl8, pERK1/2, and
ERK1/2.

D Quantification of (C). ERK phosphorylation of Munc18-1 in adult mouse
brain slices expressed as ratio pM18s,4, divided by total Munc18-1 levels.
Vehicle (DMSO) was set to 1 (DMSO: 100 + 0.8%; MG132: 375 + 14.2%;
MG132 + PD98059: 24 + 3%, n = 3, **P < 0.01, one-way ANOVA).

E DIV14 rat cortical cultures treated with type 2 mGluR2/3 agonist LY379268
(1 uM) for 5 min or BDNF (100 ng/ml) for 48 h in the presence of 2 pM
TTX and stained for pMuncl18s;41, Muncl8, pERK, and tubulin as loading
control.

Data information: Data points are mean + SEM.
Source data are available online for this figure.

twofold increase in evoked postsynaptic current (EPSC) amplitude
compared to neurons rescued with M18yyr (Fig 4A). Synaptic trans-
mission was also more reliable as the percentage of failures to
produce an EPSC upon stimulation was reduced to 0% in neurons
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expressing M18s,414 compared to approximately 15% in
M18wr-rescued neurons (Fig 4B). Spontaneous release (miniature
EPSC) frequency was significantly higher in M18s,4;4 mutants with
no effect on mEPSC amplitude (Fig 4C and D). Thus, preventing
ERK-dependent phosphorylation of Munc18-1 resulted in a gain-
of-function phenotype with increased synaptic transmission.

In contrast, EPSC amplitudes in neurons expressing the phospho-
mimicking variant-1 (M18s,4;p) were approximately 6-fold lower
than in M18wr-rescued neurons (Fig 4A) and spontaneous release
frequency showed a more than 10-fold reduction with slightly
smaller amplitudes compared to M18y (Fig 4C-E). Also, about
60% of the neurons failed to respond to electrical stimulation
(Fig 4B). M18s,4;p-rescued neurons were smaller than MI18wr
neurons and had a 25% reduction in the number of synapses
(Fig EV2A-D). Synapse size was increased in M18s,4;p neurons
(Fig EV2E) and ultra-structural analysis showed that synapses
contained more synaptic vesicles (Fig EV3C) had increased length
of the active zone (Fig EV3E) and postsynaptic density (Fig EV3F)
as well as a larger cluster size (Fig EV3G).

We probed the size of the readily releasable vesicle pool
(RRP) by application of 500 mM hyperosmotic sucrose solution
(Rosenmund & Stevens, 1996). RRP size in M18g,4;4 Neurons was
significantly larger than in M18wr neurons (Fig 4F), while RRP size
was too small to be determined reliably in M18s,4;p neurons.
Stimulation with paired pulses of varying inter-stimulus intervals
resulted in robust paired-pulse facilitation in M18s,4;p neurons,
indicative of a lower initial release probability in M18s,4;p neurons
(Fig 4G). Paired-pulse ratios in M18s,4;4 nNeurons were similar to
M18yr-rescued neurons showing that the release of a single vesicle
did not deplete the RRP enough to cause paired-pulse depression
(Sullivan, 2007).

Hence, phosphorylation of Muncl8-1 at S241 controls basal
synaptic transmission: Preventing phosphorylation increases RRP
size and synaptic strength, whereas mimicking long-term phospho-
rylation reduces synaptic strength.

Munc18s,41p-rescued neurons have lower Muncl8-1 levels

We have previously shown that Muncl8-1 functions in a dose-
dependent manner to control synaptic strength (Toonen et al,
2006). To investigate whether the observed electrophysiological
properties could be explained by differences in Munc18-1 protein
levels or localization, we analyzed synaptic Munc18-1 levels in
immunofluorescence images of MuncI8-I null mutant neurons
rescued with the different Muncl8-1 constructs (Schmitz et al,
2011). As viral expression of Munc18-1 in glia cells prevented accu-
rate assessment of neuronal Muncl8-1 levels, we measured
Muncl18-1 protein levels in neurons grown in the absence of glia.
M18s,414 neurons had similar Munc18-1 levels as M18y neurons,
while Munc18-1 levels in M18s,4;p neurons were significantly
decreased (Fig 5A-D). As spontaneous activity in these cultures is
low and ERK is not frequently activated (Vara et al, 2009), we next
tested whether increased network activity would affect Munc18-1
protein levels by increasing cell density three-fold or by adding
the GABA, receptor antagonist bicuculline (40 uM, 48 h) to
hippocampal mass cultures, which activates the ERK pathway (see
Fig 3A and B). Both treatments resulted in a reduction of M18wr
levels at synapses compared to synaptic M18s,414 levels (Fig SE

© 2016 The Authors
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and F). Hence, long-term activation of the ERK pathway reduces
synaptic Munc18-1 levels, which can be prevented by blocking ERK-
dependent phosphorylation of Munc18-1.

Cellular syntaxin levels depend on the presence of Munc18-1 and
scale with Munc18-1 expression levels (Toonen et al, 2005, 2006).
In line with this, syntaxin levels were decreased in M18s,41p-
rescued neurons. Syntaxin levels in M18s,414 neurons were higher,
suggesting that this Muncl8 variant supported syntaxin stability
better than wild-type Munc18 (Figs 5G and EV2H-K).

M18s,41p levels were lower in all synapses irrespective of their
distance from the cell soma and no accumulations were found in
the cell indicating that M18s,41p is not retained in the Golgi network
(Fig 5D). Also when expressed in heterologous HEK293T cells,
M18s,41p localization was indistinguishable from MI18yr

© 2016 The Authors
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Figure 4. ERK-dependent phosphorylation of Munc18-1 controls
synaptic transmission.

Hippocampal autaptic neurons of Munc18-1 null mutant mice were rescued
with lentiviruses expressing M18yyt, M18s41a, OF M18s,41p. Electrophysiological
recordings were performed between DIV14 and DIV17.

A Amplitude of excitatory synaptic response (EPSC) (M18y: 1.37 £ 0.21 nA,
n = 35 M18sy414: 2.53 == 031 nA, n = 45; M18s41p: 0.24 =+ 0.05nA, n = 17,
***p < 0.001, **P < 0.01, *P < 0.05, Kruskal-Wallis test).

B Percentage of cells that do not respond to electrical stimulation (M18yr:
15.5%; M18s,414: 0%; M18s,41p: 56.9%). These cells are not included in (A).
Insert: representative recording of single EPSCs. Scale bar represents 10 ms
and 0.5 nA.

C Typical examples of spontaneous vesicle release. Scale bar represents 0.1 s
and 25 pA.

D Spontaneous release frequency (M18yy: 7.05 & 1.28 Hz, n = 32; M18s,414:
14.26 + 2.04 Hz, n = 37; M18sy41p: 0.64 + 0.29 Hz, n = 11; ***P < 0.001,
**p < 0.01, Kruskal-Wallis test).

E Amplitude of spontaneous release events (M18y: 15.40 4 1.06 pA, n = 17;
M18s3414: 15.03 £ 0.61 pA, n = 20; M18s341p: 10.98 &+ 0.72 pA, n = 10;

**p < 0.01, Kruskal-Wallis test).

F  Size of the readily releasable pool (RRP) assessed with single hyperosmotic
sucrose application (500 mM, 3.5 s, M18: 0.74 £ 015nC, n = 7;
M18s5414: 1.6 £ 033 nC, n = 10; M18s,41p: could not be determined;

*P < 0.05, Mann-Whitney U-test).

G Neurons were stimulated with two consecutive pulses with varying inter-
stimulus interval to assess release probability. Paired-pulse ratio calculated
as ratio of the second to the first synaptic response is plotted as function of
inter-stimulus interval (M18yr, N = 25; M18s2414, N = 19; M18sy41p, N = 17;
*P < 0.05, **P < 0.01, Kruskal-Wallis test).

Data information: All data are expressed as mean + SEM. See also Figs EV2
and EV3.

(Appendix Fig S1). These experiments show that the lower levels of
M18s,41p in neurons are not caused by general protein misfolding or
transport defects, but instead suggest that M18s,4;p may be subject
to active proteolytic breakdown.

ERK-dependent phosphorylation at S241 primes Munc18-1 for
proteasomal degradation

We assessed whether ERK1/2-mediated phosphorylation of
Munc18-1 at S241 triggers M18s,41p turnover through the ubiquitin—
proteasome pathway. We applied the proteasome inhibitor MG132
(10 uM for 6 h) to high-density cultures of Munci8-1-deficient
neurons expressing M18wr, M18s:414, OF M18sy41p. Similar to
Fig S5E, M18s,414 levels in these cultures are higher than M18yr.
Inhibition of proteasome-dependent degradation resulted in an
approximately two-fold increase in M18yr protein levels, whereas
M18s,41p levels increased more than seven-fold (Fig SH and I),
suggesting that the lower Munc18-1 levels in M18s,4;p neurons are
due to M18s,4;p degradation by the proteasome.

Poly-ubiquitination is essential for timely recognition and degra-
dation of proteins by the proteasome. To show directly that
M18s,41p is a proteasome substrate, we assessed the level of poly-
ubiquitination of the different Munc18-1 mutants in HEK293T cells
which co-expressed HA-tagged ubiquitin. Immunoprecipitated
M18s,41p but not MI18wr or Muncl8sy414 showed strong HA
immunoreactivity, indicating that Muncl8s,4;p is indeed ubiquiti-
nated (Fig 5J and K). Hence, ERK-dependent phosphorylation of
Muncl8-1 at S241 primes Muncl8-1 for ubiquitination and sub-
sequent degradation by the proteasome.
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Figure 5. Munc18g,4;1p expression levels are reduced due to proteasomal degradation.

A-F Munc18-1 protein levels were measured in glia-free cultures of Munc18-1 null mutant neurons expressing M18yr, M18s,414, OF M18s,41p. (A) Typical examples
showing Munc18-1 protein localization and intensity in neurites of M18yyt, M18s,414, OF M18s,41p Neurons. MAP2 in blue, VAMP2 in red, and Muncl18-1 in green.
Scale bar represents 2 um. (B) Mean somatic Munc18-1 intensity (M18y: 1,682 + 206 a.u., n = 46; M18s414: 1,719 + 238 a.u, n = 36; M18sy41p: 582 + 98 a.u,,
n = 33; ***P < 0.001). (C) Mean synaptic Munc18-1 intensity (M18,y: 1,281 + 161 a.u, n = 46; M18s,414: 1,390 £ 180 a.u., n = 36; M18sy41p: 210 £ 30 a.u, n = 33;
***p < 0.001). (D) Mean synaptic Munc18-1 intensity as a function of radial distance from the soma in neurons described in (B, C). (E) Mean synaptic Munc18-1
intensity in cultures with 3 times the standard number of neurons to increase network activity (M18y: 1,072 + 123 a.u,, n = 36; M18,414: 1,480 + 170 a.u,,
n = 32; M18sy41p: 251 + 70 a.u, n = 34; *P < 0.05, ***P < 0.001). (F) Mean synaptic Munc18-1 intensity in cultures treated with GABA, receptor antagonist
bicuculline (40 uM, 48 h) (M18yy: 761 =+ 121 a.u, n = 26; M18sy414: 1,482 + 150 a.u., n = 31, **P < 0.01).

G Mean synaptic syntaxin intensity in autaptic cultures (M18yy: 875 £ 35, n = 51; M18sy41: 1,058 + 42, n = 46; M18s,41p: 458 + 19, n = 40; **P < 0.01,

%D < 0,001).

H Western blot of lysates from high-density neuronal cultures from Munc18-1 null mutant mice rescued with M18yyt, M18s41a, OF M18s41p. Prior to lysis, cells were
treated for 6 h with MG132 (10 uM) or DMSO as control. Western blots were stained for Munc18-1 and tubulin as loading control.

| Quantification of (H). Munc18-1 levels were normalized to tubulin levels. Effect of proteasome inhibition was quantified as ratio between MG132 and DMSO
treatment of each mutant (M18y: 1.62 £ 0.41; M18sy414: 1.26 £+ 0.16; M18s,41p: 7.53 £+ 1.17, n = 3; **P < 0.01).

J Ubiquitination of different Munc18-1 mutants in HEK293T cells. Western blot of denatured Munc18-1 immunoprecipitations from cells expressing Munc18-1
mutants and HA-tagged ubiquitin. Prior to lysis, cells were treated for 8 h with MG132 (10 uM). Ubiquitin covalently attached to Munc18-1 can be observed as a
smear above the characteristic 68 kD Munc18-1 band on Western blots stained for HA-tag.

K Quantification of immunoprecipitation in (J). Level of Munc18-1 ubiquitination was quantified as ratio of immunoprecipitated ubiquitin and Munc18-1 levels.
M18yyr was set to 1 (M18yyr: 1 & 0.06; M18sys14: 0.84 + 0.57; M18s,41p: 270 £ 0.07, n = 3; **P < 0.01).

Data information: All data are expressed as mean £ SEM. (B-G, | and K) One-way ANOVA; (F) t-test.

Source data are available online for this figure.

Preventing ERK-dependent phosphorylation of Munc18-1 also
prevents endocannabinoid- and mGIuR2/3-induced depression of
glutamate release

Finally, we tested whether Munc18-1 phosphorylation is important
for known synaptic inhibition principles, such as the endocannabi-
noid and mGluR2/3 signaling pathways. Endocannabinoids are
synthesized postsynaptically during periods of high neuronal activ-
ity and activate the presynaptic CB1 receptor (Wilson & Nicoll,
2001, 2002; Wilson et al, 2001) to produce presynaptic inhibition
(Kellogg et al, 2009). In line with previous observations
(Derkinderen et al, 2003), application of the CB1 receptor agonist
WINS55,212-2 (30 s, 5 uM) led to a rapid and transient increase of
ERK activity in wild-type hippocampal autaptic cultures (Fig 6A).
Brief superfusion of Muncl8-1 null mutant neurons rescued with
M18wr with 5 uM WINS5,212-2 led to a rapid reduction of evoked
release, with EPSC amplitudes dropping to approximately 40% of
initial amplitudes 4 min after agonist application (Fig 6B). In
contrast, EPSC amplitudes in M18g,414-€Xpressing neurons
remained constant for the first 2 min after WINS55,212-2 application
after which they declined to reach 80% of initial values after 4 min
(Fig 6B). WINS5,212-2 application did not affect mEPSC amplitude
but reduced mEPSC frequency by approximately 50% in M18yrt
neurons, indicating that the observed effects had a presynaptic
origin (Fig 6C and D). Superfusion with a 5-fold lower concentration
of WINS5,212-2 (1 uM) also resulted in a rapid reduction of EPSC
amplitudes to 40% of initial amplitudes (Fig 6E) with paired-pulse
ratios rising from 0.94 £ 0.1 at t =0 to 1.36 & 0.2 at t = 240 (20-
ms interval), indicative of a reduced release probability (Fig 6F).
Application of vehicle only (DMSO) on M18yr-rescued neurons
showed a small reduction of EPSC amplitude over time reach-
ing +£ 80% of initial values, which is typically observed in
prolonged patch clamp recordings and resembles the reduction of
EPSC amplitudes upon WINS5,212-2 application on M18sy414-
rescued neurons (Fig 6E). Application of the CB1 receptor inverse
agonist AM251 (1 uM) on M18yr neurons together with the super-
fusion of WINS5,212-2 prevented the EPSC rundown (Fig 6G).

The EMBO Journal Vol 35| No 11| 2016

Acute activation of the mGluR2/3 (Ferraguti et al, 1999) and
more long-term activation of TrkB receptors (Segal & Greenberg,
1996) also induced ERK activation and Muncl8 phosphorylation
(Fig 3E). To test whether ERK-dependent phosphorylation of
Munc18-1 modulates synaptic transmission upon mGluR2/3 activa-
tion, we superfused M18yyt or M18s,4; autapses with the mGluR2/3
agonist LY379268 (1 pM, 4 min). This caused a reduction of both
EPSC amplitude and mEPSC frequency in M18yyr-rescued neurons
(Fig 6H-J, WT n =11) similar to the reduction observed in
wild-type autapses (Bushell et al, 1999). In contrast, LY379268
application did not affect evoked and spontaneous release in
M18s,41a-Tescued neurons (Fig 6H-J, S241A n = 16). Hence, activa-
tion of multiple receptor systems leads to ERK-dependent Munc18
phosphorylation, which reduces synaptic output.

ERK pathway inhibition decreases depolarization-induced
suppression of excitation (DSE) and WIN55,212-2-induced
depression in cultured neurons and brain slices

To test the effect of MEK/ERK pathway inhibition on different forms
of synaptic depression, we applied the MEK/ERK pathway inhibitors
PD98059 and/or U0126 in acute hippocampal slices and isolated
neurons from wild-type mice. First, we triggered depolarization-
induced suppression of excitation (DSE) in CAl hippocampal
neurons by depolarization to 0 mV for 10 s. DSE is a form of short-
term synaptic plasticity mediated by endogenous cannabinoid
signaling first described in cerebellar excitatory synapses (Kreitzer &
Regehr, 2001) and also observed in cultured hippocampal neurons
(Ohno-Shosaku et al, 2002; Straiker & Mackie, 2005) and hippocam-
pal slices (Ohno-Shosaku et al, 2002; Xu et al, 2010). PD pretreat-
ment did not affect basal synaptic strength prior to DSE induction
(Fig 7A). Depolarization to 0 mV for 10 s (DSE protocol) resulted in
a robust depression of EPSC amplitudes (Fig 7B, control n = 10
slices), which recovered in approximately 40 s. However, in
hippocampal slices pretreated with PD98059, which almost comple-
tely blocked ERK activity (see Fig 3C), DSE was severely reduced
and recovery to pre-DSE amplitudes occurred four-fold faster

© 2016 The Authors
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Figure 6. Munc18-1 functions in endocannabinoid-induced depression of glutamate release.

A

B-D

E-G

Western blot from whole-cell lysate of Munc18-1 null mutant neurons rescued with M18,y and incubated with WIN55,212-2 (5 uM) for 30 s. Cells were harvested
after the indicated time. CB1R activation leads to a rapid and transient increase in pERK activity.

Hippocampal autaptic neurons of Munc18-1 null mutant mice were rescued with lentiviruses expressing M18y; or M18s3414. CB1R agonist WINS55,212-2 (5 uM) was
applied at t = 60 s for 30 s. (B) Amplitude of excitatory synapse response normalized to t = O s. Neurons were stimulated by a single action potential every 30 s for
4 min (M18yy n = 21, M18sy414 N = 24, *P < 0.05, Mann—-Whitney U-test). Note the broken y-axis. (C) Ratio of the frequency of spontaneous release events after

(t = 180 s) and before (t = 0 s) WIN55,212-2 application (M18yy7: 58.0 £+ 2.3%, n = 21; M18sy41: 84.2 + 56%, n = 24, *P < 0.05, Mann-Whitney U-test). (D) Ratio of
amplitude of spontaneous release events after (t = 240 s) and before (t = 0 s) WIN55,212-2 application (M18yy1: 85.0 + 2.7%, n = 21; M18s,414: 831 £ 26%, n = 24).
Autaptic neurons of Munc18-1 null mutant mice rescued with lentiviruses expressing M18,yr were superfused with WIN55,212-2 (1 pM), WIN55,212-2 (1 uM) plus
AM251 (1 uM), or vehicle only (DMSO). (E) Amplitude of excitatory synapse response normalized to t = O s. CB1R agonist WIN55,212-2 (1 uM) or vehicle only
(DMSO0) was applied at t = 60 s for 30 s (WT + WIN n = 13; WT + DMSO n = 16, *P < 0.05, Mann-Whitney U-test). Note the broken Y-axis. (F) Paired-pulse ratio
(20 ms interval) at t = 0 and t = 240 s in M18yr neurons superfused with CB1R agonist WIN55,212-2 (1 uM) at t = 60 s for 30 s. WIN55,212-2 application
increases PP ratios indicative of a reduction of synaptic release probability (t = 0 5:094 4+ 0.1, n = 13;t = 240 5:1.36 + 0.2, n = 16, *P < 0.05, Mann-Whitney
U-test). (G) Amplitude of excitatory synapse response normalized to t = O s. CB1R agonist WIN55,212-2 (1 uM) was applied together with the CB1R antagonist
AM251 (1 uM) at t = 60 s for 30 s (WT + WIN n = 13, same trace as 6F; WT + WIN + AM251 n = 15, *P < 0.05, Mann—-Whitney U-test). Note the broken Y-axis.
Hippocampal autaptic neurons of Munc18-1 null mutant mice were rescued with M18,yr or M18s,414. MGIUR2/3 agonist LY379268 (1 uM) was applied by bath
perfusion for 4 min. (H) Ratio of amplitude of evoked release events after (t = 240 s) and before (t = O s) LY379268 application (M18r: 55.0 + 4.7%, n = 14;
M18s,414: 811 £ 3.6%, n = 16, *P < 0.05, Mann—-Whitney U-test). (I) Ratio of frequency of spontaneous release events after (t = 240 s) and before (t = O s)
LY379268 application (M18r: 63.0 + 57%, n = 14; M18sy414: 85.1 £ 3.4%, n = 16, *P < 0.05, Mann-Whitney U-test). () Ratio of the amplitude of spontaneous

release events after (t = 240 s) and before (t = 0 s) WIN55,212-2 application (M18yy: 81.0 & 1.3%, n = 14; M18s414: 82.1 £ 33%, n = 16).

Data information: All data are mean + SEM.
Source data are available online for this figure.

(within 10 s, Fig 7C, PD-pretreated n = 11). DSE was 31.20 + 4.8%
for wild-type neurons and 12.59 + 2.1% for PD-pretreated slices
(Fig 7D). Hence, blocking the MEK/ERK pathway in hippocampal
slices severely reduces DSE.

Secondly, we tested the effect of ERK pathway inhibition on CB1
receptor-induced synaptic depression using the synthetic analog
WINS5,212-2. Also here, pretreatment with PD98059 did not affect
basal synaptic strength (Fig 7E). Superfusion of 1 pM WINS55,212-2
resulted in a gradual reduction of EPSC amplitudes (Fig 7F, control
n = 6 slices) that recovered to baseline within 30 min after WIN
washout (Fig EV4A). However, in slices pretreated with ERK path-
way inhibitor, WINS5,212-2 superfusion did not induce synaptic
depression (Fig 7G, PD-pretreated n =6 slices). Effect sizes
measured 30 min after WINS5,212-2 superfusion showed a 35%
reduction of EPSC amplitudes in control slices compared to 6% in
PD-pretreated slices (Fig 7H). Hence, blocking the ERK pathway in
hippocampal slices abolished CB1R-mediated synaptic depression.

Thirdly, we treated hippocampal autapses with the MEK/ERK
pathway inhibitors PD98059 and U0126 for 3 h. Semi-quantitative
analysis using phospho-ERK antibodies showed that ERK inhibition
did result in reduction of phospho-ERK levels but not in all neurons
(Fig EV5A and B). Pretreatment with the MEK/ERK pathway inhibi-
tors (EPI) had no effect on EPSC amplitudes (Fig EV5C). Upon DSE
induction in control neurons, a 60% reduction in EPSC amplitudes
was observed (Fig EVSD and E, control n = 8 neurons). In contrast,
in EPI-pretreated neurons, EPSC amplitudes depressed only by 20%
(Fig EV5D and E, EPI n = 7 neurons). Thus, even incomplete ERK
inhibition significantly reduces DSE in autaptic neurons, similar to
the effect in hippocampal slices.

Finally, we tested the effect of MEK/ERK pathway inhibition on
CB1 receptor-induced synaptic depression using the synthetic analog
WINS55,212-2 in autapses. WINS5,212-2 (1 pM) application resulted
in a strong depression in all neurons (Fig EVSF-H, control = 13
neurons), which reversed within 2 min after WINS55,212-2 washout
(Fig EV4B). The extent of depression was similar to the effect
observed in M18y expressing Muncl8-1 null mutant neurons and
hippocampal slices. However, ERK pathway inhibition only blocked

The EMBO Journal Vol 35| No 11| 2016

EPSC depression upon WINS5,212-2 application in a subpopulation
of isolated neurons (Fig EV5F-H, EPI n = 15 neurons). In 20% of
the neurons pretreated with ERK inhibitors, WIN55,212-2 failed to
induce EPSC depression (Fig EVSI), while WINS5,212-2 was
effective in all wild-type neurons. The incomplete reduction of
phospho-ERK levels upon EPI treatment (Fig EVSA and B) in
autapses but not in slices (Fig 3C) may explain the smaller effect of
ERK inhibitors in autapses compared to hippocampal slices.
Together, the slice and autapse data show that ERK pathway inhibi-
tion strongly inhibits DSE amplitude and duration and blocks
WINS5,212-2-induced depression in hippocampal slices and in a
subset of hippocampal autaptic neurons.

Discussion

The regulation of presynaptic strength is a crucial element in
neuronal information processing and memory formation (Abbott &
Regehr, 2004). In the present study, we identified a novel presynap-
tic inhibitory pathway that is activated in vivo upon increased
hippocampal information processing in a fear-conditioning para-
digm and in vitro upon high neuronal activity, stimulation of presy-
naptic receptors involved in homeostatic (inhibitory) feedback
mechanisms, and depolarization-induced suppression of excitation
(DSE). This pathway controls synaptic strength by ERK-dependent
phosphorylation of Munc18-1. We provide evidence that this mech-
anism functions in CB1R- and mGluR2/3-mediated suppression of
glutamate release. We show that acute, short-term adaptations in
presynaptic strength are mediated, at least to a substantial extent, by
ERK signaling. Together, our findings suggest that ERK-dependent
signaling and Munc18-1 phosphorylation provide a major negative
feedback loop to control synaptic strength upon activation of presy-
naptic receptors and during intense neuronal activity.

The ERK pathway is activated by synaptic activity and required
for various forms of synaptic plasticity (English & Sweatt, 1996;
Martin et al, 1997; Di Cristo et al, 2001; Zhu et al, 2002). In addition
to well-established long-term effects, probably targeting the nucleus

© 2016 The Authors
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Figure 7. ERK pathway inhibition decreases DSE and WIN55,212-2-induced depression.

A-D DSE duration and amplitude is decreased in CA1 pyramidal neurons upon ERK pathway inhibition by a pretreatment with PD98059 (PD; 10 pM) compared to 0.1%
DMSO (control). (A) Average EPSC amplitude during 25-s baseline recording prior to DSE induction shows no significant differences in EPSC amplitude between the
DMSO- and PD-pretreated groups (DMSO: 196.36 + 16.51 pA, n = 10; PD: 196.42 + 18.61 pA, n = 11, P = 0.9). (B) Average DSE in neurons of DMSO-pretreated
slices, induced by a 10-s depolarization to 0 mV (arrow), n = 10. Inset: example traces of 2 averaged EPSCs before (black) and after depolarization (gray).

(C) Average DSE in slices pretreated with PD (n = 11). Insets: example traces of 2 averaged EPSCs before (red) and after depolarization (gray). (D) Comparison of
DSE between control and PD. PD pretreatment limits amplitude and duration of DSE. **P < 0.01; unpaired t-test with Welch’s correction. Numbers in bars

represent the number of neurons in each group.
E-H

ERK pathway inhibition by pretreatment with PD98059 (PD; 10 uM) blocks the effect of WIN55,212-2 (WIN; 2 uM) on the amplitude of EPSCs recorded in CAl

pyramidal neurons. (E) Average EPSC amplitude during 5-min baseline recording prior to DSE induction shows no significant differences in EPSC amplitude
between the DMSO- and PD-pretreated groups (DMSO: 295.69 + 28.73 pA, n = 6; PD: 270.86 + 32.14 pA, n = 6, P = 0.6). (F) Effect of WIN application (gray bar,

30 min) on EPSC amplitude in CA1 pyramidal neurons of 0.1% DMSO (control)-pretreated slices (n = 6). Inset: example traces of averaged EPSCs of baseline (black)
and the last 5 min (gray). (G) Effect of WIN application (gray bar, 30 min) on EPSC amplitude in CA1 pyramidal neurons of PD-pretreated slices (n = 6). Inset:
example traces of averaged EPSCs of baseline (red) and the last 5 min (gray). (H) Comparison of the effect size of the last 5 min in both groups shows a significant
difference. *P < 0.05; unpaired t-test. Numbers in bars represent number of slices in each group.

Data information: All data are expressed as mean + SEM.

and regulating transcription, activated ERK is also present in presy-
naptic terminals where it acutely phosphorylates synaptic substrates
to more directly control synaptic strength (Vara et al, 2009).
Synapsin I is the best-established ERK substrate in the nerve terminal
and its phosphorylation enhances synaptic vesicle mobility (Chi
et al, 2003) and correlates with long-term potentiation on the time-
scale of hours to days (Kushner et al, 2005). Synapsin phosphoryla-
tion is also linked to more acute effects on vesicle release although
evidence for the relevance of ERK-dependent synapsin phosphoryla-
tion on enhancing glutamate release from isolated synaptosomes is
based on PD98059 application (Jovanovic et al, 2000), that is,
manipulations that block positive as well as negative actions of ERK
substrates. To our knowledge, the effect of a phosphorylation-
deficient synapsin mutant expressed on a synapsin (triple) null
mutant background, like we present here for Munc18-1, has not been
performed yet. Hence, the specific contribution of synapsin I phos-
phorylation to overall synaptic effects of ERK activation remains to
be determined. Our data confirm ERK-dependent synapsin phospho-
rylation, and we show that it occurs during fear conditioning to an
almost similar extent as Muncl8-1 phosphorylation (Fig 1). Given
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their abundance, phosphorylation of synapsin and Munc18-1 probably
occurs in overlapping populations of synapses. However, the fact that
synaptic transmission is enhanced not inhibited upon acute ERK inhi-
bition shows that the net effect of ERK activation is to inhibit synaptic
transmission in the synapses studied here (Figs 6, 7 and EVS). Hence,
the previously proposed enhancing effect on synapsin phosphoryla-
tion is not in place in these synapses on the timescale assessed in the
current study or is upstream of the inhibitory effect of Munc18-1
phosphorylation. Munc18-1-dependent inhibition is the dominant
effect of ERK activation among the two substrates currently identi-
fied and blockade of the entire ERK pathway resulted in a similar
phenotype as selective blockade of one ERK substrate (Munc18-1).
Recent studies have identified several inhibitory pathways
involving retrograde messengers and metabotropic presynaptic
receptors to regulate neurotransmitter release. The endocannabinoid
system is one of the most widespread retrograde signaling
mechanisms in the brain (Wilson et al, 2001; Alger, 2002; Kreitzer
& Regehr, 2002; Chevaleyre et al, 2006). Activation of CB1 receptors
triggers several forms of short- and long-term plasticity including
endocannabinoid-induced LTD (eCB-LTD, Chevaleyre et al, 2007)
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and depolarization-induced suppression of excitation (DSE, Kreitzer
& Regehr, 2001; Ohno-Shosaku et al, 2002). Multiple downstream
effector molecules such as the presynaptic proteins RIMla and
RAB3B, P/Q-type voltage-gated calcium channels (VGCCs), and the
cAMP/PKA pathway have been implicated in such presynaptic
modulation (reviewed in Heifets & Castillo, 2009; Castillo et al,
2012). Endocannabinoid-induced short-term plasticity (eCB-STP) of
climbing fiber to Purkinje cell synapses in the cerebellum appears to
involve VGCC modulation (Kreitzer & Regehr, 2001). However, CB1
receptors also signal via the ERK pathway (Derkinderen et al, 2003;
Dalton & Howlett, 2012). We observed that the CB1R pathway in
hippocampal neurons and slices also functions to control presynap-
tic release by activating the ERK pathway and that ERK-dependent
Munc18-1 phosphorylation upon acute CBI1R activation functions in
the initial phase of cannabinoid-induced synaptic depression. ERK-
dependent inhibition of release was observed already after 30 s of
CBIR activation and was absent in neurons that expressed the non-
phosphorylatable form of Muncl18-1 and severely reduced after
MEK/ERK inhibitors in hippocampal slices and, to a lesser extent, in
isolated neurons. Hence, on the timescale of our experiments, ERK-
dependent phosphorylation of Munc18-1 is a major mechanism to
reduce synaptic release upon activation of CB1 and also mGluR2/3.

This newly identified ERK/Muncl8 mechanism most likely
works together with other pathways, such as VGCC modulation
(Kreitzer & Regehr, 2001). The role of each of these might vary
among the different forms of CB1R-dependent presynaptic plasticity.
For instance, some synaptic depression remains in the presence of
MEK/ERK inhibitors after DSE protocols in slices and isolated
neurons (Figs 7C and EVSE), while direct application of CB1R
agonist WINS5,212-2 is completely inhibited by MEK/ERK inhibitors
in slices (Fig 7F), but only in a subpopulation of isolated neurons
(Fig EVSH). In the latter case, this incomplete effect might be due to
the fact that ERK itself appears to be activated (more ERK auto-
phosphorylation) and upon addition of inhibitors remains in a
phosphorylated state much longer than in hippocampal slices
(compare Figs 3C and EV5B).

Munc18-1 is essential for synaptic vesicle release (Verhage et al,
2000). The potent modulation of synaptic strength by ERK-
dependent Munc18-1 phosphorylation upon CB1R and mGluR2/3
activation confirms that Muncl8-1 is also a potent modulator of
different forms of synaptic plasticity, as previously shown for diacyl-
glycerol-dependent augmentation (Wierda et al, 2007) and post-
tetanic potentiation (Genc et al, 2014). In the crystal structure of the
Munc18-1/syntaxin dimer (Misura et al, 2000), S241 is located in
the syntaxin 1 binding pocket of Munc18-1. It is therefore conceiv-
able that phosphorylation of S241 negatively affects the Munc18-1/
syntaxin interaction and thereby synaptic transmission. Preventing
phosphorylation in M18s,4; 4 results in increased RRP size and EPSC
amplitude arguing that M18s,4;4 is more efficient to drive synaptic
transmission than wild-type Muncl8-1. In M18s,4;4 autapses, we
also observed slightly higher synaptic expression levels of syntaxin
1 suggesting that M18s,4; supports syntaxin 1 stability better than
wild-type protein. We previously demonstrated that cellular expres-
sion levels of Munc18-1 correlate with synaptic strength (Toonen
et al, 2006) and that neuronal activity dynamically modulates
Muncl8-1 levels at individual synapses in a PKC-dependent manner
(Cijsouw et al, 2014). The ubiquitin—proteasome system (UPS) has
been implicated in homeostatic plasticity (Ehlers, 2003; Willeumier
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et al, 2006; Jiang et al, 2010; Rinetti & Schweizer, 2010; Lazarevic
et al, 2011). Expression of M18sy41p in Muncl8-1 null mutant
neurons, mimicking prolonged ERK-dependent Munc18-1 phospho-
rylation, eventually leads to ubiquitination and proteasomal degra-
dation of Munc18-1 resulting in an almost complete blockade of
synaptic transmission. Not surprisingly, synapses in the phospho-
mimicking mutant displayed typical morphological features as
observed upon network silencing by TTX application (Murthy et al,
2001). In contrast, we observed higher Munc18-1 levels upon
prolonged increased network activity in neurons expressing the
non-phosphorylatable form of Munc18-1 (M18s,4;4) compared to
wild-type Munc18-1. Hence, in addition to the acute effects of ERK-
dependent phosphorylation of Munc18-1 on synaptic transmission,
this pathway may also function in more long-term homeostatic
mechanisms via controlling synaptic Munc18-1 expression levels.
Together, our data reveal a novel presynaptic inhibitory path-
way of ERK-dependent Muncl8-1 phosphorylation that acts to
temporarily reduce synaptic transmission upon acute activation of
presynaptic CB1 and mGlu2/3 receptors. Long-term activation of
this pathway ultimately leads to degradation of ERK-phosphorylated
Munc18-1 via ubiquitination and proteasomal breakdown.

Materials and Methods
Mouse mutant strains and generation of lentiviral particles

Muncl18-1 null mutant mice were generated as described (Verhage
et al, 2000). E18 embryos were collected by cesarean section from
pregnant females from timed heterozygous mating. Newborn P0-P1
Wistar rats (Harlan) were used for glia preparations. Animals were
housed and bred according to Dutch governmental guidelines. All
animals were handled according to approved VU University Animal
Ethics and Welfare Committee protocols (DEC-FGA-13-03 and DEC-
FGA-14-01). Generation of lentiviral constructs, generation of virus
stocks, and neuron infections were performed as published (Wierda
et al, 2007). See Appendix Supplementary Methods for details.

Antibodies and chemicals

A detailed description of reagents and antibodies is included in
Appendix Supplementary Methods.

Protein interactions studies

Yeast two-hybrid studies were performed using the MATCHMAKER
Two-Hybrid System 3 (Clontech). Munc18-1 fused to GAL4 DNA-
binding domain was used as bait. As prey, ERK1 or ERK2 cDNA was
fused to the GAL4 transcription activation domain. Yeast growth
selection on synthetic media (—ADE and —HIS) was performed in
accord with the manufacturer’s protocol. Mass spectrometry on
brain P2 fractions was performed as described (Li et al, 2007). See
Appendix Supplementary Methods for details.

Cell culture and electrophysiology

For quantification of Munc18-1 levels, embryonic medium-density
(100,000 cells/12 well) or high-density (300,000 cells/12 well)
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hippocampal cultures from MuncI8-1 null mutant mice were grown
on glass coverslips coated with poly-D-lysine (40 pg/ml) and
laminin (2.5 pg/ml) (BD Biosciences). For Munc18-1 phosphoryla-
tion assays, wild-type hippocampal neurons were plated onto
poly-D-lysine and laminin-coated 6-cm dishes at 1.5 x 10° cells per
dish.

Autaptic neuronal culture and electrophysiological recordings
were performed as described (Toonen et al, 2006; Wierda et al,
2007; Weber et al, 2010). Hypertonic sucrose to assess RRP size
(500 mM, 4 s) and WIN55,212-2 (1 and 5 uM, 30 s) was applied via
a fast switching dual-barrel application system (Warner Instru-
ments). LY379268 (1 uM) was applied via bath perfusion. Depolari-
zation-induced suppression of excitation (DSE) was induced
according to Straiker and Mackie (2005): 20 s after a 0.5 Hz base-
line, neurons were depolarized to 0 mV for 10 s, after which test
pulses were applied at 0.5 Hz for 100 s. ERK pathway inhibitors
were applied in the 37°C incubator 0.5 h prior to recordings and
remained present throughout the recording. See Appendix Supple-
mentary Methods for details.

Hippocampal slice preparation and electrophysiology

Mouse hippocampal coronal slices (300-350 pm) were prepared
from P22-26 male and female C57BL/6 mice. Slices were placed in
the recording chamber and perfused with aCSF (1.5-2 ml/min,
osmolality of + 300 mOsm) at 32 + 1°C. Hippocampal CA1 pyrami-
dal neurons were patched and EPSCs were evoked by stimulating
the CA3 to CA1l Schaffer collateral. For depolarization-induced
suppression of excitation (DSE) experiments, slices were perfused
with aCSF with 0.1% DMSO or 10 uM of PD98059. 2 uM of
SR95531 (Gabazine) was added to block GABA-A-mediated inhibi-
tory responses. EPSCs were evoked at 0.2 Hz for a minimum of 25 s
baseline after which the cell was depolarized to 0 mV for 10 s.
Immediately after, EPSCs were evoked at 0.2 Hz at —70 mV and
responses recorded for 75s (15 EPSCs). This experiment was
repeated after 3 min post-depolarization, when EPSCs had returned
to baseline to obtain 2 DSE experiments from each cell. EPSC ampli-
tude was normalized to baseline of each individual experiment and
averaged over two experiments to result in one averaged normal-
ized result per cell. To evaluate the effect of the CB1 receptor
agonist WIN55,212-2 (WIN), slices were perfused with aCSF with
0.1% DMSO or 10 uM of PD98059. 2 uM of SR95531 (Gabazine)
was added to block GABA-A-mediated inhibitory responses, as well
as 200 nM of the Al adenosine receptor antagonist 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX). EPSCs were evoked at 0.1 Hz for a
minimum of 5 min baseline, before 30 min WIN (2 pM) application.
All drugs used were diluted in DMSO. 8-cyclopentyl-1,3-dipropyl-
xanthine (DPCPX; 200 nM) was from Tocris (UK) and SR95531
hydrobromide (Gabazine; 2 pM) from Hello Bio (UK). See
Appendix Supplementary Methods for details.

Fear-conditioning training

Male 10-week-old C57BL/6J mice (Charles River) were divided
randomly into three groups (no shock control (NS), immediate shock
(IS), and delayed shock (DS); n =5 per group). Fear-conditioning
training was done as published (Wiltgen et al, 2001; Stiedl et al,
2004). See Appendix Supplementary Methods for details.
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Electron microscopy

Autaptic neurons were fixed at DIV14-16 for 1-2 h at room temper-
ature with 0.1 M cacodylate buffer/0.25 mM CaCl,/0.5 mM MgCl,
(pH 7.4) and processed as described (de Wit et al, 2006; Wierda
et al, 2007). See Appendix Supplementary Methods for details.

Immunocytochemistry and confocal microscopy

Cultures were fixed at DIV14 with 4% formaldehyde and permeabi-
lized with 0.5% Triton X-100. Neurons were stained with primary
antibodies for 1 h at room temperature (RT), washed with phos-
phate-buffered saline, and stained for 1 h at RT with Alexa-
conjugated secondary antibodies (1:1,000, Invitrogen). Coverslips
were mounted with DABCO-Mowiol (Invitrogen) and examined on
a Zeiss LSM510 confocal microscope. Images were acquired with a
40x oil objective (N.A. 1.3) and 0.7x mechanical zoom and
analyzed in MATLAB with SynD (Schmitz et al, 2011). Somatic
protein levels were quantified by placing six 10 x 10 pixel regions
of interest (ROIs) in the cell soma. Synaptic protein levels were
quantified by placing single ROIs on all VAMP2-positive synapses as
described in Schmitz et al (2011).

Data representation and statistics

In all graphs, data are presented as mean values = SEM. Statistical
analysis was performed with SigmaPlot v11.0 (Systat software) or
Instat v3.05 software (GraphPad software). A priori power calcula-
tions were performed using Excel (Microsoft). Data samples were
tested for normal distribution with the Kolmogorov and Smirnov
test and for heterogeneity of variance with the method of Bartlett. If
allowed, an unpaired t-test (with Welch correction if required) was
used. Alternatively, the nonparametric Mann—-Whitney U-test was
used to test for statistical significance. For multiple group compar-
isons, one-way ANOVA was used if allowed; otherwise, the
nonparametric Kruskal-Wallis test was used. P-values below 0.05
are considered significant. In all experiments, the researcher was
blinded to genotype or compound tested.

Expanded View for this article is available online.
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