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Cellular/Molecular

Distinct Functions of Syntaxin-1 in Neuronal Maintenance,
Synaptic Vesicle Docking, and Fusion in Mouse Neurons
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and “Christian Rosenmund'>
'Department of Neurophysiology and 2NeuroCure Cluster of Excellence, Charité Universititsmedizin Berlin, 10117 Berlin, Germany

Neurotransmitter release requires the formation of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
complexes by SNARE proteins syntaxin-1 (Stx1), synaptosomal-associated protein 25 (SNAP-25), and synaptobrevin-2 (Syb2). In mam-
malian systems, loss of SNAP-25 or Syb2 severely impairs neurotransmitter release; however, complete loss of function studies for Stx1
have been elusive due to the functional redundancy between Stx1 isoforms Stx1A and Stx1B and the embryonic lethality of Stx1A/1B
double knock-out (DKO) mice. Here, we studied the roles of Stx1 in neuronal maintenance and neurotransmitter release in mice with
constitutive or conditional deletion of Stx1B on an Stx1A-null background. Both constitutive and postnatal loss of Stx1 severely compro-
mised neuronal viability in vivo and in vitro, indicating an obligatory role of Stx1 for maintenance of developing and mature neurons.
Loss of Munc18-1, a high-affinity binding partner of Stx1, also showed severely impaired neuronal viability, but with a slower time course
compared with Stx1A/1B DKO neurons, and exogenous Stx1A or Stx1B expression significantly delayed Munc18-1-dependent lethality.
In addition, loss of Stx1 completely abolished fusion-competent vesicles and severely impaired vesicle docking, demonstrating its
essential roles in neurotransmission. Putative partial SNARE complex assembly with the SNARE motif mutant Stx1A*Y (A240V, V244A)
was not sufficient to rescue neurotransmission despite full recovery of vesicle docking and neuronal survival. Together, these data suggest
that Stx1 has independent functions in neuronal maintenance and neurotransmitter release and complete SNARE complex formation is
required for vesicle fusion and priming, whereas partial SNARE complex formation is sufficient for vesicle docking and neuronal
maintenance.
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Syntaxin-1 (Stx1) is a component of the synaptic vesicle soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex and is essential for neurotransmission. We present the first detailed loss-of-function characterization of the two
Stx1 isoforms in central mammalian neurons. We show that Stx1 is fundamental for maintenance of developing and mature
neurons and also for vesicle docking and neurotransmission. We also demonstrate that neuronal maintenance and neurotrans-
mitter release are regulated by Stx1 through independent functions. Furthermore, we show that SNARE complex formation is
required for vesicle fusion, whereas partial SNARE complex formation is sufficient for vesicle docking and neuronal maintenance.
Therefore, our work provides insights into differential functions of Stx1 in neuronal maintenance and neurotransmission, with
the latter explored further into its functions in vesicle docking and fusion. j

ignificance Statement

Introduction

Syntaxin-1 (Stx1) is a neuronal soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) protein
located at the plasma membrane (t-SNARE) and involved in
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a-helical SNARE motifs of Stxl, SNAP-25, and Syb2 form
the ternary SNARE complex, which is thought to catalyze vesicle
fusion by bringing vesicular and plasma membranes in close
proximity (Rizo and Rosenmund, 2008; Rizo and Stidhof, 2012).

Gene deletion studies of the neuronal SNARE proteins in ver-
tebrate and invertebrate model organisms illustrate the crucial
roles of the SNAREs in vesicle fusion and in the preceding
preparatory steps, vesicle docking and priming. Both in Syb2
knock-out (KO) mice and SNAP-25 KO mice, Ca**- evoked
neurotransmitter release is abrogated, but a low level of sponta-
neous neurotransmitter release is sustained (Schoch et al., 2001;
Washbourne et al., 2002; Delgado-Martinez et al., 2007). How-
ever, loss of the neuronal Sec1/Munc18-like protein Munc18-1,
the tight binding partner of Stx1 (Hata et al., 1993), results in a
remarkably more severe phenotype in mammals with a complete
inhibition of neurotransmitter release accompanied by neuronal
degeneration (Verhage et al., 2000), with similar results obtained
in flies (Harrison et al., 1994).

The widespread neuronal degeneration in Muncl8-1 KO
mice was first proposed as a direct consequence of lack of synaptic
input (Verhage et al., 2000). However, this proposal was chal-
lenged by the findings from a Munc13-1/2 double KO (DKO)
mouse model, which is also completely synaptically silent but
without any cytotoxic effects (Varoqueaux et al., 2002). Ulti-
mately, it was proposed that the underlying mechanism for the
cell-autonomous degeneration of Munc18-1 KO neurons is re-
lated to another function of Munc18-1 independent of synaptic
transmission (Heeroma et al., 2004). So far, only deletion of Stx1
in flies has manifested an equally severe phenotype among
SNAREs, with a complete inhibition of neurotransmission ac-
companied by cell lethality (Schulze et al., 1995; Schulze and
Bellen, 1996; Burgess et al., 1997). The tight interactions between
Stx1 and Muncl8-1 and the similarities between their loss-of-
function phenotypes strongly suggest the involvement of Stx1
and Munc18-1 as a complex in neuronal maintenance.

In mammals, Stx1 has two ubiquitously expressed neuronal
isoforms, Stx1A and Stx1B, which share 84% homology (Bennett
et al., 1992). Investigation of Stx1 function in neurotransmitter
release has been rendered impracticable in mammals for two
main reasons: mutual compensatory effects of Stx1A and Stx1B
(Fujiwara et al., 2006; Gerber et al., 2008; Arancillo et al., 2013;
Zhou etal., 2013; Wu et al., 2015) and embryonic lethality due to
constitutive deletion of Stx1A/1B (Mishima et al., 2014). Here,
we present a comprehensive study of Stx1’s roles in neuronal
maintenance and neurotransmitter release by bypassing these
obstacles through the utilization of two Stx1A/1B DKO mouse
models. The first, a constitutive deletion of Stx1A/1B, led to se-
vere neuronal lethality in vitro and in vivo, indicating the absolute
requirement for Stx1 in neuronal maintenance. By using the sec-
ond mouse model, a Stx1A/1B conditional DKO (cDKO), we
showed that deletion of Stx1 in mature neurons also caused se-
vere impairments in neuronal viability, demonstrating Stx1 de-
pendency for maintenance throughout the neuronal life span. In
addition, loss of Stx1 completely inhibited vesicle fusion and
priming and resulted in significant reduction in docked ves-
icles, showing the essential roles of Stx1 for each step of neu-
rotransmitter release: vesicle docking, priming, and fusion.
Finally, exogenous expression of a mutant isoform Stx1A*Y
(A240V, V244A), which forms SNARE complexes with reduced
stability (Kee etal., 1995, Fergestad et al., 2001), rescued neuronal
survival and vesicle docking in Stx1-deficient neurons, but could
not rescue any form of vesicle fusion. We conclude that the func-
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tions of Stx1 in neuronal maintenance and neurotransmitter re-
lease are independent from one another, that full SNARE
complex assembly is crucial for vesicle fusion and priming, and
that partial SNARE complex assembly is sufficient for vesicle
docking.

Materials and Methods

Animal maintenance and generation of mouse lines. All procedures for
animal maintenance and experiments were in accordance with the regu-
lations of and approved by the animal welfare committee of Charité
Medical University and the Berlin state government Agency for Health
and Social Services under license number T0220/09. The generation of
Stx1A KO (—/-), StxIB Het (+/-), Stx1B*/*, and Munc18-1 KO
mouse lines were described previously (Verhage et al., 2000; Gerber et al.,
2008; Arancillo et al., 2013; Wu et al., 2015). Stx1A KO mice were inter-
crossed with Stx1B Het or StxIB™/F to generate Stx1A/1B DKO or
Stx1A/1B ¢cDKO mouse lines, respectively.

Histology and Western blot. Mouse embryos of either sex were obtained
by cesarean section of pregnant females from timed heterozygous breed-
ings. For histological analysis of the brain tissues, whole heads of mouse
embryos at embryonic day (E) 16 and E18 were immersion fixed in 4%
paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer (PB) for two
nights at 4°C. The tissues were incubated in 0.4 M and then 0.8 M sucrose
in 0.1 M PB, overlaid with Tissue-Tek, and snap-frozen in n-hexane at
—70°C for cryoprotection. The tissues were then cryosectioned sagittally
using an HM 500 OM cryostat (MICROM International) with a thick-
ness setting of 20 um. The sections were mounted directly on gelatin-
coated glass slides. Every sixth section was subjected to Nissl staining with
0.2% cresyl violet acetate in 20 mm acetic acid solution and then exam-
ined under an Olympus SZX16 microscope with an Olympus DP70 dig-
ital camera. For Western blot, whole-brain lysates were obtained from
E16 or E18 embryos depending on the experiment. The samples were
dissolved in lysis buffer containing 50 mwm Tris/HCL, pH 7.9, 150 mm
NaCl, 5 mm EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 1%
Nonidet P-40, and 1 tablet of Complete Protease Inhibitor (Roche) for 10
ml of solution. Equal amounts of solubilized proteins were loaded in
8-12% SDS-PAGE and subsequently transferred to nitrocellulose mem-
branes. The membranes were subjected to the following primary anti-
bodies overnight at 4°C: mouse monoclonal anti-3-tubulin IIT (1:2000)
as an internal control, rabbit polyclonal Munc18-1 (1:2000; both pur-
chased from Sigma-Aldrich), mouse monoclonal anti-StxI1A (1:1000),
rabbit polyclonal anti-Stx1B (1:1000), mouse monoclonal anti-SNAP-25
(1:2000), mouse monoclonal anti-Syb-2 (1:2000), rabbit polyclonal anti-
Muncl3-1 (1:1000), mouse monoclonal anti-synaptotagmin-1 (1:1000),
rabbit polyclonal anti-complexin-1/2 (1:500), and mouse monoclonal
anti-Rab-5 (1:500; all purchased from Synaptic Systems). Horseradish
peroxidase-conjugated goat secondary antibodies (Jackson ImmunoRe-
search) were applied for 1 h at room temperature and detected with ECL
Plus Western Blotting Detection Reagents (GE Healthcare Biosciences)
in Fusion FX7 image and analytics system (Vilber Lourmat). Ratiometric
quantification of protein expression levels was performed using Image]
software. Data from Stx1A KO and Stx1B Het/Stx1A KO animals were
pooled together after no significant differences were observed between
these genotypes.

Neuronal cultures and neuronal count. Cortical cultures were prepared
from E16 mice of either sex, which were obtained by cesarean section of
pregnant females from timed heterozygous breedings. Hippocampal cul-
tures were prepared from mice of either sex at postnatal day (P) 0-2 as
described previously (Xue et al., 2007; Arancillo et al., 2013). Briefly, the
neurons were seeded with densities as follows: 50 X 10°/well (22 mm
diameter) for neuronal counting, 30 X 103/well (22 mm diameter) for
immunocytochemistry on continental astrocyte feeder layers as high-
density cultures, and 3 X 10° neurons/well (35 mm diameter) for elec-
trophysiology on micro-island astrocyte feeder layers. The astrocyte
feeder layers were prepared 1-2 weeks before the neuronal culture prep-
aration as described previously (Arancillo et al., 2013). The cortical cul-
tures were transduced with lentiviruses immediately after plating at day
in vitro (DIV) 0 and the hippocampal cultures were transduced at DIV
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1-7 by lentiviral infection according to the experiment. The cultures were
incubated in Neurobasal-A medium supplemented with B-27 (Invitro-
gen), 50 IU/ml penicillin, and 50 ug/ml streptomycin at 37°C between
the days of neuronal counting or until DIV 13-17 before immunocyto-
chemical or electrophysiological analysis.

The viability of the neurons in vitro was defined as the number of
surviving neurons at different time points between DIV 1 and DIV 42
according to the experiment. Phase-contrast bright-field images of 10
randomly selected fields of 1.23 mm ? per well and of 2 wells per group in
each culture were acquired with a DMI4000 microscope, DFC 345 FX
camera, HCX PL FLUOTAR 10X objectives, and LAS-AF software (all
from Leica). The neurons between DIV 1 and DIV 7 were counted man-
ually with Image] software. After DIV 7, when the nuclear localization
signal (NLS)-green fluorescent protein (GFP) and/or NLS-red fluores-
cent protein (RFP) were at adequate levels for detection, additional flu-
orescent images were acquired with excitation wavelengths of 488 and
555 nm from the same selected fields and the neurons were counted with
the 3D Objects Counter function in Fiji software. To determine the sur-
vival of the Stx1A/1B DKO and Munc18-1 KO neurons, the number of
neurons in each group was normalized to the number of seeded neurons
as a common reference, whereas the rescue efficiencies of lentiviral rein-
troduction of Stx1A, Stx1B, or Munc18-1 were calculated as the normal-
ized ratio of the number of surviving neurons to the number of Stx1A KO
or wild-type (WT) neurons, respectively. To evaluate the rates of cell
death of Stx1A/1B ¢cDKO neurons expressing Cre recombinase, the num-
ber of neurons was normalized to the number of neurons in control
groups at DIV 7 for the cultures infected at DIV 1. For the cultures
infected at DIV 3, 5, or 7, the number of neurons within each group at
DIV 7 was used as reference for normalization. The ability of WT or
mutant Stx1A to rescue the neurons against cell death was examined by
coinfection with viruses to express Cre recombinase and determined as
the ratio of the number of neurons at DIV 24-25 to the number of
neurons at DIV 11.

Lentiviral constructs. All lentiviral constructs were based on the vector
FUGW (Lois et al., 2002). The cDNA for mouse Stx1A (NM_016801),
mouse Stx1B (NM_024414), or rat Muncl8-1 (NM_013038) were
cloned after a NLS-GFP-P2A expression cassette controlled by human
synapsin-1 promoter. The P2A sequence allows for the bicistronic ex-
pression of nuclear-targeted GFP and the corresponding cDNA (Kim et
al., 2011). Empty vectors, including only an NLS-GFP-P2A or NLS-RFP-
P2A expression cassette, served as controls. A lentivirus construct, which
induces expression of improved Cre recombinase (iCre) fused to NLS-
RFP-P2A under control of human synapsin-1 promoter, was used to
permit excision of the LoxP flanked Stx1B DNA. The point mutations
A240V and V244A were introduced into Stx1A cDNA (Stx1A*Y) with the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). All lentiviral
particles were provided by the Viral Core Facility of the Charité Berlin
and were prepared as described previously (Lois et al., 2002). Briefly,
HEK293T cells were cotransfected with 10 ug of shuttle vector, 5 ug of
helper plasmids pCMVdR8.9, and 5 ug of pVSV.G with X-tremeGENE 9
DNA transfection reagent (Roche Diagnostic). Virus containing cell cul-
ture supernatant was collected after 72 h and filtered for purification.
Aliquots were flash-frozen in liquid nitrogen and stored at —80°C. Vi-
ruses were titrated visually with mass-cultured WT hippocampal mouse
neurons using the fluorescence reporter. For infection, ~1 X 10¢ infec-
tious virus units per 22- or 35-mm-diameter well were added onto the
cultured hippocampal or cortical mouse neurons between DIV 0 and 7
depending on the experiment.

Immunofluorescence labeling. High-density cortical cultures were fixed
at DIV 2, 4, or 22, whereas high-density hippocampal cultures were fixed
at DIV 12, 15, or 21. Both cultures were fixed in 4% PFA for 20 min,
permeabilized with 1X PBS containing 0.1% Tween 20 (PBS-T) for 20
min, and blocked with PBS-T containing 2.5% normal goat serum (NGS)
and 2.5% normal donkey serum (NDS) for 1 h. The cortical cultures
fixed at DIV 2 and 4 were incubated overnight at 4°C with chicken poly-
clonal anti-MAP2 (Merck) primary antibody (1:2000) in PBS-T contain-
ing NGS and NDS. The cortical cultures fixed at DIV 22 and the
hippocampal cultures were subjected to guinea pig polyclonal anti-
Bassoon (Synaptic Systems) primary antibody (1:2500), which was used
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as a synaptic marker, in addition to the primary antibodies against Stx1A
(1:1000) and Stx1B (1:1000) mentioned above, overnight at 4°C. Subse-
quently, the cells were incubated in the following fluorescently labeled
secondary antibodies (1:500) according to the experiments: Alexa Fluor
647 (A647) donkey anti-chicken IgG or A647 donkey anti-mouse IgG,
rhodamine red donkey anti-guinea pig IgG (all purchased from Jackson
ImmunoResearch), and Pacific blue goat anti-rabbit IgG (Invitrogen).
The coverslips were mounted on glass slides with MOWIOL mounting
agent (Sigma-Aldrich). Immunofluorescence labeling was visualized un-
der an Olympus IX81 epifluorescent microscope with 60X optical mag-
nification, MicroMax:1300YHS camera (Princeton Instruments) and
MetaMorph software (Molecular Devices) using Z-stacks. The images
were analyzed offline with Image] as described previously (Arancillo et
al., 2013). Briefly, the Z-stacks were overlapped with maximum intensity
and the background was subtracted with a rolling ball of a radius
of 30 pixels. Two to four regions exhibiting only neuronal extensions
were cropped per image and analyzed as independent measurements.
Bassoon-positive spots in these crops were determined using the thresh-
old function with MaxEntropy and the created areas were saved as ROIs.
The intensities of Bassoon, Stx1A, and Stx1B signals were measured using
the corresponding ROIs. The average ratio of the Stx1A and Stx1B signals
to the Bassoon signal was calculated for each crop and the ratios were
normalized to the control group.

Electrophysiology. Whole-cell patch-clamp recordings were performed
on autaptic hippocampal neurons at DIV 13-17 at room temperature
with a Multiclamp 700B amplifier controlled by Clampex 9.2 software
(both from Molecular Devices). Data were digitally sampled at 10 kHz
and low-pass filtered at 3 kHz with an Axon Digidata 1322A digitizer
(Molecular Devices). The standard extracellular solution was applied
with a fast perfusion system (1-2 ml/min) and contained the following
(in mm): 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 2 CaCl,, and 4 MgCl,
(~300 mOsm; pH 7.4). Borosilicate glass patch pipettes were pulled with
a multistep puller, yielding a final tip resistance of 2-5 M2 when filled
with KCl based intracellular solution containing the following (in mm):
136 KCl, 17.8 HEPES, 1 EGTA, 4.6 MgCl,, 4 ATP-Na,, 0.3 GTP-Na,, 12
creatine phosphate, and 50 U/ml phosphocreatine kinase (~300 mOsm;
pH 7.4). Neurons transduced with viruses were visually identified by RFP
and GFP expression before recordings. Series resistance was compen-
sated by 70% and monitored over the course of each recording. The
recordings were analyzed offline using Axograph X Version 1.5.4
(Axograph Scientific).

Glutamatergic hippocampal neurons were clamped at —70 mV at
steady state and EPSCs were evoked by a 2 ms depolarizing step to 0 mV.
EPSCs were then recorded in the presence of 3 um NBQX (Tocris Bio-
science), which is an AMPA receptor antagonist. The averages of the
traces recorded in the presence of NBQX were subtracted by using sub-
traction function in AxographX from the average of the traces recorded
in the external solution without NBQX to cancel stimulus artifacts.
Spontaneous release was determined by monitoring miniature EPSCs
(mEPSCs) for 30—60 s at —70 mV. To correct false-positive events,
mEPSCs were again recorded in the presence of 3 um NBQX. The re-
corded traces were filtered at 1 kHz and mEPSCs were detected with a
template function in Axograph X. The readily releasable pool (RRP) size
was determined by a 5 s application of extracellular solution that addi-
tionally contained 500 mm sucrose (Rosenmund and Stevens, 1996). The
solutions were exchanged with a fast microperfusion device (SF-77B;
Warner Instruments).

High-pressure freezing and electron microscopy. Hippocampal neurons
were plated onto 6 mm sapphire disks with a density of 50 X 107 to 100 X
107 cells. The neurons were coinfected at DIV 2 with viruses to express
Cre recombinase in combination with control viruses or with viruses to
express StxIA™T or Stx1A*Y, At DIV 12-14, the samples were mounted
into a sandwich support with extracellular solution containing 15% Fi-
coll (Sigma-Aldrich) to avoid ice crystal damage and frozen with an HPM
100 Leica high-pressure freezer under a pressure of 2100 bar. Samples
were then transferred into cryovials containing 1% glutaraldehyde, 1%
osmium tetroxide, 1% Milli-Q water (Millipore) in anhydrous acetone
and processed in an AFS2 automated freeze-substitution device (Leica)
followed by a temperature ramp from —90°C (8°C/h) to —50°C, from
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—50°C (6°C/h) to —20°C, constant temperature for 12 hat —20°C,and a
ramp from —20°C (5°C/h) to 20°C. After the freeze-substitution step,
samples were contrasted with 0.1% uranyl acetate for 1 h and embedded
in epoxy epon 812. Finally, samples were placed into capsules filled with
pure epoxy epon 812 and further polymerized for 48 h at 60°C. Areas of
~200 wm? containing cells were randomly selected and 40-nm-thick
sections were obtained with a Leica Ultracut and collected on Formvar-
coated (0.5%) 200-mesh copper grids. Those sections were further ex-
amined on a Tecnai G20 electron microscope operated at 80-200 keV
(FEI). Electron micrographs (2048 X 2048 pixels) were collected blindly
using a Velata camera (FEI) with an 89,000X magnification (pixel size
0.57 nm). Data were analyzed blindly using an analysis program devel-
oped for Image] and MATLAB (Watanabe et al., 2013). Active zones
(AZs) were defined by a corresponding postsynaptic density attached to
the presynaptic bouton and docked vesicles were defined as those in
direct contact with the plasma membrane. Synaptic vesicle distribution
was analyzed by calculating the shortest distance from each vesicle to the
presynaptic active zone.

Statistical analysis. Data are presented as means = SEM. For statistical
analysis, data from two groups were subjected to Student’s two-tailed ¢
test and data from more than two groups were subjected to one-way
ANOVA followed by Tukey’s post hoc test with GraphPad Prism 5.0b.
p-values >0.05 were considered insignificant.

Results

Deletion of both Stx1 isoforms Stx1A and Stx1B is

prenatally lethal

The neuronal t-SNARE protein Stx1 is essential for neuronal
maintenance and neurotransmitter release in worms and flies
(Schulze et al., 1995; Schulze and Bellen, 1996; Burgess et al.,
1997); however, dissecting these functions in mice has been un-
feasible due to the functional redundancy of Stx1 isoforms Stx1A
and Stx1B (Fujiwara et al., 2006; Gerber et al., 2008; Wu et al.,
2015). To eliminate the reciprocal compensatory effects of Stx1A
and Stx1B and to thereby study the essential functions of Stx1, we
established an Stx1A/1B DKO mouse line by interbreeding
heterozygous Stx1B Het (+/—) mice with homozygous Stx1A
KO (—/—) mice, which were generated as described previously
(Gerber et al., 2008; Wu et al., 2015). Because Stx1A KO mice
reportedly display normal development, life span, and neu-
rotransmitter release (Fujiwara et al., 2006; Gerber et al., 2008;
Arancillo etal., 2013), all the mice used in this study were held on
Stx1A-null background.

Similar to a previous report (Mishima et al., 2014), deletion of
both Stx1 isoforms resulted in embryonic lethality. In addition,
we observed gross morphological abnormalities at E16—-E18 (Fig.
1A), at which state the Stx1A/1B DKO embryos were already
distinguishable by a hunched back and distorted body posture
visible to the naked eye (Fig. 1A), a phenotype shared by the other
SNARE KO and Munc13-1/2 DKO mutants (Schoch et al., 2001;
Washbourne et al., 2002; Varoqueaux et al., 2005). Loss of Stx1B
was confirmed by Western blot analysis of whole-brain lysates
derived from E18 mice (Fig. 1B). To assess the impact of Stx1
deletion on brain assembly, we examined major brain structures
by Nissl staining of the brain tissues of Stx1A KO, Stx1B Het/
Stx1A KO, and Stx1A/1B DKO embryos dissected at E16 and E18
(Fig. 1C). Based on the observation of no significant differences
between Nissl-stained brain tissues from Stx1A KO and Stx1B
Het/Stx1A KO, data from these groups were pooled as control.
Complete deletion of Stx1 led to partial cell loss in the cerebellum
and brainstem at E16 (Fig. 1C). At E18, cell loss in the brainstem
and the cerebellum was even more substantial and became visible
in the cerebral cortex and hypothalamus (Fig. 1C), indicating that
the regular brain structures are first formed but lost at later em-
bryonic stages: a similar phenotype to Munc18-1 KO mice (Ver-
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hage et al., 2000). These findings indicate that Stx1 function is
essential during embryonic brain development.

Being high-affinity interaction partners (Hata et al., 1993),
Munc18-1 and Stx1 regulate one another’s expression levels ei-
ther by serving as chaperones (Rowe et al., 1999, 2001), by assist-
ing the proper localization, or by enhancing the stability of one
another (Toonen et al., 2005). It has been shown that Munc18-1
deletion results in an ~70% reduction in both Stx1A and Stx1B
levels (Toonen et al.,, 2005), whereas a ~25% reduction in
Munc18-1 protein level is observed either when Stx1B is deleted
(Mishimaetal., 2014; Wu etal., 2015) or expressed at severely low
levels (Gerber et al., 2008; Arancillo et al., 2013; Zhou et al., 2013).
Conversely, deletion of Stx1A alone has no effect on Munc18-1
expression, most likely due to the compensatory action of Stx1B
(Fujiwara et al., 2006; Mishima et al., 2014). To address whether
the deletion of both isoforms further enhances the decrease in
Muncl8-1 levels, we performed Western blot analysis using
whole-brain lysates derived from E18 mice. Muncl8-1 expres-
sion was ~40% reduced in the Stx1A/1B DKO embryos com-
pared with the Stx1A KO (Fig. 1D). Moreover, unlike in Stx1A,
Stx1B, or Munc18-1 KO mice (Verhage et al., 2000; Toonen et al.,
2005; Fujiwara et al., 2006; Wu et al., 2015), we observed sig-
nificant reductions from ~20% to 60% in expression le-
vels of other tested exocytotic proteins SNAP-25, Syb2,
synaptotagmin-1 (Sytl), Munc13-1, and complexin-1 (Cpx1), as
well as the early endosomal protein Rab5, in Stx1A/1B DKO em-
bryos (Fig. 1D), suggesting that widespread cell loss and/ or syn-
aptic loss in the embryonic mouse brains results in reduced levels
of synaptic proteins or that the removal of Stx1 downregulates the
expression of other proteins involved in secretion.

Stx1 is required for neuronal maintenance in vitro

To investigate whether Stx1A/1B DKO neurons can survive in
vitro, dissociated cortical neurons from E16 mice were cultured at
high density (see Materials and Methods). The neurons were
cocultured with astrocyte feeder layers. The astrocytes were all
derived from WT newborn mice to provide comparable trophic
support to both Stx1A/1B DKO and control neurons. At DIV 1,
~60% of control Stx1A KO neurons initially plated were present
in the culture, the cell density remained largely unchanged for 3
weeks (Fig. 2A), and the neurons appeared healthy overall (Fig.
2C). On the contrary, the number of surviving Stx1A/1B DKO
neurons dropped to 17% within 1 d and reached ~1% at DIV 4,
suggesting that Stx1 is also required for neuronal maintenance in
vitro (Fig. 2A). No Stx1A/1B DKO neurons survived at DIV 22
(Fig. 2A). Even though deletion of Stx1 resulted in severe cell loss,
the remaining neurons at DIV 2 and 4 could form dendritic pro-
cesses as reflected by positive immunofluorescence labeling for
MAP?2 (Fig. 2B), which indicates that Stx1A/1B DKO neurons
could still differentiate. However, the intensity of MAP2 signal
and the complexity of dendritic branching appeared reduced in
Stx1A/1B DKO neurons compared with the Stx1A KO neurons
(Fig. 2B).

To restore the neuronal viability in vitro, we reintroduced
either Stx1A or Stx1B expression in Stx1A/1B DKO neurons by
infecting with lentiviruses immediately after culturing (DIV 0).
The control Stx1A KO group was infected with lentiviruses to
induce expression of only NLS-GFP to monitor the effect of virus
load on the viability of neurons. Exogenous expression of Stx1A
or Stx1B rescued the Stx1A/1B DKO neurons against cell death by
17% and 11%, respectively, compared with the Stx1A KO neu-
rons (Fig. 2C), with the low rescue efficiency reflecting the short
time window of the survival of Stx1A/1B DKO neurons. Immu-



Vardar et al. e Syntaxin-1in Neuronal Maintenance, Docking, and Release

A B 120-
s -t
Stx1B: WT Het KO WT Het KO 3
Stx1A: KO KO KO KO KO KO % ‘s 804
= c * %
-— Stx1B § 8 -
E18 Stx1A S5 404
()
s s s 3-Tublll -
0

Stx1B: Het KO
Stx1A: KO KO

C Control

Stx1A/1B DKO

E16

D
Control Stx1A/1B
DKO — - Control  [JStx1A/1B DKO
S  —— Munc18-1 120+
S s SNAP-25 ” ‘I“}_I'_I_?_—I-_'I_
S e Syb2 < 5 801 T *
o :: *k
Munc13 [ bid
_— - 2 3 .
LB el 28 40
SR Cpx2 ®
S s Cpx1 0
NP GO RN a N
N1 N SS9
S e Rab5 (\0\%%\;2 @?@\\}\o SV R R @
W —3-TubI I N
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Example immunoblot showing Stx1A and Stx1B protein levels (left) and summary graph of quantification of Stx1B protein
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nofluorescence analysis of the exoge-
nously expressed Stx1A or Stx1B protein
levels, as normalized to the immunofluo-
rescence signal of presynaptic active zone
protein Bassoon, revealed similar or
slightly elevated expression levels of Stx1A
or Stx1B compared with controls (Fig.
2D). The rapid death caused by loss of
Stx1 and the revival of a fraction of
Stx1A/1B DKO neurons by exogenous ex-
pression of Stx1A or Stx1B signify the ab-
solute requirement of Stx1, whereas the
similar rescue efficiencies of Stx1A and
Stx1B manifest the functional redun-
dancy between Stx1A and Stx1B in terms
of neuronal maintenance.

Loss of Stx1 leads to an earlier and

more severe neuronal lethality than loss
of Muncl18-1

The severe cytotoxicity caused by loss of
Stx1 is reminiscent of Muncl8-1 defi-
ciency (Verhage et al., 2000; Heeroma et
al., 2004). However, loss of Munc18-1 KO
neurons could be delayed up to DIV 10,
when trophic support was provided (Hee-
roma et al., 2004), suggesting that loss of
Stx1 might be more deleterious than loss
of Muncl18-1. To compare the severity of
cell loss in Stx1A/1B DKO and Munc18-1
KO neurons directly in the same culture
conditions, we obtained cortical cultures
from E16 Munc18-1 WT and KO mouse
brains. Similar to the Stx1A KO neurons
(Fig. 2A), ~55% of WT neurons initially
plated were present in the culture at DIV 1
and the number remained unchanged for
the next 3 weeks (Fig. 3A). Conversely, at
DIV 1, ~40% of Munc18-1 KO neurons
were still alive and the remaining
Muncl8-1 KO neurons were gradually
lost within 10 d (Fig. 3A). In addition, ex-
ogenous expression of Muncl8-1 in
Munc18-1 KO neurons showed an ~70%
rescue efficiency in neuronal survival (Fig.
3B). The slower rate of cell loss and the
higher rescue capacity of lentiviral expres-
sion of Muncl8-1 suggest that loss of
Munc18-1 is less toxic than loss of Stx1 in
neurons.

The similarity between the Stx1A/1B
DKO and Muncl8-1 KO phenotypes
demonstrates the importance of these
proteins for neuronal maintenance, most
likely as a complex. However, severe re-
duction in Stx1 expression and/or its de-
stabilization in the absence of Munc18-1
(Toonen et al., 2005) raises the possibility
that the lethality of Munc18-1 KO neu-
rons might be a direct consequence of low
Stx1 levels. Similarly, impairment in
Munc18-1 expression might be the cause
oflethality of the Stx1A/1B DKO neurons.
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Figure 2.

Stx1 is required for neuronal maintenance in vitro. A, Example images of cultured Stx1A KO and Stx1A/1B DKO cortical neurons at DIV 1 (left) and summary graph of percentage of

surviving neurons in the cultures at DIV 1, 2, 4, and 22 (right). n = 58 — 60 images at each time point from three independent cultures. Scale bar, 50 .Lm. B, Example images of immunofluorescence
labeling for MAP2 in cultured Stx1A KO and Stx1A/1B DKO cortical neurons at DIV 2 (top) and DIV 4 (bottom). Scale bar, 20 um. C, Example images (left) and summary graph of percentage (right)
of surviving neurons at DIV 22 in the Stx1A KO cultures infected with viruses expressing only NLS-GFP and in the Stx1A/1B DKO cultures infected with viruses expressing either Stx1A or Stx1B.n =
58— 60 images from three independent cultures. D, Example images (left) and summary graphs (right) of immunofluorescence labeling for Stx1A (blue) and Stx1B (green) in control and rescued
neurons at DIV 22. The average intensities of Stx1A or Stx1B immunofluorescence signals were analyzed at compartments positive for Bassoon immunofluorescence signal (red). Stx1A KO neurons
infected with viruses to express only NLS-GFP or Stx1B were used as controls (dashed lines). n = 42— 49 images from three independent cultures. Data points in A and bar graphs in Cand D show
means == SEM. Statistical analysis was applied by Student's ¢ test in A and by one-way ANOVA followed by Tukey's post hoc test in Cand D; ***p < 0.001.

To test whether the decreased Stx1 expression level is the primary
factor for the death of Munc18-1 KO neurons and vice versa, we
used a cross-rescue approach. For this purpose, we overexpressed
either Stx1A or Stx1B in Munc18-1 KO neurons and Munc18-1
in Stx1A/1B DKO neurons in vitro. Exogenous expression of
Muncl8-1 displayed no significant effects on the survival of
Stx1A/1B DKO neurons at DIV 4 (Fig. 3C), indicating that in-
creasing Muncl8-1 protein levels is not sufficient to rescue
Stx1A/1B DKO neurons against cell death. Conversely, expres-
sion of either Stx1A or Stx1B in Munc18-1 KO neurons resulted
in prolonged survival (Fig. 3D,E). The number of surviving
Munc18-1 KO neurons increased from ~5% to ~15% at DIV 6
and from ~0.5% to ~3% at DIV 10, when Stx1A was over-
expressed. Interestingly, the rescue efficiency of Stx1B in
Munc18-1 KO neurons was significantly higher than the rescue

efficiency of Stx1A. At DIV 6, ~25% of Munc18-1 KO neurons
were still present in the culture and this number was reduced only
to ~10% at DIV 10, when Stx1B was overexpressed (Fig. 3D, E).
We also noticed that loss of Munc18-1 led to a more severe re-
duction in Stx1B signal than in Stx1A signal as revealed by West-
ern blot analysis of whole-brain lysates derived from E16
Muncl18-1 WT and KO animals (Fig. 3F). This result, together
with the observation of a better rescue efficiency of Stx1B in
Muncl8-1 KO neurons, may suggest that Muncl8-1 interacts
more strongly with Stx1B than with Stx1A. In addition, although
itis clear that both Munc18-1 and Stx1 are absolutely required for
cell survival, the more cytotoxic effect of loss of Stx1 than loss of
Munc18-1 indicates that Stx1, but not Munc18-1, is absolutely
essential for neuronal survival. Alternatively, both Stx1 and
Muncl8-1 have equally important functions in neuronal sur-
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Figure 3.

Loss of Stx1 leads to an earlier and more severe neuronal lethality than loss of Munc18-1. A, Example images of cultured WT and Munc18-1 KO cortical neurons at DIV 1 (left) and

summary graph of percentage of surviving neurons in the cultures at DIV 1-10 and at DIV 22 (right). n = 58 — 60 images from three independent cultures. B, Example images (left) and summary
graph of percentage (right) of surviving neurons at DIV 22 in the WT culture infected with viruses to express only NLS-GFP and in the Munc18-1KO cultures infected with viruses to express Munc18-1.
n = 60images from three independent cultures. ¢, Summary graph of percentage of surviving Stx1A/1B DKO neurons at DIV 4 infected with viruses to express only NLS-GFP or Munc18-1. D, Example
images of surviving Munc18-1 KO neurons at DIV 6 infected with viruses to express only NLS-GFP, Stx1A, or Stx1B. E, Summary graphs of percentage of Munc18-1 KO neurons expressing only
NLS-GFP, Stx1A, or Stx1B at DIV 6 and 10. n = 60 images from three independent cultures. F, Example immunoblot (left) and summary graph (right) showing Stx1A and Stx1B protein levels in
whole-brain lysates obtained from E16 WT and Munc18-1 KO animals. n = 5 animals for each genotype. Scale bars in A, B, and D, 50 pum. Data points in A and bar graphsin B, €, E, and F show
means == SEM. Statistical analysis was applied by Student’s ¢ test in A—Cand F and by one-way ANOVA followed by Tukey’s post hoc test in E; *p < 0.05; **p < 0.01; ***p =< 0.001.

vival, but another Munc18 isoform, such as Munc18-2, which
has been shown to bind to Stx1 (Hata and Siidhof, 1995; Rowe et
al., 2001; Gulyas-Kovécs et al., 2007), partially supports cell
viability.

Stx1 is essential for neuronal maintenance, not only at early
developmental stages, but also after maturation in vitro

The immature death of Stx1A/1B DKO neurons not only re-
strains the investigation of the Stx1 requirement for neuronal
maintenance to the developing neurons, but also renders the
studies of the impact of Stx1 loss on synaptic transmission

impracticable. Is the Stx1 requirement for neuronal mainte-
nance confined to development or do neurons perpetually
need Stx1 function for viability also after maturation? By using
a Cre/LoxP recombination system, we generated an Stx1A/1B
conditional DKO (cDKO) mouse line in which the Stx1B gene
was flanked by two LoxP sites on an Stx1A-null background
(Stx1B"FL/Stx1A KO) and thereby bypassed the premature
death of Stx1-deficient neurons. High-density hippocampal
cultures were prepared from newborn homozygous Stx1A/1B
¢DKO mice and Stx1B was removed in vitro by Cre recombinase
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derived from PO —P2 Stx1B ™/™/Stx1A KO animals. Stx1A/1B cDKO neurons were generated by infection at DIV 1 with viruses to express Cre recombinase. Cultures infected with viruses to express only
NLS-RFP were used as a control. n = 40 images from two independent cultures for DIV 11,15, 17,19, 21, and 25. n = 59— 62 from three independent cultures for DIV 7,9, 13, and 23. B, Example
images of Stx1A/1B ¢DKO cultures generated by infection at DIV 3 with viruses to express Cre recombinase (left) and summary graph of percentage of surviving control and Stx1A/1B ¢<DKO neu-
ronsinfected at DIV 3, 5, and 7 with viruses to express Cre recombinase (right). n = 39— 40 images from two independent cultures for DIV 11,15, 19, 27,33, 39, and 42 and n = 58 — 60 from three
independent cultures for DIV 7 and 23. Scale bar, 50 um. €, Example images of control and Stx1A/1B ¢DKO cultures at DIV 42. Scale bars, 50 um. Data points show means = SEM. Statistical analysis

was applied by Student’s ¢ test; *p = 0.05; **p < 0.01; ***p =< 0.001.

expression induced by lentiviral infection at DIV 1. The control neu-
rons were of the same genotype (Stx1B™/Stx1A KO), but were
transduced with viruses expressing only the reporter construct NLS-
RFP. The number of surviving neurons was determined between
DIV 7 and 25 and normalized to the number of neurons of the
control group at DIV 7. The number of the control neurons and the
number of the Stx1A/1B ¢cDKO neurons infected with viruses at DIV
1 to express Cre recombinase were comparable between DIV 7 and
11 (Fig. 4A). However, we observed a gradual reduction of viable
Stx1A/1B ¢DKO neurons starting at DIV 13 and the neuronal via-
bility reached 50% at DIV 15, whereas the number of control neu-
rons did not show any significant differences between DIV 7 and 25
(Fig. 4A), showing Stx1 dependency for neuronal maintenance after
development.

To further assess the impact of Stx1 loss on neuronal mainte-
nance at later stages after neuronal maturation is accomplished, Cre
recombinase expression was induced by infection at DIV 3, 5, and 7,
and subsequently the neuronal viability was monitored up to DIV
42. The delayed induction of Cre recombinase expression and thus

the delayed Stx1B turnover ultimately led again to neuronal lethality
but with a delayed onset. The viability declined to 50% at DIV 23, 33,
and 39 for neurons that were transduced with Cre recombinase at
DIV 3, 5, and 7, respectively (Fig. 4B). The time between genetic
removal of Stx1 and cell loss was in the range of 2-3 weeks (Fig.
4A,B), suggestive of a slow Stx1 turnover and/or that only a severe
drop in Stx1 levels leads to cell death, which is consistent with the
findings from previous Stx1 hypomorphic models (Arancillo et al.,
2013). The severity of the structural defects at DIV 42 appeared more
substantial in the groups infected with Cre recombinase at earlier
time points (Fig. 4C). Altogether, these data demonstrate that Stx1 is
essential for neuronal maintenance, not only at early developmental
stages, but throughout the lifespan of a neuron.

Stx1 is required for vesicle priming and fusion

The in vivo and in vitro lethality observed in Stx1-deficient neu-
rons demonstrate that Stx1 is essential for neuronal maintenance
during development and after maturation; however, it also ob-
scures the investigation of Stx1’s functions in neurotransmitter
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Stx1is required for vesicle priming and fusion. A, Example images (top left and bottom) and summary graph (top right) of immunofluorescence labeling for Stx1B (green) in control and

in StxTA/1B cDKO neurons infected at DIV 3 or 5 with viruses to express Cre recombinase. The average intensities of Stx1B immunofluorescence signals were measured at compartments positive for
Bassoon immunofluorescence signal (red) and the values were normalized to the values obtained from control neurons (dashed lines). n = 24— 41 images from two independent cultures. B,
Example traces (left) and summary graph (right) of EPSCs evoked by a 2 ms depolarization in autaptic neurons derived from PO —P2 Stx1A KO and Stx1A/1B ¢<DKO mice. The neurons were infected
at DIV 3 with viruses to express Cre recombinase. €, Example traces (left) and summary graph (right) of readily releasable pool in Stx1A KO and Stx1A/1B ¢DKO neurons determined by 500 mm sucrose
application for 5. D, Example traces (left) and summary graph (right) of mEPSCs in StxTA KO and StxTA/1B cDKO neurons recorded at holding potential —70 mV. Bar graphs show means == SEM.
Statistical analysis was applied by one-way ANOVA followed by Tukey's post hoc test; *p =< 0.05, **p =< 0.01, ***p =< 0.001. Cell numbers and the number of independent cultures are presented
in the graphs in B—D. Artifacts and/or action potentials are blanked in B and C. The traces were filtered at 1 kHzin D.

release such that the impacts of Stx1 deficiency on neurotrans-
mission in mammalian neurons could be determined only by
severe reduction of Stx1B expression on a Stx1A-null background
(Arancillo et al., 2013; Zhou et al., 2013). To find a time window
for electrophysiological examination at which the neurons are
mature, yet intact and completely devoid of Stx1, we monitored
Stx1B protein levels in Stx1A/1B ¢cDKO neurons, which were
infected at DIV 3 or 5 with viruses to express Cre recombinase
and fixed at DIV 12 and 21 (Fig. 5A). Immunofluorescence label-
ing in both Stx1A/1B ¢cDKO groups expressing Cre recombinase
revealed Stx1B signals at a level of 15-30% compared with the
control neurons at DIV 12, whereas at DIV 21, no further reduc-
tion in Stx1B signal was observed in Stx1A/1B ¢cDKO neurons
infected at DIV 3 (Fig. 5A). This suggests that the values obtained
in this group for Stx1B signal at DIV 12 represent background
(Fig. 5A). We therefore chose infection at DIV 3 to express Cre
recombinase in Stx1A/1B cDKO neurons to eliminate Stx1B be-
cause, at DIV 12, these neurons were still alive, appeared intact,
and yet Stx1 was completely absent (Figs. 4B, 5A).

To evaluate the impact of loss of Stx1 on neurotransmitter
release, we recorded Ca?"-evoked release, spontaneous release,
and hypertonic sucrose solution-evoked release from autaptic
hippocampal cultures of Stx1A/1B ¢cDKO neurons compared
with WT-like Stx1A KO neurons. The control neurons, namely
the Stx1A KO neurons expressing either the reporter NLS-RFP or
Cre recombinase, as well as Stx1A/1B ¢cDKO neurons expressing
only NLS-RFP, produced robust and comparable EPSCs with an
average peak amplitude of ~4nA (Fig. 5B). Conversely, loss of
both Stxl isoforms by expression of Cre recombinase in
Stx1A/1B cDKO neurons essentially abolished EPSCs (Fig. 5B).

Among 27 Stx1A/1B ¢cDKO neurons, 22 of them exhibited no
evoked transmitter release and the remaining five had an average
EPSC 0f0.21 * 0.06 nA. Furthermore, measurements of the RRP
of vesicles evoked by 5 s application of 500 mm hypertonic solu-
tion revealed a complete absence of fusion-competent vesicles in
Stx1A/1B ¢DKO neurons expressing Cre recombinase, whereas
the control groups exhibited RRPs of an average size of ~0.4 nC
(Fig. 5C). Similarly, spontaneous release was also compa-
rable among the control groups, as revealed by comparable
mEPSC frequencies, whereas no mEPSC events were detected in
Stx1A/1B ¢cDKO neurons expressing Cre recombinase (Fig. 5D).
These data indicate that the neuronal t-SNARE protein Stx1 is
absolutely required for vesicle priming and fusion.

Stx1’s function in neuronal survival is independent of its
function in neurotransmission

Having completely eliminated Stx1 expression, we wanted to test
whether the function of Stx1 in neuronal survival and in synaptic
transmission are coupled. Whereas the observation of the degen-
eration of synaptically silent mutant Munc18-1 KO neurons led
to the hypothesis that synaptic activity is required for neuronal
maintenance (Verhage et al., 2000), unimpaired survival of
Munc13-1/2 DKO provided counterevidence for this hypothesis
(Varoqueaux et al., 2002). Furthermore, a Stx]1 mutant with 2
point mutations interchanging the +4 and +5 hydrophobic lay-
ers of the SNARE motif (A240V, V244A; Stx1A2Y) is embryoni-
cally lethal in flies despite maintaining neurotransmitter release
albeit at severely reduced levels (Fergestad et al., 2001). The de-
generation phenotype of this mutant has been also shown by its
inability to rescue survival of rat neurons subjected to botulinum
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neurotoxin C (Peng et al., 2013). With the purpose of finding a
Stx1 mutant, which maintains neurotransmitter release, albeit
severely impaired, but which is noneffective for neuronal main-
tenance and thereby to split the functions of Stx1 in neurotrans-
mitter release and neuronal maintenance, we coexpressed
Stx1A*Y with Cre recombinase in Stx1A/B cDKO neurons. For
that purpose, we first examined the exogenous expression effi-
ciencies of Stx1A*Y and WT Stx1A (Stx1A™T) in Stx1A/1B cDKO
neurons expressing Cre recombinase. Immunofluorescence la-
beling of Stx1A*Y revealed an ~20% higher signal on average
compared with the StxIA"" at compartments positive for Bas-
soon signal, indicating that the exogenously expressed Stx1A*Y
can localize at synapses (Fig. 6A).

We next tested whether neurotransmitter release can be
rescued by Stx1A*Y compared with Stx1AW". Expression of
Stx1IAWT in Stx1A/1B ¢DKO neurons successfully restored
evoked and spontaneous neurotransmitter release, as well as

the RRP, back to the levels of control neurons, which includes
only endogenous Stx1B, demonstrating again a functional re-
dundancy between Stx1A and Stx1B in terms of neurotrans-
mitter release (Fig. 6B-D). Conversely, Stx1A*Y completely
failed to rescue evoked and spontaneous release, nor could it
restore the RRP in Stx1A/1B ¢DKO neurons (Fig. 6B—-D). Given
that StxIA™Y assembles into SNARE complexes, but with reduced
stability (Kee et al., 1995; Fergestad et al., 2001), and that, in Stx1A™Y,
the mutated hydrophobic layers are closer to the C terminus, these
data suggest that incomplete SNARE complex formation is not suf-
ficient for vesicle fusion or for vesicle priming.

We therefore wanted to address whether Stx1A*" and, indi-
rectly, whether partial SNARE complex assembly could rescue
neuronal survival despite being release incompetent. We induced
coexpression of Cre recombinase with Stx1A*Y or with Stx1A™"
by infecting Stx1A/1B ¢cDKO neurons with viruses at DIV 1. The
neurons were then counted at DIV 11 and DIV 24 and the ratio of
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DIV 12-14. We then examined the ultra-
structure of the synapses by using electron
microscopy. Stx1A/1B cDKO neurons ex-
pressing Cre recombinase revealed a
~50% reduction in the number of docked
vesicles compared with the control neu-
rons, whereas no significant differences
were observed in AZ length and total ves-
icle number within 30 nm AZ (Fig. 7).

+ Cre + Stx1AAV

A

B Even though our results point toward a
% g*;;l‘;}‘” b further reduction in vesicle docking com-
A pared with previous studies, which have
5 : analyzed the effects of severely reduced
- levels of Stx1B on Stx1A-null background
B % in mice (Arancillo et al., 2013; Imig et al.,
500- n.s. 1.0 —— = 4 n.s. 2014), the impairment in vesicle docking
c } D is not as severe as observed in Munc13-1/2
E 400 % 08 G 34 DKO neurons (Imig et al., 2014). How-
= 300 # 0.6 £ ever, our analysis in a conditional KO sys-
I > & 2- tem is hampered by cytotoxic effects of
3 2001 2 0.4 £ loss of Stx1 and thus biased toward cells
2 1004 2 0.2] 14 resembling severe hypomorphic expres-
93/ 38 532 ‘:‘30 3 93/ 15"‘8 1532/ 1‘;0 & 92/ 138 122 1‘;0 sion of Stxl. Although it is evident that
Creg B & o Ccr)ég = & % & s = & o Stx1 is essential for. vesicle docking, we
Six1A: - - WT AV Six1A: - - WT AV Six1A: - - WT AV cannot rule out the involvement of resid-
ual Stx1B in the manifestation of a re-

Figure7.  Stx1 functionsin vesicle docking and fusion can be uncoupled. 4, Example electron microscopy images of presynaptic ~ maining vesicle-docking function.

nerve terminals from Stx1A/1B ¢<DKO neurons coinfected at DIV2 with viruses to express the reporter constructs, Cre recombinase
and only a reporter construct, and Cre recombinase and Stx1A"" or Stx1A™Y. Arrows show the docked vesicles in the zoomed
images. Scale bars, 100 nm (top) and 50 nm (bottom). B, Summary graphs of AZ length, docked synaptic vesicles (SVs) per section,
and SVs within 30 nm of AZs. Bar graphs show means == SEM. Statistical analysis was applied by one-way ANOVA followed by
Tukey's post hoc test; *p =< 0.05, **p =< 0.01, ***p =< 0.001. The number of sections analyzed and the number of independent

cultures are presented in the graphs.

the cell numbers at DIV 24/DIV 11 was used as a read-out for
neuronal cell survival. StxIA™' successfully rescued the
Stx1A/1B ¢cDKO neurons against cell death, showing again func-
tional redundancy with Stx1B. Surprisingly, Stx1A*" also rescued
neuronal survival at levels comparable to the control and
Stx1AYT rescue (Fig. 6E). The inability of Stx1A*Y to rescue bot-
ulinum neurotoxin-mediated neuronal death might be due to the
additional mutation, which was included to render Stx1A cleav-
age resistant (Peng et al., 2013). Conversely, the efficiency of
Stx1A*Y to rescue neuronal survival in our assay, but not neu-
rotransmitter release, argues that the lack of synaptic activity is
not a cause of neuronal degeneration and that Stx1 has indepen-
dent functions in neuronal maintenance and neurotransmission.
It may also suggest that partial SNARE complex assembly is suf-
ficient for neuronal maintenance, but not for vesicle fusion and
priming.

Stx1 function in vesicle docking and fusion can be uncoupled

In addition to its functions in neuronal maintenance, vesicle fu-
sion, and vesicle priming, Stx1 plays a role in vesicle docking in
mammalian neurons (Gerber et al., 2008; Arancillo et al., 2013;
Imig et al., 2014). However, a reduction of more than ~70% in
Stx1 expression is required for observable impairments in vesicle
docking (Arancillo et al., 2013; Imig et al., 2014), whereas unfea-
sibility of complete elimination of Stx1 has obscured the analysis
of vesicle docking in the absence of Stx1. To evaluate the impact
of complete loss of Stx1 in vesicle docking, we performed high-
pressure freezing experiments of the cultured Stx1A/1B ¢<DKO
hippocampal neurons infected with viruses at DIV 2 and fixed at

Although our data demonstrate that
full SNARE complex assembly is abso-
lutely essential for vesicle fusion and
vesicle priming, as manifested by com-
plete inhibition of neurotransmission by
Stx1A*Y (Fig. 6), the role of SNARE com-
plex assembly in vesicle docking is still not
well defined. To test whether vesicle docking can be recovered in
Stx1A/1B ¢cDKO neurons by Stx1A*Y and thus by putative partial
SNARE complex assembly, we coexpressed StxIA™Y" or Stx1A*Y
with Cre recombinase. Expression of Stx1A™" fully restored ves-
icle docking back to the control levels, providing evidence for
functional redundancy between Stx1A and Stx1B also in terms of
vesicle docking (Fig. 7). Remarkably, expression of Stx1A*Y com-
pletely restored docked vesicles to levels comparable to the con-
trol neurons, demonstrating a clear functional difference
between vesicle docking and priming. More importantly, the
ability of Stx1A*Y to dock the vesicles successfully to the plasma
membrane is suggestive of the sufficiency of partially assembled
SNARE complexes for vesicle docking.

Discussion

The fundamental roles of Stx1 in neuronal maintenance and neu-
rotransmission have been well established by genetic manipula-
tion studies in invertebrates (Schulze et al., 1995; Burgess et al.,
1997; Saifee et al., 1998). The situation in mammalian neurons is
less clear. The redundancy between the two isoforms Stx1A and
Stx1B (Fujiwara et al., 2006; Gerber et al., 2008; Arancillo et al.,
2013; Zhou et al.,, 2013; Wu et al., 2015) and the embryonic
lethality in Stx1A/1B DKO mice (Mishima et al., 2014) limited
the functional studies of Stx1 only to the conditions of severely
reduced expression of Stx1 (Arancillo et al., 2013; Zhou et al.,
2013). With our Stx1A/1B DKO mouse models, we bypassed
these limitations and investigated the impacts of loss of Stx1 on
neurotransmission and neuronal maintenance in a mammalian
system. We draw several major conclusions. Stx1 has an abso-
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lutely essential function in neuronal maintenance in vivo and in
vitro, not only during development, but throughout the neuronal
life span. This function is independent of its function in neu-
rotransmission and the particular role of Stx1 in neurotransmis-
sion can be broken down into its functions in vesicle docking and
vesicle fusion.

Stx1 is absolutely required for neuronal maintenance
Complete loss of Stx1 by deletion of both Stx1A and Stx1B led to
embryonic lethality, which is consistent with a recent study
(Mishima et al., 2014) and caused widespread cell loss in embry-
onic mouse brains as well as premature neuronal lethality in vitro
(Figs. 1, 2). In addition, in vitro genetic removal of Stx1 subse-
quently caused death of differentiated neurons, demonstrating
the importance of Stx1 also for the neuronal maintenance after
maturation.

An equal severity of neuronal lethality was not observed so
far in other vesicular SNARE KO mutants because loss of Syb2
or SNAP-25 shows no signs of neuronal loss in vivo (Schoch et
al., 2001; Washbourne et al., 2002), with the latter leading to
neuronal death only in vitro (Delgado-Martinez et al., 2007).
Conversely, loss of Munc18-1, a well defined interaction part-
ner of Stx1, produces a phenocopy of loss of Stx1 with severe
neuronal lethality (Verhage et al., 2000), suggesting a func-
tional cooperation between Stx1 and Munc18-1 in neuronal
maintenance.

What is the function of Stx1 in neuronal maintenance and is it
coupled to its function in neurotransmitter release? Previous
studies suggest a primary dysfunction in trophic support to be the
underlying mechanism of Stx1-mediated cell death (Kofuji et al.,
2014); however, a putative glial dysfunction is incompatible with
our experiments because we cocultured the Stx1-deficient
neurons with WT astrocytes. Furthermore, selective death of
Munc18-1-deficient Purkinje cells in vivo showed the cell-
autonomous nature of the observed cell loss (Heeroma et al.,
2004). Nevertheless, we cannot rule out the involvement of dys-
functions in autocrine signaling pathways.

Lack of synaptic input has also been proposed as a possible
mechanism leading to neuronal death (Verhage et al., 2000), yet
the unimpaired viability of Syb1/2-deficient and Munc13-1/-2-
deficient neurons, despite being release incompetent (Varo-
queaux et al., 2002; Zimmermann et al., 2014), shows that
neuronal maintenance is independent of neurotransmission. In-
terestingly, in our conditional Stx1 deletion model, neuronal sur-
vival was rescued not only by WT Stx1, but also by a Stx1 mutant
(A240V, V244A; Stx1A™Y) that is fully deficient in neurotrans-
mitter release (Fig. 6). In view of these findings, we suggest that
Stx1, in conjunction with Munc18-1, is required for survival, but
in a function that is not related to neurotransmitter release, such
as in the ER, Golgi, and posttranslational trafficking processes
(Rowe et al., 1999, 2001; Toonen et al., 2005; Arunachalam et al.,
2008), in nonvesicular lipid trafficking, and/or in the ER posi-
tioning at the plasma membrane contact sites (Petkovic et al.,
2014). Defects in these systems would in turn lead to neuronal
death. Moreover, Stx1 interacts with glycine and GABA trans-
porters (Blakely et al., 1998; Lopez-Corcuera et al., 2001) and
modulates N- and P/Q-type Ca*" -channels (Lévéque et al., 1994;
Sheng et al., 1994) and M-type K *-channels (Regev et al., 2009;
Etzioni et al., 2011). A shift in the ionic homeostasis, such as
excess amounts of intracellular Ca**, could also produce cyto-
toxic effects (Valentino et al., 1993; Cataldi, 2013).

A direct cooperation of Stx1 and Munc18-1 in neuronal main-
tenance is not proven, but likely. As costabilizing chaperones
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(Rowe et al., 1999, 2001; Toonen et al., 2005), the putative coop-
eration of Munc18-1 and Stx1 may in principle be based on an
upstream—downstream relationship as implied by our cross-
rescue experiments (Fig. 3). Differential efficiencies of Stx1A and
Stx1B to rescue Munc18-1 KO neurons (Fig. 3D, E) also points
toward a correlation between Muncl8-1-dependent Stx1 iso-
form stability and the severity of phenotype. In fact, loss of Stx1B
isoforms is more deleterious than loss of Stx1A (Kofuji et al.,
2014; Mishima et al., 2014; Wu et al., 2015) and a decrease in
Munc18-1 protein levels is observed only as a result of loss or
severe reduction of Stx1B (Gerber et al., 2008; Arancillo et al.,
2013; Wu etal., 2015), not as a result of loss of Stx1A (Fujiwara et
al., 2006; Gerber et al., 2008). However, the ultimate death of
either Stx1- or Munc18-1 deficient neurons is incompatible with
such an upstream—downstream relationship. Alternatively, a
partial redundancy of Munc18-1 with another isoform, such as
Munc18-2, could explain the differential cross rescue activities of
Stx1 and Muncl18-1. Even though Munc18-2 is not expressed at
detectable levels in neurons (Hata and Siidhof, 1995), it has been
shown to be able to bind to Stx1 (Hata and Siidhof, 1995; Rowe et
al., 2001; Gulyés-Kovacs et al., 2007) and to be expressed at ele-
vated levels in Munc18-1 knock-down PC12 cells (Arunachalam
etal., 2008), yet the expression pattern of Munc18 isoforms in the
developing brain remains to be elucidated.

Differential functions of Stx1 in vesicle docking and fusion
With our Stx1A/1B ¢DKO mouse model, we identified a time
window when endogenous Stx1 was completely lost with no ap-
parent signs of degenerated neuronal structures, providing the
suitable conditions for studies of Stx1’s functions in neurotrans-
mission. Electrophysiological recordings from Stx1A/1B ¢cDKO
hippocampal neurons revealed complete elimination of neu-
rotransmitter release, including spontaneous and synchronous
or asynchronous evoked release (Fig. 5). In addition, vesicle
priming was completely inhibited as shown by lack of fusion
competent vesicles (Fig. 5). However, a recent study with a sim-
ilar Stx1A/1B DKO mouse model showed residual asynchronous
synaptic activity (Mishima et al., 2014), supporting a model in
which release can occur in the absence of Stx1. The asynchronous
release observed by Mishima et al. (2014) might be due to up-
regulation of, or compensation by, another Stx isoform in a sub-
population of embryonic cortical neurons. Indeed, similar issues
of redundancies have also been observed for the other two mam-
malian synaptic SNAREs. Remaining release activity in SNAP-
25-deficient neurons (Washbourne et al., 2002) may well be
mediated by SNAP-23 (Delgado-Martinez et al., 2007). In
addition, Syb2 is partially redundant to Sybl and the latter is
responsible for remaining release activity (Schoch et al., 2001;
Zimmermann et al., 2014) and vesicle-docking activity (Imig et
al., 2014) in Syb2 KO neurons. Together, our results fully support
the canonical role of SNAREs for any form of neurotransmission.
We also used the Stx1A/1B ¢cDKO models for functional re-
constitution experiments. Although exogenous expression of
WT Stx1A completely restored vesicle fusion and priming in
Stx1A/1B cDKO neurons, the Stx1A*Y mutant failed to do so. By
the position of the mutations A240V, V244A, which lay at the +4
and +5 layers of SNARE motif, it is plausible that Stx1A*Y would
assemble with the other SNARE proteins into SNARE complexes.
In fact, it has been demonstrated by in vitro experiments that
Stx1A*Y forms ternary SNARE complexes with SNAP-25 and
Syb-2 (Kee et al., 1995; Fergestad et al., 2001). However, the
reduced stability of the SNARE complexes containing Stx1A*Y
(Kee et al., 1995; Fergestad et al., 2001) would suggest impair-
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ment in full assembly, which in turn may explain the inhibition of
neurotransmitter release in our study.

Remarkably, Stx1A*Y was able to fully rescue vesicle docking
to WT levels in Stx1A/1B ¢cDKO neurons, yet the vesicles were
fusion incompetent. This differential effect strongly supports two
hypotheses: (1) vesicle docking and vesicle priming are two dis-
tinct functional steps that can be differentially assessed by mor-
phological and electrophysiological analysis and (2) vesicle
docking is less affected by the stability of SNARE complexes than
neurotransmitter release. These phenomena can be explained by
the sequential zippering mechanism: SNARE complex assembly
is mediated by zippering from the N to the C terminus and par-
tially assembled SNARE complexes are arrested before Ca** en-
try. In fact, structural analyses using nuclear magnetic resonance
or atomic force microscopies depicted a sequential SNARE com-
plex formation proceeding in two or three steps (Ellena et al.,
2009; Gao et al., 2012; Liang et al., 2013). In addition, mutational
analysis of SNAP-25 and Syb2 in neurons and chromaffin cells
revealed the critical role of the layers from +4 to +6 of the
SNARE complex in neurotransmitter release, supporting the hy-
pothesis of sequential assembly of the SNARE complex (Serensen
et al., 2006; Walter et al., 2010). Consistent with these observa-
tions, we show here that docking and priming/fusion are associ-
ated with different SNARE assembly states, in which the docking
state does not require an intact layer +4/+5 structure. Overall,
this suggests that these residues might reside between two sepa-
rate functional domains in the SNARE complex, which are sepa-
rately responsible for vesicle docking and priming.
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