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Abstract

Signaling from the postsynaptic compartment regulates multiple aspects of synaptic development
and function. Syntaxin 4 (Syx4) is a plasma membrane t-SNARE that promotes the growth and
plasticity of Drosophila neuromuscular junctions (NMJs) by regulating the localization of key
synaptic proteins in the postsynaptic compartment. Here we describe electrophysiological analyses
and report that loss of Syx4 leads to enhanced neurotransmitter release, despite a decrease in the
number of active zones. We describe a requirement for postsynaptic Syx4 in regulating several
presynaptic parameters, including Ca2* cooperativity and the abundance of the presynaptic
calcium channel Cacophony (Cac) at active zones. These findings indicate Syx4 negatively
regulates presynaptic neurotransmitter release through a retrograde signaling mechanism from the
postsynaptic compartment.
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Introduction

Synapses exhibit multiple modes of plasticity, strengthening or weakening in response to
activity, while also constraining such changes in strength to remain within stable
physiological parameters. Alterations leading to changes in synaptic strength can occur on
both sides of the synapse. Presynaptically, such changes may include the spatial organization
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of synaptic vesicles, active zones, or molecular components of the neurotransmitter release
machinery (Kittel & Heckmann, 2016; Lazarevic, Pothula, Andres-Alonso, & Fejtova,
2013). Postsynaptically, a synapse may regulate the distribution or function of
neurotransmitter receptors or other components of the postsynaptic scaffold (Chater & Goda,
2014; Choquet & Triller, 2013), or make structural changes to the postsynaptic membrane
(Fu & Ip, 2017; Yin & Yuan, 2015). Transynaptic communication is critical for both pre-
and postsynaptic cells to sense changes in their environment and respond with appropriate
modifications.

Retrograde signaling from the postsynaptic to the presynaptic cell plays an important role in
regulating the synapse. In Drosophila, key retrograde pathways that affect the morphology
and function of the NMJ include TGF, Wnt, neurotrophins, and neuropeptides (Harris &
Littleton, 2015; Menon, Carrillo, & Zinn, 2013). However, it is still poorly understood how
multiple retrograde pathways are coordinated to mediate activity-dependent and homeostatic
plasticity.

We previously described a role for the plasma membrane t-SNARE Syx4 in regulating the
localization of key synaptic proteins in the postsynaptic compartment at the Drosophila NMJ
(Harris, Zhang, Piccioli, Perrimon, & Littleton, 2016). We found that Syx4 localizes to the
postsynaptic membrane and that null mutants of Syx4 exhibit reduced membrane levels of
Synaptotagmin 4 (Syt4), a postsynaptic Ca2* sensor that regulates retrograde signaling
(Barber, Jorquera, Melom, & Littleton, 2009; Korkut et al., 2013; Piccioli & Littleton, 2014;
Yoshihara, Adolfsen, Galle, & Littleton, 2005), and Neuroligin 1 (Nlgl), a transsynaptic
adhesion molecule that regulates synaptic organization and signaling (Banerjee, Venkatesan,
& Bhat, 2017; Banovic et al., 2010; Mosca, Hong, Dani, Favaloro, & Luo, 2012; Mozer &
Sandstrom, 2012; Owald et al., 2012). Syx4 mutants exhibit defects in the growth and
plasticity of the NMJ, including a reduction in the number of synaptic boutons, a reduction
in the density of active zones, and a failure to bud new boutons in response to strong
neuronal stimulation. Genetic interaction experiments indicate that Syx4 cooperates with
Syt4 and Nlg1 to regulate these processes (Harris et al., 2016).

The initial investigation of Syx4 did not include analysis of synaptic transmission. Here we
describe electrophysiology recordings at the NMJ to test synaptic transmission and report a
surprising finding. Despite an approximate 50% reduction in the number of active zones per
NMJ in Syx4 mutants, these animals exhibit synaptic enhancement, with an increase in
evoked release at low stimulus frequency and no change in spontaneous release frequency or
amplitude. We demonstrate that this synaptic enhancement is accompanied by presynaptic
changes at active zones that affect the efficiency of neurotransmitter release. Furthermore,
the enhanced presynaptic release in Syx4 mutants can be rescued by postsynaptic expression
of Syx4, implying a retrograde signaling mechanism.

Materials & Methods

Drosophila stocks

All Drosophila strains were cultured on standard media at 25°C. The following stocks were
used: 24B-GAL4(BDSC 1767; Brand and Perrimon, 1993); elav-GAL4/2] (BDSC 8765;
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(Luo, Liao, Jan, & Jan, 1994); Cac-GFP (Matkovic et al., 2013); Syt45A1 (Adolfsen,
Saraswati, Yoshihara, & Littleton, 2004); N/g1€¥3< (Banovic et al., 2010); UAS-Syx4A,
Syx4’3, Syx4°RE (Harris et al., 2016).

Electrophysiology

Wandering third instar larvae were dissected in HL3 saline (Stewart, Atwood, Renger, Wang,
& Wu, 1994) for evoked release experiments and in HL3.1 saline (Feng, Ueda, & Wu, 2004)
for paired-pulse facilitation experiments. The final concentration of Ca2* is indicated in each
figure legend. Recordings were taken using an AxoClamp 2B amplifier (Axon Instruments,
Burlingame, CA). A recording electrode was filled with 3M KCI and inserted into muscle 6
at abdominal segments A3 or A4. A stimulating electrode filled with saline was used to
stimulate the severed segmental nerve. Miniature excitatory junctional potentials (MEJPS;
minis) were recorded for 2 min and 16 nerve-evoked potentials (EJPs) were recorded at 1
Hz. Analyses were performed using Clampfit 10.0 software (Molecular Devices, Sunnyvale,
CA). Quantal content was determined by dividing the average EJP amplitude of a given
NMJ by the average mEJP amplitude from the same NMJ. Quantal content was corrected for
nonlinear summation as described in McLachlan & Martin (1981). Calcium cooperativity
was determined by log-transforming corrected quantal content and calcium concentration
values and finding the slope of the linear regression.

Immunostaining

Larvae were reared at 25°C and dissected at the third wandering instar stage. Larvae were
dissected in HL3 solution and fixed for 10 min in 4% paraformaldehyde. Following washes
in PBT (PBS containing 0.3% Triton X-100), larvae were blocked for one hour in PBT
containing 2% normal goat serum, incubated overnight with primary antibody at 4°C,
washed, incubated with secondary antibodies overnight at 4°C, washed, and mounted in
Vectashield (Vector Laboratories) for imaging. Antibodies were as follows: anti-Brp, 1:500
(DSHB nc82; Wagh et al., 2006); DyLight 649 conjugated anti-horseradish peroxidase,
1:1000 (Jackson ImmunoResearch); rabbit anti-GFP Alexa Fluor 488, Alexa Fluor 546 goat
anti-mouse, 1:400 (Life Technologies). Images were acquired with a 63x 1.4 NA oil-
immersion objective (Carl Zeiss).

Quantification of confocal images

Analyses were conducted using Volocity (version 6.3) or FIJI / ImageJ (version 2.0.0-
rc-32/1.49v; Schindelin et al., 2012). Measurements of Brp intensity and Cac-GFP intensity
were conducted on 12 1b boutons per animal, using 1 terminal bouton and 5 adjacent non-
terminal boutons, on two different branches; n refers to the number of animals analysed.
Cac-GFP intensity was quantified at individual active zones by first finding Brp puncta using
Thresholding and Analyze Particles in ImageJ, copying the corresponding ROIs to the Cac-
GFP channel, and taking Cac intensity measurements within the same ROIs. The intensity of
Cac-GFP was divided by the Brp intensity within each ROI. Brp intensity was quantified in
\olocity by measuring the fluorescence intensity of Brp signal within an ROl defined by the
HRP signal, and the average intensity within the ROI was divided by the average HRP
intensity. All analyses were performed blind to genotype.
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Statistical analysis

Results

Statistical analyses were performed using Prism software (v. 6.0h). Statistical significance in
two-way comparisons was determined by a Student’s test, while ANOVA analysis was
used when comparing more than two datasets. The pvalues associated with ANOVA tests
were obtained from a Tukey’s post-test. When described in the text or figures, statistical
comparisons are with control unless otherwise labelled and are indicated as ***p<0.005,
**<0.05, *p<0.05, ns=not significant. All mean, standard error of the mean, sample size,
and pvalues are listed in Supplemental Table 1.

To assess synaptic function in Syx4 mutant animals, we first measured nerve-evoked and
spontaneous neurotransmitter release at larval NMJs. For this and all other experiments
described in this study, control animals are from a precise excision line (Syx4°~E) generated
during the P-element excision mutagenesis that produced the Syx472 null deletion (Harris et
al., 2016). Nerve-evoked responses were collected at 1Hz stimulation in 0.3 mM
extracellular Ca2* and the mean EJP amplitude was calculated. Syx4 null mutants (Syx479)
exhibited a significant increase in EJP amplitude compared to control animals (Figure 1A,B.
Control, 6.4 + 0.62 mV [n=12]; Syx473, 15.44 + 1.7 mV [n=12], ***p<0.0001). We next
attempted to rescue Syx4 mutant defects by expressing a full-length Syx4 cDNA in the Syx4
null mutant background. We expressed Syx4 cDNA with either pre- or postsynaptic-specific
drivers (the pan neuronal drive elav-GAL4 and the muscle driver 24B-GAL4, respectively).
When expressed in the postsynaptic cell in Syx4 mutant animals, Syx4 was able to fully
rescue the Syx473 increase in evoked release (Syx4”° 24B-GAL4>UAS-Syx4, 6.5 + 0.86
mV [n=10], ns p>0.999). In contrast, expressing Syx4 presynaptically in Syx4 mutant
animals did not restore the evoked response to control levels (Syx47% elav-GAL4>UAS-
Syx4, 14.72 + 1.22 mV [n=10], ***p<0.0001). Simply overexpressing Syx4 in the control
background, using a postsynaptic-specific driver, did not alter EJP amplitude (24B-
GAL4>UAS-Syx4, 6.9 £ 0.6 mV [n=10], ns p=0.998). These findings indicate that Syx4 is
required postsynaptically to regulate the amplitude of evoked potentials.

We next recorded spontaneous vesicle release to assess mEJP amplitude and frequency. We
did not detect any change in mEJP parameters in Syx4 mutants or animals overexpressing
Syx4 (Figure 1C—E. mEJP frequency (Hz): Control, 2.62 + 0.30 [n=17]; Syx47%,3.42 + 0.32
[n=15], ns p=0.172; Syx4”3 24B-GAL4>UAS-Syx4, 2.57 + 0.18 [n=11], ns p>0.999; Syx473
elav-GAL4>UAS-Syx4, 2.88 £ 0.15 [n=11], ns p=0.959; 24B-GAL4>UAS-Syx4, 2.70
+0.25 [n=10], ns p>0.999. mEJP amplitude (mV): Control, 0.77 + 0.08 [n=17]; Syx47%,
0.78 + 0.06, [n=15], ns p>0.999; Syx47% 24B-GAL4>UAS-Syx4, 0.79 + 0.10 [n=11], ns
p=0.883; Syx4’% elav-GAL4>UAS-Syx4, 0.72 + 0.04 [n=11], ns p=0.989; 24B-
GAL4>UAS-Syx4,0.79 £ 0.06 [n=10], ns p=0.925).

We also measured input resistance and resting membrane potential (RMP) across all
genotypes. RMPs were between =50 mV and =70 mV and were not different between
genotypes (Supplemental Table 1. RMP (in mV): Control, -56.92 + 1.62 [n=17]; Syx47%,
-57.50 + 1.69 [n=15], ns p=0.999; Syx473 24B-GAL4>UAS-Syx4, -57.42 + 1.67 [n=11], ns
p>0.999; Syx473 elav-GAL4>UAS-Syx4, -58.10 + 2.29 [n=11], ns p=0.991 and 24B-
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GAL4>UAS-Syx4, —56.70 + 1.80 [n=10], ns p=0.999. Input resistances were between 5 MQ
and 10 MQ and were not different between genotypes (Supplemental Table 1. Input
resistance (in MQ): Control, 6.48 + 0.31 [n=17]; Syx473, 6.80 + 0.29 [n=15], ns p=0.956;
Syx473 24B-GAL4>UAS-Syx4, 6.73 + 0.48 [n=11], ns p=0.986; Syx4”3 elav-GAL4>UAS-
Syx4, 6.91 + 0.43 [n=11], ns p=0.915 and 24B-GAL4>UAS-Syx4, 6.79 + 0.38 [n=10], ns
p=0.976.

The observations that 1) EJP amplitude is increased and 2) mini frequency is unchanged in
Syx4 mutants are surprising because these animals exhibit a substantial decrease in both
bouton number and active zone density, leading to an estimated 50% reduction in the
number of active zones per NMJ (Harris et al., 2016). Given that glutamate receptor clusters
are unaffected upon loss of Syx4 (Harris et al., 2016), and that mEJP amplitude is also
unaffected (Figure 1D,E), we hypothesize that the observed increase in neurotransmission
may arise from presynaptic changes leading to potentiation of active zones. To test this idea,
we performed paired pulse facilitation (PPF) by measuring the ratio (P2/P1) between
postsynaptic responses at interpulse intervals of 25, 50, 75, and 100 ms (Figure 2A,B). Our
subsequent analysis was based only on the data from the 100 ms interpulse interval
recordings, as this largest interval allowed the resting membrane potential to return to
baseline between the first and second stimuli; this approach avoids differences in driving
force of the second response since the genotypes tested exhibited significantly different EJP
amplitudes. Control NMJs exhibited PPF as expected (P2/P1, 100 ms: 1.25 + 0.04 [n=10]).
In contrast, PPF was reduced in Syx4 mutants (P2/P1, 100 ms: 1.09 + 0.01 [n=8],
*p=0.030). These data are consistent with enhanced initial release from active zones in Syx4
mutants, such that further facilitation in response to a paired stimulus is inhibited.
Expression of postsynaptic Syx4in Syx4 mutant animals restored PPF and resulted in
increased facilitation compared to controls (P2/P1, 100 ms, 1.51 + 0.09 [n=8], **p<0.002).
Similar to what was observed for the EJP amplitude phenotype, simply overexpressing Syx4
in the control genotype, using a postsynaptic-specific driver, did not alter PPF (P2/P1, 100
ms, 1.25 + 0.03 [n=6], ns p>0.999), and presynaptic expression of Syx4 failed to rescue
Syx4 mutants (P2/P1, 100 ms, 1.00 + 0.01 [n=8], **p=0.002). Thus, Syx4 is required
postsynaptically for normal PPF.

Syx4 cooperates with both Syt4 and NIgl at the NMJ and together these proteins contribute
to 1) synaptic morphology, as assayed by counting the number of synaptic boutons, and 2)
synaptic plasticity, as assayed by measuring the ability to bud new (“ghost”) boutons in
response to spaced incubations in high K+ (Harris et al., 2016). We therefore tested whether
Syt4 or Nlgl might interact with Syx4 in the context of the electrophysiology phenotypes
described above, using the strategy of comparing double heterozygous combinations of null
mutant alleles to single heterozygotes. We detected no significant differences in evoked
amplitude or paired-pulse facilitation in Syx4/+ Syt4/ +animals or Syx4/ + Nilg1/+animals
compared to any of the single heterozygotes (Supplemental Figure 1). Both Sy#4and Nig1
null mutants previously exhibited a decrease in evoked release at the larval NMJ (Banovic et
al., 2010; Barber et al., 2009), in contrast to the increase in evoked release that occurs in
Syx4 nulls. Thus, we have no compelling evidence that Sy#4 or NfgI contributes to the
synaptic facilitation observed in Syx4 mutants.
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To determine the underlying mechanism of synaptic facilitation in Syx4 mutants, we
measured two parameters that might affect neurotransmitter release: 1) the distribution of the
presynaptic Ca2* channel Cac, and 2) Ca2* cooperativity of synaptic transmission. Cac
encodes the pore-forming subunit of the major voltage-gated Ca%* channel mediating
neurotransmission in Drosophila (Kawasaki, Felling, & Ordway, 2000). Cac localizes to
clusters associated with active zones (Kawasaki, Zou, Xu, & Ordway, 2004), and the level of
Cac at individual active zones correlates with neurotransmitter release probability
(Akbergenova, Zhang, Weiss-Sharabi, Cunningham, & Littleton, 2017; Gratz et al., 2018).
We used a genomic cac construct labelled with GFP at the C terminus (Matkovic et al.,
2013) to study the distribution of Cac in control and Syx4 mutant animals. This Cac-GFP
construct is advantageous as its expression is controlled by native promoter elements
(Matkovic et al., 2013); nevertheless, a caveat of this analysis is that we cannot rule out the
possibility that Cac-GFP could compete with endogenous Cac for localization to active
zones. We measured Cac-GFP intensity at individual active zones co-labelled with the
cytomatrix protein Brp. It was previous shown that Brp size and intensity are unaffected
upon loss of Syx4 (Harris et al., 2016), and we confirm that finding here (Figure 3E).
Interestingly, we detected a modest increase in Cac-GFP intensity, relative to Brp
fluorescence intensity, in Syx4 mutants compared to controls (Figure 3A,B,D. Control, 1.05
+0.05 [n=16]; Syx473 1.33 + 0.09 [n=16], *p=0.033). This effect is rescued by expression
of Syx4in the postsynaptic cell of Syx4 mutant animals, but not by presynaptic expression
in Syx4 mutant animals, and overexpression of Syx4in control animals has no effect (Figure
3C,D. Syx47% 24B-GAL4>UAS-Syx4, 0.94 + 0.05 [n=10], ns p=0.923; Syx4” elav-
GAL4>UAS-Syx4, 1.32 + 0.13 [n=13], *p=0.045; 24B-GAL4>UAS-Syx4, 0.93 + 0.10
[n=12], ns p=0.864). These data indicate that Syx4 mutant active zones accumulate more
Cac-GFP protein compared to controls. Assuming that Cac-GFP levels reflect an overall
accumulation of Cac at active zones, this is one mechanism which could contribute to
potentiation at Syx4 mutant synapses.

We next tested for alterations in Ca2* sensitivity and cooperativity by measuring the
amplitude of nerve-evoked responses over a range of Ca* concentrations (Figure 4A,B,
Supplemental Table 1). We observed a change in sensitivity to external Ca2*, indicated by a
leftward shift in the EJP — Ca2* and quantal content— Ca2* curves (Figure 4A,B). We then
estimated Ca2* cooperativity by log-transforming the data and finding the slope of the best-
fit linear regression line for non-saturating Ca2* concentrations (Figure 4C). We measured a
cooperativity coefficient of 2.64 £+ 0.22 in control animals. In contrast, Syx4 mutants had a
coefficient of 1.65 + 0.20, reflecting a statistically significant reduction in the Ca%*
cooperativity of release (*p=0.039). This effect was rescued by postsynaptic (2.42 + 0.26, ns
p=0.9690), but not presynaptic (1.67 + 0.24, *p=0.045), expression of Syx4 in Syx4 mutant
animals. Overexpression of Syx4 in the postsynaptic cell in a control background did not
affect Ca2* cooperativity (2.58 + 0.27, ns p>0.999). This increase in sensitivity to Ca2* and
decrease in CaZ* cooperativity in Syx4 mutants is a second mechanism that may contribute
to synaptic potentiation.
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Discussion

Syntaxin 4 regulates multiple aspects of synaptic biology. Here we report a that loss of Syx4
leads to synaptic enhancement, a surprising finding give that Syx4 mutant synapses have
significantly fewer active zones than control animals. We observed an increase in evoked
release, and a reduction in paired-pulse facilitation, in Syx4 mutants. We also identified two
mechanisms that are likely to contribute to the increase in neurotransmission: an increase in
the levels of the presynaptic Ca2* channel Cac at individual active zones, and a decrease in
Ca?* cooperativity. These two potentiation mechanisms could be linked — for example, an
increase in Cac channels, leading to changes in Ca2* influx and the spatial arrangement of
the channels, could contribute to changes in the sensitivity of the exocytotic machinery to
Ca?*. However, we cannot rule out the possibility that they are distinct phenomena. As all of
these phenotypes are rescued by postsynaptic, but not presynaptic, expression of Syx4, our
data indicate a retrograde signaling mechanism by which Syx4 regulates active zones.

Cac clustering at active zones is regulated by components of the active zone cytomatrix,
including Brp (Kittel et al., 2006), RIM (Graf et al., 2012), RIM-binding protein (Liu et al.,
2011), Fife (Bruckner et al., 2017), and Unc13 (B6hme et al., 2016). Of these, Brp has the
largest effect, with an approximate 50% reduction in Cac levels at active zones of brp null
mutants. Although Syx4 mutants have no obvious defects in the size or intensity of Brp
clusters (Harris et al., 2016), we have not yet examined the distribution other cytomatrix
proteins. One mechanism for Cac regulation downstream of Syx4 signaling could be through
changes in the levels of other active zone cytomatrix components.

One possible explanation for the potentiation we observe in Syx4 mutants is that it is the
result of homeostatic compensation. Many studies have described homeostatic mechanisms
of potentiation and depression at the fly NMJ. In presynaptic homeostatic potentiation
(PHP), perturbations that inhibit the function of postsynaptic glutamate receptors by acute
pharmacological blockade (Frank, Kennedy, Goold, Marek, & Davis, 2006) or genetic loss
(Petersen, Fetter, Noordermeer, Goodman, & DiAntonio, 1997) are offset by compensatory
increases in neurotransmitter release. These presynaptic changes include increases in the
size and intensity of Brp clusters, increases in CaZ* influx or increases in the readily
releasable vesicle pool (Goel, Li, & Dickman, 2017; Kiragasi, Wondolowski, Li, &
Dickman, 2017; Muller & Davis, 2012; Weyhersmuller et al., 2011). Moderate Cac increases
have also been observed in conjunction with increases in Brp during PHP (Tsurudome et al.,
2010), though most studies have not reported Cac levels. Presynaptic homeostatic depression
(PHD) is a distinct phenomenon in which overexpression of the vesicular glutamate
transporter, resulting in more glutamate packaged per synaptic vesicle, is offset by
compensatory decreases in neurotransmitter release. PHD has been shown to involve a
decrease in presynaptic Ca2* influx and a decrease in Cac levels at active zones (Gavifio,
Ford, Archila, & Davis, 2015). Thus, the synapse employs multiple mechanisms during
homeostatic plasticity, including regulation of Cac channels and Ca?* influx.

An important distinction is that during homeostatic compensation the compensatory changes
typically restore muscle depolarization precisely, whereas in Syx4 mutants we see a
significant enhancement of neurotransmission, well beyond control levels. Nevertheless, it
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may be interesting to investigate whether any of the known homeostatic pathways are
required for potentiation in Syx4 mutants. It is also possible that Syx4 itself is engaged in
homeostatic mechanisms. For example, if Syx4 is involved in downregulating Cac channels,
it could potentially participate in the PHD mechanism described by Gavifio et al (2015),
which would therefore be impaired in Syx4 mutant animals. Syx4 could also interact with
other retrograde pathways that affect presynaptic release probability, such as signaling
through the importin Imp13, which functions postsynaptically to regulate release probability
and presynaptic intracellular Ca?* (Giagtzoglou, Lin, Haueter, & Bellen, 2009).

One intriguing observation from our study is that paired-pulse facilitation is enhanced,
compared to controls, when Syx4is expressed postsynaptically in Syx4 mutants. This is
surprising since simple overexpression of Syx4in a wildtype animal does not affect
facilitation. While we do not yet understand how this enhanced facilitation arises, one
possibility could be differential expression of Syx4 isoforms. All of the overexpression and
rescue experiments described in this study were conducted using a full-length Syx4 cDNA
(Syx4A). However, there is a second isoform of Syx4 (Syx4B), encoding a shorter N-
terminus, which is redundant with the A isoform with respect to all other phenotypes
characterized for Syx4to date (Harris et al., 2016 and data not shown). It is possible that
paired-pulse facilitation is particularly sensitive to the ratio of Syx4 isoforms, leading to
differences in phenotype in rescued animals (where Syx4A is expressed in the null mutant
background) compared to overexpression animals (where Syx4A is expressed in control
background and both endogenous isoforms are present). It will be interesting to investigate
this and other possible mechanisms in the future.

How Syx4-dependent signaling from the muscle leads to presynaptic changes at active zones
remains an interesting open question. Syx4 regulates the membrane localization of two
postsynaptic cargo molecules, Syt4 and Neuroligin 1, which cooperate to modulate the size
and plasticity of the NMJ (Harris et al., 2016). However, we found no evidence that Syt4 or
Nlg participate with Syx4 to regulate the Syx4 presynaptic enhancement phenotypes. Thus,
itis likely that Syx4, as a postsynaptic t-SNARE, mediates the release of additional
retrograde signals, and that multiple overlapping Syx4-dependent pathways are involved in
establishing normal synaptic morphology, plasticity, and function.

Conclusions

We described electrophysiological analysis of animals lacking the postsynaptic t-SNARE
Syx4. Syx4 mutants exhibit synaptic enhancement accompanied by presynaptic changes at
active zones, including an increase in presynaptic Ca2* channels at active zones and a
decrease in Ca%* cooperativity. All of these features are rescued by restoring postsynaptic
Syx4. We conclude that retrograde pathways regulated by Syx4 inhibit active zone
potentiation, and that Syx4 modulates multiple postsynaptic signaling pathways with
overlapping function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Syntaxin 4 regulates evoked release. (A) Mean nerve-evoked amplitudes (£ SEM, in mV) for

the indicated genotypes in HL3 saline containing 0.3 mM Ca?*. (B) Representative traces of
nerve-evoked responses for the indicated genotypes. (C) Mean frequency of spontaneous
(mini) release (+ SEM, in Hz) for the indicated genotypes. (D) Mean amplitude of mini
release (+ SEM, in mV) for the indicated genotypes. (E) Representative traces of
spontaneous release events for control and Syx4”% mutants.
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Figure2.
Syntaxin 4 regulates paired pulse facilitation. (A) Mean (£ SEM) paired pulse ratio (the

second response, P2, divided by the first response, P1) at interpulse intervals of 25, 50, 75,
and 100 ms for the indicated genotypes. Recordings were performed in 0.2 mM Ca2* in
HL3.1 saline. (B) Representative traces of paired pulse facilitation. With a 100 ms interpulse
interval, resting membrane potential returned to baseline before the second stimulus. Thus,
the 100 ms data was used for subsequent analysis and interpretation of PPF values across
genotypes.
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Figure 3.
Syntaxin 4 regulates Cac levels at active zones (A—C) Representative images of Cac-GFP

(green) and Brp (magenta) in control animals (A), Syx4 null mutants (B), and Syx4 null
mutants expressing Syx4 in the postsynaptic cell (C). (A’-B") Close-ups of A—C. Scale bars
=7 um (A-C), 3.5 um (A"-B"). (D) Mean Cac-GFP fluorescence intensity per Brp
fluorescence intensity (£ SEM) at individual active zones for the indicated genotypes. (E)
Mean Brp fluorescence intensity per HRP fluorescence intensity (+ SEM) for the indicated
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genotypes. Mean HRP fluorescence intensity is unchanged across the genotypes used in this
study (see Supplemental Table 1).
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Figure 4.
Syntaxin 4 regulates the Ca2* cooperativity of neurotransmitter release. (A) Mean EJP

amplitude (in mV, = SEM) at various concentrations of Ca2* (uM) for the indicated
genotypes. (B) Mean corrected quantal content at various concentrations of Ca2* (uM) for
the indicated genotypes. (C) Log-log plot of mean corrected quantal content versus Ca?*
concentration. Slopes were determined from a linear regression of log-transformed data.
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