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Figure 1. A candidate RNAi screen for regulators of postsynaptic exocytosis. (A,B) Representative images of Syt4-pH expressed with the postsynaptic

muscle driver 24B-GAL4. Syt4-pH (green) accumulates in postsynaptic membrane that also contains domains of GluRIII (magenta) (A). Syt4-pH also

decorates numerous cytoplasmic puncta, many of which overlap with the Golgi marker Lva (magenta), arrowheads (B). (C–F) Examples of candidate

RNAis affecting Syt4-pH localization: control (C); Syx4-RNAi reduces Syt4-pH at the membrane and causes a redistribution to prominent cytoplasmic

puncta, arrowheads (D); Lasp-RNAi increases Syt4-pH at the membrane (E); and Syx7-RNAi causes a redistribution of Syt4-pH puncta around the NMJ

without affecting the intensity at the membrane (F). (C0–F0) Close-ups of C–F. Scale bars = 7 mm (A), 5 mm (B–F), 2 mm (C0–F0).
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Figure 1—figure supplement 1. Both Syt4-GFP CRISPR knock-in and overexpression of Syt4-pH can replace endogenous Syt4 with respect to synaptic

architecture and plasticity. (A–D) Representative images of NMJs stained with antibodies to HRP (magenta) and the postsynaptic marker Dlg (green) to

Figure 1—figure supplement 1 continued on next page

Harris et al. eLife 2016;5:e13881. DOI: 10.7554/eLife.13881 3 of 21

Research Article Cell biology Neuroscience

http://dx.doi.org/10.7554/eLife.13881


Figure 1—figure supplement 1 continued

highlight synaptic boutons. Acute budding of new varicosities (“ghost boutons”) was stimulated with spaced incubations in high K+. Ghost boutons are

identified as round HRP+ structures lacking Dlg signal (arrowheads). Images are shown from the control genotype Syt4PRE (A,A0), a precise excision line

that serves as a genetic background control for the Syt4BA1 allele (B,B0). Also shown are images from animals expressing Syt4-pH postsynaptically in the

Syt4 null background (Syt4BA1 24B>Syt4-pH; C,C0), and the CRISPR GFP knock-in line Syt4GFP-2M (D,D0). (E) Quantification of bouton number normalized

to yw, a genetic background control for Syt4GFP-2M. Blue line indicates the yw control mean. Data are presented as mean ± SEM. (F) Quantification of

ghost bouton number per NMJ from animals without (�) or with (+) high K+ stimulation. Data are presented as mean ± SEM. Syt4BA1 24B>Syt4-pH

animals have a normal number of boutons and exhibit normal budding of ghost boutons compared to the Syt4PRE control, and are significantly rescued

compared to Syt4BA1. Syt4GFP-2M animals have a normal number of boutons and exhibit normal budding of ghost boutons compared to the yw control

line. Scale bars = 20 mm (A–D), 6.7 mm (A0–D0). Sample size (n), mean, SEM, and pairwise statistical comparisons are presented for the data in (E) and

(F).
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Figure 1—figure supplement 2. pHluorin is quenched in live but not fixed preparations. Animals expressing Syt4-pH in the postsynaptic cell

(24B>Syt4-pH) were dissected and imaged live or following fixation in paraformaldehyde. The same animal was imaged first following incubation in pH

7.2 HL3.1 buffer and second following incubation in pH 5.0 HL3.1 buffer. Arrows indicate plasma membrane accumulations of Syt4-pH. Scale bars = 2.5

mm.
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Figure 2. Syntaxin 4 is a postsynaptic plasma membrane SNARE. (A) Syx4 genomic region. Coding exons are indicated in green while non-coding

exons are in blue. Two predicted start sites (ATG) are indicated in orange. The location of the P-element used for mutagenesis (P) is indicated in red.

Figure 2 continued on next page
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Figure 2 continued

Three alleles of Syx4 were isolated. Deleted regions are indicated in red. Solid lines indicate regions known to be deleted from PCR analysis and

sequencing, while dotted lines indicate regions within which breakpoints have been mapped. (B) Syx4 encodes a protein with an N-terminal domain, a

SNARE domain and a C-terminal transmembrane domain. There are two predicted isoforms that differ in the size of the N-terminal domain. (C,D)

Representative images of NMJs stained for Syx4 (green) and the neuronal membrane marker HRP (magenta). Syx4 staining at the synapse in precise

excision control animals (C) is absent in Syx473 mutant animals (D). (E) Representative image from an animal stained for Syx4 (green) and expressing

RFP-Syx4 (magenta) with 24B-GAL4. (F,G) Representative images from animals expressing Syt4-pH with 24B-GAL4 in a control (F) or Syx473 (G)

background. Syt4-pH is reduced at the postsynaptic membrane and redistributed to large cytoplasmic accumulations in Syx473 mutants. (F0,G0) Close-

ups of F and G. (H,I) Representative images from Syt4GFP-2M knock-in animals in a control (H) or Syx473 (I) background. Synaptic localization of Syt4GFP-

2M is reduced in Syx473 mutants. (H0,I0) Close-ups of H and I. Scale bars = 5 mm (C–I), 2 mm (F0,G0,H0,I0).

DOI: 10.7554/eLife.13881.007
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Figure 2—figure supplement 1. RT-PCR analysis of Syntaxin 4. Primers (red arrows) were designed to distinguish Syx4A and Syx4B transcripts by RT-

PCR. F1 and R amplify a product from Syx4A transcript and F2 and R amplify a product from Syx4B transcript. Both transcripts are detected in control

animals and both are absent from Syx473 nulls.

DOI: 10.7554/eLife.13881.008
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Figure 3. Syntaxin 4 regulates synaptic growth at the NMJ. (A–F) Representative images of NMJs stained with antibodies to the postsynaptic marker

Dlg (green) and the neuronal membrane marker HRP (magenta) to highlight the number of synaptic boutons; images are shown from precise excision

Figure 3 continued on next page
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Figure 3 continued

control (A), Syx473 (B), Syx448 (C), Syx439 (D), Syx473 24B>Syx4A (E), and Syx473 24B>Syx4B (F) animals. (G) Quantification of bouton number, normalized

to controls. Blue line indicates the control mean. Red line indicates Syx473 null mean. Data are presented as mean ± SEM. (H–J), Representative images

of NMJs stained with antibodies to GluRIII (green) and the AZ marker Brp (magenta); images are shown from precise excision control (H), Syx473 (I), and

Syx473 24B>Syx4A (J) animals. (K), Quantification of AZ density, calculated as the number of AZs per volume HRP. Data are presented as mean ± SEM.

(L) Quantification of GluRIII fluorescence per HRP fluorescence. Data are presented as mean ± SEM. Scale bars = 20 mm (A–F), 5 mm (H–J). Statistical

comparisons are fully described in Figure 3—source data 1, and are indicated here as ***p<0.001, **p<0.01, *p<0.05, ns = not significant; comparisons

are with control unless indicated.

DOI: 10.7554/eLife.13881.009

The following source data is available for figure 3:

Source data 1. Statistical data for Figure 3.

DOI: 10.7554/eLife.13881.010
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Figure 4. Genetic interactions between Syntaxin 4 and Synaptotagmin 4. (A–E) Representative images of NMJs stained with antibodies to the

postsynaptic marker Dlg (green) and the neuronal membrane marker HRP (magenta) to highlight the number of synaptic boutons; images are shown

from Syx473/+ (A), Syt4BA1/+ (B), Syx473/+ Syt4BA1/+ (C), Syx473/+ Syt4BA1 (D), and Syx473 Syt4BA1/+ (E) animals. (F) Quantification of bouton number,

normalized to controls. Blue line indicates the control mean. Data are presented as mean ± SEM. L = lethal. Scale bars = 20 mm (A–E). Statistical

comparisons are fully described in Figure 4—source data 1, and are indicated here as ***p<0.001, **p<0.01, *p<0.05, ns = not significant;

comparisons are with control unless indicated.

DOI: 10.7554/eLife.13881.011

The following source data is available for figure 4:

Source data 1. Statistical data for Figure 4.

DOI: 10.7554/eLife.13881.012
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Figure 5. Syntaxin 4 interacts with Neuroligin 1 and regulates its membrane localization. (A–E), Representative images of NMJs stained with antibodies

to the postsynaptic density marker Dlg (green) and the neuronal membrane marker HRP (magenta) to highlight the number of synaptic boutons;

Figure 5 continued on next page
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Figure 5 continued

images are shown from Syx473/+ (A), Nlg1ex3.1/+ (B), Nrx-1273/+ (C), Syx473/+ Nlg1ex3.1/+ (D), and Syx473/+ Nrx-1273/+ (E) animals. (F) Quantification of

bouton number, normalized to controls. Blue line indicates the control mean. Data are presented as mean ± SEM. (G–H), Representative images of

NMJs stained with antibodies against HRP (magenta) and expressing Nrx-1-GFP in a control (G) or Syx473 mutant (H) background. (I–J) Representative

images of NMJs stained with antibodies against HRP (magenta) and expressing Nlg1-GFP in a control (I) or Syx473 mutant (J) background. (K)

Quantification of GFP fluorescence per HRP fluorescence from animals expressing Nlg1-GFP in a control or Syx473 mutant background. Data are

presented as mean ± SEM. (L–M) Representative images of NMJs stained with antibodies against HRP (magenta) and expressing Nlg1Dcyto-GFP in a

control (L) or Syx473 mutant (M) background. (N–Q) Representative images of NMJs stained with antibodies against Brp (magenta) and GluRIII (green),

from precise excision control (N), Nlg1ex3.1 (O), Syx473/+ Nlg1ex3.1/+ (P), and Syx473 Nlg1ex3.1 (Q) animals. Arrowheads indicate AZs lacking an apposed

GluR field. Scale bars = 20 mm (A–E), 5 mm (I,J,L–Q). Statistical comparisons are fully described in Figure 5—source data 1, and are indicated here as

***p<0.001, **p<0.01, *p<0.05, ns = not significant; comparisons are with control unless indicated.

DOI: 10.7554/eLife.13881.013

The following source data is available for figure 5:

Source data 1. Statistical data for Figure 5.

DOI: 10.7554/eLife.13881.014
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Figure 5—figure supplement 1. Genetic interaction experiments between Syx4 and BMP pathway components.

(A) No genetic interactions are detected between Syx473 and components of the BMP pathway: witA12, witB11, or

gbb1. Single and double heterozygous combinations are shown. Data are presented as mean ± SEM, ns = not

significant. (B) Sample size (n), mean, SEM, and pairwise statistical comparisons are presented for the data in (A).

DOI: 10.7554/eLife.13881.015
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Figure 5—figure supplement 2. Genetic interaction experiments between single and double null mutants of

Syx4, Nlg1, and Nrx-1. (A) Double mutants combinations between Syx473, Nlg1ex3.1, and Nrx-1273 have severe

synaptic growth defects. Data are presented as mean ± SEM. Statistical comparisons are indicated here as

***p<0.001, **p<0.01, *p<0.05, ns = not significant; comparisons are with control unless indicated. (B) Sample size

(n), mean, SEM, and pairwise statistical comparisons are presented for the data in (A).

DOI: 10.7554/eLife.13881.016

Harris et al. eLife 2016;5:e13881. DOI: 10.7554/eLife.13881 15 of 21

Research Article Cell biology Neuroscience

http://dx.doi.org/10.7554/eLife.13881.016
http://dx.doi.org/10.7554/eLife.13881


Figure 6. No change in mobility of Neuroligin 1 is observed in Syntaxin 4 mutants. (A) Nlg1-Dendra2 construct. The Dendra2 tag was placed between

the transmembrane domain and the cytoplasmic tail. (B–C) Representative image from a single animal expressing Nlg1-Dendra2 in the postsynaptic

cell. One bouton (ROI1) was targeted with a 405 nm laser for photoconversion of the Dendra2 tag after 1 min. Non-photoconverted Nlg1-Dendra2 is

shown in green and photoconverted Nlg1-Dendra2 is shown in magenta before (B) and immediately after (C) photoconversion. (C0) Regions of interest:

Figure 6 continued on next page
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Figure 6 continued

ROI1, photoconverted region; ROIs 2 and 3, adjacent regions. (D) Fluorescent intensity over time for photoconverted and non-photoconverted

molecules in all three ROIs. Red arrows indicate time of photoconversion. (E) Quantification of DF/F of both photoconverted and non-photoconverted

molecules, in all three ROIs, in both the control and Syx473 mutant backgrounds. Data are presented as mean ± SEM. Scale bars = 5 mm. Statistical

comparisons are fully described in Figure 6—source data 1; no significant differences found (ns = not significant).

DOI: 10.7554/eLife.13881.017

The following source data is available for figure 6:

Source data 1. Statistical data for Figure 6.

DOI: 10.7554/eLife.13881.018
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Figure 7. Syntaxin 4, Synaptotagmin 4, and Neuroligin 1 regulate acute structural plasticity at the NMJ. (A–J) Representative images of NMJs stained

with antibodies to HRP (magenta) and the postsynaptic marker Dlg (green) to highlight synaptic boutons. Ghost bouton budding was stimulated with

Figure 7 continued on next page
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Figure 7 continued

spaced incubations in high K+. Ghost boutons are identified as round HRP+ structures lacking Dlg signal (arrowheads); images are shown from precise

excision control (A), Syx473/+ (B), Syt4BA1/+ (C), Nlg1ex3.1/+ (D), Syx473 (E), Syt4BA1 (F), Nlg1ex3.1 (G), Syx473/+ Syt4BA1/+ (H), Syx473/+ Nlg1ex3.1/+ (I), and

Syt4BA1/+ Nlg1ex3.1/+ (J) animals. (K) Quantification of ghost bouton number per NMJ from animals without (�) or with (+) high K+ stimulation. Data are

presented as mean ± SEM. Scale bars = 20 mm (A–J), 6.7 mm (A0–J0). Statistical comparisons are fully described in Figure 7—source data 1, and are

indicated here as ***p<0.001, **p<0.01, *p<0.05, ns = not significant; comparisons are with control unless indicated.

DOI: 10.7554/eLife.13881.021

The following source data is available for figure 7:

Source data 1. Statistical data for Figure 5.

DOI: 10.7554/eLife.13881.022
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Figure 7—figure supplement 1. Interaction experiments between Syt4 and Nlg1. (A) No genetic interactions are detected between Syt4 and Nlg1 with

respect to bouton number. Data are presented as mean ± SEM, ns = not significant, ANOVA. Control refers to a precise excision control line for the

Figure 7—figure supplement 1 continued on next page
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Figure 7—figure supplement 1 continued

Syt4BA1 allele. (B–C) Representative NMJs expressing Nlg1-GFP in control (B) or Syt4BA1 (C) backgrounds. (D) Quantification of GFP fluorescence

intensity per HRP fluorescence intensity, in animals expressing Nlg1-GFP in control or Syt4BA1 backgrounds. Data are presented as mean ± SEM, ns =

not significant, Student’s t test. Scale bars = 5 mm. Sample size (n), mean, SEM, and pairwise statistical comparisons are presented for the data in (A)

and (D).

DOI: 10.7554/eLife.13881.023
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