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SUMMARY

High-throughput electron microscopy has started
to reveal synaptic connectivity maps of single cir-
cuits and whole brain regions, for example, in the
Drosophila olfactory system. However, efficacy,
timing, and frequency tuning of synaptic vesicle
release are also highly diversified across brain synap-
ses. These features critically depend on the nano-
meter-scale coupling distance between voltage-
gatedCa2+channels (VGCCs) and the synaptic vesicle
release machinery. Combining light super resolution
microscopy with in vivo electrophysiology, we show
here that two orthogonal scaffold proteins (ELKS
family Bruchpilot, BRP, and Syd-1) cluster-specific
(M)Unc13 release factor isoforms either close (BRP/
Unc13A) or further away (Syd-1/Unc13B) fromVGCCs
across synapses of the Drosophila olfactory system,
resulting in different synapse-characteristic forms of
short-term plasticity. Moreover, BRP/Unc13A versus
Syd-1/Unc13B ratios were different between synapse
types. Thus, variation in tightly versus loosely coupled
scaffold protein/(M)Unc13 modules can tune syn-
apse-type-specific release features, and ‘‘nanoscopic
molecular fingerprints’’ might identify synapses with
specific temporal features.
INTRODUCTION

Synapses are highly specialized structures responsible for the

flow of information between neurons. Synapses can exhibit

high or low release probabilities. Different release probabilities

often distinguish synapses of distinct neuronal populations and

account for the diversity of synapse response time (fast and
Ce
This is an open access article under the CC BY-N
slow synapses), signal strength, and the adaption to signal trains

(short-term plasticity) (Gjorgjieva et al., 2016; Jackman and

Regehr, 2017). Biophysical and electrophysiological analyses

have suggested that both release probability and short-term

plasticity depend greatly on the nanometer-scale distance

(coupling distance) between synaptic vesicles (SVs) with their

Ca2+ sensor Synaptotagmin, and the voltage-operated Ca2+

channels (VGCCs). VGCCs mediate Ca2+ influx in response to

membrane depolarizations caused by action potentials (Egger-

mann et al., 2011; Stanley, 2016; Vyleta and Jonas, 2014; Wadel

et al., 2007; Wang et al., 2016). Essential release factors of the

(M)Unc13 protein family thereby seem to define SV release sites

and position SVs relative to the VGCCs (Böhme et al., 2016;

Sakamoto et al., 2018).

Effective coupling distances vary acrossmammalian brain syn-

apses, resulting inmajor functional differences (Eggermann et al.,

2011). The molecular mechanisms and proteins controlling these

coupling distances remained rather enigmatic for a long time.

Notably, only a few conserved families of large scaffold proteins

organize the presynaptic active zone (AZ), giving AZs their typical

ultrastructural shape and conferring stability to release sites

(Petzoldt et al., 2016; S€udhof, 2012). The AZ scaffold proteins in

both rodents and Drosophila cluster Ca2+ channels and release

factors, particularly (M)Unc13 which is essential for SV release

(Böhme et al., 2016; Wang et al., 2016). Consequently, these

molecules are crucial for patterning evoked SV release.

The functional diversity of specific synapses ultimately must be

encoded within their molecular makeup, and molecular diversity

exists even within traditional neurotransmitter type classifications

(O’Rourke et al., 2012). However, whether molecular ‘‘design

principles’’ exist that tune functional diversity over a spectrum

of synapse types, remain relevant, but unresolved questions.

We show here that the ratio between two AZ scaffold proteins

(ELKS family Bruchpilot [BRP] and Syd-1) varies widely across

synapse types of the Drosophila brain and thereby tunes their

effective coupling distance. BRP was responsible for clustering

the (M)Unc13 release factor isoform Unc13A close to the
ll Reports 23, 1259–1274, May 1, 2018 ª 2018 The Author(s). 1259
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VGCCs (z70 nm), while Syd-1 clustered Unc13B further away (>

100 nm). High BRP/Unc13A levels promoted a high release

probability at the first relay synapse of the olfactory system

and, consequently, supported a fast but depressing release

component. By contrast, neighboring interneuron synapses

and the second relay projection neuron synapse expressed

low Unc13A levels and depended more strongly on Unc13B.

Varying tightly versus loosely coupled scaffold protein/(M)

Unc13 complexes at presynaptic AZs might, thus, be a principle

for tuning synaptic release features. AZ scaffold proteins there-

fore operate close to the top of an epistatic molecular hierarchy

diversifying the release features of synapse types via a differen-

tial positioning of Unc13 isoforms.

RESULTS

AZ Scaffold Composition Diversity across Drosophila

Brain Synapses
We started by asking whether variation in presynaptic AZ scaf-

fold architecture might contribute to synapse diversity, and

stained adult Drosophila brains for two major organizing scaffold

proteins: BRP, a key component of the T-bar organization within

the AZ center (Kittel et al., 2006), and Syd-1, a conserved AZ

protein (Wentzel et al., 2013) localized at the edge of the AZ

nanoarchitecture (Owald et al., 2010).

While both scaffold proteins were expressed in all synaptic

areas of the brain (not shown), the relative intensity of Syd-1

and BRP varied between CNS regions and within them (Fig-

ure 1A). For example, the central brain ellipsoid (Figure 1B) and

fan-shaped bodies (Figure 1B0), higher integrative centers for

control of locomotion, showed differential staining patterns be-

tween the two scaffold proteins. These patterns were observed

robustly across experiments and were present both in immunos-

tainings using different antibodies (e.g., various antibodies

against BRP), and in the fluorescence signals of GFP knock-in

lines (not shown). Thus, these patterns are not artifacts caused

by fixation or penetration differences, but instead, reflect real dif-

ferences in the molecular composition between AZs belonging

to distinct synapse types.

AZ Scaffold Composition Predicts Unc13 Isoform
Diversity in the Olfactory System
The Drosophila olfactory system is an important model for

studying synaptic principles of sensory information processing,

routing, and encoding (Wilson, 2013). Olfactory receptor neurons
Figure 1. Distribution of Scaffold Proteins Syd-1 and Brp and Release

Adult Drosophila melanogaster Brains

(A–C) Confocal images of adult Drosophila w1118 brains stained against Syd-1 (m

intensity projection of a confocal stack (A). Ellipsoid body (B). Fan-shaped body

(D) False color-coded median BRP/Syd-1 ratio in the AL glomeruli VA2 and VA3

by ORCO-GAL4 and AZs of inhibitory LNs using LN1-GAL4. Color gradients vis

BRP/Syd-1: magenta-cyan).

(E) GFP-positive median ratios were normalized by median ratios of the surrou

the surrounding AL. The AZs positive for ORCO-GAL4 > BRPS were enriched fo

p = 0.000155, n = 8 each. The graph shows medians, interquartile ranges, and m

(F) AL stained against BRPNc82 (green), Unc13A (magenta), and Unc13B.

(G) AL stained against BRPNc82, Syd-1 (green), and Unc13B (magenta).

See also Figures S1, S2, and S6.
(ORNs) in the antennal lobe (AL) conveyolfactory information from

the antenna onto projection neurons (PNs), which carry the infor-

mation processed within the AL circuit to higher brain centers,

called the lateral horn (LH) and mushroom body (MB).

Information processing is tuned by local interneurons (LNs)

(Chou et al., 2010; Nagel et al., 2015). BRP levels in the AL were

high at the cortex of individual AL glomeruli (Figure 1C, seemagni-

fied image to the right), a position typical for ORN terminals

(Mosca and Luo, 2014; Rybak et al., 2016). Syd-1, however,

was distributed rather homogeneously over individual glomeruli

and the whole AL. We expressed the AZ scaffold marker BRP-

short-GFP (Schmid et al., 2008) within the principal AL neuron

populations to test directly to which neuron type these BRP-

rich presynaptic AZs belong. Note that BRP-short integrates

into AZ scaffolds, but does not contain the C-terminal BRP

epitope recognized by the antibody used for our BRP immuno-

staining (Kremer et al., 2010). When using an ORN-specific driver

line (ORCO-GAL4), the BRP expression pattern followed the

distribution of ORN-derived AZs (Figure 1D), and BRP/Syd-1

ratios were high in ORN-derived AZs (Figures 1D, second image,

and 1E). By contrast, when using the interneuron-specific

LN1-GAL4 line, GFP was expressed primarily toward the center

of individual glomeruli, and BRP/Syd-1 ratios were low at inter-

neuron-derived AZs (Figures 1D, fourth image, and 1E). BRP is,

thus, highly expressed at ORN-derived AZs, but less highly at

interneuron-derived AZs.

We have shown previously that expression of BRP-short

does not influence AZ number, AZ density, or the terminal area

in the MB calyx of adult Drosophila (Kremer et al., 2010). Never-

theless we wanted to rule out that the observed differences in

BRP/Syd-1 levels across AL AZ populations might have been

influenced by expression of brp-short constructs. We therefore

compared BRP/Syd-1 ratios in neuronal populations expressing

either BRP-short-GFP or membrane-associated GFP (mCD8-

GFP). Neither average BRP and Syd-1 intensities nor the

BRP/Syd-1 ratio changed significantly between BRP-short-

GFP- and mCD8-GFP-expressing animals (Figure S1A). The dif-

ferences in BRP/Syd-1 ratios observed using BRP-short-GFP

could be replicated when using mCD8-GFP (Figure S1B).

BRP and Syd-1 operate as ‘‘molecular spacers’’ at peripheral

neuromuscular junction (NMJ) synapses of Drosophila larvae,

and they define Ca2+ channel coupling distances via differential

positioning of either the Unc13 isoform Unc13A (via BRP, more

closely coupled) or Unc13B (via Syd-1, more loosely coupled)

(Böhme et al., 2016). Thus, we tested whether AZs were
Factor Unc13 Isoforms A and B in Different Neuron Populations of

agenta) and BRPNc82 (green). All scale bars, 10 mm. Central brain maximum

(B0). (C) Antennal lobe (AL), the blow-up shows AL glomeruli VA2 and VA3 (C).

. The AZs of ORNs were highlighted using BRP-short-GFP (BRPS) expressed

ualize the ratio between Syd-1 and BRPNc82 (high BRP/Syd-1: green-red; low

nding AL to illustrate the relative difference between GFP-positive AZs and

r BRP in comparison to LN1-derived AZs; Mann-Whitney U (MWU) test result:

in/max values.
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differentially associated with the release factor Unc13 isoforms A

and B within the AL. Unc13A matched BRP expression closely

throughout the AL (Figure 1F). As BRP is highly expressed at

ORN-derived AZs (Figures 1D and 1E), we conclude that

Unc13A is also enriched at ORN-derived AZs (see also Figures

5A and 5B) and confirmed this observation using Spearman cor-

relation-based colocalization analysis (Figure S2A). Unc13B and

Syd-1 colocalized as well but were distributed more homoge-

neously over AL AZs (Figure 1G). Notably, the ORN-to-PN syn-

apse is characterized by a high release probability (Kazama

andWilson, 2008), while LN synapses onto both ORNs and other

LNs are rather slow and facilitating (Liu and Wilson, 2013; Nagel

et al., 2015; Nagel and Wilson, 2016). Thus, the distribution of

Unc13 isoforms and their associated central (BRP/Unc13A)

and peripheral (Syd-1/Unc13B) scaffolding proteins correlates

with the known properties of AL synapses.

The PN boutons synapse onto MB Kenyon cell (KC) dendrites

form so-called PN microglomeruli in the MB calyx (Kremer et al.,

2010), the second relay of the olfactory system. These synapses

operate slowly and need to adapt to the very high action poten-

tial (AP) frequencies typical for PNs (above 100 Hz) (Gruntman

and Turner, 2013). The AZs derived from either KCs or LNs are

positioned in between the microglomeruli (Christiansen et al.,

2011). The BRP staining showed a rather homogeneous distribu-

tion over the calyx (Figure 2A). By contrast, Syd-1 labeling was

very strong within microglomeruli (Figure 2A, yellow circles and

arrows), where PN boutons synapse onto KC dendrites. We

quantified BRP/Syd-1 ratios expressing BRP-short with PN-

and KC-specific (Figure 2B) driver lines. The AZs of PNs were

strongly enriched for Syd-1 (Figure 2C). Next, we compared

Unc13A and Unc13B staining to BRP and Syd-1 (Figures 2D

and 2E). As in the AL, the Unc13A distribution matched the

BRP distribution (Figure 2D). Similarly, Unc13B strictly followed

the Syd-1 pattern (Figure 2E), as confirmed by colocalization

analysis (Figure S2B). Unc13B, thus, accumulated at the AZs

of PN boutons and was only weakly expressed at the AZs

outside microglomeruli (see the magnified image in Figure 2E).

Thus, these two relays of the olfactory system feature an

antagonistic expression pattern of Unc13 isoforms: Unc13A

enriched in ORN-derived AZs while Unc13B enriched in

PN-derived AZs within the calyx. At the same time, the scaffold

protein BRP is enriched at ORN- and Syd-1 at PN-derived

AZs. Each of these distribution patterns is consistent with the

known dynamics of particular synapses, with ORN-to-PN synap-

ses supporting fast transmission, and PN-to-KC synapses

exhibiting slow transmission.

BRP Specifically Recruits Unc13A while Syd-1
Specifically Recruits Unc13B to AZs in the Drosophila

Brain
Wenext analyzedwhether BRP and Syd-1 recruit specific Unc13

isoforms to AZs. Knockdown (KD) of brp using RNAi constructs

with a pan-neuronal driver line (elav-GAL4) drastically reduced

Unc13A levels within the AL (Figures 3A and 3C), while

Unc13B levels were not reduced (Figure 3C, left). Knockout of

syd-1 (Figure S3) reduced Unc13B levels specifically (Figures

3B and 3C, middle). Thus, BRP and Syd-1 not only colocalize

with Unc13A and B, respectively, but are necessary for their
1262 Cell Reports 23, 1259–1274, May 1, 2018
localization to specific AZs in a largely uncoupled, orthogonal

manner. Notably, this relation was unidirectional: the scaffold

proteins controlled Unc13 isoform AZ recruitment, but not vice

versa. Elimination of either Unc13A or Unc13B had nomajor con-

sequences on the levels or distribution of either scaffold protein

(Figure 3C, right).

We also conducted the same analysis in the MB calyx. As ex-

pected, Unc13A clustering was strongly affected by brp KD, but

not by the elimination of Syd-1 (Figures 3D–3F), while the

Unc13B localization was specifically impeded in syd-1 mutants

(Figures 3E and 3F, right). Unc13B staining levels were higher

in the PN boutons of brp KD animals than in the controls (Fig-

ure 3F, left). Thus, BRP clusters Unc13A and Syd-1 clusters

Unc13B across several synapse types of the Drosophila olfac-

tory system. This mechanism likely extends over the whole brain

(not shown).

Super Resolution at ORN-to-PN Synapses: Unc13A Is
Closer to Ca2+ Channels Than Unc13B
At NMJ synapses, Unc13A clusters more closely to Ca2+ chan-

nels than Unc13B, conferring a high release probability to indi-

vidual APs (Böhme et al., 2016). To examine whether the same

clustering principle applies to central cholinergic synapses, we

analyzed the nanoscopic pattern of the AZ scaffold at the ORN

output synapses with stimulated emission depletion (STED) mi-

croscopy. Using this technique (Kittel et al., 2016), we examined

whether—similar to NMJ synapses—Unc13A localizes more

closely to AZ centers than Unc13B at central ORN-derived AZs.

Due to the rather superficial position of the AL synapses

(Sp€uhler et al., 2016), STED imaging with a high resolution of

50 nm (instead of 250 nm achievable in confocal scans) was

possible in the AL (Figure 4A). BRP-short-GFP was expressed

in ORNs and imaged in parallel to the STED channels to identify

ORN-derived AZs (Figure 4A, blue label). The ORN-derived syn-

apses form elongated AZs, at which multiple T bars are fused

and arranged opposite to multiple postsynaptic profiles (‘‘dyad

synapses’’) (Mosca and Luo, 2014; Rybak et al., 2016). Elon-

gated BRP staining patterns were thus expected, as BRP is

the major building block of T bars. The BRP C terminus, labeled

by the Nc82 monoclonal antibody, maps to the distal part

(‘‘roof’’) of T bars at NMJ synapses (Fouquet et al., 2009). Planar

views of T bars show a ring-like distribution of BRP Nc82 epi-

topes (Fouquet et al., 2009; Mosca and Luo, 2014). By contrast,

the BRP N terminus labels the pedestal (‘‘foot’’) structure of the T

bar above Ca2+ channels at the center of the AZ. Accordingly,

multiple T bars nearby should thus be visible as an extended

rod-like BRP C-term label with periodic foci of BRP N-term

signal. This was indeed observed: the BRP short-labeled ORN-

derived AZs featured extended BRP signals with multiple BRP

N-term foci (Figures 4A and 4D). Depending on the angle of im-

aging, BRP C-term signals (Nc82) appeared as either elongated

rod-like structures or concatenated ring structures (Figure 4A,

upper and lower image, respectively; see Figure 4D for a sche-

matic representation). BRP formed simple rings in between the

clusters of the elongated ORN-derived AZs, where interneuron

synapses are located (not shown). We investigated the nano-

spacing of Unc13 isoforms at ORN output AZs, concentrating

on planar-imaged AZs appearing as rings (Figures 4B and 4C,



Figure 2. Distribution of Scaffold Proteins Syd-1 and BRP and the Unc13 Isoforms A and B in the Mushroom Body Calyx of Adult Drosophila

Confocal images of adult Drosophila w1118 mushroom body calyces. All scale bars, 10 mm.

(A) Staining against BRPNc82 (green) and Syd-1 (magenta); the blow-up highlights microglomerular structures labeled by yellow dashed lines and arrowheads.

(B) False color-coded median BRP/Syd-1 ratio in calyces. The AZs of KCs were highlighted using BRP-short-GFP (BRPS) expressed by 17D-GAL4 and AZs of

PNs using Mz19-GAL4. Color gradients visualize the ratio between Syd-1 and BRPNc82.

(C) GFP-positive median ratios were normalized by median ratios of the surrounding calyx. The AZs positive for 17D-GAL4 > BRPS were enriched for BRP in

comparison to Mz19-derived AZs; MWU test result: p = 0.00000983, n = 8 for 17D and n = 13 for Mz19.

(D) Calyx stained against BRPNc82 (green), Unc13A (magenta), and Unc13B, blow-up highlights microglomeruli outlined by yellow dashed lines and arrowheads.

(E) Calyx stained against BRPNc82, Syd-1 (green), and Unc13B (magenta), blow-up shows microglomeruli indicated by yellow dashed lines and arrowheads.

Graphs as explained for Figure 1.

See also Figure S2.
planar images). Unc13A colocalized tightly with the BRP C-term

signals, while Unc13B was located at greater distances.

The BRP C-term signal surrounds Ca2+ channels at the center

of AZs at NMJ synapses, while Syd-1 localizes more toward the
AZ edge (Owald et al., 2010). Quantification of STED data at

these peripheral synapses revealed an average distance of

120 nm between Unc13B and GFP-labeled Ca2+ channels (the

voltage-gated a1 subunit Cacophony expressed using the
Cell Reports 23, 1259–1274, May 1, 2018 1263
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GAL4 system, Cac-GFP), while Unc13A was positioned only

70 nm away (Böhme et al., 2016). To test whether similar differ-

ences in coupling distances might exist at ORN-derived AZs, we

expressed Cac-GFP within ORNs and co-stained brains with

either Unc13A (Figure 4E) or Unc13B (Figure 4F) to quantify the

coupling distances (Figures 4G and 4H). A higher overlap

between Cac-GFP and Unc13A than with Unc13B was already

discernable at low magnification (compare overlap given by

the white signal in Figures 4E and 4F, left images). Cac-GFP

formed discrete dots at STED resolution, corresponding to the

center of single BRP rings at a position approximately at the

AZ center. Unc13A localized significantly closer to Cac-GFP

dots than Unc13B (compare the planar image in Figures 4E

with 4F), as confirmed by quantification (Figure 4H). Distances

were very similar to the ones at NMJ synapses (Böhme et al.,

2016). Thus, the sub-AZ nanospacing is similarly organized at

the cholinergic ORN output synapses, as it is at glutamatergic

NMJs: a cluster of Ca2+ channels at the center of the AZ localizes

beneath an elongated stretch of BRP proteins, which is sur-

rounded by discrete Unc13A andUnc13B clusters at distinct dis-

tances. We next asked whether the two Unc13 isoforms support

different release components.

Unc13A Steers Fast, Phasic Release and Plasticity at
ORN-to-PN Synapses
To test the functional role of each Unc13 isoform at a central syn-

apse, we generated transgenic RNAi lines that specifically

reduced Unc13A and Unc13B levels. When expressed only in

ORNs (pan-ORN driver pb-GAL4), unc13A RNAi eliminated

nearly all the Unc13A label within the AL (Figure 5A). This indi-

cates that most of the Unc13A in the AL is localized at ORN

output AZs, in line with our finding that Unc13A is strongly en-

riched at ORN output synapses (Figures 1F and S2A). The

Unc13B label was not altered by ORN-specific KD of Unc13A

(Figure 5A). ORN-driven RNAi against unc13B generated holes

in the Unc13B AL staining (Figure 5B), at the positions typical

for ORN synapses (at the cortex of glomeruli). However, sub-

stantial label remained, consistent with our finding that

Unc13B is rather homogeneously distributed across AL synapse

populations. Thus, neurons other than ORNs, particularly inter-

neurons, contribute to the Unc13B label in the AL.

To test the role of each isoform in ORN-PN synaptic transmis-

sion, we expressed either the unc13A or unc13B RNAi in ORNs
Figure 3. Reduction of Scaffold Proteins BRP and Syd-1 Results in Isofo
(A and B) Confocal images of ALs stained against BRPNc82, Unc13A, and Unc

elav-GAL4 >UAS-brp-RNAi) in comparison to a control group (elav-GAL4/+); stain

w1118 controls; staining against Unc13B (B).

(C) Average staining intensities of BRP, Unc13A, and Unc13B in the KD or deletion

intensity levels of Unc13A (p = 0.0016 for the brp KD). Syd-1 deletion results in dow

unc13A and unc13B deletion mutants, respectively, normalized to controls (unc1

The intensity levels of scaffold proteins were not altered in the mutants.

(D and E) Confocal images of calyces stained against BRPNc82, Unc13A, and Unc

controls; staining against Unc13A (D). Syd-1null mutants in comparison to contro

(F) Average staining intensities of BRP, Unc13A, and Unc13B in the KD or deletion

intensity levels of Unc13A (p = 0.000018) and a significant upregulation of Unc13B

of Unc13B (p = 0.000002). Association tests were conducted using linear mixed

corrected significance thresholds a = 0.0167 for the brp KD and the syd-1 deletio

See also Figure S3.
and recorded synaptic currents from postsynaptic PN neurons

while electrically stimulating the antennal nerve, which contains

ORN axonal fibers. The antennal nerve was stimulated at

10 Hz and then 50 Hz to simulate spontaneous and odor-evoked

firing rates, respectively (Kazama and Wilson, 2008; Nagel et al.,

2015). Postsynaptic PNs were identified by their characteristic

location and size. The PN input resistances, which have been

shown to correlate with EPSC size (Kazama and Wilson, 2008),

were similar across control and KD flies (600–1,200 MU, Fig-

ure S4A). The stimulation current (10–100 mA) was gradually

increased until a reliable EPSCwas evoked. Recordings in which

the stimulation current was >100 mA were excluded.

Synaptic transmission at the ORN-PN synapse is typically fast

and depresses with repeated stimulation (Figures 5C, 5D, and

5F) (Kazama and Wilson, 2009; Nagel et al., 2015). However,

RNAi-mediated KD of unc13A reduced the amplitude of single

EPSCs (Figures 5C–5E) and produced synaptic facilitation in

response to a 10 Hz train of stimuli, both of which suggest a

reduction in release probability (Figures 5C, 5D, and 5F). Of

note, significantly larger currents were required to elicit EPSCs

in these flies (Figure S4B). Increasing the stimulation frequency

from 10 to 50 Hz in control flies evokes fast EPSCs with renewed

depression (Figures 5C, 5D, and 5F). These fast EPSCs were ab-

sent or reduced in unc13A KD flies, resulting in a significantly

longer latency to peak current (Figure 5G). A very similar pheno-

type was observed in flies overexpressing an N-terminal frag-

ment of Unc13A (Figure S5), which lacks the catalytic MUN

domain, in ORNs. We have previously shown that this fragment

displays a dominant-negative phenotype at NMJ synapses

(Reddy-Alla et al., 2017). These data provide independent evi-

dence that Unc13A promotes a fast, transient component of

SV release at the ORN-to-PN synapse.

In clear contrast to the loss of unc13A, KD of unc13B spared

fast ORN-PN transmission (Figures 5A–5E). Here, paired-pulse

dynamics and the latency to peak response during 50-Hz stimu-

lation were not significantly different from control recordings.

Moreover, a fast component was observed in all recordings dur-

ing 50-Hz stimulation. These data are consistent with a model in

which Unc13B is dispensable for fast synaptic transmission.

Taken together, Unc13A is of specific importance for fast

release at this synapse. The data strongly imply that the

BRP-mediated positioning of Unc13A close to Ca2+ channels

promotes the high release probability typical for this synapse.
rm-Specific Downregulation of Unc13s in the AdultDrosophilaBrain
13B. All scale bars, 20 mm. Flies with a pan-neuronal brp knockdown (KD;

ing against Unc13A (A). syd-1nullmutant flies (sydex1.2/sydex3.4) in comparison to

situation normalized to controls show a significant downregulation of average

nregulation of Unc13B (p = 0.000008). Average intensities of BRP and Syd-1 in

3B deletion: pacdel100B; unc13P84200; unc13A deletion: ems7.5/unc13P84200).

13B. All scale bars, 20 mm. Flies with a pan-neuronal brp KD in comparison to

ls; staining against Unc13B (E).

situation normalized to controls show a significant downregulation of average

(p = 0.0049) in the brp KD animals. Deletion of syd-1 results in downregulation

models with imaging batch and animal as nested random effects. Bonferroni-

n and a = 0.025 for the unc13A/B deletions. Graphs as explained for Figure 1.
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Loss of this component interferes with the fast phasic, quickly

depressing release component, shifting the short-term plasticity

of the SV release toward a facilitating mode (Figure 5F).

Unc13B Dominates Transmission at Slow Interneuron
Synapses
LNs also contribute amajor fraction of AZs in the AL.We showed

(Figure 1D) that these synapses, in contrast to the ORN-to-PN

synapses, display a low BRP/Syd-1 ratio and a low Unc13A level

and that they express Unc13B at levels comparable to ORN-

derived synapses. While ORN-to-PN synapses are fast and

depressing, LN-LN synapses are rather slow and facilitating

(Nagel andWilson, 2016). To examine the role of Unc13 isoforms

at LN-LN synapses, we recorded LN-derived synaptic currents

after knocking down the Unc13A or B isoforms in these neurons

(Figures 6A–6F). We co-expressed Channelrhodopsin (ChR2)-

GFP and unc13 isoform-specific RNAi in a subset of LNs using

the NP3056-GAL4 line (Chou et al., 2010) (Figure 6A). Previous

work established that light-stimulation of Channelrhodopsin

results in the activation of inhibitory synaptic currents in non-

ChR2-expressing LNs (Nagel and Wilson, 2016). These currents

are absent in genetic controls lacking the LN driver (Nagel and

Wilson, 2016); similar currents activated chemogenetically can

be blocked by GABA antagonists (Liu and Wilson, 2013). To

ensure that the firing pattern induced by ChR2 activation in pre-

synaptic cells is not affected by the unc13 knockdown itself or by

accompanying developmental changes, we first recorded from

GFP-positive ChR2-expressing cells. The firing pattern was the

same in control and in unc13a/unc13b RNAi expressing lines

(Figures 6C).

We then patched neighboring unlabeled LNs and recorded

light-evoked inhibitory currents (Figure 6B). LNs were identified

by their size, location, and characteristic electrophysiological

properties. For example, LNs have larger cell bodies than PNs,

have lower input resistances, and fire large spikes that surpass

0 mV. In contrast to ORN-to-PN synapses, where the KD of

unc13A had the strongest effect and changed the timing of

release, the KD of unc13A did not change the timing of release

and reduced release in only a nonsignificant manner (Figures

6D–6F). The KD of unc13B, instead, reduced peak amplitudes

and steady-state currents significantly compared to controls

(Figures 6D and 6E). Notably, the time to peak remained un-

changed in LNs (Figure 6F). This may reflect the method of stim-

ulation: Single LNs form only weak synaptic connections onto

neighboring LNs (Liu and Wilson, 2013) and here we used opto-

genetics to stimulate a large population of LNs. Alternatively, it
Figure 4. Nanoscopic Organization of AZs at ORN-to-PN Synapses

(A) Sections of adult ALs at confocal and STED resolution. All scale bars, 500 nm.

resolution), BRPC-Term (BRPNc82), and BRPN-Term.

(B and C) Magnified planar AZs. Scale bars, 200 nm. Staining against BRPNc82 a

(D) Cartoon depicting the assumed AZ composition in a side view.

(E) VA2 glomeruli in pb-GAL4 > UAS-Cac-GFP flies showing GFP with an Unc1

Unc13A. Bottom: magnified planar AZ, Cac-GFP, and Unc13A.

(F) VA2 glomeruli in pb-GAL4 > UAS-Cac-GFP flies showing GFP with an Unc1

Unc13B. Bottom: magnified planar AZ, Cac-GFP, and Unc13B.

(G) Histogram of distance bins of either Unc13A to Cac-GFP (green) or Unc13B

(H) Unc13B is further away from Cac-GFP than Unc13A is, p = 9.993 10�15, n = 6

Association tests were conducted using linear mixed models with scan, hemisph
might reflect other differences between ORN-to-PN and LN-LN

synapses. The LN receptor sites, for example, could be distant

to the presynaptic release sites, leading to uniformly slow re-

sponses to both Unc13A- and Unc13B-mediated release. In

either case, our data indicate that Unc13B is of greater impor-

tance than Unc13A at this synapse type, consistent with their

expression pattern. In contrast to the observations in ORNs,

where unc13A KD produced the strongest effect on amplitude

and slowed down release, the unc13B KD had a larger effect

on response amplitude in the LNs.

A Generic Design Rule for Scaffold Protein/Unc13
Isoform Modules
Our electrophysiological and STED data imply collectively that

domain spacing on a nanometer scale might be a major

contributor to synapse diversity, at least in the Drosophila brain.

We finally tested this hypothesis by comparing the sub-AZ

spacing of Unc13A and B across synapse types directly and

quantitatively. To this end, we analyzed PN-derived AZs within

the calyx. Given that Unc13B is the dominant species here, we

wondered whether Unc13B also resides distant from the AZ

center at PN-KC synapses. The calyx microcircuitry could

easily be resolved with STED analysis. The PN-derived AZs

within the calycal microglomeruli form single T bars similar

to the ones at NMJ synapse AZs (Christiansen et al., 2011;

Yasuyama et al., 2002). Accordingly, typical donut-type BRP

signals were observed using STED and Syd-1 clustered to

the edge of these (Figure 7A), similarly to the ORN-derived

AZs in the AL (Figure 7B). We quantified the nanodomain

spacing of Unc13A and Unc13B relative to the AZ center

where the Ca2+ channels are located (i.e., the center of the

BRP rings; Figures 7C–7K). Very similar distances were found

for PN- (Figures 7C–7E), ORN- (Figures 7F–7H), and non-ORN

AL-derived AZs (Figures 7I–7K): Unc13B localized at a 102–

115 nm distance from the center and Unc13A more centrally,

at a 74–83 nm distance. These values are similar to the dis-

tances found for NMJ AZs (Böhme et al., 2016).

Taken together, the BRP/Unc13A and Syd-1/Unc13B mod-

ules appear to be stereotyped nanospacing modules for either

tighter or looser coupling. Their proportions per AZ differ system-

atically between synapse types in theDrosophila brain. Thus, our

analysis identified a basic principle: the AZ scaffold protein

composition steers functional diversity by controlling the effec-

tive coupling distance, probably to adapt synapse types to their

computational tasks within circuits. Notably, we found other

essential release factors, Unc18 and Syntaxin, to be equally
ORCO-GAL4 > UAS-brp-short-GFP brains with staining against GFP (confocal

nd Unc13A (B). Staining against BRPNc82 and Unc13B (C).

3A staining. Blow-up top: magnified elongated multimeric AZ, Cac-GFP, and

3B staining. Blow-up top: magnified elongated multimeric AZ, Cac-GFP, and

to Cac-GFP (blue).

19 measurements for Unc13A and n = 647 for Unc13B across six animals each.

ere, and animal as nested random effects. Graphs as explained for Figure 1.
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distributed over the AZ population of the Drosophila brain

(Figure S6), emphasizing the specific role of Unc13 family pro-

teins in AZ diversity, at least in this system.

DISCUSSION

Synapses are highly specialized structures mediating the flow of

information between neurons and are thought to be cellular sub-

strates for learning and memory. One hallmark of synapses is

their functional heterogeneity: synapses can exhibit either high

or low transmission fidelity and this diversity results in syn-

apse-specific differences in response kinetics and short-term

plasticity. Functional synaptic diversity, particularly regarding

synaptic short-term plasticity, is considered critical for routing

and encoding sensory information within neuron networks in

the brain (Chabrol et al., 2015; Jackman and Regehr, 2017). It

plays amajor role in the temporal coding of multisensory integra-

tion and extraction of specific sensory features. Accordingly,

specific synaptic alterations can result in devastating neurolog-

ical and psychiatric diseases.

Functional synaptic diversity is influenced by pre- and post-

synaptic factors: the number, density and location of SVs,

VGCCs, receptors, and fusion machinery proteins (O’Rourke

et al., 2012). Specific interactions between these molecular

players at the nanometer (‘‘nanoscale’’) level are believed to

define synaptic efficacy and plasticity. Presynaptic factors,

particularly the physical distance between presynaptic VGCCs

and the sensor for SV fusion, determine the functional coupling

distance that influences release probability and, hence, short-

term plasticity (Eggermann et al., 2011). Indeed, this coupling

varies widely across synapses. Tight coupling has been associ-

ated with high release probability and synaptic depression, but

loose coupling with low release probabilities and greater

paired-pulse facilitation (Eggermann et al., 2011; Vyleta and

Jonas, 2014). However, despite the physiological evidence of

this kind of presynaptic diversity for brain function, its cellular

and molecular underpinnings are poorly understood. Conse-

quently, deciphering the molecular basis of synaptic functional

diversity has been named as a major challenge remaining in syn-
Figure 5. Unc13A and Unc13B Isoforms Play Distinct Roles in Synaptic

(A and B) Confocal sections of adult ALs. All scale bars, 10 mm. Staining agains

Unc13A brightness was increased in the merged image for visibility (A). Anti-BRP

(C) Group-averaged evoked synaptic currents in control (n = 10 cells), unc13A KD

of the antennal nerve. The average response from control recordings is show

comparison.

(D) Group-averaged data from (C) showing the first EPSC (top), the onset of the 10

zoomed-in timescales. In (C) and (D), stimulus artifacts were minimized for clarity b

typically 2–3ms. At the transition from 10 Hz to 50 Hz stimulation, there is facilitati

is lost following unc13A KD and varies across cells.

(E) Quantification of the first EPSC amplitude across genotypes. EPSC amplitu

ANOVAwith Tukey post hoc comparison). The first EPSC was significantly smalle

significantly reduced after unc13B KD.

(F) Quantification of the paired-pulse ratio during 10 Hz stimulation across genoty

ANOVA with Tukey post hoc comparison). The paired-pulse ratio was significan

unc13B KD.

(G) The latency to peak evoked current from the onset of 50 Hz stimulation. The tim

ANOVA with Tukey post hoc comparison), and was increased relative to control

See also Figures S4 and S5.
apse research (S€udhof, 2012). Here, we find evidence for a

generic molecular principle that regulates coupling strength to

generate functional diversity at Drosophila central synapses.

Nanoscopic Scaffold Diversity Tunes Release
Probability and Short-Term Plasticity
Short-term plasticity causes synapses to act as temporal filters,

allowing them to transmit a certain range of signal frequencies

preferentially. Excitatory and inhibitory neurons especially often

show distinct forms of short-term plasticity, as do synapses

from the same cell onto different types of interneurons (Beierlein

et al., 2003; Stokes and Isaacson, 2010). However, themolecular

basis of this synaptic diversity remained mysterious, making it

difficult to interrogate the function of this diversity in a circuit

context. Here, we show that in the Drosophila olfactory system,

expression of unc13 isoforms and their corresponding scaf-

folding proteins correlates with temporal properties of synaptic

transmission.

The first relay synapse of the Drosophila olfactory system dis-

plays a particularly high release probability (Kazama and Wilson,

2008). We found that this synapse is enriched for BRP/Unc13A

complexes, and expression of unc13A is required for its high

releaseprobability.Thiswasevident fromthecompleteabrogation

of fast, phasic post-synaptic currents when this specific Unc13

isoform was specifically reduced. Although this first synapse in

the Drosophila olfactory system exhibits short-term depression

due to its high release probability, it still transmits broadband

signals, consistent with our finding that unc13B is expressed uni-

formly across the AL and that a slow component of transmission

remains after unc13A KD. Interestingly, previous work using

different pharmacological blockers of nicotinic acetylcholine

(ACh) receptors could separate two components of evoked post-

synaptic current—onewith a fast, the otherwith amuch lower rate

of depression (Nagel et al., 2015). Thus, the fast, depressing,

Unc13A-mediated release component might be matched by a

different ACh receptor than the slow Unc13B component.

In contrast to ORN-to-PN synapses, AL synapses originating

from LNs are slow and facilitating (Liu and Wilson, 2013; Nagel

et al., 2015; Nagel and Wilson, 2016). Accordingly, we observed
Transmission at ORN-to-PN Synapses

t BRPNc82, Unc13A, and Unc13B in pb-GAL4 > UAS-unc13A RNAi flies. The
Nc82, Unc13A, and Unc13B staining in pb-GAL4 > UAS-unc13B RNAi flies (B).

(n = 7 cells), and unc13B KD (n = 5 cells) flies during 10 Hz and 50 Hz stimulation

n in gray behind the average unc13A KD and unc13B KD traces for direct

Hz response (middle), and the onset of 50 Hz response (bottom), reproduced on

y linearly extrapolating between the pre- and post-stimulation artifact periods,

on of the EPSC amplitude in control and unc13B KD experiments. This property

des were significantly different between groups (F = 6.28; p < 0.01, one-way

r in unc13A KD flies than in controls (p < 0.01, unpaired Student’s t test) and not

pes. The paired-pulse ratio varied between groups (F = 6.21; p < 0.01, one-way

tly elevated in unc13A KD flies (p < 0.01, unpaired Student’s t test), but not in

e to peak current was different between groups (F = 15.07; p < 0.001, one-way

s in unc13A KD flies (p < 0.001). Bar charts represent mean values.
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Figure 6. An Unc13B Knockdown in Unc13B-Dominated LN:LN Synapses Drastically Reduces Release Amplitude

(A) Staining against Unc13A and anti-GFP in the fly AL. The GFP-positive LNs barely show an Unc13A signal.

(B) Scheme of the experimental procedure. Left: recordings were made from LNs postsynaptic to Channelrhodopsin 2 (ChR2+, GFP+) expressing cells. Voltage

command (VC, right) measured average postsynaptic currents in response to optogenetical activation of the presynapse (ChR2+) in control (n = 15), unc13A KD

(n = 13), and unc13B KD (n = 18) flies. Traces are mean ± SEM.

(C) Whole-cell current-clamp recordings of presynaptic (ChR2+, GFP+) LNs. Left: example of a spike train in presynaptic LNs evoked by a light pulse. Right: light-

evoked firing rate of Channelrhodopsin-expressing cells over a 2-s stimulation period. The action potential frequency in presynaptic LNs (ChR2+) is not affected

by the expression of unc13A/unc13B-RNAi constructs. (Kruskal-Wallis test, ns = not significant). From left to right: controls (black), unc13A KD (magenta),

unc13B (green).

(D) Average peak amplitudes of postsynaptic currents are significantly different between control and unc13B KD flies (Kruskal-Wallis followed by Dunn’s multiple

comparison test, Bonferroni-corrected, controls (black): n = 16, unc13A KD (magenta): n = 14, outliers were removed with the fourth spread method [Devore,

2011], p = 0.069, unc13B KD (green): n = 18, p = 0.001).

(E) Average steady-state current (SSC) measured at 1.5 s after light onset, averaged over a period of 0.5 s. SSC was significantly smaller in unc13B KD flies

compared to control animals (Kruskal-Wallis followed by Dunn’s multiple comparison test, Bonferroni-corrected, controls (black): n = 16, unc13A KD (magenta):

n = 15, p = 0.10, unc13B KD (green): n = 18, p = 0.001).

(F) Time until outward currents reached the maximum after onset of the light stimulus. The time to reach the peak amplitude remained the same in all of the

recorded groups (Kruskal-Wallis followed by Dunn’s multiple comparison test, Bonferroni-corrected, controls (black): n = 16, unc13A KD (magenta): n = 14,

outliers were removed with the fourth spread method, p = 0.83, unc13B KD (green): n = 18, p = 0.79). Values represent mean ± SD.
that these synapses are low in Unc13A and that, although

unc13A KD tended to affect LN-LN synaptic signals as well,

unc13B KD had a stronger effect on LN-LN synaptic transmis-

sion, indicating a more prominent role for Unc13B at these syn-

apses. Interestingly, the slow time course of transmission was

unchanged in either KD situation. This could be an artifact

caused by the optogenetic stimulation protocol. However, this

is unlikely, as the latency to the first light-induced spikewas short

in all presynaptic LN recordings (Figure 6C). Another possibility is

that postsynaptic factors also contribute to the slowness of

these synapses.

The second relay synapse of the olfactory system (PN-KC

synapses) transmits high-frequency signals typical for PNs

(>100 Hz), is slow and integrates convergent signals (Gruntman

and Turner, 2013). Our finding that Unc13B (and accordingly

also Syd-1) is particularly prominent at this synapse implies

strongly that these synapses are, by their nanoscopic design,
1270 Cell Reports 23, 1259–1274, May 1, 2018
tuned toward a facilitating low depression mode, which might

well be instrumental to their computational role. Future studies

integrating behavioral and electrophysiological analyses at this

synapse are warranted to explore this hypothesis.

Toward a ‘‘Nanoscopic Code’’ of Synapse Diversity for
Circuit Modeling
An obvious question is how this cellular andmolecular diversity is

instructed; whether it takes place as a cell-autonomous function

of the respective presynaptic neuron or whether postsynaptic

partner neurons are involved in the developmental setup of mo-

lecular AZ diversity. Postsynaptic targeting specificity has been

observed electrophysiologically in mouse neocortex at the AZs

of pyramidal cells, connected to two classes of postsynaptic

GABAergic neurons (Beierlein et al., 2003; Reyes et al., 1998).

The Drosophila system with its unique possibilities for genetic

intervention should be an ideal model for studying cellular



Figure 7. Comparative STED Analysis for ORN-, LN-, and PN-Derived AZs

(A) Magnified section of an adult wild-type calyx imaged by conventional confocal (left) and time-gated STED (gSTED) microscopy. Scale bar, 500 nm.

(B) Staining against BRPNc82 and Syd-1. The magnified insets show a planar AZ within the calyx microglomeruli and in the AL. Scale bar, 200 nm.

(legend continued on next page)
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interactions systematically in the context of establishing synap-

tic diversity. Cell adhesion proteins, for example, the newly

discovered teneurins (Hong et al., 2012; Mosca and Luo, 2014)

or LRP4 (Mosca et al., 2017), are attractive candidates for in-

structing and maintaining AZ diversity via scaffold protein clus-

tering. Interestingly, postsynaptically expressed cell adhesion

proteins have been shown to instruct short-term plasticity at hip-

pocampal synapses (Sylwestrak and Ghosh, 2012). It will be

interesting to see whether these regulations might involve differ-

ential spacing of (M)Unc13 isoforms.

Electron microscopy has been used recently to systematically

reconstruct both the AL (Berck et al., 2016) and downstream

integrative centers mediating olfactory learning and memory

processes (Takemura et al., 2017). In these studies, the elec-

tron-dense AZ scaffold (‘‘T bar’’) was used as the crucial land-

mark to identify AZs and, consequently, synaptic connections

between reconstructed neurons. Although this complete wiring

diagram will clearly help bridging the gap between circuits and

behavior, a satisfactory understanding and functional modeling

of circuits will also depend on an in-depth knowledge of specific

features of the synapse types present. We are confident that the

‘‘nanoscopic molecular fingerprints’’ of synapses, which we

started to provide here using the abundances and ratios of spe-

cific presynaptic proteins, will be helpful in assessing specific

synaptic features.

Scaffold Protein Composition Tuning Functional
Diversity: a Generic Design Principle?
Will our results generalize to the mammalian brain? Our recent

analysis demonstrated that Unc13 nanoclusters function topo-

logically to generate stable SV release sites, with their defined

spacing ensuring determined and reliable timing of SV release

(Reddy-Alla et al., 2017). Moreover, a dramatic decrease of syn-

aptic transmission upon disruption of the AZ scaffold has been

described in several model systems (BRP/RBP in Drosophila

and RIM/RBP or RIM/ELKS in mouse); this observed decrease

is in line with a loss of release sites, which was paralleled by a se-

vere reduction of Munc13/Unc13A in all cases (Acuna et al.,

2016; Böhme et al., 2016; Wang et al., 2016).

Despite these analogies, future analyses will have to clarify to

which degree the exact details of the molecular interactions be-

tween scaffold proteins and (M)Unc13 release factors have been

conserved. For example, we do currently not know whether the
(C) Planar view of BRPNc82 and Unc13A (above) or Unc13B (below) at a PN AZ in

(D and E) Cluster distance (D) and k nearest-neighbor analysis (E). Boxplot shows t

the BRP ring, normalized to the total number of puncta for each isoform up to 200

brains, 150 AZs). (E) Scheme representing the k nearest-neighbor analysis (k = 1)

than any Unc13B spot (p < 0.05, Mann-Whitney U (MWU) test).

(F) Planar view of BRPNc82 and Unc13A (upper) or Unc13B (lower) at ORN-derive

200 nm.

(G) Cluster distance analysis at ORN AZs in the AL as in (D; Unc13A: n = 11 brai

(H) Scheme representing the k nearest-neighbor analysis (k = 1). At the ORN AZs,

spot (p < 0.01, MWU test).

(I) Example of gSTED images of BRPNc82 and Unc13A (upper) or Unc13B (lower)

(J) Cluster distance analysis at non ORN AZs in the AL as in (D; Unc13A: n = 11

(K) Scheme representing the k nearest-neighbor analysis (k= 1). At the non-ORN sy

than any Unc13B spot (p < 0.001, MWU test). *p < 0.05, **p < 0.01, ***p < 0.001, n

Graphs as explained for Figure 1.
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mammalian Syd-1 homologs (Wentzel et al., 2013) are involved

in clustering Munc13 isoforms as well. Moreover, given the

different structural organization of the Unc13 family N termini,

the details of the molecular interactions used in AZ localization

and scaffold binding have likely changed over evolutionary

time. While a generic role of AZ scaffolds in localizing and stabi-

lizing release sites generated by Unc13 appears probable, mod-

ifications in the molecular setup might have led to evolutionary

diversified discrete ‘‘solutions’’. Notably, our findings illustrate

how functional diversity might be executed varying the amounts

of the same proteins (Nusser, 2018).

Previous work at C. elegans and Drosophila neuromuscular

synapses have described a ‘‘linear assembly pathway’’ with

Syd-1 targeting BRP/ELKS complexes into growing AZs (Dai

et al., 2006; Owald et al., 2010). The fact that BRP/Syd-1 ratios

are diversified between Drosophila CNS synapses now requires

for modifications of this scheme. While a specific Neurexin-

Neuroligin pair operating in conjunction with Syd-1 is crucial

for NMJ synapse assembly, the evolutionary diversification of

similar cell adhesion molecules might contribute to diversifying

AZ assembly schemes.

Considerable biophysical evidence supports the diversifica-

tion of coupling distances at mammalian synapses (Eggermann

et al., 2011). Notably, seminal experiments, where Munc13 iso-

forms were expressed in cultured hippocampal neurons in a

munc13 null mutant background, have already shown that

mammalian Munc13 isoforms differentially control release prob-

ability and short-term plasticity and, thus, contribute to the het-

erogeneity of synaptic information coding (Rosenmund et al.,

2002). It should, therefore, be explored whether differential

VGCC-coupling of thesemammalianMunc13 isoforms also con-

tributes to the functional diversity of synapses in the rodent brain.

The well-documented interactions between the canonical AZ

scaffold proteins and the extended, evolutionarily diversified N

termini of Munc13 family proteins (Deng et al., 2011; Hu et al.,

2013; Kawabe et al., 2017; Zhou et al., 2013) have a good chance

to be critical for the definition of release sites in a genericmanner,

and could provide diversification by their differential coupling to

Ca2+ channels. Notably, the mammalian BRP homolog ELKS

was shown to be involved in the clustering of specific Munc13

isoforms (Kawabe et al., 2017).

Our results collectively elucidate a comparatively simple ‘‘mo-

lecular syntax’’ that explains synapse functional diversity in a
the calyx (gSTED). Scale bar, 200 nm.

he number of Unc13A and Unc13B puncta at defined distances to the center of

nm from the BRP ring center (D; Unc13A: n = 5 brains, 190 AZs; Unc13B: n = 3

. At the PN AZs, the first Unc13A spot was found closer to the BRP ring center

d AZs (gSTED). Note the concatameric structure of the BRP rings. Scale bar,

ns, 128 AZs; Unc13B: n = 5 brains, 97 AZs).

the first Unc13A spot was found closer to the BRP ring center than any Unc13B

in planar view at non-ORN AZs in the AL. Scale bar, 200 nm.

brains, 446 AZs; Unc13B: n = 5 brains, 298 AZs).

napses in the AL, the first Unc13A spot was found closer to the BRP ring center

s, not significant, Mann-Whitney U (MWU) tests. Values indicate mean ± SEM.



systematic manner. Our nanoscopic fingerprints contain unique

information crucial to integrate the electrophysiological, ultra-

structural, and molecular analyses of synapses, and could,

thus, become of real importance for our analysis of both the

healthy and the diseased brain.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in

Supplemental Experimental Procedures.

Animal Rearing and Fly Strains

Fly strains were reared under standard laboratory conditions (Sigrist et al., 2003)

at 25�C, 65%–70% humidity and constant 12/12 hr light/dark cycle in incuba-

tors. If not stateddifferently, 4–7 days female flieswere used for the experiments.

Immunohistochemistry, Image Acquisition, and Analysis

Immunohistochemistry was performed according to our standard protocol

(Andlauer et al., 2014). Conventional confocal and STED imageswere acquired

with a TCS SP8 and TCS SP8 gSTED 33 microscope (Leica Microsystems,

Wetzlar, Germany), respectively.

Electrophysiology

Whole-cell patch-clamp recordings from PNs and LNs were made as

described in Nagel et al. (2015) and Nagel and Wilson (2016). LNs were iden-

tified based on morphology and electrophysiological properties.

Statistics

Antibody ratios were calculated using custom ImageJ plugins (http://ratios.

andlauer.net). Normalized median ratios were compared using Mann-Whitney

U tests in R v3.3.3.

Intensity (e.g., knockdowns and deletions) data as well as STED punctae

distances were analyzed in R with linear mixed models using nested random

effects; the associations were confirmed using non-parametric permutation

tests.

For cluster distance analyses, statistical tests were conducted in SPSS (IBM,

Armonk, USA). The nonparametricMann-WhitneyU test was used for analyses.

For colocalization analyses, Spearman rank correlation coefficients were

compared using the paired Wilcoxon signed-rank test. For electrophysiolog-

ical analyses, comparisons between groups were performed by Kruskal Wallis

or one-way ANOVA tests, as indicated in the text.
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