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SUMMARY

In a nerve terminal, synaptic vesicle docking and
release are restricted to an active zone. The active
zone is a protein scaffold that is attached to the
presynaptic plasma membrane and opposed to
postsynaptic receptors. Here, we generated condi-
tional knockout mice removing the active zone
proteins RIM and ELKS, which additionally led to
loss of Munc13, Bassoon, Piccolo, and RIM-BP,
indicating disassembly of the active zone. We
observed a near-complete lack of synaptic vesicle
docking and a strong reduction in vesicular release
probability and the speed of exocytosis, but total
vesicle numbers, SNARE protein levels, and post-
synaptic densities remained unaffected. Despite
loss of the priming proteins Munc13 and RIM
and of docked vesicles, a pool of releasable vesi-
cles remained. Thus, the active zone is necessary
for synaptic vesicle docking and to enhance
release probability, but releasable vesicles can be
localized distant from the presynaptic plasma
membrane.

INTRODUCTION

Ca?*-triggered fusion of synaptic vesicles is mediated by soluble
N-ethylmaleimide sensitive factor (NSF) attachment protein
receptors (SNARESs) and is restricted to release sites called active
zones (Couteaux and Pécot-Dechavassine, 1970; Sudhof, 2012).
The active zone is a highly organized structure that docks synap-
tic vesicles close to release machinery and presynaptic Ca%*
channels (Figure 1A). This establishes the tight spatial organiza-
tion required for fast synaptic vesicle fusion upon Ca®* entry,
and it provides molecular machinery to set and regulate synaptic
strength (Kaeser and Regehr, 2014). Functionally, synaptic
strength is determined by two parameters that are controlled at
the active zone. First, only a subset of vesicles can be released
upon arrival of an action potential. This pool of vesicles is gener-
ated through a priming reaction and is called the readily
releasable pool (RRP). Second, an action potential releases
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RRP vesicles with a certain probability, called vesicular release
probability (P). Synaptic strength, the amount of release from
a given synapse, is proportional to the product of RRP and
P (Zucker and Regehr, 2002).

The active zone matrix consists of multi-domain proteins that
control RRP and P, and their localization is restricted to the
presynaptic plasma membrane area opposed to the postsyn-
aptic density (PSD). These proteins include RIM, ELKS (also
known as ERC/CAST/Rab6lP2), Munc13, Bassoon/Piccolo,
RIM-BP, and Liprin-a. (Schoch and Gundelfinger, 2006; Stidhof,
2012). Many additional proteins, including SNAREs, ion chan-
nels, receptors, cytoskeletal proteins, and adhesion molecules,
are also present (Boyken et al., 2013; Morciano et al., 2009;
Mdller et al., 2010) but are not restricted to the active zone
matrix. Removing individual proteins of the active zone matrix
has effects on release that vary in extent, and there are dif-
ferences between synapses in vertebrates, C. elegans, and
D. melanogaster in the reliance on specific active zone proteins
(Acuna et al., 2015; Kaeser et al., 2011; Kittel et al., 2006;
Koushika et al., 2001; Liu et al., 2014, 2011; Mdller et al.,
2012). At vertebrate synapses, release strongly depends on
synaptic vesicle priming activities of Munc13s such that loss
of Munc13 leads to loss of all fusion competent vesicles (Au-
gustin et al., 1999; Varoqueaux et al., 2002). RIMs contribute
to priming through anchoring and activation of Munc13 (An-
drews-Zwilling et al., 2006; Betz et al., 2001; Deng et al,
2011; Lu et al., 2006), and they tether primed vesicles to pre-
synaptic Ca®>* channels to enhance release probability (Han
et al., 2011; Kaeser et al., 2011, 2012). ELKS (Held et al.,
2016; Kaeser et al., 2009; Liu et al., 2014), Bassoon/Piccolo
(Davydova et al., 2014; Hallermann et al., 2010), and RIM-
BPs (Acuna et al., 2015) are also present, but knockouts for
these proteins show milder impairments in release. The domain
structure and the in vitro interactions of RIM, ELKS, and
Bassoon/Piccolo further predicted strong scaffolding roles
(Schoch and Gundelfinger, 2006; Studhof, 2012), but except
for a partial loss of Munc13 in RIM knockout mice (Schoch
et al., 2002) or of RIM-BP in Bassoon knockout mice (Davydova
et al., 2014), the active zone protein complex was intact in
knockout mice for individual protein families (Davydova et al.,
2014; Deng et al., 2011; Held et al., 2016; Liu et al., 2014).
Together with the notion that synaptic vesicle docking and
fusion are spatially restricted to the active zone, these studies
led to the hypothesis that the active zone is required to
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translate the incoming action potential into neurotransmitter
release (Schoch and Gundelfinger, 2006; Stdhof, 2012).

Synaptic vesicle tethering and docking are thought to precede
fusion and have been studied using various methods and defini-
tions. Docking is often defined as synaptic vesicles that are
attached to the plasma membrane in electron microscopic im-
ages of glutaraldehyde-fixed tissue such that the electron den-
sities of the vesicle membrane and target membrane merge
(Acuna et al., 2015; Augustin et al., 1999; Bronk et al., 2007;
Han et al., 2011; Kaeser et al., 2011). Using glutaraldehyde fixa-
tion, only RIMs participate in synaptic vesicle docking without
affecting total numbers of synaptic vesicles in a nerve terminal
(Augustin et al., 1999; Bacaj et al., 2015; Bronk et al., 2007;
Kaeser et al., 2011). Recently, the use of high-pressure freezing
and tomography have allowed for distinction of tight vesicle
docking with a resolution of a few nanometers. This has led to
the discovery that SNARE proteins and Munc13 contribute to
the tight attachment of synaptic vesicles to the presynaptic
plasma membrane. Their genetic removal leads to a loss of
tightly docked vesicles when observed in high-pressure frozen
tissue (Imig et al., 2014; Siksou et al., 2009), but these pheno-
types are too subtle to be uncovered using glutaraldehyde fixa-
tion (Augustin et al., 1999; Bronk et al., 2007). Overall, there is
a good correlation between the number of docked vesicles
observed with either fixation method, the size of the active
zone, and the size of the RRP, which suggested, along with the
observation that docked vesicles fuse upon stimulation, that
docked vesicles are the RRP (Holderith et al., 2012; Imig et al.,
2014; Rosenmund and Stevens, 1996; Schikorski and Stevens,
2001; Watanabe et al., 2013). Here, we measure the RRP as ves-
icles that are released by the application of hypertonic sucrose,
and we assume that the same vesicles are accessible to action
potentials although differences may exist (Rosenmund and Ste-
vens, 1996; Schikorski and Stevens, 2001; Thanawala and
Regehr, 2016; Zucker and Regehr, 2002). We use the term
“fusion competent” for vesicles in the RRP and vesicles that
are released through spontaneous miniature events (Augustin
et al., 1999).

To date, no knockout mutation has led to a strong structural
disruption of the vertebrate active zone matrix. We set out to
generate such a mutation with the goal to test whether the active
zone is necessary for the structural assembly of synapses,
whether it is required for fusion, and how it participates in setting

RRP size and P. We produced conditional mouse mutants to
simultaneously remove all active zone isoforms of RIM and
ELKS in cultured hippocampal neurons. This led to loss of
Munc13, Bassoon, Piccolo, RIM-BP, and Cay2.1 Ca* channels.
The overall synaptic assembly, including the postsynaptic den-
sities, the size of the synaptic vesicle cluster, and the levels of
SNARE proteins, remained unaffected. However, we observed
a near-complete loss of vesicle docking, and release probability
was strongly decreased. Surprisingly, a pool of fusion competent
vesicles, released as spontaneous miniature events or during
stimulation with action potential trains or hypertonic sucrose,
persisted upon strong disruption of the active zone and vesicle
docking.

RESULTS

Genetic Disruption of the Presynaptic Active Zone

We generated mice to simultaneously and conditionally remove
all presynaptic RIM and ELKS proteins. We targeted RIM and
ELKS proteins because they are expressed at all synapses and
they interact with all major active zone proteins (Figure 1A). We
crossed conditional knockout mice for presynaptic RIM proteins
(Kaeser et al., 2008, 2011), encoded by the genes Rims1 and
Rims2, to conditional knockout mice for both genes encoding
ELKS proteins (Kaeser et al., 2009; Liu et al., 2014), Erc1 and
Erc2, to generate quadruple conditional knockout mice (Fig-
ure S1A). All analyses were done in primary hippocampal neu-
rons from these mice or the double conditional knockout mice
for either RIM or ELKS proteins. Lentivirus expressing cre re-
combinase or an inactive mutant of cre in neurons (Liu et al.,
2014) was supplied at 5 days in vitro (DIV) to generate knockout
neurons (cKO™*E) or control neurons (control™*5). In cKO™*E neu-
rons, we remove RIM and ELKS proteins as assessed by
confocal microscopy (Figures 1B, 1C, S1B, S1C, and S1G) and
quantitative western blotting using fluorescent secondary anti-
bodies (Figures 1D and 1E and Tables S1A and S1B; tables dis-
playing mean + SEM, p values, statistical tests, and number of
biological repeats are included for all data in the Supplemental
Information). In immunostaining, 22% of RIM and 23% of ELKS
signal remained upon knockout of these proteins (gray dotted
line, Figure 1C) despite much stronger reductions in western
blotting (Figure 1E), establishing that this signal is non-specific
(see Figure S1D for background from secondary antibodies

Figure 1. Genetic Removal of RIM and ELKS Leads to Disruption of the Active Zone

(A) Schematic of the protein complex at the active zone and its connections to other important presynaptic protein families (marked in red). SAM, sterile alpha
motif; MUN, Munc13 homology domain; PDZ, PSD-95/DIg1/Z0-1 homology domain; SH3, Src homology 3 domain; PxxP, proline rich motif; FN3, fibronectin 3
repeat.

(B and C) Sample images (B) and quantitation (C) of protein levels at RIM and ELKS knockout (cKO®*) and control (control®*) synapses using confocal mi-
croscopy. The synaptic vesicle marker Synaptophysin-1 (Syp-1) was used to define the region of interest (ROI). The black dotted line indicates control levels and
the gray dotted line non-specific staining as assessed for RIM. Example images for RIM-BP2, Piccolo, Liprin-a2, Liprin-a3, SNAP-25, and quantitation of puncta
number and size are in Figure S1 (control™E n = 3 independent cultures, cKOR*E n = 3, 10 images per culture).

(D and E) Quantitative western blotting for presynaptic proteins using fluorescent secondary antibodies. Some cultures were fractionated into pellet and su-
pernatant (sup.) using Triton X-100 solubilization and ultracentrifugation. Quantitation (E) of total protein levels in cKOR*E neurons normalized to protein levels in
control™*E neurons are shown. Black and gray dotted lines as in (C). For detailed analyses of protein solubility and protein levels in each fraction, see Table S1B
(control®*E n = 6 independent cultures, cKOP*E n = 6, except for Bassoon where n = 3 for both conditions, Syb-2, synaptobrevin/VAMP-2).

(F and G) Sample images (F) and quantitation (G) of the fraction of Bassoon puncta containing Munc13-1 or RIM-BP2. The fraction of Bassoon pixels and the
fraction of Syp-1 puncta containing Munc13-1 or RIM-BP2 are in Figure S1 (control®*€ n = 6 independent cultures, cKO™*E n = 6, 10 images per culture).

All data are means + SEM; *p < 0.05, **p < 0.01, **p < 0.001 as determined by Student’s t test. All numerical data are in Table S1.
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only). Genetic removal of RIM and ELKS led to a very strong
reduction of interacting active zone proteins. Munc13-1 was
eliminated from synaptic puncta in an extent similar to RIM and
ELKS, and synaptic Bassoon and Piccolo were reduced nearly
as strongly (Figures 1B and 1C), whereas the total protein levels
of Munc13-1 and Bassoon were reduced by ~80% (Figures 1D
and 1E). Synaptic and total RIM-BP2 was reduced by 31% and
42%, respectively (Figures 1C-1E and S1B), and synaptic
Cay2.1 Ca®* channel levels were reduced by 29% (Figures 1B
and 1C). Because synaptic Munc13-1 levels (Figure 1C) were
more strongly reduced than total Munc13-1 levels (Figure 1E),
we tested whether the remaining Munc13-1 was clustered
at synapses. The Munc13-1 protein that was left in the cKO™E
neurons was insoluble as measured in a fractionation experiment
of the cultured neurons (Figure 1D and Table S1B). Furthermore,
when we evaluated whether the remaining Munc13 clusters co-
localized with the remaining Bassoon (Figures 1G and S1F) or
with synaptic vesicles (Figure S1E), we found that many Bassoon
puncta and synapses did not contain Munc13-1, whereas the
remaining RIM-BP2 co-localized well with the same markers
(Figures 1G, S1E, and S1F).

This is the most extensive genetic disruption of the vertebrate
active zone protein complex to date with a near-complete loss of
most of the vital components. Somewhat surprisingly, synapse
number and size were unchanged (Figure S1C), and the levels
and localization of SNARE proteins and synaptic vesicle markers
(Syntaxin-1, SNAP-25, Synaptobrevin-2/VAMP-2, and Synapto-
physin-1) were not affected (Figures 1B-1E and S1B).

At invertebrate synapses, Liprin-o. controls presynaptic as-
sembly upstream of ELKS and RIM (Dai et al., 2006; Kaufmann
et al., 2002; Patel et al., 2006; Zhen and Jin, 1999). Vertebrates
express Liprin-o proteins from four genes (Zirner and Schoch,
2009). Although it is not well understood which Liprin-a isoforms
localize to the active zone, and post- and extra-synaptic localiza-
tion have also been observed, Liprin-a2 and Liprin-a.3 are likely
the prominent synaptic Liprin-a isoforms (Spangler et al., 2011;
Wyszynski et al., 2002; Ziirner et al., 2011). In cKO™E neu-
rons, Liprin-2 and Liprin-a3 localization (Figure 1C), Liprin-a3
levels (Figure 1E), and biochemical solubility (Table S1B) were
unaffected. Notably, Liprin-«2 and Liprin-o.3 antibodies reveal
relatively widespread labeling (Figure S1B) compatible with addi-
tional roles for Liprin-a outside active zones (Miller et al., 2005).
In summary, simultaneous deletion of RIM and ELKS reveals
strong, redundant, and active zone-specific scaffolding func-
tions for these proteins that were not detected when a single pro-
tein family was deleted.

Loss of Synaptic Vesicle Docking but Normal
Postsynaptic Assembly upon Active Zone Disruption

To characterize effects on presynaptic and postsynaptic struc-
ture, we fixed cultures by high-pressure freezing and analyzed
them using transmission electron microscopy. In agreement
with the immunostainings, cKO™*E synapses had normal bouton
size and synaptic vesicle numbers (Figures 2A and 2B). At
cKO™*E synapses, we observed a massive 92% reduction of
docked vesicles (Figure 2B). We repeated this analysis in glutar-
aldehyde-fixed tissue (Figures S2A-S2C) and saw a similarly
robust 85% reduction of docked vesicles. This effect was
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much stronger than loss of RIMs alone, as assessed with glutar-
aldehyde-fixed tissue (Kaeser et al., 2011). Furthermore, in
cKOR*E neurons, we observe a 79% loss of vesicles within
100 nm of the target membrane (which we refer to as tethered
vesicles) using high-pressure frozen tissue (Figure 2C) and a
similar reduction using glutaraldehyde-fixed tissue (Figure S2C).
Knockout mutations for Munc13 and the SNAREs SNAP-25 and
Syntaxin-1 do not have a reduced number of docked vesicles
using glutaraldehyde-fixed tissue or a reduction in tethered ves-
icles, but only the use of high-pressure freezing and/or tomogra-
phy reveals their functions in tight vesicle docking (Augustin
et al., 1999; Bronk et al., 2007; Imig et al., 2014; Siksou et al.,
2009; de Wit et al., 2006). Thus, because the cKO™*E docking
deficit is easily detected in glutaraldehyde-fixed tissue and ex-
tends to distances up to 100 nm away from the target mem-
brane, we conclude that these neurons have a very strong deficit
in docking and tethering synaptic vesicles to the presynaptic
plasma membrane, establishing a requirement for the active
zone for these processes.

Because the active zone protein complex interacts through
transsynaptic protein complexes with the PSD (Sudhof, 2012),
it is possible that a strong disruption of the active zone affects
the integrity of the PSD. In cKO™*E neurons, the length of the
postsynaptic density was not affected (Figures 2B and S2B),
and levels and localization of PSD-95, N-methyl-D-aspartate
(NMDA) receptors, and o-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA) receptors were not changed (Figures
2D-2G). Thus, we conclude that structural effects of RIM and
ELKS deletion are largely restricted to the active zone.

Active Zone Disruption Leads to Strong Reductions in
Release Probability and Presynaptic Ca2* Influx

Given that individual active zone proteins, such as RIM and
Munc13, are essential for generating an RRP and for the Ca®*-
mediated release of this pool (Augustin et al.,, 1999; Deng
et al., 2011; Han et al., 2011; Kaeser et al., 2011; Varoqueaux
et al.,, 2002), we hypothesized that massive disruption of the
active zone in cKO™E synapses leads to loss of neurotransmitter
release. We monitored synaptic transmission electrophysiologi-
cally in cultured neurons and found that single action potential-
evoked excitatory or inhibitory postsynaptic currents (EPSCs
or IPSCs, respectively) were strongly reduced (by 90% and
81%, respectively) but not abolished (Figures 3A, 3B, 3E, and
3F). The rise time of the synaptic response was slowed (Figures
3C, 3D, 3G, and 3H), and the variability in amplitude and rise time
was strongly increased, suggesting increased asynchrony in
cKOR*E synapses.

We next stimulated the synapses with pairs of stimuli at closely
spaced time intervals and calculated the paired-pulse ratios
(PPRs). PPRs are inversely correlated with initial P (Zucker and
Regehr, 2002) and can be used as a relative measure of P
when comparing genotypes. Consistent with a strong reduction
in P, PPR was strongly increased at short interstimulus intervals
at excitatory (Figures 3l and 3J) and inhibitory synapses (Fig-
ures 3K and 3L). This is reminiscent of the decrease in release
probability observed in RIM knockout synapses (Kaeser et al.,
2008, 2011; Schoch et al., 2002), which is caused by reduced
tethering of presynaptic Ca®* channels (Kaeser et al., 2011).
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Figure 2. Disruption of the Active Zone Leads to Loss of Synaptic
Vesicle Docking, but PSDs Appear Normal

(A and B) Sample images (A) and quantification (B) of synaptic morphology of
high-pressure frozen neurons analyzed by electron microscopy of cKO™*E and
control?*E synapses. Here, synaptic vesicles are defined as docked when the
electron density of the vesicular membrane merges with the electron density
of the presynaptic plasma membrane. For an identical analysis using glutar-
aldehyde-fixed tissue, see Figure S2 (control®*E n = 50 synapses, cKO™E
n = 50).

(C) Distribution of synaptic vesicles relative to the presynaptic plasma mem-
brane area opposed to the PSD. Vesicle distribution is shown in 100 nm bins
(Ieft) in cKO™*E and control*E synapses. Gaussian fits were used to model the

B c > vesicle distribution. The two genotypes were significantly different and could
S 804 == ) - & E-  ® == not be fit with a single distribution, requiring individual fits. Distribution o
] = a t be fit with le distribut dividual fits. Distribut f
8 % 21 = 0.6 8’6‘400- synaptic vesicles within the first 100 nm in 10 nm bins and the number of
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840_ > % 0.4+ ac membrane) are shown in the middle and on the right, respectively (control™*&
3 E | % 5 & 2200 n = 50 synapses, cKO™*E n = 50).

S 20 8 i 5 0.24 E’i’ (D and E) Sample images (D) and quantification (E) of PSD protein synaptic
§ ° 3 3 fluorescence levels at cKO™*E and control™*€ synapses using confocal mi-
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Persistence of Release upon Active Zone Disruption

We next stimulated the cKO™*E neurons with short action poten-
tial trains (50 stimuli at 10 Hz). Surprisingly, we detected a strong
buildup of release at excitatory cKO™E synapses starting with
the second action potential, and the increase was sustained
throughout the action potential train (Figures 5A, 5B, and S3A).
Similarly, vesicles were released quite efficiently throughout an
action potential train at inhibitory synapses (Figures 5E, 5F,
and S3C). When we quantified the synchronous charge compo-

D &W dye filling, a brief somatic current injection was used to induce a

psD.g5|contro i single action potential, and Ca®* transients were recorded in in-

cKORE —__ dividual boutons and secondary dendrites (Figure 4B). We found
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cKO™E ___ ure 4C). These data match well with the observation of a loss

control?*E _—_ of Cay2.1 Ca?* channels (Figure 1C), with the strong reduction

GluN1 cKOR*E _—_ in vesicular release probability (Figures 3I-3L) and with the pre-

ReE viously described roles for RIM and ELKS proteins in enhancing

GIuA1 control ___ presynaptic Ca®* influx in hippocampal neurons (Kaeser et al.,
E F

-
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Figure 3. Single Action Potential-Evoked Synaptic Transmission
and Release Probability Are Strongly Decreased upon Disruption
of the Active Zone

(A and B) NMDAR-EPSCs were evoked by a focal stimulation electrode.
Example traces (A) and quantitation of EPSC amplitudes (B) and their coeffi-
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stimulation ended were affected to a similar extent (Figures S3B
and S3D). The steady-state amplitude at the end of the train was
reduced by 41% and 33% for EPSCs and IPSCs, respectively
(Figures 5D and 5H). Thus, despite loss of docked vesicles,
disruption of the active zone, and a strong impairment of single
action potential-induced release, release persisted during trains
of action potentials. This finding is consistent with a strong
reduction in P but suggests that an increase in P due to Ca2*
buildup during the stimulus train releases synaptic vesicles quite
efficiently. This is reminiscent of a similar electrophysiological
phenotype upon deletion of RIM-BP in D. melanogaster (Liu
et al., 2011).

We next varied the extracellular Ca®* concentration ([Ca%*]ey)
and measured the IPSC amplitude. Remarkably, despite the
reduction of presynaptic Ca®* channels and Ca®* influx, increasing
[Ca?*]ex from 2 mMto 5 mM strongly enhanced the IPSC in cKO™*E
neurons by a factor of 2.7 to 4.5 nA (Figures 5l and 5J). In both con-
ditions, release saturated above 5 mM [Ca®*],,, likely because
Ca?* influx itself saturates at 5 mM (Ariel and Ryan, 2010). When
we expressed these data normalized to the largest response (Fig-
ure 5K), we observed a right shift in the dependence of release
on [Ca®*]ex (ECso values as obtained through fitting each
cell: control"*E EC5q = 1.55 + 0.238 mM, cKOR*E EC5p = 2.33 =
0.197 mM, *p < 0.05), confirming a reduction in P. Thus, the active
zone per se is not required for fusion of synaptic vesicles, and
when P is increased, for example during action potential trains
or by increasing [Ca®*].,, vesicles can be quite efficiently released.
Because release is proportional to the product of RRP size and P,
these data suggest that RRP vesicles remain in cKO™*E neurons
despite the loss of RIM, Munc13, and vesicle docking.

We next assessed the frequency and amplitude of miniature
excitatory and inhibitory PSCs in the presence of tetrodotoxin
(MEPSCs, mIPSCs, Figures 5L-5N and S3E-S3lI) in cKO*E syn-
apses and compared these data with synapses that either lack
only RIM (cKO®) or only ELKS (cKOF). Simultaneous removal of
RIM and ELKS led to surprisingly mild 47% and 49% reductions
in mEPSC (Figure 5M) and mIPSC (Figure S3H) frequencies,
respectively. The effect on spontaneous release after disruption
of the active zone in cKOR*E synapses was comparable to the
deletion of ELKS alone and was milder than the reduction upon
loss of RIM (78%, Figures 5M and S3F) or Munc13 (Augustin

cient of variation (C.V.) in cKO™E and control**® neurons are shown
(control®*E n = 24 cells/4 independent cultures, cKOR*E n = 26/4).

(C and D) Sample traces (C) and quantitation (D) of EPSC rise times and their
C.V. (n as in B). Individual sweeps are shown in gray and the average of all
sweeps is shown in black. Traces are normalized to the average response.
(E-H) Same analysis as in (A)—(D) for IPSCs (control™*E n = 19/3, cKOR*E
n = 19/3).

(I and J) Analysis of NMDAR-EPSC paired-pulse ratios (PPRs) in cKOR*E and
control™ neurons. Sample traces (I; traces normalized to the first response)
and quantitation (J) of the PPR at 100 ms interstimulus interval (controlR+E
n = 23/4 independent cultures, cKO™*E n = 26/4).

(Kand L) Scaled sample traces (K; traces normalized to the first response) and
summary data (L) of IPSC PPRs at variable interstimulus intervals (control™*E
n =19/3, cKO™E n = 19/3).

All data are means + SEM; **p < 0.01, **p < 0.001 as determined by
Student’s t test in (A)—(H), or by two-way ANOVA in (L) (genotype, interstimulus
interval, and interaction p < 0.001, p values of post hoc Holm-Sidak tests are
shown). All numerical data are in Table S3.
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Figure 4. Impaired Ca2* Influx upon Active Zone Disruption

(A) Sample images of cKO™*E and control™*E neurons filled via patch pipette
with Fluo-5F and Alexa 594 (red, top) and enlarged view of boutons (bottom)
analyzed in (B).

(B) Somatic action potentials (top) and presynaptic Ca* transients imaged via
Fluo-5F fluorescence (bottom) of the color-coded boutons shown in (A).

(C) Summary plots of single action potential-induced Ca?* transients in bou-
tons. Inset: same plot for dendrites. Data are shown as mean (line) + SEM
(shaded area). **p < 0.001 for Ca®* transients during the first 60 ms after the
action potential as assessed by two-way ANOVA for genotype and time;
interaction not significant (n.s.) (boutons: control™*E n = 202 boutons/16 cells/3
independent cultures, cKO™E n = 157/13/3; dendrites: control™*E n = 148
dendrites/16 cells/3 independent cultures, cKOR*E n = 100/13/3). All numerical
data are in Table S4.

et al., 1999; Varoqueaux et al., 2002) alone. Consistent with the
normal architecture of the PSD (Figures 2 and S2), mini ampli-
tudes were not affected. Direct comparison of the miniature fre-
quencies in the three lines confirmed a statistically significantly

stronger reduction of mini frequency in the synapses that lack
only RIM compared to the synapses in which the entire active
zone is disrupted (Figure S3F).

Uniform Disruption of Synaptic Composition and
Release in cKOR*E Neurons

Thus far, our data reveal a strong reduction in release probability
at cKOR*E synapses and show that mini release and release in
response to stimulus trains are more mildly impaired than one
would predict from the strong structural disruption of the active
zone. This suggests that fusion competent vesicles are present
despite loss of Munc13, RIM, and vesicle docking. An alternative
explanation is that only a subset of synapses is affected in
cKOR*E neurons and that a population of near normal synapses
confounds our analysis. Such heterogeneity could be due to the
presence of different neuronal subtypes in our cultures and could
arise at the molecular or functional level. We first excluded that
the heterogeneity is derived from a population of cells that
does not express cre recombinase. Consistent with the analysis
of protein levels (Figure 1E), all cells expressed cre (Figures S4A
and S4B). We then tested whether the active zone components
of synapses showed a distribution consistent with heterogeneity.
We plotted the data presented in Figures 1B, 1C, S1B, and S1G
as a frequency distribution of the fluorescence intensity. Peaks
for Munc13, Bassoon (Figure 6A), Piccolo, and RIM-BP (Fig-
ure S4C) shifted uniformly to lower intensities. These data
argue against strong molecular heterogeneity upon active zone
disruption.

We next turned to presynaptic imaging in cultures expressing
SypHy (Granseth et al., 2006), a version of synaptophysin
coupled to an intravesicular pHluorin tag (Figures 6B-6H and
S4D-S4F). In brief, neuronal cultures were infected with two in-
dependent lentiviruses expressing SypHy (for imaging exocy-
tosis) and SV2-TdTomato (to identify synapse-rich areas in the
cultures) at DIV3 in addition to the cre and control lentiviruses
(which were supplied at DIV5). At DIV15-DIV18, a synapse-
dense area was chosen based on SV2-TdTomato expression,
and the neurons were stimulated with a focal stimulation elec-
trode for 40 or 200 action potentials at 20 Hz. In this experiment,
exocytosis is identified as an increase in fluorescence due to un-
quenching of the pHIuorin when it is exposed to the neutral extra-
cellular pH. For the analysis, only puncta that showed at least a
2-fold increase in fluorescence upon application of NH4Cl (which
uniformly raised the intravesiclular pH to unquench pHluorin fluo-
rescence) were included. We first determined the fraction of
synapses responsive to 40 or 200 stimuli and observed a small
but significant decrease in active synapses in the cKO™E
neurons (Figure S4F). We next characterized release at active
synapses in both genotypes and found a 67% and 68%
decrease in the peak response at the end of stimulation at 40
or 200 action potentials, respectively (Figures 6B-6H). When
we plotted a frequency histogram of the percentage of the total
pool released at the end of the stimulus train for all active synap-
ses, there was a prominent increase in synapses with smaller
pHluorin fluorescence changes in cKO™*E synapses. This exper-
iment supports that active synapses in cKO™E neurons have
impaired release and establishes that the secretory deficit
cannot be explained by inactive synapses only. Furthermore, it
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establishes that the pool of recycling vesicles, which contributes
strongly to the response to 200 action potentials, is reduced in
the cKO™*E synapses. These experiments exclude that a large
fraction of synapses has normal active zones and operates at
essentially normal levels.

Comparison of Docking and RRP Size upon Active Zone
Disruption

Our data thus far suggest that there may be a sizable RRP left in
cKOR*E synapses even though such a pool is thought to be
reflected in docked vesicles at hippocampal synapses (Imig
et al., 2014; Rosenmund and Stevens, 1996; Schikorski and Ste-
vens, 2001). We measured the RRP at excitatory synapses using
the application of 500 mM hypertonic sucrose and compared the
RRP with vesicle docking and distribution at cKOR, cKOF, and
cKO™E synapses (Figure 7). RIM deletion resulted in a 46%
reduction in docked synaptic vesicles paralleled by a 75%
reduction in the RRP, but the distribution of vesicles within a
nerve terminal was normal (Figures 7A-7D, S5A, and S5B).
Removal of ELKS alone did not result in a detectable effect on
vesicle docking or vesicle distribution (albeit there was a non-
significant trend toward a small reduction in docked vesicles)
but induced a 34% reduction in RRP at excitatory synapses (Fig-
ures 7E-7H, S5C, and S5D). At cKO™*E synapses, the RRP was
more mildly affected (Figures 7I-7L) than one would predict from
the effects observed in cKOR or cKOF synapses, from the loss of
docking, and from the massive reduction in RIM, Munc13, and
other active zone proteins (Figure 1). 42% of RRP vesicles re-
mained despite the strong reduction in vesicle docking (92% in
high-pressure frozen tissue, Figure 2B; 89% in glutaraldehyde-
fixed tissue, Figure 7J). Direct comparison of the three geno-
types revealed a significantly stronger loss of docking in cKOR*E
synapses compared to cKO® synapses. Conversely, RRP was
more strongly reduced in cKOR synapses than in cKO™E or
cKOE synapses (Figures S5G and S5H). These data suggest
that at least some RRP vesicles can be recruited over distance
and do not have to be stably docked at the active zone before
the application of hypertonic stimulus.

DISCUSSION

We here establish a conditional mouse mutant that strongly and
specifically disrupts the active zone matrix and synaptic vesicle
docking in cultured hippocampal neurons (Figures 1 and 2). We
find that disruption of the active zone results in a strong impair-

ment of vesicular release probability, but surprisingly, >40% of
RRP vesicles remained (Figures 3, 4, 5, 6, and 7).

Redundant Scaffolding Functions of RIM and ELKS
The multi-domain structure of RIM and ELKS and their extensive
biochemical binding activities with other active zone proteins
suggested that they operate as scaffolds (Ohtsuka et al., 2002;
Schoch et al., 2002; Takao-Rikitsu et al., 2004; Wang et al.,
2002). However, loss-of-function approaches thus far pro-
vided mixed support for this hypothesis. Knockout mutants for
ELKS1 and/or ELKS2 showed no changes in active zone compo-
sition at hippocampal synapses (Held et al., 2016; Liu et al., 2014)
except for a small increase in the biochemical solubility of RIM
(Kaeser et al., 2009). Similarly, RIM1 and/or RIM2 knockout
mice revealed isolated changes in the clustering and levels of
Munc13-1 (Deng et al., 2011; Schoch et al., 2002). Beyond these
changes in individual active zone proteins, however, the active
zone protein complex was intact. Here, we reveal a strong, redun-
dant scaffolding role for RIM and ELKS: simultaneous removal
leads to disruption of the active zone with a loss of three out of
four additional active zone protein families. Our morphological
and functional analyses further strongly support redundant scaf-
folding roles for RIM and ELKS that are similar at excitatory and
inhibitory synapses. Thus, we establish an important presynaptic
scaffolding role for RIM and ELKS that is shared across synapses
and that tethers Piccolo, Bassoon, Munc13-1, and RIM-BP2.
Because these proteins cannot be anchored and maintained at
normal levels at mutant synapses, RIM and ELKS are necessary
and thus upstream for their tethering to the active zone.
Interestingly, levels and localization of Liprin-a2 and Liprin-a.3,
the two Liprin-a isoforms that are strongly expressed in brain and
are thought to be localized at the active zone (Spangler et al.,
2011; Zlrner and Schoch, 2009; Zirner et al., 2011), are not
affected in our mutants. This suggests that Liprin-«2/3 are either
upstream in active zone assembly and can be tethered indepen-
dent of RIM and ELKS or that Liprin-22/3 are not part of the
same protein complex. Genetic experiments have firmly estab-
lished presynaptic roles for Liprin-a/syd-2 in synapse assembly
in C. elegans and D. melanogaster (Kaufmann et al., 2002;
Zhen and Jin, 1999). Although the localization of individual verte-
brate Liprin-o proteins has not been conclusively solved and the
available data support pre-, post-, or extra-synaptic localization
of Liprin-a proteins (Spangler et al., 2011; Wyszynski et al., 2002;
Ziurner et al.,, 2011), a recent study employed knockdowns
for Liprin-a2 and supported presynaptic scaffolding functions

Figure 5. Release during Action Potential Trains and Mini Release Are Sustained upon Disruption of the Active Zone

(A-D) Sample traces (A) and quantitation of amplitudes (B), synchronous charge (C), and steady-state EPSC amplitude (D; average of the last ten EPSCs) of
NMDAR-EPSCs evoked by stimulation trains (10 Hz, 50 stimuli) in ckOR*E and control™*E neurons (control®*& n = 17/3, cKO™*E n = 18/3).

(E-H) Analysis as in (A)-(D) but for IPSCs evoked by stimulation trains (10 Hz, 50 stimuli, control™*E n = 19/3, cKO™*E n = 19/3).

(I-K) Example traces (1) of action potential-evoked IPSCs at [Ca®*]e, 0f 0.5, 1, 2, 5, and 7 mM in cKO™*E and control™**E neurons. Absolute IPSC amplitudes (J) and
amplitudes normalized to the response at 7 mM [Ca?*]. (K) are shown (control™*E n = 8/3, cKO™*E n = 8/3).

(L-N) Recordings of mEPSCs in synapses lacking RIM (cKO), ELKS (cKOF), or both (cKOR*E). In each experiment, control neurons are identical to the respective
cKO neurons except that the cre lentivirus is inactive in the control neurons. Sample traces (L) and quantitative analysis of MEPSC frequencies (M) and amplitudes
(N) are shown (control® n = 20/3, cKOR n = 21/3; controlf n = 25/3, cKOF n = 24/3; control™*E n = 32/5, cKO™*E n = 31/5). For expanded mEPSC traces and mIPSC
data, see Figure S3.

All data are means + SEM; *p < 0.05, **p < 0.01, **p < 0.001 as determined by Student’s t test (A-H and L-N) or two-way ANOVA in (J) (genotype: **p < 0.001;
[Ca®*]ex: **p < 0.001, interaction: *p < 0.05; p values of post hoc Holm-Sidak tests are shown in J). For analyses of release components during trains, see
Figures S3A-S3D. All numerical data are in Table S5.
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(Spangler et al., 2013). In vitro binding of Liprin-a.1 through Liprin-
a4 to RIM and/or ELKS (Ko et al., 2003; Schoch et al., 2002) pro-
vides further support for a presynaptic scaffolding role. One
possible explanation for these and our data is that Liprin-a. is up-
stream of RIM and ELKS in vertebrate active zone assembly.
Importantly, invertebrate Liprin-o/syd-2 mutant synapses also
have reduced vesicle numbers in the nerve terminal (Kaufmann
et al., 2002; Patel et al., 2006; Zhen and Jin, 1999), suggesting
that the active zone may recruit vesicles to a presynaptic nerve
terminal. Our experiments at vertebrate synapses reveal that
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Figure 6. Uniform Disruption of Active
Zone Composition and Function in cKOR*E
Neurons

(A) Histograms of the distribution of fluorescence
intensity levels in cKO™*E and control™*E synapses
(normalized to the average fluorescence in control).
Data are from the experiments shown in Figures 1B
and 1C. For histograms of RIM, ELKS, Piccolo, RIM-
BP2, Liprin-2.3, and PSD-95, see Figure S4C.

(B) Pseudocolored images of SypHy-expressing
cultures stimulated with 40 and 200 action po-
tentials (APs) and dequenched with NH4CI. Im-
ages represent peak fluorescence change.

(C-E) Quantification of fluorescence changes in
cKO™*E and control®*E neurons stimulated with 40
action potentials (gray area), including the time
course of the mean fluorescence change in active
synapses as a percentage of the fluorescence in-
crease upon NH,CI application (C), the peak
response (D) of active synapses, and frequency
distribution of the percentage of the response in
active synapses at the end of the stimulus train
(E; control™*E n = 3,493 NH,Cl responsive synapses/
2,486 active synapses/9 coverslips/3 independent
cultures, cKO™E n = 2,192/1,272/9/3, the number
of coverslips is used as a basis for statistics).

(F-H) Quantification as in (C)—(E) but for neurons
stimulated with 200 action potentials (gray area;
control™E n = 3,493/2,640/9/3, cKO™*F n = 2,291/
1,405/9/3, the number of coverslips is used as a
basis for statistics).

All data are means + SEM; *p < 0.05, **p < 0.01,
***p < 0.001 as determined by Student’s t test. All
numerical data are in Table S6.
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synaptic vesicle numbers are unchanged
upon active zone disassembly, establish-
ing that the active zone protein complex
downstream of Liprin-o. is not required
for recruitment of vesicles to the nerve
terminal. Our data are consistent with
additional roles for Liprin-o. outside of
the active zone, for example, in trafficking
of vesicles or active zone material, as has
been shown for D. melanogaster Liprin-o.
(Miller et al., 2005). Further genetic exper-
iments will be necessary to dissect the
roles of Liprin-a in the vertebrate brain.
Recent studies support that synaptic
and network activity contribute to active
zone protein turnover (Lazarevic et al.,
2011; Sugie et al., 2015; Weyhersmdller et al., 2011). It is thus
possible that loss of synaptic activity in the cultured neurons
contributes to the strong active zone disruption that we observe
upon RIM/ELKS deletion. However, reduced activity is unlikely to
play an important causative role for active zone disruption in our
experiments because knockouts for only RIM (Deng et al., 2011)
or Munc13 (Varoqueaux et al., 2002), which have similar or more
severe reductions in activity, do not lead to strong active zone
disruption. In the long-term, it will be important to test causes
and effects of the active zone disruption that we describe here
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Figure 7. Persistence of a Readily Releasable Pool upon Loss of Synaptic Vesicle Tethering and Docking

(A-D) Sample images (A) and quantitative analyses of synaptic vesicle docking (B) in glutaraldehyde-fixed neuronal cultures and sample traces (C) and quan-
titation (D) of RRP of RIM-deficient cKO® and corresponding control® synapses. Focal application of hypertonic sucrose for 10 s was used to deplete the RRP.
(E-H) Analyses as outlined in (A)~(D) but of ELKS-deficient cKOF and control® synapses.

(legend continued on next page)
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in a system that allows manipulation and characterization of a
specific synapse in a defined circuit to better understand how
cell-type specificity and activity contribute to the phenotypes.

The Role of the Active Zone in Synaptic Vesicle Docking
Because synaptic vesicles are only docked at the active zone
(Couteaux and Pécot-Dechavassine, 1970; Imig et al., 2014;
Siksou et al., 2009; Sudhof, 2012), it has been proposed that
the active zone provides the molecular mechanism for docking
of synaptic vesicles to the target membrane. Consistent with
this hypothesis, RIM1/2 double knockout synapses have an
approximately 50% reduction in the number of docked vesicles
in cultured hippocampal neurons in glutaraldehyde-fixed tissue
(Kaeser et al., 2011). Importantly, using the same method, no
other presynaptic protein, including Munc13 (Augustin et al.,
1999; Varoqueaux et al., 2002), synaptobrevin-2 (Deak et al.,
2004), SNAP-25 (Bronk et al., 2007), or Ca®*-dependent acti-
vator protein for secretion (CAPS) (Jockusch et al., 2007), has
a role in synaptic vesicle docking. Compellingly, disruption of
the active zone in the cKOR*E neurons leads to a near-com-
plete loss of vesicle docking in glutaraldehyde-fixed tissue
(Figures S2B and 7J). Recent experiments have used high-
pressure freezing and tomography, which improved the resolu-
tion in the analysis of docking to 2 nm. Using this method, it
has been found that loss-of-function mutations for Munc13,
CAPS, and the SNAREs syntaxin-1, synaptobrevin-2, and
SNAP-25 have a strong reduction in synaptic vesicles within
0-5 nm of the target membrane but normal or increased vesicle
numbers in bins at 10 and 20 nm away from the active zone
(Imig et al., 2014; Siksou et al., 2009). The reduction of docked
vesicles at cKO™E synapses is apparent with both fixation
methods. With high-pressure freezing, the 92% reduction at
cKO™*E synapses (Figures 2A-2C) is similar to Munc13 null mu-
tants, which have a 96% reduction in docked vesicles when
using the same method combined with electron tomography
(Table 1 in Imig et al., 2014). Furthermore, unlike Munc13-defi-
cient synapses, cKO™*E synapses fail to accumulate vesicles
10-20 nm away from the target membrane but show a 79%
reduction in numbers of tethered vesicles within 100 nm of
the target membrane. Thus, we conclude that the loss of dock-
ing and tethering of synaptic vesicles in the cKO™*E mutant is
stronger than in previous mutants because the loss of docking
is readily detected in glutaraldehyde-fixed tissue and there is a
shift of the entire vesicle cluster away from the target mem-
brane that has not been seen in other mutants. We conclude
that the active zone is required for synaptic vesicle docking
and tethering.

The Relationship between Synaptic Vesicle Docking,
Priming, and Release

The strong decrease in single action potential-mediated release
(Figure 3) corresponds well with the loss of vesicle docking (Fig-
ure 2) and is consistent with the hypothesis that single action
potentials release docked vesicles (Rosenmund and Stevens,
1996). Release from a single synapse is proportional to the
RRP size and P (Zucker and Regehr, 2002). Our analysis re-
vealed a strong reduction in P upon disruption of the active
zone (Figures 3I1-3L, 4, and 5|-5K). This observation is supported
by a strong increase in PPRs, a right shift in the [Ca*]sx depen-
dence of release, an increase in coefficient of variation (C.V.) of
the PSC amplitude, and a loss of presynaptic Cay2.1 Ca* chan-
nels and Ca?* influx. Surprisingly, manipulations that enhanced
P (increasing [Ca®*]., and action potential trains) or bypassed
the need for Ca?* (stimulation with hypertonic sucrose) demon-
strated that a significant pool of vesicles is available for release
in cKO™*E synapses.

Many studies have defined the RRP as vesicles that are either
released during the transient response to hypertonic sucrose
(Augustin et al., 1999; Deng et al., 2011; Rosenmund and Ste-
vens, 1996; Varoqueaux et al., 2002) or during brief trains of
action potentials (Schikorski and Stevens, 2001), and RRP size
estimates determined by these methods are well correlated
with the number of morphologically docked vesicles. Using hy-
pertonic sucrose in cKO™E neurons, 42% of the RRP remained
(Figure 7L), which is significantly larger than the RRP left after
deletion of RIM (Figure S5H) or Munc13 (Augustin et al., 1999;
Varoqueaux et al., 2002) despite the more severe docking deficit
at cKOR*E synapses. This challenges the notion that the priming
functions of these proteins are identical to their functions in
vesicle docking. Furthermore, spontaneous miniature release
(Figures 5L-5N and S3G-S3l) and release during action potential
trains (Figures 5A-5H and 6C—-6H) are also more mildly reduced
than expected. Due to the strong reduction in P at cKOR*E syn-
apses, it was not possible to measure RRP size using high-fre-
quency action potential stimulation (Thanawala and Regehr,
2016). Nevertheless, these data reveal that fusion competent
vesicles can be recruited over distance and do not require a
persistently docked state. RRP vesicles may therefore be stored
away from the presynaptic plasma membrane, at least in the
absence of an active zone, as has been proposed based on
experiments that labeled RRP vesicles after recycling (Rizzoli
and Betz, 2004).

It is possible that hypertonic sucrose stimulation leads to a
transient increase in vesicle docking that is not captured in our
electron microscopic images. This may also be the case for

(I-L) Analyses as outlined in (A)-(D) but of RIM/ELKS-deficient cKO*E and control®*€ synapses.

For analyses of vesicle numbers, bouton size, PSD length, and vesicle distribution, see Figures SSA-S5F. All data are means + SEM; *p < 0.05, **p < 0.01, **p <
0.001 as determined by Student’s t test (analysis of vesicle docking and tethering: control® n = 25 synapses, cKO n = 25; control® n = 25, cKOF n = 25; control™*&
n = 25, cKOR*E n = 25; analysis of RRP: control™ n = 20 cells/3 independent cultures, cKOR n = 20/3; controlf n = 17/3, cKOE n = 17/3; control®*E n = 20/3, ckOR*E

n = 20/3). All numerical data are in Table S7.

(M) Schematic of synaptic architecture and function upon disruption of the active zone. Structures and processes that are strongly disrupted upon RIM and ELKS
deletion are labeled in yellow (active zone, tethering and docking of synaptic vesicles, single action potential-mediated release). Synaptic structures and functions
that remain fully or partially intact are labeled in green (the size of the synaptic vesicle cluster, the postsynaptic density containing neurotransmitter receptors, mini
release, and release in response RRP-depleting stimuli such as action potential trains or hypertonic sucrose). Our experiments indicate that at least some vesicles
can be recruited from vesicle pools distant from the presynaptic plasma membrane for release and that these vesicles may be released immediately or undergo a
transient docking state (dotted arrow) that is initiated after the onset of stimulation.
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some of our other manipulations, for example, high [CaZ*]e or
prolonged stimulus trains. The small amount of remaining
Munc13 in the cKOR*E neurons may rapidly add vesicles to the
RRP, but this hypothesis implies that Munc13-dependent prim-
ing in the cKO™*E neurons occurs upstream or simultaneous to
contact with the target membrane and is transient, since there
are no stably docked vesicles. The relatively mild reduction in
mini frequency supports that docking in cKOR*E neurons is tran-
sient and not a stable state of a primed vesicle. Alternatively,
massive disruption of the active zone may bypass the need for
Munc13 to prime vesicles before fusion.

A long-standing question has been whether the partial assem-
bly of SNARE complexes is required for synaptic vesicle docking
and priming (Jahn and Fasshauer, 2012; Stdhof and Rothman,
2009). Our experiments reveal that SNARE proteins are present
in the nerve terminal upon disruption of the active zone and that
synaptic vesicle fusion, which is mediated by SNARE proteins, is
not abolished. However, SNARE proteins are not sufficient to
drive docking at synapses in the absence of an active zone, sug-
gesting that not all fusion competent vesicles require stable pre-
assembly of SNARE complexes.

Finally, the molecular mechanisms that underlie docking
upstream of SNARE complex assembly are poorly under-
stood. With a gene mutation that disrupts docking but leaves
synaptogenesis and the size of the presynaptic vesicle cluster
intact, analysis of the minimal protein interactions between
synaptic vesicles and release sites required for docking will
now be possible.

EXPERIMENTAL PROCEDURES

The quadruple homozygote floxed mice for RIM1af, RIM2aBy, ELKS1a, and
ELKS20. were generated by crossing single conditional knockout mice
(Kaeser et al., 2008, 2009, 2011; Liu et al., 2014). All experiments were per-
formed in cultured hippocampal neurons infected at DIV5 with lentiviruses ex-
pressing cre recombinase or an inactive mutant of cre under a synapsin
promoter, and experiments were performed at DIV15-DIV19. Biochemical,
confocal, presynaptic Ca* imaging, and electrophysiological analyses were
performed as described (Deng et al., 2011; Kaeser et al., 2008, 2011; Liu
et al., 2014). Quantitative western blotting was performed using fluorescently
tagged secondary antibodies. Electron microscopic analyses were performed
on high-pressure frozen (Figure 2) or glutaraldehyde fixed (Figures 7, S2,
and S5) neurons. Electrophysiological recordings were done in whole-cell
patch-clamp configuration, and action potentials were triggered by a focal
stimulation electrode. For pHluorin imaging, the neurons were infected with
lentiviruses expressing SypHy and SV2-TdTomato at DIV3 in addition to the
cre and control lentiviruses supplied at DIV5. Experiments were performed
and analyzed by an experimenter blind to the genotype and significance
was determined using Student’s t tests unless otherwise noted. Detailed de-
scriptions of the methods are provided in the Supplemental Experimental
Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and eight tables and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2016.07.005.
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Figure S1, related to Fig. 1. Genetic disruption of the active zone.

A. Schematic of the RIM and ELKS proteins targeted in the conditional RIM1 (Kaeser et al., 2008), RIM2
(Kaeser et al., 2011), ELKS1 (Liu et al., 2014), and ELKS2 (Kaeser et al., 2009) knockout mouse lines
crossed to quadruple homozygosity. Arrowheads indicate transcription start sites of all known a-, - and y-
isoforms of each gene (Kaeser et al., 2008, 2009; Liu et al., 2014; Wang and Sudhof, 2003; Wang et al.,
2002), the red bars indicate the protein sequence that is encoded by the conditionally targeted exon. The
zinc finger domain (Zn), PDZ domains (PDZ), C, domains (C,A, C,B), coiled-coil regions (CC) and the
ELKS C-terminal PDZ binding domain (B) are indicated.

B. Additional sample images for Fig. 1B, for the assessment of synaptic protein levels within
Synaptophysin-1 (Syp-1) defined ROIs, and example images for stainings excluding the primary antibodies
in control neurons.

C. Synaptophysin-1 staining was used to determine synapse density and size. The synapse density is
expressed as synaptophysin-1 positive puncta per 30 um of MAP2 positive dendrite, and synaptophysin-1
levels are measured as the average arbitrary fluorescence within the puncta (control®* n = 3 independent
cultures, cKO®n = 3, 10 images per culture).

D. Quantitation of immunofluorescent stainings of wild type neurons incubated with or without RIM
primary antibodies (with primary n = 3 independent cultures, without primary n = 3, 10 images per culture).
The same fluorescent secondary antibodies were used in both conditions and in all test proteins in Fig. 1A,
and acquisition settings were identical for the two groups. This experiment measures the background signal
from the secondary antibody alone, and it does not account for background signal contributed by the
primary antibody.

E. Quantification of the fraction of Synaptophysin-1 puncta containing active zone proteins in cKO®'™ and
control® ' synapses (control®™ n = 6 independent cultures, cKO®Fn = 6, 10 images per culture).

F. Quantification of the fraction of Bassoon pixels containing active zone proteins at cKO® and contro
synapses (control®® n = 6 independent cultures, cKO®™Fn = 6, 10 images per culture).

G. Plot of all individual synaptic fluorescent intensity levels normalized to the average control (contro
synaptic fluorescent intensity level. Red lines indicate mean + SEM, data shown corresponds to Fig. 1C.
All data are means = SEM; *p < 0.05, **p < 0.01, ***p < 0.001 as determined by Student's t test.

R+E
1

]R+E)



=
8 2/\
S %g4oo
o=
g ==
-c -
k5 gg’zoo
8 28
o § o
< &
&
C°
N O
) o
C ° ©
[ controlR+E €
C
_CKOR+E oo
g5 g g8
% %4- [ controlR*E g.g 6+
[0) [0) R+E =
L0 2 s I cKO =5 *
o ) S 4=
= = 8o 4
g 227 28
5 [72]
> > -
& 11 8
o) o) ‘S o
X0 R 0700 OO ORODDG . 820
NRNRPCANS 0G5 &
INPITTy™ € (\o@f ~l§
c MO

distance to presynaptic plasma membrane (nm)

o)

Figure S2, related to Figure 2. Analysis of synapse ultrastructure in glutaraldehyde fixed neurons.
A, B. Sample images (A) and quantification (B) from glutaraldehyde fixed electron microscopic analyses
of cKO®F and control®* synapses; postsynaptic densities are marked with arrowheads (control®* n = 50
synapses/3 independent cultures, cKO® ' n = 48/3).

C. Distribution of synaptic vesicles relative to the presynaptic plasma membrane area opposed to the PSD.
Vesicle distribution is shown in 100 nm bins (left) in cKO®'* and control®* synapses within 1 pm.
Gaussian fits were used to model the vesicle distribution. The two genotypes were significantly different
(*p < 0.05) and could not be fit with a single distribution, requiring individual fits. Distribution of synaptic
vesicles within the first 100 nm in 10 nm bins and the number of tethered vesicles (defined as vesicles
within 100 nm of the presynaptic plasma membrane) are shown in the middle and on the right, respectively.
In each 10 nm bin within 100 nm we observed a reduced vesicle number in cKO®'* synapses (control®* n
=50/3, cKO®F n = 48/3).

All data are means = SEM; *p < 0.05, ***p <0.001 as determined by Student's t test (B, C right) or by
extra sum of squares F test (C left).
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Figure S3, related to Figure 5. Additional electrophysiological analyses of stimulus trains and
mPSCs.

A. Plot of EPSC amplitude during a 10 Hz, 50 stimulus train normalized to the amplitude of the first
response (control® n = 17 cells/3 independent cultures, cKO®Fn = 19/3).

B. Analyses of total (0 - 6.5 s), tonic (0 - 5 s) and delayed (5 - 6.5 s) charge transfer from NMDAR-EPSCs
during stimulation trains in cKO®* and control®** neurons (control®* n = 17/3, cKO®Fn = 19/3).

C, D. Same as A, B, but for IPSCs (control®* n = 19/3 independent cultures, cKO® = n = 19/3).

E. Expanded traces showing mEPSCs from the experiment presented in Fig. SL. For each condition
(controlR, cKOR, controlE, cKOE, controlHE, and CKORHE) three consecutive seconds from a single cell are
shown.

F. Statistical comparison of mEPSC frequencies between all genotypes (normalized to their respective
controls). Statistical comparison between genotypes was done using one-way ANOVA (¥**p <(.001)
followed by Holm-Sidak post-hoc tests (cKO®'F vs. cKO®: ***p < 0.001; cKO®'F vs. cKO": n.s., p = 0.474;
cKOF vs. cKOR: ***p < 0.001; cKO®™® n =31/5, cKO® n=21/3, cKO® n = 24/3).

G, H. Sample traces (G) and quantification (H) of mIPSCs in control®* and cKO®"* neurons. Quantitative
analysis of mIPSC frequencies (H, left) and amplitudes (H, right) are shown (control®® n =20/3, cKO**n
=21/3).

I. Expanded traces showing mIPSCs from the experiment presented in G, H. Three consecutive seconds
from a single cell are shown for each condition.

All data are means = SEM unless otherwise specified **p < 0.01, ***p <0.001 as determined by Student's t
test.
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Figure S4, related to Figure 6. Additional analysis for heterogeneity in cKO®F of synapses.
A, B. Sample images (A) and quantification (B) of the number of neurons (B, left) and the fraction of

infected neurons (B, right) with EGFP tagged cre (cKO®) or an inactive form of cre (contro

]R+E).

Consistent with Figs. 1 and S1, no differences in neuronal density were detected and all neurons were
infected with cre viruses (control®™ n = 752 cells/9 frames/3 independent cultures, cKO®*n = 731/9/3).

C. Frequency distribution of synaptic protein fluorescence levels for all individual cKO®* and contro

R+E
1

synapses (normalized to the average of control®* synapses), related to Fig. 6A.

D-F. Quantification of SypHy infected cultures related to Figs. 6B-H. SypHy puncta density and the
fraction of total SypHy puncta responsive to NH4Cl (%(AFnnaci/Fo) >200%) (D), SypHy fluorescence
distribution of all synapses at baseline (Fy) and upon NH4ClI application (%(AFnn4ci/Fo)) (E), the fraction of
SypHy puncta responsive to 40 and 200 APs stimulation (defined as %(AF quring stimutation/ AFNmact) > 0) (F).
The change in SypHy density in D suggests a change in synapse/cell density in ¢cKO®® neurons, which was
not seen in other experiments (Figs. S1C, S4A, B). We attribute this change to the potential toxicity of
triple lentivirus infection (FSW-cre or control, FSW-SypHy, FSW-SV2-TdTomato) and suspect that the
cKO®® neurons are more sensitive to multi-virus infection because of the strong genetic manipulation and

loss of activity.

Data in B, D & F are means = SEM; *p < 0.05, **p <0.01, ***p <0.001 as determined by Student's t test.



1 1]
& ! > 1 KKK 9,
2y, e\mw\ © Q, @\m\v o 0 2 S, ewwvo X
W © < ~ o \00 _J ¥ © <+ o o \A\O 5, © & & o 0._.\\«\ H
@.\\0 sueiquaw ondeuksaid Jo © o«\o auelquwaw ondeuksaid jo © g, duelquiaw ondeuAsaid Jo "0, %
g o o D wu 00} ulyim S & o D wu oo} uiypm S I s “G wu oo} uiypm *
e g s9pIseAjolequnu = @ R s9pIsaAjosaquinu = Q S O s9[0ISaA JO Jaquinu a
(wu) wbus| asd %, < (wu) ywbus| asd %, £ (wu) ybus| asd %, £
QQG%% QQ,,UQ,M_HV w 09@%% © & N O
o Q S ¥ [¢) Q S [<F: Q S
S 5 Q9 o) Su e o S, OS¢ s 9 (pazijew.uou)
20 QR Y% E0 o € ‘0, €09 %% £ abieyo 0Sd3 S 04-0
oxX Ole @ o4 oo © % gx Q% ©
O o0 o8 e S (S N&) o8 e ** 9, (S N&) 88 e
228 Q, Oxx %y, 00x T
(=] oon © %, mm o00n ® Q, =] oo, ©
353 =S ws m— % @ £ T T %, =
o © ¥ o o P25 © ¥ & o (o3 RO
Q\U\ & © o o Q\,\ ®© o o o Q\a\b
= & T L% 2 (;wn) azis uojnoq & & T Ly o (;wM) 8z1S UOINOQ S o T a4 2 %0
S90ISaA 2l)deuAs Jo o, -2 sajoIsaA ojdeuAs Jo 9 2 w S3J0ISaA ondeuAs 1o % -2 7 %
£ %S\, @ & £y ik
o 9, c [} 0, C [} %D, = X ¢
= 74 o = W 2 3, = 0, (@)
= 0.5 > (0] = > %y = S
52 % g o 52 ¥ % 52 A - e
b, = 2, = s 9,
o o Y/ o & Q0 %
= g o h %, O 2 5 ] v, OB IS % & s
ar e “ @9 T 1 % % o
(4 [=3 o o L o
(o m S e QQ..» m m 3 i © 9 m M M M M M
uojnoq Jad Qe 2w e 2 uojnoq Jad QR 2 v ° = uojnoq Jad Reggweo & (pazijewlou)
S9ISOA S9|01SaA 21l deUAS JO 9%, S90ISOA $9|0ISaA 211dBUAS JO 9, 5 S9|0ISOA $9|01SaA 2ldeUAS 0 9% =5 S9J0ISaA Pa)00
© © ©
< m O a L L Q)



Figure S5, related to Figure 7. Electron microscopic analyses of cKOR®, cKO* and cKO®* synapses.
A, C, E. Quantitation of vesicles per bouton, bouton size, and PSD length in ¢cKO® (A), cKO" (C), cKO®E
(E), and respective control synapses.

B, D, F. Distribution of synaptic vesicles relative to the presynaptic plasma membrane area opposed to the
PSD was analyzed in 100 nm bins for cKO® (B), cKO® (D), cKO®F (F), and respective control synapses.
Gaussian fits were used to model vesicle distribution (left); one Gaussian fit (orange line) was used if
mutant and control best-fit distributions were not significantly different, and two Gaussian fits were used if
the data could not be fit with a single Gaussian (*p < 0.05 in F). Synaptic vesicle distribution within the
first 100 nm in 10 nm bins and the number of tethered vesicles (defined as vesicles within 100 nm of the
presynaptic plasma membrane) are shown in the middle and on the right, respectively. We observed a
reduction of vesicles in the first 100 nm in cKO®F synapses, but not in cKO® synapses or cKO" synapses
(control® n = 25 synapses, cKO® n = 25; control® n = 25, cKO" n = 25; control®*"* n =25, cKO**n =25 in
A-F).

G. Statistical comparison of docking between all genotypes, normalized to their respective controls, using
one-way ANOVA (***p < 0.001) followed by Holm-Sidak post-hoc tests (cKO® vs. cKOR: **p < 0.01;
cKOME vs. cKOF: ***p < 0.001; cKO® vs. cKO®: n.s., p = 0.0673; cKO®" n = 25 synapses, cKO® n = 25,
cKOF n = 25).

H. Statistical comparison of 0 - 10 s sucrose response between all genotypes, normalized to their respective
controls, using one-way ANOVA (***p < 0.001) followed by Holm-Sidak post-hoc tests (cKO®" vs.
cKO®: #p < 0.05; cKO®F vs. cKO®: *p < 0.05; cKOF vs. cKO®: ***p < 0.001; cKO®'F n =20 cells/3
cultures, cKO® n = 20/3, cKO® n = 17/3).

Data are means + SEM; *p < 0.05, **p <0.01, ***p <0.001 as determined by Student's t test (E right), by
extra sum of squares F test (F left), or by one-way ANOVA with Holm-Sidak post-hoc test (G, H).



Supplemental Tables

A

Value o .
Parameter Genotype (mean  SEM) n (cultures) p-value Statistical test Figure
RIM synaptic fluorescence levels
i ReE cKOR'E 0.22 +0.01 3 0.0002 students t-test 1C
(fraction of control™*")
ELKS synaptic fluorescence levels
DI o KO 0.23+0.02 3 0.0005 students t-test 1c
(fraction of control®*®)
Munc13-1 synaptic fluorescence levels
) ReE cKOR*E 0.27 £0.01 3 0.0004 students t-test 1C
(fraction of control™*®)
Bassoon synaptic fluorescence levels
i - cKOR'E 0.33 £ 0.03 3 0.0019 students t-test 1C
(fraction of control™™)
Piccolo synaptic fluorescence levels
' ynapiic forescene CKOR*E 0.48 £ 0.02 3 0.0018 students t-test 1c
(fraction of control™"™)
RIM-BP2 tic fluorescence levels
syn-ap ot B CcKOR'E 0.69 + 0.08 5 0.0162 students t-test 1C
(fraction of control®*)
Liprin-a2 synaptic fluorescence levels
) ReE cKOR'E 1.00 £ 0.10 3 0.9712 students t-test 1C
(fraction of control™*%)
Liprin-a3 synaptic fluorescence levels
B Y i > g cKORE 1.02+0.14 3 0.8955 students t-test 1C
(fraction of control™™)
Syp-1 synaptic fluorescence levels
i RiE cKORE 0.99 +0.08 3 0.8879 students t-test 1C
(fraction of control™"™)
Syntaxin-1 synaptic fluorescence
. RE cKOR*E 0.99 + 0.02 3 0.7368 students t-test 1C
levels (fraction of control™™™)
SNAP-25 synaptic fluorescence levels
i . cKOR'E 1.06 + 0.02 3 0.1154 students t-test 1C
(fraction of control™"")
Cay2.1 synaptic fluorescence levels
el EYnE CKOR*E 0.71 £ 0.01 3 0.0004 students t-test 1c
(fraction of control®*F)
RIM total protein levels (fraction of
protein levels { SKORE 0.040.01 6 <0.0001 | students ttest 1E
control®*®)
ELKS total protein levels (fraction of
SlEU e iYE ¢ cKORE 0.06 + 0.02 6 <0.0001 students t-test 1E
controlff)
Munc13-1 total protein levels (fraction
e cKOR'E 0.24 +0.04 6 < 0.0001 students t-test 1E
of control™™)
Bassoon total protein levels (fraction of]
P ReE ( cKOR'E 0.19 + 0.04 6 0.0022 students t-test 1E
control®*t)
RIM-BP2 total protein levels (fraction
Rk cKORE 0.58 +0.09 6 0.0060 students t-test 1E
of control™™)
Liprin-a3 total protein levels (fraction off|
R cKOR'E 1.04 £0.17 6 0.8037 students t-test 1E
control™ ™)
Synapsin-1 total protein levels (fraction
ynaps P’ IR'E ( cKOR*E 0.91 £ 0.06 3 0.2646 students t-test 1E
of control™"t)
b-2 total protein levels (fraction of
% Sl (;E ( cKOR'E 0.94 +0.08 6 0.5234 students t-test 1E
control®f)
Syntaxin-1 total protein levels (fraction
ReE cKOR'E 1.04 £ 0.09 6 0.6841 students t-test 1E
of control™*)
SNAP-25 total protein levels (fraction
2 ReE ( cKORE 1.00 + 0.04 6 0.9576 students t-test 1E
of control™")
fraction of Bassoon puncta containing | _control®*€ 0.90 £0.03 3 00183 students t-test 16
Munc13-1 cKOR'E 0.31+0.15 3 )
fraction of Bassoon puncta containing | _control®*€ 0.86 £0.02 3 g
RIM-BP2 KOE 0912004 3 0.3421 students t-test 1G
ize (um? control™® | 1.030.04 3 0.5622 students t-test s1c
puncta size (um?) KOE 110+0.07 3
R+E 3
puncta number (per 30 pm) control 1k 07 0.2113 students t-test S1C
cKOR*E 11.93 + 0.64 3
. control?E | 382.50 +21.30 3
.u. 0.5730 tudents t-test S1C
synaptic fluorescence (a.u.) KOWE 374.90 2 13.50 3 student
. control (no
normalized levels primary) 0.12+0.01 3 0.0001 students t-test S1D
fraction of Syp-1 puncta containing | control®*€ 0.83+0.04 6 <0.0001 students t-test S1E
Munc13-1 cKOR'E 0.27 +0.05 6 )
fraction of Syp-1 puncta containing | control®*€ 0.84£0.04 6 0.0026 students t-test S1E
Bassoon cKOR'E 0.60 + 0.04 6 )
fraction of Syp-1 puncta containing | control®*€ 0.84+0.03 6 ’
RIM-BP2 KOWE 0692005 5 0.0197 students t-test S1E
fraction of Bassoon pixels containig | control®*€ 0.75£0.04 3 0.0051 students t-test SIF
Munc13-1 CKORE 0.18 £0.10 3) )
fraction of Bassoon pixels containing | _control?*E 0.72£0.02 3 g
RIM-BP2 SKORE 0.83%0.06 3 0.2404 students t-test S1F
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Protein levels (fraction of control®*F) Genotype mean + SEM) n (cultures) p-value Statistical test Figure

RIM levels (pellet) ‘”:2‘([)‘;'15 ;:gg - g:g: g 0.0002 students t-test 1D

RIM levels (supernatant) CEE‘S?JRE = : 8:82 g na. students t-test 1D
RIM levels (fraction soluble) C?‘Et(')oRI:E :: 3 n.a. students t-test 1D
ELKS levels (pellet) sz‘;‘z £ (1):8(7’ . g:gg g 0.0001 students t-test 1D

ELKS levels (supernatant) 03;tggi £ (1):83 > g:gg g 0.0006 students t-test 1D
ELKS levels (fraction soluble) rzatg:f: 0'412?'04 2 n.a. students t-test 1D
Munc13-1 levels (pellet) Cg;tg?‘l: = (1)22 i 8(1)3 g 0.0090 students t-test 1D
Munc13-1 levels (supernatant) ciatcr)oRI:E (1)(1)2 z (0)(1)2 g 0.0091 students t-test 1D
Munc13-1 levels (fraction soluble) cz;‘g;': 2 81‘11 : 882 g 0.5635 students t-test 1D
Bassoon levels (pellet) C‘C’Et(r)c;': £ (1)38 z 3(1)‘7‘ g 0.0068 students t-test 1D
Bassoon levels (supernatant) rzztgf: : ggg g n.a. students t-test 1D
Bassoon levels (fraction soluble) Cg;tgg?: :: g n.a. students t-test 1D
RIM-BP2 levels (pellet) “:E‘;)‘;"‘EE ;:22 - g:ﬂ g 0.0902 students t-test 1D
RIM-BP2 levels (supematant) CEE‘S?JRE = g:g? i g:;g g 0.3225 students t-test 1D
RIM-BP2 (fraction soluble) Ciﬁ‘é‘;‘f 8:;2;2 - g:?? g 0.4255 students t-test 1D
Liprin-a3 levels (pellet) czwgz{lzg égg z g;g g 0.4145 students t-test 1D
Liprin-a3 levels (supernatant) C?Etgg: £ (1)32 z g;z g 0.4003 students t-test 1D
Liprin-a3 levels (fraction soluble) rzztg;'f 8:112 z 832 2 0.9529 students t-test 1D
Synapsin-1 levels (pellet) cg;tcr;l: : :)gg i g}g g 0.3906 students t-test 1D
Synapsin-1 levels (supernatant) Ci?(")okl:E : gg: 3 n.a. students t-test 1D
Synapsin-1 levels (fraction soluble) cg;‘g;': 2 :: ?3 na. students t-test 1D
PSD-95 levels (pellet) C‘C’;‘gﬂ £ (1):(7’2 > g:;g g 0.3544 students t-test 1D
PSD-95 levels (supernatant) Pzztg;'?: (1)32 z 8:13; g 0.5263 students t-test 1D
PSD-95 levels (fraction soluble) Cg;‘ggl £ 8:12 : 8:8‘3‘ g 0.9649 students t-test 1D
syb-2 levels (pellet) “:Et(';)RI:E : ggg g n.a. students t-test 1D

syb-2 levels (supernatant) CEE‘(;‘;'RE = ;:gg i 8:212 g 0.7531 students t-test 1D
syb-2 levels (fraction soluble) Csa‘(’)‘;‘:E :: g n.a. students t-test 1D
syntaxin-1 levels (pellet) cgwgﬂzg 18? z 8?2 g 0.9755 students t-test 1D
syntaxin-1 levels (supernatant) Czatgg: £ 183 z ggg g 0.9822 students t-test 1D
syntaxin-1 levels (fraction soluble) rzztg;'f g;; z gg‘; 2 0.9830 students t-test 1D
SNAP-25 levels (pellet) ol e 2 09028 | studentsttest | 1D
SNAP-25 levels (supernatant) C?‘Et(r)(’kl:E 1 (0)2 z ggg g 0.7492 students t-test 1D
SNAP-25 levels (fraction soluble) cz;‘g;': = 82; z ggs g 0.8618 students t-test 1D

Supplemental Table 1, related to Figure 1. Numerical data for analyses shown in Figs. 1 and S1, and
analysis of protein solubility in c¢KO®* and control®** neurons.

A. Numerical data for analyses shown in Figs. 1 and S1, corresponding statistical tests and p-values are
indicated.

B. Protein solubility was analyzed in cultured hippocampal neurons. The neuronal tissue culture
homogenate (control®* n = 3 independent cultures, cKO® " n = 3) was solubilized in 1% Triton X-100 and
was separated into a soluble supernatant and an insoluble pellet using ultracentrifugation (100,000 x g for
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1h), and each fraction was analyzed by quantitative Western blotting using fluorescent secondary
antibodies.

Quantitation of total protein levels in the pellet and the supernatant in cKO® ™ and control®*® neurons are
shown. If less than 5% of protein in the control®* condition was detected in a given fraction, the measured
values were considered imprecise due to noise and are indicated as < 0.05. Analysis of protein solubility is
expressed as protein levels in the supernatant over total protein levels (pellet + supernatant) in cKO® " and
control®* neurons. Solubility is not expressed if less than 5% is detected in either fraction (RIM, Bassoon,
Synapsin-1 and synaptobrevin-2) or if essentially no protein is detected due to knockout (in the case of
ELKS, not applicable - n.a.).

All data are means = SEM; *p < 0.05, **p < 0.01, ***p < 0.001 as determined by Student's t test.

R+E



Value

Parameter Genotype (mean * SEM) n p-value Statistical test Figure
RE 83.26 £ 4.63 50 (synapses
vesicles per bouton (HPF) control (synapses) 0.6797 students t-test 2B
cKORE 80.76 + 3.87 50 (synapses)
RE 22+0.22 50 (synapses
docked vesicles (HPF) riral (synapses) | _ 1 6001 students t-test 28
CcKOR'E 0.18 + 0.06 50 (synapses)
control?*E 0.69 + 0.04 50 (synapses)
bouton size (um?) (HPF) s 0682003 50 (synapses) 0.7323 students t-test 2B
¢l .68 + 0.
i i R+E 479.90 + 25.68 50 (synapses
[pesEERD ?ﬁ;f:';y epoilon) m“"‘: 25530 510a T o0 Esynazses; 0.5706 students t-test 28
cKOR* -30 £ 34. Y
. . - . P R+E - i
Y|
% synaptic vesicles distribution within | control 4063 (vesicles) Extra sum of
- 0.0287 2C
1 ym (HPF) CKOR'E - 4034 (vesicles) squares F-test
i ithi i R+E 5.78 £ 0.37 50 (synapses
vesicles Wg*;;g?:ng'?'_"’glf)'esy"ap“c °°;‘(’)‘1'*E A -~ Esinazses; <0.0001 students t-test 2
c .20 £ 0.
PSD-95 synaptic fluorescence levels
i RiE cKOR'E 0.98 + 0.07 3 0.8 students t-test 2E
(fraction of control™")
GIluN2B synaptic fluorescence levels
i RS CcKOR*E 1.02 +£0.04 3 0.7513 students t-test 2E
(fraction of control™™)
GIuN1 synaptic fluorescence levels
) ReE cKOR*E 1.01+0.03 3 0.803 students t-test 2E
(fraction of control™™=)
GluA1 synaptic fluorescence levels
i B cKOR*E 0.98 +0.02 3 0.271 students t-test 2E
(fraction of control™™)
PSD-95 total protein levels (fraction of
ReE cKOR'E 0.91+0.10 6 0.4418 students t-test 2G
control™")
GIuN2B total protein levels (fraction of
R CcKORE 1.01+0.18 3 0.9714 students t-test 2G
control™")
GluN1 total protein levels (fraction of
e cKOR*E 1.10+0.18 3 0.6454 students t-test 2G
control™™)
GluA1 total protein levels (fraction of
CcKOR*E 1.00 + 0.09 3 0.972 students t-test 2G
control™*)
R+E 98.17 £6.18 50 (synapses
vesicles per bouton (glutaraldehyde) control (synapses) 0.8581 students t-test S2B
CcKOR'E 96.68 + 5.54 48 (synapses)
R+E 4.46 £ 0.28 50 (synapses
docked vesicles (glutaraldehyde) conitre (synapses) < 0.0001 students t-test S2B
cKORE 0.69+0.17 48 (synapses)
ize (um? contro™® | 091005 | %0(synapses) | gg43 | gtudents ttest s28
bouton size (um®) (glutaraldehyde) KOF'E 0.91%0.06 48 (synapses) B
i i R+E 514.60 + 33.51 50 (synapses
postsynapltlti de&SItﬁ, Idength (nm) control (synapses) 03500 S - s28
(glutaraldehyde) cKOR'E 470.70 £+ 32.44 | 48 (synapses)
% synaptic vesicles distribution within | control*'® - 4612 (vesicles) Extra sum of
1 pum (glutaraldehyde) CKORE - 4275 (vesicles) 0.0356 squares F-test s2¢
i ithi i R+E 7.00 £0.43 50 (synapses
vesicles within 100 nm of presynaptic | _control (synapses) < LT S — e
membrane (glutaraldehyde) CKORE 2.33+0.44 48 (synapses)

Supplemental Table 2, related to Figure 2. Numerical data for analyses shown in Figs. 2 and S2.
Numerical data for analyses shown in Figs. 2 and S2, corresponding statistical tests and p-values are
indicated.
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Value

Parameter (mean * SEM) n (cells/cultures) p-value Statistical test
, control?*E | 0.985 + 0.078 nA 24/4
NMDAR eEPSC amplitude < 0.0001 students t-test 3B
cKOR*E | 0.100 +0.012 nA 26/4
] control**E | 0.054 £0.010 24/4
C.V. NMDAR eEPSC amplitude 0.0004 students t-test 3B
CKOR'E 0.112 £ 0.011 26/4
RE | 5627 +0.425 ms 24/4
o SERSC caniire) <0.0001 | students ttest 3D
-80% rise time cKORE | 12.15 £ 1.007 ms 26/4
R+E 0.083 +0.009 24/4
R control <00001 | students t-test 3D
-80% rise time cKOR'E 0.310 + 0.036 26/4
) controlR*E | 5.058 + 0.435 nA 19/3
elPSC amplitude < 0.0001 students t-test 3F
cKOR'E | 0.960 +0.146 nA 19/3
] control*E | 0.041 £0.007 19/3
C.V. elEPSC amplitude < 0.0001 students t-test 3F
cKOR'E 0.103 +0.012 19/3
R+E | 1.352 £ 0.102 ms 19/3
2 Boi}PSC ' sl 0.0002 students t-test 3H
-80% rise time cKOR*E | 2.401+0.235 ms 19/3
RE 0.056 + 0.009 19/3
sosonss control 0.0047 students t-test 3H
-80% rise time cKOR'E 0.110 £ 0.016 19/3
controlR*E |  0.897 +0.052 23/4
NMDAR eEPSC PPR | ISI: 100 ms < 0.0001 students t-test 3J
CKOR'E 1.461 + 0.063 26/4
Interaction:
control®*E - 19/3 <0.0001
elPSC PPR CKOR'E - 19/3 - O'%'(:)O 4 | two-way ANOVA 3L
Genotype:
< 0.0001
R [ 0.3022 + 0.020 19/3 -Si
ISI: 10 ms control < 0.0001 Holm-Sidak 3L
CKOR'E 0.801 +0.071 19/3 post-hoc
R+E 0.477 £0.027 19/3 -Si
ISI: 50 ms control < 0.0001 Holm-Sidak 3L
cKOR'E 0.795 + 0.026 19/3 post-hoc
eIPSCPPR Fe | 088720.009 1973 -
ISI; 500 ms [-—2ontrol — 0.3328 IRtttz 3L
CKOR'E 0.948 + 0.030 19/3 post-hoc
R+E 0.950 + 0.005 19/3 -Si
ISI: 2500 ms |-Sonirol 0.7144 (el ST aL
cKOR'E 0.933 +0.019 19/3 post-hoc

Supplemental Table 3, related to Figure 3. Numerical data for analyses shown in Fig. 3.
Numerical data for analyses shown in Fig. 3, corresponding statistical tests and p-values are indicated.
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Value n (boutons/cells

S Genotype (mean  SEM) Jcultures) p-value Statistical test Figure
control®€ | 3.77£0.19 202116/3 '”tgqagé'?n:
axonal peak Ca?" influx (AF/Fo) (during 108
the first 60 ms after the action cKOR'E 211 £0.11 157/13/3 <00001 | two-way ANOVA 4C
potential) Soo00r
< 0.0001
control¥*® 0.81+0.05 148/16/3 'ntzrggtfuson:
dendritic peak Ca*" influx (AF/F) —
(during the first 60 ms after the action | cKO™*® 0.81 +0.06 100/13/3 Ay two-way ANOVA /G
potential) o
0.846

Supplemental Table 4, related to Figure 4. Numerical data for analyses shown in Fig. 4.
Numerical data for analyses shown in Fig. 4, corresponding statistical tests and p-values are indicated.
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Value

Parameter Genotype (mean + SEM) n (cells/cultures) Statistical test Figure
NMDAR eEPSC control?E | 0.578 + 0.045 nC 17/3
synchronous charge transfer oKORE | 287.2 £ 29.90 nC 1973 <0.0001 students t-test 5C
R [ 175.1 £ 12.94 pA 17/3
teady state EPSC amplitud control <0.0001 tudents t-test 5D
steady state amplituae CKOR‘E 104218832pA 193 students t-test
elPSC control?E | 2.792 +0.273 nC 19/3
synchronous charge transfer oKORE | 1.066 £ 0.1574 nC 193 <0.0001 students t-test 5G
R+€ | 0.828 + 0.090 nA 19/3
teady state IPSC amplitud control 0.0195 tudents t-test 5H
Steaqy state amplituae CKOR‘E 0.553 + 0.068 NA 193 students t-test
" Interaction:
control®*® ° 8/3 0.0240
B > Caz»] .
IPSC amplitude vs. [Ca®']., KORE = 8/3 [ fi two-way ANOVA 5J
i = ° <0.0001
Genotype:
< 0.0001
R+€ | 0.236 + 0.044 nA 8/3 Holm-Sidak
5mM control ]
05m KOVE | 0.081 £0.011 nA 8/3 0.9039 post-hoc 5
R+ | 1.689 +0.401 nA 8/3 Holm-Sidak
1 mM control 04711 5
m cKOR*E 0.323 £ 0.071 nA 8/3 post-hoc
IPSC amplitude vs. R+E .961 + 1.040 nA -Si
F; 2 mM control 5.96 040 n, 8/3 0.0028 Holm-Sidak o
[Ca™]ex CcKOR*E | 1.682 £0.214 nA 8/3 post-hoc
R+€ | 9.381+1.701 nA 8/3 Holm-Sidak
5mM control 0.0009 5
m CKORE | 4.470 £0.617 nA 8/3 post-hoc
RE | 9.236 + 1.595 nA 8/3 Holm-Sidak
7 mM control 001
m CKOVE | 4.625 £ 0.645 nA 8/3 0.0016 post-hoc 5
o control?E 1.552 + 0.2380 8/3 0.0263 udents tiost -
ECs of [Ca™lox CKORE | 2.334%0.1973 8/3 ; students t-ies
RE | 0.401+0.049 Hz 32/5
EPSC f control 0007 g M
mEPSC frequency g 021320018 Hz 3155 0.000 students t-test 5
R 1.053 + 0.188 Hz 20/3
EPSC fi control <0.0001 tudents t-test 5M
m Iy oKOR | 0.2310.042 Hz 2113 students t-ies
E 0.565 +0.083 Hz 25/3
EPSC fi control 0191 tudents t-test M
mEPSC frequency O 034120038 Hz 2403 0.019 students t-tes 5
R | 15.74 + 0.666 pA 32/5
EPSC amplitud control 0.1932 tudents t-test 5N
m A CKORE | 16.89 % 0.571 pA 315 students t-ies
R 23.35 + 1.301 pA 20/3
EP it control . tudents t-test N
mEPSC amplitude KOR 23.44 £ 1.474 pA 213 0.9653 students t-tes 5
) controlf | 15.77 +0.661 pA 25/3
mEPSC amplitude o 15.20 % 0.462 pA 2413 0.4992 students t-test 5N
NMDAR eEPSC control?*€ | 5.970 +0.398 nC 1713
total charge transfer CKOR'E 1.812 +£0.231 nC 19/3 <0.0001 students t-test 538
NMDAR eEPSC control?E | 4.952 + 0.346 nC 17/3
tonic charge transfer oKO™E | 1.396 £ 0.208 nC 1973 <0.0001 students t-test S3B
NMDAR eEPSC control?*E | 0.443 +0.039 nC 17/3
delayed charge transfer KOVE | 0.133 £ 0.026 nC 1973 <0.0001 students t-test S3B
elPSC control?E | 8.791 +1.036 nC 19/3
total charge transfer KORE 2.020 £ 0.295 nC 1913 <0.0001 students t-test S3D
elPSC control?*E | 5.754 +0.848 nC 19/3
tonic charge transfer KO'E 0.909 £ 0.155 nC 1973 < 0.0001 students t-test S3D
elPSC control?E | 0.246 + 0.040 nC 19/3
delayed charge transfer KOE 0.04420012nC 1913 < 0.0001 students t-test S3D
HEPSC frequenc KORE 0.532 + 0.044 31/5
(norma"ge a) Y oKOR 0.220 + 0.040 21/3 <0.0001 | one-way ANOVA S3F
cKOE 0.582 + 0.064 24/3
R+E .
cKO™" vs. <0.0001 Holm-Sidak S3F
cKOR post-hoc
mEPSC frequency cKOR'E vs. 0.474 Holm-Sidak S3F
(normalized) cKOE : post-hoc
R .
cKO" vs. <0.0001 Holm-Sidak S3F
cKOE post-hoc
control*E | 1.479 +0.135 Hz 20/3
mlIPSC frequency KO 0.759 £ 0.098 Hz 2173 < 0.0001 students t-test S3H
R+ | 21.86 + 0.812 pA 20/3
IPSC amplitud contral 0.5193 tudents t-test S3H
i cKORE | 20.97 £ 1.083 pA 2113 students t-ies

Supplemental Table 5, related to Figure 5. Numerical data for analyses shown in Figs. 5 and S3.
Numerical data for analyses shown in Figs. 5 and S3, corresponding statistical tests and p-values are
indicated.
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n (synapses or

Value A ) "
Parameter Genotype cells/coverslips/ -value Statistical test Figure
YPE  (mean * SEM) cultures) P P 9
peak % total pool released by 40 APs | control®*t | 4.629+0.3115 | 2486(syn)/9/3 <0.0001 students Ltest 6D
(peak) ReE 1.545+0.2183 | 1272(syn)/9/3 ’
cKO
peak % total pool released by 200 APs| control®*€ | 12.70+1.373 2640(syn)/9/3 < LT S &
(peak) ReE 4.052+0.8769 | 1405(syn)/9/3 ’
cKO
RE 752(cells)/9/3
number of neurons (per frame) control 83.56 £ 10.94 ( ) 0.8602 students t-test S4B
cKOR*E 81.22+7.02 731(cells)/9/3
RE 752(cells)/9/3
fraction of neurons infected with virus ol SRS ( ) 0.3214 students t-test S4B
cKOR*E 0.99 £ 0.01 731(cells)/9/3
R+E 0.010 + 0.001 5355(syn)/9/3
pHIuorin puncta/m? °°”“°R' - (syn) 0.0003 students t-test S4D
cKOR*! 0.005 + 0.001 3296(syn)/9/3
% of pHIuorin puncta responsive to control?E 64.18 + 5.967 3493(syn)/9/3 DEIED P 19
NH,CI cKOR'E 66.52 + 8.170 2291(syn)/9/3 :
% of NH,CI puncta responsive to 40 | control?*€ | 70.41+2.589 2486(syn)/9/3 0.0006 students Htest S4F
APs cKORE 53.95+2.832 1272(syn)/9/3 ’
% of NH,CI puncta responsive to 200 | controlX*E | 77.40 +4.279 2640(syn)/9/3 o 0] S
APs CKOR'E 61.30 + 4.322 1405(syn)/9/3 ’

Supplemental Table 6, related to Figure 6. Numerical data for analyses shown in Figs. 6 and S4.
Numerical data for analyses shown in Figs. 6 and S4, corresponding statistical tests and p-values are
indicated.
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Value

Parameter Genotype (mean % SEM) n p-value Statistical test Figure
R 2.76 £0.29 25 (synapses
docked vesicles (glutaraldehyde) control (synapses) 0.0039 students t-test 7B
cKOR 1.48 £0.31 25 (synapses)
control® | 5.557 +0.621 nC 20/3
0-10 second sucrose EPSC charge < 0.0001 students t-test 7D
cKOR | 1.400 +0.264 nC 20/3
E 3.80+0.34 25 (synapses
docked vesicles (glutaraldehyde) control (synapses) 0.0867 students t-test 7E
cKOE 2.92 £0.37 25 (synapses)
controlf | 2.760 +0.301 nC 1713
0-10 second sucrose EPSC charge 0.0202 students t-test 7H
cKOE 1.816 £ 0.242 nC 1713
RE 2.64 £0.33 25 (synapses
docked vesicles (glutaraldehyde) control (synapses) < 0.0001 students t-test 7J
CcKOR'E 0.28+0.10 25 (synapses)
controlR°E | 3.602 +0.360 nC 20/3
0-10 second sucrose EPSC charge <0.0001 students t-test 7L
cKO®*E | 1.521+0.126 nC 20/3
i R 86.44 + 9.42 25 (synapses
total vesicles per bouton control (synapses) 0.3412 students ttest S5A
(glutaraldehyde) CKOR 99.68 + 10.05 25 (synapses)
0.56 + 0.04 25 (synapses)
ize (um? el 0.7445 students t-test S5A
bouton size (um®) (glutaraldehyde) KO 0.54%005 25 (synapses)
i i R 429.80 £ 20.78 25 (synapses
postsynaptic density length (nm) control (synapses) 0.3565 students Ltest S5A
(glutaraldehyde) cKOR 464.50 +30.79 | 25 (synapses)
% synaptic vesicles distribution within | _control® - 2161 (vesicles) Voo0 Extra sum of o
1 pm (glutaraldehyde) cKOR - 2491 (vesicles) . squares F-test
vesicles within 100 nm of presynaptic | _control® 5.60 +0.59 25 (synapses) 0.7267 students ttest S58
membrane (glutaraldehyde) cKOR 5.88 + 0.53 25 (synapses) :
i E 108.03 £ 10.94 25 (synapses:
total vesicles per bouton control! (synapses) 0.4898 studonts ttest S5
(glutaraldehyde) cKOE 98.36 £ 9.13 25 (synapses)
ize (um’ control® 0552004 | 25 (synapses) | 4q04 students t-test s5¢
bouton size (um?®) (glutaraldehyde) oKOE 0602005 25 (synapses) B
i i E 423.10 + 23.20 25 (synapses:
postsynaptic density length (nm) control (synapses) 0.1064 ey s5C
(glutaraldehyde) cKOE 483.40 +28.28 | 25 (synapses)
% synaptic vesicles distribution within | _control® - 2707 (vesicles) 0.4497 Extra sum of S5D
1 pm (glutaraldehyde) cKOE - 2460 (vesicles) : squares F-test
i ithi i E 6.84 + 0.56 25 (synapses:
vesicles within 100 nm of presynaptic | _control (synapses) 0.3701 students t-test S50
membrane (glutaraldehyde) cKOE 6.12 + 0.57 25 (synapses)
i RE 95.80 + 8.32 25 (synapses
total vesicles per bouton control (synapses) 0.9679 students ttest S5E
(glutaraldehyde) CKOR'E 96.32+9.78 25 (synapses)
i 2 controf"*® | 050+004 S 0.0224 students t-test S5E
bouton size (um*) (glutaraldehyde) KO 0.650.05 25 (synapses) .

postsynaptic density length (nm) control?*E | 407.10+£25.70 | 25 (synapses)

0.5229 students t-test S5E
(glutaraldehyde) CKORE 383.70 £25.74 | 25 (synapses)
% synaptic vesicles distribution within | _control**& o 2417 (vesicles) 0.0250 Extra sum of S5F
1 pm (glutaraldehyde) CKORE - 2280 (vesicles) : squares F-test
i ithi i RiE 6.68 £ 0.49 25 (synapses;
vesicles within 100 nm of presynaptic | _control (synapses) <0.0001 students t-test S5F
membrane (glutaraldehyde) CKORE 1.96 +0.33 25 (synapses)
cKOR'E 0.11 £ 0.04 25 (synapses)
docked vesicles
(normalized) cKOR 0.54 +0.11 25 (synapses) < 0.0001 one-way ANOVA S5G
cKOE 0.77 £0.10 25 (synapses)
cKOR*E vs. Holm-Sidak
O 0.0019 post-hoe S5G
’ RiE ™.
docked vlgsuéles cKO™"F vs. <0.0001 HOImtShldak S5G
(normalized) cKOE post-hoc
cKOR vs. 0.0673 Holm-Sidak S5G
cKOE : post-hoc
CKOR'E 0.422 +0.035 20/3
Tl seEait R EREDEEER || oo 0.244 + 0.050 20/3 <0.0001 | one-wayANOVA |  S5H
(normalized)
oKOE 0.657 +0.093 17/3
cKO™E vs, 0.0363 Holm-Sidak S5H
cKOR : post-hoc
0-10 second sucrose EPSC charge | cKO®*E vs. Holm-Sidak
(normalized) cKOE 0.0164 post-hoc S5H
cKOR vs. Holm-Sidak
KOE <0.0001 post-hoc S5H

Supplemental Table 7, related to Figure 7. Numerical data for analyses shown in Figs. 7 and S5.
Numerical data for analyses shown in Figs. 7 and S5, corresponding statistical tests and p-values are
indicated.
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Species  Catalog/ID Source KO/KD verified Method/Concentration

RIM mouse 610907 BD Biosciences AB_10611855| yes 1S 1:500
RIM rabbit R809 Dr. Thomas Siidhof n.a. yes 1B 1:2000
ELKS mouse E4531 Sigma-Aldrich AB_2100013 yes 1S 1:500
ELKS rabbit p224 Dr. Thomas Sudhof n.a. yes 1B 1:1000
Munc13-1 rabbit - Dr. Nils Brose n.a. yes IS 1:5000, 1B 1:5000
Bassoon mouse |ADI-VAM-PS003-F| Enzo Life Sciences |[AB_11181058 n.a. 1S 1:500, IB 1:500
Piccolo rabbit 142002 Synaptic Systems | AB_2160184 yes 1S 1:250
RIM-BP2 rabbit 316103 Synaptic Systems n.a. n.a. 1S 1:500
RIM-BP2 rabbit 4193 Dr. Thomas Stdhof n.a. yes 1B 1:1000
Liprin-02 rabbit - Dr. Susanne Schoch n.a. yes 1S 1:100
Liprin-o3 rabbit 4396 Dr. Thomas Sutdhof n.a. yes 1S 1:5000, 1B 1:5000
Synaptobrevin-2 rabbit P939 Dr. Thomas Siidhof n.a. n.a. 1B 1:2000
Syntaxin-1 rabbit 438B Dr. Thomas Sidhof n.a. yes 1S 1:500, IB 1:2000
SNAP-25 rabbit P913 Dr. Thomas Sudhof n.a. yes 1S 1:500, IB 1:2000
Cav2.1 rabbit 152203 Synaptic Systems n.a. yes 1S 1:1000
PSD-95 mouse 73-028 NeuroMab IAB_10698024 yes 1S 1:500, 1B 1:500
GluA1 mouse 182011 Synaptic Systems | AB_2113443 n.a. 1S 1:500, 1B 1:1000
GIluN1 mouse 114011 Synaptic Systems AB_887750 n.a. 1S 1:500, I1B 1:1000
GIuN2B mouse 75-101 NeuroMab AB_2232584 yes IS 1:500, IB 1:500
Synaptophysin-1| guinea pig 101004 Synaptic Systems | AB_1210382 n.a. 1S 1:1000
MAP2 mouse M4403 Sigma-Aldrich AB_477193 n.a. 1S 1:500
MAP2 rabbit 188002 Synaptic Systems | AB_1106771 n.a. 1S 1:1000
Synapsin-1 rabbit E028 Dr. Thomas Sitdhof n.a. yes 1B 1:5000
B-actin mouse A1978 Sigma-Aldrich AB_476692 n.a. 1B 1:2000

Supplemental Table 8, related to experimental procedures. Antibodies used in this study.
Target proteins of antibodies, the andibody source, RRID and dilutions are shown. Abbreviations: IS:
Immunostaining, IB: Immunoblotting, n.a.: information not available, KO: knockout, KD: knockdown
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Supplemental Experimental Procedures

Mice. Previously generated conditional RIM1 (Kaeser et al., 2008) (RRID:IMSR JAX:015832), RIM2
(Kaeser et al., 2011) (RRID:IMSR JAX:015833), ELKSI (Liu et al., 2014) (RRID:IMSR_JAX:015830)
and ELKS2 (Kaeser et al., 2009) (RRID:IMSR_JAX:015831) mice were crossed and maintained as
quadruple homozygous floxed mice. The RIM1/2 double floxed mice (Kaeser et al., 2011) and the
ELKS1/2 double floxed mice (Liu et al., 2014) were described previously. All animal experiments were
performed according to institutional guidelines at Harvard University.

Cell culture and lentiviral infection. Primary mouse hippocampal cultures were generated from newborn
conditional quadruple or double floxed pups as described before (Kaeser et al., 2008, 2011; Liu et al., 2014;
Maximov et al., 2007) within 24 h after birth. For the biochemical solubility experiments, neurons were
plated directly on 12-well cell culture plates, for all other experiments, chemically stripped glass coverslips
were used. Lentiviruses expressing EGFP-tagged cre recombinase (to generate cKO neurons) or a
truncated, enzymatically inactive EGFP-tagged cre protein (to generate control neurons) were produced in
HEK293T cells by Ca®"-phosphate transfection and neuron-specific expression was driven by a synapsin
promoter (Liu et al., 2014). Neurons were infected with HEK cell supernatant at 5 days in vitro (DIV) as
described before (Kaeser et al., 2008; Liu et al., 2014). All subsequent experiments were performed at DIV
15-19. In the SypHy experiments, additional lentiviruses expressing SypHy or SV2-TdTomato under a
human synapsin promoter were produced in HEK293T cells and were applied to the cultured neurons at
DIV3.

Immunofluorescence stainings and confocal imaging of cultured neurons. Neurons were washed with
phosphate buffered saline (PBS), fixed in 4% paraformaldehyde in PBS for 20 minutes, permeabilized in
0.1% Triton X-100/3% bovine serum albumin/PBS for 1 h, and incubated in primary antibodies at 4°C
overnight. For a detailed list of all primary antibodies used and their respective concentrations, see Table
S8. Following overnight primary antibody incubation, neurons were incubated in AlexaFluor-488 (for
detection of the protein of interest), AlexaFluor-546 (for detection of MAP2), and AlexaFluor-633 (for
detection of Synaptophysin-1) conjugated secondary antibodies (1:500) for 2 h at room temperature and
mounted in Fluoromount-G for imaging. Images were taken on an Olympus FV1200 confocal microscope
using identical settings for each condition in a given experiment with a 60X oil-immersion objective and
single confocal sections were analyzed in ImagelJ software. For quantitative analyses of synaptic protein
levels, the Synaptophysin-1 signal was used to define synaptic puncta as ROI, and the average intensity
within the ROI was quantified. For each image, the “rolling ball” ImageJ plugin was set to a diameter of
1.4 pm to calculate a local background value for background subtraction (Sternberg, 1983). The
quantitative data for each protein per condition were derived from n > 3 independent cultures, and > 10
fields of view per culture. A control experiment in which wild type neurons were incubated either with
primary (mouse anti-RIM) or without primary antibodies in the AlexaFluor-488 channel was done to
determine the level of non-specific staining by secondary antibodies alone for comparison (Figs. S1B, D).
The average intensity per protein in cKO®'® neurons was normalized to the respective staining in the
control. For co-localization of active zone proteins, the ImageJ plugin BioVoxxel was used in the puncta to
puncta comparison (The BioVoxxel Image Processing and Analysis Toolbox. Brocher, 2015, EuBIAS-
Conference, 2015, Jan 5) and a custom MATLAB script was used for the pixel to pixel comparison.
Student’s t test was used to determine whether experimental and control conditions were significantly
different. All experiments and analyses were performed by an experimenter blind to the genotype.

Biochemical solubility assay. At DIV 15 the neurons were harvested in 400 ul ice-cold buffer (25 mM
HEPES, 5 mM EDTA, 0.32 M Sucrose, 7.2 pH) and homogenized with a glass-teflon homogenizer. The
homogenate was solubilized with 1% Triton X-100 for 1 h rotating at 4° C and then centrifuged at 100,000
x g for 1 h. The pellet and supernatant were collected in 1X sodium dodecyl sulfate (SDS) sample buffer
and quantitative Western blotting was performed on the pellet and the supernatant run on the same gel for
quantitative comparison as described below. In each fraction and for each protein, the signal was
normalized to (3-actin as an internal loading control resulting in values for the pellet (P) and the supernatant
(S), and the experiment was expressed as the cKO®™ to control®* ratio. Solubility was calculated as
S/(S+P). Student’s t test was used to determine whether experimental and control conditions were
significantly different.
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Western blotting. For non-quantitative assessment of cre-recombination in cultured neurons,
chemiluminescence was used to detect RIM and ELKS removal in all experiments. At DIV15, cultured
neurons were harvested in 25 ul 1X SDS buffer and run on standard SDS-Page gels followed by transfer on
a nitrocellulose membrane. Membranes were blocked in filtered 10% nonfat milk/5% goat serum for 1 h at
room temperature and incubated with primary antibodies in 5% nonfat milk/2.5% goat serum for 2 hours at
room temperature to overnight at 4°C, and HRP-conjugated secondary antibodies (1:10,000) were used.
For quantitative assessment of protein levels in cultured neurons, fluorescently tagged secondary
antibodies were used. Cultured neurons were either directly harvested in 1X SDS buffer or processed as
described in the biochemical solubility assay section. Membranes were blocked in filtered 5% nonfat
milk/5% goat serum for 1 h at room temperature and incubated with primary antibodies in 5% BSA
overnight at 4°C. For a detailed list of all primary antibodies used and their respective concentrations, see
Table S8. Each membrane was incubated with primary antibodies against the protein of interest and
Synapsin or B-actin antibodies as a loading control. Blots were scanned on a fluorescent scanner and all
quantifications were done in ImagelJ on the uncompressed 16 bit images. The fluorescent signal in each
experimental condition was normalized first to either Synapsin (total culture homogenates) or f3-actin
(biochemical solubility experiments) to account for differences in loading and then to the respective
control®* signal. All quantitative analyses were performed in three independent cultures. For the plot of
total protein levels, the experiments from total culture homogenates (n = 3) and the total protein levels from
the solubility assay (n = 3, sum of the soluble and insoluble fraction) were pooled. For figure
representation, the 16 bit images were compressed to 8 bit images. Because some images had very large
grey value ranges when comparing supernatants vs. pellets on the same gel, data compression caused the
appearance of a near white background in these cases in the representative images in Fig. 1D. Student’s t
test was used to determine whether experimental and control conditions were significantly different.

Electron microscopy and analysis of synaptic vesicle distribution. For high-pressure freezing: neurons
cultured on 6 mm carbon-coated sapphire coverslips were frozen using an HPM 100 high-pressure freezer
in extracellular solution containing (in mM): 140 NacCl, 5 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES-NaOH (pH
7.4), 10 Glucose (~310 mOsm) with picrotoxin (50 uM), AP5 (50 uM), and CNQX (20 uM) added to
block synaptic transmission. After freezing, samples were stored in liquid nitrogen and processed by the
Electron Microscopy Facility at Harvard Medical School. Samples were first freeze-substituted in 1%
glutaraldehyde, 1% osmium tetroxide, 1% water, and anhydrous acetone with the following protocol: -90
°C for 5 h, 5 °C per hour to -20 °C, -20 °C for 12 h, and 10 °C per hour to 20 °C (AFS2, Leica). Following
freeze substitution, samples were Epon infiltrated, and baked for 24 h at 60 °C before sectioning at 50 nm
and imaging. For glutaraldehyde fixation: neurons cultured on glass coverslips were fixed with 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer at 37°C for 15 minutes and immediately processed by the
Electron Microscopy Facility at Harvard Medical School. Glutaraldehyde fixed samples were first stained
with 1% osmium tetroxide/1.5% potassium ferrocynide for 1 h at room temperature, washed in water and
then maleate buffer (pH 5.15) 3 times, and then stained with 1% uranyl acetate for 1 h. Post-staining,
samples were dehydrated through a series of EtOH treatments (70% for 15 min, 90% for 15 min, and 100%
for 15 min, 2 times) and propylene oxide (1 h). Samples were resin infiltrated and prepared for embedding
with a 1:1 Epon, propylene oxide mixture for 2 h at room temperature. Samples were then polymerized for
24 h at 60°C and sectioned at 50 nm for transmission electron microscopy. Imaging and quantification:
Images of both high-pressure frozen and glutaraldehyde fixed samples were taken with a transmission
electron microscope (JEOL 1200 EX at 80 kV accelerating voltage) and processed with ImagelJ. The total
number of vesicles, the number of docked vesicles, the length of the PSD, the area of the presynaptic
bouton, and the distance of each vesicle from the active zone were analyzed with SynapseEM, a MATLAB
macro provided by Drs. M. Verhage and J. Broeke. Bouton size was calculated from the perimeter of each
synapse. Docked vesicles were defined as vesicles touching the presynaptic plasma membrane opposed to
the PSD. The nearest distance of the vesicle membrane to the presynaptic plasma membrane area opposed
to the PSD was measured and plotted as frequency distribution over the total number of vesicles in 100 or
10 nm bins (Figs. 2C, S2C and Figs. S5B, D, and F). To test whether there was a genotype effect on vesicle
distribution, Gaussian fits were performed. The extra sum of squares F test was used to compare whether
the best-fit values of mutant and control Gaussian distributions were significantly different, and if they
were not different a single Gaussian fit for all data is shown for the mutant and control data set. Student’s t
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test was used to determine whether all other experimental and control conditions were significantly
different. All experiments and analyses were performed by an experimenter blind to the genotype.

Electrophysiology. Electrophysiological recordings in cultured hippocampal neurons were performed as
described (Kaeser et al., 2008, 2009, 2011; Liu et al., 2014; Maximov et al., 2007) at DIV 15-19. The
extracellular solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES-NaOH (pH 7.4),
10 glucose (~310 mOsm). To assess excitatory transmission in response to action potentials, NMDAR
excitatory postsynaptic currents (EPSCs) were pharmacologically isolated with picrotoxin (PTX, 50 uM)
and 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 uM). NMDAR-EPSCs were recorded because
analyses of AMPA-receptor mediated EPSCs in cultured neurons are limited by recurrent activity in
response to action potentials. Action potential evoked inhibitory postsynaptic currents (e[PSCs) were
isolated with D-amino-5-phosphonopentanoic acid (D-APV, 50 uM) and CNQX (20 uM). For miniature
recordings, tetrodotoxin (TTX, 1 uM) was added to block action potentials, and in addition PTX (50 uM)
and APV (50 uM) were added for mEPSCs or APV (50 uM) and CNQX (20 uM) for mIPSCs,
respectively. For sucrose EPSC recordings, TTX (1 uM), PTX (50 uM), and APV (50 uM) were added.
All recordings were performed in whole cell patch clamp configuration at 20 - 23° C. Glass pipettes were
pulled at 2 - 4 MQ and filled with intracellular solutions containing (in mM) for EPSC recordings: 120 Cs-
methanesulfonate, 10 EGTA, 2 MgCl, 10 HEPES-CsOH (pH 7.4), 4 Na,-ATP, 1 Na-GTP, 4 QX314-Cl
(~300 mOsm) and for IPSC recordings: 40 CsCl, 90 K-gluconate, 1.8 NaCl, 1.7 MgCl,, 3.5 KCI, 0.05
EGTA, 10 HEPES-CsOH (pH 7.4), 2 MgATP, 0.4 Na,-GTP, 10 phosphocreatine, 4 QX314-CI (~300
mOsm). Cells were held at +40 mV for NMDAR-EPSC recordings and at -70 mV for mEPSC, mIPSC,
eIPSC, and sucrose EPSC recordings. Access resistance was monitored during recording and cells were
discarded if access exceeded 15 M2 or 20 M2 during recording of evoked or spontaneous synaptic
currents, respectively. Action potentials were elicited with a bipolar focal stimulation electrode fabricated
from nichrome wire. For analysis of action potential trains, 50 stimuli were provided at a frequency of 10
Hz. Individual PSCs within the train were aligned using the peak of the stimulus artifact and the baseline
value set to the negative peak immediately following the artifact. Peak amplitudes and the synchronous
component of charge transfer during the train were determined using these aligned events. To determine
tonic charge transfer, the cumulative charge during the synchronous component was subtracted from the
total charge transfer during the first 5 seconds of the train. Delayed charge transfer was taken as the area
under the curve for 1.5 seconds after the end of the train (i.e. 5 — 6.5 seconds). Paired-pulse ratios were
calculated as the amplitude of the second PSC divided by the amplitude of the first PSC. The baseline value
for the second PSC was taken as the negative peak immediately following the second stimulus artifact, as
in the train analysis, and the amplitude of second PSC was measured relative to this baseline. The RRP was
measured by application of 500 mM sucrose in extracellular solution applied via a microinjector syringe
pump for 10 s at a rate of 10 wL/min through a tip with an inner diameter of 250 um. For calcium titration
experiments, the following [Ca® ]o/[Mg’ ] « ratios were used (in mM): 0.5/3.5, 1/3, 2/2, 5/0.25, 7/0.25.
Recordings began at 0.5 mM [Ca]., / 3.5 mM [Mg*"] ., and with each solution exchange five chamber
volumes of solution were exchanged. After each exchange there was delay of at least one minute to ensure
equilibration of the new solution. During this delay action potential evoked responses were recorded at 0.2
Hz and monitored for stability at each [Ca®'].,. Afterward, at least 10 sweeps were recorded and the
average amplitude was measured at each [Ca’']ex. Only cells in which all five [Ca®']e, were recorded were
included in the analysis. For the normalized data, IPSC amplitudes for each cell were normalized to the
same cell’s amplitude at 7 mM [Ca®']./ 0.25 mM [Mg®]ex. The absolute and normalized data was fit to the
model I = Iy + (Imax - Imin) / (1+10°((LogECs - [Ca2+]ex) *n)). For comparing ECs, values, normalized
data from individual cells was fit to the above model and the averaged ECs, values were compared using a
Student’s t test. Data were acquired with an Axon 700B Multiclamp amplifier and digitized with a Digidata
1440A digitizer. For action potential and sucrose evoked responses, data were acquired at 5 kHz and low-
pass filtered at 2 kHz. For miniature recordings data were acquired at 10 kHz. All data acquisition and
analysis was done using pClamp10. For all electrophysiological experiments, the experimenter was blind
to the genotype throughout data acquisition and analysis.

Ca** Imaging. All Ca*" imaging experiments were done with hippocampal cultures infected with

lentiviruses (expressing active cre or inactive cre) at DIV 5. Neurons were recorded at DIV15-18 in whole-
cell patch-clamp configuration at 20 — 23 °C. The extracellular solution contained (in mM): 140 NaCl, 5
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KCl, 2 CaCl,, 2 MgCl,, 10 glucose, 0.05 APV, 0.02 CNQX, 0.05 PTX, 10 HEPES-NaOH (pH 7.4, ~310
mOsm). Glass pipettes were filled with intracellular solution containing (in mM) 140 K-gluconate, 0.1
EGTA, 2 MgCl,, 4 Na,ATP, 1 NaGTP, 0.3 Fluo5F, 0.03 Alexa Fluor 594, 10 HEPES-KOH (pH 7.4, ~300
mOsm). Only neurons with membrane potentials between -55 and -65 mV (junction potential uncorrected)
were used. After filling for 7 min, axons and dendrites were identified in the red channel. Presynaptic
boutons were identified by their typical bead-like morphology. Neurons in which the distinction between
axons and dendrites was unclear were discarded. 10 min after break-in, a holding current was injected to
keep the membrane potential at ~ -60 mV, and Ca®*-transients were induced by a single action potential
evoked via brief somatic current injection (5 ms, 500-1500 pA). Images were acquired using an upright
microscope with a 60X, 1.0 numerical aperture water immersion objective. Fluorescence signals were
excited by a light-emitting diode at 470 nm, and were collected with a scientific complementary metal—
oxide—semiconductor camera (SCMOS) at 100 frames/s. Images were collected for 0.2 s before and 1s after
the action potential initiation. An extra 10 frames of images were acquired for each neuron without
excitation and these images were used to estimate the dark current level of the camera. Ca”" transients
were quantified using ImagelJ. 7-20 boutons and 5-10 areas in the second order dendrites were randomly
selected from each neuron. After background subtraction (removing the dark current and rolling ball
(Sternberg, 1983) with a radius of 4 um), the (F-F,)/F, was calculated (F = average green emission at a
given time point, Fy = average fluorescent intensity in frames 0 to 20 before action potential induction). For
all Ca®* imaging experiments, the experimenter was blind to the genotype throughout data acquisition and
analysis.

Synaptophysin-pHluorin Imaging. The SypHy A4 open reading frame (Granseth et al., 2006) was
obtained from Addgene (Plasmid #24478), and was subcloned into the synapsin driven lentiviral vector
FSW. FSW-SypHy A4- and FSW-SV2-tdTomato- expressing viruses were produced in transfected
HEK?293T cells and were applied to dissociated hippocampal cultures at DIV3. Cultures were subsequently
infected with lentiviruses to express cre or a control virus at DIVS5. Cultures were imaged at DIV14-17 with
an upright microscope at 20 - 23 °C in extracellular solution containing (in mM): 140 NaCl, 5 KCl, 2
CaCl,, 2 MgCl,, 10 glucose, 10 HEPES-NaOH, 0.05 APV and 0.025 CNQX (pH 7.4, ~310 mOsm).
Synapse rich areas were identified in the red channel. Images were acquired at 0.5 Hz with 2x2 binning
using a SCMOS camera with a 60X, 1.0 numerical aperture water immersion objective. SypHy and SV2-
tdTomato were excited with at 488 nm or 550 nm with a light-emitting diode, respectively. Light paths
were split and filtered with a multiband filter set. Neurons were stimulated with a bipolar electrode made
from nichrome wire at 20 Hz. For each experiment, 5 s of baseline image acquisition preceded stimulation.
NH,CI solution (extracellular solution substituted with NH4Cl for 50 mM NaCl, adjusted to pH 7.4) was
applied at the end of experiments to visualize all SypHy puncta. We did not correct for photobleaching.
Images were analyzed in Imagel, a rolling ball of 5 um was used for background subtraction for all images
(Sternberg, 1983). NH,4Cl responsive puncta defined as %(AFnuacy Fo) > 200% were included in the
analysis, and were used to define ROIs. Active puncta in response to action potential stimulation (40 or 200
action potentials) were defined as those puncta in which the %(AF quring stimulation/ AFNH4c1) during stimulation
(2s for 40Hz, 10s for 200Hz) > 0, where AF guring stimulation 15 defined as the mean fluorescence of F-F, during
stimulation. SypHy F, was defined as the mean fluorescence during 5 s prior to stimulation. SypHy AF was
quantified as fluorescence intensity F at each time point minus Fy. Peak fluorescence (AF ) is defined as
the average AF during the first four imaging frames immediately following the end of the stimulation. Data
were normalized to the total pool as defined by SypHy response to NH4ClI application (AFypacr). All
experiments and analyses were performed by an experimenter blind to the genotype.

Statistics. Unless otherwise specified, all data are means + SEM and p-values are set as *p < 0.05, **p <
0.01, ***p <0.001 and determined by Student's t test. In cases where Gaussian fits were compared, the
extra sum of squares F test was used to determine significance. Statistical comparisons between more than
two conditions were done using one-way ANOVA followed by Holm-Sidak multiple comparisons tests.
Two-way ANOVA was used to assess comparisons with multiple variables followed by Holm-Sidak post-
hoc tests. All experiments were done with using a minimum of three independent cultures and in each
culture multiple cells (typically 5-10 per culture and genotype) or images (typically 10 images per culture
and genotype) were analyzed.
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