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SUMMARY

SNARE-mediated synaptic vesicle (SV) fusion is
controlled by multiple regulatory proteins that deter-
mine neurotransmitter release efficiency. Complex-
ins are essential SNARE regulators whose mode of
action is unclear, as available evidence indicates
positive SV fusion facilitation and negative ‘‘fusion
clamp’’-like activities, with the latter occurring only
in certain contexts. Because these contradictory
findings likely originate in part from different experi-
mental perturbation strategies, we attempted to
resolve them by examining a conditional com-
plexin-knockout mouse line as the most stringent
genetic perturbation model available. We found that
acute complexin loss after synaptogenesis in autap-
tic andmass-cultured hippocampal neurons reduces
SV fusion probability and thus abates the rates of
spontaneous, synchronous, asynchronous, and de-
layed transmitter release but does not affect SV prim-
ing or cause ‘‘unclamping’’ of spontaneous SV
fusion. Thus, complexins act as facilitators of SV
fusion but are dispensable for ‘‘fusion clamping’’ in
mammalian forebrain neurons.
INTRODUCTION

Synaptic vesicle (SV) fusion is executed by SNARE complexes,

which force fusing membrane compartments into close prox-

imity to overcome the energy barrier for fusion (Cohen and

Melikyan, 2004; Jahn and Fasshauer, 2012; Jahn and Scheller,

2006; S€udhof and Rothman, 2009). SNARE-mediated mem-

brane fusion is intrinsically much slower than synaptic excita-

tion-secretion coupling because the speed and fidelity of SV

fusion is determined by a set of SNARE-interacting regulatory

proteins (S€udhof, 2014; Wojcik and Brose, 2007). Among these,

complexins (Cplxs), evolutionarily conserved proteins that

stoichiometrically bind SNARE complexes (Chen et al., 2002;

McMahon et al., 1995; Zhou et al., 2017), are of eminent

importance.
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Mammals express four Cplx paralogs (Reim et al., 2001, 2005),

of which Cplx1 is the predominant brain variant. Its expression

largely overlaps with that of Cplx2 (Freeman and Morton,

2004), while Cplx3 is mainly and Cplx4 is exclusively found in

retinal ribbon synapses (Reim et al., 2005). Homozygous

Cplx2, Cplx3, or Cplx4 single-knockout (KO) mice and Cplx2/

Cplx3 double-KO (DKO) mice are viable, while Cplx1 KO mice

are ataxic, and Cplx1/Cplx2 DKO and Cplx1/Cplx2/Cplx3

triple-KO (TKO) mice die perinatally (Xue et al., 2008), indicating

that Cplx1 has functions that cannot be fully compensated

by its paralogs. At neuromuscular synapses of Cplx-KO

C. elegans (Hobson et al., 2011; Wragg et al., 2013) and

Drosophila (Huntwork and Littleton, 2007; Jorquera et al.,

2012), evoked SV fusion is decreased, while spontaneous SV

fusion is augmented, which led to the notion that Cplxs act as

‘‘fusion clamps’’ to inhibit spontaneous fusion. In mice, however,

constitutive Cplx KO strongly attenuates SV fusion probability

and thus reduces spontaneous and evoked fusion at conven-

tional synapses (but see Mortensen et al., 2016), without

affecting the number of fusion-competent SVs (Chang et al.,

2015; Reim et al., 2001; Xue et al., 2008). This indicates that

Cplxs facilitate SV fusion, possibly by maintaining SNARE com-

plexes in a highly fusogenic state. Confirming data on Cplx KOs,

experiments employing short hairpin RNA (shRNA)-mediated

knockdown (KD) in cultured mammalian neurons (Yang et al.,

2010, 2013) showed that acute Cplx KD reduces synaptic

strength, but they also detected increases in spontaneous SV

fusion rates, which are not seen in neurons of constitutive

Cplx KOs (Reim et al., 2001; Xue et al., 2008). Furthermore,

shRNA-mediated Cplx KD was reported to cause a decrease

in the readily releasable pool of primed SVs (RRP) (Yang et al.,

2013), which is not detectable in constitutive Cplx KOs (Reim

et al., 2001; Xue et al., 2008).

Apart from possible species-related differences, the

discrepant data on the role of Cplxs in SV fusion likely originate

from the different perturbation methods used and the corre-

sponding protein decay kinetics achieved. Indeed, in addition

to a specifically altered SV fusion machinery, functional

consequences of constitutive Cplx KO may reflect a combina-

tion of collateral perturbations, compensatory processes, or

even aberrant synaptogenesis. Because acute and specific

elimination of Cplx expression after synaptogenesis is required

to distinguish between these possibilities, we generated a
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Cplx1flox/flox/Cplx2�/�/Cplx3�/� conditional TKO (cTKO) mouse,

which conditionally expresses Cplx1 as the sole Cplx isoform,

and used it to assess the type, time course, and extent of

functional changes upon acute genetic ablation of Cplx after

synaptogenesis.

RESULTS

Generation of Cplx1flox/flox Mice
LoxP sites flanking exon 2 of the mouse Cplx1 gene and a

neomycin-resistance (Neo) cassette flanked by FRT sites were

introduced into embryonic stem cells (129/ola) by homologous

recombination (Augustin et al., 1999; Thomas and Capecchi,

1987) to generate Cplx1Neo/+ mice. Cplx1Neo/Neo mice were

crossed with FRT-overexpressingmice (Farley et al., 2000) to re-

move the Neo cassette and produce Cplx1flox/flox mice, which

showed no obvious phenotypic changes. In parallel, Cplx1Neo/

Neo mice were bred with EIIaCre deleter mice (Lakso et al.,

1996) to delete Cplx1 exon 2 and the Neo cassette. Like consti-

tutive Cplx1 KOmice (Reim et al., 2001), the resulting Cplx1cre/cre

mice were severely ataxic. Western blotting showed a loss of

Cplx1 in Cplx1cre/cre mice. Cplx1flox/flox mice were crossed with

Cplx2�/�/Cplx3�/� DKOmice to generate cTKOmice for subse-

quent functional analyses, as cultured hippocampal Cplx2/Cplx3

DKO neurons have a wild-type (WT) phenotype and do not

express Cplx4 (Reim et al., 2005; Xue et al., 2008) (Figures

S1A–S1D).

Rapid Loss ofCplx1 uponCre-InducedRecombination of
the Cplx1flox Locus
Cultured hippocampal neurons from P0 cTKO mice were al-

lowed to establish synaptic networks (mass cultures) or autaptic

connections (micro-island cultures) until day in vitro (div) 7, when

they were infected with lentiviruses encoding RFP (Ctrl neurons/

cultures) or RFP-Cre (Cre neurons/cultures) (day after infection

[dai] 0). Uninfected cells served as additional controls for west-

ern blotting. Synaptic transmission was assessed between dai

3 (div 10) and dai 16 (div 23) (Figure 1A).

To assess the rate of Cplx1 loss after Cre infection, hippocam-

pal mass cultures were analyzed using western blotting at dai

2–12, using tubulin as reference. Cplx1 levels in Ctrl neurons

were unchanged with respect to those in uninfected cultures at

all times tested. In Cre neurons, Cplx1 levels were unchanged

at dai 2 (div 9), when most synapses had been formed, but

then exponentially declined (t = 2.8 days) (Figure 1B). Residual

Cplx1 bands at dai R 8 (<15% of Ctrl) are due to non-infected

neurons. Accordingly, we observed a dramatic loss of anti-

Cplx1/Cplx2 immunofluorescence in dai 8–9 Cre neurons, com-

parable with that in constitutive TKO cells, while the density and

size of VGlut1-positive glutamatergic boutons along segments of

primary dendrites were unchanged in Cre neurons (Figures S1E

and S1F; Table S1). On the basis of these data, Cre-infected

cTKO neurons at dai 8–16 can be regarded as Cplx deficient.

To assess the effects of Cplx loss on cell development, we

measured passive membrane properties of mass-cultured Cre

and Ctrl neurons (Mennerick et al., 1995). Unlike cortical but

similar to olfactory neurons (Yang et al., 2013), mass-cultured

Ctrl neurons showed a more pronounced developmental in-
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crease in membrane capacitance (Cm) than Cre neurons, so

that the mean Cm was �25% larger at dai 8–16 in Ctrl neurons,

indicating a slight developmental retardation in the absence of

Cplxs (Figure S1G; Table S1), which results in a smaller cell sur-

face area.

Acute Cplx Loss Attenuates Spontaneous Glutamate
and GABA Release in Mass Cultures
Pharmacologically isolated glutamatergic spontaneous miniature

excitatory postsynaptic currents (mEPSCs) and GABAergic mini-

ature inhibitory postsynaptic currents (mIPSCs) were recorded in

hippocampal mass cultures at dai 3–16. All recordings were ob-

tained at room temperature and with 2 mM Ca2+ and 2 mM

Mg2+ in the bath. Because Cplx expression was completely abol-

ished at dai R 8 (Figure 1B), results obtained between dai 8 and

dai 16 were pooled. For Cplx-deficient dai 8–16 Cre neurons,

mean mEPSC and mIPSC rates were reduced to �30% and

�18% of Ctrl values, while miniature postsynaptic current

(mPSC) amplitudes and mPSC kinetics were unaffected (Figures

1C and 1D; Table S1). For early culture periods (dai 3–4), when

Cplx levels in Cre neurons are R50% of Ctrl levels, average

mPSC rates were similar, but they declined in Cre neurons for

daiR 4, when Cplx levels dropped below 50% of Ctrl levels (Fig-

ures 1B and 1E).

Acute Cplx Loss Reduces Spontaneous Glutamate
Release and Synaptic Strength in Micro-Island Cultures
Because synaptogenesis in mass cultures is spatially unre-

stricted, neurons form a dense network that confounds the

isolation of unitary evoked EPSCs (eEPSCs) and the interpreta-

tion of functional parameters. In contrast, neurons grown on

glial micro-islands form synapses only with themselves (autap-

ses) and can be easily activated and assayed (Bekkers and

Stevens, 1991). We thus characterized action potential (AP)-

evoked synaptic transmission using glutamatergic hippo-

campal autaptic cells. All analysis was restricted to infected

neurons that were unequivocally identified on the basis of their

RFP fluorescence.

mEPSC frequencies in autaptic Ctrl neuronswere�55% lower

compared with mass cultures of similar age, likely because mul-

tiple presynaptic neurons converge onto individual neurons in

the latter. As for mass cultures, mean mEPSC frequencies

were similar in autaptic Cre and Ctrl neurons at dai 3–4 but

were strongly reduced in Cre neurons (to 45% of Ctrl) at dai

8–16, with no effects on mEPSC amplitudes or kinetics (Figures

S2A–S2C; Table S1).

Because spontaneous glutamate release is similarly reduced

after acute Cplx KO in mass and micro-island cultures, we as-

sessed AP-evoked autaptic eEPSCs in more detail. eEPSC am-

plitudes varied substantially (0.43–18.4 nA) in Ctrl neurons but

were much smaller (0.046–1.8 nA) in Cre neurons (dai 8–16),

with mean amplitudes reduced by �88% (Figures 2A1 and

2B; Table S1). To estimate total release capacity QS (RRP), hy-

perosmotic solution was puff-applied, and the transient post-

synaptic current response was integrated (Figure 2A2). Because

quantal size (QmEPSC) was unchanged after Cplx loss (Fig-

ure S2B2; Table S1) and QS decreased only slightly at the latest

developmental stages studied (Figures 2B and 2C3; Table S1),



Figure 1. Acute Cplx Loss Causes Progres-

sive Attenuation of Spontaneous Glutamate

and GABA Release at Hippocampal Synap-

ses in Mass Cultures

(A) P0–P1 hippocampal neurons from cTKO mice

were maintained in vitro in mass cultures or on

astrocyte micro-islands. At div 7, neurons were

infected with either RFP (Ctrl) or Cre-RFP (Cre).

Functional properties were assayed by patch-

clamp recordings between dai 3 and dai 16 (div

10–23).

(B) Progressive loss of Cplx1 expression assayed

by western blotting of mass cultures at dai 2, 4,

6, 8, 10, and 12. Cplx1 expression levels in RFP-

infected Ctrl cultures were similar to uninfected

cultures. Virtually complete loss of Cplx1 protein in

Cre-infected cultures was observed at dai R 8

(top). The time course of Cplx1 loss in Cre-infected

cultures is well fit by an exponential function

(t = 2.8 days) (bottom, three biological replicates).

(C–E) Spontaneous SV fusion was characterized in

mass cultures by recording spontaneously occur-

ring mPSCs at dai 3–16. Glutamatergic mEPSCs

and GABAergic mIPSCs were pharmacologically

isolated by application of bicuculline (20 mM) and

NBQX (2 mM) plus D-AP5 (40 mM), respectively. AP

firing was suppressed by the addition of 0.5 mM

TTX to the bath.

(C) Sample traces (left) and average waveforms

(right) of mEPSCs (C1) and mIPSCs (C2) recorded

in a Ctrl (black) and a Cre (red and blue) neuron

at dai 10, when Cplx1 expression was completely

abolished in Cre neurons.

(D) Pooled summary data for mPSC frequency

(D1), amplitude (D2), and rise (D3) and decay (D4)

kinetics for Ctrl (gray symbols) and Cre (red and

blue symbols) neurons at dai 8–16.

(E) Scatterplots of frequency versus dai for

mEPSCs (E1) and mIPSCs (E2) measured at dai

3–16. Pale symbols represent individual neurons;

dark symbols and solid lines represent mean

mPSC frequencies pooled for intervals dai 3–4,

5–7, 8–11, and R12.

Error bars represent SEM; **p < 0.01 and

***p < 0.001.
which is likely related to the smaller cell size and the concomi-

tant decrease of the number of boutons per neuron at this stage

(Figure S3C; Table S1), the smaller eEPSCs in Cre neurons were

primarily caused by an �5-fold drop in the average SV fraction

released by single APs (F), from �5% (Ctrl) to �1% (Cre) (dai 8–

16; Table S1). F was estimated as the average ratio of the early,

synchronous eEPSC charge (Q25 ms, the charge transfer during

the initial 25 ms after eEPSC onset) divided by QS for each indi-
Cell R
vidual cell. On the basis of our Q25 ms and

QmEPSC estimates, we conclude that the

average number of synchronously

released SVs per AP drops from �207

(Ctrl) to �31 (Cre) after acute Cplx KO

(Table S1). Another F estimate was ob-

tained from scatterplots of Q25 ms versus

QS (Figure 2D). For Ctrl eEPSCs, linear
regression analysis shows that the relationship between these

quantities is fit by a straight line passing through the origin, indi-

cating similar F among Ctrl neurons, with larger eEPSCs primar-

ily arising from larger QS. For Cre eEPSCs, the slope of the

regression line was �4.6-fold smaller. Finally, we found that

Cplx loss does not affect RRP replenishment kinetics after su-

crose-induced RRP depletion, indicating that Cplx is dispens-

able for SV priming (Figure S3D).
eports 26, 2521–2530, March 5, 2019 2523



Figure 2. Acute Cplx Loss Causes Progres-

sive Attenuation of Glutamatergic Synaptic

Transmission in Autapses

(A) AP-evoked EPSCs (eEPSC) in dai 3–16 hippo-

campal neurons on glial micro-islands were elicited

by brief somatic depolarization triggering escaping

APs (1ms, 0mV). Light-colored traces represent 15

consecutive eEPSCs recorded at 5 s intervals in a

Ctrl (day 9, gray) and a Cre (dai 11, rose) neuron.

Voltage-gated Na+ and K+ currents are blanked for

clarity. Average eEPSCs are superimposed in dark

color (A1). The dotted red trace represents the

average Cre eEPSC superimposed onto the Ctrl

eEPSCs for comparison. (A2) Total release capacity

(RRP) was probed by rapid application of hyper-

osmotic solution (0.5 Osm/L sucrose added to the

bath solution). Traces inA2 showsucrose-triggered

responses recorded in the same Cre (red) and Ctrl

(black) neurons as in A1.

(B) Pooled summary data for eEPSC amplitudes

(top left), release capacity (top right), and eEPSC

decay (bottom left) and rise (bottom right) kinetics

for Ctrl (black bars, gray symbols) and Cre (red

bars and symbols) neurons at dai 8–16.

(C) Scatterplots of eEPSC amplitudes (C1), eEPSC

half-widths (C2), release capacity (C3), and

release fraction (C4) versus dai for eEPSCs re-

corded at dai 3–16. Pale symbols represent indi-

vidual neurons; dark symbols and solid lines

represent means of the respective parameters

pooled for intervals dai 3–4, 5–7, 8–11, and R12.

(D) Scatterplot of eEPSC charges versus release

capacities (RRP) for dai 8–16 autapses. Symbols

represent individual Ctrl (gray) and Cre (red) neu-

rons. Solid lines and shaded areas represent

regression lines and 95% confidence intervals,

respectively. The average release fraction F given

by the slopes of the regression lines was signifi-

cantly lower in Cre synapses.

(E) Scatterplot of eEPSC charges versus eEPSC

amplitudes for dai 8–16 autapses. Symbols

represent individual Ctrl (gray) and Cre (red) neu-

rons. Solid lines and shaded areas represent

regression lines and 95% confidence intervals,

respectively. The ‘‘effective eEPSC duration’’ (teff)

given by the slopes of the regression lines was

prolonged in Cre neurons, consistent with their

slower eEPSC kinetics.

Error bars represent SEM; shaded areas in (D) and

(E) represent 95% confidence intervals; *p < 0.05,

**p < 0.01, and ***p < 0.001.
As Cplx1 loss increases eEPSC duration in mouse calyx of

Held synapses (Chang et al., 2015), we analyzed eEPSC wave-

forms in more detail and confirmed a slowing of rise and decay

kinetics in Cre neurons (Figures 2B and 2C2). Because quantal

event kinetics were unaltered, the slower eEPSC kinetics are

consistent with less tightly synchronized AP-evoked SV fusion

in Cre neurons. Linear regression analysis of scatterplots of

eEPSC charge versus amplitude yielded larger slopes in Cre
2524 Cell Reports 26, 2521–2530, March 5, 2019
versus Ctrl neurons (Figure 2E), indicating

that the ‘‘effective width’’ (teff) of eEPSCs

(the width of a square current pulse with
same amplitude as eEPSC peak and same integral as synchro-

nous eEPSC charge Q25 ms) is prolonged in Cre neurons.

In a subset of dai 8–16 neurons, we determined the total num-

ber of VGlut1-positive puncta representing putative glutamater-

gic boutons per autaptic neuron. On the basis of mean values for

release capacity and number of presynaptic boutons, we esti-

mated an average n of �12 SVs per bouton in Ctrl and Cre neu-

rons (Table S1). These numbers agree well with the number of



morphologically docked SVs in hippocampal CA1 synapses

in organotypic slices from WT and Cplx-deficient mice (Imig

et al., 2014).

Assuming uniform release probability among boutons, we can

estimate the probability of at least one SV being released by a

single AP at a given bouton as 1 � (1 � F)n (i.e., p = 0.446 and

p = 0.114 for Ctrl and Cre neurons, respectively). Thus, during

repeated synapse activation at intervals large enough to prevent

RRP depletion, every 2.2th or every 8.8th AP releases at least one

SV per synapse in Ctrl and Cre neurons, respectively. Neither

eEPSC amplitudes and kinetics nor F differed at dai 3–4 (Fig-

ure 2C), but these parameters showed different developmental

trends in Cre and Ctrl neurons for dai > 4.

In calyceal auditory glutamatergic synapses, delayed release

measured after single eEPSCs or eEPSC trains is strongly

augmented after Cplx loss (Chang et al., 2015; Strenzke et al.,

2009), which was not seen in Cplx-KO hippocampal autaptic

neurons (Reim et al., 2001). We quantified the number and rela-

tive fractions of SVs fusing synchronously and in a delayed

manner in response to single APs (Figures S3A and S3B). For

eEPSCs recorded at dai 3–4, the contribution of synchronous

and delayed SV fusion to the total release amounted to a similar

number of �75 plus �16 SVs and �75 plus �14 SVs (synchro-

nous plus delayed SVs) in Ctrl and Cre neurons, respectively.

In contrast, both release components were strongly and similarly

reduced in dai 8–16 Cre neurons, with �216 plus �76 SVs and

�39 plus �18 SVs in Ctrl and Cre neurons, respectively. Thus,

the relative contribution of delayed SV fusion to total fusion

following single APs remained nearly unchanged at �25%. Of

note, estimates for synchronously released SVs based on

Q25 ms or the fast component of double exponential fits to the

cumulative eEPSC chargewere very similar (e.g., 206 SVs versus

216 SVs for dai 8–16 Ctrl neurons).

Acute Cplx Loss Causes a Shift to Short-Term
Facilitation and Delayed Transmitter Release in
Response to AP Trains in Micro-Island Cultures
To assess changes in short-term synaptic plasticity in Cre neu-

rons, we measured eEPSCs in response to 10 and 40 Hz AP

trains. Ctrl eEPSC trains at dai 8–16 typically showed synaptic

depression, presumably due to SV depletion, which was more

pronounced at higher stimulation frequency (Figures 3A and

3B). In contrast, eEPSCs in Cre cells facilitated during trains,

consistent with their lower initial F and consequently lower SV

consumption rate. Because of the opposite changes in eEPSC

amplitudes during trains, differences between Cre and Ctrl

eEPSCs were less pronounced for late amplitudes (eEPSClate

as the mean of eEPSC13–15) than for initial amplitudes (eEPSC1).

Nevertheless, even eEPSClate amplitudes were reduced to

�27% (10 Hz) and �44% (40 Hz) in Cre neurons, indicating

that phasic and tonic transmission are severely impeded after

acute Cplx KO. When grouping eEPSC trains according to

dai, we noted that Cplx-expressing Cre neurons (dai 3–4)

showed a Ctrl-like short-term plasticity pattern. Subsequently,

synaptic depression decreased progressively in Ctrl neurons,

consistent with a developmentally decreasing F. This develop-

mental trend toward less depression was much more pro-

nounced in Cre synapses and resulted in net facilitation of
eEPSClate for 40 Hz trains, and even more so for 10 Hz stimula-

tion, because of prevailing facilitation in the presence of weaker

depression (Figure 3C).

We next analyzed delayed release following AP trains.

Compared with Ctrl neurons, delayed SV fusion dropped in

Cplx-deficient Cre neurons (dai 8–16) by�55%–60% (Figure 3D;

Table S1). Normalization of delayed release by the summed

early release measured up to 50 ms after eEPSC15 (up to

2.55 s [10 Hz] or 1.35 s [40 Hz] after the onset of stimulation)

showed that its relative contribution increased in Cre neurons

from �9% to �13% and from �23% to �29% for 10 and

40 Hz stimulation, respectively (dai 8–16) (Figure 3E). Thus,

acute Cplx KO has two functional consequences for eEPSCs

trains: a considerable decrease in the total amount of trans-

mitter release and a shift from synchronous to delayed release.

The finding that not only synchronous but also delayed trans-

mitter release decreased substantially in hippocampal Cplx-

deficient Cre autapses is in contrast to the situation at the calyx

of Held synapses, where delayed release is augmented under

the same conditions.

Acute Cplx Loss Reduces the Rates of All Modes of SV
Fusion in Micro-Island Cultures
A key feature of presynaptic SV fusion is its highly non-linear

sensitivity to [Ca2+]i, which causes rates of SV fusion to vary

dramatically, from a few SV per second at resting [Ca2+]i
(<100 nM) to hundreds of SV per millisecond during AP-evoked

transmitter release at several micromolar of [Ca2+]i (Bollmann

et al., 2000; Heidelberger et al., 1994; Schneggenburger and

Neher, 2000). Because Cplx loss may differentially affect

different forms of transmitter release, we assessed release rates

in Cre and Ctrl neurons for four different synapse activation con-

texts, covering a range of SV fusion rates ofR5 orders of magni-

tude: (1) spontaneous release, (2) asynchronous release in

response to slightly elevated [Ca2+]i, (3) delayed release after

AP trains, and (4) peak release during single APs (Figure 4).

To measure SV fusion rates in response to [Ca2+]i elevated to a

value similar to that typically reported for residual global [Ca2+]i
after AP firing (Lin et al., 2017; M€uller et al., 2007), we dialyzed

neurons with a pipette solution containing a Ca2+-EGTA mixture

with a nominal free [Ca2+]i of �1 mM (Lou et al., 2005) and

recorded mEPSCs over 1 min periods every 2 min (Figure 4B).

The final rates of asynchronous SV release were consistently

lower in Cre neurons, with averages of �35 versus �9 SV/s for

Ctrl versus Cre neurons (dai 8–16; Figures 4B3 and 4C). For com-

parison, we also estimated the release rates of delayed release

after 10 and 40 Hz eEPSCs and found them to be reduced by

�54% (10 Hz) and �44% (40 Hz) in Cre neurons (Figures 4A

and 4C). Finally, we estimated peak release rates during

AP-eEPSCs by dividing the maximum rate of eEPSC rise in

each neuron by the respective mEPSC size. Consistent with

the strongly reduced eEPSC peak amplitudes and slightly de-

synchronized time course of AP-evoked release in Cre neurons,

we found an�88% reduction in peak release rates in these neu-

rons (Figure 4C). Together, these data demonstrate that for a

wide range of SV fusion rates, from <10 SVs/s up to >100 SVs/

ms, fusion rates are invariably reduced by 46%–88%upon acute

Cplx loss.
Cell Reports 26, 2521–2530, March 5, 2019 2525



Figure 3. Acute Cplx Loss Causes a Pro-

gressive Shift of Short-Term Plasticity from

Depression to Facilitation in Autapses

(A) Synaptic short-term plasticity was analyzed by

recording eEPSCs in response to repetitive AP

firing (15 APs). Initial EPSCs (EPSC1, arrowheads

labeled ‘‘1st’’) and late EPSCs (EPSC13 to EPSC15,

arrowheads labeled ‘‘late’’) of trains are exempli-

fied for a Ctrl (dai 10, black) and a Cre (dai 9, red)

neuron stimulated at either 10 Hz (left) or 40 Hz

(right). Voltage-gated Na+ and K+ currents are

blanked for clarity.

(B) Summary of mean eEPSC amplitudes during

train stimulation for 10 Hz (filled) and 40 Hz (empty)

eEPSC trains recorded at dai 8–16 in Ctrl (black)

and Cre cells (red).

(C) Short-term plasticity data grouped according

to dai in Ctrl neurons (C1) and Cre neurons (C2) in

response to 10 Hz (top) and 40 Hz (bottom) stim-

ulation. eEPSC amplitudes were normalized to

eEPSC1.

(D) Delayed release was analyzed in dai 8–16 Ctrl

(black) and Cre (red) neurons stimulated with 10 Hz

(D1) and 40 Hz (D2) trains consisting of 15 APs.

Cumulative eEPSC charges were plotted as a

function of time (left). To separate delayed-release

from early-release SVs, we assumed the onset of

the former (dotted lines) to be 1.7 and 0.65 s after

the onset of the eEPSC train for 10 Hz (D1) and

40 Hz (D2), respectively, corresponding to 50 ms

after the onset of the last eEPSC in the trains

(�103 tdecay of the eEPSC). The dotted black lines

in D1 and D2 represent the delayed release

component measured in Ctrl neurons, digitally

added to the early release component measured in

Cre neurons for comparison.

(E) Relative contribution of delayed release was

compared by normalization to the total amount of

early releasemeasured 1.7 or 0.65 s after the onset

of the eEPSC train for 10 Hz (E1) or 40 Hz (E2)

stimulation.

Error bars and shaded areas in (D) and (E) repre-

sent SEM.
DISCUSSION

We generated a conditional Cplx1-KO mouse (Cplx1flox/flox) to

study functional consequences of Cplx1 loss in Cre-expressing

neurons. By crossing Cplx1flox/flox mice into a Cplx2/Cplx3
2526 Cell Reports 26, 2521–2530, March 5, 2019
DKO background, we obtained cTKO

mice that lacked obvious abnormalities.

We used these mice, which conditionally

express Cplx1 as the sole Cplx isoform

in the brain (except Cplx4 in retina), to

study synaptic transmission in cultured

hippocampal neurons, which require

only Cplx1 for normal function (Xue

et al., 2008). We let neurons grow in vitro

until div 7 and then infected themwith len-

tiviruses expressing Cre, which allowed

us to study functional consequences of

acute and complete genetic Cplx deletion
at div R 15 (i.e., dai R 8), after synapse formation has peaked.

Cplx1 expression is normal in uninfected cTKO neurons and

identical to that in constitutive TKO neurons in Cre-infected

cTKO neurons at daiR 8. In this phase, Cre-induced Cplx dele-

tion causes (1) a progressive reduction ofmPSC frequencies, but



Figure 4. Acute Cplx Loss Causes

Decreased Rates of Spontaneous, Asyn-

chronous, Delayed, and Synchronous SV

Fusion in Autapses

(A) Rates of delayed release after 10 Hz (top) or

40 Hz (bottom) eEPSC trains were estimated by

dividing the average current amplitude measured

during a 25 ms time window from 50–75 ms after

the onset of the last eEPSC in the train by the

corresponding charge of the mEPSC obtained

in a given neuron. Light-colored traces represent

individual cells. Dark-colored traces represent

averages obtained from all neurons recorded.

(B) Asynchronous release assayed at hippocampal

autaptic connections by dialysis with a buffered

[Ca2+]i solution. Ctrl (black) and Cre (red) neurons

were dialyzed in whole-cell configuration with a

pipette solution containing a nominal free [Ca2+]i of

�1 mM. mEPSCs were recorded starting immedi-

ately after establishing whole-cell configuration up

to 40 min. (B1) Sample traces recorded �1 min

(top) and �20 min (bottom) after establishing

whole-cell configuration. (B2) The rate of sponta-

neous SV fusion events increased gradually until

reaching a plateau value in a time-dependent

manner with a time course that presumably re-

flects the time course of diffusion of the elevated

[Ca2+]i from the tip of the patch-pipette to pre-

synaptic release sites. (B3) The final asynchronous

SV fusion rates were consistently lower in Cre

neurons (right).

(C) Summary data comparing release rate esti-

mates for spontaneous, asynchronous, delayed,

and evoked glutamate release in Ctrl (black) and

Cre (red) neurons in hippocampal micro-island

cultures. Estimated release rates under the

experimental conditions tested covered a range

of R5 orders of magnitude. Cre neurons consis-

tently showed lower release rates compared

with Ctrl neurons under all experimental condi-

tions. Fractions given in red represent rateCre/

rateCtrl ratios.

Shaded areas in (B2) and error bars in (B3) repre-

sent SEM.
not kinetics and amplitudes, at glutamatergic and GABAergic

synapses; (2) strongly reduced synaptic strength as assessed

by autaptic AP-eEPSCs, due mainly to an �5-fold reduced

release fraction F; (3) less synchronized glutamate release,

causing slower eEPSC kinetics; (4) facilitation of glutamate

release during AP trains, consistent with a lower F; and (5) reduc-

tion of the absolute, but not the relative, contribution of delayed

glutamate release to total release following short AP trains.

Cplx1flox/flox mice were validated by a set of western blotting

experiments demonstrating that brain Cplx1 expression was un-

changed between WT and Cplx1flox/flox mice and equally abol-

ished in brains of constitutive Cplx1-KO and Cplx1flox/flox mice

after crossing with EIIaCre deleter mice. These findings show

that the Cplx1flox/flox allele functions normally and validate the

penetrance of the Cre-recombined Cplx1flox/flox KO allele. Ana-

lyses of mass-cultured neurons showed that Cplx1 expression

in uninfected cTKO neurons and in neurons infected with RFP-

or Cre-RFP-expressing viruses is identical shortly after infection
(dai 2). It then decreases progressively in Cre cultures, as as-

sessed by western blotting, and at the cellular level to the

expression levels seen in constitutive TKO cells, as assessed

by immunostaining. These findings are consistent with the fact

that Cre neurons do not show any functional deficits at dai 1–4

but later, whenCplx expression levels drop below 50%of control

(dai R 8), develop defects that ultimately phenocopy those in

constitutively Cplx-deficient neurons. The observed exponential

time course of Cplx1 loss in Cre cultures (t = 2.8 days) indicates a

Cplx1 half-life of t½ = t 3 ln(2) = 1.94 days, which matches the

estimated half-life of rat Cplx1 in cultured cortical neurons, as as-

sessed by pulse-chase isotope labeling (1.78 days; Heo et al.,

2018).

In agreement with previous studies on constitutive KOs

(Chang et al., 2015; Reim et al., 2001; Xue et al., 2007) but in

contrast to findings obtained with an shRNA KD approach

(Yang et al., 2013), we found that acute Cplx loss leaves RRP

size and replenishment kinetics unaffected (Chang et al.,
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2015). These findings show that Cplxs are not required for SV

docking and priming (Imig et al., 2014).

In contrast to its attenuation of evoked transmitter release,

acute shRNA KD of Cplx was reported to augment spontaneous

SV fusion (Yang et al., 2013). However, KD-induced augmenta-

tion of spontaneous release was even observed in Cplx1/Cplx2

DKO neurons in the same study, indicating the possibility of

an off-target effect. We compared spontaneous transmitter

release, multiple forms of Ca2+-evoked asynchronous release

in response to elevated [Ca2+]i, and AP-evoked release between

Ctrl and Cre neurons and invariably found that the rate of SV

fusion is lower after acute Cplx KO. Moreover, mPSC fre-

quencies decreased continuously with progressive loss of

Cplx, indicating that there is no intermediate phase during Cplx

loss when spontaneous fusion transiently increases. Finally, we

assayed in one paradigm transmitter release in response to dial-

ysis of neurons with elevated [Ca2+]i via the recording pipette,

thus circumventing presynaptic voltage-gated Ca2+ channel

opening and also observed reduced SV fusion rates in Cplx KO

cells. In accord with studies on Cplx-deficient calyx of Held

terminals, in which presynaptic Ca2+ currents are unaffected

after Cplx loss (Chang et al., 2015), these data indicate that the

reduced transmitter release rates in Cplx KO neurons are not

due to aberrant Ca2+ influx.

Overall, our data indicate that Cplxs are strong SV fusion-pro-

moting factors that act upon SNARE complexes to increase the

fusion propensity of SVs (Trimbuch and Rosenmund, 2016). Our

data are incompatible with a role of Cplx as a ‘‘fusion clamp.’’ It is

currently still unclear why Cplx loss increases spontaneous SV

fusion in some instances (Mortensen et al., 2016). Assuming

that a substantial fraction of spontaneous SV fusion events are

Ca2+ dependent, it is possible that Cplx-deficient SNARE com-

plexes differ from Cplx-bound ones in their affinity for the Ca2+

sensors involved in spontaneous SV fusion (e.g., synaptotag-

mins and/or DOC2s) (Courtney et al., 2018; Groffen et al.,

2010; Xu et al., 2009). For instance, a shift of Cplx-free SNARE

complexes toward preferred interactions with the high-affinity

Ca2+ sensor DOC2 or related C2 domain-containing proteins

could explain increased mPSC rates upon Cplx loss in certain

contexts. In addition, different resting Ca2+ concentrations or

the absence of additional regulators of spontaneous SV fusion,

such as the actin cytoskeleton (Morales et al., 2000), might

explain why certain synapses respond to Cplx loss with

increased spontaneous SV fusion. Finally, it is possible that the

increased spontaneous SV fusion rate upon constitutive Cplx

loss that is seen in certain synapse types is a consequence of

partially aberrant synapse formation.
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Löwel, S., Reim, K., Brose, N., Demb, J.B., et al. (2016). Complexin 3 increases

the fidelity of signaling in a retinal circuit by regulating exocytosis at ribbon syn-

apses. Cell Rep. 15, 2239–2250.

M€uller, M., Felmy, F., Schwaller, B., and Schneggenburger, R. (2007). Parval-

bumin is a mobile presynaptic Ca2+ buffer in the calyx of Held that accelerates

the decay of Ca2+ and short-term facilitation. J. Neurosci. 27, 2261–2271.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of Cplx1flox/floxCplx2�/�Cplx3�/� mice
Mice with a floxed exon 2 of the Cplx1 gene were generated by homologous recombination in embryonic stem cells (ES). The con-

ditional KO vector contained DNA fragments of two genomic clones (pBlueMG-CPX10A and pBlueMG-CPX10B; Reim et al., 2001).

Using recombineering (Liu et al., 2003), two loxP sites were introduced, 212 bp upstream of exon 2 (representing bp 72-175 of the

Cplx1 cDNA, GenBank accession number NM_007756) and 53 bp downstream of the Neomycin resistance cassette, which was

flanked by two FRT sites. The vector also contained a thymidine kinase gene (Figure S1A). After electroporation of 129/ola ES cells

and selection by using Ganciclovir and G418 (Thomas and Capecchi, 1987), resistant ES cell clones were analyzed by Southern blot-

ting of HindIII-digested genomic DNA (Figure S1B). Positive clones were injected into blastocysts to obtain chimeric mice that trans-

mitted the mutation through the germline. Germline transmission was confirmed by PCR (Cplx1 Neo sense primer 50-CGCTTGAG

GAGGCTGGCG-30, Cplx1 Neo antisense primer 50-CCCAGCCAAACCAACAGT-30). Mice homozygous for the recombined Cplx1 lo-

cus were bredwithmice overexpressing FRT recombinase (Farley et al., 2000), by which the Neo cassette was removed (Figure S1A).

Genotyping of DNA from tail biopsies was done by PCR (Cplx1 floxed sense primer 50-GGCACGAAAACACATGGCTG-30, Cplx1
floxed antisense primer 50-CAGTGGGTTCCACTGCACC-30) (Figure S1C). Mice homozygous for this mutation (Cplx1flox/flox) were

crossed into Cplx2/Cplx3 DKO animals, resulting in Cplx1flox/flox/Cplx2�/�/Cplx3�/� (cTKO) mice. These, and in addition in some

cases corresponding control animals (Cplx1WT/WT/Cplx2�/�/Cplx3�/�), were used for further analyses. In parallel, mice homozygous

for the initial recombined Cplx1 locus were bred with EIIaCre deleter mice (Lakso et al., 1996), which resulted in the loss of exon 2 of

mouse Cplx1 and the removal of the Neo cassette (Figure S1A). Routine genotyping of litters of those breedings was performed by

PCR using the Cplx1 Neo sense and the Cplx1 floxed antisense primers (Figure S1C).

Mouse maintenance
All animal experiments were in compliance with the applicable animal care guidelines and performed as approved by the Lower Sax-

ony State Office for Consumer Protection and Food Safety (LAVES; permits 33.9-42502-04-13/1359 and 33.19-42502-04-15/1921).

Animals were maintained in groups in accordance with European Union Directive 63/2010/EU and ETS 123 (individually ventilated

cages, specific pathogen-free conditions, 21 ± 1�C, 55% relative humidity, 12 h/12 h light/dark cycle). Mice received food and

tap water ad libitum and were provided with bedding and nesting material. Cages were changed once a week. Animal health was

controlled daily by caretakers and by a veterinarian. Health monitoring (serological analyses; microbiological, parasitological, and

pathological examinations) was done quarterly according to FELASA recommendations with either NMRI sentinel mice or animals

from the colony. The mouse colony used for experiments did not show signs of pathogens. The sex of animals used for experimen-

tation was not checked because all previous studies onCplx KOs had indicated that the sex does not affect theCplx KOphenotype of

cultured neurons.

METHOD DETAILS

Neuronal cultures
Hippocampal neurons derived from P0 cTKOmice irrespective of their sex were maintained in vitro in mass culture or on glial micro-

islands. Cultures were used for electrophysiological characterization, immunofluorescence, and western blot analysis between

div 10 and 23. Micro-island cultures were prepared as described previously (Burgalossi et al., 2012). Astrocytes used for glial feeder

layers were obtained from cortices dissected from postnatal day (P) 0–1WTmice and enzymatically digested for 15 min at 37�Cwith
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0.25% (w/v) trypsin-EDTA solution (GIBCO). Astrocytes were cultured for 7–10 days in T75 flasks in DMEM (GIBCO) containing 10%

FBS and penicillin (100U/ml)/streptomycin (100 mg/ml). Subsequently, astrocytes were trypsinized and plated at a density of�30,000

cells per coverslip onto 32 mm-diameter glass coverslips that were first coated with agarose (Sigma), and subsequently stamped

using a custom-made stamp with a solution containing poly-D-lysine (Sigma-Aldrich), acetic acid, and collagen (BD Biosciences)

to generate 400 3 400 mm2 substrate islands permitting astrocyte attachment and growth. Hippocampi from cTKO P0 mice were

isolated and digested for 55 min at 37�C in DMEM containing 2.5 U/ml papain (Worthington Biomedical Corp.), 0.2 mg/ml cysteine

(Sigma), 1 mM CaCl2, and 0.5 mM EDTA. After washing, dissociated neurons were seeded onto micro-island plates in serum-free

Neurobasal medium (GIBCO) supplemented with B27 (GIBCO), Glutamax (GIBCO), and penicillin/streptomycin (100 U/ml,

100 mg/ml) at a density of �4,500 neurons per 32 mm coverslip. Only islands containing single neurons were further analyzed.

Mass cultures of hippocampal neurons were prepared as described above, except that dissociated hippocampal neurons were

seeded in the same serum-free Neurobasal medium onto 18 mm-diameter glass coverslips coated with poly-D-Lysine (two hippo-

campi per 12-well plate). For mass cultures, the culture medium was replaced completely one day after plating, and partially there-

after once a week.

DNA constructs, generation of lentiviruses, and viral infection
Expression vectors encoding lentiviral supplementary proteins (pCMVdeltaR8.2 and VSV-G) and the pFUGWexpression vector were

described previously (Hsia et al., 2014). A f(syn)-ugw vector kindly provided by C. Rosenmund (Charité, Berlin, Germany) allowed us

to produce two classes of lentiviruses: RFP-expressing and Cre 3 RFP-expressing viruses, which both induced nuclear expression

of monomeric red fluorescence protein (mRFP) that served as an infection marker. Lentiviruses were generated as previously

described (Naldini et al., 1996). HEK293FT cells (GIBCO, Germany; R700–07; RRID:CVCL_6911) plated on a poly-L-lysine (Sigma)

coated 15 cm plastic dish were transfected with the packaging pVSV-G, the envelope pCMVdeltaR8.2, and the backbone vectors,

either f(syn)w-NLS-RFP-P2Alang or f(syn)w-iCreRFP-P2Alang using Lipofectamine 2000 (Invitrogen, USA) according to the manu-

facturer’s instructions. Cells were incubatedwith the transfectionmix for 6 h inOpti-MEM (GIBCO) containing 10% fetal bovine serum

(FBS, GIBCO). The medium was subsequently changed to DMEM (GIBCO) containing 2% FBS, 10 units/mL penicillin (GIBCO),

10 mg/mL streptomycin (GIBCO), and 10 mM sodium butyrate (Merck). Forty-eight hours after transfection, the culture medium

containing lentiviral particles was harvested and concentrated using Amicon particle centrifugal filters (100 kDa, Millipore, USA).

High-titer lentiviral samples were aliquoted, snap-frozen in liquid N2, and stored at �80�C until used. HEK293FT cells used for virus

production were obtained from a low passage culture (P3) from the original cell line purchased from GIBCO and checked for myco-

plasma every 6months. Neuronswere infected at div 7, designated as day after infection (dai) 0. RFP fluorescence was checked at an

excitation wavelength of 540 nm. RFP-positive neurons could be clearly detected at dai R 3 (div R 10). Based on the fraction

of neurons with RFP-positive nuclei among all cells, we estimated that �95 % of neurons in mass culture were typicially infected

(Ctrl: 95.8 ± 0.2 % of a total of 523 ± 26 cells per image, Cre: 95.7 ± 0.4 % of a total of 518 ± 43 cells per image, n = 6 images

per group [3.2 mm2 per image] derived from 2 different cultures). In micro-island cultures, the fraction of infected neurons was nearly

100% because RFP-negative neurons were never encountered after viral infection.

Western blot analysis
Crude synaptosomes were prepared as described (Jones and Matus, 1974). SDS-PAGE and immunoblotting were performed using

standard procedures (Laemmli, 1970; Towbin et al., 1979). Primary antibodies for western blotting were a rabbit polyclonal

anti-Cplx1,2 (1:4000; Synaptic Systems, RRID:AB_122002) and a rabbit polyclonal anti-Tubulin (1:20000; SIGMA, RRID:AB_261659)

antibody. Immunoreactive proteins were detected by using an IRDye800 goat-anti-rabbit secondary antibody (1:5000; LI-COR,

RRID:AB_621843) and visualized with the Odyssey� Near-Infrared System (LI-COR).

Immunocytochemistry
Neurons were fixed with 4% paraformaldehyde (w/v) in phosphate-buffered saline (PBS, pH 7.4), for 15–20 min. Following three

washes with PBS, cells were permeabilized for 30 min using 0.3% (v/v) Triton X-100 in PBS while applying gentle agitation before

being transferred into a solution containing 0.1% (v/v) Triton X-100, 20% (v/v) normal goat serum (GIBCO), and 0.2% (w/v) fish

skin gelatin (Sigma) in PBS to block non-specific antibody binding (1.5 h). The same solution was used for diluting primary and sec-

ondary antibodies, except that normal goat serum concentration was lowered to 1% (v/v). Neurons were incubated with primary an-

tibodies overnight at 4�C, followed by incubationwith fluorophore-conjugated secondary antibodies for 2 h at room temperature (RT).

After repetitive washes with PBS, coverslips were mounted using Aqua-Poly/Mount medium (Polysciences Inc.). Primary antibodies

were a rabbit polyclonal anti-Cplx1,2 (1:1000; Synaptic Systems, RRID:AB_122002) and a guinea pig polyclonal anti-VGluT1 anti-

body (1:1000; Synaptic Systems, RRID:AB_135304). Secondary antibodies were a goat anti-rabbit Alexa Fluor 488 (Thermo Fischer;

RRID: AB_A11008) and a goat anti-guinea pig Cy5.5 antibody (Novus Biologicals; RRID: AB_NB120-6967).

Electrophysiological recordings
Patch-clamp recordings were obtained at RT exclusively from infected neurons that were unequivocally identified by their RFP-

positive nuclei. Neurons were whole-cell voltage-clamped at a holding potential (Vh) of �70 mV using an EPC10 amplifier controlled

by Patchmaster or Pulse software (HEKA). Sampling intervals and low-pass filter settings were 20 ms and 5.0 kHz, respectively.
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Patch-pipettes were pulled from borosilicate glass capillaries with filament (Science Products) on a P-97 Flaming/Brown Puller

(Sutter Instruments) to have an open-tip resistance of 3–5 MU when filled with a pipette solution containing (in mM) 136 KCl,

17.5 HEPES, 1 EGTA, 0.6 MgCl2, 4 MgATP2, 0.3 MgGTP2, 15 creatine phosphate, and 5 U/ml phosphocreatine kinase

(�320 mOsmol/l, pH 7.4). The extracellular bath solution contained (in mM) 140 NaCl, 2.4 KCl, 10 HEPES, 2 CaCl2, 2 MgCl2,

10 D-glucose (�320 mOsmol/l, pH 7.3). Spontaneous miniature postsynaptic currents (mPSCs) in mass cultures were recorded in

the presence of 0.5 mM TTX to block AP firing. TTX was absent when mPSCs were recorded in micro-island cultures because

only islands hosting single neurons were used for voltage-clamp. Glutamatergic mEPSCs and GABAergic mIPSCs were pharmaco-

logically isolated by adding 2 mM NBQX/40 mM D-AP5 and 20 mM bicucullin, respectively, to the bath solution. Seven out of 25 Ctrl

neurons were excluded from the mIPSC analysis because their average rates were > 30 Hz and could not be reliably estimated.

Consequently, the reported mean mIPSC frequency of Ctrl neurons represents an underestimate. Since they continued to increase

during the entire culture period, we did not attempt to quantify mIPSC rates in mass-cultured Ctrl neurons beyond dai 11. Single

AP-evoked autaptic EPSCs (eEPSCs) were induced by brief depolarizations (1 ms to�10mV from Vh =�70mV), triggering escaping

APs. Mean eEPSC waveforms were obtained by averaging 10 consecutive sweeps recorded at an intervalR 5 s. eEPSC trains were

recorded in response to 10 Hz and 40 Hz trains consisting of 15 APs. eEPSC train amplitudes represent averages ofR 3 consecutive

sweeps recorded every 15 s. The release capacity (RRP) was determined by applying hyperosmotic solution (0.5 Osm/l sucrose

added to the bath solution) for 6 s and quantified by integrating the transient component of the sucrose-evoked eEPSCs (typically

lasting �2–3 s) without correction for SV pool replenishment. Drug and sucrose solutions were gravity fed and applied via a

valve-controlled fast perfusion system (SF-77B, Warner Instruments). All chemicals were from Sigma, except TTX (Alomone

Labs), bicucullin (HelloBio), NBQX (HelloBio), and D-AP5 (Tocris). Passive membrane capacitance transients elicited by brief depo-

larization (from Vh = �70 to �60 mV for 30 ms, 10 repetitions) were recorded in mass-cultured hippocampal neurons and analyzed

offline to estimate their membrane surface area. To quantify asynchronous release rates induced by elevated internal Ca2+ concen-

tration ([Ca2+]i), neurons were permeabilized via the patch pipette with a solution containing (in mM) 92.05 K-gluconate, 20 KCl,

20 EGTA, 19 CaCl2, 0.6 MgCl2, 0.3 NaGTP, 4 NaATP (�337 mOsmol/l, pH 7.3, nominal free [Ca2+] �1 mM calculated by

MAXCHELATOR software). Every 2 min, spontaneously occurring mEPSCs were continuously recorded for a period of 60 s, starting

1 min after establishing whole-cell configuration and up to 20–40 min. During this time, we observed a substantial progressive in-

crease in the mEPSC frequency with a time-course presumably reflecting the diffusion of the elevated [Ca2+]i from the pipette to pre-

synaptic release sites (Figure 4B2). Since the final mEPSC rates in control neurons frequently exceeded themaximum rate for reliable

release event detection via a sliding template algorithm (1/30ms = 33 s�1 see below), we estimated the asynchronous release rates in

these experiments from the variance of band-pass filtered current traces using the mean mEPSC time course for calibration (Neher

and Sakaba, 2003; Segal et al., 1985). The latter was established by averaging events that were extracted during the initial recording

period when the release rate was still relatively low (%23 s�1).

QUANTIFICATION AND STATISTICAL ANALYSIS

Offline analysis
All offline analysis of electrophysiological data was performed in Igor Pro (Wavemetrics). Recordings were offset corrected and low-

pass filtered with a cut-off frequency fc = 3 kHz using a 10-pole digital Bessel filter. For the majority of mPSCs recordings, sponta-

neously occurring events were detected in continuous current sweeps by applying a sliding template-based detection algorithm

(Clements and Bekkers, 1997). Event detection templates had a length of 30 ms or 50 ms for identifying either mEPSCs or mIPSCs,

respectively, which allowed for a reliable detection of non-overlapping events occurring at maximum frequencies of 1/30ms = 33 s�1

or 1/50 ms = 20 s�1. Because mIPSCs recorded in mass cultures often occurred in bursts of events that periodically exceeded a rate

of 20 s�1, a deconvolution-based detection algorithm (Malagon et al., 2016; Pernı́a-Andrade et al., 2012) was preferred for analysis.

Both detection algorithms yielded identical results whenmIPSCs occurred at a low rate. Kinetic parameters determining the template

waveform were established for each cell from the average of a family of visually identified events. Peak eEPSCs release rates were

derived by dividing the fastest rate of eEPSC rise by the quantal size. The former was approximated by the ratio of 0.23 eEPSC peak

amplitude over the 40%–60% eEPSC rise time. Because this approach may underestimate the peak rate of eEPSC rise and does not

take into account the finite rise time of quantal events, our peak eEPSC release rates represent a lower estimate. Rates of delayed

release after eEPSC trains were derived by dividing the mean eEPSC amplitude measured during a 25 ms time window from

50–75 ms after the onset of the last eEPSC (eEPSC15) by the quantal charge. Assuming an exponentially decaying rate of delayed

release and considering that the late eEPSC current component decayed �50–70 times more slowly than the mEPSCs decay,

this method only slightly overestimates the rates of delayed release by a factor of 1=

�
1� tq

tr

�
(Goda and Stevens, 1994); where

tq and tr are the exponential decay time constants of the mEPSC and the rate of delayed release, respectively), which equates to

�1.02. Asynchronous release rates for recordings in which cells were dialyzed with elevated [Ca2+]i were estimated from postsyn-

aptic current fluctuations. According to Campbell’s theorem, the 2nd cumulant of the current fluctuations (variance) is proportional

to the rate of statistically independent random events and can be expressed as l2 = r3 h2 3
R ½FðtÞ�2dt, where l2 is the 2nd

cumulant of the current fluctuations, r the rate, h the amplitude and F(t) the time course of the random events (Fesce, 1990;
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Neher and Sakaba, 2003). Errors arising from slow, spurious changes in membrane potential or high frequency whole-cell noise

unrelated to transmitter release can beminimized by analyzing band-pass filtered recordings, such that the mEPSC rate is estimated

by r = ðl0
2 � l

0
2;0Þ=ðð1 + CV2Þ3 h2 3

R ½F 0 ðtÞ�2dtÞ, where l’2,0 and l’2 are the respective background and release-associated vari-

ances of fluctuations of the band-pass filtered postsynaptic current, and F’(t) is the time course of the mEPSC waveform after

band-pass filtering. l’2,0 was estimated from current stretches lacking visually identifiable events. The term 1+CV2 corrects for

the amplitude dispersion of mEPSCs (Segal et al., 1985) and was established by analyzing spontaneously occurring mEPSC re-

corded under control conditions (normal [Ca2+]i). CV was assumed to be 0.6 for all recordings. The digital band-pass filter consisted

of a single-pole high-pass filter (fc = 10 Hz) followed by a Gaussian low-pass filter (fc = 1 kHz) and largely preserved the asymmetry

of the mEPSC waveform. Numbers and relative fractions of SVs fusing synchronously and in a delayed manner in response to

single APs were quantified by integrating EPSCs and fitting the cumulative eEPSC charges with a double exponential function

Qs 3 ð1� expð� ðt� t0Þ=tsÞÞ + Qd 3 ð1� expð� ðt� t0Þ=tdÞÞ, where Qs and Qd are amplitudes and ts and td are time constants

of postsynaptic charge components arising from synchronous and delayed release, respectively, and t0 is the onset of the response.

Because exponential fitting produced sometimes unreliable Qd estimates, especially for small and noisy cumulative eEPSC charges

obtained in Cre neurons, the magnitude of delayed release was estimated by subtracting the amplitude of the fast (synchronous)

charge component Qs from the total charge measured 225 ms after the onset of the eEPSC (Q225 ms). Because delayed release de-

cayed slowly with a time constant of�150–250 ms and had not ceased completely after 225 ms, ourQd represents a lower estimate.

Postsynaptic current integrals were converted to the equivalent number of SVs by assuming an mEPSC charge of 0.125 pC. Error

estimates were obtained by bootstrap analysis using 1000 bootstrap samples. To analyze themagnitude of delayed release following

AP trains, we separated delayed from early transmitter release by considering the sum of all SVs fusing R 50 ms (�10 3 tdecay of

mEPSCs) after the onset of the last eEPSC of the trains (eEPSC15) as delayed. Because asynchronous release builds up already dur-

ing the stimulus train, this approach underestimates the total asynchronous release. The rate constant of SV pool replenishment was

estimated by recording a train of 15 eEPSCs (0.2 Hz) following application of a depleting sucrose (6 s, 0.5 Osm/l) pulse. Assuming a

first order kinetic scheme for SV release and replenishment, we note that the inverse of the time constant (1/t) with which the fractions

of empty and occupied SV docking sites relax to their new equilibrium values is determined by the sum of the two rate constants

determining release (r) and replenishment (k), 1=t = k + r. With r = p3 f, where p is SV fusion probability and f is the stimulation fre-

quency, we obtain an estimate for k as 1
=t� p3 f. Membrane capacitance estimates of mass-cultured hippocampal neurons were

obtained by analyzing capacitive current transients recorded in response to 10 mV depolarizations using a simplified two-compart-

ment equivalent circuit model (Mennerick et al., 1995). Mean current transients obtained by averaging 10 consecutive sweeps were

fitted using a double-exponential functionIðtÞ = A1 3 e�t=t1 + A2 3 e�t=t2 + AN, where I(t) is the amplitude of the current at time t, Al

and t1 denote the amplitude and time constant of the fast component of decay, A2 and t2 represent the amplitude and time constant

of the slower component of decay, and AN, is the difference between the holding current and the final steady-state current at the

end of the depolarizing pulse. Estimates for proximal (Cprox) and distal (Cdist) cell capacitance, presumably representing the capac-

itance of soma plus proximal dendrites and distal dendrites, respectively, were obtained from these parameters as detailed else-

where (Mennerick et al., 1995).

Image analysis
Images were acquired with a Leica SP2 confocal microscope at highmagnification (403 objective, NA 1.25; 633 objective, NA 1.40)

using a resolution of 1024 3 1024 pixels, corresponding to a pixel size of 0.37 3 0.37 mm2 (40 3 ) and 0.094 3 0.094 mm2 (63 3 ).

Horizontal image planes in stacks were separated by �0.3 mm resulting in R 1 cross-sections trough individual synaptic boutons.

Image analysis was carried out using ImageJ (NIH). Putative glutamatergic presynaptic boutons were identified in maximum intensity

projections of anti-VGluT1 fluorescence image stacks. VGluT1 fluorescence levels were converted to binary using an appropriate

threshold, and VGluT1-positive puncta were identified using the particle-analysis algorithm implemented in ImageJ by restricting

their size to 0.1–2.0 mm2. Identified puncta were stored as regions of interest (ROIs) and used to quantify intensities of anti-

Cplx1,2 and anti-VGluT1 fluorescence in glutamatergic boutons. Synapse density was estimated either by counting the number

of putative boutons along 50 mm long segments of primary dendrites (mass cultures) or by counting total synapse number over

the entire cell surface area (micro-island cultures).

Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM). Error bars in all graphs indicate SEM. Unless indicated otherwise,

n refers to the number of cells tested (Table S1, Figures 1, 2, 3, and 4, Figures S1–S3). The total number of cultures was 20. Because

the sample distribution of many parameters was skewed and non-Gaussian, statistical significance of differences in sample

location was tested with two-tailed permutation tests using R 10,000 random permutations. Statistical analysis was carried out in

R (R Foundation for Statistical Computing). One, two, and three stars in figure panels indicate statistically significant differences

at p < 0.05, p < 0.01 and p < 0.001, respectively.
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