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Synaptic transmission relies on effective and accurate

compensatory endocytosis. F-BAR proteins may serve as

membrane curvature sensors and/or inducers and thereby

support membrane remodelling processes; yet, their

in vivo functions urgently await disclosure. We demonstrate

that the F-BAR protein syndapin I is crucial for proper

brain function. Syndapin I knockout (KO) mice suffer from

seizures, a phenotype consistent with excessive hippocam-

pal network activity. Loss of syndapin I causes defects in

presynaptic membrane trafficking processes, which are

especially evident under high-capacity retrieval condi-

tions, accumulation of endocytic intermediates, loss of

synaptic vesicle (SV) size control, impaired activity-de-

pendent SV retrieval and defective synaptic activity.

Detailed molecular analyses demonstrate that syndapin I

plays an important role in the recruitment of all dynamin

isoforms, central players in vesicle fission reactions, to the

membrane. Consistently, syndapin I KO mice share phe-

notypes with dynamin I KO mice, whereas their seizure

phenotype is very reminiscent of fitful mice expressing

a mutant dynamin. Thus, syndapin I acts as pivotal

membrane anchoring factor for dynamins during regen-

eration of SVs.
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Introduction

Brain development, synaptic transmission as well as neuro-

nal plasticity require considerable membrane remodelling.

Communication between nerve cells is brought about by

synaptic vesicle (SV) exocytosis, endocytosis and recycling

pathways. Despite ongoing membrane dynamics, however,

synaptic compartmentalization is kept intact and the SV pool

as well as SV size is sustained at both high and low firing

rates. A tight balance of exocytic and endocytic pathways

needs to be maintained during a huge variety of synaptic

transmission modes to ensure proper brain function.

Different modes of endocytosis have been suggested to

operate in synapses (Südhof, 2004; Ryan, 2006; Voglmaier

and Edwards, 2007). All seem to require a member of the

dynamin family of large GTPases, resulting in the formation

of SVs with uniform appearance (Fox, 1988; Harris and

Sultan, 1995; Schikorski and Stevens, 1997). Additionally,

several dynamin-binding proteins, so-called accessory pro-

teins, seem to be involved in endocytic processes. Among

these accessory proteins are Bin/Amphiphysin/Rvs (BAR)

domain superfamily proteins. The BAR domain superfamily

contains several subfamilies, among those the F-BAR sub-

family (for recent reviews, see Frost et al, 2009 and

Qualmann et al, 2011). Structural analyses of several F-BAR

domain-containing proteins (Henne et al, 2007; Shimada

et al, 2007; Wang et al, 2009) show antiparallel dimeric

complexes, which are crescent shaped with a shallow curva-

ture when viewed from side, and some appear S-shaped from

above. It was suggested that these structures are capable of

bending membranes or sensing membrane curvatures

(Shimada et al, 2007; Frost et al, 2008). Prominent F-BAR

domain proteins are syndapins, a family of genes, which—as

single copies—already occur in worms and insects (Kessels

and Qualmann, 2004). Syndapins are membrane-associating

factors (Itoh et al, 2005; Dharmalingam et al, 2009) working

in close collaboration with the actin cytoskeleton and vesicle

scission machineries, which they can even physically connect

via oligomerization (Kessels and Qualmann, 2006).

Syndapins control the activity of the Arp2/3 complex

(Qualmann and Kelly, 2000; Kessels and Qualmann, 2002;

Dharmalingam et al, 2009), syndapins are critical for the

membrane recruitment of the actin nucleator Cobl
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(Schwintzer et al, 2011) and, based on their identification as

synaptic, dynamin-associated proteins (Qualmann et al,

1999) and the phosphorylation dependence of the interaction

of syndapin I with dynamin I, syndapin I was suggested to be

the dynamin I-phosphosensor and to play a pivotal role in SV

recycling in neurons (Anggono et al, 2006). Consistently,

disruption of syndapin/dynamin complexes interfered with

dynamin-mediated vesicle formation from the plasma mem-

brane (Simpson et al, 1999; Qualmann and Kelly, 2000; da

Costa et al, 2003; Braun et al, 2005; Andersson et al, 2008;

Clayton et al, 2009) and from the Golgi, respectively (Kessels

et al, 2006; Salvarezza et al, 2009).

Neurons rely on very efficient vesicle recycling processes,

dynamin I-mediated vesicle fission reactions (Ferguson et al,

2007) and regulation of dynamin complexes by phosphoryla-

tion and dephosphorylation cycles (Clayton et al, 2009). We,

therefore, generated mice deficient for the brain-enriched

isoform of the syndapin family, syndapin I, to evaluate the

physiological importance of syndapin I in a mammalian

animal model. Our studies reveal that syndapin I is crucial

for proper brain function. Syndapin I is critical for the

association of dynamins with membranes. Further phenoty-

pical analyses of syndapin I knockout (KO) mice highlight the

functional importance of syndapin I for proper SV formation

in hippocampal and retinal synapses, for proper hippocampal

network activity and for proper function of the mammalian

brain as such.

Results

Generation of syndapin I KO mice

Dynamin-binding F-BAR proteins were suggested to induce

and/or sense membrane curvature during vesicle formation;

yet, their in vivo functions in membrane topology control and

the physiological importance of such processes as well as

their role in dynamin function largely remained to be demon-

strated by genetic loss-of-function analyses. We, therefore,

generated mice lacking the brain-enriched F-BAR domain

protein syndapin I (Figure 1A) by removal of exon1 of the

murine syndapin I gene (Figure 1A and B). Homologous

recombination of the targeting vector (Figure 1B) was verified

by long-range PCR (Figure 1C) and Southern blotting (data

not shown). Syndapin I KO mice were generated by mating

with ubiquitously expressing Cre mice (Figure 1D).

Biochemical and immunocytochemichal analyses confirmed

the complete loss of syndapin I (Figure 1E–G).

Homozygous syndapin I KO mice were viable and survived

for at least 41 year but their fertility was reduced by B30%

(data not shown). Furthermore, the body weights of both

genders of syndapin I KO mice were significantly reduced in

comparison with wild-type (WT) mice (B10%; Figure 1H).

Syndapin I KO, however, did not cause any embryonic

lethality. Birth frequencies were according to Mendel

(Figure 1I).

A comprehensive quantitative analysis of proteins with

similar domain organization, function and/or of interaction

partners, of proteins involved in membrane trafficking and of

proteins implicated in subcellular organization of excitatory

and inhibitory synapses showed no change in expression

levels in syndapin I KO mice. Interestingly, also syndapins

II and III neither compensated for nor were affected in

stability (Figure 1J; Supplementary Figure S1). The pheno-

types of syndapin I KO mice thus indeed seem specifically

attributable to the lack of syndapin I.

Syndapin I is important for accurate SV morphology

control

Brain weight (data not shown), brain volume (compare

Supplementary Figure S2) and histology showed no gross

impairments of brain development. Cortical thickness

and layering was normal (Figure 2A), so was the overall

hippocampal architecture (Figure 2B), although the hippo-

campal volume was slightly increased (Supplementary Figure

S2). Despite the fact that syndapin I can promote Arp2/3

complex-dependent actin nucleation, also F/G-actin ratios in

different areas of the hippocampus were unchanged in syn-

dapin I KO mice (Supplementary Figure S3A and B).

Biochemical determinations of F/G-actin ratios in resting

synaptosomes did not reveal any phenotype either

(Supplementary Figure 3C and D).

We next examined the ultrastructure of hippocampal

presynapses by quantitative electron microscopical (EM)

analyses (Figure 2C and D). No defects in synaptogenesis

were detected, both synapse density and overall synapse

morphology were normal (Figure 2C). Also, the SV density

and the number of docked SVs were unchanged. The dia-

meters of SVs of syndapin I KO synapses, however, were

significantly increased and vesicle surfaces were thus less

curved compared with WT (Figure 2D).

Syndapin I KO impairs SV endocytosis

Since also the KO phenotypes of the syndapin I binding

partner dynamin I predominantly manifested upon stronger

stimulation (Ferguson et al, 2007), we next tested FM1-43

recycling in nerve terminals of cultured hippocampal neurons

after moderate and strong stimulation (Figure 3A–E). Small

differences in the performance of syndapin I KO neurons in

Figure 1 Generation of syndapin I KO mice. (A) Murine syndapin I harbours an N-terminal F-BAR domain, a C-terminal SH3 domain and two
NPF-motifs (aa 364–366 and 376–378). (B) The syndapin I gene is composed of 10 exons with exon1 containing the ATG. In grey, schematic
organization of the targeting vector. Homologous recombination of left and right arms of the targeting vector with the murine syndapin I gene
led to floxed exon1. (C) ES cell clones #301 and #302 with correct recombination events identified by long-range PCRs. (D) PCRs to genotype
siblings of heterozygous matings identify all possible genotypes (the order of samples was modified, as indicated by addition of white lines).
(E, F) Syndapin I immunodetection in brain homogenates (50mg each) revealed complete loss in homozygous syndapin I KO mice and a 50%
reduction in heterozygous littermates. Actin and tubulin served as loading control. Data represent mean±s.e.m. (G) The remaining anti-
syndapin I immunosignal in primary hippocampal cultures (DIV21) from syndapin I KO mice was comparable to that of secondary antibody
controls (data not shown) demonstrating absence of syndapin I. Scale bar, 20mm. (H) Developmental body weight analysis of female and male
mice revealed significant B10% reductions in homozygous syndapin I KO mice. Two-tailed Student’s t-test. *Po0.05; **Po0.01, ***Po0.001.
(I) Frequency of genotypes normalized to expected values from Mendelian distribution show no deviations. (J) Quantitative western blot
analyses of brain homogenates (50mg each, n¼ 5 animals for þ /þ and �/�) display no alterations in the expression levels of various
proteins (for quantitative data, see Supplementary Figure S1). Figure source data can be found in Supplementary data.
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comparison with WT neurons were observed upon 300 action

potentials at 10 Hz (DF1; Figure 3B–D). In contrast, dye turn-

over was significantly reduced upon the following much stron-

ger stimulation (DF2; Figure 3B, C and E). Also, the DF2/DF1

ratio of individual nerve terminals determined according to

Clayton and Cousin (2008) showed a significant reduction in

syndapin I KO neurons (WT, 1.71±0.15 versus KO, 1.36±0.07;

P¼ 0.028; t-test) (Figure 3F and G). Thus, syndapin I deficiency

particularly disturbs high-capacity retrieval of SVs.

Severe SV formation defects in synapses of the retina

upon syndapin I deficiency

To study a physiological system marked by high-capacity

retrieval, we analysed the ultrastructure of retinae. The retina

Syndapin I in proper SV formation and CNS function
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shows tremendous synaptic transmission in the dark. As

transmission is effectively repressed by exposure to light,

massive compensatory retrieval without overlaying vesicle

exocytosis can be studied in retinae adapted to darkness and

then acutely exposed to light (Figure 4A–F) or subjected to

prolonged retrieval in the light, respectively (Figure 4G–L).

Syndapin I is widely expressed in the retina (Houdart et al,

2005; Supplementary Figure S4), with significant proportions

localizing to rod photoreceptor terminals representing the

outer plexiform layer marked by the presynaptic marker and

ribbon component RIBEYE (Supplementary Figure S4).

Syndapin I KO synapses of rod photoreceptor cells adapted

less dynamically to light exposure but were filled with

irregular-shaped endosome-like structures (Figure 4A–J).

Upon both acute (Figure 4A–F) and prolonged light exposure

(Figure 4G–L), a dramatic and statistically highly significant

increase of endosome-like structures was observed (Figure 4F

and J). Additionally, syndapin I KO retina synapses exhibited

accumulations of branched tubular structures (Figure 4C, H

and I; large arrows) and a strongly increased abundance of

omega-shaped profiles at the plasma membrane (Figure 4H

and I; small arrows). Furthermore, Immuno-EM showed

an increased frequency of clathrin labelling at the

plasma membrane of syndapin I KO ribbon synapses (our

unpublished results). In accordance with our observations in

the hippocampus (Figure 2D), SV diameters were signifi-

cantly larger (Figure 4K). Furthermore, a strong reduction

in SV density was observed in syndapin I KO synapses

(Figure 4L).

Together, these data suggest severe membrane trafficking

defects in rod photoreceptor synapses of syndapin I KO mice

and reveal that syndapin I is important for compensatory

endocytosis following high activity.

Crucial requirement of syndapin I for membrane

recruitment of dynamins

The increased SV diameter and reduced SV density together

with accumulation of omega-shaped and tubulovesicular

structures and a reduced functional SV pool in syndapin I

KO synapses suggested that the recruitment of the vesicle

formation machinery and/or the coordination of its activity

with correct membrane curvatures were impaired.

To test for any putative defects in the anchoring of

the endocytic machinery, we analysed Triton X-100-soluble

brain fractions. Whereas other syndapin-interacting proteins,

such as EHD proteins and Sos, were unchanged, the solubility

of the syndapin I interaction partner dynamin I was signifi-

cantly increased in syndapin I KO mice (Figure 5A). Since

dynamin I expression levels remained unchanged (Figure 1J;

Supplementary Figure S1), this finding clearly indicated

defective dynamin anchoring. Interestingly, an increase in

extractability was also evident for the dynamin isoforms II

and III. In fact, it was most striking for dynamin III (105%

increase; Figure 5A).

Immunostainings for all three dynamin isoforms in pri-

mary hippocampal cultures (Supplementary Figure S5) and

in the retina (data not shown) did not point to any obvious

differences in the overall distribution of dynamins in synda-

pin I-deficient cells. However, consistent with the particular

strong defects of dynamin III anchoring in the quantitative

biochemical examinations (Figure 5A), we also observed in

immunofluorescence analyses that the immunostaining of

dynamin III was clearly reduced upon Triton X-100 treatment

(Figure 5B).

A scenario, in which syndapin I crucially assists in recruit-

ing dynamins and/or in coordinating vesicle formation with a

suitable curvature of the donor membrane (Figure 6A;

Supplementary Figure S6), would mechanistically require

that (i) syndapin I is able to associate with all dynamin

Figure 2 Significantly increased SV diameters in hippocampal syn-
dapin I KO synapses. (A, B) Histological analyses of cortices (A) and
hippocampi (B) of adult WT and syndapin I KO mice via Nissl
staining showed no gross defects in brain development and archi-
tecture. Borders and the six layers (I–VI) of the cortex are marked
(A). DG, dentate gyrus. Bars, 200mm. (C) Detailed morphometric
analyses of synaptic terminals. 1Determined as postsynaptic density
(PSD) number from randomly selected electron micrographs (total
area of 49.1mm2 each, n¼ 211 (þ /þ ) and n¼ 259 (�/�)), 2deter-
mined as extension of the PSD, 3determined as SV number inside a
semicircle around the active zone and 4SVs located p50 nm from
the plasma membrane. Parameters 2–4 and SV size distribution
(D) were determined from high-magnification micrographs (n¼ 40
(þ /þ ) and n¼ 41 (�/�); 4 animals/genotype). (D) SV size
distribution in WT and syndapin I KO animals. *Po0.05;
**Po0.01; ***Po0.001.
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isoforms and that (ii) membrane-bound syndapin I is able to

promote membrane binding of dynamins.

Syndapin I interactions with all three isoforms of dynamin

were indeed demonstrated by immunoprecipitation of synda-

pin I-containing complexes from brain cytosol (Figure 6B).

Syndapin I hereby interacts with all three dynamin isoforms

in a direct manner, as shown by co-precipitation assays with

purified proteins (Supplementary Figure S7; Qualmann et al,

1999; Kessels et al, 2006).

To directly evaluate a dynamin-recruiting function of

membrane-bound syndapin I, we performed lipid-binding

assays. Using an LI-COR Odyssey system, we were able to

quantitatively analyse the two proteins simultaneously. In

line with previous studies, both dynamin (Figure 6C) and

syndapin I (Figure 6D) bound to phosphatidylserine (PS)-

containing lipids when tested individually (Powell et al,

2000; Itoh et al, 2005; Dharmalingam et al, 2009; Wang

et al, 2009). Strikingly, preincubation of the lipid surfaces

with syndapin I enhanced subsequent dynamin binding by

about 70% (Figure 6E and F). Thus, syndapin I considerably

promotes the recruitment of dynamins to PS-containing

membranes. Taken together, these experiments suggested

that syndapin I KO directly leads to impaired membrane

binding of dynamins.

Liposome-binding assays indeed revealed that syndapin I

does not only promote membrane associations of dynamins

but that this function is crucial for the membrane association

of dynamins (Figure 6G and H). Despite the ability of

dynamins to bind to liposomes themselves (Klein et al,

1998) and despite the presence of a variety of other BAR

superfamily proteins in the syndapin I KO cytosol, all three

dynamins in the syndapin I KO cytosol showed dramatically

reduced membrane binding compared with WT (Figure 6G

and H; Supplementary Figure S8).

This effect was dynamin specific. Other syndapin I-binding

proteins, synapsins (Qualmann et al, 1999) and EHD proteins

(Braun et al, 2005) as well as other dynamin-binding BAR

proteins, endophilin I and amphiphysin I, and clathrin heavy

chain were not negatively affected (Figure 6G and H).

Importantly, the membrane binding defects of all dyna-

mins were completely rescued by addition of recombinant

syndapin I to the syndapin I KO cytosol (Figure 6G and H).

This demonstrates that the impairment of dynamin binding to

the liposome membranes is specifically and solely caused by

the lack of syndapin I. In contrast, the positive deviations of

both amphiphysin and EHD were not responsive to syndapin

I presence or absence.

Syndapin I KO mice show reduced spontaneous quantal

synaptic activity and impaired evoked synaptic

transmission of both the excitatory and the

inhibitory system

Syndapin I KO neurons showed impairments in endocytosis

and our molecular analyses revealed that syndapin I is

important for the membrane recruitment of dynamins. We

next addressed the consequences of syndapin I KO for

synaptic transmission by electrophysiological measurements

in the hippocampus. Whole-cell recordings from CA1 pyra-

midal neurons of syndapin I KO mice indeed showed sig-

nificantly reduced frequencies of both miniature excitatory

postsynaptic currents (mEPSCs) and miniature inhibitory

postsynaptic currents (mIPSCs) (Figure 7A, B, D and E),

while the peak amplitudes of both mEPSCs and mIPSCs did

not differ from WT mice (Figure 7C and F). These results

strongly indicate presynaptic defects in vesicle recycling in

syndapin I KO neurons. This is well in line with the distur-

Figure 3 Selective activity-dependent requirement for syndapin I
during synaptic vesicle recycling in hippocampal cultures.
(A) Hippocampal cultures were loaded and unloaded with FM1-43
dye using the protocol displayed. (B, C) Time course of the average
response of WT (B) and syndapin I KO (C) nerve terminals loaded
with FM1-43 is displayed. KCl evoked unloading is shown by bar.
The amount of dye unloaded after Stim1 (300 stimuli) and Stim2
(800 stimuli) yields DF1 and DF2. (D, E) Quantification of mean dye
release after 300 stimuli (DF1, D) and after 800 stimuli (DF2, E)
revealed a trend to reduced dye uptake after 300 stimuli (D) and
significantly decreased dye uptake after 800 stimuli (E) in syndapin
I KO hippocampal neurons, suggesting defective activity-dependent
SV endocytosis in the absence of syndapin I. (F, G) Reduced SV
turnover in individual nerve terminals shown by cumulative
histogram of the DF2/DF1 ratios of individual synapses (F) and
the averaged DF2/DF1 response (G) suggesting defective
activity-dependent SV endocytosis in the absence of syndapin I.
*Po0.05; t-test.
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bances of endocytic processes observed in both hippocampal

and ribbon presynapses (Figures 2–4).

As both excitatory and inhibitory synapses were affected

by syndapin I KO, we next analysed whether syndapin I is

present in both excitatory and inhibitory neurons.

Immunohistological examinations showed a specific ubiqui-

tous labelling of syndapin I throughout the hippocampus

(Supplementary Figure S9A and B). In addition to its strong

expression in excitatory neurons of pyramidal and granule

cell layers, the protein is also highly expressed in inhibitory

neurons as proven by additional costainings with parvalbu-

min (Supplementary Figure S9C–H).

Next, we measured whether the disturbed presynaptic

quantal processes reported above did also result in overt

changes in evoked excitatory and inhibitory postsynaptic

currents (eEPSCs and eIPSCs, respectively). As shown in

Figure 7G–J, we found significantly reduced eEPSC and

eIPSC amplitudes in syndapin I KO mice upon an increasing

Figure 4 Drastic alterations in rod photoreceptor ribbon synapses of syndapin I KO animals after light exposure. (A–F) Rod ribbon synapses
after acute exposure to light from WT (A) and syndapin I KO (B–E) mice. Note the high number of endosome-like structures (arrowheads) and
the occurrence of tubular structures (C, large arrow), respectively, in syndapin I KO synapses. m, mitochondrion. (F) Endosome-like structures
were increased by 110% in syndapin I KO mice (n¼ 4 animals/genotype). (G–L) Syndapin I KO synapses (H, I) differ from WT (G) after long
exposure to light and showed massive membrane trafficking defects with numerous coated omega-shaped profiles at the presynaptic plasma
membrane (H, I, small arrows). In addition, branched tubular structures (H, I, large arrows) and endosome-like structures (I, arrowhead) were
visible in syndapin I KO synapses. h, Horizontal cell processes; b, bipolar cell dendrites; *, peripheral protrusions of horizontal cells.
(J) Quantification of endosome-like structures per rod terminal from 4 animals/genotype after long exposure to light revealed a 170%-increase.
(K) SV sizes were shifted to larger SV diameters. (L) SV density was reduced by 58% in syndapin I KO mice. Quantitative data represent
mean±s.e.m.; **Po0.01 ***Po0.001. Scale bars, 0.5mm (A, B) and 0.2 mm (C–E, G–I).

Syndapin I in proper SV formation and CNS function
D Koch et al

The EMBO Journal VOL 30 | NO 24 | 2011 &2011 European Molecular Biology Organization4960



strength of stimulation. The reduction was apparently larger

for the inhibitory (eIPSCs) than for the excitatory system

(eEPSCs) (Figure 7G–J). These data mirror eEPSC and eIPSC

data reported for dynamin I KO (please compare Ferguson

et al, 2007 with Figure 7H and J).

In order to address presynaptic plasticity, we measured the

short-term depression of neurotransmission evoked by strong

stimulations. Indicating a role of syndapin I in the integration

of recently endocytosed vesicles into one of the major vesicle

pools (e.g., the reserve pool), short-term depression was

significantly less pronounced in syndapin I KO than in control

slices (Figure 7K).

Syndapin I KO mice show severe defects in

hippocampal network activity

We next analysed hippocampal network activities of WT and

syndapin I KO mice under conditions of increased activity

(Figure 8). The power of the oscillations at the gamma

frequency band induced with kainic acid (KA; Dugladze

et al, 2007) was dramatically increased by 4230% in hippo-

Figure 5 Strongly increased dynamin extractability in syndapin I KO mice. (A) Equal amounts of Triton X-100-soluble fractions of either
genotype subjected to quantitative western blot analyses normalized to the corresponding actin signal on the same membrane. Deviations of
the mean in KO samples (set to 0) to the mean in WT samples (red column) are expressed in percent. Data represent mean±s.e.m. For
dynamins, a highly statistically significant increase in Triton X-100 extractability was observed (dynamin I: 39±7%, dynamin II: 50±7%,
dynamin III: 105±16%). A similar increase was observed upon normalization to tubulin. Mann–Whitney U-test; **Po0.01, ***Po0.001.
(B) Primary hippocampal neurons (21 DIV) were subjected to Triton X-100 extraction and subsequent immunocytochemistry. Dynamin III
levels were reduced to background signal in syndapin I KO cultures, whereas a reasonable signal was still present in WTcultures. Anti-ProSAP2
immunostaining served as control, this synaptic scaffold protein was not extracted. Scale bar, 20 mm.
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campal slices of syndapin I KO mice (Figure 8A–C). These

results show grossly altered hippocampal network responses

upon stimulation.

We finally compared the responses of syndapin I KO and WT

networks on increased activity by pharmacological reduction of

inhibition (Figure 8D–F). Upon application of bicuculline, a

GABAA receptor antagonist, syndapin I KO slices exhibited a

43-fold increase in the frequency of epileptiform discharges

compared with WT (Figure 8D and E). Furthermore, the

amplitudes of the discharges rose by 490% upon bicuculline

application (Figure 8D and F). The much lower threshold for

epileptiform activity evoked by bicuculline suggests that inhibi-

tory circuits are significantly impaired by syndapin I deficiency.

Syndapin I KO mice suffer from generalized seizures

Since proper fine-tuning of neuronal network activities is

crucial for sustaining physiological brain functions, we won-

dered whether phenotypes of syndapin I KO mice on the

whole animal level could be identified that correlate with the

above findings on the molecular, cellular and network levels.

In line with the electrophysiological data, homozygous

syndapin I KO mice suffered from seizures with tonic–clonic

convulsions without loss of consciousness in novelty situa-

tions (Figure 8G). A typical sequence consists of three beha-

vioural phases, partial seizures, tonic–clonic convulsions and

very quite pausing (Supplementary Movie 1). Statistical ana-

lyses revealed that seizure probabilities rose to 50 and 80% at

18 and 23 weeks of age, respectively (Figure 8H).

Discussion

F-BAR domain-containing proteins have been proposed to

function as membrane curvature sensing and tubulating

Figure 6 Syndapin I promotes lipid association of all dynamins and is of critical importance for dynamin membrane anchoring. (A) Scenario,
in which syndapin I coordinates the vesicle formation machinery with membrane curvature by direct binding to curved lipid surfaces and by
dynamin recruitment. (B) Specific detection of dynamins I, II and III in anti-syndapin I immunoprecipitates from brain extracts (IPs). SUP,
supernatant. The order of samples on the gels was modified, as indicated by white lines. (C–F) Lipid-binding assay in 96-well plates coated
with or without phosphatidylserine (PS) and phosphatidylcholine (PC) mixture (PS:PC ratio 1:3) revealed a specific lipid binding of dynamin
(C) and syndapin I (D). (E) Preincubating lipid-coated wells with syndapin I strongly increased subsequent binding of dynamin. Quantitative
analyses (F) show a significant increase (167±22%) (Wilcoxon signed rank test). Data represent mean±s.e.m. N¼ 6 experiments; *Po0.05.
(G, H) Liposomes made of Folch fraction I incubated with equal amounts of WT and syndapin I KO cytosol and analysed by quantitative
western blot analysis (H). Note the significant reduction of dynamin binding (30% for pan-dynamin, 40% for dynamins I and III and 50% for
dynamin II), whereas synapsin Ia/b, endophilin I and clathrin heavy chain (HC) binding were unaffected. The dynamin recruitment defects in
syndapin I KO cytosol were completely abolished by addition of syndapin I (�/� Rescue) (G, H). Data represent mean±s.e.m. of four
independent experiments with material from 2 animals/genotype. One-way ANOVA; *Po0.05, **Po0.01, ***Po0.001. Figure source data can
be found in Supplementary data.
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proteins that may coordinate membrane domains and the

machineries for vesicle formation. As especially the brain

relies on efficient and highly adaptable and scalable mem-

brane trafficking processes, disturbances of any of these

hypothesized functions should manifest in obvious malfunc-

tions of the nervous system. Yet, recent KO studies of the F-

BAR protein Toca/CIP4 did neither report any neurological

phenotypes in flies nor in mice, although endocytosis in

epithelial cells (Fricke et al, 2009) and adipocytes and fibro-

blasts (Feng et al, 2010) was affected. Also syndapin gene KO

studies in flies did not show any impairments of the nervous

system (Kumar et al, 2009). In contrast, our analyses clearly

show that loss of the F-BAR protein syndapin I in mice leads

to impairments in SV formation, SV size control, synaptic

transmission and neuronal network activity, resulting in

seizures of syndapin I KO animals. We propose that this

apparent discrepancy of our results and syndapin KO in

flies (Kumar et al, 2009) reflects the fact that the single

syndapin in flies shows the highest similarity to the muscle-

enriched syndapin III isoform in mammals. Consistently, fly

syndapin was exclusively found on the muscle side of neu-

romuscular junctions (Kumar et al, 2009), whereas mamma-

lian syndapin I is predominantly neuronal (Plomann et al,

1998; Qualmann et al, 1999). In line with this, knockdown of

syndapin III in zebrafish also did not lead to any neuronal

defects but resulted in embryonic notochord and somite

development defects (Edeling et al, 2009). Distinct functions

of the different syndapin isoforms in vertebrates are consis-

Figure 7 Syndapin I KO causes defects in both excitatory and inhibitory synaptic transmission. mEPSCs (A–C) and mIPSCs (D–F) recorded
from CA1 pyramidal neurons held at �60 mV. Representative traces are shown (mEPSCs, horizontal bar, 2.5 s; vertical bar, 10 pA; mIPSCs,
horizontal bar, 0.5 s; vertical bar, 50 pA). The frequencies of both mEPSCs and mIPSCs were significantly reduced upon syndapin I KO (B, E),
whereas the amplitudes were unchanged (C, F). Data represent mean±s.e.m. Statistical analysis, t-test; *Po0.05. (G–J) Measurement of
eEPSCs (G; 19 and 20 slices of hippocampal CA1 regions from 9 (þ /þ ) and 8 (�/�) animals) and eIPSCs (I; 18 and 17 slices from 9 (þ /þ )
and 9 (�/�) animals). Inserts show example eEPSC and eIPSC traces (eEPSCs, horizontal bar, 10 ms; vertical bar, 100 pA; eIPSCs, horizontal
bar, 100 ms; vertical bar, 200 pA). (H, J) eEPSC and eIPSC amplitudes, respectively, at 50 mA in WT and syndapin I KO. Data represent
mean±s.e.m. Two-way repeated measures ANOVA; *Po0.05; **Po0.01; ***Po0.001. (K) Plots of evoked EPSCs in response to 600 stimuli at
40 Hz, normalized to the amplitude of the first EPSC and averaged by 10 show a significantly reduced EPSCs amplitude depression in syndapin I
KO mice. Two-way repeated measures-ANOVA; *Po0.05. The inserts depict examples of mean EPSCs during the first 100 stimuli of the train,
averaged over 10 consecutive recordings. Horizontal bar, 200 pA; vertical bar, 10 ms.
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tent with the unchanged syndapin II and III levels in syndapin

I KO mice.

Our phenotypical analyses of syndapin I KO mice provide

in vivo evidence for a physiological importance of the mem-

brane-binding and topology-modulating F-BAR protein syn-

dapin I in proper brain function. Syndapin I KO led to

defective SV recycling in hippocampal cultures after strong

stimulation and impaired formation of proper SVs in both

synapses of the retina and of pyramidal cells of the hippo-

campus. In line with syndapin I’s high expression in both

excitatory and inhibitory neurons, these defects manifested in

impairments of spontaneous and evoked synaptic transmis-

sions of both the excitatory and the inhibitory systems and in

a reduced EPSCs amplitude depression. Together, these de-

fects led to an increased hippocampal network activity with a

dramatically lowered threshold for epileptiform discharges,

strongly increased amplitudes of epileptiform discharges as

well as a much higher power of induced gamma oscillations.

As a consequence, syndapin I KO mice suffered from

seizures.

Interestingly, the human gene locus 6p21.3, which also

includes the syndapin I gene, is associated with idiopathic

generalized epilepsy (Turnbull et al, 2005). This is one of the

most frequent types of epileptic diseases in men (Delgado-

Escueta et al, 2003). Seizures have also been reported for a

few other mice deficient for neuronal membrane trafficking

components, such as Bassoon, amphiphysin I and AP3B

(Di Paolo et al, 2002; Altrock et al, 2003; Nakatsu et al,

2004). In some cases, seizures were correlated with hippo-

campal volume changes (Angenstein et al, 2007). Careful

quantitative volumetric analyses of the brain architecture

indeed revealed that also syndapin I KO mice show a statis-

tically significant increase of specifically the hippocampal

volume (Supplementary Figure S2).

Mechanistically, we propose that syndapin I’s important

role lies in its intimate work together with dynamins during

vesicle fission. Several lines of evidence support this conclu-

sion. First, syndapin I binds all three dynamin isoforms in

vivo and it does so in a direct manner (Qualmann et al, 1999;

Qualmann and Kelly, 2000; this study).

Figure 8 Syndapin I KO mice show altered hippocampal network activity and suffer from generalized seizures with tonic–clonic convulsions.
(A) Examples of gamma rhythms induced by bath application of KA (400 nM) to 11 WTand 11 KO hippocampal slices (derived from 4 animals/
genotype) analysed in the CA1 region. (B) Power spectra of the oscillations with one clear peak at the gamma frequency band. (C) In slices from
syndapin I KO mice, gamma frequency oscillations had significantly larger power. (D–F) Epileptiform discharges induced by 5mM bicuculline
were significantly more frequent in syndapin I KO slices (11 slices from 4 animals/genotype) (E) and much stronger (6 slices from 4 animals/
genotype) (F). Data represent mean±s.e.m. Two-tailed Student’s t-test; *Po0.05, ***Po0.001. (G, H) Homozygous syndapin I KO mice
developed generalized seizures with tonic–clonic convulsions (G). Supplementary Movie 1 shows a typical sequence of the three behavioural
phases (partial seizures, tonic–clonic convulsions and very quite pausing). Appearance of seizures was monitored for 22 (þ /þ ), 24 (þ /�)
and 21 (�/�) animals, respectively, for 60 weeks (H).
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Second, in both syndapin I (this study) and dynamin I

deficient mice (Ferguson et al, 2007), vesicle formation

processes still did occur but resulted in larger SVs.

Third, also the decreases in eEPSC and eIPSC amplitudes

and the stronger impairment of inhibitory responses suggest-

ing general impairments of mechanisms of synaptic transmis-

sion in syndapin I KO mice almost exactly phenocopy the

effects observed for dynamin I KO mice (Ferguson et al,

2007).

Fourth, the endocytic defects seen in syndapin I KO ribbon

synapses and the activity-dependent requirement of syndapin

I in SV endocytosis are reminiscent of the endocytic defects

present in presynaptic boutons of dynamin I KO mice

(Ferguson et al, 2007). Functions in vesicle formation from

larger tubular-vesicular structures may be related to both

syndapin and dynamin also playing a role in vesicle forma-

tion from endosomal structures of non-neuronal cells (Braun

et al, 2005; Håberg et al, 2008; Derivery et al, 2009; Schroeder

et al, 2010).

Fifth, in particular, high-capacity retrieval processes, such

as those occurring in the retina under physiological condi-

tions, and those we evoked by strong stimulation of hippo-

campal neurons, are affected by syndapin I KO. Our FM1-43

dye recycling studies are also in line with membrane traffick-

ing defects seen in the lamprey reticulospinal presynaptic

compartment after ablation of syndapin function by antibody

injections. These defects were particularly observed during

very high frequency stimulation (Andersson et al, 2008).

A role of syndapin I in high-capacity retrieval has also been

proposed from observations in rat cerebellar granule neurons

using proline-rich peptides sequestering the syndapin I SH3

domain (Clayton et al, 2009). The reduced synaptic fatigue at

high frequencies (40 Hz) reported for inhibiting dynamin I

rephosphorylation with Glycogen synthase kinase 3 inhibi-

tors (Clayton et al, 2010) is reminiscent of the reduced EPSC

depression at 40 Hz in slices of syndapin I KO hippocampi we

observed.

It remains to be explained, why synaptic fatigue measured

in form of field EPSCs was normal in syndapin I KO at 50 and

100 Hz and effects were only observed at 20 Hz

(Supplementary Figure S10). Synaptic fatigue attenuations

with a maximal effect at 20 Hz were observed in Bassoon

mutant mice but the cause for this phenotype is unknown,

too (Altrock et al, 2003).

Sixth, a tight interplay of dynamins and syndapin I in

endocytosis is in line with structural and biochemical ana-

lyses showing that syndapin I prefers curved membranes, as

it would be required for membrane remodelling during

vesicle formation (Wang et al, 2009; our unpublished data).

Seventh, we have been able to directly demonstrate in

reconstitutions with purified components that syndapin I is

indeed able to enhance the binding of dynamin I to mem-

branes by virtue of its lipid-binding F-BAR domain together

with its dynamin-binding SH3 domain.

Eighth, and intriguingly considering the properties and

presence of a plethora of proteins, which were also suggested

to coordinate dynamin functions during SV formation, all

dynamin isoforms were much more readily extractable from

syndapin I KO than from WT brain extracts, as demonstrated

by quantitative analyses of dynamins I, II and III.

Finally, we were able to show in brain cytosol from

syndapin I KO mice, that explicitly recruitment of dynamins

I, II and III to the curved membranes of liposomes is impaired

and that these defects can be rescued by solely adding back

syndapin I. These experiments prove that syndapin I is

an important membrane-associating factor for all dynamin

isoforms.

In line with our conclusions, recently, fitful mice, naturally

occurring mutant mice carrying an A408T exchange in the

first alternatively spliced region of dynamin 1a, were also

reported to suffer from seizures with tonic–clonic convul-

sions and were introduced as a model of generalized idio-

pathic epilepsy (Boumil et al, 2010). Fitful and syndapin I KO

mice show very similar sequences of behaviours during

seizures. Also, the onset and development of this phenotype

are very similar. In both fitful and syndapin I KO mice,

animals with seizure were not observed before 2 months of

age and for both strains 80% seizure probability was reached

at about 6 months (Boumil et al, 2010; this study).

The increased penetrance of the syndapin I KO phenotype

in adult mice may relate to the developmental increase of the

syndapin I expression reaching 0.8 mg/g total brain protein in

mature animals (Supplementary Figure S11).

Considering the similarities with syndapin I KO mice, we

propose that the molecular reasons for the fitful phenotypes

and for the observed deviations from dynamin I KO pheno-

types (Ferguson et al, 2007, 2009; Boumil et al, 2010) include

strong dominant-negative effects on dynamin-binding pro-

teins, such as syndapin I, which is likely to still bind to

dynamin A408T because the fitful mutation (Boumil et al,

2010) is well separated from the C-terminal domain of dyna-

min binding to syndapin I (Qualmann et al, 1999). Dominant-

negative effects of dynamin I A408T against the collective of

dynamin-binding proteins and partial functional redundan-

cies of syndapin I with other dynamin-binding proteins

would also explain, why—albeit similar—fitful phenotypes

are stronger than syndapin I KO phenotypes.

The reduced, but not completely lost membrane associa-

tion of dynamins in syndapin I KO mice also indicates that

other dynamin-binding proteins with properties similar to

syndapin I exist and help to ensure proper dynamin mem-

brane association and function. This may be one reason why

dynamin I KO results in severe synaptic transmission defects

and mice die at an age of B2 weeks (Ferguson et al, 2007)

and dynamin II KO even leads to embryonic lethality

(Ferguson et al, 2009), whereas syndapin I KO results in

milder phenotypes. This is in contradiction to the proposed

function of syndapin I as the exclusive phosphosensor of

dynamin (Anggono et al, 2006) or questions the importance

of sensing the dynamin phosphorylation status for normal

brain function (Clayton et al, 2009). Prime candidates for

proteins sharing some functional redundancy with syndapin I

are the other syndapin family members, syndapins II and III,

which are also expressed in brain. Furthermore, other pro-

teins of the BAR superfamily may assist. However, in contrast

to syndapin I’s importance for specifically recruiting dyna-

min, amphiphysin was found to be important for tethering

the AP2 complex and clathrin to membranes (Di Paolo et al,

2002) and the F-BAR protein FCHo was recently shown to

specifically recruit eps15 and intersectin and to thereby play

an important role in very early steps of endocytic coat

formation (Henne et al, 2010).

Therefore, it seems that the so-called accessory factors of

the BAR domain superfamily proteins play crucial but very
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distinct roles in membrane targeting of the protein machi-

neries required at the various stages of endocytic vesicle

formation. Our analyses show that syndapin I acts as a pivotal

membrane anchoring factor for the vesicle fission-mediating

dynamins in the regeneration of SVs and that this function is

indispensable for proper function of the mammalian brain.

Materials and methods

Generation and examinations of syndapin I KO mice
Syndapin I gene organization was established by sequencing a
suitable clone of the BAC Mouse ES-129/SvJ-library (Incyte
Genomics) identified by PCR screening with an exon1 probe. Based
on genomic DNA and cDNA, a targeting vector was constructed in
pBluescript. Linearized targeting vector was electroporated into ES
cells according to Talts et al (1999). ES cells were screened for
correct homologous recombination by Southern blot analysis and
PCR. Syndapin I KO mice were obtained via mating with mice
ubiquitously expressing Cre recombinase (TgN(CMV-Cre)1AN;
Nagy et al, 1998). For genotyping, DNA of mouse tail biopsies
was extracted with 10 mM Tris–HCl pH 8.0, 100 mM NaCl, 0.4 mg
Proteinase K. After inactivation, a high-speed supernatant was
analysed by PCR.

Body weights of 20–29 animals per gender and genotype were
examined during 3–8 weeks after birth. Statistical analysis was
performed using two-tailed Student’s t-test.

First occurrence of seizures upon transfer into new cages and
survival was analysed over a period of 60 weeks.

Manganese-enhanced MRI and volumimetric analysis of various
brain structures of adult mice was performed as previously
described (Angenstein et al, 2007). Due to the non-invasive
character of this method, it is not prone to sectioning and
incubation artifacts (Angenstein et al, 2007). Statistical analysis
was performed using Mann–Whitney U-test.

Primers and antibodies
Primers used for BAC clone screenings, Southern blot probes,
analytical PCRs, genotyping for WT, KO and Cre allele, respectively,
as well as primers used for cloning of dynamin III PRD are listed in
Supplementary data.

Primary and secondary antibodies used in this study are listed in
Supplementary data.

Quantitative western blot analysis
Brain homogenizations were done according to Dharmalingam et al
(2009).

Homogenates of adult male mice (n¼ 5 for þ /þ and �/�;
n¼ 2 for þ /�) were divided into two aliquots, one was used
directly for expression analysis of proteins in brain homogenates
and the second was subjected to centrifugation at 100 000 g for 1 h
to yield 1% Triton X-100 soluble fractions. The observed effects for
dynamins in Triton X-100 soluble brain fractions were reproduced
with additional brains (n¼ 5 for þ /þ and n¼ 7 for �/�).
Statistical analyses were performed using Mann–Whitney U-test.

For actin quantification, synaptosomes were prepared as
described previously (Wyneken et al, 2001). Harvested synapto-
somes were resuspended in 5 mM Tris/HCl pH 8.1, 1 mM EDTA,
0.32 M sucrose, equilibrated at 371C for 5 min, and lysed by adding
an equal volume of 2� PHEM extraction buffer (120 mM PIPES,
50 mM HEPES, 20 mM EGTA, 4 mM MgCl2, 2% Triton X-100, pH
7.3). After solubilization on ice for 15 min, F-actin was separated
from G-actin by a 20-min centrifugation at 100 000 g according to
Pilo Boyl et al (2007). For all analyses, quantitative western blotting
was carried out using an LI-COR Odyssey system.

Immunocytochemistry and histology
Primary dissociated hippocampal cultures were prepared as described
(Banker and Goslin, 1988). Cell suspensions of hippocampi prepared
from mice (P0-P1) were obtained by trypsination and trituration and
plated onto poly-L-lysine coated glass coverslips. After 1 h at 371C
(5% CO2), coverslips were transferred into dishes containing a 70–
80% confluent monolayer of glia cells in Neurobasal medium
supplemented with B27, 2 mM glutamine, antibiotics and antimyco-
tics. After 3 DIV, 5mM 1-b-D-arabinofuranosylcytosine was added.

After 20–22 DIV, cells were fixed (4% PFA, 4% sucrose in PBS) and
subjected to immunocytochemistry as described (Kessels et al, 2001).
For extraction experiments, cultures were treated 3 min at RT with
HCB buffer (10 mM HEPES pH 7.4, 1 mM EGTA, 0.1 mM MgCl2)
containing 10 mM NaCl and 0.1% Triton X-100 prior to fixation.

Immunocytochemistry and histology of brain sections were
performed as follows: 12-week-old WT and syndapin I KO mice
were anaesthetised and perfused transcardially with 50 ml of PBS to
flush the vascular system, followed by 50 ml 4% PFA. Brains were
extracted and post-fixed in 50 ml PFA for 24 h, washed in PBS and
dehydrated in 30% sucrose for 48 h. Cryosectioning was performed
using a Leica SM 2010R Sliding Microtome.

55 mm parasagittal slices were incubated in blocking solution
(0.1 M phosphate buffer pH 7.4, 0.25% Triton X-100, 5% goat
serum) for 1 h and incubated for 48 h with primary antibodies. After
washing, secondary antibodies were applied for 24 h and sections
were washed with PBS. F/G-actin ratio quantification was
performed on slices incubated in PBS containing 0.5% Triton X-
100 for 15 min. After washing, slices were incubated for 24 h with
Alexa Fluors488-conjugated DNAse I and Alexa Fluors568-
conjugated phalloidin. All sections were washed with PBS and
incubated with DAPI for 30 min. Sections were embedded in
Fluoromont-G (SouthernBiotech). Sections were examined using a
Leica TCS SP5 confocal microscope. Images from WT and syndapin
I KO animals were recorded digitally using identical settings.

Fluorescence intensities of the dentate gyrus inner molecular
layer were measured on unprocessed images (ImageJ software).
Quantification was performed on 5 ROIs of each slice, averaged per
slice and statistically analysed using the two-tailed Student’s t-test.

Nissl stainings were done with kresylviolet and embedded in
Entellan (Merck).

Immunocytochemistry of the retina was performed as described
(tom Dieck et al, 2005).

EM analyses
Anaesthetized adult male WT and syndapin I KO animals were
perfused transcardially with 0.9% NaCl, and then with 2% PFA,
2.5% glutaraldehyde, 1% sucrose, 0.1 M cacodylate buffer, pH 7.3.
Fixed brain pieces of the hippocampal CA3 region were transferred
into the above fixative, extensively washed with PBS and sectioned
into thin slices. Brain slices were incubated for 1 h at RT in 2%
OsO4, 0.8% K4[Fe(CN)6] in PBS, dehydrated in a graded ethanol
series and incubated for 30 min with 2% uranyl acetate in ethanol.
After washing with ethanol, slices were embedded in EPON and
prepared for EM. Samples were examined with a Zeiss EM902A and
documented digitally (CCD camera FastScan-114 (TVIPS)).

For EM evaluations of retinae, adult male mice (n¼ 12 for þ /þ
and �/�) were examined under various light conditions. In
experiment #1, dark-adapted retinae were analysed after acute light
exposure (5–20 min). In experiment #2, retinae were prepared after
4 h of light exposure. Removal of retinae and subsequent fixation
was performed within 5 s to avoid fixation artefacts. Retinae were
immediately processed for EM as described (Spiwoks-Becker et al,
2001). In randomly selected sections, the retinae were qualitatively
and quantitatively evaluated using a Zeiss LEO TEM 906E and
Analysis 3.2 software (Soft Imaging Systems).

All morphological analyses were performed blind. For statistical
analysis, two-tailed Student’s t-test and the Mann–Whitney U-test,
respectively, were used.

Immunoprecipitation of syndapin I-containing complexes
Immunoprecipitation from brain extracts was carried out with
syndapin I-specific antibodies in HCB buffer containing 50 mM
NaCl, 1% Triton X-100 and protease inhibitor CompletesEDTA-free
(Roche) using ProteinA-Agarose (Santa Cruz) as described (Braun
et al, 2005).

Purification of dynamin and syndapin I
Dynamin was purified from rat brain as described (Stowell et al,
1999). Syndapin I cloned into pBAT4 vector (Kessels et al, 2000)
was overexpressed in E. coli and affinity purified using GST-
dynamin Iab PRD.

Phospholipid binding plate assay
Lipid-binding assays were done according to Powell et al (2000) and
adapted to the LI-COR Odyssey fluorescence detection system. The
bottom of wells (96-well Optical-Bottom Plates, Nunc) was coated
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with or without lipid mixture (PS:PC ratio, 1:3). Incubations were
initiated by dynamin or syndapin I addition (0.8mg/well). After
thorough washing, bound proteins were detected with appropriate
antibodies (pan-dynamin (800 nm); syndapin I (680 nm)) using the
LI-COR Odyssey system. Analysis of syndapin I-mediated improved
lipid binding of dynamin was carried out by preincubating the lipids
with syndapin I or lipid-free BSA and subsequent binding of
dynamin.

Liposome-binding assay
Liposomes made of lipids from Folch fraction I (Sigma) and brain
cytosol from WT and syndapin I KO mice were prepared as
described (Reeves and Dowben, 1969; Kinuta et al, 2002).
Liposomes (0.2 mg/ml) were incubated with brain cytosol
(0.1 mg/ml) for 15 min at 371C in cytosolic buffer (25 mM HEPES
pH 7.2, 25 mM KCl, 2.5 mM Mg-acetate, 100 mM K-glutamate,
CompleteTM EDTA-free), then harvested at 50 000 g for 30 min and
washed extensively with cytosolic buffer. Quantitative western blot
analyses of bound proteins were performed using the LI-COR
Odyssey system.

FM1-43 dye recycling
Primary hippocampal neurons were prepared as described (Sinning
et al, 2011). Hippocampal cultures were field stimulated with
platinum electrodes (Chamlide EC, Live Cell Instruments, Korea) at
DIV 14–16. SV turnover was analysed as described previously
(Clayton and Cousin, 2008) with some modifications. Cells were
continuously superfused (2 ml/min, RT) with recording solution
(containing in mM: NaCl, 170; KCl, 3.5; KH2PO4, 0.4; TES, 20;
NaHCO3, 5; glucose, 5; Na2SO4, 1.2; MgCl2, 1.2; CaCl2: 1.3; pH 7.4).
After 10 min wash, nerve terminals were loaded with FM1-43
(10 mM) and SV turnover was evoked with 300 stimuli at 10 Hz (1 ms
current pulses). In an independent experiment, calcium imaging
confirmed that stimuli evoked action potentials. After 10 min wash,
cells were exposed twice to 50 mM KCl in recording solution (NaCl,
123.5 mM to maintain osmolarity) for 40 s and dye unloading (DF1)
was visualized (1 image/s; Axio-Observer with an AxioCam MRm
(Zeiss); � 63 water-immersion objective). After 10 min wash, the
protocol was repeated with 800 stimuli at 80 Hz to yield DF2. ROIs
corresponding to nerve terminals (20/measurement, ^ 1mm) were
analysed according to Clayton and Cousin (2008) (X5 recordings of
at least two independent preparations of 5 (þ /þ ) and 8 (�/�)
animals).

Examination of hippocampal network activity in CA1 region
Experiments were performed on transverse slices of adult WT and
syndapin I KO mice (n¼ 4 animals each; 400 mm thickness)
obtained as described (Gloveli et al, 2005). The slices were
transferred to an interface chamber continuously perfused with
prewarmed (341C) oxygenated (95% O2 and 5% CO2) artificial
cerebrospinal fluid (ACSF)-1 (containing in mM: NaCl, 126; KCl, 3;
NaH2PO4, 1.25; CaCl2, 2; MgSO4, 2; NaHCO3, 24; glucose, 10).
Network oscillatory activity was induced by KA (400 nM by bath).
Network activities in slices from WT and syndapin I KO mice were
recorded simultaneously following bath application of KA alone or
of bicuculline (5 mM) and KA for 20–30 min. Extracellular field
recordings in the stratum radiatum of the CA1 region were similar
to those described in Gloveli et al (2005). The two-tailed Student’s t-
test was used for statistics.

Electrophysiological measurements
Brains of 31–34-week-old male mice were placed in ice-cold ACSF-2
(containing in mM: NaCl, 124; KCl, 4.9;. KH2PO4, 1.2; NaHCO3,
25.6; CaCl2, 2; MgSO4, 2; glucose, 10; saturated with 95% O2 and
5% CO2 (pH 7.3–7.4)). Vibratome-cut hippocampal transverse

slices (400mm) were stored at RT in ACSF-2. After recovery for at
least 1 h, an individual slice was transferred to a submerged-type
recording chamber and continuously superfused with ACSF-2
(2.5 ml/min).

Patch-clamp recordings of mIPSCs and eIPSCs from CA1
pyramidal neurons were done as described (Banks et al, 2002) with
minor modifications. The intra-pipette solution contained 140 mM
CsCl, 10 mM HEPES, 10 mM EGTA, 2 mM MgATP and 5 mM QX-314,
pH 7.3 (pipette resistance 2–5 MO). ACSF-2 was supplemented with
CNQX (20mM) and AP5 (40mM). Neurons in whole-cell mode were
held at �60 mV. For mIPSCs, 1mM tetrodotoxin (TTX) was added to
the bath solution. Access resistance was 10–20 MO and was then
compensated to 70%. Data were low-pass filtered at 2 kHz and
acquired at 10 kHz.

eEPSCs were recorded from CA1 pyramidal cells in whole-cell
mode with glass microelectrodes filled with a solution containing
135 mM K-Gluconate, 5 mM MgCl2, 10 mM K-HEPES, 20 mM
glucose; pH 7.25 (pipette resistance 3–6 MO). eEPSCs were recorded
at holding potential �60 mV. Responses of eEPSCs were measured
in the presence of 100mM picrotoxin in ACSF-2.

mEPSCs were recorded at holding potential �60 mV, with the
same pipette solution as for eEPSCs, and TTX (1 mM) was added.

Short-term depression was evoked as described (Clayton et al,
2010). Patch pipettes contained ACSF-3 in mM CsMeSO4, 135; NaCl,
4; HEPES, 10, EGTA, 0.1; Na-Phosphocreatine, 10; MgATP, 4;
NaGTP, 0.3; QX-314, 5; pH 7.3; pipette resistances 3–5 MO. The
external ACSF-3 was supplemented with 50 mM picrotoxin. A cut
between CA3 and CA1 regions surgically isolated the latter. eEPSCs
were induced by trains of 600 pulses (70–90mA, 100 ms pulse width)
delivered at 40 Hz 10 min before recording, slices were challenged
with an identical prepulse.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).

Acknowledgements

We thank our laboratory members N Haag, W Seul, B Schade and A
Kreusch as well as I von Graevenitz (University of Mainz), K Eraets
(KU Leuven), K Krautwald, K Hartung (IfN, Magdeburg), R
Zienecker (University of Ulm), A Hübner (University of Jena), M
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