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SUMMARY

Endophilin is a membrane-binding protein with
curvature-generating and -sensing properties that
participates in clathrin-dependent endocytosis of
synaptic vesicle membranes. Endophilin also binds
the GTPase dynamin and the phosphoinositide
phosphatase synaptojanin and is thought to coordi-
nate constriction of coated pits with membrane
fission (via dynamin) and subsequent uncoating (via
synaptojanin). We show that although synaptojanin
is recruited by endophilin at bud necks before
fission, the knockout of all three mouse endophilins
results in the accumulation of clathrin-coated vesi-
cles, but not of clathrin-coated pits, at synapses.
The absence of endophilin impairs but does not
abolish synaptic transmission and results in perinatal
lethality, whereas partial endophilin absence causes
severe neurological defects, including epilepsy and
neurodegeneration. Our data support a model in
which endophilin recruitment to coated pit necks,
because of its curvature-sensing properties, primes
vesicle buds for subsequent uncoating after mem-
brane fission, without being critically required for
the fission reaction itself.

INTRODUCTION

Synaptic transmission relies on the fusion of synaptic vesicles
(SVs) with the presynaptic plasma membrane (exocytosis) to
release neurotransmitters. After exocytosis, excess plasma
membrane resulting from the addition of SV membrane is rapidly
internalized by compensatory endocytosis and used to generate

new SVs. Proper nervous system function relies critically on the
efficiency of this membrane-recycling traffic.

Clathrin-mediated endocytosis is a major pathway for SV
recycling (Dittman and Ryan, 2009; Heuser and Reese, 1973).
In this process, nucleation and growth of the clathrin coat helps
gather proteins to be internalized and generates and stabilizes
the bilayer curvature required for the formation of the endocytic
bud. PI(4,5)P,, a phosphoinositide selectively enriched in the
plasma membrane, plays a key role in the recruitment and
assembly of the endocytic clathrin adaptors, which, in turn,
recruit and promote the assembly of clathrin (Di Paolo and De
Camilli, 2006). After a deeply invaginated clathrin-coated pit
(CCP) is generated, it undergoes fission with the help of the
GTPase dynamin (Ferguson et al., 2007; Raimondi et al., 2011)
and then rapidly loses its coat. The clathrin disassembly reaction
is mediated by Hsc70 (an ATP-dependent chaperone) and aux-
ilin (@ J-domain-containing cofactor for Hsc70) (Guan et al.,
2010; Yim et al., 2010), whereas shedding of the adaptors
requires degradation of PI(4,5)P, via the action of PI(4,5)P, phos-
phatases, primarily synaptojanin (Cremona et al., 1999; Hayashi
et al., 2008). These reactions are assisted by a variety of acces-
sory factors, which prominently include members of the BAR
domain-containing protein superfamily (Frost et al., 2009; Peter
et al., 2004).

BAR domains undergo dimerization to generate membrane-
associated modules, which most typically have a crescent shape
with a basic, membrane-binding surface at their convex surface.
These modules bind curved bilayers and function as curvature
sensors and/or inducers (Antonny, 2006; Frost et al., 2009; Peter
et al.,, 2004). An abundant endocytic BAR domain-containing
protein is endophilin A (referred to henceforth as endophilin),
which is conserved from yeast (Rvs167) to mammals, where it
is encoded by three different genes (SH3GL2, SH3GL1, and
SH3GL3 encoding endophilin 1, 2, and 3 respectively) (de Heuvel
etal., 1997; Ringstad et al., 1997). The N-terminal BAR domain of
endophilin is followed, after a short sequence, by a C-terminal
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SH3 domain whose major interactors in the nervous system are
dynamin and synapotojanin. The three endophilins have different
patterns of expression but are all expressed in the brain, with en-
dophilin 1 being the most abundant isoform (de Heuvel et al.,
1997; Ringstad et al., 1997; Ringstad et al., 2001).

Although endophilin has been extensively investigated, its
precise function remains debated. Its molecular properties
suggest a role in coordinating CCP neck constriction, via its
BAR domain, with the recruitment of both dynamin (to mediate
CCP fission from the plasma membrane) and synaptojanin (to
help in uncoating), via its SH3 domain. Indeed, endophilin is re-
cruited to CCPs shortly before fission (Perera et al., 2006) and
independently of dynamin recruitment (Ferguson et al., 2009).

Microinjection experiments at the lamprey giant axon and
genetic studies in Drosophila and C. elegans have explored
endophilin functions at synapses. Although initial experiments
in the lamprey model had suggested both early and late actions
of endophilin in clathrin-mediated budding (Ringstad et al.,
1999), subsequent studies have indicated primarily late actions
(Dickman et al., 2005; Gad et al., 2000; Schuske et al., 2003;
Verstreken et al., 2002, 2003), consistent with the recruitment
of endophilin at CCPs shortly before fission. An accumulation
of clathrin-coated vesicles (CCVs), reflecting a major role in
uncoating, was the predominant consequence of the disruption
of endophilin function in these studies, but a buildup of budding
intermediates was also reported, consistent with a role of endo-
philinin fission (Gad et al., 2000; Schuske et al., 2003; Verstreken
et al., 2002, 2003).

Evidence for a role of endophilin in fission also comes from its
ability to coassemble with dynamin in a tubular coat (Farsad et al.,
2001; Sundborger et al., 2011) and from studies of endophilin
(Rvs167) in budding yeast (Kaksonen et al., 2005). Further
interest in a potential role of endophilin in fission was elicited by
the proposal that synaptojanin-dependent PI(4,5)P, dephos-
phorylation is directly implicated in the fission reaction by gener-
ating a line tension between the PI(4,5)P,-rich plasma membrane
and a PI(4,5)P,-depleted, deeply invaginated coated bud (Liu
et al., 2009; see also Chang-lleto et al., 2011). Thus, endophilin
could participate in fission via its interaction with both dynamin
and synaptojanin. However, an essential action of endophilin and
synaptojanin in fission contrasts with the prominent accumula-
tion of CCVs, but not of CCPs, in synaptojanin 1 knockout (KO)
mice (Cremona et al., 1999; Hayashi et al., 2008). Finally, and
surprisingly, a recent study suggested that the interactions of
endophilin with dynamin and synaptojanin are not required for
the role of endophilin in endocytic SV recycling (Bai et al., 2010).

To help dissect the role of endophilin at synapses, in particular
in SV fission and uncoating, we have carried out an analysis
of the effects produced by deletion of all three endophilin genes
in mice. The most striking change observed at synapses
without endophilin is an accumulation of CCVs without a change
in the number of CCPs, supporting the idea that the major
function of endophilin is to couple fission to uncoating in partner-
ship with synaptojanin and Hsc70/auxilin. We also show that
synaptojanin is recruited before fission and independently of dy-
namin, suggesting that depletion of PI(4,5)P, from the vesicle
bud may precede fission. Collectively, these findings advance
our understanding of the sequence of events underlying SV
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recycling and, more generally, of the process of clathrin-medi-
ated endocytosis.

RESULTS

Synaptojanin 1 Is Recruited to Endocytic Clathrin-
Coated Pits Upstream of Dynamin
The accumulation of endophilin on the tubular stalks of the
arrested endocytic CCPs in fibroblasts that lack dynamin
(dynamin 1,2 double KO cells) proves that the recruitment of
endophilin to the pits occurs before fission and independently
of dynamin (Ferguson et al., 2009). However, it is unknown
whether synaptojanin 1, in particular the synaptojanin 1 isoform
that lacks clathrin and AP-2 binding sites (synaptojanin 1-145), is
recruited upstream of dynamin as well. To address this question,
we expressed fluorescently tagged synaptojanin 1-145, endo-
philin 2, and clathrin light chain (LC) in pairwise combinations
in dynamin double KO cells, which we then imaged by confocal
microscopy.

In control cells, both endophilin and synaptojanin 1-145 had
a primarily cytosolic distribution, with only a few transient puncta
that coincided with a subpopulation of late-stage CCPs (Perera
et al., 2006) (Figure 1A and insets). By contrast, in cells without
dynamin, numerous synaptojanin 1-145 bright spots were
present (Figure 1B), which colocalized with the intense endophi-
lin signal, previously shown to represent the tubular stalks of
arrested CCPs (Figure 1B and insets; Ferguson et al., 2009).
Accordingly, these spots appeared as short elongated elements
adjacent to clathrin spots (Figures 1C and 1D). Interestingly,
when we expressed only the BAR domain of endophilin (aa
1-247) tagged with enhanced green fluorescent protein
(EGFP), we saw recruitment to the base of the arrested CCPs
(Figure 1C), indicating that targeting of endophilin to endocytic
CCPs does not require the SH3 domain. Most likely, the recruit-
ment of the BAR domain to CCP stalks is due to its propensity to
bind PI(4,5)P,-rich, highly curved membranes (Antonny, 2006;
Chang-lleto et al., 2011; Cui et al., 2009; Ferguson et al., 2009;
Frost et al., 2009; Madsen et al., 2010; Peter et al., 2004).

Synaptojanin 1-145 was no longer recruited to the arrested
CCPs of dynamin KO cells following the siRNA-dependent
knockdown of endophilin 2, the major endophilin isoform in fibro-
blasts (Figures 1E-1G). We conclude that synaptojanin 1-145 is
recruited before fission and that endophilin plays a primary role
in its recruitment (see model in Figure 1D). Overall, these findings
strongly support a scenario in which the actions of endophilin
and synaptojanin begin before fission. To gain new insight into
the relation of endophilin to membrane fission and vesicle
uncoating, we generated mice that lack endophilin.

Absence of Endophilins Causes Perinatal Lethality

The endophilin 1 gene was inactivated by deleting exon 1 (see
Figure S1A available online). Surprisingly, endophilin 1 KO
mice had a normal life span and no obvious phenotypic defects,
suggesting a functional compensation by endophilin 2 and/or 3.
Therefore, we disrupted the two other genes. Endophilin 2 KO
mice were obtained by deleting all exons except exon 1 (Fig-
ure S1A). For endophilin 3, a conditional allele was first gen-
erated by floxing exon 1 (Figure S1A), and KO mice were
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Figure 1. The Recruitment of Synaptojanin 1-145
at Endocytic Pits Is Dynamin Independent but
Requires Endophilin

Control fibroblasts and fibroblasts that lack expression of
dynamin 1 and 2 (dynamin KO) were transfected with
fluorescent proteins and examined by spinning-disk
confocal microscopy.

(A and B) Endophilin 2-Ruby and EGFP-synaptojanin 1
precisely colocalize in both control and dynamin KO cells
(magnified in the inset). The few fluorescent spots in
control cells represent very late pits (Perera et al., 2006),
whereas the numerous puncta in dynamin KO cells
represent arrested CCPs. Scale bar represents 10 um.
(C) Both C-terminally EGFP-tagged full-length (FL) endo-
philin 2 and endophilin 2 BAR domain (1-247) are recruited
to the arrested CCPs in dynamin KO cells also expressing
Endophilin 2 mRFP-clathrin LC. Scale bar represents 5 um.

(D) Model of endophilin and synaptojanin localization at
the necks of the CCPs in cells with and without dynamin.
(E-G) Dynamin DKO cells were transfected with synapto-
janin 1-145-EGFP and clathrin LC-mRFP after siRNA-
dependent KD of endophilin 2 (the major isoform in
fibroblasts).

(E and F) The synaptojanin 1-145 puncta visible in control
siRNA-treated cells (reflecting protein on the tubular necks
of the pits) are drastically reduced after endophilin 2 KD
(E), whose effectiveness is demonstrated by the western
blot of (F). Of the synaptojanin spots, 96.0% + 1.5% were
directly adjacent to clathrin puncta (n = 194 synaptojanin
spots from five cells). Scale bar represents 5 um.

(G) Quantification of the synaptojanin puncta density in the
D two conditions (eight cells/condition, p = 0.0002, t-test).

= Error bars represent SEM.
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Figure 2. Absence of Endophilin Causes Perinatal Lethality

(A) Endophilin 1,2 double KO (DKO) mouse and control littermate heterozygous
for endophilin 1 and 2 at P18. Note the smaller size of the DKO mouse.

(B) Endophilin triple KO (TKO) newborn mouse and control littermate WT for
endophilin 2. Note absence of milk (arrows) in the stomach of the TKO.

(C) Survival curves of endophilin TKOs, endophilin 1,2 DKOs, and control mice
derived from the same litters.

(D) Weight at birth and growth curves of endophilin mutant mice. Note the early
arrest of growth of endophilin 1,2 DKOs but the steady growth of control
littermates. Mean + SEM of mice from at least 14 litters are shown.

(E) Immunoblot analysis of brain homogenates (left) and GST pulldowns (right)
from WT and endophilin KO mice with anti-endophilin isoform-specific anti-
bodies and anti-pan-endophilin antibody. Endophilin 1 and 3 have the same
electrophoretic motility (arrow), whereas endophilin 2 has a slower motility
(arrowhead). The relevant endophilins are absent in the corresponding KO
material. Note (left) that the absence of endophilin 1 has a greater impact than
the absence of endophilin 3 on the intensity of the pan-endophilin band (arrow),
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Lack of expression of the respective endophilin isoform in
each of the mutant genotypes was confirmed by western blot
analysis of brain homogenates with isoform-specific antibodies
and a panendophilin antibody (Figure 2E). These results were
further validated by western blotting of material that had been
affinity purified from newborn brain extracts by a high-affinity
ligand for all three endophilins: the proline-rich domain (PRD)
of synaptojanin 1-145 (Figure 2E). Because we were interested
in the basic functions of endophilin in nerve cells, we focused
our subsequent studies on neurons of TKO mice, although we
also carried out selected experiments on endophilin 1,2 DKOs.

No abnormalities were observed in the newborn TKO brain
upon gross histological examination. Immunoblot studies of
TKO brain homogenates did not show significant changes
relative to WT in the levels of clathrin-coat proteins and other
endocytic proteins (clathrin, a-adaptin, AP-180, dynamin, am-
phiphysin, SNX9, auxilin, and Hsc70), with the exception of syn-
dapin/pacsin and synaptojanin, whose levels were decreased
(Figure 2F). Significant reductions were also observed for
intrinsic (synaptobrevin 2, synaptophysin, synaptotagmin 1,
vGLUT1, and vGAT) and peripheral (synapsin 1, Rab3a, and
GADB65) SV proteins (Figure 2F). However, the postsynaptic
protein PSD95 did not show any change, arguing against
a reduction in the number of synapses.

Synaptic Transmission Is Impaired but Not Abolished

in Neurons Lacking Endophilin

The occurrence of some movement in endophilin TKO newborn
mice prior to their death indicates that neurotransmission is not
completely impaired. We therefore analyzed synaptic transmis-
sion in dissociated cortical neuronal cultures from these mice
by whole-cell voltage-clamp recordings.

Whereas TKO neurons in culture differentiated normally and
appeared healthy, miniature excitatory postsynaptic currents
(mEPSCs) had strongly reduced frequency (more than 2.5 times;
Figure 3A), and a decreased amplitude (69.7% of control) that
was not due to a smaller SV size (Figure S3A). Responses to
a single stimulus revealed a reduction in EPSC peak amplitude
in TKO synapses relative to WT (Figure 3B). This change may
reflect, at least in part, a reduction in SV number, as shown below
in Figure 5. The ability of cells without endophilin to maintain
secretion in response to a sustained stimulus was also compro-
mised. The synaptic depression produced by a 30 AP at 10 Hz
stimulus was enhanced in TKO neurons (Figure 3C), although
no difference was observed when the same number of stimuli
was delivered at 1 Hz. To monitor a potential defect in recovery,
we next subjected neurons to a strong stimulus (300 AP at
20 Hz). Not only was synaptic depression enhanced, but the
recovery was also significantly delayed in TKOs (Figure 3D).

indicating the greater abundance of endophilin 1 in brain. There is no difference
in the expression of the remaining endophilins in the corresponding KOs.
Right: blots of GST pulldowns from WT, DKO, and TKO brain extracts using
synaptojanin 1’s PRD domain as a bait.

(F) Histogram showing levels of synaptic proteins, as detected by quantitative
immunoblotting, in brain extracts of TKO newborn mice normalized to WT. The
TKO extracts show reduced levels of many SV proteins. n > 4; *p < 0.05, t test;
error bars represent SEM.
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Figure 3. Synaptic Transmission Is Impaired, but Not Abolished, in Endophilin TKO Neurons
(A) Reduced frequency of spontaneous mEPSCs in TKO neurons (*p = 0.007, t test). The amplitude is also slightly reduced (*p = 0.007, t test).
(B) The amplitudes of EPSCs in response to a single action potential (AP) are smaller in the TKO (n = 20) than in control (n = 19) neurons (*p = 0.0027, two-tailed

Wilcoxon test).

(C) Synaptic depression in response to 30 APs delivered at low (1 Hz) and high (10 Hz) frequency. Left panels show examples of individual recordings (in the 1 Hz
recordings, AP traces are superimposed). Right panels, which show control (n = 19) and TKO (n = 20) responses normalized to the first EPSC, demonstrate

a difference only at the 10 Hz stimulation.

(D) Decline of EPSC peak amplitude in response to a longer stimulation (300 AP delivered at 20 Hz; top panels) and subsequent recovery upon interruption of the
stimulus as detected by 0.2 Hz test stimuli (bottom panels). Depression occurred faster and recovered slower in TKO (n = 17) relative to WT (n = 17) neurons.

EPSCs were normalized to the EPSC peak amplitude of the train.

Thus, the endophilins are not essential for synaptic transmission
but are required for efficient and sustained evoked release,
consistent with studies in invertebrates (Dickman et al., 2005;
Schuske et al., 2003; Verstreken et al., 2003).

Slower Poststimulus Endocytic Reinternalization

of SV Proteins in Endophilin TKO Synapses

To assess the potential occurrence of an endocytic delay, as ex-
pected if endophilin was involved in CCP fission, we performed
dynamic assays of endocytosis using a synaptopHIuorin-based
strategy (Sankaranarayanan and Ryan, 2000). In TKO cells, the
time constant of endocytic recovery following a 10 Hz stimulus
for 30 s was approximately 2.5-fold slower in TKO (71.4 =
15.8 s) than in WT (29.3 + 5.2 s) (Figure 4A). Given sufficient

time, however, the signal recovered and synapses could sustain
multiple rounds of exo/endocytosis. Similar results were ob-
tained with vGLUT1-pHluorin, a chimera of the vesicular gluta-
mate transporter vGLUT1 with pHluorin (Vogimaier et al., 2006)
(26.6.5 £ 6.7 s in WT and 82.2 + 12 s in TKO) (Figure 4B). Thus,
although the SH3 domains of endophilin 1 and 3 interact with
vGLUT1 (Vogimaier et al., 2006), the defect in the compensatory
endocytic recapture of this protein in endophilin TKO cells is not
significantly more severe that the defect in the reinternalization of
synaptobrevin.

In principle, the delayed poststimulus recovery could be due
to a delay in the acidification of the newly formed vesicles.
However, a brief exposure to acid medium during the recovery
(Sankaranarayanan and Ryan, 2000) demonstrated that the
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Figure 4. Compensatory Endocytic Recovery Is Slower in Endophilin
TKO Neurons

(A-D) The average time course of the endocytic recovery after a 10 Hz 300 AP
stimulus, as measured by synaptopHIluorin (n = 14 for WT; n = 13 for TKO) and
vGLUT1-pHluorin (n = 16 for both WT and TKO) is slower in TKO than in WT.
Arrows mark the start of the stimuli. Values shown are mean + SEM.

(B and D) Overexpression of full-length endophilin 1-mRFP rescues the slower
endocytic recovery of synaptopHluorin and vGLUT1-pHluorin signals,
respectively (green traces). In contrast, an endophilin BAR construct (aa
1-290)-mRFP shows only a partial rescue of the endocytic defect, which is
more prominent during the late phase of the recovery (blue traces). The green
and blue traces from the rescue experiments are superimposed on the
recoveries shown in (A) and (C) to allow a direct comparison of the kinetics of
recovery.

(E) Average t4,, recovery times for the conditions shown in (A)—(D). *p < 0.05,
t test; error bars represent SEM.

(F) The delayed recovery from the increase of pHluorin fluorescence is not
due to a defect in reacidification of newly endocytosed vesicles. Neurons
expressing VGLUT1-pHluorin were briefly exposed to pulses of extracellular
acid solution (pH 5.5) at the times indicated. In both WT (n = 8) and TKO (n = 8),
the fluorescence quenched consistently to the same levels before and after the
stimulus, arguing against a lag in the acidification of a newly internalized
vesicle pool.
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pHIuorin responsible for the increased signal remained cell-
surface exposed, thus suggesting a bona fide endocytic delay
(Figure 4F).

The slower kinetics of endocytosis in TKO neurons could be
fully rescued by transfection with endophilin 1 (Figures 4B—4E).
In contrast, a mutant endophilin 1 construct that contains the
BAR domain but that lacks the SH3 domain produced a limited
rescue of the endocytic defect, and primarily during the late
phase of the recovery (Figures 4B-4E). Because the BAR domain
of endophilin alone is recruited to the CCP neck, a possible inter-
pretation of this partial rescue of endocytosis is a facilitatory
and/or stabilizing effect of the overexpressed BAR domain on
the vesicle neck.

Endophilin TKO Synapses Accumulate Clathrin-Coated
Vesicles but Not Clathrin-Coated Pits

To gain direct insight into whether the endocytic delay observed
in TKO cultures was due to a block in fission, we performed
electron microscopy (EM). TKO synapses revealed a strikingly
different phenotype relative to controls: a reduced number of
SVs and a strong accumulation of clathrin-coated vesicular
profiles (Figures 5A-5C). Surprisingly, no accumulation of
CCPs was observed. In sections of some nerve terminals, nearly
the entire pool of SVs had been replaced by clathrin-coated
profiles (Figure 5B). Quantification of EM micrographs showed
that the mean number of SVs per synapse was substantially
lower (39.8%) in TKO than in controls, whereas the number of
CCVs had increased more than 31 times (Figures 5F-5I). Similar,
but less severe, changes were observed at synapses of DKO
neurons (Figures 5F-5I).

The abundance and overall organization of clathrin-coated
vesicular profiles in endophilin TKO synapses were reminiscent
of those observed in synaptojanin 1 and dynamin 1 KO cultures
(Cremona et al., 1999; Ferguson et al., 2007; Hayashi et al., 2008;
Raimondi et al., 2011). In all three types of mutant synapses,
coated vesicular profiles were sparsely packed and spatially
segregated from the tightly packed SV clusters that remained
anchored to the active zone but were much smaller than in
controls (Figures 5C-5E). However, in dynamin KO synapses,
many coated profiles had tubular necks clearly visible in a single
section. In contrast, in both endophilin TKO and synaptojanin 1
KO synapses, such necks were not present and CCPs con-
nected to the cell surface were extremely rare (Figures 5C-5E),
with no significant increase of CCPs in TKO relative to WT (Fig-
ure 5H). EM tomography confirmed the dramatic difference
between control and endophilin KO synapses (Figures 5J-5L)
and demonstrated that, as in the case of synaptojanin 1 KO
synapses, but in striking contrast with dynamin KO synapses
(Ferguson et al., 2007; Hayashi et al., 2008; Raimondi et al.,
2011), the overwhelming majority of coated profiles of endophilin
TKO neurons were free CCVs (Figure 5L). Similar observations
were made in tomograms of endophilin DKO synapses
(Figure 5K).

Further evidence for lack of connection of coated vesicular
profiles to the plasma membrane came from incubation of TKO
cultures on ice with an endocytic tracer, horseradish peroxi-
dase-conjugated cholera toxin (CT-HRP; Figures S3B and
S3C). Coated profiles of endophilin TKO synapses were not
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accessible to the tracer (Figure S3), in contrast to their accessi-
bility in dynamin mutant synapses (Ferguson et al., 2007; Rai-
mondi et al., 2011). However, when the incubation on ice was
followed by a further incubation at 37°C for 1 hr, several CCVs
of TKO synapses were positive for the HRP reaction product,
indicating their recent formation and thus participation in
membrane recycling. Labeled vesicles were primarily CCVs in
the TKO but SVs in WT, consistent with delayed uncoating in en-
dophilin TKO neurons.

In conclusion, SV recycling is heavily backed up at the CCV
stage in TKO synapses. A plausible explanation for the discrep-
ancy between the endocytic defect suggested by the pHluorin
data and evidence for a postfission (rather than fission) delay
suggested by EM is that availability of endocytic proteins
involved in steps leading to fission may be rate limiting due to
their sequestration on CCVs. Such a scenario would be consis-
tent with the reported accumulation of SV proteins at the plasma
membrane when the function of endophilin is impaired (Bai et al.,
2010; Schuske et al., 2003), an observation that we have also
made in endophilin TKO synapses (Figure S2). Rate-limiting
availability of clathrin-coat proteins is supported by the fact
that levels of such proteins were not increased in TKO neurons
in spite of the dramatic increase in CCV number. Consistent
with this explanation, an endocytic delay based on a pHluorin
assay, in spite of a selective accumulation of CCVs, but not of
CCPs, was previously observed in studies of synaptojanin and
auxilin KO synapses (Mani et al., 2007; Yim et al., 2010). It is
also possible that the kinetic delay of endocytosis detected by
the pHIluorin assay may not be sufficiently robust to reflect an
accumulation of CCPs. Regardless, EM data demonstrate that
the key defect produced by the lack of endophilin is impaired
uncoating.

Redistribution of Endocytic Proteins in Nerve Terminals
in the Absence of Endophilin

Immunofluorescence analysis of the distribution of endocytic
proteins in endophilin TKO cultures provided further support to
the idea that a large fraction of such proteins is sequestered
on assembled coats and that the endophilin KO and synaptoja-
nin KO phenotypes are similar. No difference was observed in
the immunoreactivity pattern for the active zone marker
Bassoon, indicating no overall difference in the formation, orga-
nization, or number of synapses (Figure 6A). However, as re-
ported for dynamin 1 KO and synaptojanin 1 KO neuronal
cultures (Ferguson et al., 2007; Hayashi et al., 2008; Raimondi
et al., 2011), the strong accumulation of clathrin-coated struc-
tures in nerve terminals (Figure 5) was reflected by a stronger
(relative to control) punctate synaptic immunoreactivity for endo-
cytic clathrin-coat components, namely, clathrin itself (clathrin
LC), a-adaptin (a subunit of AP-2), and AP180 (Figures 6A and
6B). Surprisingly, the two synaptic dynamins, dynamin 1 and 3,
which are endophilin interactors, were also strongly clustered
in both endophilin TKO and synaptojanin 1 KO synapses (Figures
6A and 6B). In contrast, the localization of synaptojanin 1 in en-
dophilin TKO neurons was more diffuse than in the control
(Figures 6A and 6B). These findings support the idea that endo-
philin is more important for the recruitment of synaptojanin than
of dynamin to endocytic sites. Amphiphysin 1 and 2, which were

also more clustered at endophilin TKO synapses, may partici-
pate in this recruitment (Figures 6A and 6B).

Rescue experiments to assess the specificity of endocytic
protein clustering were performed by transfection of EGFP-cla-
thrin LC (to selectively visualize clathrin in transfected cells)
with or without Cherry-tagged endophilin constructs. Robust
clustering of the clathrin signal was detected in cultures trans-
fected with EGFP-clathrin LC alone (Figures 6C and S4). In
contrast, the distribution of clathrin in cultures cotransfected
with full-length endophilin (see E1FL in Figure 6C) was diffuse
and similar to the fluorescence observed in WT cultures (Figures
6C, 6D, and S4). Importantly, when EGFP-clathrin LC was coex-
pressed with the endophilin BAR domain construct, no rescue
was observed (Figures 6C, 6D, and S4), demonstrating the
importance of the SH3 domain for the rescue.

Additionally, the diffuse localization of synaptojanin 1 in endo-
philin TKO neurons (Figures 6A and 6B) could not be rescued by
overexpression of the endophilin BAR construct (Figure S5).
These data are in agreement with our observations in fibroblasts
(Figures 1E-1G) and indicate that the synaptojanin localization is
dependent on interactions with endophilin’s SH3 domain.

Auxilin was clustered both at endophilin TKO and synaptojanin
1 KO synapses. Thus, lack of clathrin uncoating does not result
from impaired auxilin recruitment, but auxilin clearly does not
achieve its function when recruited under these conditions. In
contrast, auxilin did not cluster in dynamin 1 KO synapses
(Figures 6A and 6B), where the overwhelming majority of cla-
thrin-coated structures are pits, consistent with the previous
report that auxilin is recruited to the sites of clathrin-mediated
endocytosis only after membrane fission (Massol et al., 2006).

Finally, the clustering of endocytic proteins in both endophilin
TKOs and synaptojanin 1 KO neurons was dependent on
synaptic activity (Figure 6A), as in the case of dynamin KO
synapses (Ferguson et al., 2007; Raimondi et al., 2011). Over-
night treatment with TTX to silence activity drastically decreased
clustering (Figure 6A), a change likely due to a reduction of
exo/endocytosis and progression of accumulated coated struc-
tures to SVs.

Increased Yield of Clathrin-Coated Vesicles upon
Subcellular Fractionation

A fraction enriched in CCVs was obtained from WT and endophi-
lin TKO cultures (days in vitro [DIV] 21) (Girard et al., 2005) (Fig-
ure 6E). As expected from the defect in CCV uncoating revealed
by EM, the recovery of clathrin and the AP-2 a-subunit in such
a fraction relative to the starting homogenate was higher in
TKO samples (Figure 6E, right). In contrast, the recovery of
y-adaptin, a subunit of the Golgi-localized clathrin-adaptor
complex AP-1, was the same as in controls, confirming a selec-
tive increase of endocytic CCVs. Importantly, the recovery of
auxilin and Hsc70 was also increased in the TKO samples, con-
firming that defective uncoating is not due to deficient recruit-
ment of these proteins to coats. The even higher increased
recovery of dynamin and amphiphysin was unexpected,
because these two proteins are typically not enriched in CCV
fractions (Figure 6E) (Blondeau et al., 2004). Such an increase
is consistent with the increased clustering of dynamin and am-
phiphysin in neuronal cultures seen by immunofluorescence
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and may reflect an overall defect in the shedding of endocytic
proteins due to impaired synaptojanin recruitment and Pl(4,5)
P> dephosphorylation. Collectively, these results emphasize
the importance of endophilin for clathrin-coat shedding in nerve
terminals.

Neurodegeneration in Endophilin 1,2 DKO Mice

As discussed above (Figure 5), defects similar to those observed
at TKO synapses were also observed in endophilin 1,2 DKO
neuron cultures, although they were less severe. The survival
up to three weeks of a subset of DKO mice (Figure 2) gave us
the opportunity to explore the impact of these defects on
neurons in situ at a postnatal stage when synaptogenesis is
more advanced. As in neuronal cultures, the obvious difference
from controls was the abundance of CCVs and the smaller size
of the SV cluster (Figures 5M and 5N). At later times, signs of neu-
rodegeneration appeared. These were investigated in greater
detail in the cerebellum.

Hematoxylin and eosin (H&E) staining of the cerebellar cortex
at P18 revealed numerous vacuolar spaces (reminiscent of
spongiform neurodegeneration) randomly distributed within the
granule cell layer (Figure 7A). EM analysis showed that these
spaces contained membranes and cell debris (Figure 7B).
Nearby mossy fiber terminals displayed the typical reduction in
the number of SVs and an increase in CCV abundance (Fig-
ure 7C). Immunofluorescence staining for various neuronal
markers demonstrated a striking change in the architecture of
climbing fibers, as shown by double labeling with anti-vGLUT2
antibodies (markers of these fibers) and anti-IP3 receptor anti-
bodies (markers of Purkinje cells) (Figure 7D). Climbing fibers
of DKO animals were thicker and shorter than in WT and only sur-
rounded the proximal portion of the Purkinje cells’ major
dendrites. Even in this case, EM showed a reduction of SV
number and an increase in CCVs (Figure 7E). Overall, these
observations demonstrate that the absence of endophilin 1
and 2 in the intact brain results in neurodegeneration.

DISCUSSION

This comprehensive genetic analysis of the mammalian endo-
philins provides fundamental insights into the sequence of
events underlying the transition from a CCP to an uncoated en-
docytic vesicle at neuronal synapses. Our results demonstrate
that a key function of the endophilin family at mammalian

synapses is to facilitate clathrin uncoating, thus strongly sup-
porting the hypothesis that a major role of endophilin is to recruit
the PI(4,5)P, phosphatase synaptojanin to endocytic sites.
These results emphasize the scaffold function of endophilin,
which binds the membrane via its BAR domain and interacts
with dynamin and synaptojanin via its SH3 domain. They demon-
strate the much greater contribution of endophilin to vesicle
uncoating than to membrane fission, suggesting that their likely
function in fission is greatly overlapping with that of other BAR
proteins that also bind to CCP necks. We further show that endo-
philin 1, 2, and 3 have at least partially redundant roles and that
even in the absence of all three endophilins, neurotransmission
and SV recycling are impaired, but not abolished.

The perinatal lethality of TKO mice, and the severe neurolog-
ical defects and short life spans of DKO mice, indicate that the
collective actions of the endophilins become essential only after
birth, most likely because their absence impacts the proper
network activity of the nervous system. Partially impaired endo-
philin function during postnatal life, as it occurs in the endophilin
DKO, results in early neurodegeneration. Interestingly, endophi-
lin was recently reported to bind with high affinity to Parkin,
a protein linked to Parkinson’s disease (Trempe et al., 2009),
and also to Huntingtin and ataxin-2, two additional proteins
implicated in neurodegenerative diseases (Ralser et al., 2005).

Endophilin, Like Synaptojanin, Is Primarily Needed

for Uncoating during SV Endocytosis

Endophilin is recruited to CCPs prior to membrane fission (Fergu-
son et al., 2009; Perera et al., 2006). Yet, the major ultrastructural
defect produced by the impairment of endophilin is a back up of
SV-recycling traffic at the stage of CCVs, not an accumulation of
CCPs, as would be predicted by a delay or block in the fission
reaction. Thus, the phenotype of endophilin TKO nerve terminals
is very similar to that of synaptojanin 1 KOs (Cremona et al., 1999;
Hayashi et al., 2008), and both phenotypes are strikingly different
from that of dynamin 1 KO synapses, which are characterized by
an accumulation of CCPs instead of CCVs (Ferguson et al., 2007;
Hayashi et al., 2008; Raimondi et al., 2011). These findings stress
the importance of the partnership of endophilin with synaptojanin
that has also been reported in invertebrates. More specifically,
similar phenotypes have been detected in flies and worms
harboring endophilin or synaptojanin mutations (Dickman et al.,
2005; Schuske et al., 2003; Verstreken et al., 2003). Additionally,
injection of a peptide that blocks the SH3-dependent interaction

Figure 5. Increased Number of Clathrin-Coated Vesicles, but Not Clathrin-Coated Pits, at Endophilin DKO and TKO Synapses

(A and B) EM ultrastructure of control (WT) and endophilin TKO synapses from cortical neuronal cultures (DIV 21). SVs occupy nearly the entire control nerve
terminal, whereas in the TKO synapse, the few SVs (outlined by dashed white line) are surrounded by numerous CCVs, which are sparsely packed and embedded
in a dense cytomatrix. Scale bars represent 200 nm.

(C-E) Endophilin TKO, synaptojanin 1 KO, and dynamin 1 KO synapses, respectively. In all three synapses, a cluster of densely packed SVs (white dashed line) is
surrounded by abundant coated vesicular profiles, but only in dynamin 1 KO synapses can examples of such structures with elongated necks in the plane of the
section be seen. Scale bars represent 250 nm. Insets: higher magnification of clathrin-coated structures. Scale bars represent 50 nm.

(F-1) Morphometric analysis of SVs, CCVs, and CCPs in control and endophilin mutant synapses. The ratio of CCVs to total (CCVs + SVs) vesicles is shown in (1).
Each circle represents one synapse. Scale bars represent mean + SEM.

(J-L) Three-dimensional models of control, endophilin DKO, and endophilin TKO synapses derived from the reconstruction of 300-nm-thick tomograms showing
SVs (blue), CCVs (green), and CCPs (yellow). Green and red lines show plasma membrane and the postsynaptic density, respectively. Scale bars represent
200 nm.

(M and N) Synapses from the same brain stem region in control and DKO mice at P9. Note the only few SVs anchored to the active zone (arrowheads) and the
numerous CCVs (arrows and inset) in the DKO synapse. Scale bars represent 200 nm; inset represents 100 nm.
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Figure 6. Redistribution of Endocytic Proteins at Endophilin TKO Synapses

(A) Immunofluorescence of the proteins indicated at left in cortical neuronal cultures (DIV 18-24) from control, dynamin 1 KO, synaptojanin 1 KO, and endophilin
TKO mice. Clathrin, a-adaptin, and amphiphysin 1 are predominantly diffuse in control neurons but clustered in all three mutant genotypes. Dynamin 1 and auxilin
are clustered in synaptojanin and endophilin mutant synapses, but auxilin is not clustered in dynamin 1 KO. Synaptojanin is slightly more diffuse in the absence of
endophilin. The punctate Bassoon immunofluorescence is similar in all genotypes. Following treatment with TTX (1 pM, 14-18 hr) to silence neuronal activity,
clathrin was no longer clustered. Scale bar represents 15 um.
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of endophilinin the lamprey giant axon has demonstrated a major
defect in uncoating, as expected if the recruitment of synaptojain
is impaired (Gad et al., 2000).

Although the studies mentioned above have also reported an
accumulation of CCPs following perturbation of endophilin func-
tion (Gad et al., 2000; Schuske et al., 2003; Verstreken et al.,
2003), we did not detect such increase at endophilin TKO mouse
synapses. Our findings are consistent with the 10-fold greater
affinity of the SH3 domain of endophilin for synaptojanin than
for dynamin (Trempe et al., 2009). They are also in agreement
with the observation that in a cell-free study involving brain
cytosol and liposomes, the occlusion of endophilin’s SH3 do-
main with an inhibitory peptide nearly completely blocked the
recruitment of synaptojanin to liposomes but only had a modest
effect on dynamin recruitment (Gad et al., 2000).

The concept that a major function of endophilin is to recruit
synaptojanin contrasts with one of the conclusions of a recent
study in C. elegans demonstrating that an exogenous endophilin
construct lacking the SH3 domain is sufficient to rescue the
viability and endocytic defect of endophilin mutant worms (Bai
et al., 2010). In principle, the functional link between endophilin
and synaptojanin may not be mediated exclusively by their
SH3-dependent interaction. However, the evolutionary conser-
vation of the SH3-dependent interaction from lower organisms
to mammals suggests its critical importance. In fact, in our
present study, a BAR domain construct was targeted to the
CCP necks but did not rescue the clathrin-accumulation pheno-
type, and it only produced a partial rescue of compensatory
endocytosis in the pHluorin-based assay. This partial rescue
could be the result of heterodimerization with other BAR domain
proteins or of a facilitating and/or stabilizing effect on the vesicle
neck (the prefission intermediate). To explain the robust results
obtained by Bai et al. (2010), it is also possible that the BAR
domain may promote some form of clathrin-independent endo-
cytosis, considering that rescue experiments with exogenous
proteins are likely to result in at least some degree of overexpres-
sion (Bai et al., 2010).

Although our data and previous studies emphasize the major
similarity of the defects produced by the absence of either endo-
philin or synaptojanin 1, one notable difference was observed.
In contrast to what we have found here at endophilin TKO
synapses, the amplitude of MEPSCs was increased relative to
control at synaptojanin 1 KO synapses. Interestingly, a similar
discrepancy was observed in Drosophila, in which other proper-
ties of endophilin and synaptojanin mutant synapses were
similar (Dickman et al., 2005). Determining whether this discrep-
ancy is due to a different impact of the lack of endophilin and of
synaptojanin on postsynaptic functions is an interesting question
for future investigations.

Endophilin and Membrane Curvature

Studies of endophilin’s bilayer-deforming properties had sug-
gested that it helps bend the membrane at CCPs, perhaps start-
ing early in the process and then shaping their neck (Farsad et al.,
2001; Gallop et al.,, 2006; Ringstad et al., 1999). However,
imaging data have demonstrated that endophilin is recruited
only shortly before fission, when most of the curvature of the
bud and of its neck is already acquired (Ferguson et al., 2009;
Perera et al., 2006).

Proteins suited to bind curved bilayers may function as curvature
inducers or sensors depending on several parameters, including
their concentration, bilayer chemistry, and a variety of regulatory
mechanisms (Antonny, 2006). Both curvature-sensing and -gener-
ating properties of endophilin were directly demonstrated (Chang-
lleto et al., 2011; Cui et al., 2009; Farsad et al., 2001; Madsen et al.,
2010). Curvature sensing may predominate in the initial recruitment
of endophilin at CCP necks, although additional polymerization
may facilitate curvature stabilization and neck elongation. Our
observation that the endophilin BAR construct is targeted to the
CCPs supports this possibility. Consistent with this scenario,
absence of the endophilin homolog Rvs167 in yeast leads to endo-
cytic invaginations that bounce back and forth and often do not
proceed to fission, suggesting a role of Rvs167 in stabilizing a
preformed invagination (Kaksonen et al., 2005). An action of
endophilin before fission, even if one of its main effects becomes
manifested only after fission, also agrees with the finding that
a plasma-membrane-tethered endophilin-chimeric construct res-
cued the absence of endophilin in worms (Bai et al., 2010).

The Clathrin-Uncoating Reaction

The role of Hsc70 and its cochaperone auxilin in the disassembly
of the clathrin lattice is well established (Massol et al., 2006; Xing
etal., 2010; Yim et al., 2010). However, the recruitment of auxlilin
and Hsc70 cannot account for the shedding of the adaptors from
the membrane, a process that requires PI(4,5)P, dephosphoryla-
tion (Cremona et al., 1999; Hayashi et al., 2008). Even if auxilin
and Hsc70 were able to disassemble the clathrin lattice on CCVs
of synaptojanin KO and endophilin TKO synapses, persistence of
PI(4,5)P,, and thus of the adaptors, on the vesicles would result
in continuous clathrin reassembly. It is the shedding of the adap-
tors that makes clathrin disassembly an irreversible process.
Further, it was proposed that synaptojanin’s phosphatase activity
triggers both adaptor shedding and auxilin recruitment (Guanetal.,
2010), thus providing an efficient coordination of the two events to
promote uncoating. Because auxilin recruitment follows dynamin-
dependent fission (Massol et al., 2006), this hypothesis implies
a selective action of synaptojanin after fission. However, the
recruitment of endophilin and synaptojanin upstream of dynamin
(this study) and the presence of auxilin, but not synaptojanin and

(B) Quantification of the clustering of immunoreactivity. The y axis represents the fold increase of fluorescence puncta in mutant synapses normalized to controls.

*p < 0.05, t test; error bars represent SEM.

(C) Fluorescence analysis of EGFP-clathrin LC in WT and endophilin TKO neurons (DIV 18-24). Clathrin is predominantly diffuse in control neurons but clustered in
endophilin TKOs. Clustering was rescued by expression of the endophilin 1 FL-Cherry construct, but not of the endophilin 1 BAR-Cherry construct.

(D) Quantification of the clustering of the clathrin fluorescence in the four conditions shown in (C). The y axis represents the fold increase of fluorescence punctain
mutant synapses normalized to WT. n.s. indicates not significant; *p < 0.05, t test; error bars represent SEM.

(E) Left: western blot analysis of starting lysates and CCV-enriched fractions obtained from WT and endophilin TKO primary cultures (DIV 21). Right: levels of
proteins in the CCV-enriched fractions from endophilin TKO cultures normalized to the WT values. *p < 0.05, t test; error bars represent SEM.
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Figure 7. Neurodegeneration in Endophilin 1, 2 DKO Mice

(A) H&E-stained cerebellar cortex of control (E1*/~E2*/~E3*/*) and endophilin DKO mice (P18). Unstained vacuolar structures, suggesting a form of spongiform
neurodegeneration, are present in DKO granule cell layer. Scale bars represent 100 pm.

(B) EM of the DKO granule cell layer showing a vacuolar structure filled with membranous debris. Scale bars represent 1 um.

(C) EM of mossy fiber synapses in control and DKO cerebella (P18). Note in the DKO the low number of SVs and the presence of sparsely packed CCVs (higher
magnification in the inset). Scale bars represent 500 nm; inset represents 50 nm.

(D) Morphology of climbing fibers (top row), as revealed by immunofluorescence for vGLUT2, in control and DKO mice (P18). Sections were counterstained for the
IP3 receptor, a Purkinje cell marker (middle row). Note in the overlay image that climbing fibers in the DKOs are swollen and do not extend beyond the most
proximal portion of Purkinje cell dendrites. Scale bars represent 20 um.

(E) EM of climbing fiber synapses. Note the low number of SVs and the presence of sparsely packed CCVs (higher magnification in the inset) in the DKOs. Scale
bars represent 250 nm, inset represents 50 nm.
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endophilin, on CCVs (Blondeau et al., 2004) questions this attrac-
tive scenario. Furthermore, we have found that although auxilin is
not clustered at CCP rich areas in dynamin KO synapses, confirm-
ing its postfission recruitment, it is clustered at CCV rich areas in
endophilin TKO and synaptojanin 1 KO synapses. Thus, the func-
tion of synaptojanin is dispensable for auxilin recruitment, although
it remains possible that it may be needed for its function. Perhaps,
when auxilin is recruited under these conditions, such as by inter-
actions with clathrin and AP-2, its catalytic domain is not engaged
at the membrane and thus is not active. Our findings suggest that
the presence of endophilin and synaptojanin at the vesicle neck
primes the vesicle for uncoating before fission occurs.

A Putative Model of Clathrin-Coated Vesicle Fission
and Uncoating at Synapses
This study, along with our results on dynamin (Ferguson et al.,
2007; Raimondi et al., 2011) and synaptojanin (Cremona et al.,
1999; Hayashi et al., 2008), as well as with studies in nonmamma-
lian organisms (see above), suggests the following sequence of
events (Figure 8). Assembly and maturation of endocytic CCPs
are independent of endophilin, which is recruited only to the highly
curved bud neck due to its curvature-sensing properties. Such
recruitment may be amplified in a feed-forward mechanism by
the property of endophilin to stabilize curvature and to assemble
in a polymeric tubular coat via its BAR domain. However, the dyna-
min-endophilin interaction is not required for the recruitment of
either endophilin (Ferguson et al., 2009) or dynamin (Gad et al.,
2000 and this study). Because endophilin can inhibit dynamin’s
GTPase activity (Farsad et al., 2001), it may be part of a check point
mechanism to ensure that dynamin acts only at the optimal time.
In contrast, the recruitment of synaptojanin by endophilin at
the vesicle stalk is important for the fate of the vesicles after
fission. PI(4,5)P, dephosphorylation by synaptojanin may result
in a PI(4,5)P,-depleted compartment only above the vesicle
neck due to the presence around the neck of a collar (comprising
endophilin, other BAR proteins, and possibly dynamin) that
prevents PI(4,5)P, diffusion from the surrounding PI(4,5)P2-rich
plasma membrane. Conversely, depletion of PI(4,5)P> under
the clathrin lattice covering the bud is not sufficient to promote
uncoating prior to fission because the recruitment of Hsc70
and auxilin to disassemble the clathrin lattice requires fission,

Figure 8. Putative Model of Clathrin-Coated
Vesicle Fission and Uncoating at Synapses
Assembly and early maturation of endocytic CCPs
are independent of endophilin. Endophilin is re-
cruited only to the neck of late-stage pits. The
dynamin-endophilin interaction may regulate dy-
namin function, but it is dispensable for dynamin
recruitment and for fission. In contrast, the syn-
aptojanin-endophilin interaction is critically im-
portant for the fate of the vesicle after fission. Loss
of PI(4,5)P, on the bud may start before fission and
be restricted to the bud due to the presence of
a collar comprising endophilin, other BAR pro-
teins, and dynamin (see Discussion). Auxilin re-
cruitment and uncoating are triggered only after
fission.

and the assembled cage cannot be released from the membrane
because of its narrow neck. In turn, persistence of the clathrin
lattice on the deeply invaginated bud, in spite of the loss of
Pl(4,5)P,, prevents adaptor shedding due to the multiple interac-
tions of the adaptors with both cargo and clathrin (Traub, 2009).
Our model is consistent with the suggestion that PI4,5)P,
dephosphorylation also plays a role in fission because the gener-
ation of a boundary between a PI(4,5)P,-rich and a PI(4,5)P5-
poor environment could generate a line tension that assists the
action of dynamin in this process (Chang-lleto et al., 2011; Liu
et al., 2009). However, because SV endocytosis proceeds
beyond fission even when the synaptojanin function is defective,
the role of the line tension in fission, although very attractive,
requires further experimental evidence. Likewise, other func-
tions of endophilin, in particular nonendocytic functions like
regulation of SV release probability (Weston et al., 2011), need
to be investigated. It will also be interesting to determine whether
the endophilin-synaptojanin partnership is as important in non-
neuronal cells as it is at synapses. The endophilin KO mice that
we have generated represent powerful tools for these studies.

EXPERIMENTAL PROCEDURES

Reagents and Gene Targeting Strategies
Unless otherwise stated, all chemicals were purchased from Sigma. Supple-
mental Information lists the antibodies used (Table S1) and describes gene
targeting (Figure S1A) and cloning strategies.

Cell Culture

Conditional dynamin 1,2 double KO mouse fibroblasts also expressing Cre-ER
were treated with tamoxifen to induce recombination of the floxed dynamin 1
and 2 genes (dynamin KO cells) (Ferguson et al., 2009). RNAi-based knock-
down of endophilin 2 in these cells was performed as in (Ferguson et al,,
2009). EGFP-synaptojanin 1-145 (Perera et al., 2006), endophilin 2-Ruby,
and mRFP-clathrin LCa were expressed in these cells.

Primary cortical cultures were prepared as previously described from PO
brains (Ferguson et al., 2007). All constructs used in neurons were expressed,
following Amaxa (Lonza, Basel, Switzerland)-based transfection, under the
control of the chicken-B-actin promoter to allow for long-term and even
expression.

Biochemical Procedures

For glutathione S-transferase (GST) pulldowns, Triton X-100 extracts from WT
and endophilin mutant PO brains (~3 mg) were affinity purified onto a GST

Neuron 72, 587-601, November 17, 2011 ©2011 Elsevier Inc. 599



fusion of synaptojanin 1’s PRD domain (aa 1042-1310; 300 pg). CCV-enriched
fractions were prepared from 21 DIV neuronal cultures (see above) grown on
poly-L-lysine coated dishes (~4 x 10%/dish). Nine to ten dishes for each geno-
type were homogenized in 0.1 M 2-(N-morpholino)ethanesulfonic acid, 1 mM
EGTA, 0.5 mM MgCls,, and protease inhibitors (Roche), pH 6.5. The lysate was
then processed as in (Girard et al., 2005). Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PGE) and western blotting were carried out
by standard procedure.

Fluorescence Imaging

Immunofluorescence of frozen brain sections and cultured neurons (DIV 14—
24) was carried out as described (Ferguson et al., 2007; Ringstad et al.,
2001). Fluorescent puncta were quantified as in (Hayashi et al., 2008). Data
are presented as number of puncta per 100 pm? and are normalized to
controls. At least ten images from three to six experiments were analyzed
for each genotype, and the t test was used for the statistics. Live mouse fibro-
blasts were imaged using a Perkin Elmer Ultraview spinning-disk confocal
microscope with 100x CFI PlanApo VC objective.

Electrophysiology

Cortical neurons were plated at a density of 50,000-75,000/cm? and examined
at 20°C-22°C at DIV 10-14. Whole-cell patch-clamp recordings were obtained
using a double EPC-10 amplifier (HEKA Elektronik, Germany) and an Olympus
BX51 microscope. Series resistance was 3-5 MQ and was compensated by
50%-70% during recording. The pipette solution contained 137 mM K-Gluco-
nate, 10 mM NaCl, 10 mM HEPES, 5 mM Na,-phosphocreatine, 0.2 mM EGTA,
4 mM Mg2*ATP, and 0.3 mM Na*GTP, pH 7.3. The extracellular solution con-
tained 122 mM NacCl, 2.5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose,
20 mM HEPES, 20 uM bicuculin, and 2 uM strychnine, pH 7.3. For mEPSC
recordings, 1 uM TTX and 50 uM DAP5 were included in the above solution.
EPSCs were elicited by an extracellular stimulation electrode set at
~200 um away from the recorded soma, and the output of stimulation was
controlled by an isolated pulse stimulator (Model 2100, AM Systems) and
synchronized by Pulse software (HEKA). The holding potential was —70 mV
for all the experiments without correction of liquid-junction potential. Data
were analyzed with Igor Pro 5.04.

Optical Imaging of Vesicle Dynamics

Imaging of neurons expressing synaptopHluorin or vGLUT1-pHIuorin (Vogl-
maier et al., 2006) under the chicken-B-actin promoter was performed
13-20 days after plating, essentially as described (Mani et al., 2007; Sankara-
narayanan and Ryan, 2000). Neurons were subjected to electrical field
stimulation at 10 Hz using a Chamlide stimulation chamber (Live Cell Instru-
ment, Seoul, Korea) and imaged at room temperature in Tyrode’s solution
containing 119 mM NaCl, 2.5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 25 mM
HEPES (pH 7.4), 30 mM glucose, 10 uM CNQX, and 50 pM APV using a
Nikon Eclipse Ti-E microscope with a 60x Apo (1.49 numerical aperture)
objective and a EMCCD iXon 897 (Andor Technologies) camera. The average
fluorescence of at least 48 fluorescent synaptic boutons was monitored
over time and used to generate traces of the fluorescence signal by
a custom-written macro using Igor Pro 5.04. Data were normalized to the pres-
timulation fluorescence and fluorescence in ammonium chloride and renor-
malized to the maximum fluorescence after stimulation. Poststimulation time
constants were determined by fitting the poststimulation fluorescent decay
as described in (Sankaranarayanan and Ryan, 2000). For rescue experiments,
rat endophilin 1 or endophilin 1 BAR (1-290) fused to mRFP (see Supplemental
Experimental Procedures) were cotransfected with the pHluorins at the time of
plating.

Electron Microscopy and Tomography

EM and EM tomography were carried out as described (Hayashi et al., 2008;
see also Supplemental Experimental Procedures). Quantitative analysis of
SVs and clathrin-coated structures was performed under blind experimental
conditions using transmission electron microscopy (ITEM) (Soft Imaging
System, Skillman, NJ). Data from six experiments were quantified and the
t test was used for the statistical analysis.
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