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Actin is a regulator of synaptic vesicle mobilization and exocytosis,
but little is known about the mechanisms that regulate actin at pre-
synaptic terminals. Genetic data on LIMK1, a negative regulator of
actin-depolymerizing proteins of the ADF/cofilin family, suggest a
role for ADF/cofilin in presynaptic function. However, synapse physi-
ology is fully preserved upon genetic ablation of ADF in mice, and
n-cofilin mutant mice display defects in postsynaptic plasticity, but
not in presynaptic function. One explanation for this phenomenon is
overlapping functions of ADF and n-cofilin in presynaptic physiology.
Here, we tested this hypothesis and genetically removed ADF
together with n-cofilin from synapses. In double mutants for ADF
and n-cofilin, synaptic actin dynamics was impaired and more se-
verely affected than in single mutants. The resulting cytoskeletal
defects heavily affected the organization, mobilization, and exocyto-
sis of synaptic vesicles in hippocampal CA3–CA1 synapses. Our data
for the first time identify overlapping functions for ADF and n-cofilin
in presynaptic physiology and vesicle trafficking. We conclude that
n-cofilin is a limiting factor in postsynaptic plasticity, a function
which cannot be substituted by ADF. On the presynaptic side, the
presence of either ADF or n-cofilin is sufficient to control actin remo-
deling during vesicle release.

Keywords: CA3–CA1 synapse, hippocampus, neurotransmitter release,
presynaptic physiology, synaptic plasticity

Introduction

Actin is the most prominent cytoskeletal protein at synapses,
being abundantly present in presynaptic terminals and post-
synaptic dendritic spines. A number of studies emphasized
the relevance of actin dynamics for spine morphology and
postsynaptic plasticity (Cingolani and Goda 2008; Bosch
and Hayashi 2011). Pharmacological studies and the subsy-
naptic distribution of actin filaments (F-actin) suggest a role
also in synaptic vesicle mobilization and exocytosis (Fifkova
and Delay 1982; Landis et al. 1988; Morales et al. 2000;
Korobova and Svitkina 2010). However, very little is known
about the mechanisms that link actin dynamics to presyn-
aptic physiology.

Actin dynamics depend on proteins of the ADF/cofilin
family that accelerate the dissociation rate of actin subunits and
sever F-actin (Bernstein and Bamburg 2010). Two ADF/cofilin
isoforms, namely ADF (actin-depolymerizing factor) and
n-cofilin (non-muscle cofilin), are highly abundant in the brain

(Bellenchi et al. 2007) and both have been localized to synaptic
structures (Racz and Weinberg 2006; Herde et al. 2010; Görlich
et al. 2011). Studies on hippocampal synapses revealed the
relevance of ADF/cofilin for spine morphology (Zhou et al.
2004; Hotulainen et al. 2009; Gu et al. 2010), and a number of
upstream regulatory mechanisms have been identified (Tavazoie
et al. 2005; Schratt et al. 2006; Zhou et al. 2007; Shi et al. 2009;
McNair et al. 2010; Zhou et al. 2012). In agreement, we recently
reported impaired spine morphology and postsynaptic plasticity
in n-cofilin mutant mice (Rust et al. 2010). Conversely, postsyn-
aptic mechanisms were intact in ADF mutants (Görlich et al.
2011). Genetic manipulation of LIMK1, a negative regulator of
ADF/cofilin activity, not only interfered with spine morphology
and postsynaptic plasticity, but also with vesicle mobilization
and exocytosis (Meng et al. 2002). Accordingly, a role for ADF/
cofilin in presynaptic physiology has been hypothesized.
Hence, we were surprised to find that presynaptic physiology is
fully preserved in ADF and n-cofilin single mutants (Rust et al.
2010; Görlich et al. 2011). The discrepancy between mutant
mice for LIMK1 and ADF/cofilin proteins could be explained by
2 scenarios: either ADF and n-cofilin do not function down-
stream of LIMK1 in presynaptic terminals, or both proteins have
overlapping synaptic function. In agreement with the latter scen-
ario, we recently reported elevated n-cofilin levels in synaptic
structures of ADF mutants and, vice versa, elevated ADF levels
in synaptic structures of n-cofilin mutants (Rust et al. 2010;
Görlich et al. 2011). However, LIMK1 interacts with partners
others than ADF/cofilin proteins (Yang et al. 2004; Sacchetti
et al. 2006; Bernstein and Bamburg 2010), making the first scen-
ario plausible as well.

To examine whether ADF and n-cofilin have overlapping sy-
naptic functions and to test whether ADF/cofilin is relevant for
presynaptic physiology, we generated and analyzed double
mutant mice. In double mutants, synaptic actin dynamics was
severely impaired, stronger than in single mutants. Impaired
synaptic actin dynamics in double mutants caused defects in
the organization, mobilization, and exocytosis of synaptic ves-
icles and impaired glutamate release. Our data suggest overlap-
ping functions for ADF and n-cofilin in presynaptic physiology
and highlight the importance of ADF/cofilin-dependent actin
dynamics in the synapse. We conclude that n-cofilin is the lim-
iting factor in postsynaptic plasticity, whereas the presence of
either ADF or n-cofilin is sufficient to drive actin remodeling
during presynaptic physiology.
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Materials and Methods

Mice
Double mutants that lack ADF and n-cofilin (ACC mice; ADF−/−/n-Cofflx/
flx,CamKII-cre) were achieved by intercrossing mutants with a single ADF
allele and a single floxed n-cofilin allele (Bellenchi et al. 2007). One of
the breeding animals additionally expressed cre recombinase under the
control of the CaMKIIα-subunit promotor (Minichiello et al. 1999; Rust
et al. 2010). In all experiments, age-matched ADF+/+/n-Cofflx/flx mice
served as controls (called CTR throughout the paper). CaMKII-cre mice
were also intercrossed with Rosa26 cre reporter mice to determine cre
activity in the hippocampus (Soriano 1999).

Ethics Statement
The treatment of mice was in accordance with the German law for con-
ducting animal experiments and followed the NIH guide for the care and
use of laboratory animals. Killing of mice for tissue analysis was ap-
proved by the Landesuntersuchungsamt Rheinland-Pfalz (23 177-07/
G09-2-001), mouse husbandry and breeding was approved by the City of
Kaiserslautern—Referat Umweltschutz.

Synaptosomal Preparation
Synaptosomes from forebrain tissue (cerebral cortex, hippocampus,
and striatum) from P40 to P42 mice were isolated as previously de-
scribed (Dunkley et al. 2008). Briefly, tissue was homogenized and
centrifuged at 1000 × g for 10 min. Supernatant was separated on dis-
continuous Percoll gradients (GE Healthcare) by centrifugation for 5
min at 30 000 × g. Layers 3 and 4 were collected and washed in sucrose
washing buffer (320 mM sucrose, 5 mM Tris; pH 7.4). Forebrain synap-
tosomes were resuspended in the appropriate buffer and stored on ice
until further processing. Protein concentration was determined using a
Pierce assay (Thermo Scientific). According to this procedure, we iso-
lated hippocampal synaptosomes that we used for some experiments.

F/G-Actin Ratio
Synaptosomes isolated from forebrain tissue or hippocampus were re-
suspended in Krebs buffer (in mM: 118.5 NaCl, 4.7 KCl, 1.2 MgCl, 2
CaCl2, 0.1 K2HPO4, 5 NaHCO3, 10 glucose, and 20 HEPES), equili-
brated at 37 °C for 5 min, and lysed either before or after incubation
(3–60 s) in 40 mM KCl solution by adding an equal volume of 2×
PHEM extraction buffer (in mM: 120 PIPES, 40 HEPES, 20 EGTA, 4
MgCl2, and 2% Triton X-100; pH 7.0). After protein separation, insolu-
ble proteins were resuspended in an equivalent volume of 1× PHEM
buffer, adjusted to that of the supernatant. Thereafter, equal volumes
of soluble and insoluble protein fractions were loaded on SDS–PAGE,
and actin levels in both protein fractions were quantified by western
blotting. For experiments with actin-binding drugs, synaptosomes
were incubated with either latrunculin A (LAT A; Sigma-Aldrich) or jas-
plakinolide (JASP; Merck) for 1 h at 37 °C before further processing.

Glutamate release from forebrain synaptosomes was measured in
an enzyme-linked fluorometric assay using the Fluoroskan ascent FL
microplate reader (Labsystems) as described previously (Sim et al.
2006). Briefly, synaptosomes that were resuspended in Krebs buffer at
a concentration of 1 mg/mL were incubated for 15 min at 37 °C in
2 mM CaCl2, 2.5 mM NADP+ (Applichem), and 15 U of glutamate
dehydrogenase (Sigma-Aldrich). Glutamate release was induced by
increasing the KCl concentration to 40 mM. Additionally, the fraction
of Ca2+-independent glutamate release was determined by measuri-
ng KCl-induced glutamate release after 60 min preincubation in Krebs-
like buffer containing 1 mM EGTA, but no CaCl2. The fraction of
Ca2+-independent glutamate release was subtracted from the
depolarization-induced glutamate release. For calculating the ratio of
late-to-early glutamate release, amounts of glutamate that were re-
leased between 100 and 430 s of KCl treatment were divided by those
levels that were released within the first 10 s. The total synpatosomal
glutamate content was determined after adding 0.1% Triton X-100 to
lyse all synaptosomes.

vSNARE/tSNARE Ratio
Immunoprecipitation of syntaxin 1 for vSNARE/tSNARE ratio in hippo-
campal synaptosomes was essentially performed as described before
(Pilo Boyl et al. 2007). Briefly, hippocampal synaptosomes (2 mg/mL)
were lysed in lysis buffer [150 mM NaCl, 50 mM Tris, 1% Triton X-100,
protease inhibitor (Roche); pH 7.5] and incubated overnight at 4 °C
with a mouse anti-syntaxin 1 antibody (10 µg/200 µg sample). Syntax-
in 1 antibody was precipitated with protein G sepharose beads (GE
Healthcare) and separated from unbound sample in washing buffer
(150 mM NaCl and 50 mM Tris; pH 7.4). Beads and the soluble fraction
that were boiled in sample buffer (40 mM Tris, pH 6.8; 5% glycerol, 1%
sodium dodecyl sulfate, and 2% β-mercaptoethanol) were separated
by gel electrophoresis. The vSNARE/tSNARE ratios were calculated by
western blot analysis of immunoprecipitated syntaxin 1 and bound
synaptobrevin 2. Ratios of CTR samples were set to 1.

Antibodies for Biochemical Experiments
The following antibodies were used: mouse anti-actin (1 : 2000; MP
Biochemicals), mouse anti-syntaxin 1 (1 : 1000, Synaptic Systems), and
rabbit anti-synaptobrevin 2 (1 : 1000). Primary antibodies were detected
using horseradish peroxidase-conjugated goat anti-mouse and goat anti-
rabbit IgG-antibodies (1 : 5000; Thermo Fisher Scientific) and Western
Lightning Plus chemiluminescence detection kit (Perkin-Elmer).

Electrophysiology

Tissue Preparation
Four- to 6-week-old mice were sacrificed by cervical dislocation and their
brains were rapidly removed from the skulls and dissected in chilled
solution (4 °C) containing (in mM): 87 NaCl, 2 KCl, 0.5 CaCl2, 7 MgCl2, 26
NaHCO3, 1.25 NaH2PO4, 25 glucose, 75 sucrose, and bubbled with a
mixture of 95% O2/5% CO2, leading to a pH of 7.4. About 300- to
370-µm-thick horizontal hippocampal slices were cut with a VT1200S vi-
bratome (Leica), preincubated for 30 min at 37 °C, and then transferred to
the recording solution containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1.3
MgSO4, 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, 2 sodium pyruvate, 3
myo-inositol, 0.44 ascorbic acid, and bubbled with a mixture of 95% O2/
5% CO2. Slices rested in this recording solution for at least 1 h before
recordings began.

Single-Cell Recordings
Patch pipettes had resistances of 4–8 MΩ when filled with a solution
containing (in mM): 117.5 CsMeSO4, 2.5 CsCl, 8 NaCl, 10 HEPES, 10
TEA, 0.2 EGTA, 4 Na2ATP, 0.6 Na2GTP, and 5 QX-314 (pH adjusted to
7.2 with CsOH). Slices were transferred to the recording chamber,
which was continuously perfused at a rate of 1.5–2 mL/min with
recording solution at room temperature (RT). CA1 hippocampal
neurons were visualized with DIC-infrared optics using a ×60/1.0
water immersion objective on an upright Eclipe E600-FN microscope
(Nikon). Electrophysiological responses were recorded with an EPC 10
patch-clamp amplifier and PatchMaster and the FitMaster software
(HEKA Elektronik). For measurements of miniature excitatory postsyn-
aptic currents (mEPSCs), the bath solution contained 4 mM CaCl2 and
4 mMMgSO4. During recordings, 0.5 µM tetrodotoxin (Tocris), 100 µM
picrotoxin (Tocris), and 250 µM trichlormethiazide (Sigma-Aldrich)
were applied via the bath. CA1 hippocampal neurons were voltage
clamped at −70 mV, and spontaneous mEPSCs were recorded for 5
min. Amplitudes and inter-event intervals (IEIs) were analyzed with
miniAnalysis (Synaptosoft), with an amplitude threshold of 3.5 pA.

Field Potential Recordings
For field potential experiments, pipettes were filled with 3 M NaCl, and
field EPSPs (fEPSPs) were measured at a stimulus intensity that elicited
amplitudes that were approximately 30–50% of the maximum. Input–
output curves were built by measuring the fiber volley (FV) and fEPSP
of the responses evoked by stimulating afferent fibers with current in-
tensities ranging from 20 to 300 µA. Paired-pulse ratio (PPR) was ana-
lyzed by applying pairs of stimuli at the following ISI (in ms): 10, 15,
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25, 50, 75, and 100. Short-term depression was monitored during
stimulation at 10 Hz for 2 full minutes in the presence of D-(-)-2-
Amino-5-phosphonopentanoic acid.

Synapse Morphology

Golgi Staining
Mice at P40–P42 were used for Golgi-Cox staining exploiting the FD
Rapid GolgiStain™ kit (FD Neurotechnologies). Tissue impregnation
and tissue section staining were performed according to the manufac-
turer’s data sheet. Briefly, mice were perfused intracranially with 4%
formaldehyde and brains were removed from the skull and postfixed
in 4% formaldehyde overnight. After incubation in impregnation sol-
ution and solution C, brains were imbedded in gelatin–albumin and cut
into 100 µm coronal sections using a vibrating microtome (Campden
Instruments, Ltd.). Sections were mounted onto gelatinized glass slides,
further processed for Golgi staining procedure, and finally mounted in
Entellan (Merck). High magnification images of second-order dendritic
branches in the hippocampal CA1 stratum radiatum were generated by
using an Axioskop microscope and a Plan-Neofluar ×100/1.30 oil im-
mersion objective (Carl Zeiss). Image acquisition and measurement of
spine density were performed by an experimenter blind to the genotype
of the mice.

Electron Microscopy
Young adult (P40–P42) mice were perfused with 1% formaldehyde/1%
glutaraldehyde in phosphate buffer (0.1 M PB, pH 7.4). The brains
were postfixed in the same fixative overnight, and small specimens
taken from the dorsal hippocampus were postfixed in 1% OsO4 in 0.1
M cacodylate buffer, dehydrated, and embedded in epoxy resin. Ultra-
thin sections were stained with uranyl acetate and lead citrate and ob-
served in a JEM-1010 transmission electron microscope (EM; Jeol)
equipped with a side-mounted CCD camera (Mega View III, Soft
Imaging System). Spine density was assessed by analyzing 140 digi-
tized images from 3 mice of each group. Images (×30 000 magnifi-
cation and size 14.66 µm2) were captured in the proximal part of CA1
stratum radiatum. Morphometric analysis was done on electron micro-
graphs taken at ×75 000 using the ImageJ 1.52q imaging software
(NIH). Synaptic structures were identified by presynaptic terminals
with at least 3 synaptic vesicles, a visible synaptic cleft and a well-
defined postsynaptic density (PSD). Vesicles contacting the active zone
were considered as physically docked vesicles. Image acquisition and
morphometric analysis were performed by an experimenter blind to
the genotype of the mice.

Histology
Young adult mice (P38–P40) were perfused with 4% paraformalde-
hyde (PFA). Brains were postfixed in the same fixative for 6 h and then
transferred overnight into 30% sucrose/PBS for cryo-protection.
Fifty-µm-thick coronal sections were cut on a HM 400R sliding micro-
tome (Microm) and collected in 15% sucrose/PBS.

X-Gal Staining
Sections were fixed for 10 min in a PBS-based fixation solution con-
taining 0.1% sodium desoxycholate, 0.2% NP-40, 1% PFA, and 0.2%
glutaraldehyde. Thereafter, sections were stained at 30 °C for at least
2 h in a PBS-based staining solution containing 2 mM MgCl2, 5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, 0.1% sodium deoxycholate, 0.2% NP-40,
and 1 mg/mL X-Gal in PBS. After washing, sections were mounted on
glass slides, counterstained with Fast Red (Vector Laboratories), dehy-
drated in alcohol and xylene, and embedded in Entellan (Merck).
Images were generated using an Axioskop2 microscope (Zeiss), a
DP20 CCD camera system, and CellP software (Olympus).

Immunohistochemistry
After a 30-min incubation step in 10 mM citrate buffer, sections were
blocked for 1 h at RT in PBS containing 0.3% Triton X-100 (Roth), 2%
bovine serum albumin (AppliChem), and 10% normal goat serum (In-
vitrogen). Thereafter, sections were incubated overnight at 4 °C with

primary antibodies [rabbit anti-β-galactosidase (1 : 2000, MP Biomedi-
cals) and mouse anti-NeuN (1 : 1000, Millipore)] diluted in blocking
solution. After an additional 30-min blocking step, sections were incu-
bated for 1 h with secondary antibodies (Alexa Fluor 488-conjugated
goat anti-mouse or Alexa Fluor 647-conjugated goat anti-rabbit,
1 : 1000; Invitrogen) in blocking solution. After washing, sections were
mounted in home-made mounting medium (Herde et al. 2010). Low
magnification micrographs were taken with a Zeiss Axioskop2 micro-
scope equipped with F-view 2 camera system and CellP software
(Olympus). High magnification micrographs were acquired with an
LSM 510 confocal microscope (Zeiss) equipped with Apochromat ×20/
0.8 and ×40/1.3 objectives. Pinhole settings were adjusted to achieve
optical sections of 10 µm thickness. Images were further processed
with the LSM Image browser software 4.20 (Zeiss) and Image J 1.42s
(NIH).

Statistical Analysis
Sets of data are presented by their mean values and standard error of
the means (SEMs). For some experiments, the median and the 25% and
75% values are given in addition to the mean value and SEM. An un-
paired two-tailed Student’s t-test was used when comparing 2 sets of
data with normal distribution.

Results

Inactivation of n-Cofilin in the Hippocampus
To test for overlapping synaptic functions of ADF and n-cofilin
and to clarify the general relevance of ADF/cofilin for presyn-
aptic physiology, we generated double-mutant mice (termed
ACC mice) that lack ADF systemically and n-cofilin specifically
in principal neurons of the adult forebrain (Bellenchi et al.
2007; Rust et al. 2010). Forebrain-specific inactivation of
n-cofilin was achieved by crossing conditional n-cofilin mutants
to transgenic mice that express cre recombinase under control
of the CaMKIIα subunit (Minichiello et al. 1999). By exploiting
Rosa 26 cre reporter mice, efficient cre activation was evident
in all hippocampal regions of P38–P40 CaMKII-cre mice
(Fig. 1A). Co-immunolabeling for β-galactosidase and the neur-
onal marker NeuN revealed active cre in >95% of the neurons
in the hippocampal CA3 and CA1 regions (Fig. 1B–E; CA3:
95.1 ± 0.6%; CA1: 97.6 ± 0.8%; 6 images from 3 mice). Hence,
hippocampal CA3–CA1 synapses of ACC mice are suitable for
investigating synaptic functions of ADF and n-cofilin.

Synaptic Actin Dynamics Depend on ADF/Cofilin
We next examined synaptic actin dynamics in ACC mice by
exploiting synaptosomal preparations and by calculating the
ratio of F-actin to monomeric actin (G-actin). We previously
showed that genetic inactivation of n-cofilin caused similar
changes in the F/G-actin ratios in cortical and hippocampal
synaptosomes (Rust et al. 2010). To increase synaptosomal
yield, we here decided to exploit synaptosomes isolated from
forebrain tissues that mainly contained cerebral cortex and hip-
pocampus, but also striatum. The presence of ADF and
n-cofilin in forebrain synaptosomes has been reported before
(Rust et al. 2010; Görlich et al. 2011). The soluble cytoskeletal
fraction (including G-actin) was separated from the insoluble
fraction (containing F-actin) and actin levels were quantified
(Fig. 2A). While the synaptic F/G-actin ratio was unchanged in
ADF mutants compared with CTR, increased ratios were ob-
served in n-cofilin mutants and ACC mice (Fig. 2B; CTR:
1.01 ± 0.08, n = 8 preparations from 8 mice; ADF: 1.20 ± 0.04,
n = 8/8, P = 0.064; n-cofilin: 1.54 ± 0.06, n = 8/8, P < 0.001;
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ACC: 2.33 ± 0.16, n = 7/7, P < 0.001). Notably, in ACC mice, the
increase of the synaptic F/G-actin ratio was higher than in
n-cofilin mutants (P < 0.001), showing the synergistic activity
of ADF and n-cofilin. Similar results were obtained when ana-
lyzing hippocampal synaptosomes (data not shown).

Depolarization of synaptosomes induces cycling of actin as-
sembly and disassembly (Bernstein and Bamburg 1989; Yamada
et al. 2009) and strongly increases the F/G-actin ratio (Pilo Boyl
et al. 2007). To test whether ADF/cofilin controls stimulated
actin dynamics, we depolarized forebrain synaptosomes for
various durations (0–60 s) with 40 mM extra-synaptosomal KCl.
In CTR synaptosomes, KCl treatment induced oscillations of
actin polymerization including actin assembly after 3 s (Fig. 2C,
D) that was followed by actin disassembly after 10 s and a
further increase of the F/G-actin ratio, similar to previous results
(Bernstein and Bamburg 1989; Yamada et al. 2009). While inac-
tivation of ADF did not impair activity-dependent F-actin oscil-
lation, such kinetics of actin assembly/disassembly was absent
from n-cofilin mutants and ACC mutants (Fig. 2D, arrow). Com-
pared with n-cofilin mutants, the synaptic F/G-actin ratio was in-
creased in ACC mice at all time-points examined. Notably, an
increase of 22% in the F/G-actin ratio upon KCl treatment indi-
cates that de novo actin polymerization could still occur in ACC
synaptosomes (0 s: 2.33 ± 0.16, n = 7 preparations from 7 mice,
60 s: 2.85 ± 0.13, n = 6/6, P < 0.05). However, it was markedly
reduced when compared with CTR in which KCl treatment in-
creased the F/G-actin ratio by 67% (0 s: 1.01 ± 0.08, n = 8/8, 60 s:

1.69 ± 0.09, n = 6/6, P < 0.001). Taken together, these data show
that, in the absence of ADF and n-cofilin, de novo actin polymer-
ization is inducible in synapses. However, ADF/cofilin is essen-
tial for stimulated actin remodeling, which is known to occur
during vesicle release.

The increased synaptic F/G-actin ratios and the lack of the
disassembly phase in depolarized ACC synaptosomes are in agree-
ment with actin-depolymerizing activity of ADF and n-cofilin. Im-
paired synaptic actin depolymerization in ACC mice was further
supported by experiments using LAT A, which sequesters
G-actin and, in the presence of actin-depolymerizing activity,
facilitates breakdown of F-actin (Spector et al. 1989). In fore-
brain synaptosomes from control mice, LAT A decreased the
F/G-actin ratio in a dose-dependent manner (Fig. 2E,F; 0 µM:
0.95 ± 0.04; 0.2 µM: 0.72 ± 0.05, P < 0.05; 2 µM: 0.60 ± 0.05,
P < 0.001; n = 5 preparations from 3 mice). Conversely, LAT
A did not affect the F/G-actin ratio in ACC synaptosomes
(0 µM: 2.00 ± 0.18; 0.2 µM: 2.01 ± 0.08, P = 0.959; 2 µM:
1.85 ± 0.08, P = 0.485; n = 5/3). Furthermore, the F-actin sta-
bilizing drug JASP (Tsuji et al. 2009) increased the F/G-actin
ratio in forebrain synaptosomes from control mice by 128%
(Fig. 2G,H; 0 µM: 1.11 ± 0.12; 20 µM: 2.53 ± 0.26, P < 0.01;
n = 5/3), but only small changes were seen in ACC syn-
aptosomes (0 µM: 2.18 ± 0.26; 20 µM: 3.19 ± 0.27, +46%, n = 4/3,
P < 0.05). These data suggest that it is the actin-depolymerizing
activity of ADF/cofilin that is critical for synaptic actin
remodeling.

Figure 1. Cre activity in the hippocampus. (A) β-Galactosidase staining of P38–P40 Rosa26 cre reporter/CaMKII-cre transgenic mice revealed very efficient cre activity in the entire
hippocampus (HIP). Scale bar: 500 µm. (B) In hippocampal CA1 and CA3 regions of these mice, the majority of neurons identified by NeuN immunoreactivity (magenta) were
positive for β-galactosidase (green). Scale bar: 250 µm. (C and D) β-Galactosidase and NeuN immunolabeling in the hippocampal CA3 and CA1 regions at high magnification. Scale
bar in C 50 µm, also for D. (E) Percentage of β-galactosidase-positive neurons in the CA3 and CA1 stratum pyramidale.
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Figure 2. Impaired synaptic actin dynamics in ACC mice. (A) Immunoblots showing actin levels in the insoluble (F) and the soluble protein fraction (G) of synaptosomes of forebrain
tissue (cerebral cortex, hippocampus, and striatum) from a control mouse (CTR), an ADF mutant (ADF), a n-cofilin mutant (n-cofilin), and a double mutant (ACC). (B) In ADF
mutants, the F/G-actin ratio was unchanged, while it was increased in n-cofilin mutants and ACC mice. (C) Immunoblots from a CTR and an ACC mouse, showing changes in
synaptosomal F- and G-actin levels upon KCl-induced depolarization. (D) Depolarization of forebrain synaptosomes induced cyclic actin assembly and disassembly in CTR and ADF
mutants, but not in n-cofilin mutants and ACC mice. Notably, actin disassembly was present in CTR and ADF mutants, but not in n-cofilin mutants and ACC mice (arrow). (E)
Immunoblots showing actin in insoluble and soluble protein fractions upon treatment with LAT A. (F) LAT A reduced F/G-actin ratio in CTR, but not in ACC mice. (G) Immunoblots
showing actin in insoluble and soluble protein fractions upon treatment with 20 µM JASP. (H) JASP increased F/G-actin ratios in CTR and ACC mice. However, the increase was
smaller in ACC mice, and after JASP treatment, the F/G-actin ratios did not differ between both groups. F: actin in the insoluble protein fraction; G: actin in the soluble protein
fraction; ns: not significant; *P< 0.05; **P< 0.01; ***P< 0.001.
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Enlarged Dendritic Spines and Reduced Synapse
Density in ACCMice
The impairment in synaptic actin dynamics prompted us to in-
vestigate synapse morphology in ACC mice. We first performed
an EM analysis in the hippocampal CA1 stratum radiatum at
postnatal day 40 (P40) (Fig. 3A,B). Spine profiles were unusually
large in ACC mice, and quantitative analyses revealed a 77% in-
crease over the control situation (Fig. 3C; CTR: 0.098 ± 0.004 µm2,
n = 181 spines from 3 mice; ACC: 0.173 ± 0.009, n = 164/3,
P < 0.001). By comparison, in n-cofilin mutants, spine size was
enlarged by only 26% compared with CTR (0.123 ± 0.006,
n = 170/3, P < 0.001). The difference between n-cofilin mutants
and ACC mice was also significant (P < 0.001), indicative of a
relevance of ADF in dendritic spines.

Interestingly, spine enlargement was accompanied by a 39%
decrease in the density of axo-spinous synapses in ACC mice
(Fig. 3D; CTR: 0.56 ± 0.02 synapses/µm2, total analyzed area in
3 mice: 2125.7 µm2; ACC: 0.34 ± 0.01 synapses/µm2, 2052.4
µm2/3 mice; P < 0.001). The reduction in synapse density was
confirmed by the analysis of Golgi-stained CA1 pyramidal cells
(Fig. 3E). Compared with CTR, the density of spines along
dendritic profiles was reduced by 26% in ACC mice (Fig. 3F;
CTR: 26.6 ± 0.9 spines/20 µm dendrite, n = 33 dendritic shafts
from 3 mice; ACC: 19.8 ± 0.8 spines/20 µm dendrite, n = 31/3,
P < 0.001).

Impaired Organization of Synaptic Vesicles in
ACCMice
The synaptic vesicle organization in presynaptic terminals
depends on the actin cytoskeleton (Dillon and Goda 2005; Cin-
golani and Goda 2008). By exploiting EM micrographs of the
CA1 stratum radiatum, we studied the distribution of vesicles
in mutant mice and determined their distances to the active
zone. In ACC mice, the relative number of synaptic vesicles
was reduced within a region close to the active zone (Fig. 4A;
≤100 nm; CTR: 58.0 ± 3.0%, n = 53 presynaptic terminals from
3 mice; ACC: 41.5 ± 2.3%, n = 53/3; P < 0.001), whereas it was in-
creased in a region >250 nm away from the active zone (CTR:
11.4 ± 1.4%; ACC: 19.9 ± 1.5%; P < 0.001). Conversely, the relative
vesicle numbers were unchanged in ADF (≤100 nm: 55.4 ± 2.6%,
P = 0.581; 250–350 nm: 13.9 ± 1.9%, P = 0.292; n = 56/3) or
n-cofilin mutants (≤100 nm: 53.9 ± 3.2%, P = 0.356; 12.7 ± 1.7%,
P = 0.578; n = 45/3). In addition to the altered vesicle distri-
bution, we noted a 24% increase in the number of docked ves-
icles in ACC mice (Fig. 4B; CTR: 11.3 ± 0.8 vesicles/µm of PSD,
n = 70 active zones from 3 mice; ACC: 14.0 ± 0.8 vesicles/µm
PSD, +24%, n = 70/3, P < 0.05). No such change was found in
n-cofilin (11.9 ± 0.9 vesicles/µm PSD, n = 62/3; P = 0.631) or
ADF single mutants (Görlich et al. 2011). To further test
whether the number of fusion-compatible, primed vesicles
was increased in ACC mice, we quantified the fraction of the
vSNARE synaptobrevin 2 bound to the tSNARE syntaxin 1 in a
co-immunoprecipitation approach by exploiting hippocampal
synaptosomes (Murthy and De Camilli 2003; Pilo Boyl et al.
2007). Compared with CTR, we found a 67% increase of com-
plexed synaptobrevin 2 in ACC synaptosomes (Fig. 4C; CTR:
1.00 ± 0.14; ACC: 1.67 ± 0.26; n = 5 preparations from 5 mice
for both groups; P < 0.05). In summary, EM studies and bio-
chemical data in ACC mutants showed a shift in vesicle distri-
bution from the active zone to the reserve pool, accompanied
by an increased docking of vesicles at the plasma membrane.

Impaired Vesicle Recruitment in ACCMice
The altered vesicle distribution in ACC mutants suggested that
ADF/cofilin is crucial for synaptic vesicle organization. One
would expect that these changes might also affect neurotrans-
mitter release. To test this hypothesis, we isolated forebrain
synaptosomes and quantified depolarization-induced gluta-
mate release by performing an enzyme-linked fluorometric
assay (Nicholls et al. 1987). In agreement with the normal
vesicle distribution in ADF and n-cofilin mutants, the depolar-
ization of synaptosomes with 40 mM KCl did not change gluta-
mate release in the respective single mutants (Fig. 5A,B; CTR:
5.35 ± 0.18 nmol/mg protein, n = 21 preparations from 11
mice; ADF: 5.33 ± 0.12 nmol/mg protein, n = 8/4, P = 0.942;
n-cofilin: 5.42 ± 0.47 nmol/mg protein, n = 8/4, P = 0.880).
However, glutamate release was decreased in ACC synapto-
somes and reached only 76% of CTR values (4.09 ± 0.12 nmol/
mg protein, n = 21/11, P < 0.001). Quantification of total gluta-
mate contents showed comparable levels in ADF mutants,
n-cofilin mutants, and CTR (Fig. 5C; CTR: 21.97 ± 0.48 nmol/
mg protein, n = 22/11; ADF: 22.94 ± 0.61 nmol/mg protein,
n = 12/4, P = 0.239; n-cofilin: 23.59 ± 0.72 nmol/mg protein,
n= 11/6, P = 0.061). In contrast, ACCmutants showed an increased
glutamate content (27.14 ± 0.57 nmol/mg protein, n = 15/6,
P < 0.001). Hence, the decreased glutamate release in ACC
mutants is not caused by overall reduced glutamate levels.
Interestingly, the early phase of glutamate release (during the
first 10 s of KCl treatment) was unchanged in ACC mice, and
only the late phase was altered (100–430 s). Accordingly, the
ratio of late-to-early glutamate release was reduced in ACC
synaptosomes (Fig. 5D; CTR: 1.89 ± 0.08; ACC: 1.28 ± 0.09;
P < 0.001). Such a defect is in agreement with defective vesicle
recruitment to the release sites. To test whether vesicle recruit-
ment was indeed impaired in ACC mice, we performed a short-
term depression protocol on acute hippocampal slices (10 Hz
stimulation of Schaffer collaterals for 2 min), to deplete the
readily releasable pool of presynaptic vesicles in CA3–CA1 sy-
napses. The amplitudes of the recorded excitatory postsynaptic
field potentials (fEPSP) rapidly declined in CTR and ACC slices
(Fig. 5E). However, the baseline between minute 3.5 and 4 of
the recording was reduced by 59% in ACC mice, which indi-
cates a defect in vesicle recruitment (inset; last 30 s: CTR:
0.154 ± 0.018, n = 13 slices from 4 mice; ACC: 0.064 ± 0.016,
n = 12/4; P < 0.01). When comparing the first 25 stimuli of the
recordings, this stimulation resulted in a typical potentiation in
CTR, but not in ACC slices. Beginning with the third stimulus
of the 10-Hz train, the fEPSP slope was significantly lower in
ACC slices when compared with CTR (Fig. 5F), indicative of an
increased vesicle release in ACC mice. Notably, such changes
were not detectable in ADF and n-cofilin single mutants (Rust
et al. 2010; Görlich et al. 2011). The faster depletion in ACC
mutants is in agreement with the observed increased number
of docked vesicles and the concomitant depletion of vesicles in
the vicinity of the plasma membrane.

ADF/Cofilin Is Involved in Synaptic Vesicle Exocytosis
The elevated number of docked vesicles in ACC mice and the
increased vSNARE/tSNARE ratio suggested an increased rate of
vesicle exocytosis in ACC mice. To test this hypothesis, we re-
corded mEPSCs from individual CA1 pyramidal cells of acute
hippocampal slices (Fig. 6A). In ACC mice, both the ampli-
tudes (Fig. 6B; CTR: 7.57 ± 0.32 pA; ACC: 7.04 ± 0.23 pA; n = 20
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cells from 7 mice for both groups; P = 0.187) and the IEI were
unchanged (Fig. 6C; CTR: 0.79 ± 0.04 s; ACC: 0.73 ± 0.05 s;
n = 20 cells from 7 mice for both groups; P = 0.347). This was a
surprising result, since the IEI directly depends on vesicle
release probability and the number of excitatory synapses
(El-Husseini et al. 2000). One explanation would be that the
decreased synapse density in ACC mice (Fig. 3D,F) might
obscure a change in release probability. We therefore stimu-
lated Schaffer collaterals with various stimulus intensities
(20–300 µA) and recorded field potentials in the CA1 stratum
radiatum. Consistent with the reduced synapse density, we
found reduced FV amplitudes in ACC mice upon stimulation

with intensities >40 µA (Fig. 6D; e.g. 100 µA: CTR: 1.15 ± 0.09
mV, n = 15 slices from 4 mice; ACC: 0.75 ± 0.08 mV, n = 14/3;
−35%; P < 0.001). Conversely, at none of the stimulus intensi-
ties examined did we find differences in the fEPSP slopes
between CTR and ACC mice (Fig. 6E; e.g. 100 µA: CTR:
2.37 ± 0.34 mV/ms; ACC: 2.48 ± 0.26 mV/ms; P = 0.797). Con-
sequently, the resulting input–output curve showed a steeper
rise in ACC mice (Fig. 6F), which is also indicated by higher
fEPSP slope-to-FV amplitude ratios for stimulation intensities
≥60 µA (Fig. 6G). Since the normal mEPSC amplitudes exclude
an altered transmitter load of synaptic vesicles in ACC mice,
the unchanged fEPSP slopes upon stimulation of a reduced

Figure 3. Enlarged dendritic spines and reduced synapse density in ACC mice. (A and B) Electron micrographs of the CA1 stratum radiatum from a CTR and an ACC mouse. Image
size: 2.27 µm2; b: presynaptic bouton; sp: postsynaptic spine; arrowhead: PSD. (C) Cumulative curve and mean values showing increased spine size in n-cofilin mutants. Compared
with n-cofilin mutants, spine size was further increased in ACC mice. (D) Reduced density of excitatory synapses in CA1 stratum radiatum of ACC mice. (E) Images showing
second-order dendritic branches from Golgi-stained pyramidal cells in the CA1 stratum radiatum. Scale bar: 2.5 µm. (F) In ACC mice, the spine density along dendritic profiles was
reduced. ***P<0.001.
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number of synapses are likely the result of an increased
number of exocytosed vesicles. To test this, we measured the
PPR at various inter-stimulus intervals (ISI), ranging from 10 to
100 ms. Indeed, in ACC mice, the PPR was reduced at 10 ms
(Fig. 6H; CTR: 0.99 ± 0.04, n = 15 slices from 9 mice; ACC:
0.81 ± 0.04, n = 14/5; P < 0.01) and 15 ms (CTR: 1.10 ± 0.03;
ACC: 0.96 ± 0.04; P < 0.01). No such changes were found in
ADF or n-cofilin single mutants (Rust et al. 2010; Görlich et al.
2011). Taken together, our data reveal a novel function of
ADF/cofilin in presynaptic physiology as they demonstrate that
ADF/cofilin is involved in regulating vesicle distribution and
exocytosis.

Discussion

In this study, we show impaired synaptic actin dynamics in
ACC mice lacking the actin-depolymerizing proteins ADF and
n-cofilin. In these mice, defects in synaptic actin dynamics
cause impaired synaptic vesicle organization, mobilization,
and exocytosis. Notably, these defects have not been observed
in ADF or n-cofilin single mutants (Rust et al. 2010; Görlich
et al. 2011). Hence, we demonstrate for the first time that ADF/

cofilin-mediated actin dynamics is critical for presynaptic
physiology. Moreover, we conclude that, besides n-cofilin,
ADF is also important for excitatory synapses. Taken together
with our previous analyses of single mutants, we conclude that
ADF and n-cofilin have the capacity to compensate for the
other’s inactivation in vivo—findings that have not been re-
ported before. Finally, our data suggest that a “dynamic actin
cycle” is essential for controlled vesicle exocytosis and neuro-
transmitter release.

The role of n-cofilin in excitatory synapses has been exten-
sively studied and its importance for postsynaptic plasticity
and behavior has been highlighted by a number of publi-
cations (Fukazawa et al. 2003; Zhou et al. 2004; Hotulainen
et al. 2009; Gu et al. 2010; Rust et al. 2010; Goodson et al.
2012; Wang et al. 2013). Conversely, the synaptic function of
its close homologue ADF has remained obscure. ADF is
located at pre- and postsynaptic structures of excitatory sy-
napses, but ADF mutants display no synaptic defects (Görlich
et al. 2011). In agreement with a predominant role of n-cofilin
in excitatory synapses, we found impaired synaptic actin dy-
namics in mutants for n-cofilin, but not for ADF. Interestingly,
defects in synaptic actin dynamics were stronger in ACC mice,

Figure 4. Altered organization of synaptic vesicles in ACC mice. (A) In ACC mice, the distribution of synaptic vesicles was altered, whereas it was normal in ADF or n-cofilin single
mutants. Within a distance of 100 nm from the active zone, the relative number of synaptic vesicles was reduced in ACC mice, whereas it was increased between 250 and 350 nm
away from the active zone. (B) In ACC mice, yet not in n-cofilin mutants, the number of docked vesicles was increased. (C) In a biochemical assay, more synaptobrevin 2 (vSNARE)
was bound to the tSNARE syntaxin 1 in hippocampal synaptosomes from ACC mice when compared with CTR synaptosomes. ns: not significant; *P< 0.05; **P< 0.01;
***P<0.001.
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Figure 5. Impaired glutamate release from ACC synaptosomes. (A) Representative traces showing KCl-induced glutamate release from forebrain synaptosomes and total glutamate
content that was determined after Triton X-100 lysis. (B) In ACC mice, but not in ADF or n-cofilin single mutants, depolarization-induced glutamate release was reduced. (C) Triton
X-100 was used to lyse forebrain synaptosomes and to determine the total glutamate content. It was significantly increased in ACC mice, but not in single mutants. (D) The ratio of
late (100–430 s) to early (0–10 s) glutamate release was reduced in forebrain synaptosomes from ACC mice compared with CTR synaptosomes. (E) Upper part: Exemplary fEPSP
traces from a CTR and an ACC mouse (1) before and (2) 135 s after the beginning of Schaffer collateral stimulation with 10 Hz. Lower part: Short-term depression, induced by
stimulation of Schaffer collaterals for 2 min with 10 Hz in the presence of the NMDA receptor agonist APV, resulted in a reduced fEPSP baseline in ACC mice between 3.5 and 4 min.
Inset shows the last 40 s of the recordings at higher magnification. (F) A 10-Hz stimulation induced a potentiation in the fEPSP slope in CTR, but not in ACC slices. Note, in contrast
to panel E of this figure, fEPSP slopes were normalized to the first response of the 10-Hz stimulation. **P< 0.01; ***P<0.001.
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Figure 6. Impaired vesicle exocytosis in ACC mice. (A) Exemplary traces of mEPSCs from a CTR and an ACC mouse. Asterisks indicate events included into the analyses. (B)
Amplitudes and (C) IEIs of mEPSCs recorded from CA1 pyramidal cells were unchanged in ACC mice. (D) Presynaptic FV amplitudes and (E) extracellulary recorded postsynaptic
responses (fEPSP slope) to Schaffer collateral stimulation (intensities ranging from 20 to 300 µA) as measured in the hippocampal CA1 region. In ACC mice, FV amplitudes were
reduced at stimulus intensities from 40 to 300 µA. Conversely, fEPSP slopes did not differ between CTR and ACC mice. (F) Input–output curve shows a steeper rise in ACC mice. (G)
Compared with controls, the ratio of fEPSP slopes to FV amplitudes is increased in ACC mice at stimulus intensities ≥60 µA. (H) PPR was reduced in ACC mice at ISIs of 10 and 15
ms, but not at longer intervals (25–100 ms). ns: not significant; *P< 0.05; **P< 0.01; ***P< 0.001.
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and these mutants showed impairments in synapse physiology
(mobilization and exocytosis of vesicles, glutamate release)
that were not present in n-cofilin mutants (Rust et al. 2010).
Hence, ADF is also an important player in synapse physiology.
Moreover, we conclude that there is overlapping function for
ADF and n-cofilin in presynaptic physiology, and compen-
sation in single mutants. This is in perfect agreement with our
previous observations of elevated synaptic n-cofilin levels in
ADF mutants and, vice versa, increased synaptic ADF levels in
n-cofilin mutants (Rust et al. 2010; Görlich et al. 2011). Func-
tional redundancy of ADF and n-cofilin has been observed pre-
viously in cell culture experiments (Hotulainen et al. 2005),
but it had not been reported in neurons and synapses before.

In line with previous in vitro studies (Zhou et al. 2004;
Hotulainen et al. 2009; Gu et al. 2010), we recently demon-
strated increased spine size in hippocampal pyramidal cells of
n-cofilin mutants (Rust et al. 2010). Compared with n-cofilin
mutants, spine size was enlarged in ACC mutants. This finding
underlines the relevance of ADF/cofilin for spine morphology
and provides evidence for a postsynaptic function of ADF.
Apart from its role in structural plasticity, postsynaptic ADF/
cofilin is relevant also for the mobility and synaptic recruitment
of AMPA receptors (AMPARs; Gu et al. 2010; Rust et al. 2010;
Wang et al. 2013). This ADF/cofilin function is not directly
coupled to structural changes (Gu et al. 2010; Wang et al.
2013), thereby suggesting that ADF/cofilin controls different,
temporally separated aspects of postsynaptic plasticity.

Our analyses of ADF/cofilin mutants revealed the capacity
of n-cofilin to fully compensate for the loss of ADF in synapses,
whereas ADF can only partially compensate the inactivation of
n-cofilin. Thus, n-cofilin appears to be the major ADF/cofilin
isoform in excitatory synapses, which is in agreement with its
6- to 10-fold higher abundance in brain lysates (Minamide
et al. 2000). Although n-cofilin is also present in presynaptic
terminals, it is predominantly located in spines (Racz and
Weinberg 2006). In accordance with this, n-cofilin knockdown
in culture, or inactivation in mice, impairs spine morphology
and postsynaptic plasticity, but not presynaptic function (Hotu-
lainen et al. 2009; Gu et al. 2010; Rust et al. 2010). The pres-
ence of ADF is therefore sufficient to compensate for the loss
of n-cofilin in presynaptic terminals, but not in spines. We thus
suggest that ADF is more relevant for presynaptic than for post-
synaptic mechanisms, which is in agreement with a higher
ADF concentration in presynaptic terminals compared with
spines (Görlich et al. 2011). Taken together, our findings de-
monstrate that n-cofilin and ADF contribute equally well to
presynaptic physiology, while n-cofilin is the limiting factor in
postsynaptic plasticity.

Our study has demonstrated an increased number of docked
vesicles and elevated levels of syntaxin 1-bound synaptobrevin
2 in ACC mice. These findings indicate defects in docking and
priming of synaptic vesicles and strongly suggest a role for
ADF/cofilin in neurotransmitter release. Several aspects of our
study support this notion: first, the reduced PPR in ACC mice
implies an increased vesicle release probability and/or a defect
in the vesicle docking/priming machinery. Secondly, although
the synapse density is reduced in the CA1 stratum radiatum of
ACC mice, postsynaptic excitation upon Schaffer collateral
stimulation is unchanged. Since unchanged mEPSC amplitudes
demonstrate normal vesicular transmitter load and postsyn-
aptic sensitivity in ACC mice, this effect can be explained only
by an increased stimulation-induced neurotransmitter release.

Thirdly, the IEI of mEPSCs inversely depends on the release
probability of vesicles and the number of synapses (El-
Husseini et al. 2000). The IEI was not altered in ACC mice, yet
the synapse number was reduced. Therefore, the vesicle
release probability is most likely increased in ACC mice.
Hence, our data strongly suggest an important role of ADF/
cofilin in vesicle exocytosis, which is in very good agreement
with defective vesicle exocytosis upon genetic ablation of
LIMK1 or slingshot, 2 regulators of ADF/cofilin activity (Meng
et al. 2002; Yuen et al. 2010).

The decrease in “late phase” glutamate release from depolar-
ized forebrain synaptosomes and the reduced postsynaptic
responses upon sustained Schaffer collateral stimulation imply
an important role of ADF/cofilin in vesicle recruitment to the
active zone, apart from its function in vesicle exocytosis. From
our data, we conclude that stabilization of the actin cytoskele-
ton impairs vesicle recruitment. On the other hand, pharmaco-
logical destabilization of the actin cytoskeleton increases
vesicle mobility in cultured hippocampal neurons (Jordan
et al. 2005). Hence, our data provide evidence for an inhibitory
function of F-actin in vesicle mobilization in hippocampal
CA3–CA1 synapses, similar to what was proposed for other
synapses (Dillon and Goda 2005).

Our data suggest reduced synaptic actin depolymeriza-
tion in ACC mice, which is in good agreement with the bio-
chemical function of ADF and n-cofilin. Consequently, F-actin
in synaptic structures from ACC mice is more stable as judged
from the 2.3-fold increase in the F/G-actin ratio. We therefore
conclude that ADF and n-cofilin are important regulators of
actin dynamics in synapses. Profilin 2, an actin-binding protein
that promotes actin polymerization by replenishing the pool of
ATP-bound G-actin (Witke 2004), has been associated with sy-
naptic actin dynamics (Pilo Boyl et al. 2007). Profilin 2 mutants
display a block in activity-induced synaptic actin polymeriz-
ation, contrary to the defect seen in ACC mice. Despite the con-
trasting results in synaptic actin dynamics, the resulting defects
in presynaptic function are surprisingly similar in profilin 2
mutants and ACC mice. In both mutants, the number of docked
vesicles and the level of syntaxin 1-bound synaptobrevin 2 are
increased, and electrophysiological recordings demonstrated in-
creased vesicle exocytosis. Based on the phenotype of profilin 2
mutants, it has been postulated that F-actin forms a barrier
within presynaptic terminals which is required for regulating
vesicle exocytosis (Pilo Boyl et al. 2007)—a conclusion that is in
agreement with a reduced IEI of mEPSCs upon pharmacological
blockade of actin polymerization (Morales et al. 2000; Shuplia-
kov et al. 2002). Our analysis of ACC mice extends this view and
paints a more detailed picture on the role of actin in vesicle exo-
cytosis. We postulate that actin needs to be highly dynamic in
order to fulfill its function in exocytosis, and that depolymeriza-
tion (ACC mice) and polymerization (profilin 2 mutants) are
both activities that ultimately result in the same readout: a
“dynamic actin cycle.”Hence, a “dynamic actin cycle” rather than
simple net polymerization or depolymerization is critical for
synapse physiology. This interesting hypothesis would explain
the apparent discrepancy between the deletion of ADF/cofilin
and proteins like profilin 2. If a “dynamic actin cycle” is the criti-
cal parameter, we have to consider the experimental setup and
discuss the resulting data with regard to the kinetics rather than
steady state of actin remodeling.

In summary, we here demonstrate (i) the relevance of ADF
for synapse physiology, (ii) overlapping synaptic functions for
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ADF and n-cofilin, and (iii) the requirement of ADF/cofilin
activity for presynaptic physiology. From our analyses of mutant
mice, we propose the following model for ADF and n-cofilin
function in excitatory synapses (Fig. 7): ADF and n-cofilin are
both relevant for pre- and postsynaptic functions. However,
genetic ablation of ADF does not interfere with synapse mor-
phology or physiology. Conversely, inactivation of n-cofilin
impairs postsynaptic mechanisms (spine size, AMPAR mobility,
long-term potentiation, and long-term depression), but not pre-
synaptic physiology. Impaired organization, mobilization, and
exocytosis of synaptic vesicles become evident only upon inacti-
vation of both proteins. Additionally, compared with n-cofilin
mutants, spines are further enlarged in ACC. At this juncture, the
defects in presynaptic physiology do not allow conclusions
on the postsynaptic physiology in ACC mice. This will require
genetic ablation of ADF/cofilin exclusively in CA1 pyramidal
neurons.
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extent AMPAR mobility, LTD, and LTP are impaired upon compound inactivation of ADF and n-cofilin.
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