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Abstract Actin filaments (F-actin) are the major struc-

tural component of excitatory synapses, being present in

presynaptic terminals and in postsynaptic dendritic spines.

In the last decade, it has been appreciated that actin

dynamics, the assembly and disassembly of F-actin, is

crucial not only for the structure of excitatory synapses, but

also for pre- and postsynaptic physiology. Hence, regula-

tors of actin dynamics take a central role in mediating

neurotransmitter release, synaptic plasticity, and ultimately

behavior. Actin depolymerizing proteins of the ADF/cofilin

family are essential regulators of actin dynamics, and a

number of recent studies highlighted their crucial functions

in excitatory synapses. In dendritic spines, ADF/cofilin

activity is required for spine enlargement during initial

long-term potentiation (LTP), but needs to be switched off

during spine stabilization and LTP consolidation. Con-

versely, active ADF/cofilin is needed for spine pruning

during long-term depression (LTD). Moreover, ADF/cofi-

lin controls activity-induced synaptic availability of

glutamate receptors, and exocytosis of synaptic vesicles.

These data show that the activity of ADF/cofilin in

synapses needs to be spatially and temporally tightly con-

trolled through several upstream regulatory pathways,

which have been identified recently. Hence, ADF/cofilin-

controlled actin dynamics emerged as a critical and central

regulator of synapse physiology. In this review, I will

summarize and discuss our current knowledge on the roles

of ADF/cofilin in synapse physiology and behavior, by

focusing on excitatory synapses of the mammalian central

nervous system.
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Introduction

Actin is highly abundant at excitatory synapses, and actin

filaments (F-actin) are present in presynaptic terminals and

in postsynaptic dendritic spines (for review: [1]). As the

major structural postsynaptic component, F-actin controls

spine morphology, and assembly and disassembly of

F-actin (termed actin dynamics) drive spine morphological

changes that occur in response to synaptic activity: spine

enlargement is associated with enhanced synaptic activity

and depends on F-actin assembly and stabilization, while

spine shrinkage and elimination induced by low-frequency

stimulation requires F-actin disassembly [2–5]. Although

less well-understood, the sub-synaptic distribution of

F-actin emphasizes a role for actin dynamics in presynaptic

processes such as synaptic vesicle recruitment and exocy-

tosis, or endocytosis (for review: [6]). Hence, actin-binding

proteins (ABP) that control F-actin assembly and/or dis-

assembly have moved into the focus as critical regulators

of neurotransmitter release, synaptic plasticity, and ulti-

mately behavior.

ADF/cofilin has been recognized as a key regulator of

actin dynamics that controls F-actin assembly and disas-

sembly in a complex, concentration-dependent manner (for

review: [7]), and studies on gene-targeted mice linked

ADF/cofilin to neuronal actin dynamics relevant for central

nervous system development [8–10]. At low concentrations,

ADF/cofilin promotes F-actin disassembly by accelerating
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the dissociation of monomeric actin (G-actin) from the fil-

aments’ minus ends and by severing F-actin [11, 12].

Filament severing can either result in a net assembly or

disassembly of F-actin, depending on the local G-actin

concentration and on the activity of actin polymerizing

proteins [13]. Conversely, at high concentrations,

ADF/cofilin can promote F-actin assembly by nucleating

new and by stabilizing preexisting filaments [14]. Actin

binding of ADF/cofilin is controlled via phosphorylation

(inactivation) and dephosphorylation (activation) of a con-

served serine residue at position 3 (Ser3) (for review: [15]),

and LIM kinases (LIMK) and slingshot phosphatases have

been recognized as potent regulators [16, 17]. In mammals,

the ADF/cofilin family comprises three proteins: cofilin1

(non-muscle cofilin, n-cofilin), cofilin2 (muscle cofilin,

m-cofilin), and ADF (actin depolymerizing factor, destrin).

Cofilin1 and ADF are broadly expressed in the adult brain

[9, 18], they are both present at excitatory synapses [18, 19],

and their synaptic function has been investigated in

numerous recent studies. These studies established that (1)

ADF/cofilin is critical for spine morphology [20–23], (2)

ADF/cofilin controls functional and structural aspects of

synaptic plasticity [4, 21–23], (3) cofilin1 and ADF have

redundant and overlapping functions in neurotransmitter

release [24, 25], and (4) genetic inactivation of cofilin1 and

ADF impairs learning and causes severe behavioral

abnormalities [21, 25, 26]. Moreover, a number of regula-

tory pathways upstream of ADF/cofilin in excitatory

synapses have been identified. Together, these studies

highlight the relevance of ADF/cofilin for synapse physi-

ology and behavior, and identified ADF/cofilin as a key

regulator of synaptic plasticity.

Function of cofilin1 and ADF in structural
plasticity

A role of cofilin1 in dendritic spine morphology and

structural plasticity has been postulated from its accumu-

lation in sub-spinous regions that contain a dynamic

F-actin network responsible for spine morphological

changes during synaptic plasticity [19, 27]. Indeed, by

exploiting short synthetic peptides mimicking active or

inactive ADF/cofilin, early studies implicated ADF/cofilin

in spine shrinkage associated with long-term depression

(LTD), and ADF/cofilin inactivation in spine enlargement

associated with long-term potentiation (LTP) [4, 28, 29].

Moreover, enhanced ADF/cofilin activity upon genetic

ablation of its negative regulator LIMK1 resulted in an

abnormal thin spine profile [30], while spine enlargement

upon LTP induction or during learning was associated with

elevated synaptic levels of phosphorylated (inactive)

ADF/cofilin [31, 32]. More direct proofs for the role of

ADF/cofilin in synaptic plasticity have been provided by

genetic approaches: while overexpression of constitutively

inactive cofilin1 in hippocampal cultures resulted in more

mature spines and elevated spine densities [22, 33]; over-

expression of constitutive active cofilin1 induced an

immature spine profile, similar to low-frequency stimula-

tion that induce N-methyl-D-aspartic acid receptor

(NMDAR)-mediated LTD [34, 35]. In line with these

studies, acute, small interfering RNA (siRNA)-mediated

knockdown of cofilin1 in hippocampal neurons caused

longer dendritic protrusions and a reduced number of thin

spines [20], and spine length and spine head width were

increased in primary hippocampal cultures derived from

cofilin1 mutant mice [21]. The latter study also revealed

spine enlargement and an increased spine density in hip-

pocampal slices from cofilin1 mutant mice, thereby

providing evidence for a role of cofilin1 in spine mor-

phology in vivo [21]. Notably, these two studies reported

impaired actin dynamics in dendritic spines (reduced actin

turnover by fluorescent recovery after photobleaching) and

an increase in the F/G-actin ratio in synaptosomes (isolated

nerve terminals generated from fresh brain tissue [36])

from cofilin1 mutants, suggesting that cofilin1 controls

spine morphology via an actin-dependent mechanism [20,

21]. In summary, these studies are consistent with a model

in which cofilin1 inactivation is required for spine

enlargement and stabilization during LTP, while cofilin1

activation can drive F-actin disassembly and spine

shrinkage during LTD.

This model has been expanded recently by demonstrat-

ing that dephosphorylated (active) cofilin1 rapidly moves

into dendritic spines during the initial phase of structural

LTP, resulting in a strong and persistent synaptic enrich-

ment which is required for spine enlargement [23]. Hence,

this study revealed a novel and crucial role for cofilin1 in

promoting spine enlargement, and it paints a more detailed

picture on its function during structural plasticity: on the

one hand, cofilin1 promotes F-actin assembly during LTP,

and on the other hand, it is required for F-actin disassembly

and spine shrinkage during LTD. As described in the

introduction, such a dual function of cofilin1 in F-actin

assembly/disassembly is in good agreement with its bio-

chemical properties, which depends on the local ratio of

cofilin1 and actin [7, 14]. Compared to actin, but also to

other important regulators of synaptic actin dynamics such

as Arp2/3, profilin2 or drebrin [37–42], the accumulation of

cofilin1 in dendritic spines during initial LTP was the

strongest [23]. Hence, the cofilin1-actin ratio increased, and

this increase could be sufficient to promote cofilin1-de-

pendent stabilization of preexisting F-actin and/or F-actin

assembly, while under basal conditions or during LTD, a

lower cofilin1-actin ratio would rather promote F-actin

disassembly. Indeed, Förster resonance energy transfer-
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based experiments revealed a peak in cofilin1’s interaction

with F-actin during initial LTP [23]. Further findings in this

study suggest that cofilin1, in concert with Arp2/3, pro-

motes F-actin assembly and spine enlargement, and that

these structural changes become consolidated by actin sta-

bilizers thereafter. Interestingly, consolidation of spine

enlargement required cofilin1 inactivation, which was par-

alleled by its gradual migration towards sub-spinous regions

with a more stable actin cytoskeleton [23]. Such a temporal

sequence of cofilin1 activation and inactivation during LTP

is in good agreement with a previous study which reported

that phosphorylation (inactivation) of ADF/cofilin in den-

dritic spines of rat hippocampal slices was not detectable

until at least 2 min after LTP induction [31]. Together,

cofilin1 acts as a bidirectional regulator of spine structural

plasticity that is crucial for both spine enlargement and

shrinkage (Fig. 1).

Apart from cofilin1, ADF has been located at dendritic

spines [18], but, unlike cofilin1 [21], inactivation of ADF

in mice did not change the morphology or density of

dendritic spines [18]. Contradictory to this, a role of ADF

in spine morphology has been observed upon acute,

siRNA-mediated knockdown in hippocampal cultures, but

has been mentioned just parenthetically in this study

without showing experimental data [20]. The most obvious

explanation for this discrepancy is compensation of ADF

inactivation in mice, which has been corroborated by ele-

vated synaptic cofilin1 levels [18]. Indeed, compared to

cofilin1 mutants, spine size was increased in the hip-

pocampus and the striatum of double mutants lacking both

ADF and cofilin1 [24, 25], thereby demonstrating a role of

ADF in spine morphology and overlapping, and redundant

function for ADF and cofilin1 in dendritic spines. In line

with these data, compound short hairpin RNA-mediated

knockdown of cofilin1 and ADF, but not of cofilin1 alone,

compromised spine enlargement during initial LTP in

hippocampal slices, and this effect was rescued by the re-

expression of cofilin1 [23]. Together, these studies suggest

that cofilin1 is the predominant ADF/cofilin form in den-

dritic spine morphology and structural plasticity. ADF is

functionally relevant for spine morphology as well, but its

systemic inactivation in mice is rescued by compensational

up-regulation of cofilin1 [18].

Regulation of ADF/cofilin activity in structural
plasticity

As introduced above, the interaction of ADF/cofilin with

actin is inhibited upon Ser3 phosphorylation, while Ser3

dephosphorylation enables actin binding [15]. Several tools

are established to determine ADF/cofilin phosphorylation

levels (pan-antibodies that specifically recognize all phos-

phorylated ADF/cofilin) [30–32, 43, 44], to interfere with

the phosphorylation state of endogenous ADF/cofilin pro-

teins (short synthetic peptides identical to the N-terminal

sequence of ADF/cofilin that contain either phosphorylated

or dephosphorylated Ser3 and act as competitive inhibitors)

[4, 22, 28], or to overexpress either constitutively active or

inactive full-length protein, in which Ser3 is mutated to

alanine or glutamic acid, respectively [22, 23]. These tools

have been extensively used in the past years to identify

LTP

A C DB

NMDA receptor PSD

AMPA receptor

LTD

Fig. 1 A schematic diagram summarizing the functions of cofilin1 in

dendritic spines. Under basal conditions (b), before induction of either
LTP or LTD, cofilin1 is present in dendritic spines [23]. Electron

microscopy revealed an enrichment of cofiin1 in the spine head

periphery [19], are sub-spinous region with a more dynamic actin

network compared to the spine head core or the spine neck [27].

Under non-stimulated conditions, cofilin1 controls lateral diffusion of

AMPAR, presumably via an actin-dependent mechanism [21]. Upon

LTP induction (c), more cofilin1 moves into dendritic spines and this

translocation is required for actin polymerization and spine enlarge-

ment [23]. Moreover, cofilin1-dependent actin dynamics control the

synaptic accumulation of AMPAR during LTP [22]. Thereafter,

during consolidation of structural changes (d), cofilin1 becomes

phosphorylated (inactivated) and accumulates at the center to base

sub-region of the spine head [22, 23]. a Upon induction of LTD,

cofilin1 moves into dendritic spines [35], and cofilin1-dependent

disassembly of F-actin mediates spine shrinkage [4]. Arrows indicate

lateral diffusion of AMPAR in the extra-synaptic membrane
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signaling cascades that act upstream of ADF/cofilin in

structural plasticity.

Mechanisms that control ADF/cofilin activity

during LTP

NMDAR stimulations that increase synaptic F-actin content,

stabilize and enlarge dendritic spines and ultimately induce

LTP have been associated with enhanced levels of

ADF/cofilin phosphorylation (inactivation) [28, 31]. There

is good evidence that p21-activated kinases (PAK) and their

downstream effector LIMK1 promote ADF/cofilin inacti-

vation during LTP [31]. Consequently, genetic ablation of

either PAK or LIMK1 increased ADF/cofilin activity,

altered spine morphology and density, and impaired

synaptic plasticity [30, 43, 44]. PAK is a well-known

effector of the Rho GTPases Cdc42 and Rac [45], which

both have been implicated in spine morphology and synaptic

plasticity [46, 47]. It is conceivable that deregulation of

ADF/cofilin activity contributes to the synaptic defects

found in Rac and Cdc42 mutant mice [48, 49]. Two other

Rho GTPases, namely RhoA and RhoB, are relevant for

spine morphology and synaptic plasticity, and both have

been shown to mediate ADF/cofilin inactivation in dendritic

spines [34, 50]. Stabilization of mature spines depends on

signaling through the receptor tyrosine kinase EphB2 and

focal adhesion kinase (FAK) which mediate ADF/cofilin

inactivation via a pathway that includes RhoA, RhoA

kinases (ROCK) and LIMK1 [34]. Consistent with a role of

ROCK in controlling ADF/cofilin activity in dendritic

spines, inactivation of ROCK2 resulted in elevated

ADF/cofilin activity, reduced synaptic F-actin content, an

immature spine profile, and impaired LTP [51]. Moreover,

the releasable factor adenosine blocks LTP-induced

ADF/cofilin inactivation and actin polymerization within

dendritic spines via suppressing RhoA activity [52]. Inter-

estingly, the RhoA-ROCK-LIMK-ADF/cofilin pathway is

activated upon estrogen treatment, and it has been specu-

lated that the acute effects of female sex hormones on

synaptic function, LTP and learning are mediated via this

pathway [53]. Additionally, RhoB- and LIMK1-mediated

inactivation of ADF/cofilin has been shown recently, and

this pathway is relevant specifically for the early, but not the

late phase of LTP [50]. In RhoB-deficient mice, basal levels

of ADF/cofilin phosphorylation were unchanged, but the

LTP-induced phosphorylation (inactivation) of ADF/cofilin

did not exist, resulting in larger spines [50]. Together, sev-

eral Rho GTPase-dependent signaling pathways have been

identified to control ADF/cofilin activity during LTP.

Whether these pathways are involved in ADF/cofilin inac-

tivation downstream of the extracellular matrix

metalloproteinase-9 (MMP-9), which becomes activated

during LTP [54] and controls activity-induced spine

enlargement by inactivating ADF/cofilin via a mechanism

that includes b1-containing integrin receptors [55], remains

unknown. However, a functional link between integrins and

Rho GTPases is well-established [56]. Rho GTPases have

been also recognized as downstream effectors of the tumor

suppressors, TSC1 and TSC2 [57]. Loss of either TSC1 or

TSC2 resulted in enlarged spines, and functional data

revealed that these morphological changes require

ADF/cofilin inactivation [58].

Mechanisms that control ADF/cofilin activity

during LTD

While all aforementioned studies unraveled molecular

mechanisms that inactivate ADF/cofilin in dendritic spines

during LTP, calcineurin (protein phosphatase 2B) has been

recognized as an important activator of ADF/cofilin during

LTD [4, 33, 35, 59]. In these studies, calcineurin has been

activated by low-frequency stimulation that activates

NMDAR [4, 35], by physiological concentrations of naturally

secreted dimers and trimers of amyloid-b-protein (Ab) [33], or
by the EphA4 receptor tyrosine kinase [59]. Notably, Ab-
induced synapse loss in hippocampal slices was rescued by

overexpressing constitutively inactive cofilin1 [33], thereby

suggesting a role for ADF/cofilin in the pathology of Alzhei-

mer’s disease. Calcineurin has been identified as an activator

of the ADF/cofilin phosphatase slingshot [60], and this path-

way activates ADF/cofilin downstream of EphA4-mediated

spine retraction [59]. Interestingly, signaling through EphA4

and its downstream effector phospholipase Cc1 has been

implicated in the release of ADF/cofilin from the plasma

membrane of hippocampal neurons [61], suggesting a com-

plex, EphA4-mediated regulation of ADF/cofilin that affects

both its localization and its phosphorylation state. Apart from

EphA4 and Cc1, the scaffolding protein b-arrestin-2 has been
unraveled as a regulator of cofilin1 localization [35], since

cofilin1’s recruitment into dendritic spines during LTD was

blocked in b-arrestin-2-deficient neurons and, as a conse-

quence, spine shrinkage was impaired. Together, a multitude

of signaling cascades that act upstream of activity-induced

ADF/cofilin phosphorylation/dephosphorylation and/or local-

ization has been identified in the past years. These studies

identified ADF/cofilin as a central hub for structural plasticity

where multiple signaling pathways merge and are translated

into changes of the synaptic actin cytoskeleton.

Function of ADF/cofilin in synaptic AMPA
receptor accumulation

Apart from its role in structural plasticity, several recent

studies established a novel postsynaptic function for cofil-

in1 in trafficking and synaptic accumulation of a-amino-3-
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hydroxy-5-methyl-4-isoxazolepropionic acid receptors

(AMPAR) [21, 22, 62]. Initially, lateral diffusion of the

quantum dot-labeled AMPAR subunit GluR2 was shown to

be compromised in the extrasynaptic, but not in the synaptic

compartment of hippocampal neurons from cofilin1

mutants, and, presumably as a consequence of impaired

lateral diffusion, spatial confinement of GluR2 was

increased [21]. Similarly, F-actin stabilization by jasplaki-

nolide reduced the mobility of extrasynaptic, but not of

synaptic GluR2, while F-actin destabilization by latrunculin

A increased GluR2 mobility independently of its location

(same study). These findings led to the suggestions that

cofilin1 controls AMPAR mobility via an actin-dependent

mechanism and that cofilin1 controls synaptic strength via

regulating AMPAR mobility, independently of its function

in structural plasticity [21]. Indeed, this has been demon-

strated in an independent study shortly after: during

chemical LTP, cofilin1-dependent synaptic accumulation of

the AMPAR subunit GluR1 precedes spine enlargement

which, on the other hand, depends on cofilin1 inactivation

[22]. A role of cofilin1 in AMPAR accumulation during

synaptic plasticity is in very good agreement with the

reduced LTP in cofilin1 mutant mice [21], and has been

corroborated recently by the finding that manipulation of

ADF/cofilin activity in the rat infralimbic cortex altered

synaptic accumulation of GluR1 and GluR2 in a bidirec-

tional manner, independently of spine morphological

changes [62]. These studies, together with those discussed

above (see section: Function of cofilin1 and ADF in struc-

tural plasticity), suggest a temporal sequence of

ADF/cofilin activation and inactivation during LTP, rele-

vant for initial spine enlargement and synaptic AMPAR

accumulation (both dependent on ADF/cofilin activation),

followed by consolidation of structural changes (dependent

on ADF/cofilin inactivation). Intriguingly, ADF/cofilin

could function as a molecular switch during synaptic plas-

ticity, which allows the decoupling between synaptic

strength and spine morphological changes. This model

would explain previous findings of reduced spine size, but

enhanced synaptic potentiation upon increased ADF/cofilin

activity [4, 30], which contrasts that LTP is associated with

spine enlargement under non-pathological conditions [2, 3,

28]. Together, ADF/cofilin controls functional aspects of

synaptic plasticity and this activity is independent of its role

in structural plasticity.

Presynaptic functions of ADF/cofilin

While studies on neuronal cultures established the postsy-

naptic functions of ADF/cofilin [20, 22, 23], its role in

presynaptic mechanisms has just recently been unraveled

by the analyses of gene-targeted mice. In double mutants

lacking ADF and cofilin1, the number of synaptic vesicles

attached to the active zone was increased and consequently

synaptic vesicle exocytosis was enhanced [24, 25]. In line

with a role of ADF/cofilin in vesicle exocytosis, inactiva-

tion of upstream regulators such as RhoB, ROCK2, PAK,

LIMK1 or slingshot impaired vesicle exocytosis [30, 44, 50,

51, 63]. Interestingly, very similar to ADF/cofilin mutants,

the number of docked vesicles and synaptic vesicle exo-

cytosis was enhanced upon inactivation of profilin2 [39,

64], an actin-binding protein that promotes actin polymer-

ization by accelerating the ATP-ADP exchange on G-actin

and by funneling G-actin to F-actin’s plus ends [65]. This

was an unexpected finding, since inactivation of ADF/co-

filin and profilin2 resulted in strikingly different, almost

contra-directional changes in synaptic actin dynamics: a

shift towards F-actin under basal conditions and upon

depolarization in ADF/cofilin mutants versus a block in

depolarization-induced F-actin assembly in profilin2

mutants [24, 39]. Together, these findings led to the sug-

gestion that the presynaptic actin cytoskeleton needs to be

highly dynamic to fulfill its function in synaptic vesicle

exocytosis. Hence, a dynamic actin cycle, rather than sim-

ple net F-actin assembly or disassembly, is the critical

determinant of synaptic vesicle exocytosis, which extends

the previous view of a barrier function of F-actin [1, 39].

Apart from the elevated numbers of docked vesicles, the

vesicle distribution within presynaptic terminals was altered

in double mutants lacking ADF and cofilin1: while their

relative number adjacent to the active zone was reduced, it

was increased in more distant regions [24]. Such changes

could be caused by defective vesicle recruitment, which

indeed was shown by reduced depolarization-induced glu-

tamate release from synaptosomes of double mutants and by

stronger synaptic depletion during 10 Hz stimulation for

2 min [24]. Interestingly, the defects in the distribution,

recruitment and exocytosis of synaptic vesicles were evi-

dent only in double mutants, but not in ADF or cofilin1

single mutants [18, 21, 24, 25]. Hence, ADF and cofilin1

have the capacity to compensate the others’ inactivation in

presynaptic terminals, which is in line with elevated

synaptic cofilin1 levels in ADF mutants and, vice versa,

elevated synaptic ADF levels in cofilin1 mutants [18, 21].

While cofilin1 emerged as the predominant ADF/cofilin

form in dendritic spines, ADF and cofilin1 seem to be

equally important for presynaptic physiology (Fig. 2).

Relevance of ADF/cofilin for learning, memory
and complex behavior

The functions of ADF/cofilin in neurotransmitter release

and synaptic plasticity suggest a crucial role also for

behavior. Indeed, as expected from the altered spine
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morphology and the defects in synaptic plasticity (reduced

LTP, absence of LTD, reduced AMPAR trafficking) upon

cofilin1 inactivation, mutant mice lacking cofilin1 in

principal neurons of the adult telencephalon performed

substantially weaker in paradigms of associative learning

[21]. Similarly, impaired learning has been reported for

mutant mice lacking upstream regulators such as LIMK1,

PAK1 and 3, or b-arrestin-2 [30, 35, 44]. A role of

ADF/cofilin in spatial learning has been further corrobo-

rated by elevated spine numbers with high levels of

phosphorylated (inactive) ADF/cofilin in the rat hip-

pocampal CA1 region upon unsupervised learning in an

enriched environment [32]. Notably, while long-term spa-

tial memory was impaired in cofilin1 mutants, short-term

spatial working memory was fully intact [21, 25]. Thus,

cofilin1 mutant mice provide a genetic proof for the dis-

sociation of short- and long-term spatial memory

processes, thereby confirming the previously postulated

existence of two distinct mechanisms for spatial memory

[66]. Recently, increased ADF/cofilin activity in the rat

infralimbic cortex has been shown to accelerate extinction

of conditioned taste aversive memory via controlling

synaptic AMPAR concentrations [62]. Intriguingly,

ADF/cofilin-mediated AMPAR trafficking emerged as a

central determinant for memory processes, controlling both

memory acquisition and extinction [21, 62]. Moreover,

apart from the defects in memory acquisition, cofilin1

mutants were less anxious when tested in mildly aversive

environments, thereby confirming a role in anxiety that has

been postulated from quantitative trait loci of heteroge-

neous stock mice [26].

ADF is present at excitatory synapses and it shares very

similar actin dynamizing activities with cofilin1 [15, 18].

However, gene-targeted systemic ADF mutants performed

normal in paradigms of associative learning, and they

showed no obvious behavioral abnormalities [18, 25].

Normal learning skills and unaltered behavior was in

accordance with unchanged synapse morphology or physi-

ology in these mice [18, 24, 25]. However, by analyzing a

mouse strain carrying a spontaneous ADF mutation [67],

ADF has been implicated in the development of metham-

phetamine-induced place preference [68]. Unfortunately,

the ADF-dependent mechanism in methamphetamine-con-

ditioning has not been elucidated, and it remains unknown

whether synaptic function is altered in these mutants.

Interestingly, compound inactivation of ADF (systemi-

cally) and cofilin1 (adult telencephalon) in mice resulted in

a deregulation of dopaminergic transmission causative for

behavioral abnormalities reminiscent of attention-deficit/

hyperactivity disorder (ADHD) [25]. These behavioral

abnormalities comprised strongly increased locomotion in

accustomed and novel environment, a paradox calming

effect of psycho-stimulants including the ADHD-medica-

tion methylphenidate, impaired working memory,

impulsive traits, and a lack of nesting behavior [25]. Since

these abnormalities were not present in ADF or cofilin1

single mutants, they provide compelling evidence for an

overlapping function of ADF and cofilin1 in vivo. Hence,

double mutants lacking cofilin1 and ADF are a represen-

tative example for gene–gene interactions in the patho-

physiology of ADHD [69]. In summary, the analyses of

mutant mice revealed that cofilin1, and potentially also

ADF, is critical for learning and memory. Moreover,

ADF/cofilin appears to be relevant for the control of

complex behavior. Hence, deregulation of ADF/cofilin

activity could cause or contribute to the pathology of

human neuropathies, as it has been speculated for Wil-

liams’ syndrome [70, 71], a particular form of mental

retardation and autism spectrum disorder, or for tuberous

sclerosis complex, a dominant hamartomatous disorder that

often presents with mental retardation, epilepsy and autism

[58, 72].

Concluding remarks and future perspectives

Since its first implication in dendritic spine morphology

and structural plasticity in the early 2000 [4, 30], the reg-

ulation and function of the ABP ADF/cofilin in dendritic

spines has been investigated in a multitude of studies.

These studies revealed that the ADF/cofilin family member

bo
ut

on
Control Double mutants lacking

cofilin1 and ADF

A B

NMDA receptor PSD

Glutamate AMPA receptor

sp
in

e

Fig. 2 A schematic diagram showing the presynaptic defects in

ADF/cofilin mutant mice. Compared to controls (a), the distribution

of synaptic vesicles within the presynaptic bouton is changed in

double mutants lacking cofilin1 and ADF (b) [24]. Moreover, the

number of docked vesicles is increased. Electrophysiological exper-

iments revealed an impairment in the recruitment of synaptic vesicles

(indicated by a thinner arrow in the presynaptic terminal of double

mutants when compared to controls) and an increase in synaptic

vesicle exocytosis [24, 25]. No such defects were noted in cofilin1 or

ADF single mutants [18, 21], thereby demonstrating that cofilin1 and

ADF have redundant and overlapping functions in presynaptic

physiology

3526 M. B. Rust

123



cofilin1 acts as a bidirectional regulator of spine structural

plasticity that is crucial for F-actin assembly during initial

LTP which is relevant for spine enlargement [23], and for

F-actin disassembly during LTD which is relevant for spine

shrinkage and elimination [4, 20–22]. Notably, consolida-

tion of spine enlargement during LTP requires inactivation

of cofilin1 [23], thereby suggesting a temporal sequence of

cofilin1 activation and inactivation during LTP which is

required for initial spine enlargement and consolidation of

structural changes, respectively. Hence, cofilin1 activity in

dendritic spines needs to be tightly regulated, and several

regulatory pathways acting upstream of ADF/cofilin in

dendritic spines during LTP and LTD have been identified

to date. However, based on the complexity of the signaling

cascades that control spine morphological changes during

synaptic plasticity, it is very likely that many more

molecular pathways involved in the control of ADF/cofilin

activity in dendritic spines will be discovered in the near

future. Apart from regulating activity-induced spine mor-

phological changes, cofilin1-dependent actin dynamics has

been implicated in the synaptic accumulation of the

AMPAR subunits GluR1 and GluR2 [21, 22, 62], and,

hence, these studies unraveled a novel function of cofilin1

in functional plasticity that is independent from its role in

structural plasticity. However, the mechanisms that control

cofilin1-dependent AMPAR trafficking largely remained

unknown and these mechanisms likely will be identified in

future studies. Moreover, future studies will show whether

cofilin1 specifically controls the synaptic accumulation of

AMPAR subunits during LTP or whether cofilin1-depen-

dent actin dynamics provides a general mechanism that

controls the concentration of postsynaptic transmembrane

proteins.

Apart from cofilin1, ADF has been located in dendritic

spines [18]. However, unlike cofilin1, its synaptic function

remains unknown, mainly because ADF has been

neglected in most studies on neuronal cultures and

because ADF mutant mice do not display any obvious

synaptic defect [18]. Nevertheless, compared to cofilin1

single mutants, spines were severely enlarged in double

mutants lacking cofilin1 and ADF [24, 25], thereby

demonstrating that (1) ADF is functionally relevant for

spine morphology, (2) cofilin1 and ADF share overlapping

functions in dendritic spines, and (3) cofilin1 and ADF

can (partially) compensate for the others inactivation.

Although cofilin1 and ADF share similar actin dynamizing

activities, in vitro studies on human cofilin1 and ADF

revealed quantitative differences between both proteins

and demonstrated that cofilin1 is more efficient in actin

nucleation and F-actin severing, while ADF is more effi-

cient in G-actin sequestering [73]. Moreover, while

phospho-regulation of Ser3 is quite similar for cofilin1 and

ADF [15], differences on the transcriptional and post-

transcriptional levels have been worked out for ADF and

cofilin1 in non-neuronal cells [74, 75]. Although experi-

mental evidences are missing yet, it is conceivable that

ADF fulfills a specific function in dendritic spine actin

dynamics that, compared to cofilin1, is less obvious and

more difficult to decipher.

The analysis of double mutants lacking cofilin1 and

ADF not only revealed a function of ADF in dendritic

spine morphology, but also demonstrated an overlapping

and redundant function for cofilin1 and ADF in presy-

naptic mechanisms [24, 25]. Electron microscopy and

electrophysiology data from double mutants are in good

agreement with a role of ADF/cofilin in vesicle

recruitment and in vesicle exocytosis. However, more

direct experimental evidences for this suggestion are

missing, e.g. time lapse experiments to study activity-

induced vesicle mobility and exocytosis in ADF/cofilin-

deficient neurons. Such experiments should include

analysis of the presynaptic actin cytoskeleton to test

whether ADF/cofilin control synaptic vesicle recruitment

and exocytosis via an actin-dependent mechanisms, as it

has been suggested from the strongly increased synap-

tosomal F-actin levels in double mutant mice [24].

Compared to the ADF/cofilin regulation in dendritic

spines, very little is known about the mechanisms

upstream of ADF/cofilin in presynaptic boutons. Known

ADF/cofilin regulators such as RhoB, ROCK2, PAK,

LIMK1 or slingshot have been implicated in presynaptic

physiology [30, 44, 50, 51, 63], and it is tempting to

speculate that these molecules control ADF/cofilin

activity also in presynaptic boutons, which needs to be

tested in future studies.
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