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Profilins are actin binding proteins essential for regulating

cytoskeletal dynamics, however, their function in the

mammalian nervous system is unknown. Here, we pro-

vide evidence that in mouse brain profilin1 and profilin2

have distinct roles in regulating synaptic actin polymer-

ization with profilin2 preferring a WAVE-complex-

mediated pathway. Mice lacking profilin2 show a block

in synaptic actin polymerization in response to depolar-

ization, which is accompanied by increased synaptic

excitability of glutamatergic neurons due to higher vesicle

exocytosis. These alterations in neurotransmitter release

correlate with a hyperactivation of the striatum and

enhanced novelty-seeking behavior in profilin2 mutant

mice. Our results highlight a novel, profilin2-dependent

pathway, regulating synaptic physiology, neuronal excit-

ability, and complex behavior.
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Introduction

The actin cytoskeleton in neurons is a highly dynamic

filament system regulating neurite outgrowth and polarity,

growth cone motility, dendritic spine motility, as well

as neuronal precursor cell migration. Although the actin

cytoskeleton has been shown to play an important role in

membrane trafficking events such as vesicle endocytosis

and exocytosis (Dillon and Goda, 2005), little is known

on the regulatory mechanisms conferred by actin binding

proteins. A key molecule for regulating actin dynamics in all

cell types is the G-actin binding protein profilin (Carlsson

et al, 1977). Genetic studies in yeast, slime molds, fly,

and the mouse have confirmed its essential role (Cooley

et al, 1992; Balasubramanian et al, 1994; Haugwitz et al,

1994; Witke et al, 2001). Profilins seem to be employed by

different actin nucleation complexes such as the Arp2/3

complex (Pollard et al, 2001), the formins (Kovar et al,

2006), and the WAVE-complex (Steffen et al, 2004), although

the exact role of profilins in these complexes is not known.

The mammalian genome contains four profilin genes, which

have diversified in sequence and expression. Profilin3 and

profilin4 are restricted to testis (Obermann et al, 2005).

Profilin1 is expressed at all stages of embryonic development

and in all cell types and tissues (Witke et al, 1998), and

deletion of the gene results in a pre-implantation embryonic

lethal phenotype (Witke et al, 2001). Profilin2 shows highest

expression in the brain (Di Nardo et al, 2000). The role

of profilins in brain physiology is not well understood.

Experiments in cultured hippocampal neurons (Ackermann

and Matus, 2003) and the amygdala of fear conditioned rats

(Lamprecht et al, 2006) suggested a postsynaptic function

of profilins in dendritic spines stabilization and synaptic

plasticity.

To determine the functions of the brain specific profilin

we generated mutant mice lacking profilin2. Our results

show that profilin2 is required for actin polymerization in

the synapse, possibly through a pathway that involves the

WAVE-complex. Deletion of profilin2 leads to increased

neurotransmitter exocytosis in glutamatergic neurons and

hyperactivation of the striatum, which correlates with

increased novelty-seeking behavior in the mutant mice. Our

data suggest a novel role of profilin2 in controlling vesicle

exocytosis and presynaptic excitability.

Results

Overlapping expression of profilin1 and profilin2

in brain and localization to synaptic boutons

Profilin1 and profilin2 are both expressed at substantial levels

in the brain, and we have estimated 2- to 3-fold higher levels

of profilin2 in brain extracts (Witke et al, 2001). In situ

hybridization confirmed that profilin1 and profilin2 are

broadly expressed in virtually all regions such as the cere-

bellum, the cortex, the hippocampus, the striatum, and the

olfactory bulbs (Figure 1A and B). Significant overlap

of expression was also confirmed by quantitative Western

blot (see Figure 1B). Only in striatum there seemed to be

somewhat less profilin1 protein.
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In most non-neuronal cell types profilin1 is sufficient to

regulate cytoskeletal dynamics, raising the question what

specific requirements of neurons have made a second profilin

necessary. The biochemical properties are similar for mam-

malian profilin1 and profilin2 (Gieselmann et al, 1995;

Lambrechts et al, 1995), but one important difference

between profilin1 and profilin2 is their partition in different

protein complexes: profilin2 was found with synapsins,

dynamin1, (Witke et al, 1998), Aczonin/Piccolo (Wang et al,

1999) and members of the actin remodeling WAVE-complex

(Witke et al, 1998), suggesting that profilin2 could play a role

in the synapse. Immunogold labeling revealed the presence of

profilin2 in both the pre- and the postsynaptic compartments

of axospinous synapses (Figure 1C), similar to what has been

described for profilin1 (Neuhoff et al, 2005). In agreement

with the electron microscopy (EM) studies, both profilins

were detected in isolated synaptosomes (Figure 1D). Further

fractionation of synaptosomes into soluble extrasynaptic

content, presynaptic matrix, and postsynaptic density (PSD)

showed that most of profilin1 and profilin2 was present in the

soluble extrasynaptic fraction. However, profilin2 was repro-

ducibly found associated with the presynaptic matrix, while

under these conditions profilin1 was excluded from this

fraction (Figure 1D). Actin was present throughout all synapto-

somal fractions, showing that apart from the extrasynaptic

actin pool a significant amount of F-actin is tightly bound

to the presynaptic matrix and the PSD. The association of

profilin2 with the presynaptic matrix and the immunogold

localization to boutons and spines would be consistent with a

presynaptic as well as a postsynaptic function.

Profilin2 is not essential for neurite extension

and neuronal polarization

To address this important issue, we generated knockout mice

lacking profilin2 (pfn2�/� mice, see Supplementary Figure 1A

and B). Western blot analysis of pfn2�/� brain lysates con-

firmed the absence of profilin2 and normal expression levels

of profilin1 (Supplementary Figure 1C). Viable pfn2�/� mice

were born at the expected ratio, indicating that profilin2 is

not essential for general embryonic development. More sur-

prising was that the development of the nervous system

proceeded normally. Nissl staining of pfn2�/� and control

brains showed no gross differences in brain morphology,

such as cortical layering, organization of the hippocampus,

Figure 1 Expression and localization of profilin1 and profilin2 in mouse brain. (A) Radioactive in situ hybridization for profilin1 and profilin2
on sagittal sections from adult brains. (B) Profilin2 expression in mitral cells of the olfactory bulb, hippocampal and cortical pyramidal cells
(arrows) by non-radioactive in situ hybridization. Western blot analysis of profilin1 and profilin2 expression in lysates from dissected brain
regions. (C) Immunogold labeling shows profilin2 in the presynaptic bouton (b, left panel) as well as in the postsynaptic spine (sp) of an
axospinous synapse of CA1 stratum radiatum. Gold particles were counted in different subcellular compartments of control and pfn2�/�

neurons to account for nonspecific staining (Po0.0001, unpaired t-test). (D) Profilin2 distribution in total synaptosomes, the soluble
extrasynaptic fraction, presynaptic matrix (pre-matrix), and PSD. Purity of fractions was assessed using the extrasynaptic marker
synaptophysin, the presynaptic marker snap25, and the postsynaptic marker psd95. Profilin1 is present in the extrasynaptic fraction, while
profilin2 was also found in the presynaptic matrix.
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or architecture of the cerebellum (Figure 2A). Immuno-

histochemical staining with antibodies for specific neuronal

markers did not reveal alterations in neuronal subpopula-

tions (Figure 2B). Further ultrastructural analysis confirmed

normal synapse number and morphology as shown for

the hippocampus, the cerebellum, and the striatum
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Figure 2 Anatomy of pfn2�/� brains and morphology of mutant hippocampal neurons are normal. (A) Cresyl violet staining of sagittal sections
from control and pfn2�/� brains. Overview of sagittal sections (upper), and higher magnifications of the indicated regions from the cortex, the
hippocampus, and the cerebellum. (B) Immunohistochemistry on pfn2�/� and control brains for different neuronal markers. Coronal sections as
marked in the sagittal overview (upper) were stained with anti-parvalbumin (PA), anti-calbindin (CB), and anti-tyrosine hydroxylase (TH)
antibodies. (C) Cytoskeletal organization in cultured hippocampal neurons. Twenty-four hours and 72 h after plating, neurons were fixed and
stained for F-actin (TRITC-phalloidin, red) and microtubules (a-tubulin antibody, green). F-actin and microtubules are distributed normally in
dendritic and axonal growth cones. Four days after plating, dendritic processes (Map2 staining, green, arrows) and axonal outgrowth (Tau1
staining, green, arrows) were comparable in pfn2�/� and control neurons. (D) Quantification of dendritic processes. The distribution of cells with
a certain number of processes is shown. At least 100 cells were analyzed for each genotype and each time point. After 24 h of culture, pfn2�/�

neurons showed a small increase in the number of processes, while after 48 h this difference was no longer detectable.
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(Supplementary Figure 2B and Figure 5A and C). These

results demonstrate that in vivo profilin2 is not required for

neuronal migration and differentiation. This was also con-

firmed in cultured hippocampal neurons, which provide a

good model to study the different steps of actin-dependent

attachment, spreading, and neurite outgrowth (Bradke and

Dotti, 1999). As shown in Figure 2C, neurons from pfn2�/�

mice followed the normal pattern of attachment, neurite

outgrowth, and polarization. No alterations in Map2, Tau1,

and F-actin distribution were observed, suggesting that den-

drite formation, axonal outgrowth, and growth cone organi-

zation were normal in the absence of profilin2. The only

difference was observed in the initial spreading of neurons,

within the first 24 h after plating. Mutant neurons showed a

small increase in the average number of processes per cell

(Figure 2D); however, this difference was no longer detect-

able at 48 h and any later stage. We conclude that profilin2

might play a role in the provision of plasma membrane

during spreading, but that profilin2 is not required for

actin-dependent neurite outgrowth and development of

axonal/dendritic polarity. This was further supported in vivo

by the normal appearance and presence of all main

commissures in pfn2�/� mice (Supplementary Figure 2A).

It is noteworthy that while complete deletion of profilin2 has

no effect on brain morphology, deletion of a single profilin1

allele (Witke et al, 2001) already leads to changes such

as an anterior displacement of the hippocampus and a

premature resolution of the corpus callosum (see pfn1þ /�;

Supplementary Figure 2A). This alteration is identical

in compound mutants, heterozygous for the profilin1 and

profilin2 mutation (pfn1þ /�, pfn2þ /�), supporting the

notion that profilin1 has a function distinct from profilin2.

Profilin2 is not required for LTP/LTD and learning

and memory

Since the architecture of pfn2�/� brains was normal, we used

this mouse model to study the role of profilin2 in neuronal

physiology and synaptic activity. Experiments on cultured

neurons had suggested a postsynaptic function of profilin2 in

dendritic spine stabilization (Ackermann and Matus, 2003),

and in rats, recruitment of profilin into spines was observed

after fear conditioning (Lamprecht et al, 2006). Based on

these findings a role of profilin2 in regulating synaptic

plasticity has been proposed.

However, by electrophysiology and behavioral experi-

ments, we were not able to detect any postsynaptic impair-

ment or lack of synaptic plasticity in pfn2�/� mice. Long-term

potentiation (LTP) and long-term depression (LTD) measure-

Figure 3 Synaptic plasticity, emotional learning, and memory are normal in Pfn2�/� mice. (A) LTP and (B) LTD in pfn2�/� mice. No
differences in hippocampal long-term synaptic plasticity were observed between control and pfn2�/� animals. The magnitude of the LTP
measured between 50 and 60 min after the tetanization was 184.14712.25% in control animals (n¼ 8/3 slices) and 187.88711.98% in pfn2�/�

mice (n¼ 7/3); P¼ 0.932, ANOVA. The values of LTD were 85.0972.61% for control mice (n¼ 9/4) and 85.4470.66% for pfn2�/� mice
(n¼ 6/3); P¼ 0.917, ANOVA. (C) Outline of the performed fear conditioning experiment. (D) Twenty-four hours post training, the total freezing
time in percent (left graph) and the number of freezings (right graph) were determined for pfn2�/� (n¼ 9) and control (n¼ 9) littermates. The
freezing time and the number of freezings increased during tone presentation in mutants and control mice, indicating associative learning in
both groups. (E) Seven days post training, the same pattern as in (D) was observed showing no impairment of long-term memory in pfn2�/�

mice. Error bars represent s.e.m.
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ments in the hippocampus were indistinguishable from con-

trol littermates (Figure 3A and B).

Also, learning and memory were normal in pfn2�/� mice,

using a fear conditioning paradigm (LeDoux, 2000) that was

previously reported to involve profilin (Lamprecht et al,

2006). There is considerable evidence that the acquisition

and retention of fear-conditioned learning is linked to plasti-

city in the amygdala (LeDoux, 2000). Briefly, in a training

session, mice were allowed to associate a tone (conditioned

cue) with a concurrent overlapping mild electrical foot-shock

(unconditioned cue) (Figure 3C). Twenty-four hours later, the

mice were placed in the testing chamber with altered context.

The baseline freezing, as elicited by the novel environment

(no tone), was first determined, followed by measuring the

freezing time when the conditioned cue was presented

(Figure 3D). The same test repeated 7 days later addressed

whether the long-term memory of the aversive experience

was maintained (Figure 3E).

Several conclusions can be drawn from the results. First,

pfn2�/� mice learned perfectly well to associate the cue with

the foot-shock, as shown by the 50-fold increase in freezing

time over baseline compared with the six-fold increase seen

in the control mice (Figure 3D, left). Second, pfn2�/� mice

showed greatly increased motor activity when transferred to

the test environment, which explains the reduced absolute

freezing times. The high baseline activity of pfn2�/� mice

had a strong exploratory component, as indicated by the

increased wall rearing behavior (data not shown). In order

to compensate for the hyperactivity component, we deter-

mined the number of freezings instead of the total freezing

time (Figure 3D and E, right graphs). After presentation of the

cue (tone) the number of freezings was comparable in mutant

and control mice, again demonstrating that profilin2 is not

required for learning. After 7 days the same pattern of

association was seen, indicating that memory had been

perfectly maintained in control as well as mutant mice

(Figure 3E).

Receptor clustering is another important aspect of post-

synaptic activity, and profilin2 was shown to bind to gephyrin,

a postsynaptic scaffolding protein involved in glycine

receptor clustering (Giesemann et al, 2003). Experiments

performed in the spinal cord of pfn2�/� mice did not reveal

any impairment of gephyrin or glycine receptor clustering

(Supplementary Figure 3A), demonstrating that profilin2 is

not required for arrangement of inhibitory receptors. EM

immunogold studies performed in the CA1 region of the

hippocampus showed that also the presentation of excitatory

receptors such as NMDA and AMPA receptors was normal in

pfn2�/� mice (Supplementary Figure 3B).

Together, these data show that profilin2 is dispensable for

postsynaptic activities relating to synaptic plasticity, associa-

tive learning, and memory, as well as receptor presentation.

Pfn2 �/� mice are hyperactive and show increased

novelty-seeking behavior

The most striking phenotype of pfn2�/� mice was the hyper-

excitability in response to changes in the environment.

We therefore aimed to characterize this aspect of behavior

Figure 4 Pfn2�/� mice show increased exploratory and novelty-seeking behavior as well as hyperactivation of the striatum. (A) In an open
arena, pfn2�/� mice showed increased locomotor activity (left, control n¼ 11; pfn2�/� n¼ 11; repeated-measure ANOVA, main effect of
genotype: F[1,20]¼ 61.382, Po0.0001), wall rearings (middle), and center rearings (right, main effect of genotype: F[1,20]¼ 9.431, P¼ 0.0060
and F[1,20]¼ 10.59, P¼ 0.0040, respectively). (B) Home cage activity of pfn2�/� mice (control n¼ 10, pfn2�/� n¼ 9; main effect of genotype:
F[1,17]¼ 14.552, P¼ 0.0014) kept on a 12 h dark-light cycle was reduced. (C, D) Novel object exploration test of pfn2�/� mice (control n¼ 8,
pfn2�/� n¼ 8). In the first three trials (C) pfn2�/� mice showed increased visits and habituation to the objects (repeated measure ANOVA,
main effect of trials: F[2,28]¼ 10.536, P¼ 0.0004; Fisher’s PLSD post hoc test in the first trial P¼ 0.0404. Interaction genotype x trials:
F[2,28]¼ 3.215, P¼ 0.0554). In trial 4 (D), replacement of an old object by a novel object leads to a significantly higher exploration in the
pfn2�/� group compared with control littermates (main effect of genotype for the exchanged object: F[2,28]¼ 8.435, P¼ 0.0071; Fisher’s PLSD
post hoc test on the exchanged object P¼ 0.0021). (E) c-Fos activation in the striatum of pfn2�/� mice upon exposure to an OF arena measured
by western Blot indicated higher cellular activity (n¼ 6 for each genotype; Student’s t-test P¼ 0.0269; *Po0.05, **Po0.01, ***Po0.001. Error
bars represent s.e.m.
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and to determine the cellular and molecular mechanisms

linking profilin2 and behavior.

When placed in a novel environment such as an open field

(OF) arena, pfn2�/� mice displayed increased locomotion

compared with control littermates (Figure 4A, left). Increased

locomotor activity was accompanied by higher stereotypic

exploratory behavior such as wall rearings and center rear-

ings (Figure 4A, middle and right). In order to determine

whether knockout mice also showed hyperactivity in a

familiar environment, locomotion of knockout and control

littermates was monitored in the home cage. Under these

conditions, knockout mice displayed significantly reduced

locomotor activity (Figure 4B). Importantly, circadian

rhythm, as measured by gross activity, was normal in

knockout animals (repeated-measure ANOVA, interaction

genotype� time: F[17,289]¼ 1.352, P¼ 0.1599). These

observations confirmed that pfn2�/� mice have increased

exploratory activity in response to novelty. In order to assess

whether exploratory behavior was a component contributing

to the novelty-induced hyperactivity, we subjected knockout

and control littermates to the novel object exploration test

(Usiello et al, 1998; Mele et al, 2004). Mice were first

habituated to an arena containing five objects of different

shape. In the first session, pfn2�/� mice showed significantly

more visits to the objects than control animals, an effect that

diminished in sessions 2–3 (Figure 4C). Control littermates

showed no significant habituation, which is in agreement

with previous findings for the C57 BL/6 genetic background

(Roullet et al, 1997). Following exchange of one object for

another object of different shape in session 4, pfn2�/� mice

responded with greatly increased exploration of the novel

object compared with control animals (Figure 4D). These

findings are consistent with greater novelty-seeking behavior

in mice lacking profilin2.

Increased synapse size and number of perforated

synapses correlate with hyperactivation of the striatum

in pfn2 �/� mice

Locomotor and exploratory behaviors are mediated by the

striatum through the combined action of dopaminergic input

and glutamatergic modulation on medium spiny neurons (for

a review see West et al, 2003). Novel object recognition is

thought to involve complex neuronal circuits, including the

perirhinal cortex in rodents (Winters and Bussey, 2005), the

hippocampus in monkeys (Murray and Richmond, 2001), and

the anterior temporal cortex in humans (Price et al, 1996).

However, recently it has been recognized that in rodents also

the striatum is critical for mediating novelty-seeking behavior

(Roullet et al, 2001; Bisagno et al, 2002), and pharmacological

experiments in mice have provided evidence that glutamate

signaling is important for the response to novel objects

(Roullet et al, 2001; Sargolini et al, 2003). We therefore tested

whether in pfn2�/� mice an enhanced glutamatergic input

contributed to hyperactivation of the striatum, as suggested

by the upregulation of the immediate early marker c-fos

(Konkle and Bielajew, 2004) in the striatum of pfn2�/�

mice exposed for 15 min to an OF arena (Figure 4E).

Ultrastructural analysis of the striatum showed that the

number and overall shape of excitatory synapses was not

affected in pfn2�/� mice (Figure 5A and C). However, we

observed a 20% shift in the length distribution of the active

zones toward higher values (Figure 5B), as well as a 30%

increase in the number of perforated synapses and multiple

site boutons (Figure 5C). Changes in size and shape of

Figure 5 Increased number of perforated synapses and multiple site boutons in pfn2�/� striata. (A) Axospinous synapses of striatum (black
arrows) showed comparable ultrastructure in pfn2�/� and control animals, but PSD length and perforations were increased in pfn2�/� animals
(white arrows). (B) The active zone lengths distribution of asymmetric synapses in the striatum was determined in two control (top) and pfn2�/�

(bottom) mice. The probability density distribution of the active zone lengths showed a shift by 40 nm to larger synapses in pfn2�/� mice. (C) The
total number of synapses is comparable, while perforated and multiple site boutons are increased by 30% in pfn2�/� mice.
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asymmetric synapses were shown to result from stimulations

of excitatory neurons by environmental factors such as

associative learning, or other manipulations (Geinisman

et al, 2001), suggesting an alteration in presynaptic function

in pfn2�/� mice. To address this possibility, we focused on

the physiology of the cortico-striatal glutamatergic pathway.

Profilin2 controls synaptic vesicle exocytosis

Electrophysiological currents were recorded from striatal

medium spiny neurons using whole-cell patch-clamp techni-

ques (see Materials and methods). Miniature excitatory post-

synaptic currents (mEPSCs) showed no difference in the

amplitude distribution (Figure 6A) and the average amplitude

of the recorded events, indicating that under these conditions

vesicle loading and postsynaptic response to glutamate are

not altered in pfn2�/� mice. Interestingly, the frequency of

the miniature events was slightly higher in the mutant

neurons (P¼ 0.037 in the Kolmogorov–Smirnov test, data

not shown), indicating the release of an increased number

of vesicles. The higher mEPSC frequency was not due to an

increased number of synapses in the striatum of pfn2�/�

mice, as shown by the synapse counts in the striatum

(see Figure 5C), and the unchanged synaptic content, using

synaptophysin and VGluT1 as markers (Figure 6B). A similar

increase in the frequency of events was also observed for

spontaneous EPSCs (Figure 6C and D, left). We then recorded

spontaneous EPSCs after application of 4-aminopyridine

(4-AP) to evaluate synaptic transmission under conditions of

increased excitability of presynaptic afferents. In the presence

of 4-AP we detected an even stronger increase of sEPSCs in

pfn2�/� neurons (Figure 6C and D, right). Taken together,

these results demonstrate that presynaptic excitability is

higher in pfn2�/� mice. To further characterize the hyper-

excitability under more physiological conditions, we

analyzed the evoked vesicle release, while modulating the

potassium and calcium concentration in the extracellular

medium. Changes in Kþ concentration did not yield signifi-

cant results, but in response to increased Ca2þ concentra-

tions, mutant neurons released more vesicles than control

neurons (Figure 6E). The increased sensitivity to Ca2þ entry

suggested a link between the excitability phenotype and the

vesicle release machinery, possibly because of changes in the

vesicle release probability. To address this important para-

meter, we performed a paired-pulse facilitation (PPF) experi-

ment. From 10 to 50 ms paired-pulse intervals under standard

ionic conditions (1 mM Mg2þ , 2 mM Ca2þ ), the PPF value

for pfn2�/� mice was significantly lower than for control

littermates (Figure 6F), indicating a higher vesicle release

probability in the mutants. As release probability directly

correlates with the readily releasable pool size, our data

suggest that profilin2 is controlling steps during vesicle dock-

ing, priming, or fusion processes (Dobrunz and Stevens,

1997). To test this directly, we used a biochemical approach

based on the fraction of vSNARE bound to tSNARE at a given

time. Priming of vesicles was shown to be mediated by the

interaction of a vSNARE on the vesicle side and tSNAREs on

the plasma membrane (Murthy and De Camilli, 2003). We

immunoprecipitated tSNARE (syntaxin1) from striatal synapto-

somes and found a 30% increase of complexed vSNARE

(synaptobrevin2) in pfn2�/� mice compared with control

mice (Figure 7A), confirming a higher content of docked/

primed vesicles in knockout mice. A similar result was

obtained by EM studies that showed a 23% increase in the

number of physically docked vesicles in mutant synapses

(Supplementary Figure 3C).

These alterations were not due to changes in the composi-

tion of the vesicle recycling machinery, as shown by the

normal synaptic content of diverse synaptic vesicle markers

in striatal synaptosomes (Figure 7B). Our data provide

evidence that profilin2 acts through a mechanism that

directly regulates the dynamic aspects of vesicle exocytosis.

Profilin2 regulates fast actin polymerization

at the synapse

Mutations in the vesicle trafficking machinery (e.g. synapsin,

Munc13-1, synaptojanin) lead to a reduction of synaptic trans-

mission, while removal of profilin2 has the opposite effect. It is

conceivable that profilin2 is controlling exocytosis via modu-

lating the synaptic actin cytoskeleton. The mechanisms by

which actin regulates exocytosis are still debated and range

from providing a scaffold to tether regulatory molecules

(Sankaranarayanan et al, 2003) to the setup of a physical

barrier (Trifaro et al, 2002). Thus profilin2-regulated actin

polymerization could be required to restrict vesicle release.

To test this possibility, we measured the ratio of F- to

G-actin in cortical synaptosomes (see Materials and methods).

Under resting conditions, no difference was seen in F/G-actin

ratios in pfn2�/� mice and control littermates (Figure 7C).

However, stimulation of vesicle exocytosis with 20 mM KCl

for 60 s resulted in a significant increase in F-actin levels in

control but not knockout synaptosomes (Figure 7C). These

results suggest that profilin2 is required to induce rapid actin

polymerization during sustained synaptic depolarization.

Interestingly, profilin1 cannot replace profilin2 in this

function. There is no trivial explanation for this specificity,

and we hypothesize that distinct profilin1- and profilin2-

dependent pathways exist to promote actin polymerization

in the different neuronal compartments. Previous work sug-

gested that profilin2 can bind to the WAVE-complex (Witke

et al, 1998), which together with the Arp2/3 complex (Pollard

and Borisy, 2003; Steffen et al, 2004) is important for site-

directed actin nucleation. Binding of profilins to WAVE seems

to be required for this activity (Miki et al, 1998).

We observed that the WAVE-complex is abundant in

synaptosomes, and particularly enriched in the presynaptic

matrix and the PSD (Figure 7D). Since both profilin2 and

WAVE1 are associated with the presynaptic matrix (Figures

1C and 7D), the WAVE–profilin complex might play a role in

directing actin nucleation to the synaptic scaffold. We there-

fore performed immunoprecipitation experiments from

synaptosomes, which confirmed the tight interaction of

profilin2 and WAVE1 in this compartment (Figure 7E).

Profilin1 on the other hand does not associate with the

WAVE-complex, as shown by the selectivity of WAVE binding

to profilin2 but not profilin1-coupled beads (Figure 7F).

These results suggest that profilin2 and WAVE cooperate in

driving fast actin polymerization in the synapse, and that this

pathway is different from the one used by profilin1 to

promote actin polymerization.

Discussion

Ample evidence has been provided for a role of actin in

presynaptic activities such as neurotransmitter release as well
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Figure 6 Glutamatergic neurons in pfn2�/� mice are hyper-excitable and show higher vesicle release probability. (A) Cumulative percentage
curves of the amplitude distribution of miniature EPSCs in pfn2�/� (n¼ 7/3: number of cells/number of mice) and control neurons (n¼ 5/3).
(B) Quantification of synaptophysin and VGluT1 levels (synaptic content) in striata by Western blot (n¼ 6 for each genotype).
(C) Representative traces from a control and a pfn2�/� neuron before and after application of 4-AP illustrate the hyper-excitability of the
mutant neurons. (D) Cumulative percentage curves of the average inter-event interval distribution of spontaneous EPSCs in basal conditions
(spontaneous) and after application of 4-AP (þ 4-AP, control n¼ 8/3, pfn2�/� n¼ 7/2; Kolmogorov–Smirnov test P¼ 0.037 and Po0.0001,
respectively). (E) Excitability of pfn2�/� neurons in response to calcium increase. Evoked vesicle release upon change of [Ca2þ ]/[Mg2þ ] ratio
from 1 to 4 increased the response amplitude 3.5-fold in pfn2�/� neurons, while in control neurons the increase was 2.4-fold (P¼ 0.0055 in
Student’s t-test; n¼ 5/3 for control and n¼ 5/4 for pfn2�/� mice). (F) PPF in control and pfn2�/� littermates. Pfn2�/� neurons showed
stronger depression that correlates with a higher release probability at presynaptic sites (n¼ 10/5 for control and n¼ 11/4 for pfn2�/� mice).
*Po0.05, **Po0.01, ***Po0.001. Error bars represent s.e.m.
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as postsynaptic processes (for a review see Dillon and Goda,

2005). However, little is known about the mechanisms and

relevance of synaptic actin polymerization in vivo. Our

mouse model for the neuron-specific G-actin binding protein

profilin2 provides the first insight into how actin dynamics

might control neuronal physiology and complex behavior.

Work from a number of laboratories has established a role

for profilin as a key regulator of actin polymerization. Here,

we provide evidence that profilin2 is required for stimulated

actin polymerization in the synapse, most likely through

interaction with a larger complex usually referred to as the

WAVE-complex (Eden et al, 2002). Although a role for the

WAVE-complex in the formation of neuronal connectivity has

been proposed (Pilpel and Segal, 2005), a role for WAVE–

profilin interaction in synaptic actin polymerization has not

been studied yet.

The in vivo function of profilin2 has remained enigmatic,

although work on cultured neurons had suggested that

profilin2 might play a role in dendritic spine stabilization

and synaptic plasticity (Ackermann and Matus, 2003). Our

results clearly show that LTP and LTD, as well as learning and

memory, are normal in pfn2�/� mice. These results do not

exclude a postsynaptic role of profilin2 per se, but whatever

this role might be, it is marginal in vivo when compared to the

predominant presynaptic function.

The biochemical data, electrophysiology, and the EM

studies presented here are all consistent with a presynaptic

role of profilin2 in controlling neurotransmitter release and

neuronal excitability. Loss of profilin2 leads to increased

glutamate release in neocortical glutamatergic neurons and

hyperstimulation of the basal ganglia, which correlates with

hyperactivity and increased novelty-seeking behavior.
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Figure 7 Lack of actin polymerization in pfn2�/� synaptosomes correlates with increased vesicle docking/priming. Specific binding of the
WAVE-complex to profilin2. (A) Synaptic vesicle priming based on vSNARE/tSNARE ratios after immunoprecipitation of tSNARE (syntaxin1)
from pfn2�/� synaptosomes is increased by 30%. vSNARE/tSNARE ratios from control mice (n¼ 5) were set to 100% and the mutant ratios
(n¼ 4) expressed accordingly. (B) Synaptosomes from control and pfn2�/� mice were analyzed by Western blot using a panel of antibodies
detecting different markers of the vesicle release machinery. Two different mutant mice are shown to account for sample variability.
(C) Synaptic F/G-actin ratios were not significantly different in resting synaptosomes (0 s), after 60 s stimulation with 20 mM Kþ the F-actin/
G-actin ratio raised in the control, while no significant increase was seen in the mutants (n¼ 3 for mutant and control; ANOVA, interaction
genotype x KCl stimulation: F[1,8]¼ 5.365, P¼ 0.049). (D) Distribution of WAVE-complex components in synaptosomal fractions. WAVE1,
Sra1/Cyfip, and Nap1 were found enriched in the presynaptic matrix and the PSD. (E) In synaptosomal lysate, profilin2 co-immunoprecipitated
with WAVE1 (left panel) and WAVE1 co-immunoprecipitated with profilin2 (right panel). (F) Specific binding of WAVE1-complex to profilin2.
Pull down of WAVE1 from cortical protein extracts using profilin1- and profilin2-coupled beads shows specificity for profilin2.
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How does profilin2 then regulate neurotransmitter release,

and how does this relate to synaptic actin polymerization?

Structure, morphology, and synaptic content of synapses

were comparable in mutant and control mice, but the number

of primed vesicles was increased in pfn2�/� mice, as shown

by the biochemical assays and EM studies. Release probabil-

ity can also be influenced by alterations in Ca2þ sensitivity;

however, the coincidence of a roughly 30% increase in the

number of primed vesicles and comparable changes in

the electrophysiology suggests that mainly alterations of

the readily releasable vesicle pool size contribute to the

increased release probability in pfn2�/� mice. Hence, under

normal conditions, profilin2 has an inhibitory role on

vesicle exocytosis.

Absence of profilin2 impairs synaptic actin polymerization

and leads to an increase in the frequency of mEPSCs and

evoked EPSCs similar to the one reported from experiments

where actin polymerization was blocked with latrunculin

(Morales et al, 2000; Shupliakov et al, 2002). Therefore, an

increase of F-actin contemporary to neurotransmitter release

seems to be required to provide a barrier function and to limit

further vesicle exocytosis. However, we cannot exclude that

also actin-independent activities of profilin2 contribute to

vesicle exocytosis, since profilin2 can inhibit membrane

trafficking through molecules like dynamin1 (Gareus et al,

2006). Other profilin2 ligands like Piccolo (Fenster et al,

2000) might participate in a similar way.

Another interesting aspect of profilin function in neurons

is that migration, neurite extension, and cell polarization are

independent of profilin2 activity, while synaptic actin poly-

merization cannot be rescued by profilin1. This also implies

that profilin1 is the isoform that most likely regulates actin

dynamics in neuronal development. The early embryonic

lethal phenotype of profilin1-null mutants is in agreement

with such a general role (Witke et al, 2001). Furthermore, the

developmental defects observed in brains of heterozygous

profilin1 mutant mice indicate that even subtle changes in

profilin1 levels can change motile responses, while complete

deletion of the more abundant profilin2 has no such effect.

This again strongly suggests that in neurons profilin1 and

profilin2 serve distinct functions.

Deciphering the different pathways used by profilin1 and

profilin2 to control actin polymerization in neurons will be an

important next step to better understand the basis of neuro-

transmission. Our data highlight two parameters that might

contribute to the specificity of profilin1 and profilin2 in

neurons—the subcellular localization and the association of

profilins with different complexes. Here, we show that in

neurons, members of the WAVE-complex, Nap1, Cyfip/Sra1,

and WAVE1 itself, associate with profilin2 but not profilin1.

We further show that the WAVE1-complex is associated with

the presynaptic matrix, where also profilin2, but not profilin1

can be found. These results suggest that the WAVE1–profilin2

interaction at the synapse could be an important step in

controlling actin polymerization and ultimately vesicle re-

lease. At this juncture we cannot judge the role of other actin

nucleating complexes such as the formins and the Arp2/3

complex in neuronal physiology, but it is tempting to spec-

ulate that these complexes might use profilin1 to regulate

neuronal migration and brain development.

In conclusion, our work shows a novel role of the actin

binding protein profilin2 in brain in controlling vesicle

release, neuronal excitability, and ultimately complex beha-

vior. The benefits of such an inhibitory effect of profilin2

could be to provide neurons with a means to better control

stochastic exocytosis and to increase the dynamic range of

neurotransmitter release upon stimulation. In most cell types,

fine tuning of vesicle exocytosis might not be critical, but

in neurons, tight and fast control of neurotransmitter release

is essential. This would also explain why profilin2 is speci-

fically expressed in cells of neuronal origin. In our mouse

model, we depleted profilin2 in the entire brain and it is

likely that the defects in synaptic vesicle exocytosis are not

limited to cortico-striatal neurons. In fact, we have observed

a similar hyperactivation of excitatory synapses in the

cerebellum, which results in an age-dependent phenotype

different from the one described here (P Pilo Boyl, unpub-

lished observation).

To date no profilin2 mutations in humans have been

described, and it will be interesting to see if for example

SNPs can be identified and correlated with certain neurological

disorders. Since profilin2 is neuron specific, it provides an

excellent target to regulate actin polymerization in the synapse

and thereby modulate neurotransmitter homeostasis.

Materials and methods

Histology
Animals (6–8 weeks old) were used for histological analysis.
Antibody staining was performed either on frozen sections or
rehydrated paraffin sections. In situ hybridization was performed as
previously described, using the coding region of profilin1 and
profilin2 to generate RNA probes (Gurniak et al, 2005).

Electron microscopy
Pfn2�/� and control littermates (8 weeks old) were perfused with
4% paraformaldehyde and 2% glutaraldehyde in phosphate buffer
(0.1 M PB, pH 7.4). The brains were postfixed in 1% OsO4 in 0.1
cacodylate buffer, dehydrated, and embedded in epoxy resin.
Synapses (PSDs of asymmetric synapses) were counted by a naive
observer in the striatum of two knockout and two control brains in
100 sampling fields. Active zone sizes were measured using the
MetaMorph software. We measured PSD lengths and estimated the
probability density function by applying the Parzen window density
estimation method, using Gaussians as the windowing functions.
The density of asymmetric synapses in CA1 stratum radiatum of
three mutant and three control animals was counted by naive
observers for an area of 624mm2. For immunogold labeling, brain
specimens from control and pfn2�/� mice were freeze-substituted
with methanol and embedded in Lowicryl HM20. Ultra-thin sections
were incubated with the profilin2 antibody (for details see Sassoe-
Pognetto and Ottersen, 2000).

Behavior analysis
All behavior experiments were performed on male littermates from
heterozygous profilin2 mutant breeding pairs that had been
backcrossed seven times to C57Bl/6. All studies were conducted
according to Italian national laws and regulations on the use of
animals in research. Fear conditioning: Cue fear conditioning was
performed as described in Lu et al (1997), with slight modifications
(Lu et al, 1997). Briefly, in the 4 min training session after 120 s of
habituation, two 20-s tone stimuli (CS) were applied, ending with a
1 s foot-shock (US, 0.4 mA), with an inter-tone interval of 40 s.
Testing was performed after 24 h and 7 days in a 4 min session
composed of 120 s of habituation and 120 s of tone presentation
during which freezing and activity were assessed. Home cage
behavior: Home cage locomotion and circadian rhythms were
assessed using the Inframot (TSE, model 302015). OF arena:
A standard circular white OF arena (60 cm diameter) was used
in 600 lux white light conditions. Locomotion was assessed using
the TSE VideoMot2 system; wall rearing and center rearing
were counted manually. Novel object exploration: Exploration
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was assessed as previously described (Usiello et al, 1998). Briefly,
littermates were tested in an OF arena in 60 lux red light conditions.
After one exploratory session in the empty arena, mice were
exposed to five different objects in three consecutive 6 min sessions.
After the third trial, one of the five objects was exchanged with a
novel object different in shape. Exploration of the novel object as
well as the old objects was scored.

Hippocampal neuron cultures
Hippocampal neurons were isolated, cultured, and analyzed
as previously described (Dotti et al, 1988).

Biochemistry
Tissue extracts from brain were prepared by homogenizing fresh
tissues in ice-cold lysis buffer (20 mM HEPES pH 7.2, 50 mM NaCl,
5 mM MgCl2, 0.5% Tween-20 and EDTA-free protease inhibitors,
Complete, Roche) using a tight fitting Douncer. Antibodies used
were as follows: c-fos (Sigma), munc18 (BD Transduction Lab.),
dynamin1 (Upstate), syntaxin1, synaptobrevin2, synaptotagmin
(Synaptic Systems) and synapsin1 (Chemicon). Synaptosomal
fractionation: Preparation of synaptosomes and fractionation into
soluble extrasynaptic, presynaptic matrix, and PSD was carried out
on dissected cortices, as previously described (Phillips et al, 2001).
Antibodies used for synaptic markers: Synaptophysin (Sigma),
SNAP-25 (Sigma) and PSD-95 (Upstate). Synaptosomes preparation
and stimulation: Preparation of resting synaptosomes was carried
out as previously described (Lopes et al, 1999). The synaptosomes
were resuspended in HEPES-Krebs buffer, divided in aliquots,
equilibrated at 371C for 5 min, and lysed directly or after stimulation
with 20 mM KCl for 60 s by adding an equal volume of 2� PHEM
extraction buffer (120 mM PIPES, 40 mM HEPES, 20 mM EGTA,
4 mM MgCl2, 2% Triton X-100, pH 7.0). After incubation on ice for
15 min, F-actin was pelleted by a 10 min centrifugation at
100 00 r.p.m. and the supernatant (G-actin) separated. Actin
was quantified by Western blot using an anti-actin antibody
(MP Biochemicals). Immunoprecipitation: Synaptosomes were
lysed in 150 mM NaCl, 50 mM Tris/HCl pH 8.0, 1% Triton X-100,
and cleared by centrifugation. The supernatant was incubated with
the antibody over night at 41C and then 2 h with protein A or G
beads. Antibodies for WAVE1 (BD Transduction Lab.) and Nap1
(Upstate) were purchased, antibodies for profilin2 and profilin1
were described before (Witke et al, 1998), monoclonal antibodies
for Cyfip were raised against recombinant protein (mab5C9). Pull-
down assay: Cortex lysates were prepared as described and then
incubated with mock beads, BSA-, profilin1-, or profilin2-coupled
beads. After extensive washing, bound proteins were eluted with
1� SDS sample buffer.

Electrophysiology
Whole-cell patch recordings were performed on medium spiny
neurons (anatomical and current-clamp identification) in 300–
350mm thick sagittal brain slices of 21–28-day-old pfn2�/� and
control littermates with an HEKA EPC9 amplifier. Miniature EPSCs
were recorded in the presence of 0.5mM tetrodotoxin (TTX, Tocris).
Pharmacological excitation of the neurons was induced with 100mM
4-AP (Sigma). Field stimulations were obtained with a glass
electrode filled with HEPES-buffered extracellular medium and
placed in the proximity of the patched cell. For the calcium
excitability protocol, 30 stimuli at 0.1 Hz were averaged for each cell

in two subsequent [Ca2þ ]/[Mg2þ ] conditions: first [Ca2þ ]¼
0.5 mM/[Mg2þ ]¼ 0.5 mM, second [Ca2þ ]¼ 2 mM/[Mg2þ ]¼
0.5 mM. For the PPF, 30 pulses at 0.1 Hz were averaged for each
point in standard [Ca2þ ]/[Mg2þ ] conditions. All recordings were
performed in voltage patch clamp with 10mM bicucullin. Data were
recorded with Pulse 8.70 software and analyzed with Axograph,
PulseFit, or IgorPro software.

LTP and LTD field recordings were carried out on 4 to 6-week-old
animals and 2 to 3-week-old animals, respectively. Transverse
hippocampal slices (400mM) were cut and single slices were
continuously perfused at 291C with artificial cerebrospinal fluid
(ACSF) containing the following (in mM): 120 NaCl, 2.5 KCl,
2.5 CaCl2, 1.2 MgCl2, 26.2 NaHCO3, 1.0 NaH2PO4, 11.0 glucose,
bubbled with a mixture of 95% O2/5% CO2, pH 7.4. fEPSPs were
recorded in stratum radiatum of CA1 hippocampal region.
A concentric bipolar stainless steel electrode was placed in the
stratum radiatum for stimulating the Schaffer collateral afferents
(0.1 ms pulse duration). Test stimuli were applied with a frequency
of 0.1 Hz at a stimulus intensity that elicited an fEPSP amplitude
that was B50% of maximum. Long-term potentiation (LTP) was
induced by a high-frequency stimulation (HFS) consisting of two
100-Hz trains applied with an interval of 30 s; stimulus width was
0.2 ms during the trains. For long-term depression (LTD), a low-
frequency tetanus consisting of 900 pairs of pulses (distant 50 ms)
at 1 Hz was used. Synaptic activity was measured as the maximal
slope of the rising phase of the fEPSP. Data are presented as
means7s.e.m.

Statistical analysis
In all behavioral tests, one-way ANOVA or repeated-measures
ANOVA were applied to assess statistical differences. Post hoc test
was generally Fisher’s PLSD, given that data were normally
distributed and variance was not significantly different for pfn2�/�

and control mice. The unpaired two-tailed t-Student’s test was used
when comparing only two sets of data with normal distributions.
Distributions were compared with the non-parametrical Kolmogor-
ov–Smirnov two-sample test.

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