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The Actin-Binding Protein Abp1 Controls Dendritic Spine
Morphology and Is Important for Spine Head and Synapse
Formation

Akvile Haeckel,' Rashmi Ahuja,' Eckart D. Gundelfinger,? Britta Qualmann,' and Michael M. Kessels!
'Institute for Biochemistry I, Friedrich Schiller University Jena, 07743 Jena, Germany, and 2Department of Neurochemistry and Molecular Biology, Leibniz
Institute for Neurobiology, 39118 Magdeburg, Germany

Polymerization and organization of actin into complex superstructures, including those found in dendritic spines, is indispensable for
structure and function of neuronal networks. Here we show that the filamentous actin (F-actin)-binding protein 1 (Abp1), which controls
Arp2/3 complex-mediated actin nucleation and binds to postsynaptic scaffold proteins of the ProSAP (proline-rich synapse-associated
protein 1)/Shank family, has a profound impact on synaptic organization. Overexpression of the two Abpl F-actin-binding domains
increases the length of thin, filopodia-like and mushroom-type spines but dramatically reduces mushroom spine density, attributable to
lack of the Abp1 Src homology 3 (SH3) domain. In contrast, overexpression of full-length Abp1 increases mushroom spine and synapse
density. The SH3 domain alone has a dominant-negative effect on mushroom spines, whereas the density of filopodia and thin, immature
spines remains unchanged. This suggests that both actin-binding and SH3 domain interactions are crucial for the role of Abp1 in spine
maturation. Indeed, Abp1 knockdown significantly reduces mushroom spine and synapse density. Abp1 hereby works in close conjunc-
tion with ProSAP1/Shank2 and ProSAP2/Shank3, because Abp1 effects were suppressed by ProSAP2 RNA interference and the ProSAP/
Shank-induced increase of spine head width is further promoted by Abp1 cooverexpression and reduced on Abp1 knockdown. Also, interfering
with the formation of functional Abp1-ProSAP protein complexes prevents ProSAP-mediated spine head extension. Spine head extension
furthermore depends on local Arp2/3 complex-mediated actin polymerization, which is controlled by Abp1 via the Arp2/3 complex activator
N-WASP (neural Wiskott-Aldrich syndrome protein). Abp1 thus plays an important role in the formation and morphology control of synapses

by making a required functional connection between postsynaptic density components and postsynaptic actin dynamics.
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Introduction

Synapses are highly specialized and organized sites of cell-cell
contact and communication, yet they are dynamic and exhibit a
high degree of morphological plasticity. Such morphological
changes ultimately require dynamics in the actin cytoskeleton,
which represents the major structural component of the postsyn-
aptic apparatus (Dillon and Goda, 2005; Schubert et al., 2006;
Tada and Sheng, 2006). Excitatory synapses in the mammalian
CNS frequently are localized on dendritic spines. For mature
spines, a “mushroom-like” shape with thin necks and bulbous
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heads, on which synaptic contacts form, is characteristic. Major
components of spine heads are elaborated actin cytoskeletal and
cytomatrix structures, the postsynaptic density (PSD). The PSD
contains high concentrations of cell adhesion molecules, neuro-
transmitter receptors, ion channels, and signal transduction pro-
teins (Sheng and Sala, 2001; Kreienkamp, 2002; Boeckers, 2006).
Intensive crosstalk of the actin cytoskeleton and cytomatrix pro-
teins, which are connected to the machineries for cell adhesion
and synaptic transmission within the PSD, is of high importance
(Gundelfinger et al., 2003; Okamoto et al., 2004; Carlisle and
Kennedy, 2005) because the complex postsynaptic protein
network is not static but can respond to synaptic activity with
massive reorganizations of both synaptic membrane compo-
nents and the associated intracellular scaffold. The actin cy-
toskeleton plays an important role in these reorganizations,
which are the basis for postsynaptic plasticity. Actin is a driv-
ing force behind the formation and morphological changes of
postsynaptic spines (Matus, 2000; Schubert et al., 2006; Tada
and Sheng, 2006).

With the actin-binding protein 1 (Abp1/SH3P7/HIP-55), we
have identified a protein concentrated in postsynaptic compart-
ments that binds to actin filaments (Kessels et al., 2000), is signal
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etal., 2000, 2001; Han et al., 2003; Le Bras
et al., 2004) and interacts directly with
ProSAP (proline-rich synapse-associated
protein 1)/Shanks (Qualmann et al.,
2004), major PSD scaffolding proteins
(Sheng and Kim, 2000; Boeckers et al.,
2002). Whereas the direct association of
Abpl with filamentous action (F-actin)
occurs through two independently work-
ing N-terminal domains (Kessels et al.,
2000), a C-terminal Src homology 3 (SH3)
domain mediates the interaction with Pro-
SAP1/Shank2  and  ProSAP2/Shank3
(Qualmann et al,, 2004). Importantly,
Abpl associates with dynamic cortical ac-
tin filaments and ProSAPs/Shanks simul-
taneously and is incorporated into
ProSAP/Shank-positive synapses as a con-
sequence of previous synaptic stimulation
(Qualmann et al., 2004). These results
prompted us to propose that Abpl-Pro-
SAP/Shank complexes serve to connect
synaptic signal reception to postsynaptic
structural plasticity via rearrangements of
the actin cytoskeleton in spines. This idea
is also supported by the fact that Abp1 ex-
plicitly interacts with dynamic F-actin
structures but not with more static ones
(Kessels et al., 2000) and controls the ac-
tivity of the Arp2/3 complex, which nucle-
ates new actin filaments (Pinyol et al.,
2007). In this study, we experimentally ad-
dressed the hypothesis of a role of Abp1 in
spine organization and reveal that Abpl
plays a crucial role in the formation of
mushroom-shaped spines and synapses.
Abp1 hereby modulates spine morphology
by both actin filament side binding and by
providing a functional connection of a dy-
namic actin cytoskeleton with the ProSAP/Shank-based postsyn-
aptic scaffold.
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Materials and Methods

DNA constructs. NH,-terminally myc-tagged Abpl constructs of full-
length protein and deletion mutants (ASH3, ADF-H+helical, ADF-H,
flex+SH3, flex-SH3™", and SH3) for overexpression in mammalian
cells were described by Kessels et al. (2001). Additional deletion mutants,
such as helical (amino acids 164-281) and SH3 ™" [Abp1 SH3 domain
harboring two point mutations (P422L and G425R) rendering it inactive
for binding to proline-rich motifs (Kessels et al., 2001)] were generated
by PCR from appropriate templates and cloned into the pRK5 vector
similar to the mutants described previously (Kessels et al., 2001). Green
fluorescent protein (GFP)-N-WASP C-terminal fragment (CA), RNA
interference (RNAi) constructs directed against rat Abpl, the RNAi-
resistant Abpl mutant, the nonsilencing RNAi construct, and the con-
structs for Arp3 RNAi and N-WASP (neural Wiskott-Aldrich syndrome
protein) RNAi were described by Pinyol et al. (2007). ProSAP1 pieces
were generated by PCR and cloning into enhanced GFP vector (pEGEP).
Deletion mutants were generated by fusion of pieces and cloning into
pEGFP. Correct cloning was verified by sequencing.

ProSAP1 and ProSAP?2 full-length constructs were kindly provided by
T. Boeckers (University of Ulm, Ulm, Germany). The plasmid for
ProSAP2 RNAi was described by Roussignol et al. (2005) and was kindly
provided by C. Sala (Consiglio Nazionale delle Ricerche Institute of Neu-
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Expression of Abp1 full length and fragments thereof containing the F-actin binding domains induce increased spine
length. A, Domain structure of Abp1. B—G, Images show the changes in spine morphology of hippocampal neurons at 14 DIV
double-transfected at 12 DIV with GFP and full-length Abp1 or deletion constructs thereof. Compared with neurons transfected
with GFP as control (B), neurons double transfected with myc-tagged Abp1 full-length (€), ASH3 (D), ADF-H+ helical (E), ADF-H
(F), and helical (6) show anincrease in spine length. To make these effects obvious, the images shown also include extraordinarily
long spines, which cannot be found in controls. In all cases, the GFP channel used to evaluate morphology is shown. Scale bar, 5
um. H, Mean of spine length (m =+ SD) in neurons transfected with the constructs indicated obtained by quantitative analysis
confirm that the spine elongation induced by Abp1 and its F-actin binding domains is highly significant. ***p < 0.001.1, J,
Visualization of spines with sizes representing the average in the quantitative examinations (H) of control neurons (/) and of
Abp1-overexpressing neurons (J), respectively. Vertical bar, 1 pm. Dashed line in J represents length of control for improved
comparability. K, Cumulative distribution of spine length (in micrometers) in neurons transfected with the constructs indicated.

roscience, University of Milan, Milan, Italy). Monomeric red fluorescent
protein (mRFP) vector was kindly provided by R. Frischknecht (Leibniz
Institute for Neurobiology, Magdeburg, Germany).

Antibodies and drugs. Polyclonal rabbit anti-Abpl antibodies have
been described previously (Fenster et al., 2003). Monoclonal anti-myc
antibodies 9E10 were from Babco; polyclonal rabbit anti-myc antibodies
were from Santa Cruz Biotechnology. Polyclonal rabbit anti-GFP anti-
bodies, monoclonal anti-GFP antibodies, polyclonal rabbit NMDA2B
antibodies, and monoclonal anti-PSD-95 antibodies were from Abcam.
Monoclonal and polyclonal anti-synapsin antibodies were from Synaptic
Systems. Polyclonal rabbit anti-Arp3 rabbit antibodies were kindly pro-
vided by M. D. Welch (University of California, Berkeley, Berkeley, CA),
guinea pig anti-Piccolo antibodies were provided by W. D. Altrock and
E. D. Gundelfinger (Leibniz Institute for Neurobiology, Magdeburg,
Germany), and guinea pig anti-ProSAP1, guinea-pig anti-ProSAP2, and
rabbit anti-ProSAP2 antibodies were provided by T. Boeckers. Poly-
clonal rabbit anti-RFP antibodies were from BD Biosciences and Milli-
pore Bioscience Research Reagents.

Secondary antibodies used include the following: Alexa Fluor 350, 488,
and 568 goat anti-mouse, Alexa Fluor 488, 350, and 568 goat anti-rabbit,
Alexa Fluor 488 and 568 goat anti-guinea pig (Invitrogen), donkey anti-
mouse Cy5 (cyanine 5) antibodies (Dianova), and peroxidase-
conjugated anti-mouse antibodies (Dianova). Alexa Fluor 488 phalloidin
was from Invitrogen.

Coprecipitation assays and coimmunoprecipitations. A fusion protein of
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Figure 2.

Abp1 overexpression results predominantly in elongation of mushroom-type spines. A—D, Typical examples of thin (4), stubby (B), branched (C), and mushroom (D) types of spines.

E—H, Whereas the actin-binding domains of Abp1increase the length of both thin spines and filopodia (E, F ) and mushroom spines (G, H), overexpression of the full-length protein selectively affects
the length of mushroom spines. The means of thin spines and filopodia length (E) and mushroom spine length (G) (m + SD) as well as the cumulative distribution of thin spines and filopodia (F)
and mushroom spine (H) length (in micrometers) in neurons transfected with the constructs indicated is depicted. *p << 0.05; **p << 0.01; ***p << 0.001. /-N, Synaptic integration of spines
morphologically altered by Abp1 overexpression. Primary hippocampal neurons were cotransfected with GFP as a volume marker (/, L; green in merged images Kand N') and myc-tagged full-length
Abp1 and stained at 14 DIV for presynaptic (Piccolo; J; red in merged image K) and postsynaptic (ProSAP1; M; red in merged image N') marker proteins. Arrows in the merged images K and N
highlight elongated mushroom spines that contain the PSD component ProSAP1 (N') and are contacted by presynaptic active zones marked by Piccoloimmunoreactivity (K), respectively. Scale bars:

(inD)A-D, 1 um; (in N) /=N, 5 pem.

the Abpl SH3 domain with glutathione S-transferase (GST) and GST
were purified from Escherichia coli as described previously (Qualmann
and Kelly, 2000). Coprecipitation assays were done with immobilized
GST-Abp1 SH3 domain and lysates of HEK293 cells expressing different
ProSAP (deletion) mutants according to procedures described by Kessels
and Qualmann (2002), Qualmann et al. (2004), and Kessels and Qual-
mann (2006), respectively. Every affinity purification experiment was
accompanied by experiments with only GST instead of GST-Abp1 SH3
domain attached to the matrix to control for specificity.

Neuronal cell culture, transfection, and immunostaining. Hippocampal
neuronal cultures were prepared as described previously by Pinyol et al.
(2007). Neurons were transfected at 10—12 d in vitro (DIV) with Lipo-
fectamine 2000 using 1-2 g of DNA and 1 ug of reagent for one well of
a 24-well plate and fixed after 48—80 h (14 DIV).

For all immunostaining experiments, the neurons were fixed in 4%

formaldehyde in PBS, pH 7.45, for 6 min at room temperature. Immu-
nostainings were performed according to Kessels et al. (2000) and Qual-
mann et al. (2004).

For quantification of Abp1 knockdown levels during transfection with
RNAI constructs, the mean of fluorescence intensity of endogenous Abp1
was measured in nontransfected cells or pPRNAT-transfected control cells
and compared with that of cells transfected with Abp1 RNAIi constructs,
which were detectable by the fluorescence signal generated by the cell-
filling molecule (GFP, mRFP) coexpressed from the bicistronic pPRNAT
vector.

Microscopy and quantitative analyses of spine morphology. Immunoflu-
orescence images were acquired with a Carl Zeiss Axioplan 2 microscope
equipped with a CCD camera 2.1.1 from Diagnostic Instruments and
processed in MetaVue Software. Morphometric measurements were per-
formed with the aid of NTH Image software (ImageJ). Each experiment
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For spine and synaptic puncta density mea-
surements, all clearly evaluable areas of 50—-100
pm of primary dendrites from each imaged
neuron were used. This excludes a potential
bias during area selection. Each individual
spine present on the entire dendrite parts was
included in the spine density examinations. For
the determination of synapse number, each
synapse highlighted by presynaptic markers
and postsynaptic markers, respectively, was
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Figure 3.

during AbpT overexpression (***p < 0.001). Scale bar, 5 m.

was performed on two to four independent coverslips and usually three
times with independent neuronal preparations. To ensure maximal reli-
ance and reproducibility, all experiments included the full set of the
different controls (both positive and negative) for reference. Neurons for
morphometric analyses were sampled quantitatively from each coverslip.
In most cases, cells were cotransfected with GFP or mRFP to visualize
detailed morphology and to outline the spines. Additional quantitative
morphometric analyses as well as high-resolution double-labeling exper-
iments confirmed that also myc—Abpl immunoreactivity outlines the
morphology of the cells in a manner indistinguishable from GFP and
mRFP, respectively.

To determine spine size, 3001000 spines (from 6—19 neurons) were
measured for each condition. For spine length, the distance from the base
of the neck to the furthest point on the spine head was measured. Spine
group definitions are according to Hering and Sheng (2003). Heads of
mushroom spines were measured taking the maximal width of the spine
head perpendicular to the axis along the spine neck. For each condition,
individual spine dimensions were grouped first and averaged per neuron;
means from multiple individual neurons were then averaged to obtain a
mean (SD and SEM, respectively) for the population of neurons.

Effects of full-length Abp1 and actin interaction domains of Abp1 on the density of mushroom-shaped spines and
synapses.A—(, Diagrams depict the means -+ SEM for the density of spines of all types (4) and their individual morphology groups
(B, thin spines and filopodia; ¢, mushroom spines) for neurons transfected with a cell-filling molecule (GFP, mRFP) alone (control)
as well as cotransfected with Abp1 and fragments thereof as indicated. *p << 0.05; **p << 0.01. D, E, Relative abundance of the
four different spine classesin control (D) and Abp1-overexpressing neurons (E). F, G, Anti-synapsinimmunostaining (bottom row)
of synapses contacting control (F) and Abp1-overexpressing neurons (G). H, Quantitation of synapse density, as defined by
anti-synapsin immunostaining, in control and Abp1-overexpressing neurons show a highly significant increase in synapse density

density of synapsin puncta T

counted, i.e., synapses at both spines and den-
drites were included.

Results

Abpl increases longitudinal

spine growth

ProSAP/Shank proteins are prominent
scaffold proteins in the PSD that directly
and indirectly interact with different
membrane receptors and are furthermore
connected to the postsynaptic actin cy-
toskeleton via actin-binding and SH3
domain-containing proteins, such as cor-
tactin (Du et al., 1998; Naisbitt et al., 1999)
and Abpl (Qualmann et al., 2004). Be-
cause the actin cytoskeleton plays a major
role in organizing and shaping postsynap-

O mushrooom spines
O thin spines & filopodia
W stubby spines

W branched spines

12 5 o tic spines and thereby synaptic function,

10 4 we first asked whether the F-actin binding
T gl ability of Abp1 plays a role in controlling
= the postsynaptic actin cytoskeleton and
g 61 thereby in modulating spine morphology.
€ 44 We overexpressed the actin-binding do-
2, mains of Abpl (Fig. 1A) (Kessels et al.,
8 0 2000) individually and in different combi-

nations with the other domains of Abp1 in
mature hippocampal neurons and ana-
lyzed spine morphology by quantitative
measurements (Fig. 1 B—K). Examinations
of neurons transfected solely with GFP or
mREFP used to outline neuronal morphol-
ogy yielded identical spine shape parame-
ters (data not shown) and were used for
control purposes. All Abpl constructs ap-
plied were approximately evenly distrib-
uted within the cytosol of transfected neu-
rons (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material), i.e., they also
reached peripheral dendrites and spines (magnified images in
supplemental Fig. S1, available at www.jneurosci.org as supple-
mental material).

Transfection with full-length Abp1 highly significantly in-
creased spine length (Fig. 1C) compared with control (Fig.
1 B). Quantitative examinations of 500—-1000 spines per group
confirmed this finding and revealed an average length of
spines of 1.56 = 0.09 uwm in Abpl-overexpressing cells com-
pared with 1.30 * 0.07 wm for control cells (Fig. 1 H-K). The
effect was also observed during overexpression of an Abpl
ASH3 deletion mutant. Also deletion of the flexible domain,
the binding site for Src family kinases (Larbolette et al., 1999),
did not abolish the increased spine length effect. The two in-
dependent, N-terminal actin-binding domains of Abpl were
sufficient to increase spine length and even the individual
domains were able to elongate spines (Fig. 1 F-H,K ). Cumu-
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lative analyses (Fig. 1 K) showed that the
effects of overexpression of full-length
Abpl1 differed from those of all other
Abpl constructs encompassing the
actin-binding modules. The full-length
graph displayed a strong convergence
toward the control curve above spine
sizes of 1.5 wm and, very similar to con-
trol, reached a plateau at 2.5 um. In con-
trast, in neurons overexpressing the
other Abpl constructs, ~20% of the
spines were 2.5 um in length and longer
(Fig. 1K).

We next analyzed all four established
spine morphology groups (i.e., filopodia
and thin spines, stubby spines, branched
spines, and mushroom spines) (for exam-
ples, see Fig. 2A-D) individually. The two
major groups of postsynaptic spines, thin
spines and filopodia and mushroom
spines, showed marked differences in their
appearance during overexpression of
Abpl deletion mutants compared with
full-length Abp1 (Fig. 2E-H ). The length
of thin spines and filopodia in full-length
Abpl-overexpressing cells was similar to
control, whereas the Abpl deletion mu-
tants tested led to significant length in-
creases (Fig. 2E, F).

In contrast, the length of mushroom
spines was also highly significantly in-
creased by overexpression of full-length
Abpl (Fig. 2G,H). As best seen in the
cumulative analyses (Fig. 2 H), a signifi-
cant portion of mushroom spines was
~2 pm long, and some spines of this
class were even longer. This increase
could be attributed to a selective length-
ening of the spine neck, because the head shapes were un-
changed (compare also Fig. 11,] and quantitative analysis pre-
sented in Fig. 6). Because such elongated spines were virtually
absent in control cells (Fig. 2 H), we asked whether these al-
tered postsynaptic structures contain a postsynaptic apparatus
and are contacted by presynapses. Immunofluorescence anal-
yses with antibodies against Piccolo (Fig. 2I-K), a prominent
protein of the presynaptic active zone, and with antibodies
against the postsynaptic scaffold proteins ProSAP1/Shank2
(Fig. 2L-N) and PSD-95/SAP90 (data not shown) revealed
that elongated spines induced during overexpression of Abpl
contain postsynaptic components and are in contact with
presynapses.

SH3 flex+SH3™  flex+SH3 control

SHsmut

Figure 4.

Abp1 promotes mushroom-type spine formation by
molecular mechanisms dependent on both its F-actin binding
and SH3 domain interactions

Besides the striking effects on spine length, we observed some
increase in spine density in neurons with an excess of full-length
Abpl (Fig. 3A). Detailed quantitative analyses showed that there
is no significant increase in the density of thin spines and filopo-
dia (Fig. 3B). Spines with clearly recognizable heads, i.e.,
mushroom-type spines, however, are ~30% more abundant in
Abpl-overexpressing neurons. This density increase was signifi-
cantly different from control ( p < 0.05) (Fig. 3C). Detailed quan-
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Overexpression of Abp1 fragments encompassing the C-terminal SH3 domain highly significantly decreases the
density of mushroom spines. A-E, Images show changes in spine density of hippocampal neurons at 14 DIV transfected at 12 DIV
with C-terminal Abp1 fragments and mutants thereof. For neurons transfected with GFP as control (A) and cotransfected with GFP
and myc-tagged Abp1 flex+SH3 (B), flex+SH3 ™ (€), SH3 (D), as well as SH3 ™" (E), GFP staining is shown, demonstrating the
decrease in dendritic spine density triggered by C-terminal fragments of Abp1 including the wild-type SH3 domain. Scale bar, 5
m. F-H, Diagrams depict the means + SEM for the density of spines of all types (F) and their individual morphology groups (G,
thin spines and filopodia; H, mushroom spines) for neurons transfected with GFP alone (control) as well as cotransfected with
(-terminal Abp1 fragments and mutants thereof as indicated. ***p < 0.001.

titative analyses of the relative amount of all spine classes showed
that Abp1 overexpression increases the abundance of mushroom
spines at the expense of both thin spines and filopodia as well as
stubby spines (Fig. 3B—E).

The fact that the mushroom spine density increase exclusively
occurred with full-length Abpl but that the actin-binding do-
mains individually or in combination (ADF-H-+helical) even
have negative effects (Fig. 3C) suggested that the non-actin-
binding C terminus is crucial for the promotion of mushroom
spines observed during overexpression of full-length Abp1. Ex-
periments with a deletion mutant solely lacking the C-terminal
SH3 domain showed that it is not the flexible domain but the SH3
domain, which is crucial (Fig. 3C).

To examine the effect of Abp1 overexpression on synaptic orga-
nization further, we examined whether the observed increase in
mushroom spine density corresponds to an increase in synapse for-
mation. Anti-synapsin staining indeed suggested that this was the
case (Fig. 3F, G). Quantitation of synapsin-positive puncta at Abp1-
overexpressing neurons indeed showed a clear increase in synapse
formation (Fig. 3H). The increase in synapse number was even
stronger than that of morphologically identified mushroom spines.
This underestimation of Abp1-induced synapse formation by anal-
yses of spine shape is most likely attributable to the fact that some
synapses, e. g. dendritic shaft synapses, do not have bulbous heads
easily recognizable by morphometric analyses.
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Figure5. RNAi-based reduction of Abp1 expression levels reduces the densities of mushroom spines and synapses on hippocampal neurons. A-D, Primary hippocampal neurons were transfected
at day 12 in culture with a vector encoding for GFP and small interfering RNAs complementary to the Abp1 message under two different promotors. Neuronal cells were identified by anti-MAP2
immunostaining [4; depicted in red (false color) in the merged image D]. Neurons transfected with the pRNAT-driven Abp1 RNAi construct are marked by GFP expression (arrow; B) and showed a
significant reduction in the anti-Abp1immunoreactivity [C; shown in green (false color) in the merged image D]. E, Quantitative analysis of the anti-Abp1immunoreactivity of 21 neurons transfected
with a pRNAT-driven Abp1 RNAi construct (marked by GFP coexpression) demonstrates that AbpT RNAi results in ~56% reduction of the anti-Abp1immunofluorescence intensity when compared
with untransfected neurons (n = 77). The intensity of fluorescence was measured in the bodies of all MAP2-positive cells. Data are represented as mean + SEM. A—F represent data for Abp1 RNAi
sequence 1 (Abp1 RNAi sequence 2 gave similar results). F-S, Analyses of the effects of knocking down Abp1 on spine morphology and synapse density. Primary hippocampal neurons were
transfected with pRNAT-GFP (control), a nonsilencing RNA construct, pRNAT-driven Abp1 RNAi sequences 1and 2 and double-transfected with Abp1 RNAi sequence 1, and an RNAi-resistant but
otherwise unaltered Abp1 mutant (Abp1 RNAi#1 + Abp1'™®, rescue), respectively, at 12 DIV and fixed after 48 h. Diagrams show that the density of spines of all types (means + SEM) (F) is
unchanged but that the densities of spines of individual morphology groups (G, mushroom-shaped spines; H, thin spines and filopodia in percentage deviation = (Figure legend continues.)
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The SH3 domain of Abp1 has a
dominant-negative effect on spine
density and mushroom spine formation
To address the issue whether the SH3 do-
main is not only crucial but maybe also
sufficient for the observed spine density
increase, we used two different C-terminal
Abpl constructs, the entire C-terminal
half of the protein, i.e., a construct only
lacking the two actin-binding domains
(flex+SH3), and the SH3 domain alone
(Fig. 4). Both Abp1 deletion mutants were
expressible in primary neurons. Immu-
nosignals were strongest in the cell bodies,
but additionally a distribution into pe-
ripheral dendrites and postsynaptic spines
was observed (supplemental Fig. S2, avail-
able at www.jneurosci.org as supplemental
material). The excess of both Abpl dele-
tion mutants led to a prominent decrease
in spine density (Fig. 4B,D) when com-
pared with either control (Fig. 4A) or
overexpression of corresponding con-
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structs carrying two point mutations
within the SH3 domain (Fig. 4C,E). These o=
mutations disrupt classical SH3 domain/ g% 30
PXXP-motif interactions (Kessels et al, 28 - o
2001). Quantitative examinations of g g 20 % %
mushroom spines showed that the effects £+ g 093
of the C-terminal half of Abpl and of the 88 44 o o
isolated SH3 domain were comparable. E-2
Overexpression of both constructs led to a E%: 0 |l|
highly significant decrease in spine density ~ 2% 1
(Fig. 4F) ( p < 0.001). L=

Quantitative analyses of the different -10
spine classes showed that there was no ef-
fect on thin spines and filopodia at all (Fig. -20 *
4G), whereas the number of mushroom-

Figure 6.

shaped spines was strongly reduced. Both
the combination of flexible and SH3 do-
main as well as the SH3 domain alone
caused spine densities to drop to approxi-
mately one-third of that of control and the
two different mutants including a non-
functional SH3 domain (SH3™" and
flex+SH3 ™), respectively (Fig. 4 H).
Our observations that overexpression
of full-length Abpl led to an increased
number of mushroom spines and that an
excess of either the actin-binding domains of Abpl or the
C-terminal SH3 domain had strong negative effects on mush-

<«

(Figure legend continued.) SEM from pRNAT-expressing, i.e., GFP-expressing, control cells) are
significantly different in Abp1-deficient cells. Whereas immature thin spines and filopodia pre-
vail, mushroom spine density is strongly decreased. /-S, Analyses of synapse density based on
immunostaining of the presynaptic marker synapsin (I-M) and based on immunostaining of
the postsynaptic marker PSD-95 for synapse detection (N-S), respectively, reveal reduced num-
bers (means = SEM) of PSD-95-positive (S) and synapsin-positive (M) puncta on dendrites
from neurons expressing Abp1 RNAi compared with different sorts of control neurons. Note that
restoration of Abp1 levels by cotransfection of an RNAi-resistant Abp1 mutant rescues the
reduction of synapses as well as the defects in mushroom spine morphology control. *p << 0.05,
**p < 0.01,***p < 0.001. Scale bars: (in A) A-D, 20 wm; (in R) I-L, N-R, 5 pum.
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The physical interaction partners Abp1 and ProSAPs/Shanks cooperate in controlling mushroom-type spine mor-
phology. A—F, Images show enlarged heads of mushroom-shaped spines of primary hippocampal neurons at 14 DIV during
overexpression of ProSAP1 (€) and ProSAP2 (D) compared with spine heads of mRFP-expressing cells (control, A) and Abp1-
expressing cells (B). Coexpression of ProSAP1+Abp1 (E) and ProSAP2+ Abp1 (F), respectively, led to an additional promotion of
ProSAP-induced head extension and to a decrease in Abp1-induced spine neck elongation. Images represent the fluorescence
signals of cell-filling molecules cotransfected to highlight the morphology. Bottom rows in (—F show the fluorescence signals of
GFP—ProSAP1 and GFP—ProSAP2. G, H, Diagrams depict the means == SEM for the length of mushroom spines (G) and the head
width of mushroom spines (H) in percentage deviation from mRFP-transfected control cells for neurons expressing ProSAP1,
ProSAP2, Abp1, or combinations thereof as indicated. *p << 0.05; **p << 0.01; ***p < 0.001. Scale bar, 5 m.

room spine density strongly suggest that the Abp1 SH3 domain is
crucial but by itself not sufficient for mushroom spine formation.
Instead, a combination of SH3 domain interactions and F-actin
binding by Abpl is required to promote mushroom spines.

Abp1 knockdown reduces mushroom spines and

synaptic contacts

To address whether Abp1 is not only involved in the formation of
mushroom spines butis also crucial for this process, we generated
three different vector-based RNAIi tools against rat Abpl that
additionally express GFP as a reporter, transfected primary hip-
pocampal neurons with these bicistronic constructs, and tested
GFP-positive neurons, as identified by anti-MAP?2 staining (Fig.
5A, B), for their content of endogenous Abp1 by anti-Abp1 im-
munostaining (Fig. 5C). With two of the RNAI tools we gener-
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Abp1 and ProSAP1 or ProSAP2 coexpression leads to highly branched and complex spines with multiple enlarged

Haeckel et al. @ Abp1 in Spine and Synapse Formation

whereas thin spine density is correspond-
ingly increased (to 135-162% of the con-
trol value) (Fig. 5H). Importantly, the two
different RNAi sequences yielded consis-
tent results. Coexpression of an RNAi-
resistant but otherwise unaltered Abpl
mutant (rescue) (Fig. 5) rescued both of
the observed defects. Both the mushroom
spine density decrease and the increase of
thin spines were abolished, and the densi-
ties equaled approximately control levels
(Fig. 5G,H). Together, this firmly proves
the specificity of the RNAi approach.

The effect of Abp1 knockdown mirrors
the reduction in mushroom spine density
observed during overexpression of either
the isolated SH3 domain (Fig. 4H) or the
actin-binding modules of Abp1 (Fig. 3C),
which both seem to act in a dominant-
negative manner. Furthermore, it can be
concluded that Abpl knockdown has an
effect opposite to the gain-of-function ma-
nipulation, the overexpression of wild-type
full-length Abp1 (Fig. 3C).

The decrease in mushroom spine abun-
dance during Abpl RNAi corresponded
with a pronounced reduction in the num-
ber of synaptic structures. Both the num-
ber of contacting presynaptic structures
(identified as synapsin-positive puncta)
(Fig. 5I-M) and the number of postsyn-
apses (identified as PSD-95-positive
puncta) (Fig. 5N-S) were diminished by

spine heads. A-D, Coexpression of Abp1 (4, €) with ProSAP2 (B) and ProSAP1 (D), respectively, results in highly branched spines
with cauliflower- or broccoli-like appearance in primary hippocampal neurons at 14 DIV (examples marked by arrows). E,
Quantitative analysis of the density of branched spines, depicted are the means + SEM, reveals that cooverexpression of Abp1
with ProSAP1 as well as with ProSAP2, but not expression of the individual proteins, leads to a highly significant increase in
irregular, branched, multi-headed spines compared with control cells transfected with the cell-filling molecule RFP. In contrast,
coexpression of the isolated SH3 domain of Abp1 with ProSAPs was not sufficient for the induction of these highly branched and
complex spines with multiple enlarged heads. ***p < 0.001. F-Q, Enlarged spines induced by coexpression of Abp1 (F,J, N; red
inmerged images /, M, Q) and ProSAP2 (G, K, 0; green in merged images /, M, Q) are aligned with presynaptic structures marked
by synapsinimmunoreactivity (H; blue in merged image /), are marked by high content of F-actin stained with phalloidin (L; blue
in merged image M), and also contain immunoreactivity for the actin nucleation machinery Arp2/3 complex (anti-Arp3, P; blue
in merged image Q). Colocalization of Abp1 and ProSAP2 with synapsin, F-actin, and Arp3, respectively, appears white in the

~40% in neurons with reduced Abp1 ex-
pression (Fig. 5J,K,P,Q) compared with
neurons expressing pRNAT-GFP (con-
trol) (Fig. 5I,N) and a nonsilencing RNAi
construct (Fig. 50), respectively. Again, the
two different RNAi sequences led to con-
sistent effects. The specificity of this Abpl
RNAI effect is also demonstrated by exper-
iments, in which we restored Abp1 expres-

merged images. Scale bar (in Q): A-D, F-Q, 5 um.

ated, a significant reduction of the anti-Abp1 signal in transfected
neurons was obtained (Fig. 5A-D). Quantitative evaluations
showed that, during overexpression of RNAi sequence 1, the
Abpl signal is reduced to <38% compared with pRNAT-
transfected primary neurons (data not shown) and to <44%
compared with untransfected primary neurons (Fig. 5E). RNAi
sequence 2 yielded similar results (data not shown).

A quantitative evaluation of the density of all spiny structures
in neurons with reduced Abp1 content did not yield any differ-
ences compared with the pRNAT control (Fig. 5F). Likewise, the
length of spines was unaffected (data not shown).

Detailed analyses of the morphological properties of the
spines formed during acute reduction of Abp1 expression levels,
however, revealed that Abpl is a crucial component in the for-
mation of mature, mushroom-type spines. Mushroom spine
density showed a reduction of 46.54 * 7.31 and 34.85 * 3.99%
compared with control cells in primary hippocampal neurons
transfected with RNAi sequences 1 and 2, respectively (Fig. 5G),

sion levels by cotransfection of an RNAi-
resistant Abpl mutant. Cotransfection of
this Abpl mutant with Abpl RNAI se-
quence 1 completely abolished the highly significant reduction of
synapsin-positive and PSD-95-positive structures observed in
RNAi-transfected neurons (Fig. 5L,R). The quantitative values
obtained in such rescue experiments were not significantly dif-
ferent from the two control incubations, pRNAT and nonsilenc-
ing RNAI, respectively (Fig. 5M,S).

The negative Abp1 loss-of-function effect on synapse density
is consistent with Abp1 overexpression showing the opposite ef-
fect, i.e., a highly significant increase in synapse density (Fig. 3H ).

Abp1 and ProSAP/Shanks cooperate in mushroom spine
morphology control

In the postsynaptic compartment, Abpl associates via its SH3
domain directly with members of the ProSAP/Shank protein
family (Qualmann et al., 2004), important scaffolding proteins in
the PSD. This suggests that the cytoskeletal component Abpl
may cooperate with ProSAP/Shank proteins in regulating spine
morphology. Indeed, we observed that the highly significant in-
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crease of the length of mushroom spines
(compare also Fig. 2) is quenched by
cooverexpression of the Abpl binding
partners ProSAP1 (Shank2) and ProSAP2
(Shank3), respectively (Fig. 6 B-G). The
increase in mushroom spine length during
Abpl overexpression, to which both actin-
binding modules (Fig. 2) of Abp1 contrib-
ute, is thus counterbalanced by a corre-
sponding increase in ProSAP expression
levels, indicating that a tight balance of
Abpl and its postsynaptic interaction
partners is important for proper spine
development.

Shankl has been reported to induce an
enlargement of spine heads when overex-
pressed in primary hippocampal neurons
(Sala et al., 2001). Our analyses show that
also ProSAP1/Shank2 and ProSAP2/
Shank3 have effects on spine head exten-
sion. Quantitative measurements revealed
that the average width of spine heads is
increased by ~20% during overexpression
of ProSAP1 and ProSAP2, respectively
(Fig. 6C,D,H).

To reveal any cooperative effects of
Abpl with ProSAPs in the control of
mushroom spine head size, control, wild-
type full-length Abp1, which during single
expression has no effect on head width of
mushroom-shaped spines (Fig. 6B,H),
was coexpressed with both ProSAP1 (Fig.
6E) and ProSAP2 (Fig. 6 F). As clearly vis-
ible from the images (Fig. 6E,F) and
quantitatively confirmed by evaluating
>300 mushroom-type spines per group,
Abpl coexpression resulted in an additional and highly signifi-
cant increase in the head width of mushroom spines (Fig. 6 H)
(see also Fig. 10]). Because neither ProSAP expression levels are
increased nor the localization of ProSAPs is affected by Abpl
coexpression, these data indicate that the cytoskeletal component
Abp1 cooperates with the ProSAP/Shank family in controlling
spine morphology.

This conclusion is further strengthened by our observation
that Abp1 and ProSAPs only in combination but not individually
promote the formation of irregular, branched, multi-headed
spines. Cooverexpression of Abpl with ProSAP1/Shank?2 or Pro-
SAP2/Shank3 led to a highly significant, ~400% increase of ir-
regular, branched structures, which often appeared as huge
multi-headed spine aggregates (Fig. 7A—-D) and were extremely
rare in control conditions (Fig. 7E). Furthermore, the few
branched structures found in controls were mostly thin branched
spines, which usually do not even have heads, whereas in cells
cooverexpressing ProSAPs and Abpl, the structures counted as
branched spines were much larger and multi-headed.

Interestingly, cotransfection of the Abpl SH3 domain instead of
the full-length protein failed to elicit this Abpl-ProSAP-mediated
effect. Because expression of the SH3 domain alone has no negative
effect, this suggests that the actin binding properties of Abpl are
required and functionally contribute to the induction of multiple
spine heads (Fig. 7E).

The extended spines induced by Abpl and ProSAP overex-
pression were positive for Abpl, for ProSAPs, for additional

Figure 8.
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Abp1-ProSAP complex formation is crucial for ProSAP-induced enlargements of spine heads. A—F, Images of spine
morphology of primary hippocampal neurons at 14 DIV expressing a cell-filling molecule alone (A, pRNAT-driven GFP expression)
and of cells cotransfected with ProSAP1 (B), ProSAP1+Abp1 SH3 (C), ProSAP2 (D), ProSAP2 +Abp1 SH3 (E), and the Abp1 SH3
domain (F), respectively. Images show the fluorescence channel for the cell-filling molecule to highlight cell morphology. G,
Quantitative analysis of head widths of mushroom spines reveals that the increase in head width of mushroom spines [depicted
are the means == SEM in percentage deviation from control (cells transfected with GFP-expressing pRNAT vector)] for neurons
expressing ProSAP1and ProSAP2 is abolished during cotransfection of the isolated Abp1 SH3 domain. *p << 0.05. Scale bar, 5 m.

postsynaptic markers, such as the NMDA receptor subunit 2B
(data not shown), for presynaptic markers, such as synapsin (Fig.
7F-I), for F-actin (Fig. 7J-M ), and for the actin nucleation ma-
chinery Arp2/3 complex (Fig. 7N-Q).

ProSAP/Shank-induced enlargements of spine heads in
mushroom spines are critically dependent on SH3 domain-
mediated complex formation with Abp1

Our analyses have revealed that Abpl cooverexpression can po-
tentiate the ProSAP-induced enlargements of spine heads and is
involved in the formation of ectopic spine heads from mushroom
spines. We thus next asked whether interfering with the ProSAP—
Abpl interaction would cause any effects on the ProSAP/Shank-
induced head enlargement process. For this purpose, we used the
isolated ProSAP-binding interface, the SH3 domain of Abp1, asa
putative blocking tool (Fig. 8). Both visual inspection (Fig.
8A-F) and the confirmation by quantitative analyses revealed
that the increase in head width of mushroom spines of neurons
expressing ProSAP1 (Fig. 8 B,G) and ProSAP2 (Fig. 8D,G) is
completely abolished during cotransfection of the isolated Abpl
SH3 domain (Fig. 8C,E-G).

ProSAP-mediated spine enlargements depend on the Arp2/3
complex, its activator N-WASP, and Abpl

The enlarged spine structures induced during ProSAP1 and Pro-
SAP2 overexpression are marked by accumulation of filamentous
actin and of the actin nucleator Arp2/3 complex (Fig. 7]-Q). We
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the SH3 domain alone has a dominant-
negative effect. Also, we were able to dem-
onstrate that Abp1 is crucial for the effects
mediated by its interaction partners Pro-
SAPs and that ProSAP-mediated effects
seem to specifically depend on Abp1-Pro-
SAP complex formation. From these data,
it can be hypothesized that a ProSAP mu-
tant, which is incapable of binding Abp1,
should be unable to elicit ProSAP-
mediated spine head extension. To address
this, we constructed a ProSAP1 mutant, in
which two prolines of the deduced Abpl
SH3 domain-binding proline-rich motif
(Qualmann et al., 2004) in the ProSAP1 C
terminus were exchanged for alanine
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thus asked whether ProSAPs induce spine head enlargements via
promotion of local formation of actin filaments (Fig. 9A—H ). Coex-
pression of the Arp2/3 complex inhibitory N-WASP CA (Strasser et
al., 2004; Pinyol et al., 2007) indeed prevented ProSAP-mediated
head enlargements, and spines were indistinguishable from control
(Fig. 9A,B,F,H). That this suppression of ProSAP functions was
indeed attributable to a specific lack of Arp2/3 complex function was
demonstrated by the fact that coexpression of an Arp3 RNAi plasmid
(Pinyol etal., 2007) caused a similar suppression of ProSAP-induced
spine morphology changes (Fig. 9C,H).

These data suggested that the ProSAP-induced spine phenotype
requires new actin filament polymerization by the actin nucleator
Arp2/3 complex, which Abp1 is able to steer via N-WASP activation
(Pinyol et al., 2007). We thus tested the effects of knocking down
N-WASP. Indeed, ProSAP-mediated spine head enlargement was
also suppressed by RNAi-mediated N-WASP deficiency (Fig.
9D,H).

To explicitly address whether Abpl is crucial for ProSAP-
mediated spine morphology control, we expressed Abpl RNAi
plasmids together with ProSAP2 (Fig. 9E). Reduction of Abpl
expression levels indeed led to an almost complete suppression of
ProSAP effects (Fig. 9H).

Our experiments thus demonstrate that Abp1 is crucial for Pro-
SAP/Shank functions and suggest that Abp1-ProSAP complex for-
mation via the Abpl SH3 domain is an underlying molecular
mechanism.

A ProSAP1 mutant lacking all Abp1 binding sites is unable to
induce spine head enlargement

We have demonstrated that Abpl is crucial for spine head and
synapse formation. Both its SH3 domain and functions of the
N-terminal F-actin binding modules seem important, because

Arp2/3 complex activation, the Arp2/3 complexactivator N-WASP, and the N-WASP-controlling and ProSAP-binding
protein Abp1 are crucial for ProSAP-induced enlargements of spine heads. A-G, Images of spine morphology of primary hip-
pocampal neurons at 14 DIV expressing a cell-filling molecule alone () and of cells cotransfected with ProSAPT + N-WASP CA (B),
ProSAPT + Arp3 RNAi (C), ProSAP1 + N-WASP RNAi (D), and ProSAP2 + Abp1RNAi (E), as well as with N-WASP CA (F) and Abp1
RNAi alone (G), respectively. Cell morphologies shown represent the fluorescence signals for the cell-filling molecules used. For
examples of enlarged spines observed during expression of ProSAP1 and ProSAP2, respectively, see Figure 8, Band D. H, Quanti-
tative analysis of head widths of mushroom spines (means = SEM in percentage deviation from control) show that ProSAP1-and
ProSAP2-induced head enlargements are dependent on Arp2/3 complex activity and sufficient supplies of Arp3, N-WASP, and

(ProSAP1 PP950/1AA). Surprisingly, this
mutant still associated with the Abp1 SH3
domain (Fig. 10A), suggesting that there
may be additional, thus far unknown,
Abp1 binding sites within the ProSAP1
molecule. This conclusion was confirmed
by testing several pieces of ProSAP1 in co-
precipitation experiments with the Abpl
SH3 domain (Fig. 10B). Similarly, Pro-
SAP2 has a variety of independent Abpl
SH3 domain binding sites (our unpub-
lished data).

In silico analyses of the sequences of
ProSAP1 and ProSAP2 in conjunction
with hints on Abpl SH3 domain-binding
preferences from peptide screening (Yamabhai and Kay, 1997)
led to the prediction of at least five sites in ProSAP1. Among
those, the deduced binding site from amino acids 946-957
(Qualmann et al., 2004), which we experimentally confirmed by
both demonstrating that a peptide containing this site (ProSAP1
930-972) binds and that a C-terminal deletion mutant lacking
the amino acids 946-957 (ProSAP1 5281252 A946-957) does
not bind to the Abp1l SH3 domain (Fig. 10C).

The more N-terminal part of ProSAP1 contains several bind-
ing sites, as deduced from testing a variety of additional deletion
mutants (Fig. 10C,D). The very N terminus (amino acids 1-228)
was deleted en bloc to generate a ProSAP1 mutant deficient for
Abp1 binding because it encompasses several binding sites that
precluded their individual deletion. Between amino acids 228
and 528, it was sufficient to delete the three following sites, amino
acids 302-319, 407-414, and 519-527, to ensure lack of binding.

Overexpression of a ProSAP1 mutant lacking all Abp1 bind-
ing sites (ProSAP144PP! intert) iy primary hippocampal neurons
indeed failed to elicit spine head enlargement comparable with
wild-type ProSAP1. Also, it did not show the strong cooperative
effect with Abp1 on spine head extension observed for the wild-
type protein. Instead, during expression of ProSAP1 4Abptintert:
its coexpression with Abpl, spine heads were indistinguishable
from those observed in control cells (Fig. 10 E-]).

=

=l

Abpl-induced spine head and synapse formation is
dependent on ProSAP2

Abpl is crucial for spine morphology control and the formation
of spine heads and synapses. We also clearly demonstrated that
ProSAP-mediated spine head extension is dependent on Abpl
and on the SH3 domain/poly-proline motif-mediated Abpl/
ProSAP complex formation and that both components act to-
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Figure 10. A ProSAP1 mutant lacking all the Abp1 binding sites fails to elicit spine head enlargement when overexpressed
alone or in combination with Abp1. A-(, Affinity purifications of ProSAP1 GFP-fusion proteins expressed in HEK293 cells with
immobilized GST-Abp1 SH3 domain. Top row shows the amount of GFP-fusion proteins offered in the pull-down experiments,
and bottom row shows GFP-fusion proteins coprecipitated with GST-Abp1 SH3. Controls with immobilized GST were negative
(datanot shown). 4, ProSAP1 mutant PP950/1AA still specifically binds to the Abp1SH3 domain. B, Analyses of ProSAP1 pieces for
Abp1 SH3 domain binding reveals the existence of several Abp1 binding sites. , Analyses of pieces and deletion mutants toward
theidentification and deletion of Abp1 binding sites. D, Schematic depiction of ProSAP1 constructs used for the analyses shown in
A—C, of the ProSAP1 mutant with all Abp1 SH3 domain interfaces deleted (ProSAPT 242" inter) and of their Abp1 SH3 domain
binding capability [+, Abp1 binding; —, no Abp1 binding; (—) concluded not to bind, because the pieces used to assemble
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gether in head formation. To firmly exper-
imentally demonstrate that Abpl-
mediated effects on spine head and
synapse formation depend on ProSAPs,
we used RNAi-mediated knockdown of
ProSAP2, which was established by Rous-
signol et al. (2005). Already knockdown
(confirmed by anti-ProSAP2 immuno-
staining; data not shown) of one the two
Abpl binding partners of the ProSAP/
Shank family had dramatic negative effects
on the Abpl-induced increase in mush-
room spine density (Fig. 11 A-D) and syn-
apse formation (Fig. 11E-K). Whereas
Abpl led to a pronounced increase in
mushroom spine density and synapse
number, (Fig. 11 A, D, E, F,K; compare also
Fig. 3), combination of Abpl with Pro-
SAP2 RNAi led to values indistinguishable
from control (Fig. 11B,D,G,H,K). Thus,
Abp1 executes its functions in synapse and
spine head formation in close functional
cooperation with ProSAPs.

Discussion

The cortical actin cytoskeleton, which un-
derlies the entire plasma membrane,
strongly determines cellular morphology
and plasma membrane topology. Thereby,
actin dynamics is crucial for induction and
proper development of spines as well as for
their maturation and changes in morphol-
ogy (Matus, 2000; Schubert et al., 2006;
Tada and Sheng, 2006). Such changes in
the postsynaptic cytoskeleton, however,
have to be tightly controlled by synaptic
activity sensed by additional components
of the PSD (Hering and Sheng, 2001).

We here reveal that the F-actin-binding
protein Abpl does not only interconnect
the actin cytoskeleton with ProSAP/Shank
proteins, major PSD scaffolding proteins
linking different receptors and signaling
components (Gundelfinger et al., 2006),
but additionally serves as a cytoskeletal ef-
fector protein in spine morphogenesis. In
line, previous studies revealed that Abpl
regulates Arp2/3 complex activity and
thereby controls early neuronal develop-
ment (Pinyol et al., 2007).

<«

this construct all fail to bind when tested individually]. E-I,
Images of spine morphology, as highlighted by coexpressed
cell-filling molecules, of primary hippocampal neurons at 14
DIV expressing ProSAP1 (E), the ProSAP12APPT intert: pytant
(F), ProSAP1+ Abp1(G), and the ProSAPT AA%PTinterf: pyyitant
+ Abp1 (H) compared with control cells overexpressing only
cell-filling molecules (mRFP) (/). J, Quantitative analysis of
head Wﬂmsm?f mushroom spines revealed that the
ProSAP1 mutant fails to increase spine heads both
alone or in combination with Abp1. *p << 0.05; **p << 0.01;
***p < 0.001. Scale bar, 5 m.
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terized by a distinct head containing the
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0.01; ***p < 0.001. Scale bar, 5 wm.

In vitro, Abpl uses two distinct N-terminal domains for
F-actin binding (Kessels et al., 2000). Our analyses show that both
domains individually as well as in combination localize to
postsynaptic spines and have the capability to modulate spine
shape by increasing the length regardless of spine type. These data
for the first time show that F-actin binding by Abp1 modulates
the actin cytoskeleton in living cells. Because Abp1 associates with
five actin monomers within filaments (Kessels et al., 2000), the
observed spine elongations are very likely attributable to filament
side binding and stabilization, i.e., promotion of the polymerized
state of actin.

Actin binding of Abp1 alone, however, is unable to explain the
crucial role of Abp1 in maturation of spines, which are charac-

The Abp1-mediated increase in mushroom spine and synapse density is dependent on ProSAP2. A-(, Images of
spine morphology of primary hippocampal neurons at 14 DIV expressing Abp1 () and ProSAP2 RNAi+Abp1 (B) compared with
control cells (€). D, Quantitative analysis of mushroom spine density (means == SEM in percentage deviation from control) shows
that ProSAP2 RNAI effectively suppresses the Abp1-mediated increase in mushroom spine density. E-J, Images of dendrites of
Abp1 (E, F), AbpT + ProSAP2 RNAi (G, H), and RFP-expressing cells (1, J; control), contacting synapses of which were immuno-
stained for the synaptic marker synapsin (F, H, J), show an increase of synapses on Abp1-overexpressing cells. A-C, E, G, and /
show the fluorescence channel for the cell-filling molecule to highlight cell morphology. K, Quantitative analysis of synapse
density as determined by counting synapsin puncta per 10 wm dendrite showed that the Abp1-mediated increase in synapses is
completely suppressed by coexpression of ProSAP2 RNAi constructs (means == SEM in percentage deviation from control). **p <

o

quence, Abpl SH3 domain functions be-
come uncoupled from actin binding.

The same phenotype, a strong decrease
in mushroom-type spines, is caused by the
SH3 domain-containing part of Abpl
lacking the actin-binding domains. This
also argues for a coordinated role of both
actin-binding and SH3 domain interac-
tions. Consistently, also acute reduction of
Abpl levels by RNAI caused a reduction of
mushroom spine and synapse density. Be-
cause Abpl knockdown did not decrease
total spine density but resulted in a selec-
tive decrease in mushroom-type spines
with a concomitant increase in thin spines
and filopodia, it can be concluded that
Abpl is critically involved in the matura-
tion of spines and the development of
spine heads. A reduction of spine head
width upon Abpl knockdown results in
the loss of spines in the mushroom cate-
gory and a corresponding increase in the
category of thin spines, i.e., spines without
discernable heads. Similar to the loss-of-
function phenotype observed during Abp1
knockdown, reduction of the actin-
binding protein cortactin also decreased
the density of spines and synaptic struc-
tures (Hering and Sheng, 2003).

What exactly may be the crucial role of
Abpl in spine head formation? We have
shown that Abp1 directly binds ProSAP1/
Shank2 and ProSAP2/Shank3 via its SH3
domain and can simultaneously associate
with dynamic, newly formed actin fila-
ments (Qualmann et al., 2004). Interest-
ingly, a recent study revealed that ProSAP/
Shanks do not just serve as platforms for
organizing postsynaptic cytoskeletal functions but that also the
maintenance of ProSAP/Shanks at the PSD, at least to some ex-
tent, is affected by disrupting actin filaments by incubation with
latrunculin A (Kuriu et al., 2006). The fact that the Abpl SH3
domain alone has a strong negative impact on mushroom spine
density but in the full-length context, i.e., in combination with
the F-actin-binding ability of Abp1, specifically promotes the for-
mation of mushroom-type spines, suggests that one function of
Abpl in establishing spine heads is to interconnect ProSAP/
Shank proteins with dynamic F-actin (Fig. 12).

In line with this, Rostaing et al. (2006) demonstrated by quan-
titative immunoelectron microscopy and tomography that the
localization domains of ProSAP/Shanks and F-actin overlap at

synapsin

synapsin
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Figure12.  Model of the Abp1 functionsin spine morphology control and synapse formation.
A, ProSAP molecules incorporated at sites of forming synapses allow for recruitment of Abp1
molecules in addition to those molecules interacting with dynamic F-actin at the cell cortex.
Abp1 can interconnect ProSAPs with dynamic actin filaments contributing to the stability and
growth of a ProSAP-attached actin cytoskeleton. Newly polymerizing actin filaments stabilized
in the vicinity of ProSAPs efficiently recruit more Abp1 molecules, which may stabilize these
actin filaments by side binding (4), whereas unbound filaments may show a higher sensitivity
for depolymerization (B). Because ProSAPs seem to be the minimum factor in Abp1—ProSAP
complex formation, as an excess of ProSAPs efficiently uses the pool of endogenous Abp1 for at
least some spine head enlargement whereas just providing more Abp1 without increasing the
availability of ProSAPs has no effect, this F-actin-mediated recruitment of Abp1 to forming
and/or extending postsynapses rapidly provides more binding sites for SH3 domain interaction
partner than can be complexed with the limiting component in Abp1—ProSAP complex forma-
tion, ProSAP. This leads to a promotion of SH3 domain interactions with additional binding
partners at postsynaptic sites. B, Among these binding partners is N-WASP, a normally autoin-
hibited activator of the Arp2/3 complex actin nucleation machinery, which during Abp1 SH3
domain binding is brought into an open conformation able to activate the Arp2/3 complex. The
result is strong de novo polymerization of actin filaments in the ProSAP- and Abp1-enriched
spine head. , Enhanced actin filament formation and further recruitment of Abp1 and ProSAPs
increases the spine head. In cells lacking sufficient Abp1, growth of spine heads is inhibited
because of the lack of the Abp1-dependent transition from initial stages (4) to dynamic, ex-
tended postsynaptic structures (C). Under such condition, mature synaptic structures are thus
not efficiently formed, and thin, immature spine structures without synaptic contact prevail.
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the cytoplasmic surface of the PSD. Interestingly, reducing Pro-
SAP2/Shank3 expression levels in hippocampal neurons led to a
decrease in the density of spines with discernable necks and heads
(Roussignol et al., 2005), i.e., to a phenotype similar to Abpl
knockdown.

In contrast to the situation in aspiny neurons, spine density in
primary hippocampal neurons was not significantly increased
during ProSAP/Shank overexpression (our unpublished obser-
vations). Also cooverexpression of Abpl and ProSAPs failed to
induce more spines (our unpublished observations). The obser-
vation that cooverexpression of Abpl and ProSAP1 or ProSAP2
resulted in a highly significant increase in the density of highly
branched and complex spines with multiple enlarged heads but
expression of any of these proteins individually had no effects
demonstrates the cooperative action of Abpl and ProSAPs in
spine head formation and morphology control.

Our results show that ProSAP/Shank-induced enlargement of
spine heads, which was previously only described for Shankl
(Salaetal.,2001), is a general function of ProSAP/Shank proteins.
The cooperativity of Abpl and ProSAP1/Shank2 and ProSAP2/
Shank3 in this process is highlighted by the fact that the Abp1-
mediated increases of mushroom spine and synapse density are
dependent on ProSAP2 and on complex formation with ProSAPs
and that vice versa the spine head enlargements induced by
ProSAP1/Shank2 and ProSAP2/Shank3 are dependent on Abpl.
This latter relationship manifests in strong promotion of ProSAP
effects by Abpl coexpression and in a suppression of ProSAP
effects by Abpl RNAI. In line with the importance of Abpl-
ProSAP complexes in spine head and synapse formation, overex-
pression of a ProSAP1 mutant lacking all the Abp1-binding sites
failed to synergize with Abp1 in head extension. Also such a mu-
tant did not lead to increased head widths when overexpressed
alone.

In line with the molecular domains that mediate the Abp1l-
ProSAP interaction (Qualmann et al., 2004; this study), an excess
of the isolated Abp1 domain responsible for the interaction, the
SH3 domain, was sufficient to suppress ProSAP-mediated spine
head enlargements. This can be explained by the properties of the
isolated SH3 domain, which associates with ProSAPs (Qualmann
et al., 2004; this study) but lacks the F-actin binding capability of
Abpl (Kessels et al., 2001). It thus prevents the formation of
functional Abp1-ProSAP complexes.

Our observations suggest that the Abpl SH3 domain is of
special importance for formation and enlargement of spine heads
and thus for formation of synapses. We have demonstrated re-
cently that Abp1 does not only interconnect SH3 domain inter-
action partners including ProSAPs with a dynamic, newly poly-
merizing actin network but also has a crucial role in actin
dynamics. Abpl steers Arp2/3 complex-dependent actin nucle-
ation by regulating Arp2/3 complex activators, such as N-WASP,
via SH3 domain interactions, and thereby controls early neuronal
morphology (Pinyol et al., 2007).

In spines, the capability of Abpl1 to coordinate SH3 domain-
mediated functions with dynamic actin filaments has the poten-
tial to serve as a powerful feedforward mechanism (Fig. 12). Abp1
is not only able to link dynamic actin fibers to ProSAP/Shank
proteins and to stabilize actin filaments (Fig. 12 A, B), but it is also
able to link the SH3 domain interaction partners of the WASP
superfamily of Arp2/3 complex activators with F-actin and to
activate N-WASP. This leads to Abpl-controlled Arp2/3
complex-mediated nucleation of actin filaments in the microen-
vironment of the actin- and ProSAP/Shank-rich PSD. Formation
of new actin filaments then provides even more Abp1 attachment
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sides, because Abpl prefers freshly polymerized actin filaments
(Kessels et al., 2000). More F-actin-attached Abpl then in turn
means more SH3 domain interactions with Abp1 binding part-
ners involved in PSD organization and actin polymerization and
creates an elaborate actin network in spines, which has the power
to expand the spine head (Fig. 12). In line with such a scenario,
some Abp1l may be present in forming synapses but an accumu-
lation of Abpl in postsynapses was only observed at time points
of neuronal development after the incorporation of the first pool
of ProSAP/Shank molecules into forming postsynapses (Qual-
mann et al., 2004). Also, this model would explain why subse-
quent extension of existing postsynaptic spines during ProSAP1
or ProSAP2 overexpression is dependent on Abpl. In line with a
role of Abpl in transmitting signals from the PSD to Arp2/3
complex-mediated actin dynamics, our analyses show that
ProSAP/Shank-mediated spine enlargements are not only depen-
dent on Abp1 but also require a functional Arp2/3 complex. The
fact that arresting the Arp2/3 complex in an inactive state by
overexpression of the N-WASP C terminus and that knocking
down either the Arp2/3 complex component Arp3 or the Abp1-
binding Arp2/3 complex activator N-WASP disrupted ProSAP-
induced head expansion strongly indicates that the Arp2/3 com-
plex is an important effector for ProSAP-mediated morphology
control in postsynaptic spines. Our study thus reveals that Abpl
with its dual role of interconnecting actin filaments and ProSAP/
Shanks on one side and of mediating Arp2/3 complex-dependent
actin dynamics on the other side is a crucial factor in the estab-
lishment of mature spines and the formation of synapses because
it functionally coordinates both processes.
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