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Abstract  

 

Cofilin is one of the major regulators of actin dynamics in spines where it is required for structural 

synaptic plasticity. However, our knowledge of the mechanisms controlling Cofilin activity in spines 

remains still fragmented. Here, we describe the cyclase-associated protein 2 (CAP2) as a novel master 

regulator of Cofilin localization in spines. The formation of CAP2 dimers through its Cys32 is 

important for CAP2 binding to Cofilin and for normal spine actin turnover. The Cys32-dependent CAP2 

homodimerization and association to Cofilin are triggered by long-term potentiation (LTP) and are 

required for LTP-induced Cofilin translocation into spines, spine remodeling and the potentiation of 

synaptic transmission. This mechanism is specifically affected in the hippocampus, but not in the 

superior frontal gyrus, of both Alzheimer's Disease (AD) patients and APP/PS1 mice, where CAP2 is 

down-regulated and CAP2 dimer synaptic levels are reduced. In AD hippocampi, Cofilin preferentially 

associates with CAP2 monomer and is aberrantly localized in spines. Taken together, these results 

provide novel insights into structural plasticity mechanisms that are defective in AD. 
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Introduction 

 

Alzheimer's Disease (AD) is a definitive neurodegenerative disorder characterized by β-amyloid (Aβ) 

plaques and neurofibrillary tangles. Beside this knowledge, much evidence supports synaptic 

dysfunction as a preceding and contributing insult to eventual neuronal death (Selkoe, 2002). Dendritic 

spine loss is seen in post mortem brains from AD patients and in mice models of AD (Marcello et al, 

2012a). In AD patients, cognitive decline has a stronger correlation to synapse loss than to 

neurofibrillary tangles or neuronal loss (DeKosky & Scheff, 1990). Diverse lines of evidence suggest 

that Aβ oligomers play a prominent role in AD synaptic dysfunction since they lead to dendritic spines 

loss and aberrant plasticity phenomena (Lacor et al, 2007; Shankar et al, 2007; Walsh et al, 2002). 

Dendritic spines are small dendritic protrusions containing excitatory postsynaptic machinery (Bourne 

& Harris, 2008). Since changes in spine morphology account for functional differences at the synaptic 

level (Yuste & Bonhoeffer, 2001), spine remodeling and modifications in spine density are believed to 

be the basis of learning and memory (Holtmaat & Svoboda, 2009) and are thereby associated with 

brain diseases characterized by cognitive decline (Penzes et al, 2011). Indeed, it is widely accepted that 

spines constitute the anatomical locus of plasticity, where short-term alterations in synaptic strength are 

converted into long-lasting changes that are embedded in stable structural modifications (Sala & Segal, 

2014). Hence, spine structural plasticity is tightly coordinated with synaptic function and plasticity: 

spine enlargement parallels modification of the number, types and properties of surface glutamate α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) during long-term 

potentiation (LTP), whereas during long-term depression (LTD) the decrease in synaptic strength is 

associated with spine shrinkage (Kasai et al, 2010). 

In this frame, the actin cytoskeleton is important for postsynaptic structure, function and plasticity 

because it confers spine plasticity and stability (Cingolani & Goda, 2008; Hotulainen & Hoogenraad, 

2010). Actin is highly enriched in spines and filamentous actin (F-actin) is the major structural 

backbone of spines since it forms organized bundles in spine necks (Star et al, 2002). Only a relatively 

small fraction of actin in spines is stable (Kasai et al, 2010), while the most abundant dynamic fraction 

of the actin cytoskeleton provides the driving force behind structural remodeling of spines and 

contributes to synaptic plasticity (Matus, 2005). 

Regulation of actin dynamics is also relevant in AD pathogenesis, since the signaling pathways 

influencing actin cytoskeleton remodeling have been shown to be impaired in AD (Penzes & 

Vanleeuwen, 2011). In particular, among the actin-binding proteins implicated in AD pathology, 

Cofilin plays a critical role. Indeed, abnormalities of Cofilin have been reported in AD patients 

(Bamburg & Bernstein, 2016) and Aβ oligomers affect Cofilin activation (Henriques et al, 2015). 

Cofilin is a key bidirectional regulator of spine structural plasticity, as it is implicated in both spine 

enlargement (Bosch et al, 2014) and spine shrinkage (Zhou et al, 2004; Pontrello et al, 2012; 

Hotulainen et al, 2009; Rust et al, 2010). Cofilin controls F-actin assembly and disassembly in a 

complex, concentration-dependent manner (Hild et al, 2014; Rust, 2015b). At low concentrations, 

Cofilin promotes F-actin disassembly by accelerating the dissociation of monomeric actin (G-actin) 

from the filaments’ minus ends and by severing F-actin (Blanchoin & Pollard, 1999). Conversely, at 
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high concentrations, Cofilin can promote F-actin assembly by nucleating new and by stabilizing 

preexisting filaments (Andrianantoandro & Pollard, 2006). Indeed, during LTP Cofilin is massively 

transported to the spine where it promotes the F-actin assembly that is required for spine expansion 

(Bosch et al, 2014). 

The actin dynamizing activity of Cofilin is enhanced by binding partners as the cyclase-associated 

proteins (CAPs) (Normoyle & Brieher, 2012). CAPs are evolutionary highly conserved multi-domain 

actin binding proteins capable of regulating actin dynamics at multiple levels (Ono, 2013). CAP 

deficiency results in defects in vesicle trafficking, endocytosis, and in an altered cell morphology and 

cell growth (Noegel et al, 1999). Two closely related homologs of CAP have been described in 

mammals. CAP1 is expressed in nearly all cells, whereas CAP2 expression is restricted to a limited 

number of tissues, including the brain (Bertling et al, 2004; Peche et al, 2007), suggesting that CAP2 

may have unique roles, particularly in neuronal cells. CAP2 gene deletion has been described in a rare 

developmental disorder, named 6p22 syndrome, which is characterized by developmental delays and 

autism spectrum disorders (Field et al, 2015). In addition, alterations in spine morphology and dendrite 

architecture have been reported in CAP2 knock-out neurons (Kumar et al, 2016). 

Here, we introduce a novel mechanism, altered in both AD patients and APP/PS1 mice hippocampi, 

through which the dimerization of CAP2, dependent on Cys32, is relevant for actin turnover in spines 

and is necessary to target Cofilin to spines upon LTP induction. The mutation of CAP2 Cys32 is 

sufficient to prevent the LTP-triggered changes in spine morphology and function. These findings may 

open new ways in our understanding and targeting synaptic dysfunction and spine dysmorphogenesis 

in AD. 

 

Results 

 

Cofilin synaptic localization and association with CAP2 are impaired in Alzheimer’s disease 

 

Although an impaired activation of Cofilin has been reported in the hippocampus of AD patients 

(Barone et al, 2014; Minamide et al, 2000), nothing is known about its synaptic localization in AD. 

Given the importance of Cofilin translocation in the spine for synaptic plasticity (Bosch et al, 2014; 

Mikhaylova et al, 2018), we first assessed Cofilin synaptic levels in the hippocampus of APP/PS1 mice 

at 6 months of age, when they begin to develop Aβ deposits (Jankowsky et al, 2004). We purified the 

Triton-insoluble fraction (TIF), which is highly enriched in postsynaptic proteins (Gardoni et al, 2001; 

Marcello et al, 2012b). Western Blot analysis of the total homogenate and of the TIF samples shows a 

significant increase of Cofilin synaptic levels in APP/PS1 mice hippocampi compared to wild-type 

mice, while no changes in the total protein levels were detected (Fig. 1A).  

The protein CAP2 has been described as a novel Cofilin binding partner (Kumar et al, 2016). In mice, 

we observed that CAP2 is a protein expressed in the cortex, striatum, cerebellum and brain stem from 

postnatal day 0 (P0), while in the hippocampus CAP2 levels are detectable from P14 (EV1A). 

Interestingly, the CAP2 protein levels in the total homogenate and, consistently, in the postsynaptic 

fraction of APP/PS1 mice were significantly reduced compared to wild-type mice (Fig. 1A). 
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These data indicate an altered synaptic availability of Cofilin and of its binding partner CAP2 in the 

hippocampal synapses of APP/PS1 mice at the early stages of the pathology. 

To strengthen these results, we took advantage of autoptic hippocampus and superior frontal gyrus 

(SFG) specimens obtained from sporadic AD patients, fulfilling criteria for Braak 4 and 5 stage, and 

age-matched control subjects (HC) (Table 1, 2). The hippocampus can be considered the first brain 

area affected by the disease, while SFG is a less affected area that we used as negative control because 

no significant plaque deposition was detectable at this stage, as revealed by neuropathology reports. 

The analysis of the total homogenate revealed no changes in Cofilin total protein levels and a 

significant down-regulation of CAP2 in AD patients hippocampi (Fig. 1B), as previously reported in 

microarray studies (Blalock et al, 2004). This AD-associated alteration of CAP2 is specific since we 

detected no modifications in the total levels of the homolog CAP1 in AD patients' hippocampi and 

SFG when compared to HC (Fig. 1B). After the validation of the postsynaptic fraction purification 

protocol from human specimens (EV1B), we performed Western blot analysis of the TIF samples. We 

measured a significant increase in Cofilin synaptic levels and a concomitant decrease in CAP2 synaptic 

localization (Fig. 1C), as observed in APP/PS1 hippocampi (Fig. 1A). Interestingly, these alterations 

are specific for the hippocampus because no modifications of CAP2 and Cofilin total levels and 

synaptic localization were found in SFG (Fig. 1B, C). 

 

CAP2 is a synaptic protein relevant for synaptic function and neuronal structure 

 

Since the AD-related alterations of CAP2/Cofilin complex have been detected in the postsynapse, we 

decided to further investigate CAP2 role in neuronal cells. 

First, we assessed CAP2 subcellular localization. We employed stimulated emission depletion (STED) 

nanoscopy to analyze primary hippocampal neurons stained for endogenous CAP2, pre- and 

postsynaptic markers and F-actin, labeled by phalloidin. Endogenous CAP2 has a distribution pattern 

similar to phalloidin, is localized throughout the dendrites and is detectable in dendritic spines, as 

previously reported (Kumar et al, 2016) (EV2A). A linescan through the spine length shows that peaks 

of fluorescence for CAP2 and the presynaptic marker Bassoon do not overlap, while CAP2 

fluorescence profile shows a partial overlap with the postsynaptic protein PSD-95 profile (Fig. 2A) 

(Smith et al, 2014). 

To further confirm the localization of CAP2 in the postsynaptic compartment, we performed 

biochemical fractionation of rat hippocampi to purify the postsynaptic densities (PSD). Western Blot 

analysis demonstrated that CAP2 is present in the synaptic fractions but not enriched in highly 

detergent-insoluble fractions PSD2, which corresponds to the 'core' of the PSD (EV2B). 

To gain insights into the specific role of CAP2 in hippocampal neuronal cells and considering the 

reduction of CAP2 protein levels in the hippocampi of AD patients and APP/PS1 mice (Fig. 1A, B), we 

took advantage of small hairpin RNA (shRNA) to down-regulate CAP2 expression. We first identified 

a shRNA that reduced by about 80% the levels of co-transfected Myc-CAP2 in heterologous cells 

(CAP2-shRNA, EV2C). The same shRNA reduced by about 80% endogenous CAP2 mRNA levels 
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when packaged into adeno-associated virus (rAAV) particles and used to infect primary hippocampal 

neurons (EV2D). 

Since CAP2 is a postsynaptic actin binding protein, we investigated whether its down-regulation 

affects spine morphology and synaptic transmission in hippocampal neurons.  

The analysis of the spine shape of hippocampal neurons transfected with CAP2-shRNA and GFP 

revealed a significant increase in spine length, while no changes in head width or density of spines 

were detected (Fig. 2B, SCR: 2.61±0.30 spines/10µm; CAP2-shRNA: 2.65±0.36 spines/10µm). This 

effect on spine length goes along with a decrease in the stubby spines population and an increase of 

filopodia (Fig. 2B), leading to altered neuronal spine morphology. Notably, in primary hippocampal 

neurons transfected with CAP2-shRNA and GFP, to visualize dendrite architecture, the Sholl analysis 

revealed a reduction in the complexity of the dendritic tree. (Fig. 2C). This effect was accompanied by 

a significant reduction in total dendritic length (Fig. 2C). Interestingly, the down-regulation of CAP2 

levels also reduces the mRNA levels of BDNF, a neurotrophin that controls dendrite morphology 

(Horch & Katz, 2002) (EV2D). These data indicate that the down-regulation of CAP2 affects neuronal 

architecture and spine morphology. Therefore, we asked whether the decreased CAP2 expression could 

influence synaptic function. Firstly, we observed that the knockdown of CAP2 impairs the expected 

increase in the transcription of immediate early genes (cFos and Arc) after the induction of both 

chemical LTP (cLTP) and synaptic stimulation (SS) (Fig. 2D). This indicates the relevance of CAP2 in 

synaptic plasticity phenomena and is consistent with an alteration of neuronal architecture leading to 

impaired integration of signal-regulated transcription. Secondly, we recorded the miniature excitatory 

postsynaptic currents (mEPSCs) in neurons that revealed impairments in the post-synaptic AMPAR 

sensitivity as indicated by the lower mEPSCs amplitude in CAP2-shRNA neurons respect to control 

conditions (Fig. 2E). To assess whether this effect could be specifically ascribed to CAP2, we 

generated and validated a shRNA-resistant (shr) ‘rescue’ form of Myc-CAP2 (shr-wt-CAP2) that was 

insensitive to the CAP2-shRNA (EV2E). As shown in Fig 2E, the mEPSCs amplitude was restored to 

control levels by the shr-wt-CAP2, demonstrating the specificity of the effect on synaptic transmission. 

These results indicate that the down-regulation of CAP2 leads to a less responsive/functional 

postsynaptic compartment. 

Collectively these data suggest that CAP2 is a postsynaptic protein relevant for shaping dendritic and 

spine morphology as well as for the regulation of synaptic transmission and plasticity, which are all 

deeply linked to the actin polymerization through Cofilin activity (Hotulainen et al, 2009; Gu et al, 

2010). 

 

CAP2 forms disulfide-crosslinked dimers 

 

The importance of protein self-association has been previously demonstrated for Srv2/CAP, the yeast 

homologous form of CAP2 (Ono, 2013; Hubberstey & Mottillo, 2002). Indeed, Srv2/CAP complex 

catalytically accelerates Cofilin-dependent actin turnover (Balcer et al, 2003). Therefore, we wondered 

whether the mammalian CAP2 is also able to dimerize and oligomerize. Different experimental 

approaches were used to test this hypothesis. Either Myc-CAP2 or EGFP-CAP2 were transfected in 
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COS-7 cells and we observed that both constructs are able to form aggregates in the cytoplasm, 

independently of the tag (Fig. 3A, lower panels). The transfection of both CAP2 constructs in COS-7 

cells demonstrates that Myc-CAP2 and EGFP-CAP2 perfectly colocalize in cytoplasmic clusters, 

suggesting that CAP2 can self-associate (Fig. 3A). Coimmunoprecipitation assays performed from 

lysates of COS-7 cells cotransfected with Myc-CAP2 and EGFP-CAP2 confirmed that Myc-CAP2 

interacts with EGFP-CAP2 (Fig. 3B). 

The full three-dimensional (3D) structure of the human CAP2 is not available, but several studies have 

underlined the multi-domains organization of the protein (Ono, 2013). The only structural information 

that can be useful to propose a possible 3D organization of the CAP2 dimer comes from the X-ray 

structure of the Helical Folded Domain (HFD) of the CAP homolog from Dictyostelium discoideum 

(Yusof et al, 2005). In details, this region is composed of an initial Coiled-coil region followed by a 

stable bundle of six antiparallel α-helices (HFD domain) (EV3A). This region (i.e. Coiled-coil and 

HFD) is not only conserved in CAP1 and CAP2 from human and mouse, but also in the homologous 

CAP protein from Dictyostelium discoideum (EV3B). This evidence strengthens the idea that the 

dimerization/oligomerization of CAP2 is crucial for its cellular functions, such as the interaction with 

other protein partners (i.e. actin and Cofilin). 

To better characterize the region of CAP2 for the self-association, we transfected COS-7 cells with 

Myc-CAP2 and either EGFP-CAP2 or the deletion mutant EGFP-CAP2(1-311) deleted of the CARP 

domain or the EGFP-CAP2(1-232) mutant lacking of the CARP domain, the proline rich sequences 

and the WH2 region (Peche et al, 2013) (EV3A). Coimmunoprecipitation experiments revealed that 

CAP2 self-association depends on its N-terminal region, similarly to what previously described for 

Srv2/CAP (Quintero-Monzon et al, 2009) (Fig. 3B). To investigate the involvement of N-terminus in 

CAP2-self-association, we performed imaging analysis in COS-7. The deletion mutant lacking the 

coiled-coil region and HFD, Myc-CAP2(165-476), displayed a diffuse staining throughout the cell, 

while Myc-CAP2 and Myc-CAP2(1-232) showed a clustered cytoplasmic distribution (Fig. 3C). In 

addition, coimmunoprecipitation assays confirmed that the deletion of the region 1-164 significantly 

reduces the self-association (Fig. 3D).  

It has been recently demonstrated that CAP1 homodimerization depends on the formation of a disulfide 

bond that requires the Cys29 of CAP1 (Liu et al, 2018). Therefore, we verified the presence of a 

disulfide cross-linked CAP2 dimer by loading a lysate of COS-7 cells transfected with Myc-CAP2 onto 

a non-reducing SDS-PAGE. As shown in Fig. 3E, both a band corresponding to Myc-CAP2 monomer 

at 64 kDa and a species of CAP2 with an apparent molecular weight of approximately double the Myc-

CAP2 monomer (128 kDa) were detected. The deletion of the N-terminal region [Myc-CAP2(165-

476)] abolishes the CAP2 capability to form dimers (Fig. 3E), demonstrating that this is the domain 

involved in the dimerization. Interestingly, only one Cys residue is present in the CAP2 region 

spanning from amino acid 1 to 164. Notably, the Myc-CAP2 mutant carrying the mutation of the Cys32 

to Gly [Myc-(C32G)CAP2] is not able to dimerize in non-reducing SDS-PAGE (Fig. 3E). To 

strengthen these data, we performed a proximity ligation assay (PLA) in hippocampal neurons 

transfected with EGFP-CAP2 and either Myc-CAP2 or Myc-(C32G)CAP2. In neurons expressing 

EGFP-CAP2 and Myc-CAP2, a large number of PLA signals were detected when the two antibodies 
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anti-GFP and anti-Myc were used, indicating that these two CAP2 constructs are in close proximity to 

each other along MAP2-positive dendrites (Fig. 3F). In neurons transfected with EGFP-CAP2 and the 

mutant Myc-(C32G)CAP2, the density of PLA signals significantly decreased when compared to cells 

overexpressing EGFP-CAP2 and Myc-CAP2 (Fig. 3F). For control experiments, only the anti-Myc 

primary antibody was used and no PLA signal was generated (EV3C). Overall, these findings indicate 

that the Cys32 is fundamental for the formation of CAP2 dimers and for CAP2 clustering in neurons. 

 

CAP2 dimer binds Cofilin and is essential for actin turnover in spines 

 

To investigate the direct effect of monomeric and dimeric CAP2 on the assembly and stability of 

individual actin filaments, we employed in vitro dual-color total internal reflection fluorescence (TIRF) 

microscopy. In vitro polymerization of a mixture of unconjugated and Alexa-Fluor-561-conjugated 

actin occurs spontaneously at certain actin concentrations until it reaches equilibrium of G- and F-actin. 

We then added the purified recombinant CAP2 and (C32G)CAP2 proteins and determined the rate of 

F-actin depolymerization caused by G-actin washout, using kymograph analysis. The data showed a 

clear increase of actin depolymerization in the presence of CAP2 that was prevented by the mutation of 

Cys32 to glycine (Fig. 4A). In addition, the analysis of the filaments showed that the CAP2-dependent 

increase in actin depolymerization rate was related to an increase in the severing activity (Fig. 4B). 

Non-reducing SDS-PAGE assays of the recombinant proteins confirmed that CAP2, but not the mutant 

(C32G)CAP2, forms dimers (EV4A). Remarkably, Western blot analysis revealed that Cofilin was co-

purified with CAP2, but in a smaller extent with the mutant (C32G)CAP2 (Fig. 4C).  

To confirm that the lack of Cys32 affects CAP2 association with Cofilin, PLA assays were performed in 

primary hippocampal neurons transfected with either Myc-CAP2 or Myc-(C32G)CAP2. The analysis 

of the PLA signals confirm a significant decrease in the association between Myc-(C32G)CAP2 and 

Cofilin when compared to the binding of Myc-CAP2 to Cofilin (Fig. 4D). For control experiments, 

when anti-Myc primary antibody or anti-cofilin antibody alone was used, no PLA signal was generated 

(EV4B). As control, we verified that the association of CAP2 with actin was not affected by the 

mutation of the Cys32 to Gly (EV4C). Therefore, the lack of the disulfide bond involving CAP2 Cys32 

abolishes the CAP2 dimerization, reduces the Cofilin binding and, thereby, prevents the increase in 

actin depolymerization rate in TIRF experiments. 

To directly address the functional consequences of the Cofilin-binding impairment of Myc-

(C32G)CAP2 in the dendritic spines actin dynamics, we took advantage of fluorescence recovery after 

photobleaching (FRAP). The experiment was carried out in a single spine of hippocampal neuronal 

cells transfected with GFP-actin, that was partially incorporated into the actin filaments, and either 

CAP2-shRNA or its scrambled control sequence (Koskinen et al, 2012). 

The recovery of GFP-actin fluorescence after spine photobleaching in CAP2 knockdown neurons was 

significantly attenuated (Fig. 4E) compared to control neurons. These data are consistent with a 

significant increase in the percentage of stable GFP-actin in spines lacking of CAP2 (Fig. 4E). To 

assess whether this effect could be specifically ascribed to CAP2 and to determine the role of the Cys32, 

we used shr-wt-CAP2 as a rescue and we generated and validated the mutant shr-wt-(C32G)CAP2 that 
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was insensitive to the CAP2-shRNA (EV4D). As shown in Fig. 4E, the rise in the stable GFP-actin 

fraction caused by CAP2 knockdown was restored to control levels by the shr-wt-CAP2 but not by the 

mutant shr-(C32G)CAP2. 

Taken together, these data suggest that the predominant effect of the loss of CAP2 on GFP-actin 

turnover is to reduce the pool of dynamic F-actin in spines, thus indicating that CAP2 is essential for 

actin turnover in spines. Most important, coexpression of (C32G)CAP2 mutant could not rescue the 

FRAP defects, indicating that dimer formation and, thereby, Cofilin association are critical for the 

regulation of actin dynamics in spines. 

 

Long-term potentiation triggers CAP2 dimer formation  

 

Given the key role of Cofilin-mediated actin dynamics in the structural remodeling of spines during 

activity-dependent synaptic plasticity phenomena (Bosch et al, 2014), we tested whether LTP and LTD 

modulate CAP2 dimerization, and consequently its association with Cofilin. 

First, we investigated CAP2 homodimer localization in the postsynaptic compartment. Western Blot 

analyses showed that CAP2 dimer levels are higher in the postsynaptic TIF compared to the total 

homogenate (EV5A) in both rat and human hippocampus, thus confirming the existence of CAP2 

dimer in human and revealing the enrichment of the CAP2 dimer in this subcellular compartment.  

Second, we verified whether LTP regulates CAP2 synaptic availability in the dendritic spines. To this, 

we induced cLTP in hippocampal cultures that results in prolonged NMDA receptor-dependent LTP 

(Marcello et al, 2013). 30 min after cLTP induction, we purified TIF from control and cLTP-treated 

hippocampal neurons. Western blot analysis revealed that cLTP elicited an increase in the CAP2 levels 

in the TIF fraction compared to control neurons, without affecting the total levels of the protein (Fig. 

5A). Notably, cLTP stimulation caused also a significant increase in CAP2 dimer levels in TIF (Fig. 

5B). Secondly, to evaluate whether these effects could be ascribed to the CAP2 Cys32-dependent 

dimerization, we analyzed the PLA signal upon cLTP induction in hippocampal neurons transfected 

with EGFP-CAP2 and either Myc-CAP2 or Myc-(C32G)CAP2. The cLTP induction significantly 

increased the PLA signal in neurons transfected with EGFP-CAP2 and Myc-CAP2, confirming the 

LTP-triggered augment in CAP2 self-association. On the other hand, no modifications in PLA signals 

upon LTP induction were detected when EGFP-CAP2 and Myc-(C32G)CAP2 were expressed (Fig. 

5C). This effect is specifically related to LTP, since both PLA and Western Blot analysis of the 

synaptic fraction revealed no variations in CAP2 synaptic levels and in dimer formation after cLTD 

induction (EV5 B, C, D). 

To determine if the increase in LTP-driven CAP2 dimer formation affects the association with Cofilin, 

we performed PLA assays after cLTP induction in neurons transfected with either Myc-CAP2 or Myc-

(C32G)CAP2. As shown in Fig. 5D, LTP fosters the association of Cofilin with CAP2. Likewise, we 

detected a significant increase in the association between endogenous CAP2 and Cofilin upon LTP 

induction, indicating that this effect was not related to the overexpression of Myc-CAP2 construct 

(EV5E). The Cys32-dependent self-association of CAP2 is required because the Myc-(C32G)CAP2 

mutant prevents the LTP-induced increase in CAP2/Cofilin interaction (Fig. 5D). 
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Overall, these findings suggest that LTP triggers CAP2 translocation to the spine and the formation of 

Cys32-dependent dimers, thus promoting the association of CAP2 with Cofilin. 

 

CAP2 dimer formation is critical for LTP 

 

In the initial phase of LTP the actin cytoskeleton is rapidly remodeled while active Cofilin is massively 

transported to the spine (Bosch et al, 2014). In light of this observation and considering that LTP elicits 

CAP2 dimer formation in the postsynaptic compartment, thus promoting CAP2 association with 

Cofilin, we attempted to determine whether the hampering CAP2 dimerization impairs LTP-driven 

enrichment of Cofilin in the spine. To this, we induced cLTP in primary hippocampal neurons 

transfected with either CAP2-shRNA or the corresponding control scramble sequence. These 

constructs express the fluorescent protein mCherry under the control of the neuron-specific CaMKII 

promoter. To assess the magnitude of accumulation, we took advantage of structured illumination 

microscopy (SIM) to calculate the relative concentration of Cofilin in the spine by dividing Cofilin 

intensity by mCherry intensity (Bosch et al, 2014). As previously demonstrated (Bosch et al, 2014), 

after 30 min from cLTP induction, Cofilin is highly enriched in the spines of neurons transfected with 

the scramble sequence, while the down-regulation of CAP2 prevents the LTP-triggered translocation of 

Cofilin in the spine. Importantly, the transfection of the shRNA-resistant CAP2 construct (shr-wt-

CAP2), but not the expression of the shRNA-resistant (C32G)CAP2 mutant [shr-(C32G)-CAP2], 

restores the LTP-driven translocation of Cofilin to the spines (Fig. 6A). These data demonstrate that 

CAP2 and the Cys32-dependent dimerization of the protein are essential for the LTP-triggered Cofilin 

trafficking to spines.  

Since Cofilin translocation to spines during LTP is required for actin cytoskeleton dynamics and spine 

enlargement, we verified whether the loss of Cys32 and, thereby, of CAP2 dimerization impairs LTP-

induced spine remodeling. An accurate analysis of dendritic spine morphology demonstrated that cLTP 

induces the expected spine head enlargement in control conditions, but not in neurons transfected with 

CAP2-shRNA (Fig. 6B). Interestingly, LTP-dependent spine enlargement could be rescued by shr-wt-

CAP2, but not by the mutant shr-(C32G)-CAP2 (Fig. 6B). 

Furthermore, taking advantage of electrophysiological recordings of mEPSCs, we addressed the 

functional impact of CAP2 down-regulation on hippocampal plasticity by induction of cLTP. As 

indicated in Fig. 6C, cLTP mediates a significant increment in mEPSCs amplitude of excitatory 

synaptic events only in control cultures whereas no potentiation occurs in CAP2-shRNA neurons. 

Similarly, cultures transfected with the shr-(C32G)-CAP2 mutants do not display any potentiation that 

is rescued only in the shRNA+shr-wt-CAP2 control group. Taken together, these results indicate that 

synaptic plasticity is affected by CAP2 and that mutation in the residue Cys32 is sufficient for defective 

CAP2 activity and LTP induction.  

 

CAP2 dimer association with Cofilin is altered in AD patients 

 

Since Cys32-dependent CAP2 homodimerization is crucial for the regulation of dendritic spine 
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morphology and synaptic plasticity via Cofilin binding, we wondered whether alterations of this 

mechanism were detectable in AD synapses, where we found an aberrant increased level of Cofilin 

along with a significant reduction in CAP2 (Fig.1). 

The analysis of the CAP2 dimer/monomer ratio in APP/PS1 and wild-type mice hippocampi revealed a 

significant decrease of dimer levels in the postsynaptic fraction, but not in the total homogenate, of 

APP/PS1 mice when compared to wild-type mice (Fig. 7A). We examined the CAP2 homodimer 

formation in AD patients' hippocampi and the quantitative results showed a significant reduction in 

CAP2 dimer/monomer ratio specifically in the synapse of AD patients compared to HC, while no 

changes were detected in the total homogenate (Fig. 7B) 

Since CAP2 dimer formation is relevant for CAP2 association with Cofilin, we verified whether 

Cofilin binding to CAP2 monomer and dimer is affected in AD. Given that Cofilin is aberrantly 

increased in the AD hippocampi postsynapse, we focused on TIF samples obtained from HC and AD 

patients. TIF samples were immunoprecipitated with Cofilin antibody and loaded onto a non-reducing 

gel. Western Blot analysis carried out with a CAP2 antibody revealed that Cofilin specifically 

precipitates both CAP2 monomer and dimer in human postsynaptic compartment (EV6), confirming 

CAP2 dimer and monomer as binding partners of Cofilin in human. The quantitative analysis of 

coimmunoprecipitation experiments revealed that the ratio of CAP2 dimer/monomer bound to Cofilin 

is significantly reduced in AD patients when compared to HC (Fig. 7C). These results indicate that 

Cofilin preferentially associates with CAP2 monomer than with the CAP2 dimer in AD postsynaptic 

compartment. 

In light of the above, we tested whether the association between single nucleotide polymorphisms of 

CAP2 Cys32 (rs750613178 variant) and AD might occur. To this aim, a preliminary screening 

experiment of genetic polymorphism has been performed on 70 AD patients (age=68.2±16.3; 

female%= 76.8). No genetic variations of CAP2 Cys32 were detected in AD patients, suggesting that 

other cellular mechanisms might be responsible for the decreased synaptic dimer levels in AD. 

 

Discussion 

 

A major question in Alzheimer disease pathogenesis is to define the mechanism guiding alteration of 

synaptic plasticity and spine dysmorphogenesis. Here, we show that CAP2 is able to control Cofilin 

synaptic availability during activity-dependent plasticity phenomena (Fig. 7D) and it is essential for 

actin turnover. Remarkably, this mechanism is specifically altered in the hippocampus of AD patients 

and of an AD mouse model (Fig. 7D). 

CAP2 has been reported as a multi-domain actin binding protein, expressed in specific tissues, 

including the brain (Peche et al, 2007; Kumar et al, 2016). Our study provides a detailed 

characterization of CAP2 in neurons bringing into focus conclusive evidences for both CAP2 

localization in the postsynaptic compartment and its pivotal role in synaptic plasticity phenomena. This 

has been demonstrated with different approaches. First, STED nanoscopy and biochemical 

fractionation approaches showed that CAP2 is localized in the postsynaptic compartment, in the region 

just underneath the PSD where F-actin is enriched (Korobova & Svitkina, 2010). Secondly, we 
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observed that the down-regulation of CAP2 impairs neuronal architecture and spine shape, together 

with a decrease in synaptic excitatory transmission. Such alterations are translated into an impairment 

of plasticity phenomena. 

Our results point to a defect in actin dynamics in spines, shown by FRAP experiments, as the potential 

mechanism underlying such damaged neuronal phenotype. In fact, the analysis of FRAP experiments 

revealed that the down-regulation of CAP2 results in reduced actin turnover and, thereby, in a slight 

but significant increase in the actin stable pool in spines. Along these lines, CAP2 can be defined as an 

actin cytoskeleton modifier, essential for normal actin turnover in spines. In accordance with this 

hypothesis and considering that actin polymerization in spines is required for functional LTP (Okamoto 

et al, 2004), we observed that the down-regulation of CAP2 leads to the lack of both potentiation and 

spine head enlargement expected upon cLTP induction.  

Why is CAP2 critical for plasticity phenomena? CAP2 has been reported as a binding partner of 

Cofilin (Kumar et al, 2016), a master regulator of postsynaptic actin dynamics and structural plasticity 

(Rust, 2015a). Upon LTP induction, Cofilin activity is first increased and subsequently decreased, 

allowing first for actin remodeling and then for an increase in F-actin and associated spine enlargement 

(Fukazawa et al, 2003; Chen et al, 2007; Gu et al, 2010). Even though Cofilin phosphorylation is 

considered one of the major mechanisms controlling its activity (Van Troys et al, 2008; Bernstein & 

Bamburg, 2010; Rust, 2015a), the regulation of its availability and retention in spines could also 

contribute to Cofilin-dependent sculpturing of the cytoskeleton. Cofilin indeed accumulates in regions 

of the spine that contain a dynamic F-actin network responsible for spine morphological changes 

during synaptic plasticity (Racz & Weinberg, 2006). Importantly, Cofilin is massively translocated to 

the spine upon LTP induction (Bosch et al, 2014) and our findings show that CAP2 down-regulation 

blocks the LTP-triggered enrichment of Cofilin in spines. The impaired Cofilin localization in spines 

and thereby structural and functional synaptic plasticity could be rescued by cotransfection of the cells 

with an shRNA-resistant CAP2 construct, confirming that the described CAP2-knockdown phenotypes 

indeed resulted from diminished CAP2 expression. 

Furthermore, we also addressed the key question regarding the molecular determinants relevant for 

CAP2/Cofilin association. A careful mapping of CAP2 structure was carried out and, by using different 

approaches, we showed that the N-terminal domain of CAP2 is responsible for its self-association. In 

particular, in this region we identified the Cys32 as the amino acid involved in the formation of 

disulfide cross-linked CAP2 dimers. The mutation of Cys32 to Gly dramatically reduces, but not 

completely abolishes, CAP2 self-association and the binding to Cofilin, suggesting that CAP2 can still 

form aggregates capable of interacting with Cofilin. However, the lack of Cys32-dependent CAP2 

homodimer results in a loss of function of CAP2/Cofilin complex on actin turnover, highlighting the 

importance of such disulfide bond for the operational role of CAP2 in the synapse. In fact, the CAP2 

construct carrying the mutation Cys32 to Gly significantly attenuates the capability of CAP2 of 

promoting actin filaments depolymerization in an in vitro assay. In addition, in a cellular context, 

FRAP experiments demonstrated that the CAP2 mutant lacking Cys32 fails to rescue the abnormal 

treadmilling of actin in the spines of CAP2-knockdown neurons. A similar molecular pathway has been 

shown for CAP1, since Cys29-dependent homodimerization of CAP1 affects binding to Cofilin and F-
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actin stability (Liu et al, 2018). Notably, the Cys29 residue of CAP1 is not conserved in human, thus 

limiting the relevance of CAP1-dependent mechanism and highlighting the role of CAP2 as main 

regulator of Cofilin in human neuronal cells. 

To strengthen the critical role of CAP2 homodimer in the spine, we show that it is localized in the 

postsynaptic compartment and it undergoes a dynamic regulation of its synaptic levels by activity-

dependent synaptic plasticity. The LTP-induced increase in CAP2 localization in spines promotes the 

formation of CAP2 dimers through Cys32, and thereby fosters CAP2 association with Cofilin. This 

event is required for LTP-induced translocation of Cofilin to the spine and for structural changes and 

the potentiation of synaptic transmission underlying LTP expression. Indeed, the CAP2 construct 

carrying the mutation Cys32 to Gly, incapable of dimerization, is not able to rescue the LTP and the 

LTP-triggered enlargement of spine head in CAP2-knockdown neurons, as the wild-type CAP2 

construct. In addition, the SIM analysis of Cofilin localization in spines revealed that the CAP2 mutant 

failed to restore the expected enrichment of Cofilin in spines upon LTP. These data suggest that the 

increased synaptic availability of CAP2 monomers in the synapse triggers the dimer formation and the 

downstream events, even though we can't exclude that post-translational modifications or interacting 

proteins could affect this pathway. Of note, the induction of LTD doesn't affect CAP2 localization in 

the spine and dimer formation, highlighting the specificity of this mechanism for LTP. 

Cofilin has been implicated in the pathophysiology of AD, since Cofilin accumulates in senile plaques 

in AD tissue and AD mouse models (Bamburg & Bernstein, 2016). However, the mechanisms by 

which Cofilin contributes to AD pathogenesis remain quite controversial, as either an excessive 

activation (Kim et al, 2013) or inactivation (Barone et al, 2014; Rush et al, 2018) have been reported in 

AD patients. Here we changed perspective, and bring into focus Cofilin localization in spines in AD, 

because it is directly regulated by LTP, as well as its association with CAP2 (Bosch et al, 2014). The 

CAP2 dimer-dependent mechanism that regulates Cofilin availability at the synapse is specifically 

affected in the hippocampus, but not in the SFG, of both AD patients and APP/PS1 mice. In the 

hippocampal synapses of AD patients and AD mouse model, we measured a dramatic increase in 

Cofilin levels, along with a reduction in CAP2 synaptic availability, and accordingly a decrease in 

CAP2 dimer formation at the synapse. Furthermore, we noticed that in AD patients' hippocampi 

Cofilin preferentially associates with the CAP2 monomer than to the CAP2 dimer, suggesting the 

presence of an ineffective CAP2/Cofilin complex in AD hippocampal synapses that could contribute to 

the loss of structural plasticity of spines in AD. 

Together, our findings describe a novel CAP2-dependent mechanism controlling Cofilin synaptic 

availability and actin turnover in spines, which is closely interdependent to LTP. Furthermore, we 

show that the main players of this pathway are altered in AD, adding new pieces to the puzzle in the 

understanding of the complex and coordinated events leading to early synaptic dysfunction and 

plasticity alterations in AD pathogenesis. 

 

Materials and methods 

 

Human brain tissue 
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The hippocampus and SFG samples of AD patients and of age-matched healthy controls (HC) were 

obtained from the Netherlands Brain Bank (NBB). Established Braak and Braak criteria were used to 

categorize AD tissues (Braak & Braak, 1991). AD patients fulfilled Braak 4 and 5 stages. Accordingly, 

in AD cases, there were tangles and neuritic plaques in hippocampus. HC had no history of psychiatric 

or neurological disease and no evidence of age-related neurodegeneration. Detailed information is 

reported in table 1 and 2. 

Triton-Insoluble synaptic membrane preparation 

Triton insoluble fraction (TIF), a fraction highly enriched in all categories of postsynaptic density 

proteins (i.e., receptor, signaling, scaffolding, and cytoskeletal elements) absent of presynaptic 

markers, was obtained from human hippocampus and SFG specimens and APP/PS1 and wild-type 

hippocampal samples as previously described (Marcello et al, 2012b; Epis et al, 2010). In order to 

avoid protein degradation, AD samples were paired to HC samples and processed at the same time. The 

procedure was performed at least twice to have two experimental replicates. The TIF was purified from 

primary hippocampal cultures as previously described (Marcello et al, 2007). 

Treatments of neuronal cultures  

To induce chemical LTP (cLTP), hippocampal neuronal cultures were first incubated in artificial 

cerebrospinal fluid (ACSF) for 30 min: 125 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 33 

mM D-glucose, and 25 mM HEPES (pH 7.3; 320 mosM final), followed by stimulation with 50 µM 

forskolin, 0.1 µM rolipram, and 100 µM picrotoxin (Tocris) in ACSF without MgCl2. After 16 min of 

stimulation, neurons were replaced in regular ACSF for 15 min and, after treatment, samples were 

processed (Marcello et al, 2013). To induce chemical LTD (cLTD), neuronal cultures were incubated 

in ACSF for 30 min, followed by stimulation with 50 µM NMDA (Sigma-Aldrich) in ACSF. After 10 

min of stimulation, neurons were replaced in regular ACSF for 20 min and then subjected to the 

biochemical and imaging studies (Marcello et al, 2013). Stimulation of synaptic NMDA receptors (SS) 

was obtained by treating hippocampal neurons with 50 mM Bicuculline (Tocris), 2.5 mM 4-AP and 5 

mM ifenprodil in Neurobasal medium supplemented with B27 (Dinamarca et al, 2016). 

Co-immunoprecipitation assays 

Aliquots of 20 µg of TIF obtained from human hippocampus were incubated with an antibody (Ab) 

against Cofilin overnight at 4°C in a final volume of 150 µL of RIA buffer [200 mM NaCl, 10 mM 

ethylene-diaminetetra-acetic acid (EDTA), 10 mM Na2HPO4, 0.5% NP-40, 0.1% sodium dodecyl 

sulfate (SDS)]. SureBeads Protein A/G Magnetic Beads (Bio-Rad) were used to precipitate the 

immunocomplex, the beads were resuspended in sample buffer without β-mercaptoethanol and heated 

for 3 min before the loading onto SDS-PAGE. Beads were collected by centrifugation and applied onto 

SDS-PAGE; the precipitated immunocomplex was revealed by anti-Cofilin and anti-CAP2 antibody. 

Heterologous co-immunoprecipitation experiments were carried out from lysates of either COS-7 or 

HEK293 cells transfected with different combinations of Myc-CAP2, EGFP-CAP2 or EGFP tagged 

truncated constructs of CAP2. Cells were harvested and proteins extracted as previously described 

(Marcello et al, 2010). The same immunoprecipitation protocol was used, incubating aliquots of 100 µg 

of HEK293/COS-7 lysates with an anti-Myc antibody. Protein A/G Agarose beads (Pierce) were 

added, and incubation was continued for 2 h at room temperature (RT) on the rotator mixer. Beads 
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were collected and washed with RIA buffer for 3 times. Sample buffer for SDS-PAGE was added and 

the mixture was heated for 10 min. The precipitated immunocomplex was revealed with either anti-

GFP or anti-Myc or anti-actin antibodies. 

In situ proximity ligation assay (PLA) 

PLA was performed in primary neuronal cultures as previously described	
   (Dinamarca et al, 2016). 

Primary hippocampal neurons were fixed with 4% Paraformaldehyde (PFA) - 4% sucrose for 5 min at 

4°C and washed several times with PBS. Neurons were permeabilized with 0.1% Triton X-100 in PBS 

for 15 min at RT. After incubation with the blocking solution of the PLA kit (Duolink® PLA 

Technology), cells were incubated overnight with the primary antibodies at 4°C. According to the 

manufacturer’s instructions, after several washing with solution A, secondary probes attached to 

oligonucleotides were added and the oligonucleotides of the bound probes where ligated and amplified 

by a fluorescent polymerase that visualizes the PLA signal. To stain MAP2 or the transfected GFP, 

cells were washed with PBS for 30 min and then the immunocytochemistry protocol was used. Cells 

were mounted on slides in Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich). 

Cell culture electrophysiology 

Whole cell voltage-clamp recordings were performed on rat hippocampal neurons transfected at day in 

vitro (DIV) 10 and maintained in culture for 15-16 DIV. Recording pipettes were fabricated from 

borosilicate glass capillary with a tip resistance of 3–5 MΩ and filled with an intracellular solution of 

the following composition (in mM): 130 potassium gluconate, 10 KCl, 1 EGTA, 10 Hepes, 2 MgCl2, 4 

MgATP, and 0.3 Tris-GTP. During recordings of miniature excitatory postsynaptic currents (mEPSCs) 

cells were bathed in a standard external solution containing (in mM): 125 NaCl, 5 KCl, 1.2 MgSO4, 

1.2 KH2PO4, 2 CaCl2, 6 glucose and 25 HEPES-NaOH, pH 7.4, with also tetrodotoxin (TTX-1µM), 

bicuculline (20µM) and strychnine (1µM). For chemical LTP experiments, recordings of mEPSCs were 

performed applying glycine (100µM) for 3min at room temperature in Mg2+-free KRH, also containing 

TTX, bicuculline and strychnine. Recordings were performed at room temperature in voltage clamp 

mode using a Multiclamp 700B amplifier (Molecular Devices) and pClamp-10 software (Axon 

Instruments). Series resistance ranged from 10 MΩ to 20 MΩ and was monitored for consistency 

during recordings. Cells in culture with leak currents >200pA were excluded from the analysis. Signals 

were amplified, sampled at 10kHz, filtered to 2 or 3KHz and analyzed using pClamp 10 data 

acquisition and analysis program.  

Ethical approvals 

All procedures performed in studies involving human participants were in accordance with the ethical 

standards of the institutional research committee (Brescia Ethics Committee, protocol #NP2806) and 
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All procedures performed in studies involving animals were in accordance with the ethical standards of 

the Institutional Animal Care and Use Committee of University of Milan (Italian Ministry of Health 
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welfare authorities of the University of Marburg (references: AK-6-2014-Rust), at which the studies 

were conducted. 
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The paper explained 

Problem 

Alterations of synaptic plasticity and spines remodeling is a key aspect in Alzheimer disease 

pathogenesis. Cofilin is one of the major regulators of actin dynamics in spines where it is required for 

structural synaptic plasticity, and its alterations have been reported in Alzheimer disease. However, a 

clear picture of underlying mechanisms is still poorly understood making it difficult to clearly identify 

possible targets for future therapeutic development. 

Results 

We identify a new regulator of cofilin - CAP2 - which governs the levels of cofilin in spines. By dimer 

formation, CAP2 binds to cofilin and controls normal actin turnover in spines. We show that a Cys in 

position 32 within CAP2 sequence is essential for dimerization. 

We demonstrated that long-term potentiation (but not long-term depression) is promoting dimer 

formation and binding to cofilin, promoting cofilin translocation into spines. 
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Importantly, we show that CAP2 levels and dimer formation are significantly decreased in transgenic 

models of Alzheimer disease and in hippocampi of Alzheimer patients, reflecting in aberrant 

localization of cofilin in spines. 

Impact 

This study finally reveals mechanisms controlling activity dependent and structural plasticity through a 

novel protein partner for cofilin, CAP2. Moreover, the study shows that this pathway is altered in 

Alzheimer Disease deciphering mechanisms of structural plasticity defective in the disease. Therefore,	
  
CAP2 can be considered a marker of the loss of structural plasticity of the synapses, thus paving new 

ways in the design of synapse-tailored therapeutic strategies and in the identification of new 

biomarkers of synaptic frailty. This important approach is dramatically needed for Alzheimer Disease 

therapy and early diagnosis, since it is completely lacking in the drug discovery scenario. 
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Figure legends 

Figure 1 - The synaptic localization of Cofilin and CAP2 is specifically altered in the 
hippocampus of AD patients APP/PS1 mice.  
 
A. Representative Western Blot (WB) showing the expression of Cofilin, CAP2 and Tubulin in 
homogenate (HOMO) and triton-insolible fraction (TIF) samples of APP/PS1 mice at 6 months of age 
compared to wild type (WT) animals hippocampi; quantification of optical density (OD) and 
normalization on loading control OD (Tubulin) shows that CAP2 but not Cofilin total levels are 
reduced in APP/PS1 mice (CAP2, WT vs APP/PS1 *P = 0.023, 2-tailed unpaired t-test, n=6). In the 
TIF fraction, the quantitative analysis reveals that Cofilin levels increase in transgenic mice, while 
CAP2 levels decrease (Cofilin, WT vs APP/PS1 *P = 0.015; CAP2, WT vs APP/PS1 *P = 0.026, 2-
tailed paired t-test, n=6). 
 
B Representative Western Blot (WB) showing the expression of Cofilin, CAP2, CAP1 and GAPDH in 
homogenate samples (HOMO) of AD and HC hippocampi (HIPPO) and SFG; quantification of optical 
density (OD) and normalization on loading control OD (GAPDH) shows that CAP2 but not Cofilin 
total levels are reduced in AD patients (CAP2, HC vs AD *P = 0.027, 2-tailed unpaired t-test, n=9). In 
SFG HOMO samples Cofilin and CAP2 levels were not affected in AD patients compared to HC 
Cofilin, HC vs AD *P>0.05; CAP2, HC vs AD P>0.05, 2-tailed paired t-test, n=6). No changes in 
CAP1 levels in the HOMO of both HIPPO and SFG were observed (CAP1, HIPPO, HC=0.522±0.045, 
AD= 0.468±0.050, HC vs AD P >0.05, 2-tailed unpaired t-test, n=9; SFG, HC=	
   1.448±	
   0.077, AD= 
1.604±	
  0.179, HC vs AD P >0.05, 2-tailed unpaired t-test, n=6) 
 
C Representative WB showing Cofilin, CAP2 and Tubulin levels postsynaptic TIF samples of the 
HIPPO and SFG of AD and HC. The quantitative analysis reveals that Cofilin levels increase in the 
TIF of AD patients while CAP2 levels decrease (Cofilin, HC vs AD *P = 0.02; CAP2, HC vs AD *P = 
0.02, 2-tailed paired t-test, n=9). No significant modifications of Cofilin and CAP2 synaptic 
localization were detected in the SFG (Cofilin, HC vs AD *P>0.05; CAP2, HC vs AD P>0.05, 2-tailed 
paired t-test, n=6). 
 
In this and all subsequent figures, data represent mean ± SEM. 
 
Figure 2 - CAP2 is a postsynaptic protein critical for neuronal structure and function 

A Confocal and STED images of hippocampal neurons fixed and stained for CAP2 (magenta) and 
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synaptic markers (PSD-95 or Bassoon, cyan). Linescan through spine head was used to evaluate the 
mean grey value of the stained proteins. Scale bar = 2 µm.  

B Representative confocal images of primary hippocampal neurons transfected with GFP and either 
CAP2-shRNA or scramble sequence (SCR); scale bar = 5 µm. Histograms show the quantification of 
dendritic spine length (SCR vs CAP2-shRNA *P = 0.017), dendritic spine width, dendritic spine type 
percentage (stubby, SCR vs CAP2-shRNA *P = 0.035) and filopodia (SCR vs CAP2-shRNA *P = 
0.037); 2-tailed unpaired t-test, n=7-8 neurons from at least 2 independent cultures.  

C Representative micrographs of hippocampal neurons transfected with GFP and either CAP2-shRNA 
or SCR. Scale bar = 10 µm. Total dendritic length analysis (SCR vs CAP2-shRNA *P = 0.04, 2-tailed 
unpaired t-test) and Sholl analysis (**, P<0.01, one-way ANOVA, uncorrected Fisher’s LSD); n=7-8 
neurons from at least 2 independent cultures. 

D QRT-PCR analysis of cFos and Arc expression in hippocampal neurons infected with either rAAV-
CAP2-shRNA or rAAV-SCR and with or without treatment to induce either cLTP or synaptic 
stimulation (SS). The treated samples are normalized on either the cLTP-SCR or the SS-SCR 
condition. The down-regulation of CAP2 prevents the induction of Arc and cFos upon cLTP and SS 
(cLTP-SCR vs cLTP CAP2-shRNA: cFos *P=0.048, Arc *P=0.013; SS-SCR vs SS-CAP2-shRNA: 
cFos *P=0.018, Arc *P=0.003, 2-tailed paired t-test, n=5 independent experiments).  

E (Left) Representative traces of excitatory miniature postsynaptic currents (mEPSCs) recorded from 
15 DIV hippocampal neurons obtained from CTRL, CAP2-shRNA and CAP2-shRNA+shr-wt-CAP2 
transfected cultures. (Right) Electrophysiological analysis of mEPSCs amplitude (pA): *P=0.013, one-
Way ANOVA followed by Tukey's multiple comparison test. 

 

Figure 3 - CAP2 self-associates and forms dimers through Cys32 

A Representative confocal images of COS7 cells co-transfected with either Myc-CAP2 (magenta) or 
EGFP-CAP2 (cyan) or both constructs show the capability of CAP2 to form clusters. Scale bar = 10 
µm.  

B Homogenate of HEK293 cells transfected with Myc-CAP2 and either EGFP-CAP2 or EGFP-
CAP2(1-232) or EGFP-CAP2(1-311) deletion mutants were immunoprecipitated (Ip) with anti-Myc 
antibody and the Western Blot analysis (WB) carried out with anti-GFP antibody. The sequence 1-232 
of CAP2 is sufficient for CAP2 self-association.  

C Representative confocal images of COS7 cells transfected with Myc-CAP2, Myc-CAP2(1-232) and 
Myc-CAP2(165-476) reveal that the region 1-232 is sufficient for clusters formation while the deletion 
of the region 1-164 completely changes the protein intracellular pattern. Scale bar = 5 µm.  

D Co-immunoprecipitation assays carried out from homogenate of HEK293 cells transfected with 
EGFP-CAP2 and either Myc-CAP2 or Myc-CAP2(165-476). The analysis of the optical density (OD) 
reveals that the lack of the sequence 1-164 of CAP2 significantly reduces CAP2 self-association 
(*P=0.031, 2-tailed unpaired t-test, n = 3-4 independent experiments, the samples derive from the same 
experiment and gels/blots were processed in parallel). 

E Representative WB of homogenates of HEK293 cells expressing Myc-CAP2, Myc-CAP2(165-476) 
or Myc-(C32G)CAP2. The deletion of the 1-164 region or the single point mutation Cys32 to Gly 
avoids the capability to form dimers. The samples derive from the same experiment and gels/blots were 
processed in parallel. 

F Representative confocal images of PLA experiments showing proximity between EGFP-CAP2 and 
either Myc-CAP2 or Myc-(C32G)CAP2 (white) along MAP2 positive dendrites (magenta); lower 
panels, inverted images of PLA signal (black), scale bar = 5 µm (***P=0.0002, 2-tailed unpaired t-test, 
n = 16 neurons from 2 independent experiments). 

Figure 4 - Cys32-dependent CAP2 dimerization is relevant for association with Cofilin and for 
controlling actin dynamics in spines 

A Spontaneous in vitro depolymerization of F-actin-Alexa Fluor 568 visualized by TIRF microscopy. 
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Left panels, actin filament undergoing depolymerization upon G-actin wash-out, arrowheads indicate 
the barbed ends of the filament. Right panels, overlay images show the actin filaments (magenta) and 
CAP2 and (C32G)CAP2 mutant (cyan). Scale bar = 5 µm. Kymographs analysis of F-actin 
depolymerization rate indicates that CAP2 increases the depolymerization rate of F-actin while the 
mutant (C32G)CAP2 abolished this effect (CAP2 vs (C32G)CAP2 *P=0.038, 2-tailed unpaired t-test, 
n=6 independent experiments). 

B Representative images of the analysis of the severing activity show an actin filament undergoing 
depolymerization in presence of either CAP2 or (C32G)CAP2 and arrowheads indicate the presence of 
cutting sites. The number of cuts/µm significantly decreases in presence of (C32G)CAP2 compared to 
CAP2 (CAP2 vs (C32G)CAP2, *P=0.01, 2-tailed unpaired t-test, n=58-54 filaments, each dot 
represents an individual filament) 

C WB of the Streptag CAP2 and (C32G)CAP2 fusion proteins shows that the mutation of C32 to G 
reduces CAP2 capability to bind Cofilin. 

D Images showing PLA signal between Cofilin and either Myc-CAP2 or Myc-(C32G)CAP2 (white) 
along MAP2 positive dendrites (magenta). Scale bar = 5 µm. Lower panels, inverted images of PLA 
signal (black). The mutation of Cys32 significantly reduces association with Cofilin (Myc-CAP2 vs 
Myc-(C32G)CAP2, *P=0.044, 2-tailed unpaired t-test, n=8-9 neurons from 2 independent 
experiments). 

E FRAP analysis of actin turnover in hippocampal neuron transfected with GFP actin and either CAP2-
shRNA or CAP2-shRNA + shr-wt-CAP2 or CAP2-shRNA + shr-(C32G)-CAP2. Histogram represents 
the stable fraction of GFP-actin calculated for each individual time course of FRAP traces (SCR vs 
CAP2-shRNA ***P = 0.0008; SCR vs CAP2-shRNA + shr-(C32G)-CAP2 **P = 0.007; CAP2-shRNA 
vs CAP2-shRNA + shr-wt-CAP2 **P = 0.004; CAP2-shRNA + shr-wt-CAP2 vs CAP2-shRNA + shr-
(C32G)-CAP2 *P = 0.028, one-way ANOVA uncorrected Fisher's LSD, n=13-15 neurons). Rightmost 
graph, FRAP curves (normalized to average pre-bleach fluorescence) were plotted from multiple 
single-spine ROIs for each condition, n = 13–15 neurons per condition, at least 3 spines for each 
neuron. 

Figure 5 - LTP promotes CAP2 synaptic localization, dimer formation and association with 
Cofilin 

A Representative WB of Homo and TIF obtained from control and cLTP-treated neurons, 30 min after 
the cLTP induction. cLTP promotes CAP2 enrichment in the TIF (CTRL vs cLTP ***P=0.0008, 2-
tailed paired t-test, n=5 independent experiments).  

B cLTP increases CAP2 dimer/monomer ratio in the TIF fraction of cLTP-treated neurons (CTRL vs 
cLTP, *P=0.042, 2-tailed paired t-test, n=5 independent experiments). 

C PLA representative images showing the proximity between EGFP-CAP2 and either Myc-CAP2 or 
Myc-(C32G)CAP2 (white) along MAP2 positive dendrites (magenta) 30 min after cLTP induction. 
Lower panels, inverted images of PLA signal (black), scale bar = 5 µm (EGFP-CAP2/Myc-CAP2 
CTRL vs EGFP-CAP2/Myc-CAP2 cLTP *P=0.01, EGFP-CAP2/Myc-CAP2 CTRL vs EGFP-
CAP2/Myc-(C32G)CAP2 cLTP **P=0.008; EGFP-CAP2/Myc-CAP2 cLTP vs EGFP-CAP2/Myc-
(C32G)CAP2 cLTP **** P < 0.0001, one-way Anova, Bonferroni’s multiple comparisons test, n=6-8 
neurons per condition from at least 2 independent experiments). 

D PLA images revealing the closeness between Cofilin and either Myc-CAP2 or Myc-(C32G)CAP2 
(white) along dendrites of GFP transfected hippocampal neurons (magenta) after cLTP induction. 
Lower panels, inverted images of PLA signal (black), scale bar = 5 µm, MycCAP2/Cofilin CTRL vs 
MycCAP2/Cofilin cLTP  ****P < 0.0001; MycCAP2/Cofilin cLTP vs Myc-(C32G)-CAP2/Cofilin 
cLTP ****P < 0.0001; one-way Anova, Bonferroni’s multiple comparisons test, n= 5-6 neurons per 
condition from at least 2 independent experiments). 

Fig. 6 Cys32-dependent CAP2 dimer is required for Cofilin translocation upon LTP and for 
structural plasticity changes and for synaptic transmission potentiation.  
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A SIM images of Cofilin and RFP staining of primary hippocampal neurons transfected with vectors 
expressing RFP and either scramble sequence (SCR) or CAP2-shRNA or CAP2-shRNA + shr-wt-
CAP2 or CAP2-shRNA + shr-(C32G)-CAP2, 30 min after cLTP induction. Scale bar = 2 µm. 
Histograms show the quantification of the ratio between the integrated density (IntDen) of Cofilin and 
RFP staining in dendritic spines (SCR vs SCR cLTP ** P = 0.0012; SCR cLTP vs CAP2-shRNA cLTP 
* P = 0.002; SCR vs CAP2-shRNA + shr-wt-CAP2 cLTP **** P < 0.0001; SCR cLTP vs CAP2-
shRNA + shr-(C32G)-CAP2 cLTP *** P= 0.0004; CAP2-shRNA cLTP vs CAP2-shRNA + shr-wt-
CAP2 cLTP **** P < 0.0001; CAP2-shRNA + shr-wt-CAP2 cLTP vs CAP2-shRNA + shr-(C32G)-
CAP2 cLTP **** P < 0.0001, , one-way Anova, Bonferroni’s multiple comparisons test, n=7-8 
neurons per condition from at least 2 independent experiments). 

B Confocal images of RFP staining of primary hippocampal neurons transfected with vectors 
expressing RFP and either SCR or CAP2-shRNA or CAP2-shRNA + shr-wt-CAP2 or CAP2-shRNA + 
shr-(C32G)-CAP2, 30 min after cLTP induction; scale bar = 5 µm. Histograms show the quantification 
of dendritic spine head width (SCR vs SCR cLTP *P = 0.033; SCR cLTP vs CAP2-shRNA cLTP *P = 
0.037; SCR vs CAP2-shRNA + shr-wt-CAP2 cLTP ** P = 0.001; SCR cLTP vs CAP2-shRNA + shr-
(C32G)-CAP2 cLTP **P = 0.009; CAP2-shRNA cLTP vs CAP2-shRNA + shr-wt-CAP2 cLTP **P = 
0.0014; CAP2-shRNA + shr-wt-CAP2 cLTP vs CAP2-shRNA + shr-(C32G)-CAP2 cLTP *** P = 
0.0003, one-way Anova, Bonferroni’s multiple comparisons test, n=10-11 neurons per condition from 
at least 2 independent experiments). 

C Electrophysiological recordings of mEPSCs before and after chemical LTP (cLTP) induction in 15 
DIV hippocampal neurons. (Left) Representative mEPSC traces. Differently from CTRL and shr-wt-
CAP2 cells, CAP2-shRNA and CAP2-shRNA+shr-(C32G)-CAP2 neurons are unable to undergo 
cLTP. mEPSCs amplitude (normalized values): CTRL= 1±0.03 (n=18) vs cLTP: 1.26±0.07 (n=22); 
CAP2-shRNA: 1±0.02 (n=15) vs cLTP: 1± 0.02 (n=20); shr-wt-CAP2: 1±0.04 (n=19) vs cLTP: 
1.25±0.05 (n=23); shRNA+shr-(C32G)-CAP2: 1±0.031 (n=18) vs cLTP: 1± 0.04 (n=26). One Way 
Anova, Holm-Sidak's multiple comparisons test, P<0.0001. 

Fig. 7 Cys32-dependent CAP2 dimer levels and CAP2 association to Cofilin are affected in AD 
synapses.  

A. Representative WB of CAP2 dimer level in the HOMO and TIF hippocampal fraction of APP/PS1 
vs WT animals. Quantitative analysis shows the decreased ratio of OD. CAP2 dimer on the OD CAP2 
monomer of APP/PS1 compeared to controls (TIF, WT vs APP/PS1 **P= 0.003, 2-tailed paired t-test, 
n=6). 

B Representative WB showing the levels of CAP2 monomer and dimer in the HOMO and TIF samples 
of AD and HC hippocampal samples. Quantitative analysis shows that CAP2 dimer/monomer ratio is 
reduced in AD patients TIF but not in HOMO (TIF, HC vs AD *P= 0.014, 2-tailed paired t-test, n=8).  

C TIF from hippocampi of HC and AD patients were Ip with anti-Cofilin antibody and CAP2 
coprecipitation evaluated in non-denaturating condition. Samples derive from the same experiment and 
gels/blots were processed in parallel. Cofilin binds preferentially the CAP2 monomer in TIF fraction of 
AD compared with HC (CAP2 dimer/monomer, HC vs AD *P = 0.023, 2-tailed unpaired t-test, n=8). 

D A working model for the involvement of CAP2 in the pathogenesis of AD. LTP triggers CAP2 
translocation to spines, the formation of Cys32-dependent CAP2 dimers and binding to Cofilin, thus 
leading to an increase in Cofilin synaptic localization. In AD patients we observed a reduction in CAP2 
expression and synaptic localization leading to a decrease formation of Cys32-dependent dimers, an 
aberrant association of Cofilin to CAP2 monomers and a pathological increased localization of Cofilin 
into spines. 
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Table 1 
Subjects Gender Age at death 

(years) 
PMD 
(hours) 

pH CSF Brain weight 
(g) 

Braak level 

1 (AD) M 82 5.15 6.34 1182 5 

2 (AD) F 84 5.55 6.42 1017 5 

3 (AD) F 88 6.45 6.5 1148 5 

4 (AD) F 91 6.25 6.05 1026 4 

5 (AD) M 90 5.55 6.37 1080 4 

6 (AD) M 91 4.1 6.28 1117 4 

7 (AD) F 86   4.10  6.34  1083  4 

8 (AD) M 81   4.05  6.42  1253  4 

9 (AD) F 86 5.5 6.85 950 4 

 mean ± SD  86.56 ± 3.75 5.19 ± 0.92 6.40 ± 0.21 1095 ± 92.24  

1 (HC) F 85 6.25 6.6 1080 3 

2 (HC) F 89 6.35 6.73 1139 3 

3 (HC) F 91 4.1 6.58 1052 3 

4 (HC) M 83 5.15 6.6 1372 1 

5 (HC) M 80 4.25 6.59 1429 2 

6 (HC) M 89 6.5 6.23 1185 2 

7 (HC) F  81   6.40  7.16  1164  1  

8 (HC) M  80   7.15  5.8  1376  0  

9 (HC) F 85 4.40 6.71 1165 2 

 mean ± SD 84.78 ± 4.15 5.62 ± 1.15 6.56 ± 0.37 1218± 138.23  

 

Table1 Demographic and neuropathological characteristics of AD and HC cases that were selected for 
the analysis of hippocampal specimens (AD, Alzheimer’s disease; CSF, cerebrospinal fluid; F, female; 
HC, healthy controls; M, male; PMD, postmortem delay) 

Table 2 

 

Subjects Gender Age at death 
(years) 

PMD 
(hours) 

pH CSF Brain weight 
(g) 

Braak level 

1 (AD) F 91   3.45  6.36  1011  4 

2 (AD) F 91   4.15  6.27  1202  4 

3 (AD) F 86   4.10  6.34  1083  4 

4 (AD) F 86   5.05  6.62  998  4 

5 (AD) M 81   4.05  6.42  1253  4 

6 (AD) F 86 5.5 6.85 950 4 

 mean ± SD  86.83 ± 3.76 4.38 ± 0.75 6.48 ± 0.22 1082 ± 120  

1 (HC) F  84   4.45 6.26 1179  1  

2 (HC) F  81   6.40  7.16  1164  1  

3 (HC) M  80   7.15  5.8  1376  0  

4 (HC) M   84  7.05  5.9  1385  1  

5 (HC) F  85   5.00  6.72  1257  1  

6 (HC) F 85 4.40 6.71 1165 2 

 mean ± SD 83.17 ± 2.14 5.74 ± 1.28 6.43 ± 0.53 1254± 103  

 

Table2 Demographic and neuropathological characteristics of AD and HC cases that were selected for 
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the analysis of SFG specimens (AD, Alzheimer’s disease; CSF, cerebrospinal fluid; F, female; HC, 
healthy controls; M, male; PMD, postmortem delay) 

 

Expanded View Figure legends 

Figure EV1  
 
A Representative WB showing the expression of CAP2 in different brain areas (CTX cortex, HIP 
hippocampus, STR striatum, CB cerebellum, BS brain stem) at postnatal day (P) 0, P7, P14, P18, P21 
and P30. 
 
B Representative WB of the levels of markers of the presynaptic (synaptophysin, Syn) and 
postsynaptic compartment (PSD-95) in total homogenate (HOMO) and postsynaptic fraction (TIF) of 
human hippocampus. Tubulin is the loading control protein. 

 

Figure EV2 
 
A Confocal and STED images of hippocampal neurons fixed and stained for CAP2 (magenta) and F-
actin (cyan). Scale bar = 2 µm.  

B Representative images of WB analysis of the levels of CAP2 and markers of the presynaptic 
(synaptophysin, SYN) and postsynaptic compartment (PSD-95) in various subcellular compartments 
(H: Homogenate; S1: low-speed supernatant; P1: nuclei-associated membranes; S2: high-speed 
supernatant; P2: crude membrane fraction; Syn: synaptosomes; PSD1: Triton Insoluble postsynaptic 
fraction; PSD2: postsynaptic density fraction). 
 
C WB images of lysates obtained from COS7 cells transfected with Myc-CAP2 plus scramble 
sequence (SCR) or four different CAP2-shRNA sequences. Tubulin served as loading reference and 
RFP antibody as control of transfection. The quantitative analysis confirmed that the sequence D 
(CAP2-shRNA D) down-regulates CAP2 expression (SCR vs CAP2-shRNA D *P = 0.033; 2-tailed 
unpaired t-test; n= 3 independent experiments,)  
 
D QRT-PCR analysis of CAP2 and BDNF in hippocampal neurons infected with either rAAV-CAP2-
shRNA or rAAV-SCR (CAP2, SCR vs CAP2-shRNA ****P< 0.0001, BDNF, SCR vs CAP2-shRNA 
***P=0007, n=10 independent experiments, 2-tailed unpaired t-test) 
 
E Representative WB images of lysates obtained from COS7 cells transfected with CAP2-shRNA plus 
either Myc-CAP2 or shr-wt-CAP2. RFP antibody served as control for transfection. The blots show 
that shr-wt-CAP2 is resistant to CAP2-shRNA. 
 
Figure EV3 
 
A Domains organization of CAP2 from M. musculus. 
 
B Multi-sequence alignment of the CAP1 and CAP2 sequences from H. sapiens and M. musculus and 
CAP from D. discoideumis. The domains organization is also highlighted in the multi-sequence 
alignment, following the same color code reported in panel A. 
 
C Representative images of control experiments carried out to verify the specificity of PLA signal 
revealing EGFP-CAP2/Myc-CAP2 interaction. Neurons were transfected with Myc-CAP2 and EGFP-
CAP2 and the PLA assay was carried out in presence of only the primary anti-Myc antibody. In these 
conditions no PLA signals were generated and detected along MAP2-positive dendrites (magenta); 
scale bar = 5 µm. 
 
Figure EV4 
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A Samples of Streptag-CAP2 and Streptag-(C32G)CAP2 recombinant proteins were loaded onto a 
non-reducing gel. WB analysis performed with CAP2 antibody showed two bands for the Streptag-
CAP2 protein at 84kDa and 168 kDa, corresponding to the monomer and the dimer, while the mutant 
Streptag-(C32G)CAP2 is detectable as a single band at 84 kDa.  

B Representative images of control experiments carried out to verify the specificity of PLA signal 
revealing Cofilin/Myc-CAP2 interaction. Neurons were transfected with Myc-CAP2 and GFP and the 
PLA assay was carried out in presence of only the primary antibody for Cofilin (left panels) or the anti-
Myc antibody (right panels). In these conditions no PLA signals were generated and detected along 
GFP-positive dendrites (magenta); scale bar = 5 µm. 

C Co-immunoprecipitation assays carried out from homogenate samples of HEK293 cells transfected 
with Myc-CAP2 or Myc-(C32G)CAP2. Both Myc-CAP2 and Myc-(C32G)CAP2 are able to 
immunoprecipitate actin.  

D Representative WB images of lysates obtained from COS7 cells transfected with CAP2-shRNA plus 
either Myc-CAP2 or shr-(C32G)-CAP2. RFP antibody served as control for transfection. The blots 
show that shr-(C32G)-Myc CAP2 is resistant to CAP2-shRNA. 

Figure EV5 
 
A Samples of rat and human brain Homo and TIF were loaded onto a non-reducing gel. WB analysis 
performed with CAP2 antibody showed a band corresponding to CAP2 monomer and another band at 
106 KDa corresponding to a CAP2 dimer. 
 
B WB representative images of HOMO and TIF samples purified from control and LTD-treated 
neurons. LTD does not affect CAP2 total levels and localization in the synaptic fraction (CTRL vs 
LTD P>0.05; 2-tailed unpaired t-test, n=6 independent experiments)  

C WB representative images of TIF samples purified from control and LTD-treated neurons. LTD does 
not affect CAP2 dimer/monomer ratio in the TIF fraction (CTRL vs LTD, P>0.05, 2-tailed unpaired t-
test, n=6 independent experiments)  

D Representative images of PLA showing the proximity between EGFP-CAP2 and either Myc-CAP2 
or Myc-(C32G)CAP2 (white) along MAP2 positive dendrites (magenta) after 30 min of LTD 
induction; scale bar = 5 µm. LTD induction does not affect CAP2 dimer formation (EGFP-CAP2/Myc-
CAP2 vs EGFP-CAP2/Myc-(C32G)CAP2 LTD ****P < 0.0001, EGFP-CAP2/Myc-CAP2 LTD vs 
EGFP-CAP2/Myc-(C32G)CAP2 LTD, ****P < 0.0001, n=6-8 neurons from 2 independent 
experiments, one-way Anova, Bonferroni’s multiple comparisons test).  

E Representative images of PLA showing the proximity between CAP2 and either Cofilin (white) 
along MAP2 positive dendrites (magenta) after 30 min of cLTP induction; scale bar = 5 µm. LTP 
induction fosters Cofilin/CAP2 binding (CTRL vs cLTP, *P = 0.014, n=6-8 neurons from 2 
independent experiments, 2-tailed unpaired t-test). 

Figure EV6 

Samples of TIF hippocampi were Ip with a rabbit anti-Cofilin antibody and loaded onto a non-reducing 
gel. WB analysis revealed the presence of CAP2 monomer and dimer in the immunocomplex. As 
shown in the right lanes, no signal is detectable when the sample is precipitated without CAP2 
antibody. Lanes were run on the same gel but were not contiguous. 
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