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Alzheimer’s disease (AD) is marked by synaptic failure, with 
actin cytoskeleton alterations playing a key role in its patho-
genesis. Cofilin, a regulator of actin dynamics in dendritic 
spines, forms cofilin-actin rods upon exposure to amyloid-β 
(Aβ) oligomers, contributing to synaptic loss. Cyclase-associ-
ated protein 2 (CAP2) is crucial for regulating cofilin activity. 
During long-term potentiation, CAP2 dimerization is relevant 
for cofilin translocation to spines required for spine remodel-
ing. In AD, CAP2 is downregulated, thus disrupting synaptic 
CAP2/cofilin complexes. To investigate the neuroprotective 
potential of CAP2 overexpression in preventing Aβ-induced 
synaptic dysfunction, we used adeno-associated virus serotype
9 (AAV) gene delivery to elevate CAP2 levels in APP/PS1 
mice—a model of amyloid pathology—starting from the 
asymptomatic stage. APP/PS1 animals received bilateral ste-
reotaxic injection of either AAV expressing CAP2 or a control 
AAV. This approach preserved synaptic CAP2/cofilin interac-
tion, maintained synaptic plasticity pathways, and sustained 
cognitive function. CAP2 overexpression reduced cofilin-actin 
rod formation and mitigated tau abnormalities. Notably, 
CAP2 is present in cofilin-actin rods, and its dimerization is 
required to prevent Aβ-driven synaptic loss but not to protect 
neurons from rod formation. These findings highlight CAP2 
upregulation as a promising strategy to enhance neuronal re-
silience and counteract Aβ synaptic toxicity in AD.

INTRODUCTION

The actin cytoskeleton plays a pivotal role in supporting neuronal 
structure and function. Actin dynamics drive structural changes 
that can modify synaptic function in mature synapses, which are 
capable of activity-dependent remodeling in response to changed 
input and activity patterns. 1

Given the substantial contribution of the cytoskeleton to mecha-
nisms involved in synaptic plasticity, an impairment in actin dy-

namics can contribute to neurodegenerative disorders such as Alz-
heimer’s disease (AD), in which plasticity events are disrupted 
from the early stages of the disease. 2 Indeed, alterations of the actin 
cytoskeletal network have been found in neuronal cells of AD pa-
tients alongside hallmark pathogenic events such as the aggregation 
of amyloid-β (Aβ) plaques, formation of neurofibrillary tangles, and 
synaptic loss. In particular, the presence of cytoplasmic rod-like in-
clusions of ADP-actin and active dephosphorylated cofilin in a 1:1 
ratio has been reported in the brains of AD patients and mouse 
models. 3 The formation of rod-shaped bundles can be triggered by 
a variety of stress-responsive cell signaling pathways, 4 including 
those induced by exposure to Aβ. 5,6 Cofilin-actin rods interfere 
with physiological cytoskeletal dynamics and sequester cofilin from 

the synaptic compartment, where it is required for activity-depen-
dent spine remodeling. Thus, the presence of cofilin-actin rods has 
been proposed to be implicated in Aβ-induced synaptic loss. 4,7,8

In dendritic spines, cofilin transiently severs filaments, creating free 
ends that polymerize and branch to increase the size and complexity 
of the actin cytoskeleton. 9 Cofilin activity therefore plays a major role 
in promoting F-actin assembly and spine growth. 10–12 The cofilin ac-
tivity that promotes F-actin dynamics is enhanced by different pro-
teins including cyclase-associated proteins (CAPs). 13 CAPs are 
modular proteins that assemble into tetramers and hexamers, 14,15 

facilitating actin filament turnover through distinct mecha-
nisms. 16–18 In mammals, there are two CAP genes: CAP1 is ubiqui-
tously expressed, while CAP2 is expressed primarily in neurons, 
muscle, and skin. 19 We have previously described a neuronal
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mechanism, through which the dimerization of CAP2, dependent on 
Cys 32 , plays a crucial role in actin dynamics. CAP2 dimerization is 
essential for targeting cofilin to spines upon long-term potentiation 
(LTP) induction, thereby promoting spine remodeling and the 
enhancement of synaptic transmission. 20 This plasticity-regulated 
mechanism is altered in the hippocampus of AD patients and rele-
vant animal models. 20 CAP2 expression is reduced in AD, meaning 
lower synaptic availability of the CAP2 dimer. In the AD hippocam-
pus, cofilin exhibits altered association with CAP2 dimer and aber-
rant spine localization. 20 In addition, our recent study demonstrates 
that altered CAP2 levels in cerebrospinal fluid (CSF) are detectable 
from the prodromal stage of AD and correlate with tau-related path-
ological changes. 21

Considering the involvement of cofilin and its protein partners in 
multiple pathological traits of AD, this actin-binding protein can 
be considered a “master node” in AD pathogenesis 3 and could serve 
as a potential target to preserve neuronal function.

In this study, we developed a strategy to prevent abnormal compart-
mentalization of cofilin in AD neurons by enhancing the expression 
of its partner CAP2. We intended to test the concept that increasing 
CAP2 levels through a gene delivery approach can represent an inno-
vative strategy for preventing AD synaptic failure. To this end, we 
used direct overexpression of CAP2 by AAV-mediated gene transfer 
into the hippocampus to explore its potential to delay the onset of 
cognitive deficits in APP/PS1 mice, a model of amyloid pathology 
suitable for assessing the neuroprotective potential of CAP2 in pre-
venting Aβ-dependent synaptic dysfunction. 22

Our findings demonstrate that the early-stage overexpression of 
CAP2 in the hippocampus of APP/PS1 mice effectively prevented 
the onset of cognitive deficits. This intervention preserved functional 
CAP2/cofilin complexes at the synapse and reduced the formation of 
actin rods and cytoskeletal abnormalities, without influencing plaque 
deposition. Taking advantage of an in vitro system, we found that 
CAP2 is a component of mature cofilin-actin rods specifically 
induced by Aβ oligomers. The CAP2/cofilin complex is an early 
target of Aβ oligomers, which affect CAP2 dimerization and its asso-
ciation with cofilin. Finally, we found that CAP2 dimerization is 
essential to prevent Aβ-induced dendritic spine loss, but not for pro-
tection from cofilin-actin rod formation.

RESULTS

CAP2 overexpression in the hippocampus of a mouse model of 

amyloid pathology prevents the alterations of the CAP2/cofilin 

complex at the synapse

CAP2 protein levels are selectively reduced in the hippocampus of 
AD patients, whereas no changes are detected in the superior frontal 
gyrus. 20 To strengthen these data, we measured CAP2 mRNA levels 
in postmortem specimens obtained from sporadic AD patients, ful-
filling criteria for Braak stages 4 and 5, and age-matched control sub-
jects (HCs) (Table S1). The RT-qPCR results revealed a significant 
decrease in CAP2 mRNA levels in the hippocampus of AD patients

compared with HCs (Figure S1A), indicating a reduced expression of 
the CAP2 gene in AD. Supporting these results, a recent large-scale 
proteomic analysis of AD patients led to the development of 
NeuroPro, a comprehensive database that enables meta-analysis of 
disease-associated protein changes. 23 Analysis using this database 
has validated the downregulation of CAP2 in AD hippocampus.

Given these findings, we investigated the neuroprotective potential 
of CAP2 in preventing amyloid-induced synaptic failure. To this 
end, we used the APP/PS1 mouse model, previously characterized 
by our group for CAP2 dysregulation. 20 We delivered CAP2 to the 
hippocampus of 4-month-old APP/PS1 mice via AAV-mediated 
overexpression, targeting the asymptomatic phase prior to the onset 
of cognitive deficits, which typically emerge around 6 months of age 
(Figures S1B and S1C). 22,24 Notably, CAP2 downregulation has been 
reported in APP/PS1 mice at the age of 6 months, 20 while its expres-
sion and synaptic localization remain unchanged at 4 months when 
compared with wild-type (WT) animals (Figure S1D).

We employed an AAV-based bicistronic vector coding for eGFP and 
myc-tagged murine CAP2 (AAV9-hSyn-eGFP:T2A:mycCAP2, 
referred to as AAV-mycCAP2). The mycCAP2 reading frame was 
fused to eGFP by a T2A site to enable tracking of transduced cells. 
Expression was driven by the neuronal synapsin promoter 
(Figure 1A). We selected AAV serotype 9 due to its high efficiency 
in mediating transgene expression in the hippocampus and its strong 
neuronal tropism. 25 To determine the optimal dose of AAV for hip-
pocampal delivery, we performed a pilot experiment in WT mice. 
Two different doses (4 × 10 10 and 8 × 10 10 genome copies, GCs) 
of the AAV were unilaterally injected into one hippocampus, with 
the contralateral side serving as an internal control. Mice were eutha-
nized 4 weeks post-injection (Figure S2A), and western blot (WB) 
analysis revealed that the lower dose was sufficient to induce an in-
crease in CAP2 protein levels in the hippocampus (Figure S2B).

To assess the effect of CAP2 overexpression on the progression of 
amyloid-dependent synaptic dysfunction, adult APP/PS1 mice 
received bilateral stereotaxic injections at 4 months of age with either 
AAV-mycCAP2 or a monocistronic control vector (AAV9-hSyn-
eGFP, hereafter referred to as AAV-GFP) (Figure 1B).

To evaluate CAP2 and GFP expression, animals were euthanized
8 weeks post-injection and brain samples were analyzed by WB 
and immunohistochemistry (IHC) using myc-tag-, GFP-, and 
CAP2-specific antibodies. Analysis of coronal brain sections revealed 
widespread expression of CAP2 in the hippocampus, without 
spreading in other brain regions (Figures S2C and S2D). WB analysis 
of hippocampal homogenates confirmed efficient AAV-mediated 
CAP2 expression in injected animals (Figure S2E).

To investigate the effect of CAP2 overexpression on the regulation of 
cofilin availability at the synapse, we took advantage of a biochemical 
fractionation approach to purify the Triton-insoluble fraction (TIF), 
which is enriched in postsynaptic proteins, from the hippocampus of
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Figure 1. Increasing CAP2 levels in APP/PS1 mice hippocampus preserves CAP2 dimer-cofilin synaptic pathway

(A) Schematic representation of the AAV expression vector used for stereotaxic injection. The construct includes the human synapsin I promoter (hSyn) for neuron-specific 

expression, followed by eGFP as a fluorescent reporter. A T2A self-cleaving peptide enables co-expression of the reporter with the myc-tagged CAP2 protein (mycCAP2) 

from a single transcript. (B) Experimental paradigm: 4-month-old APP/PS1 mice were bilaterally stereotaxically injected with the viral vector AAV9-hSyn-eGFP:T2A:mycCAP2 

(AAV-mycCAP2) to overexpress CAP2 in the whole hippocampus. As a control, the vector AAV9-hSyn-eGFP (AAV-GFP) was used. At the age of 6 months the biochemical 

analysis was carried out. (C) Representative WB showing the expression of CAP2, cofilin, and actin in hippocampal Triton-insoluble fraction (TIF) samples of 6-month-old 

APP/PS1 mice injected with AAV-mycCAP2 compared with GFP-injected animals. The quantification of optical density (OD) and its normalization to the loading control OD 

(actin) shows that both CAP2 and cofilin synaptic levels are increased in CAP2-injected mice (CAP2, AAV-GFP = 100 ± 20.02, AAV-mycCAP2 = 2083 ± 423.8, cofilin, AAV-

GFP = 100 ± 22.08, AAV-mycCAP2 = 210.4 ± 39.43; two-tailed unpaired t test: ***p = 0.0003, *p = 0.0225, n = 9–10 mice). (D) Representative WB of CAP2 dimer levels in 

hippocampal TIF samples of CAP2- and GFP-injected mice. Samples were loaded onto a non-reducing SDS-PAGE to detect a band corresponding to the CAP2 monomer, 

representing denatured CAP2 forms migrating at the expected molecular weight in SDS-PAGE, along with a 106 kDa band corresponding to the dimeric form. In CAP2-

injected mice, a further band at 124 kDa, corresponding to mycCAP2 dimer, was revealed. To perform quantitative analysis, CAP2 dimer levels were normalized to CAP2 

monomer (expressed as CAP2 dimer/monomer ratio), which served as our standardized measurement throughout all subsequent analyses. Statistical analysis highlights an 

augmented CAP2 dimer/monomer ratio in mice injected with AAV-mycCAP2 compared with controls (CAP2, AAV-GFP = 100 ± 21.91, AAV-mycCAP2 = 169 ± 18.85; two-

tailed unpaired t test: *p = 0.0296, n = 9 mice). Dashed lines indicate that the images come from different parts of the same gel. (E) TIF samples obtained from the hip-

pocampus of CAP2- or GFP-injected APP/PS1 mice were immunoprecipitated (ip) with anti-cofilin antibody. The coprecipitation of CAP2 was evaluated by loading the 

samples in a non-denaturating condition. The results highlight that cofilin binding to CAP2 dimer is increased in the TIF fraction of CAP2-overexpressing mice compared with 

GFP controls (CAP2 dimer/monomer, AAV-GFP = 100 ± 5.898, AAV-mycCAP2 = 650.7 ± 131.6; two-tailed unpaired t test: ***p = 0.0001, n = 7–10 mice). Dashed lines 

indicate that the images come from different parts of the same gel or from different gels. All data are presented as the percentage of control AAV-GFP-injected mice and 

expressed as mean ± SE. IgG, immunoglobulin.
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both CAP2- and GFP-injected APP/PS1 mice (Figure 1B). As ex-
pected, WB analyses of hippocampal homogenates revealed a signif-
icant increase in total CAP2 levels in CAP2-injected APP/PS1 mice 
compared with GFP-injected animals (Figure S2F). No difference 
in the total abundance of cofilin between groups was detected 
(Figure S2F). The increase in CAP2 expression led to a significant 
augmentation of both CAP2 and cofilin postsynaptic levels in 
CAP2-injected APP/PS1 mice compared with the control group 
(Figure 1C).

CAP2 exhibits oligomerization properties, existing in multiple mo-
lecular forms through self-association. LTP triggers Cys 32 -depen-
dent CAP2 homodimerization and the association of the CAP2 ho-
modimer to cofilin. 20 The reduced association between cofilin and 
Cys 32 -dependent CAP2 dimers in the AD hippocampus suggests 
impaired CAP2/cofilin complex formation at hippocampal synap-
ses. 20 Therefore, we tested the effect of CAP2 overexpression on 
the CAP2 dimer levels and the association of CAP2 forms to cofilin. 
To detect levels of CAP2 dimer, the samples were loaded onto a non-
reducing SDS-PAGE. WB analysis revealed a significant increase in 
the CAP2 dimer in both the total homogenate (Figure S2G) and in 
the postsynaptic fraction (TIF) of CAP2-injected APP/PS1 mice 
when compared with the control group (Figure 1D). To check the as-
sociation with cofilin, samples of the hippocampal postsynaptic frac-
tion (TIF) were immunoprecipitated using an antibody against cofi-
lin and loaded onto a non-reducing gel. WB analysis carried out with 
a CAP2 antibody showed that in the postsynaptic compartment, the 
CAP2 dimer associated with cofilin was significantly increased when 
CAP2 was overexpressed (Figure 1E).

These results suggest that increasing CAP2 levels promotes CAP2 
dimerization and the association of the CAP2 homodimer to cofilin 
and subsequently increases the synaptic availability of cofilin.

CAP2 overexpression in the hippocampus of APP/PS1 mice 

prevents cognitive deficits

To assess the effect of CAP2 overexpression on cognitive function 
and memory formation, we used the same experimental paradigm 

(Figure 1B) to test CAP2- or GFP-injected APP/PS1 mice in the 
novel object recognition task (NORT). Mice were presented with 
two identical objects and following a 24-h delay, one of these was re-

placed with a novel one (Figure 2A). As expected, GFP-injected APP/ 
PS1 mice did not discriminate between the familiar and the novel ob-
ject, confirming their cognitive impairment. On the other hand, 
CAP2-injected APP/PS1 mice showed a clear preference for the 
novel over the familiar object, indicating that CAP2 overexpression 
prevented cognitive impairments in APP/PS1 mice.

To assess hippocampal-dependent memory, we performed a spatial 
displacement task. Mice were placed in an open field arena in the 
presence of two identical objects and after a 24-h delay, one of the 
two objects was relocated (Figure 2B). GFP-injected APP/PS1 mice 
did not show any object preference, whereas the CAP2 group spent 
more time exploring the displaced object, indicating that these mice 
could make a distinction between the two objects based on spatial in-
formation. We did not observe differences between the two groups in 
locomotor activity (total travel distance, Figure S3A) or anxiety-like 
behavior (time freezing, time in the center, Figures S3B and S3C) in 
either task conducted in the open field arena, indicating that the 
manipulation of CAP2 expression had a specific effect on cognitive 
behavior. Taken together, these results suggest that increasing 
CAP2 levels in the hippocampus of AD mice could prevent cognitive 
deficits at early stages.

To address hippocampal-dependent spatial learning and memory in 
more detail, we tested CAP2- and GFP-injected APP/PS1 mice in the 
Barnes maze, in which mice learn to identify a specific target area 
(escape box) using external visual cues. Mice were trained to find 
the target area across three daily trials over 4 days (Figure 2C). How-
ever, we did not find any difference in the time to identify the target 
area (latency to escape) between CAP2- and GFP-injected APP/PS1 
mice (Figure S3D). Two weeks after initial task acquisition, we as-
sessed the reversal learning ability of CAP2- and GFP-injected 
APP/PS1 mice by testing a single daily session of three trials in the 
same maze, with the target area displaced by 180 ◦ (Figure 2C). In 
this condition, CAP2-injected APP/PS1 mice showed a reduced la-
tency to escape compared with GFP-injected APP/PS1 mice 
(Figure 2C). We also quantified the difference in choice strategy by 
computing a path efficiency score, where higher values indicate the 
choice of more efficient strategies to reach the target area. We found 
that CAP2-injected APP/PS1 mice showed higher scores across trials 
compared with GFP-injected APP/PS1 mice (Figure 2C).

Figure 2. CAP2 overexpression in 6-month-old APP/PS1 mice hippocampus prevents cognitive defects

(A) Schematic of the NORT. Preference was calculated as the exploration time ratio of the familiar (or novel) object to total exploration time. GFP mice indiscriminately explored 

familiar and novel objects, while CAP2 mice spent more time investigating the novel object (AAV-GFP, familiar object = 48.23 ± 3.779, novel object = 51.77 ± 3.779, AAV-

mycCAP2, familiar object = 43.31 ± 2.766, novel object = 56.69 ± 2.766; two-tailed paired t test: *p = 0.0361, n = 11–15 mice). (B) Diagram of the spatial displacement test. 

CAP2-injected mice showed a preference for the displaced object, unlike the GFP controls (AAV-GFP, familiar object = 53.03 ± 3.979, displaced object = 46.97 ± 3.979, 

AAV-mycCAP2, familiar object = 41.85 ± 3.765, displaced object = 58.15 ± 3.765; two-tailed paired t test: p = 0.05, n = 13–15 mice). (C) Overview of the Barnes maze and 

reversal learning test. The results of the reversal learning task highlight a significant difference between the GFP and CAP2 groups in the latency to escape. The inset shows 

that the average time, along the three trials, was higher in GFP-injected mice. The graphs on the right show that CAP2-injected mice adopt a more efficient search pattern 

(Latency to escape, two-way RM ANOVA: **p = 0.0014, n = 13–16 mice; inset, AAV-GFP = 42.37 ± 4.499, AAV-mycCAP2 = 22.87 ± 2.447, two-tailed unpaired t test: 

**p = 0.0014, n = 13–16 mice; Path efficiency, two-way RM ANOVA: *p = 0.0296, n = 13–16 mice; inset, AAV-GFP = 0.2137 ± 0.03537, AAV-mycCAP2 = 0.3181 ± 0.02531, 

Mann-Whitney test: **p = 0.0048, n = 13–16 mice). (D) Example diagrams illustrating different search strategies analyzed. The table reports the number of CAP2 or GFP mice 

that used the different search strategies in the three trials. The graphs represent the percentage of CAP2 or GFP mice employing random (violet) and serial (blue) search 

strategies across the three trials of the reversal learning task. CAP2-injected mice utilized the serial search strategy more frequently than the control group.
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Figure 3. Enhancing CAP2 levels in APP/PS1 mice hippocampus maintains synaptic plasticity-related pathways and prevents cytoskeleton defects, without 

affecting plaque load

(A) Representative confocal images of hippocampal dendritic spines of APP/PS1 mice receiving AAV-mycCAP2 or AAV-GFP injection. Scale bar, 5 μm. The joint distribution 

of dendritic spine type and treatment is reported in the table together with the p value of the chi-square test of independence (AAV-GFP n = 9,524 spines, AAV-mycCAP2 n = 

8,439 spines, p < 0.0001). (B) Representative WB showing the expressions of pCREB, CREB, and actin, as the loading control, in hippocampal homogenate samples of

(legend continued on next page)
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To better understand how mice used spatial information during the 
reversal learning session, we analyzed the search strategies used to 
identify the target areas. Based on their trajectories, we automatically 
classified the search patterns into six distinct categories: direct, cor-
rected, long correction, focused search, serial, and random 

(Figure 2D). To quantify potential treatment effects on strategy 
choice, we applied a generalized linear mixed-effects model 
(GLMM) with a logit link and binomial distribution. In this analysis, 
treatment with CAP2 significantly influenced strategy selection 
(β: 3.936, SE: 1.575, p value: 0.013, reference category: GFP). In 
contrast, the trial number had no significant effect (trial #2: β:
− 0.08906, SE: 0.89169, p value: 0.920; trial #3: β: − 0.506, SE: 
0.951, p value: 0.594, reference category: trial #1), and we found no 
significant interaction between treatment and trial number; the stan-
dard deviation of the random-effect term for mouse ID was equal to 
1.883. Importantly, the odds ratio analysis revealed that mice treated 
with CAP2 were about 50 times more likely to switch from a random 

to a serial search strategy compared with GFP controls (odds ratio = 
51.2; 95% CI: 2.3–1,122.5). This suggests that CAP2 treatment 
strongly promoted more structured and efficient search strategies 
during the reversal learning phase.

To evaluate the long-term effects of the treatment, we tested mice at 
9 months of age using the Barnes maze (Figure S3E). Notably, AAV 
expression remained localized in the hippocampus (Figure S3F). 
Consistent with the results observed in 6-month-old mice, the 
path efficiency scores confirmed that CAP2-overexpressing mice 
outperformed GFP-injected controls. Specifically, these mice 
demonstrated significantly higher path efficiency scores (Figure 
S3G), indicating their ability to adopt more effective strategies to 
reach the target area. These results suggest that CAP2 overexpression 
ameliorates cognitive function in APP/PS1 mice when acquired in-
formation is applied under novel circumstances.

CAP2 overexpression promotes synaptic plasticity-related 

pathways and ameliorates cytoskeleton abnormalities in APP/ 

PS1 mice

Having established that AAV-CAP2 expression ameliorated the 
cognitive deficits of APP/PS1 mice, we evaluated whether the effects

on cognitive performance were accompanied by changes in spine 
morphology and signaling pathways associated with synaptic plas-
ticity phenomena in the hippocampus of treated mice.

We analyzed spine shape using carbocyanine dye (DiI)-stained hip-
pocampal slices of CAP2- and control GFP-injected APP/PS1 mice. 
No changes in spine density or the length and width of the spines 
were detected (Figure 3A; Table 1). The evaluation of spine 
morphology revealed that different spine categories (mushroom, 
stubby, thin, and filopodia) were associated with CAP2 overexpres-
sion in preliminary analysis (Figure 3A, chi-square test, 
p < 0.0001); this result was confirmed when we separately treated 
(1) stubby spines (reference category) and mushroom spines 
(Figure 3A, chi-square test on the restricted table, p < 0.0001); (2) 
thin spines (reference category) and mushroom spines (Figure 3A, 
chi-square test on the restricted table, p < 0.001); (3) non-mushroom 

spines (reference category including filopodia, thin, and stubby 
spines) and mushroom spines (Figure 3A, chi-square test on the 
restricted table, p < 0.0001). However, when the hierarchical struc-
ture was modeled within each of the three generalized linear 
mixed-effects models (logit link function and binomial family), the 
treatment effect was no longer significant (Figure 3A, odds ratio 
and corresponding confidence intervals).

Even though the results of spine morphology analysis did not show 
any significant differences, analysis of the cAMP-responsive 
element-binding protein (CREB) signaling pathway, essential for 
synaptic plasticity, 26 revealed an increase in the phosphorylation of 
CREB at Ser 133 in hippocampal homogenates of CAP2-injected 
mice compared with the control group (Figure 3B). These data indi-
cate that increasing CAP2 levels in the hippocampus of AD mice 
significantly induced CREB activation signaling, promoting synaptic 
plasticity.

In addition, we assessed the effect of CAP2 overexpression on cyto-
skeleton abnormalities related to AD synaptic degeneration, such as 
tau phosphorylation at Thr 181 (pTau-181), 27 which has been re-
ported to be increased in 6-month-old APP/PS1 mice, 28 and cofi-
lin-actin rod deposition in the hippocampus of AD mice.

CAP2-injected APP/PS1 mice or the control group. The statistical analysis shows that the ratio between pCREB and CREB total levels is increased in CAP2 mice (AAV-GFP = 

100 ± 2.761, AAV-mycCAP2 = 185.2 ± 39.57; two-tailed unpaired t test: *p = 0.02, n = 9–10 mice). (C) Representative immunoblotting experiment of homogenates derived 

from hippocampal tissue of APP/PS1 mice receiving AAV-mycCAP2 vector or the control. Quantitative analysis of pTau181 OD and normalization to Tau OD suggests that 

pTau181 levels are significantly reduced in the hippocampus of CAP2-injected mice (AAV-GFP = 100 ± 3.932, AAV-mycCAP2 = 86.8 ± 6.406; two-tailed unpaired t test: 

*p = 0.0496, n = 8–10 mice). (D) Confocal representative images of 6-month-old AAV-mycCAP2 (or AAV-GFP) APP/PS1 brains subjected to immunohistochemistry for cofilin 

(violet) and DAPI (cyan); right panels, inverted images of cofilin-actin rods (white) detected in coronal section of CAP2 (or GFP)-injected APP/PS1 mice hippocampus. Scale 

bar, 50 μm. The graphs show decreased cofilin-actin rod formation (expressed as number and total area of actin rods) in CAP2-injected APP/PS1 mice compared with the 

control animals (number of actin rods, AAV-GFP = 100 ± 4.108, AAV-mycCAP2 = 69.49 ± 4.233; two-tailed nested t test for number of actin rods AAV-GFP vs. AAV-

mycCAP2 **p = 0.0037, n = 5 mice; total area of actin rods, AAV-GFP = 100 ± 4.498, AAV-mycCAP2 = 71.59 ± 4.948; two-tailed nested t test for total area of actin 

rods AAV-GFP vs. AAV-mycCAP2 *p = 0.0372, n = 5 mice). (E) Immunohistochemical labeling of Aβ plaques (magenta) using the 6E10 antibody in representative confocal 

images of hippocampal coronal sections from APP/PS1 mice injected with AAV-mycCAP2 or control AAV-GFP. Scale bar, 200 μm. Quantification shows that both the 

number and area of plaques (normalized to hippocampal area) are unchanged between the two groups (number of plaques/area hippocampus, AAV-GFP = 100 ± 11.68, 

AAV-mycCAP2 = 70.49 ± 13.78; two-tailed nested t test for number of plaques n.s. (non-significant), p = 0.2703, n = 7–8 mice; area of plaques/area hippocampus, AAV-

GFP = 100 ± 14.79, AAV-mycCAP2 = 78.89 ± 17.02; two-tailed nested t test for area of plaques n.s. (non-significant), p = 0.4316, n = 7–8 mice). All data are presented as the 

percentage of control AAV-GFP-injected mice and expressed as mean ± SE.
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Table
 

1. Beta
 

coefficient estimates, and
 

corresponding
 

standard
 

errors
 

and
 

p
 

values
 

from
 

fixed-effects
 

and
 

robust or mixed-effects
 

models
 

with
 

reference
 

to
 

the
 

corresponding
 

figures

Figure Dependent variable

Random
 

effects at different hierarchical levels

Independent variable 
a,b Estimate Standard

 
error Wald

 
p value 

g ANOVA
 
p value 

gNeuron

3A

Spine density
N_Animals =

 
10,

STD
 

Animal = 1.623
N_Images = 2–3 per Animal, STD

 
Image =

 
2.215

Treatment (AAV-mycCAP2 vs. AAV-GFP) 0.688 1.234 0.593 0.593

Spine length

N_Animals =
 

10,
STD

 
Animal = 0.029

N_Images = 4–9 per Animal, STD
 

Image =
 

0.082 
N_Dendrites = 1–5 per Animal and Image,
STD

 
Dendrite =

 
0.071

Treatment (AAV-mycCAP2 vs. AAV-GFP) 0.011 0.031 0.734 0.734

Spine width

N_Animals =
 

10,
STD

 
Animal = 0.023

N_Images = 4–9 per Animal,
STD

 
Image =

 
0.042

N_Dendrites = 1–5 per Animal and Image, 
STD

 
Dendrite =

 
0.059

Treatment (AAV-mycCAP2 vs. AAV-GFP) − 0.005 0.021 0.798 0.798

S4A

Number of rods/neuron area –

Treatment (oAβ 1-42 vs. Aβ 42-1 ) 0.0026 0.0008 0.001** 0.005**

Culture – – – 0.070

2 vs. 1 − 0.0017 0.0010 0.079 –

3 vs. 1 − 0.0026 0.0010 0.0095*** –

Area of rods/neuron area –

Treatment (oAβ 1-42 vs. Aβ 42-1 ) 0.0064 0.0014 <0.0001*** <0.0001***

Culture – – – 0.086

2 vs. 1 − 0.0035 0.0017 0.044* –

3 vs. 1 − 0.0038 0.0017 0.031* –

S5B IntDen
 
Cofilin/IntDen

 
GFP

N
 

=
 

5 or 12 
c 

STD
 

=
 

0.096
Treatment (oAβ 1-42 vs. Aβ 42-1 ) − 0.191 0.049 0.0009*** 0.0009***

Culture (2 vs. 1) 0.011 0.049 0.829 0.829

4D

Actin
 
rods volume

N
 

=
 

4 or 5 
d
 

STD
 

=
 

0.339
CAP2 status (positive vs. negative) 1.253 0.219 <0.0001*** <0.0001***

Culture (2 vs. 1) 0.502 0.332 0.174 0.174

Actin
 
rods sphericity N

 
=
 

4 or 5 
d,e

CAP2 status (positive vs. negative) − 0.049 0.011 <0.0001*** <0.0001***

Culture (2 vs. 1) 0.016 0.013 0.193 0.193

Neuron – – – 0.071

2 vs. 1 0.027 0.018 0.140 –

3 vs. 1 − 0.000 0.014 0.988 –

4 vs. 1 − 0.002 0.018 0.894 –

5 vs. 1 0.031 0.018 0.084 –

5D PLA
 

cluster density (30 min) –
Treatment (oAβ 1-42 vs. Aβ 42-1 ) − 0.032 0.008 <0.0001*** 0.025**

Culture – – – 0.085
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Table
 

1. Continued

Figure Dependent variable

Random
 

effects at different hierarchical levels

Independent variable 
a,b Estimate Standard

 
error Wald

 
p value 

g ANOVA
 
p value 

gNeuron

2 vs. 1 0.0191 0.0103 0.083 –

3 vs. 1 0.0186 0.0130 0.176 –

4 vs. 1 0.0205 0.0095 0.026*
–

–

5E PLA
 

cluster density (24 h) –

Treatment (oAβ 1-42 vs. Aβ 42-1 ) − 0.0439 0.0077 <0.0001*** <0.0001***

Culture – – – 0.0008***

2 vs. 1 − 0.0002 0.0094 0.980 –

3 vs. 1 0.0326 0.0093 0.0008*** –

6B PLA
 

cluster density –

Treatment (oAβ 1-42 vs. Aβ 42-1 ) − 0.0170 0.0912 0.853 0.802

Culture – – – 0.641

2 vs. 1 − 0.0181 0.1111 0.871 –

3 vs. 1 0.0363 0.1083 0.739 –

6C

Number of rods/neuron area –

Genetic treatment – – – 0.002**

mycCAP2 C32G
 

+
 

oAβ 1-42 vs. Aβ 42-1 0.0010 0.0014 0.511 –

mycCAP2 FL
 
+
 

oAβ 1-42 vs. Aβ 42-1 0.0007 0.0012 0.583 –

oAβ 1-42 vs. Aβ 42-1 0.0046 0.0012 0.0003*** –

Culture – – – 0.007**

2 vs. 1 0.0052 0.0014 0.0002*** –

3 vs. 1 0.0020 0.0013 0.137 –

4 vs. 1 0.0015 0.0013 0.265 –

Area of rods/neuron area –

Genetic treatment – – – 0.012*

mycCAP2 C32G
 

+
 

oAβ 1-42 vs. Aβ 42-1 0.0028 0.0024 0.239 –

mycCAP2 FL
 
+
 

oAβ 1-42 vs. Aβ 42-1 0.0009 0.0020 0.655 –

oAβ 1-42 vs. Aβ 42-1 0.0058 0.0021 0.006** –

Culture – – – 0.009**

2 vs. 1 0.0067 0.0022 0.004** –

3 vs. 1 0.0013 0.0022 0.540 –

4 vs. 1 0.0023 0.0021 0.276 –

6D Spine density 
f –

Genetic treatment – – – <0.0001***

mycCAP2 C32G
 

+
 

oAβ 1-42 vs. Aβ 42-1 − 0.1136 0.0409 0.007** –

mycCAP2 FL
 
+
 

oAβ 1-42 vs. Aβ 42-1 − 0.0460 0.0406 0.260 –
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We found a significant reduction of tau phosphorylation at Thr 181, 
without changes in the total levels of tau, in the hippocampus of 
CAP2-injected mice compared with GFP-injected controls 
(Figure 3C). This suggests that CAP2 overexpression ameliorates a 
tau-related pathological trait in AD mice. Concerning cofilin-actin 
rod deposition, several studies have previously provided evidence 
that Aβ induces rod aggregation, primarily in the dentate gyrus 
(DG) of hippocampal region. 4,6,29 We stained hippocampal coronal 
sections with an antibody for cofilin to detect cofilin-actin rods and 
performed quantitative analysis in the DG. We observed a significant 
reduction of both the number and total area of actin rods in the DG 
of CAP2-injected mice compared with GFP-injected controls, con-
firming that CAP2 overexpression prevented cofilin-actin rod for-
mation in APP/PS1 mice (Figure 3D). To determine whether 
CAP2 overexpression prevents the deposition of amyloid plaques, 
we quantified both the number and total area of hippocampal pla-
ques in APP/PS1 mice following injection with either CAP2 or con-
trol GFP vectors. Analysis revealed no significant differences in pla-
que burden between CAP2-injected and control groups, suggesting 
that CAP2 overexpression does not influence amyloid accumulation 
in this model (Figure 3E).

CAP2 is specifically sequestered within Aβ-induced mature 

cofilin-actin rods

Given the strict cooperation between CAP2 and cofilin 20 and the data 
indicating that CAP2 overexpression protects neuronal cells from 

actin rod formation (Figure 3D), we further investigated the role 
of CAP2 in cofilin-actin rod assembly. Although cofilin-actin rods 
are described as aggregates composed of cofilin and actin, mass spec-
trometric proteomic analysis of these structures has suggested 
contamination with other actin-related proteins. 30 For this reason, 
we investigated whether CAP2 could be sequestered within these 
cytoplasmic aggregates.

To address this issue, we set up and validated an in vitro experimental 
paradigm to study Aβ-dependent actin rod formation. We exposed 
primary hippocampal cultures to a well-characterized Aβ oligomer 
(oAβ 1-42 ) preparation at a concentration of 500 nM for 24 h 
(Figure 4A); as a negative control, we used a peptide with the reverse 
sequence of Aβ (Aβ 42-1 ). It has been previously shown that a 24-h 
treatment leads to a loss of spines without affecting cell viability. 31 

We observed a significant increase in actin rod deposition in neurons 
treated with oAβ 1-42 for 24 h compared with the control (Figure S4A; 
Tables 1 and S2). Besides this, we also evaluated the effect of Aβ olig-
omer exposure on cofilin activation. The Lim kinase phosphorylates 
cofilin on Ser 3 , inactivating it; consistent with several publica-
tions, 32,33 we found an aberrant increase in cofilin phosphorylation 
upon oAβ 1-42 treatment, corresponding to an inactivation of the pro-
tein (Figure S4B). Overall, these data support the feasibility of our 
in vitro model to investigate the effects of oAβ 1-42 on the CAP2/co-
filin pathway.

To evaluate whether CAP2 is localized within cofilin-actin rods, we 
stained hippocampal neurons for CAP2 and for cofilin to detect theT
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Figure 4. Amyloid-β oligomer exposure induces CAP2 recruitment within cofilin-actin rods and its accumulation in bigger and elongated aggregates

(A) Graphical representation of the experimental treatment scheme: rat primary hippocampal neurons at 16 days in vitro (DIV 16) were exposed to 500 nM of Aβ oligomers 

(oAβ 1-42 ) for 24 h. (B) Schematic representation of ATP depletion treatment: hippocampal neurons were subjected to ATP depletion medium (10 mM sodium azide, 6 mM 

2-deoxyglucose) for 30 min. (C) Representative images of 3D projection of cofilin-actin rods (magenta) and the endogenous levels of CAP2 (cyan). Scale bar, 2 μm. The 

graphs show a significant increase in the percentage of CAP2-positive actin rods after oAβ 1-42 treatment compared with ATP depletion. The joint distribution of actin rod 

population and treatment is represented in the table together with the p value of the chi-square test (p = 0.0001). (D) Representative 3D reconstruction of actin rods (magenta) 

induced by oAβ 1-42 treatment and the endogenous levels of CAP2 (cyan). Scale bar: overview, 2 μm; zoom, 500 nm. The quantitative analysis of the cofilin-actin rod 

population highlights a higher volume and lower sphericity of CAP2-positive actin rods (data in the graph are presented as percentage of CAP2-negative actin rods, p value 

provided in Table 1 and adjusted means and SE provided in Table S2).
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actin rods after 24 h of treatment with oAβ 1-42 . We performed a 
three-dimensional colocalization analysis to measure the amount 
of CAP2 contained within these aggregates. As shown in the repre-
sentative images (Figure 4C), incubation with oligomers induced 
the formation of 35.71% CAP2-positive actin rods, defined as rods 
with CAP2 signal overlapping 100% with cofilin rods signal. To 
assess the specificity of our results, we took advantage of a validated 
small hairpin RNA (shRNA) to down-regulate CAP2 expression 
(Figure S4C). 20 The three-dimensional colocalization analysis re-
vealed a significant reduction in the number of CAP2-positive cofi-
lin-actin rods in neuronal cells transfected with CAP2-shRNA 
compared with control cells (16.11%, Figure S4C). To test whether 
another stressor can induce the formation of CAP2-positive actin 
rods, we compared the effect of oAβ 1-42 treatment with a well-char-
acterized ATP depletion protocol able to generate actin rods 
(Figure 4B). 5 Interestingly, the analysis revealed that the percentage 
of CAP2-positive actin rods formed upon application of the ATP 
depletion protocol (16.83%, Figure 4C) was similar to those detected 
in CAP2 shRNA-transfected cells (16.11%, Figure S4C), but lower 
than the percentage observed following the oAβ 1-42 treatment 
(35.71%, Figure 4C). We then analyzed the structure of CAP2-con-
taining actin rods. The results show that CAP2-positive actin rods 
have a higher volume and lower sphericity compared with CAP2-
negative actin rods (Figure 4D; Tables 1 and S2). These results sug-
gest that CAP2 preferentially accumulates within bigger and more 
elongated structures, indicative of processes occurring during the 
late stages of actin rod maturation.

Taken together, these results suggest that CAP2 accumulation within 
actin rods is more prominent under Aβ-induced stress and that 
CAP2 preferentially localizes to rods with specific morphological 
features.

The CAP2-cofilin pathway is a target of the initial events induced 

by exposure to Aβ oligomers

We next set out to assess the effect of oAβ 1-42 treatment on CAP2/co-
filin synaptic mechanisms using our in vitro model. We treated pri-
mary hippocampal neurons with oAβ 1-42 and performed analysis of 
CAP2 and cofilin levels in the postsynaptic compartment after either 
30 min or 24 h of exposure (Figure 5A). We focused on these time 
points to examine both the initial synaptic events triggered by 
oAβ 1-42 and to provide a snapshot of the CAP2/cofilin synaptic 
pathway at the point when spine loss and actin rod formation occur 
(i.e., at 24 h).

As shown in Figure 5B, the short-term exposure to oAβ 1-42 signifi-
cantly decreased both CAP2 and cofilin levels in the postsynaptic 
TIF, without affecting levels of the two proteins in the total homog-
enate (Figure S5A). To further confirm the effect of oAβ 1-42 on cofilin 
localization, we employed an imaging approach. GFP-transfected 
hippocampal neurons were incubated with oAβ 1-42 and were then 
stained for cofilin. We took advantage of structured illumination mi-
croscopy (SIM) to measure the relative concentration of cofilin in the 
spine by dividing cofilin intensity by GFP signal. 11 As shown in

Figure S5B (Tables 1 and S2), fluorescence analysis confirmed that 
a short-term oAβ 1-42 treatment decreases cofilin synaptic availability. 
The 24-h oAβ 1-42 treatment revealed a significant decrease in cofilin 
synaptic localization, while no alterations in CAP2 synaptic levels 
were detected (Figure 5C). As reported in Figure S5C, even a 24-h 
oAβ 1-42 incubation did not affect the total expression of CAP2 and 
cofilin.

Then, we tested the effect of oAβ 1-42 on CAP2/cofilin association and 
CAP2 homodimer formation. To detect CAP2/cofilin complexes, we 
performed a proximity ligation assay (PLA) in hippocampal neu-
rons. When cofilin and CAP2 are in close proximity (<40 nm), a 
PLA signal can be detected. In neurons treated with oAβ 1-42 
(500 nM) for both 30 min and 24 h, the density of PLA signals was 
significantly reduced when compared with Aβ 42-1 -treated cells 
(Figures 5D and 5E; Tables 1 and S2). Concerning CAP2 homodimer 
formation, quantitative analysis of the CAP2 dimer levels showed no 
significant impairment of CAP2 dimerization in the total homoge-
nate or the postsynaptic compartment upon 30-min exposure to 
oAβ 1-42 compared with the control condition (Figures S5D and 
5F). On the other hand, 24 h of oAβ 1-42 treatment significantly 
impaired the capability of CAP2 to dimerize in the postsynaptic 
compartment of hippocampal neurons (Figure 5G). Interestingly, 
the levels of CAP2 dimer in the total homogenate remained un-
changed (Figure S5E), as observed in AD patients and APP/PS1 
mice, 20 suggesting that only CAP2 dimerization in the synapse is 
affected by oAβ 1-42 . These data suggest that CAP2/cofilin association 
is already impaired after a short exposure to oAβ 1-42 , even before the 
dimer levels are affected, while upon 24 h of oAβ 1-42 treatment, 
CAP2 dimerization is completely disrupted in the synapse. Overall, 
these data show that synaptic CAP2, cofilin, and their association 
are early targets of oAβ 1-42 ; CAP2 synaptic homodimerization, 
required for the plasticity-induced remodeling of spines, 20 is pro-
foundly affected after longer oAβ 1-42 treatment.

CAP2 dimerization is essential for preventing Aβ-induced 

dendritic spine loss but is not necessary for protection against 

cofilin-actin rod formation

Considering that long-term exposure to oAβ 1-42 affects synaptic 
levels of the CAP2 dimer, we examined the role of CAP2 overexpres-
sion and dimerization in an in vitro model.

To do this, at day in vitro 10 (DIV10) we transfected primary hippo-
campal neurons with a plasmid expressing mCherry, used as a filler, 
and either full-length mycCAP2 (mycCAP2 FL) or a mutant carrying 
Cys 32 mutated to Glycine, that is not able to dimerize (mycCAP2-
C32G). 20 At DIV16 transfected neurons were exposed to oAβ 1-42 
for 24 h (Figure 6A). First, we performed a PLA assay in neurons 
overexpressing mycCAP2 and treated with either oAβ 1-42 or the con-
trol oAβ 42-1 for 24 h. The analysis of the number of PLA clusters re-
vealed no significant difference between the two experimental groups 
(Figure 6B; Tables 1 and S2), confirming the efficacy of CAP2 over-
expression in preventing the oAβ 1-42 -induced decrease in CAP2-co-
filin association (Figure 5E).
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Figure 5. Amyloid-β oligomer treatment affects the CAP2-cofilin pathway after both short and chronic exposures

(A) Experimental design: rat hippocampal neurons (DIV 16) were treated with 500 nM Aβ oligomers (oAβ 1-42 ) or control peptide (Aβ 42-1 ) for 30 min or 24 h before analysis. (B) 

WB of postsynaptic TIF from hippocampal cultures exposed to oAβ 1-42 or Aβ 42-1 for 30 min. CAP2 and cofilin synaptic localization was decreased after oAβ 1-42 treatment 

(CAP2, Aβ 42-1 = 100 ± 12.61, oAβ 1-42 = 63.60 ± 12.84, cofilin, Aβ 42-1 = 100 ± 17.17, oAβ 1-42 = 70.37 ± 11.06; two-tailed paired t test: CAP2, oAβ 1-42 vs. Aβ 42-1 **p = 0.0075; 

cofilin, oAβ 1-42 vs. Aβ 42-1 *p = 0.0307, n = 14–15). (C) Immunoblot analysis of TIF samples after 24-h exposure to oAβ 1-42 . Cofilin synaptic localization was reduced, while 

CAP2 levels remained unchanged (CAP2, Aβ 42-1 = 100 ± 15.98, oAβ 1-42 = 97.71 ± 17.42, cofilin, Aβ 42-1 = 100 ± 22.12, oAβ 1-42 = 75.49 ± 17.67; two-tailed paired t test: 

CAP2, oAβ 1-42 vs. Aβ 42-1 n.s. (non-significant), p = 0.8382; cofilin, oAβ 1-42 vs. Aβ 42-1 *p = 0.0218, n = 9). (D) Confocal images of PLA revealed decreased CAP2–cofilin 

interaction (white) in MAP2-positive dendrites (blue) of neurons treated with oAβ 1–42 for 30 min (Aβ 42-1 = 100 ± 8.422, oAβ 1-42 = 53.83 ± 2.953; p values are reported in Table 1 

and adjusted means and SE provided in Table S2). Scale bar, 5 μm. (E) PLA analysis revealed that CAP2-cofilin binding is affected after 24-h oAβ 1-42 treatment (Aβ 42-1 = 100 ± 

5.609, oAβ 1-42 = 63.86 ± 4.410; p values are reported in Table 1 and adjusted means and SE provided in Table S2). Scale bar, 5 μm. (F) Non-reducing gels of the postsynaptic 

fraction revealed unchanged CAP2 dimer/monomer ratios after 30-min oAβ 1–42 exposure (CAP2, Aβ 42-1 = 100 ± 17.47, oAβ 1-42 = 97.40 ± 18.44; two-tailed paired t test: 

CAP2, oAβ 1-42 vs. Aβ 42-1 n.s. (non-significant), p = 0.7716, n = 9). (G) After 24 h of oAβ 1–42 exposure, CAP2 dimerization was significantly reduced (CAP2, Aβ 42-1 = 100 ± 

13.50, oAβ 1-42 = 52.39 ± 10.64; two-tailed paired t test: CAP2, oAβ 1-42 vs. Aβ 42-1 *p = 0.0112, n = 8). All data are presented as percentages of control peptide Aβ 42–1 treated 

cells and expressed as mean ± SE.
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Then, we tested the effect of mycCAP2 overexpression on actin rod 
generation and spine loss. We observed a significant decrease in the 
number of actin rods generated in oAβ 1-42 -exposed neurons when 
CAP2 was overexpressed (Figure 6C; Tables 1, S2, and S3). The anal-
ysis of actin rod area revealed a trend for reduction, although not sig-
nificant, in mycCAP2-overexpressing neurons exposed to oAβ 1-42 
compared with control cells treated with oAβ 1-42 (mycCAP2 FL + 
oAβ 1-42 vs. oAβ 1-42 , p = 0.088; Figure 6C; Table S3). Furthermore, 
the analysis of spine density revealed that in CAP2-overexpressing 
hippocampal neurons, oAβ 1-42 treatment did not trigger spine loss 
(Figure 6D; Tables 1, S2, and S3).

Interestingly, overexpression of the mutant lacking the capability to 
dimerize showed different results concerning actin rod formation 
and spine degeneration. We measured a trend toward reduction in 
the number of actin rods in neurons expressing mycCAP2 C32G 
mutant and exposed to oAβ 1-42 when compared with control cells 
oAβ 1-42 -treated (mycCAP2 C32G + oAβ 1-42 vs. oAβ 1-42 , p = 0.059; 
Figure 6C; Table S3). No differences were detected when compared 
with control-treated cells exposed to the peptide with the reverse Aβ 
sequence (mycCAP2 C32G + oAβ 1-42 vs. Aβ 42-1 , p = 0.914; Figure 6C; 
Table S3). These data suggest that the capability of CAP2 to form 

Cys 32 -dependent dimers is not essential to protect the neurons 
from actin rod generation. However, the transfection of the C32G 
mutant did not prevent spine loss, since we observed a significant 
reduction in dendritic spine density in mycCAP2-C32G expressing 
neurons (mycCAP2 C32G + oAβ 1-42 vs. Aβ 42-1 , p = 0.022; 
Figure 6D; Table S3). Our results demonstrate that CAP2 Cys 32 - 
dependent homodimerization is an essential mechanism that is 
required to protect dendritic spines from Aβ-induced synaptotoxic-
ity but is not crucial for preventing cofilin-actin rod generation.

DISCUSSION

In this study, our findings highlight CAP2 as a player in the forma-
tion of cofilin-actin rods, which have been mainly implicated in 
cognitive impairments in AD. 5,34 The formation of cofilin-actin 
rods is central to cytoskeleton dysregulation in neurodegenerative 
disorders, 35–37 and a growing body of evidence points to their poten-
tial as a therapeutic target. 38,39 Here, combining in vitro and in vivo 
approaches, we demonstrate the following: (1) CAP2 is an early syn-

aptic target of oAβ 1-42 and a component of oAβ 1-42 -induced cofilin-
actin rod formation; (2) CAP2 overexpression in a mouse model of 
amyloid pathology counteracts the formation of cofilin-actin rods 
and tau abnormalities without affecting plaque deposition, preserves 
the CAP2/cofilin synaptic complex and plasticity-related pathways, 
and, thereby, prevents the onset of cognitive defects; and (3) 
Cys 32 -dependent CAP2 dimerization is required to ameliorate spine 
deficits but not for preventing cofilin pathology.

Cofilin dysregulation has previously been associated with several 
pathological AD traits. Cofilin-actin rods were shown to interfere 
with intracellular trafficking, induce synaptic loss, 40 disrupt synaptic 
structure, 41 and promote the reorganization and sequestering of 
phospho-tau. 42 Cofilin activities are spatiotemporally orchestrated 
by numerous extra- and intracellular factors. Among them, we 
focused our attention on CAP2 as a binding partner that controls co-
filin synaptic abundance through the formation of Cys 32 CAP2 ho-
modimers and is required for spine structural changes triggered by 
LTP. 20 Furthermore, CAP2 levels are reduced in the hippocampus 
of AD patients and APP/PS1 mice at the early stages of the disease. 20 

In line with these results, CAP2 downregulation has been validated 
in the NeuroPro database. Given these findings, we explored whether 
increasing CAP2 expression in APP/PS1 mice could serve as a poten-
tial strategy to prevent amyloid-triggered synaptic failure and cogni-
tive decline.

Current therapeutic options for AD are mainly symptomatic. Only 
recently the Food and Drug Administration has approved the dis-
ease-modifying passive immunization therapies lecanemab and do-
nanemab, monoclonal antibodies that reduce the amyloid plaque 
burden and slow cognitive decline. However, questions have been 
raised about both the clinical efficacy and safety of these therapies. 43 

Thus, a lot of effort is being made to develop different approaches to 
combine with anti-amyloid immunotherapies.

Here, we show that specific AAV-mediated gene delivery of CAP2 in 
the neurons of the hippocampus of APP/PS1 mice in the early 
asymptomatic stages of the disease prevents the onset of cognitive 
deficits. CAP2-overexpressing APP/PS1 mice maintain intact spatial 
and recognition memory compared with control APP/PS1 mice, as

Figure 6. CAP2 overexpression in primary hippocampal neurons prevents the Aβ-triggered disruption of CAP2-cofilin association, actin rod generation, and 

dendritic spine failure

(A) Experimental procedures: hippocampal neurons were transfected with vectors expressing mCherry, and either full-length mycCAP2 (mycCAP2 FL) or mycCAP2 C32G 

vectors, then exposed to oAβ 1-42 (or Aβ 42-1 ) for 24 h. (B) Confocal images of PLA signal deriving from CAP2-cofilin association (white), performed on neurons transfected with 

mCherry and overexpressing mycCAP2 FL (magenta) and exposed to oAβ 1-42 (or Aβ 42–1 ) for 24 h. Scale bar, 10 μm. Quantitative analysis shows that CAP2 overexpression 

prevents oAβ 1-42 -induced alteration on CAP2-cofilin interaction (Aβ 42-1 = 100 ± 11.34, oAβ 1-42 = 89.62 ± 6.698; p values are reported in Table 1 and adjusted means and SE 

provided in Table S2). (C) Confocal images of actin rod staining (white) in primary hippocampal neurons. Scale bar, 20 μm. The analysis (number of rods/area of the neuron 

and area of rods/area of the neuron) demonstrated that both mycCAP2 FL and mycCAP2 C32G overexpression reduced Aβ-induced actin rods formation (number of rods/ 

area neuron; Aβ 42-1 = 100 ± 10.94; oAβ 1-42 207.6 ± 30.60, mycCAP2 FL + oAβ 1-42 = 122.4 ±18.01, mycCAP2 C32G + oAβ 1-42 141.7 ± 23.47; area of rods/area neuron; 

Aβ 42–1 = 100 ± 14.16; oAβ 1-42 247.2 ± 43.37, mycCAP2 FL + oAβ 1-42 = 129.5 ± 22.19, mycCAP2 C32G + oAβ 1-42 144.4 ± 24.14; adjusted means and SE provided in 

Table S2, p values and pairwise contrasts are reported in Tables 1 and S3). (D) Representative confocal images of dendrites and spines. Scale bar, 5 μm. Spine density 

analysis shows that oAβ 1-42 -induced spine loss is prevented upon the overexpression of mycCAP2 FL (Aβ 42-1 = 100 ± 8.790; oAβ 1-42 52.22 ± 4.495, mycCAP2 FL + oAβ 1-42 = 

90.31 ± 10.12, mycCAP2 C32G + oAβ 1-42 68.53 ± 5.699; adjusted means and SE provided in Table S2, p values and pairwise contrasts are reported in Tables 1 and S3). All 

data are presented as percentages of control peptide Aβ 42-1 treated cells and expressed as mean ± SE.
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shown by the spatial displacement task and NORT. Furthermore, 
restoring CAP2 levels improves cognitive flexibility. The Barnes 
maze reversal learning test revealed that CAP2-overexpressing 
APP/PS1 mice have a more flexible memory, effectively applying 
previously learned skills to new circumstances. Besides this, the anal-
ysis of the search strategies showed that CAP2-overexpressing APP/ 
PS1 mice applied effective serial search strategies more frequently 
than control APP/PS1 animals at both 6 and 9 months of age.

At a molecular level, CAP2 neuronal overexpression mitigates 
different features of cofilin pathology in AD. Increasing CAP2 levels 
significantly reduces the number of cofilin-actin rods in the DG, the 
region of the hippocampus where they are predominantly induced 
by Aβ. 29 Considering that cofilin also plays an intermediary role in 
the neurotoxic signaling that promotes tauopathy, 42,44 we measured 
pTau-181, the most sensitive biomarker for predicting cognitive 
worsening at the prodromal AD stage. 45,46 Furthermore, our recent 
study revealed that CAP2 levels in the CSF undergo significant alter-
ations starting in the AD prodromal phase and strongly correlate 
with tau-related pathological changes both in patients and in 
in vitro systems. 21 Notably, CAP2 downregulation in neuronal cul-
tures significantly increases pTau-181 levels. Our results show that 
increasing CAP2 levels through overexpression reduces pTau-181 
levels in the hippocampus of APP/PS1 mice, thus ameliorating cyto-
skeletal abnormalities found in AD, without affecting a key AD hall-
mark as plaques deposition.

The effect of CAP2 overexpression can also be detected at the synaptic 
level. Increasing CAP2 levels promotes CAP2 localization at the post-
synaptic site and, more importantly, rises the synaptic abundance of 
Cys 32 -dependent CAP2 homodimers and their association with cofi-
lin. This represents a key mechanism that promotes cofilin synaptic 
availability and consequently restores the control of actin dynamics, 
which are both relevant for postsynaptic plasticity. In line with these 
results, we measured a significant increase in the phosphorylation of 
the transcription factor CREB at Ser 133 , a key element coupling syn-
aptic activation to the transcription of genes required for long-term 

synaptic plasticity events and memory formation. 26

To further support the involvement of CAP2/cofilin association in 
AD synaptic failure, we found that this synaptic complex is a target 
of oAβ 1-42 . We used a preparation of oAβ 1-42 able to induce synaptic 
depression in 30 min and spine loss in 24 h without causing cell 
death. 31 Although we have previously shown that long-term depres-
sion (LTD) does not affect CAP2 postsynaptic levels, 20 short-term 

oAβ 1-42 treatment leads to a decrease in the postsynaptic availability 
of CAP2 and cofilin, without affecting postsynaptic Cys 32 -dependent 
CAP2 homodimerization. These data suggest that short-term expo-
sure to oAβ 1-42 engages a maladaptive synaptic plasticity response 
that over 24 h of treatment leads to spine loss, cofilin-actin rod for-
mation, and reduced synaptic availability of cofilin. The decreased 
synaptic levels of cofilin upon 24 h of exposure to oAβ 1-42 may result 
in a decline in cofilin-mediated actin dynamics that negatively affects 
synaptic plasticity. The synaptic depletion of cofilin could be ascribed

to a significant reduction of the CAP2 dimer in the synaptic 
compartment and cofilin sequestration by cofilin-actin rods, detect-
able along the dendrites. Indeed, when we overexpressed CAP2 in 
the hippocampus of APP/PS1 mice, we detected an increase in 
CAP2 dimer levels and synaptic cofilin availability along with a 
reduction in cofilin-actin rods.

In this context, we asked whether CAP2 contributes to the process of 
cofilin-actin rod formation since proteomic analysis has revealed the 
presence of many proteins in these intracellular inclusions. 30 To fully 
characterize cofilin-actin rods, we used three-dimensional imaging 
analysis and mixed-effects models; this approach enabled us to fully 
account for the complex design of multi-level, hierarchically struc-
tured imaging data 47 to control for variability at culture and neuron 
levels, providing us with more precise mean estimates. 48 This anal-
ysis revealed that CAP2 is a component of a subpopulation of cofi-
lin-actin rods, specifically those that are bulkier and more elongated. 
Even though cofilin-actin rod formation can be triggered by different 
cellular stressors, 4 we detected a higher percentage of CAP2-positive 
actin rods forming in response to oAβ 1-42 than to ATP depletion. 
These data support the hypothesis of a specific involvement of 
CAP2 in oAβ 1-42 -induced cofilin-actin rod formation.

Overall, our results point to CAP2 as a hub at the crossroads of path-
ogenic AD mechanisms related to synaptic loss and cofilin-actin rod 
formation. Interestingly, the results obtained in hippocampal cul-
tures highlight the role of CAP2 in promoting cytoskeleton resilience 
to oAβ 1-42 cellular stress via different mechanisms. Indeed, while 
CAP2 dimerization through Cys 32 is required for protecting den-
dritic spines from oAβ 1-42 -induced synaptic loss, it is not necessary 
for preventing actin rod generation.

Our findings highlight CAP2 as a pivotal effector of synaptic resil-
ience in AD, positioning the actin cytoskeleton as a promising ther-
apeutic target for preventing synaptic dysfunction. Notably, sus-
tained restoration of CAP2 expression in the hippocampus 
effectively blocks key molecular, structural, and cognitive manifesta-
tions of amyloid toxicity, without affecting Aβ plaque burden. 
Although the APP/PS1 mouse model does not fully capture the 
complexity of human AD, these results deepen our understanding 
of the molecular events leading to synaptic degeneration and chart 
a compelling path toward the development of next-generation syn-
aptoprotective therapies.

MATERIALS AND METHODS

Human hippocampal postmortem specimens

The hippocampus of postmortem specimens obtained from AD pa-
tients and age-matched HCs were purchased from the Netherlands 
Brain Bank (NBB). AD tissues were categorized according to the es-
tablished Braak and Braak criteria 49 and fulfilled stages 4 and 5; tan-
gles and neuritic plaques were present in the hippocampi. HCs had 
no history of psychiatric or neurological disorders and no evidence 
of significant age-related neurodegeneration. Table S1 reports 
detailed information.
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RNA extraction and RT-qPCR

RNA was extracted from hippocampal samples of AD patients and 
HCs using TRIZOL (Thermo Fisher Scientific), according to the sup-
plier’s specifications. RT-qPCR was performed with the iTaq Univer-
sal SYBR Green One-Step Kit (Bio-Rad, 1725151) using the CFX-384 
well plate instrument (Bio-Rad). CAP2 mRNA levels were normal-
ized to the geometric mean of H3-4 (encoding for Histone H3.4) 
and ACTB (encoding for β-Actin) levels.

The following oligos were used for qPCR analysis:

- CAP2 FOR 5 ′ -AAATGGTGCACAGTGCTTTCC -3 ′

- CAP2 REV 5 ′ -GGATGCTACAGGACCCTCG -3 ′

- H3-4 FOR 5 ′ -GTGTCATCCATGCCAAACGG-3 ′

- H3-4 REV 5 ′ -GTGGCGAGATAGCCCTCCTA-3 ′

- ACTB FOR 5 ′ -TCCCTGGAGAAGAGCTACG-3 ′

- ACTB REV 5 ′ -GTAGTTTCGTGGATGCCACA-3 ′

Animal care

As the animal model of amyloid pathology, we used APP/PS1 mice, a 
double transgenic line, expressing a chimeric mouse/human APP 
(Mo/HuAPPswe) and human mutated Presenilin 1 (PS1-dE9). 20,22 

Primary hippocampal neuronal cultures were prepared from embry-
onic day 18–19 (E18–E19) Sprague-Dawley rat embryos, obtained 
from timed-pregnant females purchased from Charles River Labora-
tories (Calco, Italy). All procedures involving animals were approved 
by the Italian Ministry of Health and were conducted in accordance 
with the ethical standards of the Institutional Animal Care and Use 
Committee of the University of Milan (Italian Ministry of Health 
permit #5247B.N.YCK/2018 and #284/2019). Mice were housed 
two to four per cage with ad libitum access to food and water, in a 
controlled environment with a 12-h light and 12-h dark cycle and 
a controlled temperature of 22 ◦ C.

Surgical procedures

Four-month-old APP/PS1 or WT mice were anesthetized using a 
mix of isoflurane (2%) and oxygen (1.5%) and positioned in a stereo-
taxic frame (Stoelting) linked to a digital micromanipulator. Micro-
injection was performed in the hippocampus with a viral vector to 
overexpress CAP2 levels or a control vector, using the following 
AAV vectors (serotype 9) purchased from the AAV vector unit (In-
ternational Center for Genetic Engineering and Biotechnology 
(ICGEB), Trieste, Italy):

- AAV9-hSyn-eGFP:T2A:mycCAP2
- AAV9-hSyn-eGFP

The coordinates for the stereotaxic injection were confirmed using a 
mouse brain atlas 50 to inject the viral vectors into the whole hippo-
campus: AP: − 2.0 mm; ML: ±1.5 mm; DV: − 1.8, − 1.3 mm. The vol-
ume of AAV injection was 400 nL (200 nL at DV: − 1.8 and 200 nL at 
DV: − 1.3) per hemisphere. The AAV9-hSyn-eGFP:T2A:mycCAP2 
vector had a titer of 1.0 × 10 14 genome copies per mL (GC/mL), cor-
responding to a dose of approximately 4.0 × 10 10 GC per site. The

control vector had a titer of 1.4 × 10 14 GC/mL, delivering approxi-
mately 5.6 × 10 10 GC per site. The virus was infused using a 10-μL 
Hamilton syringe. After infusion, the pipette was kept in place for
5 min. After the virus injection, the mice were allowed 8 weeks to 
recover and for the viral vector to adequately express. At the age of
6 months, mice were euthanized for analysis. Additional experi-
mental groups, including mice unilaterally injected and euthanized
4 weeks post-injection for validation of CAP2 overexpression effi-
ciency, as well as animals analyzed for behavioral outcomes at
9 months of age, are described in the corresponding supplemental 
figure legends.

Tissue-slice preparation and IHC

Anesthetized mice were transcardially perfused with 40 mL of phos-
phate-buffered saline (PBS 1X, pH 7.2–7.6) followed by cold parafor-
maldehyde (PFA, 4% in PBS 1X). The brain was removed and post-
fixed in 4% PFA in PBS 1X for 24 h, then cryoprotected using a 30% 

sucrose solution for 24 h. The samples were frozen and 30-μm-thick 
coronal slices were obtained using a cryostat (Thermo Fisher Scien-
tific). Tissue sections of the dorsal hippocampus were extensively 
washed in PBS1X and then permeabilized using methanol (pre-
chilled at − 20 ◦ C) for 10 min at room temperature (RT). After per-
meabilization, brain slices were incubated in blocking solution 
(PBS 1X; 10% normal goat serum [NGS]) for 1 h and incubated 
with the appropriate primary antibodies in PBS 1X supplemented 
with 3% NGS overnight at 4 ◦ C. The following day, the appropriate 
Alexa Fluor-conjugated secondary antibodies, in PBS 1X with 3% 

NGS, were applied for 1 h at RT followed by nuclei staining with 
the fluorescent dye 4 ′ ,6-diamidino-2-phenylindole (DAPI; 1:50,000 
in PBS 1X; Thermo Fisher Scientific).

Spine morphology

For the ex vivo analysis of dendritic spine morphology, DiI (Invitro-
gen) was used to label neurons. The DiI labeling procedure was per-
formed as previously described. 51 Solid DiI crystals were applied to 
2-mm coronal sections with a thin needle by gently touching the re-
gion of interest. The slices were prepared from brains previously 
transcardially fixed with 1.5% PFA in 0.1 M phosphate buffer (PB). 
The DiI was left to diffuse for 24 h in the dark at RT, then slices 
were post-fixed with 4% PFA in PB 0.1 M for 45 min at 4 ◦ C. Coronal 
sections of 150 μm were obtained using a vibratome, with the first 
section discarded. Slices were then mounted on glass slides (VWR) 
with Fluoroshield (Sigma-Aldrich) for confocal imaging.

Neuronal culture preparation, transfection, and treatments

Primary neurons were obtained from the rat hippocampus at E18–19 
as previously described. 20 Neuronal cultures were transfected at 
DIV10 using with the calcium-phosphate coprecipitation method. 
The plasmids used for each experiment are reported in the figure leg-
ends. All the treatments were performed at DIV16 or DIV17 using 
the protocols described below. The Aβ 1-42 peptide and the control 
sequence Aβ 42-1 were purchased from Bachem (Switzerland) and 
prepared as previously described. 31 Briefly, the peptides were resus-
pended in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma) at 1 mM
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concentration. The solution was aliquoted before the removal of 
HFIP. Oligomers were obtained by resuspending the preparation 
in DMSO at 5 mM final concentration, and then further diluted in 
Neurobasal medium without Phenol red (final concentration 
100 μM). Rat primary hippocampal neurons were exposed to either 
oAβ 1-42 or Aβ 42-1 at a concentration of 500 nM in Neurobasal me-
dium supplemented with B27, where the cells were grown. After 
either 30 min or 24 h of treatment, hippocampal neurons were 
collected for biochemical or imaging assays. For ATP depletion treat-
ment, the medium was removed and replaced with ATP depletion 
medium for 30 min (10 mM sodium azide, 6 mM 2-deoxyglucose) 
as previously described. 5 The treatment was applied in artificial cere-
brospinal fluid (ACSF; 125 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 ,
2 mM CaCl 2 , 33 mM D-glucose, and 25 mM HEPES; pH 7.4). After 
30 min of treatment, hippocampal neurons were processed for imag-
ing analysis.

TIF synaptic membrane purification

TIF, a fraction highly enriched in all categories of postsynaptic density 
proteins, was obtained from rat primary hippocampal neurons and 
APP/PS1 or WT hippocampal tissue. The samples were lysed at 4 ◦ C 
in an ice-cold buffer containing 0.32 M sucrose, 1 mM HEPES,
1 mM NaF, 0.1 mM PMSF, and 1 mM MgCl 2 , in the presence of pro-
tease inhibitors (Complete, Roche Diagnostics GmbH) and phospha-
tase inhibitors (PhosSTOP, Roche Diagnostics GmbH), to obtain the 
total homogenate. To purify postsynaptic TIFs, the homogenates 
were centrifuged at 13,000 × g for 15 min at 4 ◦ C. The pellet was resus-
pended in an extraction buffer containing 0.5% Triton X-100, 150 mM 

KCl, and Complete, incubated on ice for 15 min and centrifuged at 
100,000 × g for 1 h at 4 ◦ C. The resulting TIF pellet was dissolved in 
20 mM HEPES with Complete, using a glass-glass homogenizer. The 
protein content of the samples was quantified using the Bio-Rad pro-
tein assay reagent (Hercules, CA, USA) and equivalent amounts of pro-
teins were loaded in each lane for WB analysis.

Co-immunoprecipitation assay

Co-immunoprecipitation assays were performed on hippocampal 
TIFs obtained from APP/PS1 mice injected with AAV9-hSyn-
eGFP (AAV-GFP) or AAV9-hSyn-eGFP:T2A:mycCAP2 (AAV-
mycCAP2). For samples from AAV-mycCAP2-injected animals, al-
iquots of 25 μg TIF were incubated with an antibody against cofilin 
overnight at 4 ◦ C in a final volume of 200 μL of RIA buffer (200 mM 

NaCl, 10 mM ethylene-diaminetetra-acetic acid [EDTA], 10 mM 

Na 2 HPO 4 , 0.5% NP-40, 0.1% sodium dodecyl sulfate [SDS]). For 
samples derived from GFP-injected mice, 50 μg TIF in a final volume 
of 500 μL of RIA buffer was used. Forty microliters of SureBeads 
Protein A Magnetic Beads (Bio-Rad) were added to each sample to 
precipitate the immunocomplex. After three washes with RIA buffer, 
the beads were collected by centrifugation and then resuspended in 
sample buffer without β-mercaptoethanol. The samples were heated 
for 3 min and loaded onto SDS-PAGE to detect CAP2 dimers and 
monomers. The precipitated immunocomplex was revealed by 
anti-cofilin and anti-CAP2 antibody and the ratio between the 
dimeric and monomeric form of CAP2 was evaluated.

Western blot

The proteins were separated on a denaturing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by WB. 
Ten to 15 μg of proteins were separated on 7% or 12% SDS-PAGE 
(depending on the molecular weight of the indicated proteins) and 
transferred onto a nitrocellulose membrane. In order to detect 
CAP2 dimers and monomers, the protein samples were prepared 
in Laemmli buffer without β-mercaptoethanol and heated for
5 min before loading onto SDS-PAGE. The membranes were then 
incubated with the specific primary antibody in blocking solution 
(I-block, Tris-buffered saline [TBS] 1X, 20% Tween 20) overnight 
at 4 C ◦ . The following day, after three washes with TBS and tween 
20 (TBS + tween 20 0.1%), they were incubated with a corresponding 
horseradish peroxidase (HRP)-conjugated secondary antibody in 
blocking solution for 1 h at RT. The proteins were detected by chem-
iluminescence using Clarity Western ECL substrate reagent (Bio-
Rad cat. number 170–5061) and acquired with a ChemiDoc instru-
ment (Bio-Rad).

In situ PLA

Primary hippocampal cultures were treated at DIV 16 and then fixed 
with 4% PFA in PBS + 4% sucrose for 10 min at RT. Coverslips were 
then washed three times with PBS and permeabilized with Triton 
X-100 0.1% in PBS for 15 min. Subsequently, the PLA was per-
formed. After incubation with the blocking solution of the PLA kit 
(Duolink PLA Technology), cells were incubated overnight with 
goat monoclonal anti-CAP2 antibody (1:100; Santa Cruz Biotech-
nology) and rabbit polyclonal anti-cofilin antibody (1:100; Cell 
Signaling) overnight at 4 ◦ C in a humidified chamber. According to 
the manufacturer’s instructions, after washing with wash buffer A, 
cells were incubated for 1 h at 37 ◦ C with secondary probes anti-
goat Plus and anti-rabbit Minus. Coverslips were then washed twice 
with buffer A and incubated with the ligation solution supplemented 
with ligase for 30 min at 37 ◦ C, before washing again with buffer A. 
The oligonucleotides of the bound probes were amplified by a 
DNA polymerase in the amplification buffer for 90 min at 37 ◦ C in 
a humid dark chamber. Cells were next washed with Wash Buffer 
B and then, to stain MAP2 or mycCAP2, the immunocytochemistry 
(ICC) protocol was performed. Cells were mounted on slides using 
Fluoromount TM Aqueous Mounting Medium (Sigma-Aldrich).

Immunofluorescence

Hippocampal neurons were fixed for 10 min at RT in 4% PFA +4% 

sucrose in PBS. Coverslips were then washed several times with PBS 
and permeabilized with 0.1% Triton X-100 in PBS for 15 min at RT. 
ICC labeling of cofilin-actin rods was performed as previously 
described. 30 Briefly, cells were fixed for 45 min at RT in 4% PFA + 
4% sucrose in PBS. After washing in PBS, cells were permeabilized 
using methanol (prechilled at − 20 ◦ C) for 3 min at RT. Coverslips 
were then blocked for 1 h at RT with 5% bovine serum albumin 
(BSA) in PBS and incubated with primary antibodies in 1% BSA-
PBS overnight at 4 ◦ C in a humid chamber. After washing with 
PBS, the cells were incubated with the appropriate secondary anti-
bodies in 1% BSA-PBS for 1 h at RT. The incubation was followed
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by washing with PBS and mounting on glass slides using Fluorosh-
ield mounting medium (Sigma-Aldrich).

Confocal microscopy

Images were acquired with a Zeiss confocal laser scanning micro-
scope LSM900 as a z stack series, using an LD C-Apochromat 
40×/NA 1.1 W objective. For dendritic spine density analysis in pri-
mary hippocampal neurons, a zoom of 2× was employed. The im-
ages for ex vivo spine morphology analysis were obtained using a Ni-
kon A1R confocal microscope as a z stack series with a Plan Apo 
60×/NA 1.42 oil immersion objective performing sequential acqui-
sition at a digital resolution of 1,024 × 1,024 pixels. SIM Multi-
channel images were acquired using a Nikon Structured Illumination 
super-resolution microscope using a 100 × 1.4 NA objective and re-
constructed using Nikon Elements software. IHC images were ac-
quired using an EC Plan-Neofluar 20×/NA 0.50 objective. Three-
dimensional colocalization experiments were conducted from the z 
stack series taken in super-resolution modality using an LSM900 
confocal microscope with the Airyscan detector (Carl Zeiss) and 
equipped with a Plan Apo 63×/NA 1.40 oil immersion objective.

Three-dimensional colocalization analysis

Three-dimensional images were reconstructed and analyzed using 
Arivis Vision4D v.4.00 (Arivis a Zeiss company; http://www.arivis. 
com). Cofilin-actin rods were detected using the intensity threshold 
segmenter, based on cofilin signal intensity. The blob finder seg-
menter was used to detect CAP2 dots. Compartment operation anal-
ysis was performed to study colocalization between cofilin-actin rods 
and CAP2 signal in order to detect CAP2 voxels located inside rods. 
Only CAP2 voxels that were 100% overlapping with cofilin rod signal 
were taken into consideration for the analysis. For each rod, parame-
ters such as volume and sphericity were evaluated and used for com-
parison between CAP2-containing and CAP2-negative actin rods.

Quantification of data

WB images were quantified using computer-assisted imaging (Image 
Lab 4.0 software; Bio-Rad). Quantities of proteins were expressed as 
relative optical density (OD) measurements and normalized to 
Tubulin, Actin, Calnexin, or GAPDH, and then expressed as a per-
centage of the control mean. For imaging analysis, for each condi-
tion, a minimum of eight neurons were randomly chosen from at 
least two independent preparations. z stack images were processed 
and analyzed using Fiji software (US National Institutes of Health). 
Cofilin localization in spines was analyzed assuming that the spine 
volume and the amount of fusion protein were proportional to the 
integrated intensity of the GFP signal. 11 The analysis of PLA exper-
iments and dendritic spine density was performed using Fiji software 
and the number of clusters or dendritic spines was normalized to the 
total dendritic length. Spine density and morphology analysis were 
performed using Fiji software, and spine length, head width, and 
neck width were assessed for each spine using the straight-line func-
tion. Spines were classified into three types (thin, stubby, or mush-
room) based on length, neck, and head width. To minimize the pos-
sibility of bias, the quantification of actin rods was performed using

automatic analysis. Briefly, we set up an automated threshold to re-
move the background signal deriving from physiological levels of co-
filin by calculating a fixed value for each image based on the histo-
gram of gray values distribution. To do this, we used the following 
formula:

Threshold = (3 × StdDev) + peak value (Equation 1)

Only the pixels in which cofilin immunoreactivity intensity exceeded 
this value were considered. For the analysis, only particles with an area 
>0.5 μm 2 were measured. For brain sections, the analyzed fields were 
taken at five pre-determined locations on three sections from each an-
imal. Cofilin rods were defined as objects with a major axis longer than
2 μm, a minor axis shorter than 1.5 μm, and an aspect ratio larger than 
2, as previously described. 52 β-amyloid plaques in the hippocampus 
were quantified using Fiji software. For each section, plaques were 
manually delineated in the hippocampal region to measure both pla-
que number and total plaque area. Values were normalized to the total 
hippocampal area analyzed in each section. Quantifications were per-
formed on comparable coronal sections across animals.

Novel object recognition and spatial displacement task

The methods used to perform novel object recognition and spatial 
displacement tasks were adapted from a previous protocol. 53 Both 
of the tests consist of an acquisition (10 min) and a recognition 
step (10 min), executed with a 24-h interval. Mice were tested in a 
standard open field arena (UgoBasile, 44 × 44 cm) with black PVC 
walls. All animals were habituated to the open field arena for 1 h 
the day before testing. Objects constructed from Duplo (Lego) blocks 
were used as stimuli, with care taken to alternate their shape, color, 
and size. A digital camera (Imaging Source, DMK 22AUC03 mono-
chrome) was mounted above the open field apparatus to record the 
test. A behavioral tracking system (Anymaze 6.0, Stoelting, UK) was 
used for scoring the time spent in the different zones of the appa-
ratus. To express discrimination between the objects, the percentage 
of time spent exploring the familiar, novel, and displaced objects was 
calculated and compared with the total navigation time, which was 
defined as the animal directing its nose toward an object at a distance 
of at least 2 cm. Animals that failed to complete a minimum of 10 s of 
exploration in the test phase were excluded from the analysis. During 
the NORT, the acquisition phase was performed by placing two iden-
tical objects close to the corners of one wall in the arena (10 cm from 

the walls). On the test day, one of the two objects was replaced with a 
novel object. In the spatial displacement task, we measured the abil-
ity of mice to recognize the altered position of an object during the 
test compared with the acquisition phase. Therefore, in the acquisi-
tion phase, two identical objects were placed near the corners of one 
wall in the arena, whereas, in the test, one object was displaced to the 
corner adjacent to its original position, such that the two objects were 
diagonal from each other.

Barnes maze and reversal learning test

The Barnes maze is a hippocampal-dependent task where animals 
learn the relationship between distal cues in the surrounding
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environment and a fixed escape location. 54 The maze is a white cir-
cular platform (UgoBasile) with a diameter of 100 cm, elevated at 
60 cm from the floor with 20 equally spaced holes along the perim-
eter (each hole has a diameter of 5 cm) located 2 cm from the plat-
form’s edge. Visual cues were located on the walls of the room. A 
black plexiglass escape box (114 × 114 × 50 mm) was mounted un-
derneath one hole, while the remaining 19 holes were left empty. 
From above, the platform was illuminated by a bright light of
∼650 lx, with both bright light and open spaces serving as motivating 
factors to induce escape behavior. On the platform sides, two incan-
descent lamps were placed to provide dim light to conduct the exper-
iment when the bright illumination was turned off. The experimental 
design was adapted from previous protocols. 55,56 The day before the 
test, a habituation phase consisting of three sessions at 15-min inter-
vals was carried out without bright illumination. At the start of each 
session, mice were placed under a start box located in the center of 
the platform for 1 min. The box was then removed, and the animals 
were allowed to explore the arena for 30 s. After this time, the mice 
were guided to the escape box by the experimenter. Mice were kept in 
the escape box for 1 min. During the test phase, mice were positioned 
in the start box for 1 min with the bright illumination turned off. Af-
ter time had elapsed, the illumination was turned on, the chamber 
was lifted, and the mouse was free to explore the maze. The session 
was concluded when the mouse entered the escape box, or after 
3 min. When the mouse entered the escape box, the lights were 
turned off, and the mouse was left in the dark for 1 min. If the mouse 
did not find the escape box within 3 min, the experimenter gently 
guided the mouse to the escape box. The test involved three daily tri-
als at intervals of 15 min, spread over 4 days. The location of the 
escape box remained the same for a given mouse but was random-
ized across mice. Reversal learning was performed 2 weeks after 
the final acquisition phase (day 4) by moving the escape box to a 
new position opposite to the original (i.e., 180 ◦ from its previous 
location). Mice were then subjected to three consecutive trials to 
establish the new position of the escape hole, using the same proced-
ure as described above. A digital camera (Imaging Source, DMK 
22AUC03 monochrome) was positioned above the circular appa-
ratus to record the test, and a behavioral tracking system (Anymaze 
6.0, Stoelting, UK) was used to measure the amount of time taken to 
reach the escape box (latency to escape) and to evaluate the overall 
efficiency of spatial navigation exhibited (path efficiency). An unbi-
ased machine-learning algorithm, called BUNS, was used to classify 
and calculate specific spatial strategies used in the Barnes maze dur-
ing reversal learning. BUNS allows the identification of specific stra-
tegies such as random, serial, focused search, long correction, cor-
rected, and direct, based on Anymaze behavioral tracking. In 
addition, BUNS automatically assigns a specific score, called the 
cognitive score, to numerically evaluate the success, in terms of 
spatial navigation, of each of these strategies. 57

Antibodies list

The following primary antibodies (Ab) were used: goat anti-CAP2 
(PLA 1:100, Santa Cruz Biotechnology, #SC-167378), rabbit anti-
CAP2 (WB 1:1,000, ICC 1:400, IHC 1:400, Proteintech, #15865-1-

AP), mouse anti-CAP2 (WB 1:2,000, PLA 1:100, Proteintech, 
#67412-1-Ig), mouse anti-CAP2 (ICC 1:200, Santa Cruz Biotech-
nology, #SC-377471), mouse anti-actin (WB 1:4,000, Proteintech, 
#66009-1-Ig), mouse anti-Tubulin (WB 1:10,000, Sigma-Aldrich, 
#T9026), mouse anti-Myc (9E10) (WB 1:2,000, ICC 1:400, IHC 
1:400, Roche, #11667149001), mouse anti-GFP (JL-8) (WB 1:2,000, 
Clontech, #632381), rabbit anti-cofilin (WB 1:1,000, PLA 1:100, 
ICC 1:600, IHC 1:600, Cell Signaling, #5175), guinea pig anti-
MAP2 (ICC 1:300, Synaptic Systems, #188004), rabbit anti-GADPH 

(WB 1:1000, Santa Cruz Biotechnology, #SC-25778), rabbit anti-
pCofilin (WB 1:1,000, Cell Signaling, #33135), rabbit anti-Calnexin 
(WB 1:1,000, Enzo Life Sciences, #ADI-SPA-860), mouse anti-β-am-
yloid 6E10 (IHC 1:500, BioLegend, # 803001), rabbit anti-CREB (WB 
1:1,000, Cell Signaling, #9197), rabbit anti-pCREB (WB 1:1,000, Cell 
Signaling, #9198), rabbit anti-Tau (WB 1:1,000, DAKO, #A0024), 
rabbit anti-p-Tau (WB 1:1,000, Cell Signaling, #12885). The Alexa 
Fluor dye secondary antibodies used (goat anti-mouse-Alexa405, 
goat anti-mouse-Alexa488, goat anti-mouse-Alexa555, goat anti-
rabbit-Alexa488, goat anti-rabbit-Alexa555, goat anti-mouse-
Alexa647 and goat anti-guinea pig-Alexa647) were purchased from 

Thermo Fisher Scientific. The peroxidase-conjugated secondary an-
tibodies were purchased from Bio-Rad.

Statistical analysis

Multiple regression models were applied to the in vivo and in vitro im-
aging experiments to estimate beta coefficients, corresponding stan-
dard errors (SEs) and p values of the treatment effect. In principle, 
mixed-effects models 58 should be specified for each experiment and 
outcome variable of interest within the experiment to account for the 
hierarchical structure of the experimental designs. 47 In the in vitro im-
aging analyses, actin rods belonged to neurons and neurons belonged 
to cultures in experiments presented in Figure 4D; dendritic spines be-
longed to neurons and neurons belonged to cultures in experiments 
shown in Figure S5B; neurons belonged to cultures in experiments pre-
sented in Figures 5D, 5E, 6B–6D, and S4A. However, for the culture hi-
erarchical level, we observed at most four cultures per experiment; as 
modern theory on mixed-effects models suggests that the estimation 
of the variance of random-effects terms might be difficult when fewer 
than five categories are available for the hierarchical level, we avoided 
specifying a random effect for culture and consistently treated it as a 
fixed effect across all the experiments under investigation. For the 
neuron hierarchical level (available from experiments in Figures 4D 

and S5B), the five categories were reached for the most part, and 
neuron was then generally treated as a random intercept within a 
mixed-effects model, including culture and treatment as fixed-effects, 
as far as the model converged (Figure 4D, outcome actin rod volume 
and sphericity; Figure S5B). In the remaining cases, we fitted a fixed-ef-
fects model including treatment and culture (as well as neuron when 
convergence issues arose) as independent variables by using the robust 
linear regression method with the MM estimator to account for the 
violation of ordinary least squares assumptions.

In addition, the in vivo imaging analyses were carried out by consid-
ering the following hierarchical structure in spine morphology: spine
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belonged to dendrites, dendrites were visualized across multiple im-
ages, and multiple images were obtained from each animal. When 
the outcome variable under consideration was spine density, the 
experimental unit was dendritic spine and the available hierarchical 
levels were images and animals; when the outcome variable was spine 
length, width, or type, the experimental unit was the spine, and the 
available hierarchical levels were dendrites, images, and animals. 
All in vivo spine morphology analyses were restricted to images 
with a quality score >2.6 as determined by the researcher who per-
formed the blind analysis.

Among mixed-effects models, most were linear mixed-effects 
(LMM) models; generalized LMM models with a logit link function 
and binomial family were fitted for the type outcome variable for the 
in vivo spine morphology experiments; in these analyses, the 
outcome variable was treated in the following three ways: (1) stubby 
spines (reference category) and mushroom spines; (2) thin spines 
(reference category) and mushroom spines; and (3) non-mushroom 

spines (reference category including filopodia, thin, and stubby 
spines) and mushroom spines. For fitting mixed-effects models, 
restricted maximum-likelihood (REML) estimates were used, as 
they provide more reliable estimates of variance components. To 
test model assumptions, we plotted residuals vs. fitted values for 
each model; when outliers were detected, they were checked at the 
experimental level.

Hypothesis testing on the significance of single parameters (Wald’s 
test) was performed within the robust linear or the LMM with the 
robust F or the Student’s t distribution, respectively; a Gaussian dis-
tribution was adopted for the generalized LMM models. The (even-
tually robust) F statistics from the ANOVA analysis provided infor-
mation on the overall significance of each independent variable 
entered in the models. When suitable, contrasts of interest were ex-
tracted to calculate the estimated mean differences and correspond-
ing SEs between pairs of available experimental arms under examina-
tion in each model. Finally, the chi-square test of independence was 
used to assess the presence of an association between spine type and 
genetic treatment.

Regarding behavioral tests, analysis of strategies (Figure 2D) were 
similarly analyzed by using mixed-effects models where treatment 
and the trial number were entered as fixed-effects terms, and the 
mouse ID was entered as the random-effect term; the interaction be-
tween treatment and trial number was tested by using the likelihood 
ratio test on maximum-likelihood refitted models including vs. 
excluding the interaction term; however, the corresponding p value 
exceeded 0.05 and was therefore omitted from the final model. The 
analyses of behavioral experiments were restricted to those behaviors 
exhibited by at least six mice in at least one of the two arms, no matter 
the trial (i.e., a random or a serial behavior).

Calculations were carried out using the open-source statistical 
computing environment R (R Core Team, 2023) with its libraries 
lme4, 59 lmerTest, 60 and emmeans, 61 for the above-reported experi-

ments. For all other experiments, comparisons between groups 
were performed using the following tests as appropriate: two-tailed 
unpaired Student’s t test, Mann-Whitney test, Wilcoxon test, nested 
t test, or two-way ANOVA. Throughout the manuscript, values were 
reported as mean ± SE. The type of parametric test used for each 
experiment and the corresponding p values, as well as the numbers 
of neurons and mice used, are reported in the figure legends. Signif-
icance was assumed if p < 0.05. Calculations were performed using 
Prism 9 (GraphPad, La Jolla, CA, USA).
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