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Dendritic spine loss is recognized as an early feature of Alzheimer’s disease (AD), but the underlying mechanisms are poorly understood.
Dendritic spine structure is defined by filamentous actin (F-actin) and we observed depolymerization of synaptosomal F-actin accom-
panied by increased globular-actin (G-actin) at as early as 1 month of age in a mouse model of AD (APPswe/PS1�E9, male mice). This led
to recall deficit after contextual fear conditioning (cFC) at 2 months of age in APPswe/PS1�E9 male mice, which could be reversed by the
actin-polymerizing agent jasplakinolide. Further, the F-actin-depolymerizing agent latrunculin induced recall deficit after cFC in WT
mice, indicating the importance of maintaining F-/G-actin equilibrium for optimal behavioral response. Using direct stochastic optical
reconstruction microscopy (dSTORM), we show that F-actin depolymerization in spines leads to a breakdown of the nano-organization
of outwardly radiating F-actin rods in cortical neurons from APPswe/PS1�E9 mice. Our results demonstrate that synaptic dysfunction
seen as F-actin disassembly occurs very early, before onset of pathological hallmarks in AD mice, and contributes to behavioral dysfunc-
tion, indicating that depolymerization of F-actin is causal and not consequent to decreased spine density. Further, we observed decreased
synaptosomal F-actin levels in postmortem brain from mild cognitive impairment and AD patients compared with subjects with normal
cognition. F-actin decrease correlated inversely with increasing AD pathology (Braak score, A� load, and tangle density) and directly with
performance in episodic and working memory tasks, suggesting its role in human disease pathogenesis and progression.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order that is characterized by impairment of cognitive functions,

including memory. Longitudinal studies in humans have re-
vealed that accumulation of �-amyloid, thinning of the cortex,
and decreased hippocampal volume precedes cognitive dys-
function. At the cellular level, the biological signatures of AD
are synaptic dysfunction including synapse loss, �-amyloid
plaques, hyperphosphorylated tau, and extensive neurodegenera-
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Significance Statement

Synaptic dysfunction underlies cognitive deficits in Alzheimer’s disease (AD). The cytoskeletal protein actin plays a critical role in
maintaining structure and function of synapses. Using cultured neurons and an AD mouse model, we show for the first time that
filamentous actin (F-actin) is lost selectively from synapses early in the disease process, long before the onset of classical AD
pathology. We also demonstrate that loss of synaptic F-actin contributes directly to memory deficits. Loss of synaptosomal F-actin
in human postmortem tissue correlates directly with decreased performance in memory test and inversely with AD pathol-
ogy. Our data highlight that synaptic cytoarchitectural changes occur early in AD and they may be targeted for the devel-
opment of therapeutics.
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tion. Synaptic dysfunction seen as loss of dendritic spines in mouse
models of AD (Wu et al., 2010; Herms and Dorostkar, 2016) and
that observed as decreased glucose utilization (FDG-PET imag-
ing) in human subjects precedes the overt appearance of behav-
ioral/cognitive dysfunction (Jack and Holtzman, 2013; Jack et al.,
2013). Loss of dendritic spines is seen early in disease pathogenesis in
mouse models of AD (Spires-Jones et al., 2007) and in postmortem
brains from AD patients (Tsai et al., 2004; Spires et al., 2005; Spires-
Jones et al., 2007). However, the mechanisms underlying synaptic
dysfunction, including loss of spines, is not well understood.

Dendritic spines along neurites are the primary sites for re-
ceiving information and cellular substrates for synaptic plasticity.
Loss of spines often results in defective synaptic transmission (Cum-
mings et al., 2015). Dendritic spines undergo synaptic-activity-
dependent modifications such as enlargement and shrinkage/
elimination during LTP (Bosch et al., 2014) or LTD, respectively,
and correlate with memory deficits in animal models (Holcomb et
al., 1998; Lesné et al., 2006; Shankar et al., 2008). Filamentous actin
(F-actin) is the major cytoskeletal protein in spines and spine struc-
ture is regulated by remodeling of actin cytoskeleton, including those
that occur during stabilization of memories after learning (Dillon
and Goda, 2005; Frost et al., 2010; Hotulainen and Hoogenraad,
2010; Chazeau et al., 2014; Efimova et al., 2017).

Actin exists in two states: as monomeric globular-actin (G-actin),
which polymerizes to form asymmetric two-stranded helical F-actin.
Polymerization and depolymerization of actin (actin treadmilling;
F-actin/G-actin ratio) regulates various features of dendritic spine
morphology (Okamoto et al., 2007; Hotulainen et al., 2009). F-actin
is highly enriched in dendritic spines and dynamic modulation of
this protein is critical for controlling, not only spine formation and
elimination, but also synaptic-activity-dependent structural changes
in dendritic spines (Star et al., 2002; Okamoto et al., 2007; Korobova
and Svitkina, 2010). Therefore, maintaining the ratio of F-actin and
G-actin within the dendritic spines is essential for optimal synaptic
function.

Change in the ratio of F- and G-actin is regulated by different
actin-interacting molecules, such as ADF/cofilin (Bamburg et al.,
2010; Bernstein and Bamburg, 2010; Gu et al., 2010; Bamburg
and Bernstein, 2016), Cdc42 (Heredia et al., 2006; Mendoza-
Naranjo et al., 2012), mTORC2 (Huang et al., 2013), LIMK1
(Heredia et al., 2006), and Mical (Hung et al., 2013), as well as
through posttranslational modifications such as acetylation,
phosphorylation, methylation, and redox modifications of cys-
teine thiols (Terman and Kashina, 2013).

We investigated whether shifting of the F-/G-actin equilib-
rium toward G-actin could underlie the loss of spines seen in AD,
rather than that occurring as a consequence of spine loss. We
used three model systems, APPswe/PS1�E9 mice (APP/PS1; both
presymptomatic young mice and middle-aged animals), primary
neurons derived from WT and APP/PS1 mice, and primary neu-
rons derived from C57BL/6 mice and exposed to low concentra-
tions of A�42 peptide. We assayed total actin and F-/G-actin levels
in synaptosomes prepared from cortex of adolescent (ADL) AD
mice (1 month old) because synaptic dysfunction is considered to
occur before the onset of cognitive dysfunction and we used pri-
mary neurons from WT and APP/PS1 mice to examine the nano-
scale organization of F-actin in spines. To determine whether our
observations can be extrapolated to the human disease, we also
performed experiments using human postmortem tissue from
subjects with no cognition impairment (NCI), mild cognitive
impairment (MCI), and AD.

Materials and Methods
Experimental design. We hypothesized that A�-induced F-actin depoly-
merization may lead to spine loss in AD and that this occurs before the
overt onset of the disease. We assayed the synaptosomal levels of F-actin,
G-actin, and total actin in postmortem frontal cortex from NCI, MCI,
and AD subjects. We used frontal cortex samples from 12 subjects per
group considering inherent variability between individual samples in
terms of genetic and nongenetic differences and disease pathology, which
is further compounded by differences in postmortem interval. All n’s
were used for regression and general linear model (GLM) analysis.

We also performed experiments (both behavioral and biochemical) in
vivo using APP/PS1 (male) and WT mice (male) and mixed-sex primary
cortical neurons to study structural deficits including F-actin nanoarchi-
tecture in spines. For confocal microscopy, sample size included primary
neurons from three independent litters and 22–30 neurons from each
group. For experiments using direct stochastic optical reconstruction
microscopy (dSTORM), sample size was 30 –35 dendritic spines from
three independent litters for each group. It is known that observed power
of analysis is inversely related to observed p-value. Transgenic expression
of APP/PS1 is variable across animals, which results in variability in the
measured biochemical parameters. To account for this effect and to ex-
clude the possibility of litter-specific effects, we chose 6 –10 animals per
group in each biochemical experiment from different litters and pro-
cessed them individually. For the behavioral studies, the number of
animals to be used was based on behavioral experiments performed in
several laboratories across the world and a sample size of 9 –11 mice per
genotype or treatment was used.

Data inclusion and exclusion. No samples were excluded from any of
the experiments or analyses described herein.

Randomization and blinding. All of the animal experiments were de-
signed and followed in compliance with the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines, including control groups
for all experiments and applying double-blinded analysis when possi-
ble. In experiments involving WT and APP/PS1 mice, the animals were
assigned randomly to the respective groups based on the genotype. In
experiments using jasplakinolide or latrunculin, mice of particular geno-
types were assigned to groups using randomization.

Reagents. The following chemicals and reagents were used: G-Actin/F-
actin In Vivo Assay Biochem Kit (catalog #BK037; Cytoskeleton), Actin
Polymerization Biochem Kit (catalog #BK003; Cytoskeleton), and Neu-
roTrace DiI Tissue-Labeling Paste (catalog #N22880), Jasplakinolide
(catalog #J7473), latrunculin A (catalog #L12370) were all from Thermo
Fisher Scientific. DNase I (catalog #D-4513) and papain (catalog #P-
4762) were from Sigma-Aldrich. All other chemicals and reagents were of
analytical grade and were from Sigma-Aldrich.

Antibodies. Antibody against �-actin was from MP Biomedicals (cat-
alog #0869100); Acti-Stain 488 (catalog #PHDG1) was from Cytoskele-
ton; antibody to Drebrin (catalog #ab60933; RRID:AB_10675963) was
from Abcam; PSD95 (catalog #ab18258; RRID:AB_444362) was from
Abcam; Homer1 (catalog #160 003, RRID:AB_887730) was from Synaptic
Systems; cofilin (catalog #5175; RRID:AB_10622000), phospho-cofilin
(Ser3) (catalog #3313; RRID:AB_2080597), and Arp2 (catalog #3128,
RRID:AB_2181763) were from Cell Signaling Technology); Arp3 (cata-
log #4738, RRID:AB_2221973) was from Cell Signaling Technology;
GluA1 (catalog #13185) was from Cell Signaling Technology; and anti-
�-amyloid, 1– 42 antibody (catalog #805503; RRID:AB_2564682) was
from BioLegend. Horseradish peroxidase-conjugated secondary anti-
bodies were from Vector Laboratories. Alexa Fluor 647 Phalloidin (cat-
alog #A22287; RRID:AB_2620155) was from Thermo Fisher Scientific.

Postmortem brain tissues. Frontal neocortical tissue from participants
in the Religious Orders Study conducted by the Rush Alzheimer’s Disease
Center (Chicago, IL) was obtained. All participants signed an informed
consent and an Anatomical Gift Act for brain donation. The study was
approved by the Institutional Review Board of Rush University Medical
Center and the Indian Institute of Science. All experiments involving
human postmortem tissues were performed in accordance with institu-
tional guidelines and after approval from the ethics committee. Details of
the study and the diagnostic approach and neuropathological assess-
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ments have been described previously (Bennett et al., 2002; Wilson et al.,
2002; Bennett et al., 2004, 2005, 2006, 2012). A total of 36 brains were
examined: 12 NCI cases, 12 MCI cases, and 12 AD cases for comparison.
Frontal cortical tissue from each human brain was thawed on ice and
used for the preparation of postnuclear supernatant (PNS) and syn-
aptosomes as described below. All fractions were aliquoted and stored
at �86°C.

Experimental animals. Transgenic mice B6C3-Tg (APPSwe/PS1�E9)
85Dbo/J (https://www.jax.org/strain/005864) were from The Jackson
Laboratory. WT and APPswe/PS1�E9 (APP/PS1) mice were bred at the
Institutional Central Animal Facility and 1 month-old (30 –35 d; ADL),
2-month-old (60 –70 d), 4-month-old (120 –130 d), or 9-month-old
(270 –300 d; middle-aged; MA) male mice were used for the experiments.
Animals were housed under pathogen-free conditions in a temperature-
controlled room on 12 h light/12 h dark cycle and had ad libitum access to
food and water. All animal experiments were performed in accordance
with institutional guidelines for the care and use of laboratory animals under
approval of the Institutional Animal Ethics Committee and effort was made
to reduce suffering of animals and the numbers used.

Contextual fear conditioning (cFC). All experiments were performed
with 2-month-old male mice. The cFC training context was rectangular
in shape. Identity of the context was maintained with the presence of
distinct odor (2% acetic acid, v/v). The conditioning chamber was
cleaned with 70% ethanol before and after each session. Mice were single
housed and were first handled for 5 min for 3 d. On training day, mice
were allowed to explore the training context for 1 min and then received
3 foot shocks (2 s and 0.6 mA each, intertrial interval 30 s). Contextual
fear memory was assessed by returning mice to the training context 24 h
after fear conditioning and analyzing freezing during a test period of 2
min. Freezing was defined as complete absence of somatic mobility other
than respiratory movements. No animals were excluded from the analy-
sis. In some experiments, jasplakinolide or latrunculin A (Invitrogen)
was freshly dissolved in DMSO (3% in normal saline; 100 �l) and
then injected intrathecally at a dose of 0.5 �g/mice immediately after
training.

Assay of G-actin and F-actin. Synaptosomes were prepared as described
previously (Ahmad et al., 2017) and resuspended in lysis buffer supple-
mented with 1 mM ATP and protease inhibitor mixture for F-actin
stabilization (Cytoskeleton). For preparation of G-actin and F-actin frac-
tions from PNS, cortical tissue was homogenized directly in the above
buffer and centrifuged at 1500 � g for 10 min. Further, G-actin and
F-actin fractions were separated using the G-Actin/F-Actin In Vivo Assay
Kit according to the manufacturer’s instructions (Cytoskeleton, catalog
#BK037). Protein concentrations were determined using the Pierce BCA
protein assay kit before immunoblotting. All samples were resolved using
TGX Stain Free Fast Cast Acrylamide kit (12%; Bio-Rad) and transferred
onto a PVDF membrane for immunoblotting. Stain-free blots were im-
aged before antibody incubation using Bio-Rad Chemidoc-XRS and an-
alyzed with Image lab software (Bio-Rad). Stain-free gels/blots showed
better staining, so the stain-free detection method was used as a loading
control instead of housekeeping proteins for unbiased normalization
(Colella et al., 2012; Gilda and Gomes, 2013; Gürtler et al., 2013; Rivero-
Gutiérrez et al., 2014; Gilda and Gomes, 2015). Immunoreactive bands
were detected using enhanced chemiluminescence (Clarity Western ECL
blotting substrate; Bio-Rad). Signals were detected (Bio-Rad Chemidoc-
XRS) and analyzed with Imagelab software (Bio-Rad).

Actin polymerization assay. The actin polymerization assay was per-
formed with or without the presence of A�1-42 peptide (62.5 nM). The
assay was also performed in the presence of synaptosomes isolated from
WT and APP/PS1 mice (see Fig. 1G,H ) according to the described pro-
tocol in the actin polymerization biochem kit (catalog #BK003; Cytoskel-
eton). The actin polymerization assay was also performed in the presence
of increasing concentrations of G-actin protein (catalog #AKL99, Cyto-
skeleton; Fig. 1-2 A, available at https://doi.org/10.1523/JNEUROSCI.
2127-17.2017.f1-2). Furthermore, WT synaptosomes were incubated
with or without A�1-42 (62.5 nM) for 1 h at 37°C. After incubation,
synaptosomes were used for the actin polymerization assay, which was
performed according to the manufacturer’s instructions (Fig. 1-1 B, C,
available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f1-1).

Immunolabeling of A�42 aggregates in APP/PS1 mice. Paraffin-
embedded sections of WT and APP/PS1 mouse brain were prepared.
Sections were dewaxed and transferred to PBS containing hydrogen per-
oxide (3% v/v) to block the endogenous peroxidase reaction. The sec-
tions were cooked in a pressure cooker using sodium citrate buffer (0.01
M, pH 6) for antigen retrieval, blocked with normal goat serum, and
incubated with anti-�-amyloid, 1– 42 antibody. The sections were
washed, treated with biotinylated anti-mouse-IgG, and incubated with
VECTASTAIN-Elite ABC reagent (Vector Laboratories). Color was de-
veloped using Novared (ImmPact NovaRED; catalog #SK-4805; Vector
Laboratories) and hydrogen peroxide. The sections were washed in wa-
ter, dehydrated in graded ethanol, cleared with xylene, dried, and
mounted in DPX. Images were captured using an Olympus BX83 micro-
scope under a 10� objective.

Primary cortical neuronal culture. Mixed sex primary cortical neurons
were prepared from postnatal day 0 (P0) or P1 pups from both WT and
APP/PS1 mice and from C57BL/6 mice. Cultures were established and
maintained according to a previously published protocol (Beaudoin et
al., 2012). Cortical neurons were seeded on coverslips precoated with
poly-D-lysine (0.1 mg/ml). Neurobasal A medium supplemented with
B27, 2 mM L-GlutaMAX, and 100 �g/ml penicillin/streptomycin was
used to grow the cells in serum-free conditions and maintained at 37°C in
5% CO2 for 2–3 weeks.

Primary cortical neurons were fixed with 2% paraformaldehyde (w/v)
and labeled with DiI or Actin-Stain 488 Phalloidin (Cytoskeleton) ac-
cording to the manufacturer’s instructions. Neurons were also stained
with antibody against actin or cofilin, followed by secondary antibody.

For dSTORM imaging, samples were fixed with 0.3% glutaraldehyde
(v/v) and blocked with 3% BSA (w/v) containing 0.2% Triton X-100
(v/v) for 30 min. Homer1 antibody was used for immunostaining, fol-
lowed by Alexa Fluor 532 secondary antibody. F-actin labeling was then
performed with Alexa Fluor 647–phalloidin (Xu et al., 2013).

Treatment of cells with rhodamine-tagged A�42. Rhodamine labeled
A�42 was synthesized by coupling 5-(6) tetramethyl rhodamine carbox-
ylic acid with the N terminus (Asp1) of A�42 and was obtained as a gift
from Prof. Sudipta Maiti (Tata Insititute of Fundamental Research,
Mumbai, India). The lyophilized peptide was resuspended in NaOH
solution, pH 11, to a final concentration of 1 mM. The required concen-
tration of rhodamine-tagged A�42 used in the experiments was prepared
by serially diluting the peptide using culture medium. After 24 h of
treatment, the medium was removed and cells were washed twice with
warm PBS before fixation.

Image acquisition and analysis. Confocal images were acquired using a
Carl Zeiss LSM780 laser scanning system with an argon 488 laser for
DiI-514 and Acti-Stain 488 Phalloidin. A helium–neon 594 laser was
used to visualize rhodamine-A�1-42. An oil-immersion objective 63�/
1.40 numerical aperture (NA) was used and z-stack images were captured
using the following parameters: 512 � 512 resolution and 12 bit depth,
zoom factor of 3 (except for rhodamine-A�1-42, for which the zoom
factor was 1), pinhole 1 airy unit, and step size interval of 0.4 �m. All
confocal images for DiI- and phalloidin-labeled neurites were ac-
quired under identical conditions as described above and analyzed
after blinding.

DiI-labeled neurons were used for spine analysis and analysis was per-
formed using Neurolucida 360 as described previously (Dickstein et al.,
2016). z-stack images captured using a confocal microscope were loaded into
Neurolucida 360 and maximum intensity projections (MIPs) were gener-
ated for each bit of dendrite. The backbone of the dendritic branch was
traced and the dendrite was modeled accurately in all three dimensions.
Spine-related parameters on each dendritic branch were automatically
quantitated by the software using spine detection mode. The reports include
total number and spine density per micrometer and the other details such as
spine total extent, spine surface area, and spine head diameter. In addition,
the cross-sectional area of 2D MIPs was measured for assessing the spine area
(see Fig. 3H) and its histogram was plotted and fitted with normal distribu-
tion using the distribution fitting function from Statistics tool box version 10
of MATLAB R2015a (The MathWorks).

Quantification of F-actin levels measured as phalloidin intensity was
performed using MetaMorph software (version 7.8.0.0, 2013; Molecular
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Figure 1. Decreased synaptosomal F-actin levels in cerebral cortex of APP/PS1 mice (see Fig. 1-1, available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f1-1, Fig. 1-2, available at
https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f1-2, Fig. 1-3, available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f1-3). Enriched G-actin and F-actin fractions were isolated from
synaptosomes and PNS of ADL (1-month-old) WT and APP/PS1 mouse brain cortex samples. These fractions were resolved on TGX-stain-free gels and levels of F-actin (A, D), G-actin (B, E), and total
actin (C, F ) were analyzed by immunoblotting with anti-actin antibody. Densitometric analyses for actin levels were normalized to total lane proteins. Statistical analysis: A, ADL mice quantification
of F-actin ( p � 0.0144, t � 2.792, df � 14); B, G-actin ( p � 0.0125, t � 2.865, df � 14); C, total actin ( p � 0.8089, t � 0.2465, df � 14); D, ADL mice quantification of F-actin ( p � 0.2710,
t � 1.146, df � 14); E, G-actin ( p � 0.2438, t � 1.217, df � 14); F, total actin ( p � 0.4030, t � 0.8624, df � 14). Unpaired two-tailed t test was used. Results are shown as the mean � SEM
(n � 7– 8 per group). G, In vitro actin polymerization assay was performed using control actin only and control actin reaction supplemented with 62.5 nM A�1-42 (Figure legend continues.)
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Devices). Confocal z-stack images were loaded onto MetaMorph soft-
ware and MIPs were generated. After background subtraction and
thresholding, a mask was generated around the dendrite of interest (in-
cluding the spines) and phalloidin intensity was measured.

dSTORM imaging and analysis. Samples were imaged at 37°C (OKO
lab, Italy) in a closed chamber used for loading 18 mm round coverslips
(Ludin Chamber; Life Imaging Services) and mounted on an inverted
motorized microscope (Olympus IX83) equipped with a 100�, 1.49 NA
PL-APO objective and an azimuthal drift control device, allowing long
acquisition in oblique illumination mode using multilaser launch
(Roper). The images were acquired at the center quadrant (256 � 256
pixel 2) of an EMCCD camera (Evolve; Photometrics). The illumination
and acquisition was controlled by MetaMorph. Before imaging, postfix-
ation was performed with 4% paraformaldehyde (w/v). Beads of 100 nm

diameter (Tetraspeck; Thermo Fisher Scientific) were used as fiduciary
markers for lateral drift correction. Immunolabeled cells were imaged in
a dSTORM buffer with a mixture of chemicals to induce stochastic acti-
vation of sparse subsets of molecules (catalase, TCEP, glycerine, glucose
and glucose oxidase dissolved in Tris-HCl buffer). dSTORM buffer was
added before imaging (Nair et al., 2013; Chazeau et al., 2014). Photocon-
version of carbocyanine dyes from ensemble to single-molecule density
was achieved by illuminating the sample with a 300 mW excitation laser
to convert fluorescent molecules into the metastable dark state. After
achieving an optimal density of 0.01– 0.04 molecules/�m 2, the illumina-
tion laser power was optimized to 150 mW and 5 stacks of 4000 frames
each were obtained each with an exposure time of 20 ms, acquiring a total
of 20,000 images. The instantaneous densities of single molecules were
controlled by modulating the power of 405 nm laser.

Image acquisition, processing, and subsequent analysis was performed
using a custom based module optimized within MetaMorph (Izeddin et
al., 2012; Nair et al., 2013; Venkataramani et al., 2016). The localization
accuracy of the optical system was determined from the localization of
centroids of point spread functions generated by 100 nm fluorescent
beads. The fluorescent beads were imaged for 4000 frames at similar laser
intensities recorded for the dSTORM measurements on immunolabeled
samples (Fig. 5-1 A, B, available at https://doi.org/10.1523/JNEUROSCI.

4

(Figure legend continued.) peptide (p � 0.0401, t � 2.996, df � 4). Results are shown from
three experiments. Unpaired two-tailed t test was used. Asterisks indicates statistical signifi-
cance. H, Rate of actin polymerization was measured from synaptosomes of ADL mice. For actin
polymerization, results are shown from ADL (n � 8) mice per group. Statistical significance:
p � 0.0001, t � 8.379, df � 14. *p � 0.05, ***p � 0.001 for WT versus APP/PS1 (unpaired
Student’s two-tailed t test).

Figure 2. Long-term fear memory is impaired in 2-month- old APP/PS1 mice (see Fig. 2-1, available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f2-1). A, Schematic of the experimental
design. B, APP/PS1 mice exhibit significantly reduced freezing response than the WT control ( p � 0.0021, t � 3.633, df � 17; n � 9 –10 per group). C, Analysis of dye spread. Top, Schematic
drawing based on the atlas of Franklin and Paxinos (1997) of coronal section of mouse brain depicting the location of cerebral ventricles (3V, D3V, LV), along with anteroposterior coordinates caudal
to bregma. Bottom, Coronal cross-section of the brain harvested 4 h after intrathecal dye injection (100 �l of 1% methylene blue solution) to illustrate localization of dye spread in the cerebral
ventricles (arrow). D, Intrathecal delivery of jasplakinolide (Jas) or vehicle after cFC rescued fear memory in APP/PS1 mice (interaction: F � 7.34482, p � 0.0101, df � 37; Jas: F � 2.77348, p �
0.1043, df � 37; genotype: F � 6.76938, p � 0.0133, df � 37; n � 9 –11 per group). E, Reduced conditioned freezing levels were observed in WT control mice after intrathecal delivery of vehicle
or latrunculin A (Lat) after training ( p � 0.0001, t � 5.411, df � 16).(n � 9 per group). F, G, Representative immunoblot analysis for the synaptosomal F-actin and G-actin fractions in samples
collected 24 h after injection of vehicle or Jas. Quantification of F-actin (interaction: F � 0.0443737, p � 0.8347, df � 28; Jas: F � 17.7623, p � 0.0002, df � 28; Genotype: F � 9.80714, p �
0.0040, df � 28; n � 7–9 per group). Quantification of G-actin (interaction: F � 0.686628, p � 0.4143, df � 28; Jas: F � 0.676441, p � 0.4178, df � 28; genotype: F � 0.0813757, p � 0.7775,
df � 28; n � 7–9 per group). Statistical comparison was performed using unpaired two-tailed t test (B, E) or two-way ANOVA followed by Newman–Keuls post test (D, F, G). Data are presented
as mean � SEM. Statistical significance: *p � 0.05,**p � 0.01,***p � 0.001.
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2127-17.2017.f5-1). The centroid of the lateral spread of the fluorescence
intensity was calculated for every frame and accuracy of detection histo-
gram was obtained for all the localization in time (Fig. 5-1 A, available at
https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f5-1). The resulting
spread was modeled using a bidimensional Gaussian function providing
a localization precision (�) of �19.4 nm (Fig. 5-1C, available at https://
doi.org/10.1523/JNEUROSCI.2127-17.2017.f5-1). The full width at half
maximum was calculated to be �44.6 nm (Fig. 5-1 D, available at
https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f5-1) (Nanguneri et
al., 2012).

After dSTORM reconstruction of raw images, random mushroom
spines were selected for automated analysis of radiating actin structures
within the spine head using an ImageJ plugin called Ridge Detection
(Steger, 1998). In addition to the detection of these rods, we were able to
automatically quantify the orientation of the radiating structures using
another ImageJ plugin called FibrilTool (Boudaoud et al., 2014). Fibril-
Tool calculates a value referred to as “anisotropy,” which is a measure of
how parallel the fibers are with respect to each other. Mean anisotropy

values were compared between spines from WT and APP/PS1 mice to
quantify changes in F-actin organization within spine head.

GLM analyses. Ordinary least-squares regression-based GLMs were
analyzed to understand the impact of clinical histopathological scores
(Braak staging, �-amyloid load, and tangle density) on F-actin or G-actin
expression. To control for skewness in �-amyloid load and tangle density
distribution, GLM was performed with the square root values of the
respective distributions. In these GLMs, the predictor variables included
different histopathological scores, along with age at death and postmor-
tem interval as confounding variables, whereas the dependent variable
was either F-actin or G-actin expression. GLMs were also performed for
assessing whether F-actin or G-actin expression predicted the subject’s
last measured cognitive performance when controlled for confounding
variable of educational level and age at death. Cognitive performance was
measured as global cognition (Cogn_Glob), episodic memory (Cogn_Epi),
working memory (Cogn_WM), semantic memory (Cogn_Sem), perceptual
speed (Cogn_PS), or perceptual orientation (Cogn_PO). Cogn_Glob is a
composite score derived by pooling all of the scores from 19 tests that are

Figure 3. Loss of total dendritic spines, spine total extent, spine surface area, spine head diameter, and F-actin in APP/PS1 primary cortical neurons. A, F, Primary cortical neurons were fixed at
DIV 10 and DIV 16 and analyzed. Representative confocal images of dendritic spines were visualized by DiI labeling. B, C, Quantitative dendritic spine analysis: B, DIV 10; total spine density, p �
0.2056, t � 1.283, df � 48; C, Spine total extent, p � 0.1654, t � 1.409, df � 47; spine surface area, p � 0.5573, t � 0.5911, df � 47; spine head diameter, p � 0.0063, t � 2.860, df � 47.
D, Confocal images showing F-actin staining of tertiary dendrite using phalloidin labeling. Scale bar, 5 �m. E, F-actin quantification (DIV 10; p � 0.0001, t � 5.162, df � 62). G, DIV 16 total spine
density ( p � 0.0001, t � 6.244, df � 58; H, spine total extent ( p � 0.0017, t � 3.283, df � 58; spine surface area, p � 0.0166, t � 2.468, df � 58; spine head diameter, p � 0.0162, t � 2.477,
df � 58). Cross-sectional area of 2D maximum intensity projections of spines (expressed as square micrometers) were plotted and fitted by normal distribution curve; the fit generated WT mean �
0.427, variance � 0.018; APP/PS1 mean � 0.213, variance � 0.009. Using unpaired two-tailed t test, the statistical significance is as follows: p � 0.0001, t � 7.293, df � 63. I, Confocal images
showing F-actin staining of tertiary dendrite using phalloidin. Scale bar, 5 �m. J, F-actin quantification (DIV 16; p � 0.0001, t � 7.025, df � 62). E, J, Phalloidin (F-actin) quantification was
performed from two tertiary neurites (similar lengths of dendrites including spines) from single neuron. Data are represented as mean � SEM from three independent experiments. n � 30 –34
neurites (5– 6 neurons and 10 –12 tertiary neurites from each independent experiment). Statistical significance: *p�0.05,**p�0.01,***p�0.001. Statistical comparisons were performed using
unpaired two-tailed t test.
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used to generate the individual cognitive domains. All cognitive scores
were converted into z-scores for analyses based on mean and SDs of the
entire cohort being studied. Because several of these parameters are cor-
related with each other, we did not consider variable interaction terms in
our GLM analyses. A significant p-value in these analyses indicates rela-
tive predictive strength of individual predictor variables upon the depen-
dent variable after controlling for confounding variables.

Statistical analyses. Statistical differences between two groups were
performed with two-tailed unpaired Student’s t test and those between
more than two groups were performed with one-way ANOVA followed
by Newman–Keuls post hoc test of multiple comparisons. Two-way ANOVA
with Newman–Keuls post hoc test was used for experiments with four
groups. Results are represented as mean � SEM. p-values �0.05 were
regarded as significant. Graphs and statistics were performed using
GraphPad Prism software (Version 5 or 6).

Results
Depolymerization of synaptosomal F-actin in cerebral cortex
of 1-month-old AD mice
We used mouse model of AD (APPswe/PS1�E9) to examine po-
tential disassembly of F-actin in dendritic spines. To address this,

we assessed F-actin, G-actin, and total actin levels in synapto-
somes and PNS from the cortex of 1-month-old (ADL) male AD
mice; at this age, the mice do not display pathological hallmarks
of the disease. Remarkably, ADL APP/PS1 mice showed a signif-
icant decrease in synaptosomal F-actin levels compared with WT
littermate controls (Fig. 1A). This was accompanied by corre-
sponding increase in G-actin levels (Fig. 1B), indicating that
F-actin was depolymerizing to G-actin without any change in
total actin concentration. The loss of F-actin was seen selectively
in synaptosomes but not in PNS (Fig. 1D).

We next investigated whether A�1-42 affected the kinetics of
actin polymerization in vitro. The kinetics of actin assembly in the
presence or absence of A�1-42 was performed in an assay con-
taining pyrene–actin. Our results indicate that A�1-42 alone
decreased actin dynamics (Fig. 1G) compared with the corre-
sponding vehicle control (Fig. 1-1B,C, available at https://doi.
org/10.1523/JNEUROSCI.2127-17.2017.f1-1). Further, the ad-
dition of WT synaptosomes alone to the pyrene–actin polym-
erization reaction mixture resulted in lowering of fluorescence

Figure 4. Exposure of primary cortical neurons to synthetic A�42 leads to decreased F-actin levels. A, Primary cortical neurons (DIV 16) were treated with or without different doses of synthetic
rhodamine-tagged A�42 (31.25, 62.5, 125, 250, or 500 nM) for 24 h. Neurons were then fixed and stained with phalloidin. Representative confocal images in pseudocolor are shown with
rhodamine-A�42 in magenta-hot and phalloidin in orange hot (Alexa Fluor 488). Scale bar, 20 �m. Images shown are from one of three independent experiments. B, Quantification of phalloidin
signal from soma ( p � 0.0001, F � 8.016, df � 142) and neurites ( p � 0.0001, F � 32.7, df � 669). One-way ANOVA was used. n � 22–28 neurons from three independent experiments. Data
are shown as mean � SEM. Statistical significance: **p � 0.01,***p � 0.001. C, Rhodamine-tagged A�42 is internalized by a small percentage (�10 –15%) of primary cortical neurons exposed
to it. Representative confocal images show cells that have internalized rhodamine-tagged A�42. Intensity of phalloidin signal (orange hot) was too low to be quantified for several of the cases. Scale
bar, 20 �m. D, Representative high-resolution confocal images (magnified) are shown with rhodamine-A�42 in magenta hot and phalloidin in orange hot (Alexa Fluor 488). Imaging parameters
were as follows: objective � 100�/1.4 NA, oil-immersion, pixel format � 1024 � 1024, bit depth � 16 bit, zoom factor � 1.8, and step size interval � 0.150 �m. Scale bar, 5 �m.
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Figure 5. Perturbation of F-actin nanoarchitecture in dendritic spines of WT and APP/PS1 primary cortical neurons (see Fig. 5-1, available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.
f5-1, and Fig. 5-2, available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f5-2). A, Representative reconstructed images of mushroom spines from WT and APP/PS1 primary neurons;
merged images show phalloidin signal in yellow and Homer1 signal in cyan. B, Homer1 puncta area showing a significant increase in case of APP/PS1 ( p � 0.0014, t � 3.291, df � 102). C, No
change was detected in integrated intensity of Homer1 puncta ( p � 0.3634, t � 0.9131, df � 102). D, Automated filament detection and orientation were performed on representative WT (i) and
APP/PS1 (ii) spines obtained using dSTORM imaging (iii) and indicate the overlay of automatically detected actin rods (red; iv) labeled with phalloidin–Alexa Fluor 647 in mushroom spines indicated
in i and ii; v and vi indicate anisotropy of the actin organization within WT and APP/PS1, respectively. The length of the red line in the ROI (yellow) indicates the extent of anisotropy for the spines
in i and ii, 0.19 for WT and 0.06 for APP/PS1, whereas the angle that it makes indicates average orientation of fibrils vii and viii indicate the scheme of actin (Figure legend continues.)
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intensity due to competition from unlabeled G-actin in the syn-
aptosomes. This response was further amplified upon addition of
synaptosomes from APP/PS1 mice (Fig. 1H). Together, our data
indicate that selective perturbation of synaptosomal F-actin equi-
librium occurs early in life, which could have profound effects on
synapse function by affecting cytoskeletal architecture at the
postsynaptic density during the initial stages of AD pathogenesis.
The loss of synaptosomal F-actin was also seen in 9-month-old
(MA) AD mice (Fig. 1-2A, available at https://doi. org/10.1523/
JNEUROSCI.2127-17.2017.f1-2), indicating the persistent dis-
equilibrium in F-/G-actin homeostasis.

The actin cytoskeleton is highly enriched at the postsynapse
and supports scaffolding of postsynaptic specialized proteins
such as PSD95 and Homer1 and clustering of glutamate receptors
for efficient synaptic transmission. In view of the fact that
actin regulates other synaptic proteins, such as PSD95, Homer
and GluA1 receptor, we investigated whether these proteins were
deregulated in APP/PS1 synaptosomes. We isolated synapto-
somes from ADL and 2-month-old WT and APP/PS1 mice and
performed immunoblotting. Our immunoblot analysis revealed
that PSD95, homer1,and GluA1 levels were not altered at early
ages (ADL and 2-month-old; Fig. 1-3A–F, available at https://doi.
org/10.1523/JNEUROSCI.2127-17.2017.f1-3). Immunostaining
of brain sections from 1-month-old (ADL), 2-month-old and
9-month-old (MA) APP/PS1 mice for A�42 showed substantial
plaques in the cortex of 9-month-old mice, but not at 1 or 2
months of age, indicating that the pathology was absent when
substantial synaptic F-actin loss is seen (Fig. 1-3G, available at
https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f1-3).

Actin-polymerizing agent rescues impaired cFC in
APP/PS1 mice
Earlier studies have demonstrated that the intact cytoskeleton pro-
vided by F-actin nanoarchitecture is required for both cued and cFC
memory formation (Huang et al., 2013). We performed cFC in
2-month-old APP/PS1 mice to determine whether deficient F-actin
dynamics might influence behavior. Mice were trained in cFC and
tested 24 h later in the same setting. APP/PS1 mice had a significantly
reduced freezing response compared with WT controls (Fig. 2B). To
determine whether deficient actin dynamics underlies this impair-
ment, we infused jasplakinolide, a molecule that stabilizes actin
filaments, intrathecally (0.5 �g/mice) immediately after training.
Jasplakinolide increased freezing response to the context in APP/PS1
mice at 	24 h (Fig. 2D), but had no comparable effect in WT mice
(Fig. 2D). Remarkably, 24 h after jasplakinolide administration, syn-
aptosomal F-actin expression was restored in 2-month-old APP/PS1
mice, as seen by immunoblotting (Fig. 2F). The increase in F-actin
levels was also seen in WT mice after jasplakinolide administration
compared with vehicle controls, although no change was observed in
cFC behavior (Fig. 2F). Further, latrunculin A, an inhibitor of actin

polymerization, induced a significant decrease in freezing when
infused intrathecally (0.5 �g/mice) immediately after training in
4-month-old WT mice (Fig. 2E). This was accompanied by de-
creased synaptosomal F-actin levels (Fig. 2-2A, available at https://
doi.org/10.1523/JNEUROSCI.2127-17.2017.f2-2) compared with
the vehicle controls. Together, these results provide strong evidence
that perturbation of actin dynamics is involved in defective memory
consolidation of context-dependent conditioned freezing in APP/
PS1 mice.

Loss of dendritic spines in primary neurons from APP/PS1
mice occurs due to breakdown of F-actin nanoarchitecture
AD has been shown to be associated with changes in spine mor-
phology and decreased synapse number (Blanpied and Ehlers,
2004); however, these changes have not been examined in detail
within the synaptic compartments. To address this question, we
used primary cortical neurons [day in vitro (DIV) 10 and16] from
WT and APP/PS1 mice stained with DiI or phalloidin and cap-
tured images of at least two bits of tertiary neurites from each
neuron before automated analysis using Neurolucida or Meta-
Morph, as appropriate. At DIV 10, there was no difference in the
total number of spines, spine total extent, or spine surface area
and only spine head diameter was decreased in APP/PS1 neurons
compared with WT neurons (Fig. 3A–C). However, a significant
reduction of F-actin (measured as phalloidin staining) was seen
in APP/PS1 neurites (Fig. 3D,E), indicating that the F-actin
decrease occurs very early, before spine maturation at DIV 10.
When we examined neurons at DIV 16, we found that total den-
dritic spines, spine total extent, spine surface area, diameter of the
spine head, and spine cross-sectional area (Fig. 3F–H) were all
significantly decreased in APP/PS1 neurons. Furthermore, F-actin
staining of dendritic spines using phalloidin showed a significant
reduction in F-actin levels in tertiary neurites (Fig. 3I,J).

To determine whether depolymerization of F-actin was in-
deed caused by A�42 per se, we exposed primary cortical neurons
to varying concentrations of rhodamine-tagged A�42 (31.25–500
nM) for 24 h and measured F-actin levels as the intensity of phal-
loidin labeling (Fig. 4A–C). Even at the lowest concentration
examined, 31.25 nM, we saw a significant reduction in F-actin
staining. The loss of F-actin increased with higher concentrations
of rhodamine tagged A�42. Interestingly, a small fraction (�10 –
15%) of neurons treated with rhodamine-A�42 internalized it,
showing rhodamine signal corresponding to morphology of the
neurons (Fig. 4C). The neurons that did internalize rhodamine-
A�42 exhibited dramatic loss of phalloidin signal, even at lower
concentrations (62.5 nM). Some of these neurons also appeared
to have structural damage (such as discontinuous neurites and
broken or blebbed membranes). The phalloidin signal for some
of these neurons was completely lost and it was not possible to
quantify the signal reliably. Therefore, we did observe differences
in the depolymerization of F-actin in vivo in mice and in primary
neurons. F-actin was lost from both soma and neurites in pri-
mary neurons. However, in vivo, in mice, we observed the loss
only in synaptosomes and not in PNS. This could be due to the
contribution of F-actin from other cells such as glia.

We then performed dSTORM (Rust et al., 2006; van de Linde
et al., 2011; Tang et al., 2016) of F-actin at mushroom spine heads
(as indicated by morphology and presence of Homer1 puncta) in
WT neurons and APP/PS1 neurons actin is arranged as radiating
structures from the base of the spine head (Fig. 5A). On perform-
ing automated analysis on randomly selected mushroom spines,
it was observed that this arrangement was well conserved in
mushroom spines from WT neurons. Using automated detection

4

(Figure legend continued.) distribution in WT, where actin rods are organized laterally, and in
APP/PS1 spines, where this organization is lost. E, Comparison of mean length of actin rods in
WT and APP/PS1 spines indicating that WT spines have significantly longer actin structures
within them compared with APP/PS1 spines. n � 30 for WT and n � 30 for APP/PS1 ( p �
0.0001, t � 8.103, df � 1244). F, Comparison of cumulative rod length in WT and APP/PS1
indicating the significant reduction of F-actin. n � 30 for WT and n � 30 for APP/PS1 ( p �
0.0001, t � 6.491, df � 58). G, Comparison of mean anisotropy of WT and APP/PS1 spines
indicating that WT spines (n � 25) have significantly more directed actin structures within
them compared with APP/PS1 spines (n � 25) ( p � 0. 0001, t � 5.015, df � 49). Statistical
comparison was performed using unpaired two-tailed t test. **p � 0.01,***p � 0.001. Scale
bar, 500 nm.

Kommaddi et al. • Synaptic F-actin Loss and Alzheimer’s Disease J. Neurosci., January 31, 2018 • 38(5):1085–1099 • 1093



Figure 6. Decreased ADF/cofilin phosphorylation and Drebrin levels in synaptosomes of APP/PS1 mice (see Fig. 6-1, available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.f6-1).
A, Phosphorylation of cofilin (Ser3) is reduced in synaptosomes isolated from ADL APP/PS1 mice compared with age-matched WT mice. Statistical analysis: p-cofilin/cofilin, p � 0.0181, t � 2.631,
df � 16; p-cofilin/tubulin, p � 0.0238, t � 2.498, df � 16; cofilin/tubulin, p � 0.7692, t � 0.3051, df � 16; n � 8 –9 per group. B, C, ADF/cofilin-actin rods observed in primary neurons derived
from APP/PS1 mice. Representative confocal images of primary cortical neurons from WT and APP/PS1 mice immunostained for actin (red) and cofilin (green). Arrows indicates ADF/cofilin-actin rods
(B�). Insets show magnified images. Scale bar, 5 �m. D, Drebrin levels are reduced in synaptosomes isolated from ADL APP/PS1 mice compared with age-matched WT mice. Statistical analysis:
Drebrin/tubulin, p � 0.0458, t � 2.146, df � 18; n � 10 per group. E, F, Arp2 and Arp3 protein levels are unaffected in synaptosomes isolated from ADL APP/PS1 mice compared with age-matched
WT mice. Statistical analysis: Arp2/tubulin, p � 0.4899, t � 0.7090, df � 14; Arp3/tubulin, p � 0.9445, t � 0.07088, df � 14; n � 8 per group. Unpaired two-tailed t test was used. Asterisks
indicate statistical significance for WT versus APP/PS1.
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of radiating actin rods 
100 nm, it was observed that the mean
rod length was 272.9 � 8.925 nm in WT and 166.7 � 3.418 nm in
APP/PS1 primary neurons (Fig. 5E). We then calculated the dis-
tribution of the number of actin rods in mushroom spines of
both WT and APP/PS1 primary neurons. In the next step, we
calculated the cumulative rod length per spine and found that the
mean cumulative rod length for the WT spine was 8.827 � 0.9043
�m and for the APP/PS1 spine, it was 2.556 � 0.3403 �m. To
understand whether the lateral organization of the radiating rods
was disturbed, we calculated the anisotropy, indicating the lateral
spread of the radiating actin rods using Fibriltool. A significant
change in the distribution of anisotropy of the actin rods was
observed. The WT neurons showed an anisotropy of 0.1001 �
0.009512, whereas it was 0.04665 � 0.005050 for APP/PS1 pri-

mary neurons (Fig. 5-2A,B, available at https://doi.org/10.1523/
JNEUROSCI.2127-17.2017.f5-2). The significant reduction in
the length and anisotropy of actin rods indicate significant alter-
ation of the F-actin nanoarchitecture in mushroom spines from
APP/PS1 primary neurons.

Hyperactivation of ADF/cofilin caused by decreased cofilin
phosphorylation levels contribute to F-actin loss
ADF/cofilin and drebrin are some of the major regulators of actin
polymerization (Bamburg, 1999; Bamburg and Bernstein, 2016).
Dephosphorylation of p-cofilin leads to active cofilin, which
binds to actin and promotes conversion of F-actin to G-actin
(Bamburg and Bernstein, 2016). The inactive p-cofilin and p-
cofilin/cofilin levels were significantly decreased in synaptosomes

Figure 7. Decreased F-actin levels in synaptosomes from AD patients. A–C, Enriched F-actin and G-actin fractions were isolated from synaptosomes of NCI, MCI, and AD human brain cortex
samples. All fractions were subjected to TGX-stain-free gels and immunoblotted with antibody to actin. Densitometric analyses for F-actin, G-actin, and total actin levels were normalized to total lane
proteins. Results are shown as the mean � SEM of 12 samples per group except in the case of synaptosomes, in which n � 8 per group. Statistical analysis: A, quantification of F-actin, p � 0.0011,
F � 8.475, df � 35; B, quantification of G-actin, p � 0.6493, F � 0.4375, df � 35; C, quantification of total actin ( p � 0.1937, F � 1.777, df � 23). One-way ANOVA followed by Newman–Keuls
post test was used. *p � 0.05, ***p � 0.001 indicates statistical significance for control versus AD and MCI versus AD (n � 36). F-actin loss is associated with loss of memory-related cognitive
performance and AD-related histopathology. Selected GLM analyses results from Tables 1 and 2 have been plotted for the primary factors. D–F, Effects of F-actin expression on cognitive performance
after controlling for education and age at death with regression curves plotting global cognitive score (D), episodic memory score (E), and working memory score (F) against synaptosomal F-actin.
G–I, Effects of AD-related histopathological scores on F-actin expression after controlling for postmortem delay and age at death with regression curves plotting synaptosomal F-actin levels against
Braak scores (G), square root of amyloid load (H), and square root of tangle density (I). Respective p-values are listed in Tables 1 and 2 (n � 36).
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prepared from ADL (1-month-old) APP/PS1 cortex, although ADF/
cofilin levels per se were unaltered (Fig. 6A). This indicates that the
lowered p-cofilin to cofilin ratio would promote F-actin depolymer-
ization at the synapse as seen in Figure 6, A and C. When we exam-
ined the above in MA (9-month-old) animals, we found that the
p-cofilin to ADF/cofilin ratio was also dramatically reduced in syn-
aptosomes, indicating disruption of F-actin homeostasis (Fig. 6-1A,
available at https://doi.org/10.1523/JNEUROSCI.2127-17.2017.
f6-1). In addition, coimmunostaining of ADF/cofilin and actin in
primary cortical neurons from APP/PS1 mice showed ADF/
cofilin-actin rods within neurites under physiological conditions
(Fig. 6B), but not in WT neurons. These results indicate that
ADF/cofilin-actin rod formation led to synaptic dysfunctions in
APP/PS1 mice by sequestering ADF/cofilin and disrupting actin
dynamics. In addition, drebrin, which positively regulates poly-
merization of actin to F-actin was also decreased in the synapto-
somes from ADL APP/PS1 mice (Fig. 6D). Interestingly, Arp2/3,
which promotes actin polymerization, was unaffected (Fig.
6E,F), indicating that positive regulators of actin polymerization
are not affected globally but rather selectively. We have therefore
demonstrated that a decrease of drebrin and p-cofilin could po-
tentially result in dysregulation of F-/G-actin homeostasis in syn-
aptosomes.

Loss of synaptosomal F-actin levels in cortex of older persons
To determine whether the loss of synaptosomal F-actin seen in
model systems (primary neurons and APP/PS1 mice) extrapo-
lates to human subjects with AD, we assayed F-actin levels in
synaptosomes prepared from postmortem tissue of subjects with
NCI, MCI, and AD. Quantitative immunoblot analysis showed
loss of synaptosomal F-actin, but not G-actin or total actin (Fig.
7A–C). A significant correlation was also seen between the loss of
synaptosomal F-actin, but not G-actin (all p 
 0.28), and perfor-
mance on global cognition, which was driven by associations with
episodic memory and working memory, but not semantic mem-
ory, perceptual speed, or perceptual orientation (Fig. 7D–F, Ta-
ble 1). Synaptosomal F-actin levels, but not G-actin (all p 
 0.10),
were also associated with in Braak staging, �-amyloid load, and
tangle density (Fig. 7G–I, Table 2).

Discussion
Synaptic dysfunction, as shown by decreased utilization of FDG
on PET imaging in humans, occurs decades before the onset of
symptoms, indicating that synaptic function is deregulated early
in the pathogenesis of AD (Jack and Holtzman, 2013; Jack et al.,
2013). In primary neurons from AD mice, loss of spines is also
seen early in the disease progression (Herms and Dorostkar,
2016). In addition, transient LTP is reduced in APP/PS1 mice at 3
months of age (Volianskis et al., 2010). However, the molecular
underpinnings of these phenomena are unclear. F-actin is the
major cytoskeletal protein in spines and actin treadmilling (i.e.,
dynamics of F-actin/G-actin ratio) is critical for structural changes in
spines that typically occur during synaptic activity, including mem-
ory formation (Hotulainen and Hoogenraad, 2010; Huang et al.,
2013). Here, we demonstrate that F-actin in spines is disassembled,
leading to alteration of the cytoskeletal architecture of the spines in
primary neurons derived from APP/PS1 mice and in synaptosomes
from 1- and 9-month-old APP/PS1 mouse cortex and human cor-
tical tissue from MCI and AD subjects. The loss of F-actin due to
depolymerization (because total actin levels are unchanged) is seen
only in synaptosomes and not in the postnuclear supernatant, indi-
cating the specificity and selectivity of the effect.

Importantly, we could measure deficits in memory reliably
using cFC in 2-month-old APP/PS1 mice. This is the earliest
recorded behavioral deficit; earlier reports have shown impaired
LTP at 3 months and APP/PS1 mice show cognitive deficits in
the contextual memory and its extinction at 4–6 months of age
(Kilgore et al., 2010; Bonardi et al., 2011). Because F-actin is known
to play a critical role in memory formation (Okamoto et al., 2004),
we administered jasplakinolide, a molecule that stabilizes actin fila-
ments, intrathecally to APP/PS1 mice and found that the cFC deficit
could be completely reversed (along with restoration of synapto-
somal F-actin levels), indicating that F-actin deficiency indeed con-
tributes to the cFC deficit seen in APP/PS1 mice. Conversely,
latrunculin A, an actin-depolymerizing agent, was able to induce
cFC deficit in WT mice when given intrathecally, indicating
clearly the critical role of synaptosomal F-actin in consolidation
of memory. Further, the decrease of F-actin was also seen in
synaptosomes prepared from cortex obtained postmortem from
human subjects with AD and MCI compared with normal con-
trols and this decrease showed significant correlation with im-
paired cognitive performance. The decrease in synaptosomal
F-actin also correlated inversely with pathological scores such as
�-amyloid and tangle load and Braak staging. Therefore, our
results indicate that loss of F-actin at the synapse is a critical event
that occurs early in the disease process in mouse models and
humans.

F-actin has specialized organization in spines when seen using
dSTORM, as depicted in Figure 5A, wherein the F-actin rods
radiate outwards from the base to the spine head. This organiza-
tion of F-actin is altered in neurons from APP/PS1 mice. Inter-
estingly, the postsynaptic density scaffolding protein Homer1 is
dispersed sparsely across the spine in neurons from APP/PS1
mice, whereas they are seen as distinct puncta covering a smaller
area in neurons from WT mice. These images at high resolution
indicate the partial breakdown of the cytoskeletal architecture
maintained by F-actin in APP/PS1 neurons.

We performed experiments wherein A�42 was added exter-
nally (31.25 nM onwards) for 24 h and found that it leads to

Table 1. Change in F-actin expression levels are associated with altered cognitive
performance, especially in the memory domain (see Fig. 7D–F)

Dependent variable p-value Nature of association

Cogn_Glob 0.0029962 Positive
Cogn_Epi 0.0032389 Positive
Cogn_WM 0.0032874 Positive
Cogn_Sem 0.13209 Nonsignificant
Cogn_PS 0.2242 Nonsignificant
Cogn_PO 0.24496 Nonsignificant

The predictor variable was F-actin and the control predictor variables were education and age at death. Ordinary
least-squares regression-based GLM analysis (without considering variable interactions) demonstrates the effects of
F-actin expression levels on different cognitive scores when controlled for education and age at death.

n � 36 (n � 12 from each group). Bold font indicates significant p-values.

Table 2. Increased AD-related histopathology is associated with decrease in F-actin
expression levels (see Fig. 7G–I)

Predictor variable1 p-value Nature of association

Braak staging 5.60E-05 Negative
Square root amyloid load 0.011846 Negative
Square root tangle density 0.00062438 Negative

Control predictor variables were PMI and age at death. The dependent variable was F-actin. Ordinary least-squares
regression-based GLM analysis (without considering variable interactions) demonstrates the effects of different
AD-related histopathological scores such as Braak staging, total amyloid load, and total tangle density on the
expression of F-actin when controlled for postmortem interval (PMI) and age at death.

n � 36 (n � 12 from each group).
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substantial loss of F-actin. The few neurons that did internalize
A�42 showed no detectable phalloidin staining, which could be
due to leaky membranes of dying neurons. Therefore, A�42 ex-
posure leads to F-actin loss regardless of whether it is added ex-
ogenously to neurons or generated endogenously. Recent reports
have suggested that pathogenic events seen in APP/PS1 mice
could be due to enhanced expression of APP rather than being a
consequence of increased A�42 (Saito et al., 2016). The experi-
ments showing F-actin loss in primary neurons exposed to low
levels of A�42 demonstrate that F-actin loss is indeed due to in-
creased A�42.

The ADF/cofilin family members drebrin and Arp2/3 are
some of the most important regulators of actin polymerization.
ADF/cofilin binds to F-actin in its nonphosphorylated active
form and promotes its depolymerization (Hotulainen et al., 2005;
Bamburg and Bernstein, 2010). It promotes actin assembly or
disassembly depending on the concentrations of cofilin relative
to actin and other actin-interacting proteins. It is well established
that, if the ratio of cofilin/actin subunits in a filament is at phys-
iological range (�1%) (Bernstein and Bamburg, 2010), then
F-actin is severed, generating more monomers and resulting in
increased treadmilling of actin with the utilization of ATP. At
much higher cofilin/actin ratio (1:10 to 1:2), cofilin breaks
F-actin speedily. However, this effect is fleeting because it binds
ADP actin and stabilizes it in a twisted form (rods), thus stalling
F-actin synthesis. The formation of ADF/cofilin-actin rods has
been considered as an energy-conserving mechanism and can be
reversed. However, the formation of such rods within neurites
interferes with transport along neurites to synaptic terminals,
potentially leading to synapse loss. It remains to be elucidated
whether and exactly how the relative concentrations of cofilin to
actin contribute to the spatial coordination of actin dynamics
that underlies normal synaptic function. In addition to the above,
another important determinant of F-actin destabilization is the
availability of ATP. Because mitochondrial dysfunction leading
to ATP loss has been reported in brains of AD mouse models and
in cells exposed to A�42 (Du et al., 2012), it is plausible that an
inadequate ATP concentration could also contribute to impaired
treadmilling of actin.

Although ADF/cofilin-actin rods have been described in neu-
rons exposed to A�42 (600 nM) or hydrogen peroxide (Bamburg
and Bernstein, 2016), we demonstrate the formation of these rods
in primary neurons from APP/PS1 mice. Phosphorylation of co-
filin is decreased in synaptosomes from APP/PS1 mice starting at
1 month of age and is sustained even at 9 months of age, indicat-
ing the disruption of the p-cofilin/cofilin ratio through the ob-
served lifespan. Whereas defects in p-cofilin/cofilin ratio have been
studied before using brain lysates, the results have been contradic-
tory (Barone et al., 2014). Although some reports have shown
decreased p-cofilin levels (Woo et al., 2015), others have shown
increased p-cofilin (Heredia et al., 2006; Barone et al., 2014). We
now report the significant and sustained decrease in p-cofilin
levels in synaptosomes, indicating that this may have a direct
effect on depolymerization of F-actin. In fact, ADF/cofilin-actin
rods, described earlier as being indicators of F-actin destabiliza-
tion, are seen abundantly in APP/PS1 neurons (Fig. 6B). Al-
though the upstream regulators of ADF/cofilin such as RAC,
CDC42, PAK (Zhao et al., 2006), and LIMK have been reported
to be diminished in AD brain and mouse models of AD (Barone
et al., 2014), the consequence of this dysregulation on ADF/cofi-
lin and the resulting F-actin destabilization (and altered tread-
milling of actin) has not been investigated. We know that
overexpression of PAK attenuates AD pathology, but whether

this is through F-actin is unclear. Drebrin, an actin-regulatory
protein, is also decreased in hippocampal lysates from AD pa-
tients (Zhao et al., 2006; Counts et al., 2012) and in a mouse
model (Liu et al., 2015); however, the consequence of this on
F-actin in dendritic spines is unclear. In this study, we demon-
strate that F-actin nanoarchitecture is disassembled (as seen by
dSTORM of F-actin) in spines due to loss of F-actin (as seen
biochemically) in synaptosomes of AD mice even as early 1
month of age, indicating that synaptic dysfunction starts early in
the disease process. In APP/PS1 mice, although the brain A�42

levels are quite low, we see significant amounts of soluble A�
oligomers in synaptosomes from 1-month-old APP/PS1 mice,
indicating that their presence at the synapse could potentially
initiate pathogenic events (Ahmad et al., 2017).

The loss of synaptosomal F-actin seen in a mouse model was
replicated in synaptosomes prepared from human postmortem
cortical tissue from persons with NCI, MCI, and AD, in which a
graded lowering of synaptosomal F-actin was seen. We observed
a significant positive correlation between synaptosomal F-actin
loss and measures of global cognition due to strong associations
with episodic and working memory. Finally, there was a negative
correlation with Braak stage, �-amyloid, and tangle density.
These results indicate that synaptosomal F-actin, which is crucial
for memory consolidation, is impaired in human subjects during
their pathological trajectory toward AD and point to the impor-
tance of this finding in terms of understanding early synaptic
dysfunction in AD. It remains to be determined whether similar
perturbation of F-/G-actin homeostasis occurs in other neurode-
generative diseases.
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Lesné S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A, Gallagher M, Ashe
KH (2006) A specific amyloid-beta protein assembly in the brain im-
pairs memory. Nature 440:352–357. CrossRef Medline

Liu DS, Pan XD, Zhang J, Shen H, Collins NC, Cole AM, Koster KP, Ben Aissa
M, Dai XM, Zhou M, Tai LM, Zhu YG, LaDu M, Chen XC (2015)
APOE4 enhances age-dependent decline in cognitive function by down-
regulating an NMDA receptor pathway in EFAD-Tg mice. Mol Neurode-
gener 10:7. CrossRef Medline

Mendoza-Naranjo A, Contreras-Vallejos E, Henriquez DR, Otth C, Bamburg
JR, Maccioni RB, Gonzalez-Billault C (2012) Fibrillar amyloid-be-
ta1– 42 modifies actin organization affecting the cofilin phosphorylation
state: a role for Rac1/cdc42 effector proteins and the slingshot phospha-
tase. J Alzheimers Dis 29:63–77. CrossRef Medline

Nair D, Hosy E, Petersen JD, Constals A, Giannone G, Choquet D, Sibarita JB
(2013) Super-resolution imaging reveals that AMPA receptors inside
synapses are dynamically organized in nanodomains regulated by PSD95.
J Neurosci 33:13204 –13224. CrossRef Medline

Nanguneri S, Flottmann B, Horstmann H, Heilemann M, Kuner T (2012)
Three-dimensional, tomographic super-resolution fluorescence imaging
of serially sectioned thick samples. PLoS One 7:e38098. CrossRef Medline

Okamoto K, Nagai T, Miyawaki A, Hayashi Y (2004) Rapid and persistent
modulation of actin dynamics regulates postsynaptic reorganization un-
derlying bidirectional plasticity. Nat Neurosci 7:1104 –1112. CrossRef
Medline

Okamoto K, Narayanan R, Lee SH, Murata K, Hayashi Y (2007) The role of
CaMKII as an F-actin-bundling protein crucial for maintenance of den-
dritic spine structure. Proc Natl Acad Sci U S A 104:6418 – 6423. CrossRef
Medline

Rivero-Gutiérrez B, Anzola A, Martínez-Augustin O, de Medina FS (2014)

1098 • J. Neurosci., January 31, 2018 • 38(5):1085–1099 Kommaddi et al. • Synaptic F-actin Loss and Alzheimer’s Disease

http://dx.doi.org/10.2174/156720512801322573
http://www.ncbi.nlm.nih.gov/pubmed/22471860
http://dx.doi.org/10.1016/j.tcb.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20133134
http://dx.doi.org/10.1016/j.biopsych.2003.10.006
http://www.ncbi.nlm.nih.gov/pubmed/15184030
http://dx.doi.org/10.1016/j.bbr.2011.03.041
http://www.ncbi.nlm.nih.gov/pubmed/21440575
http://dx.doi.org/10.1016/j.neuron.2014.03.021
http://www.ncbi.nlm.nih.gov/pubmed/24742465
http://dx.doi.org/10.1038/nprot.2014.024
http://www.ncbi.nlm.nih.gov/pubmed/24481272
http://dx.doi.org/10.15252/embj.201488837
http://www.ncbi.nlm.nih.gov/pubmed/25293574
http://dx.doi.org/10.1016/j.ab.2012.08.015
http://www.ncbi.nlm.nih.gov/pubmed/22929699
http://dx.doi.org/10.1159/000333122
http://www.ncbi.nlm.nih.gov/pubmed/22310934
http://dx.doi.org/10.1093/brain/awv127
http://www.ncbi.nlm.nih.gov/pubmed/25981962
http://dx.doi.org/10.1002/cpns.16
http://www.ncbi.nlm.nih.gov/pubmed/27696360
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135757
http://www.ncbi.nlm.nih.gov/pubmed/16029114
http://dx.doi.org/10.1089/ars.2011.4277
http://www.ncbi.nlm.nih.gov/pubmed/21942330
http://dx.doi.org/10.1523/JNEUROSCI.3520-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28576936
http://dx.doi.org/10.1016/j.neuron.2010.05.026
http://www.ncbi.nlm.nih.gov/pubmed/20624594
http://dx.doi.org/10.1016/j.ab.2013.05.027
http://www.ncbi.nlm.nih.gov/pubmed/23747530
http://dx.doi.org/10.1007/978-1-4939-2550-6_27
http://www.ncbi.nlm.nih.gov/pubmed/25820735
http://dx.doi.org/10.1038/nn.2634
http://www.ncbi.nlm.nih.gov/pubmed/20835250
http://dx.doi.org/10.1016/j.ab.2012.10.010
http://www.ncbi.nlm.nih.gov/pubmed/23085117
http://dx.doi.org/10.1523/JNEUROSCI.5567-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16775141
http://dx.doi.org/10.1146/annurev-pathol-012615-044216
http://www.ncbi.nlm.nih.gov/pubmed/26907528
http://dx.doi.org/10.1038/nm0198-097
http://www.ncbi.nlm.nih.gov/pubmed/9427614
http://dx.doi.org/10.1083/jcb.201003008
http://www.ncbi.nlm.nih.gov/pubmed/20457765
http://www.ncbi.nlm.nih.gov/pubmed/15548599
http://dx.doi.org/10.1083/jcb.200809046
http://www.ncbi.nlm.nih.gov/pubmed/19380880
http://dx.doi.org/10.1038/nn.3351
http://www.ncbi.nlm.nih.gov/pubmed/23455608
http://dx.doi.org/10.1038/ncb2871
http://www.ncbi.nlm.nih.gov/pubmed/24212093
http://dx.doi.org/10.1364/OE.20.002081
http://www.ncbi.nlm.nih.gov/pubmed/22330449
http://dx.doi.org/10.1016/j.neuron.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24360540
http://dx.doi.org/10.1016/S1474-4422(12)70291-0
http://www.ncbi.nlm.nih.gov/pubmed/23332364
http://dx.doi.org/10.1038/npp.2009.197
http://www.ncbi.nlm.nih.gov/pubmed/20010553
http://dx.doi.org/10.1091/mbc.E09-07-0596
http://www.ncbi.nlm.nih.gov/pubmed/19889835
http://dx.doi.org/10.1038/nature04533
http://www.ncbi.nlm.nih.gov/pubmed/16541076
http://dx.doi.org/10.1186/s13024-015-0002-2
http://www.ncbi.nlm.nih.gov/pubmed/25871877
http://dx.doi.org/10.3233/JAD-2012-101575
http://www.ncbi.nlm.nih.gov/pubmed/22204905
http://dx.doi.org/10.1523/JNEUROSCI.2381-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23926273
http://dx.doi.org/10.1371/journal.pone.0038098
http://www.ncbi.nlm.nih.gov/pubmed/22662272
http://dx.doi.org/10.1038/nn1311
http://www.ncbi.nlm.nih.gov/pubmed/15361876
http://dx.doi.org/10.1073/pnas.0701656104
http://www.ncbi.nlm.nih.gov/pubmed/17404223


Stain-free detection as loading control alternative to Ponceau and house-
keeping protein immunodetection in Western blotting. Anal Biochem
467:1–3. CrossRef Medline

Rust MJ, Bates M, Zhuang X (2006) Sub-diffraction-limit imaging by stochas-
tic optical reconstruction microscopy (STORM). Nat Methods 3:793–795.
CrossRef Medline

Saito T, Matsuba Y, Yamazaki N, Hashimoto S, Saido TC (2016) Calpain
activation in Alzheimer’s model mice is an artifact of APP and presenilin
overexpression. J Neurosci 36:9933–9936. CrossRef Medline

Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith I,
Brett FM, Farrell MA, Rowan MJ, Lemere CA, Regan CM, Walsh DM,
Sabatini BL, Selkoe DJ (2008) Amyloid-beta protein dimers isolated di-
rectly from Alzheimer’s brains impair synaptic plasticity and memory.
Nat Med 14:837– 842. CrossRef Medline

Spires TL, Meyer-Luehmann M, Stern EA, McLean PJ, Skoch J, Nguyen PT,
Bacskai BJ, Hyman BT (2005) Dendritic spine abnormalities in amyloid
precursor protein transgenic mice demonstrated by gene transfer and
intravital multiphoton microscopy. J Neurosci 25:7278 –7287. CrossRef
Medline

Spires-Jones TL, Meyer-Luehmann M, Osetek JD, Jones PB, Stern EA, Bac-
skai BJ, Hyman BT (2007) Impaired spine stability underlies plaque-
related spine loss in an Alzheimer’s disease mouse model. Am J Pathol
171:1304 –1311. CrossRef Medline

Star EN, Kwiatkowski DJ, Murthy VN (2002) Rapid turnover of actin in
dendritic spines and its regulation by activity. Nat Neurosci 5:239 –246.
CrossRef Medline

Steger C (1998) An unbiased detector of curvilinear structures. IEEE Trans
Pattern Anal 20:113–125. CrossRef

Tang AH, Chen H, Li TP, Metzbower SR, MacGillavry HD, Blanpied TA
(2016) A trans-synaptic nanocolumn aligns neurotransmitter release to
receptors. Nature 536:210 –214. CrossRef Medline

Terman JR, Kashina A (2013) Post-translational modification and regula-
tion of actin. Curr Opin Cell Biol 25:30 –38. CrossRef Medline

Tsai J, Grutzendler J, Duff K, Gan WB (2004) Fibrillar amyloid deposition

leads to local synaptic abnormalities and breakage of neuronal branches.
Nat Neurosci 7:1181–1183. CrossRef Medline
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