
ORIGINAL RESEARCH COMMUNICATION

Glutaredoxin1 Diminishes Amyloid Beta-Mediated Oxidation
of F-Actin and Reverses Cognitive Deficits
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Abstract

Aims: Reactive oxygen species (ROS) generated during Alzheimer’s disease (AD) pathogenesis through
multiple sources are implicated in synaptic pathology observed in the disease. We have previously shown F-
actin disassembly in dendritic spines in early AD (34). The actin cytoskeleton can be oxidatively modified
resulting in altered F-actin dynamics. Therefore, we investigated whether disruption of redox signaling could
contribute to actin network disassembly and downstream effects in the amyloid precursor protein/presenilin-1
double transgenic (APP/PS1) mouse model of AD.
Results: Synaptosomal preparations from 1-month-old APP/PS1 mice showed an increase in ROS levels,
coupled with a decrease in the reduced form of F-actin and increase in glutathionylated synaptosomal actin.
Furthermore, synaptic glutaredoxin 1 (Grx1) and thioredoxin levels were found to be lowered. Overexpressing
Grx1 in the brains of these mice not only reversed F-actin loss seen in APP/PS1 mice but also restored memory
recall after contextual fear conditioning. F-actin levels and F-actin nanoarchitecture in spines were also sta-
bilized by Grx1 overexpression in APP/PS1 primary cortical neurons, indicating that glutathionylation of F-
actin is a critical event in early pathogenesis of AD, which leads to spine loss.
Innovation: Loss of thiol/disulfide oxidoreductases in the synapse along with increase in ROS can render F-
actin nanoarchitecture susceptible to oxidative modifications in AD.
Conclusions: Our findings provide novel evidence that altered redox signaling in the form of S-glutathionylation
and reduced Grx1 levels can lead to synaptic dysfunction during AD pathogenesis by directly disrupting the F-
actin nanoarchitecture in spines. Increasing Grx1 levels is a potential target for novel disease-modifying therapies
for AD. Antioxid. Redox Signal. 31, 1321–1338.
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Introduction

Alzheimer’s disease (AD) is one of the most common
types of dementia in aging individuals that impair

memory and higher cognitive functions. Pathological hall-
marks of AD include aggregation of b-amyloid seen as ex-
tracellular plaques and neurofibrillary tangles due to
hyperphosphorylated Tau (24, 34, 54, 65). Soluble amyloid
beta (Ab) oligomers have been shown to be the most potent

contributors to AD pathogenesis (36, 67), and synaptic dys-
function accompanied by loss of dendritic spines occurs in
the early stages of disease (27, 55).

Dendritic spines are small membranous protrusions located
along the neuritic shaft serving as specialized zones for ex-
citatory postsynaptic machinery. The shape of these spines is
determined by the F-actin cytoarchitecture, which undergoes
treadmilling and restructuring particularly during synaptic
plasticity (13, 18, 29). Actin filaments (F-actin) are formed by
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polymerization of globular actin monomer (G-actin), and the
degree of actin polymerization (G-actin/F-actin ratio) is critical
to this process. Dysregulation of actin polymerization affects
both structure and function of dendritic spines in AD (34).
Actin modulators, such as Cdc42 (39), mTORC2 (30), LIMK1
(26), actin-depolymerizing factor/cofilin (7), and drebrin (34),
are involved in F-actin assembly/disassembly in AD. Emer-
ging evidence indicates posttranslational modifications of actin,
such as acetylation (48), methylation (61), nitrosylation (22),
phosphorylation (8), and redox-mediated thiol modifications
[reviewed in ref. (61)], influence actin polymerization. Oxida-
tive modification of actin can potentially change actin assem-
bly, thereby altering the G-actin/F-actin ratio (15, 31, 32).

Perturbations in protein thiol (PrSH) status, oxidative
stress, and synaptic dysfunction are major contributors in
aging-related pathology, and during AD pathogenesis (62).
Increased production of reactive oxygen species (ROS) and
reactive nitrogen species, and dysfunction of antioxidant
enzymes have been shown in several studies to contribute
significantly to AD pathogenesis (9, 10, 14, 37). Proteins
modified by oxidation and nitrosylation have been identified
by redox proteomics in amnestic mild cognitive impairment
(aMCI), preclinical AD, and late-stage AD brains (16, 59).
Oxidative modification of several proteins, such as aldol-
ase, glyceraldehyde 3-phosphate dehydrogenase, a-enolase,
phosphoglycerate mutase 1 (9), aconitase, creatine kinase,
and ATP-synthase, has been demonstrated in aMCI and AD
brains (16, 60). As seen in human tissue, Ab-induced oxi-
dative stress, ROS production, and lipid peroxidation have
been shown in AD mouse models (1, 45).

The oxidation status of thiols is reversibly regulated by a
group of enzymes called PrSH/disulfide oxidoreductases.
These proteins catalyze different disulfide interchange reac-
tions, including conversion of glutathionylated proteins
(PrSSG) to PrSHs (50). One such enzyme, glutaredoxin 1
(also known as thioltransferase; Grx1), acts as a glutathione
(GSH)-disulfide transhydrogenase and specifically and effi-
ciently reduces glutathionylated proteins (PrSSG) to PrSH
(50), but may reverse the direction based on cellular redox
potential (52). Reversible modifications, such as glutathio-
nylation, can prevent PrSH from undergoing irreversible
oxidation, and likely inactivation, during oxidative stress.
Indeed, glutathionylation of p53, a key stress/death signaling
protein, is increased in AD samples compared with controls

(17). Even the levels of thiol/disulfide oxidoreductases, such
as thioredoxin (Trx) and glutaredoxin, are shown to be altered
in AD patients compared with controls (4, 6). Interestingly,
actin polymerization can be altered by glutathionylation at its
Cys-374 residue (15). Therefore, we wanted to examine
whether Ab-induced oxidative stress results in oxidation of
actin, specifically glutathionylation leading to F-actin loss
in an AD mouse model. Finally, we tested if we can prevent
this loss through overexpression of Grx1 in the mouse
model of AD.

Results

ROS levels are increased in amyloid precursor protein/
presenilin-1 double transgenic mice

Ab induces a large amount of ROS in human neuroblas-
toma cells, in vitro (66), AD human brains (12), and in AD
mouse models (1, 25). To examine the role of ROS-induced
redox signaling in synaptosomes, we first determined the
levels of ROS in synaptosomes and postnuclear supernatant
(PNS) isolated from 1 (adolescent [ADL])- and 9 (middle-
aged [MA])-month-old wild-type (WT) and amyloid pre-
cursor protein/presenilin-1 double transgenic (APP/PS1)
mice using a cell permeant indicator for ROS, 2¢, 7¢-
dichlorodihydrofluorescein diacetate (H2DCFDA). Rate of
increase in 2¢,7¢-dichlorofluorescein (DCF) fluorescence with
time is seen in synaptosomes from both ADL and MA WT,
and APP/PS1 mice (Fig. 1A, D). ROS levels are significantly
increased in both synaptosomes and PNS from 1- and 9-
month-old APP/PS1 mice when compared with WT mice
(Fig. 1B, C, E, and F). Measurement of ROS by the H2DCF-
DA method is indirect as it will recognize a broad range of
oxygen free radicals and other oxidants. Thus, ROS data
provided herein are only indicative of increased oxidative
stress in APP/PS1 samples relative to WT.

Reduced form of F-actin is diminished
in synaptosomes of APP/PS1 mice

Actin is highly susceptible to oxidative posttranslational
modifications of its amino acid residues and several lines of
evidence indicate that oxidation leads to decreased poly-
merization rate of G-actin to F-actin (15, 19). However, the
physiological importance of actin oxidation at the synapse is
still poorly understood. Therefore, we examined if synapto-
somal F-actin was oxidatively modified, which could po-
tentially impact F-actin dynamics and alter synaptic function.
G-actin/F-actin fractions were isolated from cortical synap-
tosomes from WT and APP/PS1 male mice (ADL and MA).
We then isolated G-actin and F-actin fractions from PNS, and
all fractions were subjected to derivatization with the thiol-
reactive reagent 4-acetamido-4¢-maleimidylstilbene-2,2¢-
disulfonic acid, disodium salt (AMS). Intriguingly, while
synaptosomal fractions showed significant loss in reduced
forms of F-actin and total actin in APP/PS1 mice of all ages
examined (Fig. 2A, B, D, and E; respectively, and Supple-
mentary Figs. S5, S6, S8, and S9), no differences were found
in the relative levels of synaptosomal-reduced form of
G-actin between WT and APP/PS1 mice at either ages
(Fig. 2C, F, respectively, and Supplementary Figs. S7 and
S10). Furthermore, reduced forms of F-actin, G-actin, or total
actin levels were not altered in PNS (Fig. 3A–F, respectively,

Innovation

Maintenance of F-actin and G-actin homeostasis in
dendritic spines is critical for synaptic function and ex-
tremely important for synaptic plasticity. In this study, we
show that oxidative modification of F-actin leads to recall
deficits after contextual fear conditioning and over-
expression of glutaredoxin 1 (Grx1) can rescue these
deficits by restoring F-actin dynamics in dendritic spines.
The present study demonstrates for the first time the role
of Grx1 in maintaining F-actin dynamics in dendritic
spines and that its disruption occurs early in Alzheimer’s
disease (AD) pathogenesis. Thus, therapeutic strategies
targeted to augmenting Grx1 may help to reverse the
pathological cascade in early AD.
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and Supplementary Figs. S15–S20). The synaptic pro-
teins synaptosomal-associated protein 29 kDa (SNAP29) and
a-synuclein were used as loading controls for F-actin frac-
tions, synaptosomes, and G-actin fractions in redox blots
since SNAP29 and a-synuclein have no cysteine residues and
hence cannot be derivatized by AMS. Thus, the amounts of
SNAP29 or a-synuclein measured in redox blots are unaf-
fected by cysteine oxidation. We also separately assessed the
total levels of these proteins in synaptosomes from WT and
APP/PS1 mice (ADL and MA), and observed no change in
the total SNAP29 (Supplementary Figs. S1A, B, S13, and
S14) or a-synuclein levels (data not shown). The immuno-
blots were also validated using polyclonal actin antibody
(Supplementary Fig. S37). These data demonstrate that syn-
aptosomal F-actin undergoes oxidative modification of cys-
teine residue(s).

We recently showed that synaptosomal F-actin levels were
decreased in the cerebral cortex of APP/PS1 mice as early as 1
month of age (34). In this report, we also reproduce our previous
results demonstrating that ADL APP/PS1 mice show significant
decrease in synaptosomal F-actin levels in comparison with WT
(Fig. 2G and Supplementary Fig. S11). In contrast, G-actin levels
were significantly increased in synaptosomes from APP/PS1
mice during adolescence (Fig. 2H and Supplementary Fig. S12).
Our previous and current results indicate that perturbation of

synaptosomal G-actin or F-actin levels (G/F equilibrium) could
have profound effects on the cytoskeletal architecture at the
postsynaptic density and dendritic spine morphology, and thus
impact synapse function. Therefore, selective loss of F-actin, as
observed in ADL AD transgenic mice, before the appearance of
overt pathological features could be a major contributing factor
to synaptic deficits manifesting in these mice at later stages.

S-glutathionylation of F-actin, G-actin, and total actin
is increased in synaptosomes of APP/PS1 mice

Protein S-glutathionylation is a dynamic reversible process
(15) and is a regulatory switch affecting the function of nu-
merous proteins, including actin, Akt1, protein tyrosine ki-
nases, and phosphatases. Actin glutathionylation can occur on a
critical cysteine, Cys374, inhibiting the rate of polymerization
from G-actin to F-actin (15, 35, 53). Nevertheless, whether
actin glutathionylation is critical for actin-mediated synaptic
functions under physiological condition remains unknown. To
test this, lysates from cortical synaptosomes, along with syn-
aptosomal F-actin fractions and G-actin fractions prepared
from ADL mice (WT and APP/PS1), were immunoprecipitated
using an anti-GSH antibody, followed by detection of actin by
immunoblotting. Our results show that S-glutathionylation in-
creased not only in synaptosomal total actin but also in F-actin

FIG. 1. ROS levels are in-
creased in cortical synaptosomes
and PNS of APP/PS1 mice. (A, D)
Rate of DCF fluorescence was
measured from synaptosomes of 1
(ADL)- and 9-month (MA)-old
WT and APP/PS1 mice. (B, E)
Synaptosomes and (C, F) post-
nuclear supernatants were incu-
bated with 10 lM H2DCFDA in 0.1
M phosphate buffer (pH 7.4) for
5 min at room temperature. Sam-
ples were then analyzed on a fluo-
rescence plate reader using
excitation at 488 nm and emission
at 525 nm every 30 s for 90 min.
Statistical analysis: unpaired, two-
tailed Mann–Whitney U test; WT
versus APP/PS1; ‘‘p’’ values are
indicated within the histograms.
Results are represented as mean –
SEM (n = 4–8 per group). (A, D)
For some points, the error bars are
shorter than the height of the sym-
bol. In these cases, GraphPad Prism
does not display the error bars.
ADL, adolescent; APP/PS1, amy-
loid precursor protein/presenilin-1
double transgenic; DCF 2¢,7¢-
dichlorofluorescein; H2DCFDA,
2¢,7¢-dichlorodihydrofluorescein di-
acetate; MA, middle aged; PNS,
postnuclear supernatant; ROS, re-
active oxygen species; SEM, stan-
dard error of mean; WT, wild type.
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FIG. 2. Reduced total actin and F-actin levels are decreased in synaptosomes from the cerebral cortex of APP/PS1
mice. Synaptosomes and F-actin and G-actin fractions (isolated from synaptosomes) from ADL [(A–C); respectively] and
MA [(D–F) respectively] WT and APP/PS1 mice brain cortex samples were subjected to SDS-PAGE and immunoblotting
without or after treatment with the thiol alkylating agent, AMS. Densitometric analysis for AMS G-actin and AMS F-actin
levels was normalized to a-synuclein and SNAP29. Statistical analysis: unpaired, two-tailed Mann–Whitney U test. WT
versus APP/PS1; ‘‘p’’ values are indicated above the histograms. p > 0.05 is considered no significance. Results are
expressed as mean – SEM of 6–8 animals per group. All full-length unedited immunoblots for (A–F) are represented in
Supplementary Figures S5–S10. Synaptosomal F-actin levels are decreased in the cerebral cortex of 1-month-old APP/PS1 mice.
G-actin and F-actin fractions were isolated from synaptosomes of ADL (1-month) WT and APP/PS1 mouse brain cortex samples.
(G, H) Levels of F-actin and G-actin were analyzed by immunoblotting. Densitometric analyses for actin levels were normalized
to total lane proteins quantified by fluorescence of TGX stain-free blots. Results are represented as mean – SEM of seven animals
per group. Statistical analysis: ‘‘p’’ values for WT versus APP/PS1 are indicated above the histograms. Full-length unedited stain-
free blots and immunoblots for (G, H) are represented in Supplementary Figures S11–S12. AMS, 4-acetamido-4¢-
maleimidylstilbene-2,2¢-disulfonic acid, disodium salt; SDS-PAGE, sodium dodecyl sulfate/polyacrylamide gel electrophoresis;
SNAP29, synaptosomal-associated protein 29 kDa; TGX, tris-glycine-extended.
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and G-actin fractions isolated from synaptosomes (Fig. 4A–C
and Supplementary Figs. S21–S26). Thus, we can conclude
that synaptic F-actin and G-actin can be glutathionylated during
oxidative stress generated during early pathogenesis of AD.

Synaptosomal Grx1 and Trx levels are decreased
in cerebral cortex of APP/PS1 mice

Thiol/disulfide oxidoreductases, such as Grx1 and Trx, effi-
ciently reduce S-PrSSG to PrSHs. Grx1 has been implicated in
sulfhydryl homeostasis, redox regulation, iron metabolism,
posttranslational modifications, and defense against oxidative
stress (43). Thus, we tried to determine whether increased actin
glutathionylation in synaptosomes could be due to loss of Grx1
and/or Trx in APP/PS1 mice. To examine this, we measured the

levels of Grx1 and Trx in synaptosomes isolated from ADL and
MA WT and APP/PS1 mice. Remarkably, ADL APP/PS1 mice
showed a significant decrease in synaptosomal Grx1 and Trx
levels, and this continued as the mice aged (Fig. 5A–D and
Supplementary Figs. S27–S30). Therefore, we conclude that
reduction of Grx1 and Trx levels in synaptic compartments
could lead to increased glutathionylation of actin, which may
then affect actin polymerization in APP/PS1 mice.

Biochemical characterization of adeno-associated
virus 6-Grx1 virus

We optimized the adeno-associated virus (AAV) 6-Grx1
virus titer by transducing into primary cortical neurons and
assessed the mRNA levels of Grx1 by quantitative real-time

FIG. 3. Levels of reduced forms of total actin and F-actin in PNS from the cerebral cortex of APP/PS1 mice were
unaltered compared with WT. PNS and F-actin and G-actin fractions (isolated from PNS) from ADL [(A, B, and C);
respectively] and MA [(D, E, and F) respectively] WT and APP/PS1 mice brain cortex samples were subjected to SDS-
PAGE and immunoblotting without or after treatment with the thiol alkylating agent, AMS. Densitometric analysis for AMS
G-actin and AMS F-actin levels is normalized to a-synuclein and SNAP29. Results are expressed as mean – SEM of 4–8
animals per group. Unpaired, two-tailed Mann–Whitney U test. WT versus APP/PS1; ‘‘p’’ values are mentioned above the
histograms, respectively. p > 0.05 is considered no significance. All full-length unedited immunoblots for (A–F) are re-
presented in Supplementary Figures S15–S20.
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polymerase chain reaction (Fig. 6A) and immunoblotting
(Fig. 6B, C, and Supplementary Fig. S31). We characterized the
successful targeting of our virus in the hippocampus by showing
immunofluorescent localization of exogenously transduced
Grx1 in the hippocampus of WT and APP/PS1 mice (Fig. 6D)
and this was seen only in AAV6-Grx1-injected mice but not in
vehicle-injected mice.

Exogenous expression of Grx1 reduces cognitive
deficits and restores F-actin levels in APP/PS1 mice

We then examined if overexpression of Grx1 could reverse
memory deficits measured using the contextual fear condi-

tioning (cFC) paradigm. To examine this, we stereotaxically
injected either vehicle or AAV6-Grx1 into the hippocampus
of 6-month-old WT and APP/PS1 mice. Four weeks after
viral transduction, the mice were subjected to cFC and
memory recall was tested 24 h later in the same setting. Re-
markably, exogenous expression of Grx1 significantly in-
creased freezing response to the context in APP/PS1 mice at
24 h (Fig. 7A, B) in comparison with vehicle-injected APP/
PS1 mice. However, no comparable effect was observed in
either vehicle- or AAV6-Grx1-injected WT mice.

We further studied whether overexpressed Grx1 regulated
oxidative stress by measuring ROS levels in hippocampus
lysates using H2DCFDA. As expected, exogenous expression

FIG. 4. F-actin, G-actin, and total actin S-glutathionylation is increased in synaptosomes from the cerebral cortex
of APP/PS1 mice. S-PrSSG from F-actin fractions (A), G-actin fractions (B), and lysed synaptosomes (C) from ADL mice
were immunoprecipitated with the anti-GSH monoclonal antibody. The immunoprecipitates (IP) were separated by 10%
SDS–PAGE under reducing (+DTT) conditions and IB with antibody specific to actin. Full-length unedited immunoblots for
(A–C) are represented in Supplementary Figures S21–S26. Densitometric analysis for F-actin glutathionylation [(A);
histogram], G-actin glutathionylation [(B); histogram], and actin glutathionylation [(C); histogram] levels is normalized to
WT controls. Results are represented as mean – SEM of 4–6 animals per group. Statistical analysis: WT versus APP/PS1
(unpaired, two-tailed Mann–Whitney U test). (D) Scheme of S-glutathionylation/deglutathionylation in the dendritic spine.
DTT, dithiothreitol; GSH, glutathione; IB, immunoblot; IP, immunoprecipitation; PrSSG, glutathionylated proteins.
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of Grx1 significantly decreased ROS in the hippocampus of
APP/PS1 mice (Fig. 7C, D) when compared with vehicle-
injected APP/PS1 mice. However, no significant difference
was observed in either vehicle- or AAV6-Grx1-injected WT
mice.

Furthermore, exogenous expression of Grx1 signifi-
cantly restored F-actin levels in 6-month-old APP/PS1

mice (Fig. 7E, F, and Supplementary Fig. S32). No such
change was seen in hippocampal lysates from 1- (Supple-
mentary Fig. S2) and 6-month-old APP/PS1 mice (Fig. 7G–
J; Supplementary Figs. S33 and S34). Collectively, our
results demonstrate that synaptosomal actin glutathiony-
lation plays a critical role in F-actin loss and behavioral
deficits, and reduction of actin glutathionylation by over-
expressing Grx1 restores synaptosomal F-actin as well as
memory deficits (cFC). Further, Grx1 overexpression in-
creased levels of postsynaptic density protein 95 (PSD95)
but not synaptophysin in lysates from hippocampus (Sup-
plementary Figs. S3, S35, and S36).

Recovery of F-actin loss, in vitro, by overexpression
of Grx1 in primary cortical neurons
derived from APP/PS1 mice

We then examined if the F-actin loss seen in primary neurons
from APP/PS1 mice could be reversed by Grx1 overexpression.
At day-in-vitro 18 (DIV18), cortical neurons from APP/PS1
and WT mice were transduced with AAV6-Grx1. After 72 h of
transduction, neuronal cultures were fixed and stained with
fluorescently tagged phalloidin, a toxin that binds to most forms
of F-actin. Confocal images of at least two segments (50 lm
length each) of tertiary neurites from each neuron were cap-
tured before automated analysis (MetaMorph). As expected at
DIV21, a significant decrease of phalloidin-stained F-actin was
observed in tertiary neurites of APP/PS1 primary cortical
neurons (Fig. 8A–C). In marked contrast to this, overexpression
of Grx1 (AAV6-Grx1) dramatically increased phalloidin-
stained F-actin in tertiary neurites of APP/PS1 primary cortical
neurons (Fig. 8A–C). Our results indicate that prevention of
glutathionylation and restoration of F-actin by Grx1 enhance
the polymerization of G-actin to F-actin and prevent Ab-
induced disassembly of F-actin to G-actin.

We performed single-molecule localization microscopy
based on direct stochastic optical reconstruction micros-
copy (dSTORM) on phalloidin-labeled F-actin primary
cortical neurons (DIV21) to evaluate the nanoscale orga-
nization of polymerized F-actin distribution at excitatory
synapses. The organization of F-actin filaments in excit-
atory synapses was compared between WT, APP/PS1,
APP/PS1 neurons infected with AAV6-Grx1, and WT
neurons infected with AAV6-Grx1 (Fig. 9A, B, and Sup-
plementary Fig. S4). The presence of Homer1c was con-
sidered a positive marker for excitatory synapses (34). An
objective classification was used to measure the cumu-
lative distribution of F-actin (40) in excitatory synapses.
dSTORM measurements have previously been used to
identify the correlative changes in the total content of F-
actin in the dendritic spines. The differences seen after
Grx1 overexpression were robust and predicted the changes
of cumulative F-actin content. Thus, the total F-actin length
as observed by a combination of phalloidin staining and
single-molecule-based super resolution microscopy is re-
ferred as ‘‘cumulative length of F-actin.’’ The cumulative
length of F-actin was compared between different condi-
tions for synapses that were coimmunostained for Homer
1c (Fig. 9B–H). From the skeletonized distribution of F-
actin in the postsynaptic compartment, we were able to
confirm that the cumulative length of F-actin in spines was
significantly decreased in neurons from APP/PS1 mice

FIG. 5. Grx1 and Trx protein levels are decreased in
synaptosomes of APP/PS1 mice. Synaptosomes isolated
from ADL and MA WT and APP/PS1 mouse brain cortex
samples were subjected to SDS-PAGE and immunoblotted
for (A, B) Grx1 and (C, D) Trx. Densitometric analyses for
Grx1 and Trx levels are normalized to tubulin. Statistical
analysis: unpaired, two-tailed Mann–Whitney U test. WT
versus APP/PS1; ‘‘p’’ values are indicated above the his-
tograms. p < 0.05 is considered statistical significance be-
tween WT and APP/PS1. Results are represented as
mean – SEM of 6–8 animals per group. Full-length unedited
immunoblots for (A–D) are represented in Supplementary
Figures S27–S30. Grx1, glutaredoxin 1; Trx, thioredoxin.
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compared with WT. Upon transduction of AAV6-Grx1, the
cumulative length of F-actin increased in APP/PS1 neurons
and was similar to neurons from WT mice. Furthermore,
overexpression of Grx1 has no effects on the cumulative
length of F-actin in neurons from WT mice.

Discussion

Previous work from our laboratory has demonstrated that
synaptosomal F-actin levels were decreased concomitantly
with increased G-actin in the cerebral cortex of APP/PS1

FIG. 6. Biochemical characterization of AAV6-Grx1. AAV6-Grx1 virus was transduced into primary cortical neurons
(DIV18) isolated from mixed P0–P1 WT and APP/PS1 mice. At DIV21, transduced neuronal cultures were lysed for RNA and
protein analysis. (A) Relative Grx1 mRNA expression was measured by quantitative real-time polymerase chain reaction and
graph represents mean – SEM from three independent experiments. Unpaired, two-tailed Mann–Whitney U test. (B) Primary
cortical neuronal lysates were subjected to SDS-PAGE and immunoblotted for Grx1. (C) Densitometric analyses for Grx1 levels
are normalized to tubulin. Graph represents mean – SEM from six independent experiments. Unpaired, two-tailed Mann–Whitney
U test. Full-length unedited immunoblots for (B) are represented in Supplementary Figure S31. (D) AAV6-Grx1 (0.2 lL of
1.26 · 1011 TU/mL) or vehicle was stereotaxically injected bilaterally into the hippocampus of WT and APP/PS1 mouse brain.
Four weeks after stereotaxic injections, mice were perfused, and whole brains were removed and fixed in paraformaldehyde.
Brains were serially sectioned at 5 lm per section. Hippocampal sections were immunostained for Grx1 antibody. All scale bars
are 5lm. AAV, adeno-associated virus; DIV, day-in-vitro; TU, transducing unit.

‰

FIG. 7. Long-term fear memory, F-actin levels are altered by exogenous expression of Grx1 in 6-month-old APP/
PS1 mice. (A) Schematic of the cFC behavioral design. (B) Vehicle or AAV6-Grx1 was stereotaxically injected bilaterally
into the hippocampus. Four weeks after stereotaxic injections, WT and APP/PS1 mice were taken for cFC behavioral
memory tests and the freezing response was measured. Data represent mean – SEM. ‘‘p’’ values are mentioned above the
histograms. Two-way ANOVA, Tukey’s post hoc test (n = 8 per group). (C) Rate of DCF fluorescence was measured from
hippocampal lysates. (D) Bar graphs show relative DCF levels in hippocampal lysates. Data represented as mean – SEM.
Two-way ANOVA, Tukey’s post hoc test (n = 4 per group). (E–J) F-actin and G-actin fractions isolated from hippocampus
lysate samples. These fractions were resolved on stain-free gels and immunoblotted using the monoclonal anti-actin
antibody. Relative densitometric analysis for actin levels from F-actin (F), G-actin (H), and lysate ( J) fractions was
normalized to total lane proteins quantified by fluorescence of TGX stain-free blots. Results are represented as mean – SEM.
Statistical analysis: two-way ANOVA, Tukey’s post hoc test (n = 6 per group). Full-length unedited stain-free blots and
immunoblots for (E, G, and I) are represented in Supplementary Figures S32–S34. ANOVA, analysis of variance; cFC,
contextual fear conditioning.
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mice as early as 1 month (34). In this report, we also re-
produced our previous results (Fig. 2G, H) that F-actin dis-
assembly and long-term fear memory deficits occur in APP/
PS1 mice early in their life span (34). However, the molecular
mechanisms underlying the imbalance of F-actin dynamics in
AD are as yet unclear. Our current results show that the re-
duced form of F-actin but not G-actin was significantly de-
creased in synaptosomes of 1- and 9-month-old APP/PS1
mice (Fig. 2A, B, D, and E), indicating that F-actin undergoes
oxidative modification. This was observed as glutathiony-
lated actin following immunoprecipitation (IP) of lysates
from synaptosomes with antibody to GSH. Furthermore, we
found that glutathionylation of F-actin and G-actin was sig-
nificantly increased in F-actin fractions and G-actin fractions
in synaptosomes of APP/PS1 mice. Thus, the glutathionyla-
tion seen in G-actin fractions could represent the depoly-
merization of F-actin. It can be seen that glutathionylation of
F-actin is considerably more than that seen on G-actin.

Glutathionylation of the cysteine residue 374 in actin is
known to decrease the polymerization rate of actin (68) in
A431 and dHL60 cells. Therefore, glutathionylation of F-

actin presumably can cause dysregulation of F-actin dy-
namics. We therefore overexpressed Grx1 in the mouse brain
hippocampus using AAV6-Grx1 and found that the cFC re-
call deficit could be reversed significantly (Fig. 7B). Over-
expression of Grx1 in APP/PS1 mice decreased ROS levels
(Fig. 7C, D) and restored F-actin levels in the hippocampus
(Fig. 7E, F). Although we did not determine if the Cys374
was indeed glutathionylated, nevertheless overexpression of
Grx1 was able to restore spine morphology through mainte-
nance of F-actin levels and helped prevent behavioral defi-
cits. This was confirmed using dSTORM, in which Grx1
overexpression restores F-actin nanoassembly in the spine,
thus ensuring the preservation of nanoarchitecture of den-
dritic spines lost in neurons from APP/PS1 mice (Fig. 9). This
is very important since dendritic spines are critical for syn-
aptic function, including synaptic plasticity. Our results are in
agreement with other studies that have shown the presence of
increased S-glutathionylation of specific proteins in AD pa-
tients and mouse models (3, 41, 56, 70). Studies with human
postmortem AD frontal cortex tissues suggest that oxidative
stress is an early feature and plays a critical role in AD

FIG. 8. Exogenous expression of Grx1 in APP/PS1 primary cortical neurons reverses F-actin in tertiary neurites.
Representative confocal images of tertiary neurites of primary cortical neurons at DIV21 from WT and APP/PS1 mice
littermates. (A) Signals for phalloidin staining and Grx1 immunostaining are shown in orange and magenta, respectively. Scale
bar is 5 lm. (B) Quantification for Grx1 fluorescence intensity; p < 0.0001, WT versus WT + AAV-Grx1; p < 0.0001, APP/PS1
versus APP/PS1 + AAV-Grx1, and (C) quantification of F-actin fluorescence (phalloidin) intensity; p = 0.0376, WT versus WT +
AAV-Grx1; p = 0.0003, WT versus APP/PS1; p < 0.0001, WT + AAV-Grx1 versus APP/PS1; p < 0.0001, APP/PS1 versus APP/
PS1 + AAV-Grx1; p = 0.0011, WT versus APP/PS1 + AAV-Grx1. Data are presented as mean – SEM from three independent
experiments. Statistical analysis for (B, C): two-way ANOVA, Tukey’s post hoc test. n = 72–78 neurites (12, 13 neurons and 24–
26 tertiary neurites from each independent experiment).
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pathogenesis (5). In addition, actin oxidation has also been
shown in human postmortem AD superior and middle temporal
gyri tissues (2, 11). Since we now show that this event occurs
very early in AD pathogenesis and is specifically targeted to the
synapse (no change seen in reduced actin levels in the PNS;
Fig. 3), it offers an excellent target for early intervention.

Perturbations in PrSH/disulfide homeostasis occur in re-
sponse to specific oxidative events (38), in a compartmen-
talized manner, and can modify critical cysteine residues in
actin, such as glutathionylation of actin at cysteine-374 (15,
58). Glutathionylated actin inhibits actin polymerization
(15). In addition, disruption of Grx1 results in elevated levels
of actin glutathionylation and diminished F-actin dynamics
(52). Reactive cysteine residues in proteins are prone to rapid
glutathionylation of thiol groups, which acts as a barrier to
further oxidation to sulfinic and sulfonic acids, [R–(S = O)–
OH), R–S( = O)2–OH], which are irreversible. Grx1 is a key
enzyme that mediates both glutathionylation and deglu-
tathionylation utilizing equivalent moles of NADPH, and

thus plays a very important role in protecting proteins from
excessive, irreversible oxidative modifications.

S-glutathionylation of Cys374 in actin is known to shift the
ratio of F- to G-actin, which leads to decreased polymerization
of G-actin to F-actin, specifically in the Y-branched networks.
It may be noted that in synaptosomes from the cortex of 1-
month-old APP/PS1 mice, we see decreased F-actin levels
concomitant with an increase in G-actin levels (Fig. 2G, H),
indicating a similar phenomenon occurring in vivo in mouse
brain during AD pathogenesis. This observation, coupled with
the results of IP experiments in which increased glutathiony-
lation of actin and decreased Grx1 and Trx levels are seen,
suggests that oxidative stress resulting in glutathionylation of
actin at the synapse leads to altered actin assembly and dis-
equilibrium of PrSH homeostasis at the synapse in AD brain.
In addition to glutathionylation, oxidation of methionine to
methionine sulfoxides could also contribute to perturbation of
actin cytoskeleton, and also potentially affect interaction be-
tween actin and actin binding proteins. Another consequence

FIG. 9. Quantification of
the nanoarchitecture of F-
actin in spines of WT and
APP/PS1 mice. The four
rows of images correspond to
spines from primary cortical
neuronal cultures from WT,
WT plus AAV-Grx1, APP/
PS1, APP/PS1 plus AAV-
Grx1, respectively (i, vi, xi,
xvi); reconstructed dSTORM
image of F-actin counter-
stained with phalloidin Alexa
647 (ii, vii, xii, xvii); rendered
dSTORM image of F-actin as
a network of ridges (iii, viii,
xiii, xviii); dSTORM image
of antibody-stained Homer 1c
image (iv, ix, xiv, xix); com-
posite of dSTORM image of
Homer 1c and rendered
dSTORM image of F-actin (v,
x, xv, xx); overlay of rendered
dSTORM image of F-actin
and ridges. (B) F-actin ridges’
cumulative length quantifica-
tion WT =5444 – 387 nm; WT
+ AAV-Grx1 = 4688 – 303 nm;
APP/PS1 = 2568 – 188; APP/
PS1 + AAV-Grx1 = 5279 –
442 nm; n = 40 (C–H) pair-
wise comparison between
different groups.
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could be the formation of intramolecular disulfide bonds be-
tween cysteine-374 and cysteine-285 (20, 21) leading to al-
tered actin dynamics. The loss of reduced actin shown in
Figure 2 would thus represent contribution from glutathiony-
lation of actin and formation of disulfide bonds. It is needless to
mention that oxidative change could also include irreversible
modifications, such as tyrosine nitrosylation. We did look for
but were unable to detect carbonylation of proteins in synap-
tosomes from 1-month-old APP/PS1 mice.

Grx1 is the principal thiol/disulfide oxidoreductase (thiol-
transferase) in the cell, restoring protein-SH and protein
function by deglutathionylation [(29); Fig. 4D]. Studies have
shown that Grx1 protects neuronal degeneration both in vitro
and in vivo (33, 46, 49, 51). Grx1 is a positive physiological
regulator of actin polymerization (28). Here we show that
synaptosomal Grx1 and Trx levels were significantly de-
creased in 1-month-old APP/PS1 mice (Fig. 5) and this de-
crease was sustained up to 9 months of age (when overt
pathological hallmarks are seen), indicating that synaptosomal
Grx1 and Trx levels are decreased through the observed life
span of the APP/PS1 mice. Lower levels of Grx1 are known to
result in decreased capacity to reduce PrSSG to thiols, which
may be highly compromised in the synapse of APP/PS1 mice.

Grx1 plays a critical role in maintaining thiol/disulfide
homeostasis, particularly in terms of the F-actin cytoskeleton
in dendritic spines. Therapeutic strategies focused on en-
hancing the expression of Grx1 early in the disease process
could help negate F-actin disassembly and thus help maintain
synaptic plasticity and improve memory recall. Several
transcription factor binding sites have been identified in the
human Grx1 promoter (namely, AP1, AREB6, ATF2, and c-
Jun). Small molecules targeted to augment the activation of
these transcription factors could potentially facilitate en-
hanced expression of Grx1 in the brain and help restore
synaptic plasticity during AD pathogenesis.

Materials and Methods

Reagents

Deoxyribonuclease I (Cat. No. D-4513), papain (Cat. No. P-
4762), and poly-d-lysine hydrobromide (Cat. No. P6407) were
obtained from Sigma-Aldrich. AMS (Cat. No. A485),
H2DCFDA (Cat. No. D399), DCF (Cat. No. N7991), Dynabeads
Protein G (Cat. No. 10003D), ProLong Gold Antifade Mountant
with 4¢,6-diamidino-2-phenylindole (DAPI, Cat. No. P36931),
GlutaMAX (Cat. No. 35050061), penicillin/streptomycin (Cat.
No. 15140122), Neurobasal-A medium (Cat. No. 10888022), B-
27 Supplement (Cat. No. 175040444), and Pierce bicinchoninic
acid (BCA) protein assay kit were purchased from Thermo
Fisher Scientific, Inc. (Waltham, MA). The G-Actin/F-actin In
Vivo Assay Biochem Kit (Cat. No. BK037) was obtained from
Cytoskeleton, Inc. (Denver, CO). TGX Stain Free Fast Cast
Acrylamide kits (Cat. No. 1610185), Clarity western-enhanced
chemiluminescent substrate (Cat. No. 1705061), and Immun-
Blot polyvinylidene difluoride membrane (Cat. No. 1620177)
were purchased from Bio-Rad Laboratories, Inc. All other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Antibodies

Acti-Stain 488 (Cat. No. PHDG1) was purchased from
Cytoskeleton, Inc. Mouse monoclonal antibody against b-

actin was obtained from MP Biomedicals (Cat. No. 691002;
Santa Ana, CA). Anti-b-tubulin monoclonal antibody (Cat.
T8328; Sigma), rabbit polyclonal antibody against b-actin
(Cat. No. ab16039; RRID:AB_956497), anti-Grx1 (Cat. No.
ab45953; RRID:AB_880242), anti-Trx (Cat. No. ab86255;
RRID:AB_1925501), anti-synaptophysin (Cat. No. ab14692;
RRID:AB_301417), anti-PSD95 (Cat. No. ab18258; RRI-
D:AB_444362), and anti-SNAP29 (Cat. No. ab138500;
RRID:AB_2687667) were purchased from Abcam. Anti-a-
synuclein (Cat. No. 4179; Cell Signaling Technology, Inc.),
anti-GSH monoclonal antibody (Cat No. 101-A-100; Viro-
gen), and Homer1c (Cat No. 160003, RRID:AB_887730;
Synaptic Systems, Germany) were purchased. Horseradish
peroxidase-conjugated secondary antibodies and normal goat
serum blocking solution (Cat. No. S-1000) were purchased
from Vector Laboratories, Inc. (Burlingame, CA). Alexa
Fluor 647 phalloidin (Cat. No. A22287) was obtained from
Thermo Fisher Scientific, Inc.

Experimental mice

APPSwe/PS1DE9 double transgenic mice were procured
from Jackson Laboratory. WT and APPswe/PS1DE9 (APP/
PS1) mice were bred at the Institutional Central Animal Fa-
cility and 1-month-old (30–35 days; ADL), 6-month-old
(180–190 days), and 9-month-old (270–300 days; MA) male
mice were used for the experiments. Mice were housed and
maintained 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 (34). All animal experiments
were carried out in accordance with Institutional Guidelines
for the Care and Use of Laboratory Animals under approval
of the Institutional Animal Ethics Committee.

Contextual fear conditioning

Behavioral experiments were carried out with 6-month-
old male mice as described (34). Before cFC experiments,
mice were housed individually and were handled for 5 min
for three consecutive days. Briefly, mice were allowed to
explore the training context for 1 min during training day
and then received three foot shocks, (2 s and 0.6 mA each,
intertrial interval: 30 s). We assessed cFC memory by re-
turning mice to the training context 24 h after training and
measuring the freezing during a test period of 2 min.
Freezing was defined as complete absence of somatic mo-
bility other than respiratory movements. No animals were
excluded from the analysis.

Stereotaxic surgery

Mice were weighed and anesthetized with ketamine/xy-
lazine mixture and surgeries were conducted under aseptic
conditions using a small-animal stereotaxic instrument (Dual
lab standard stereotaxic module Stoelting Co., Wood Dale,
IL), and body temperature was maintained with a heating pad
until the completion of surgical procedure and recovery from
anesthesia. Vehicle or AAV6-Grx1 virus was delivered bi-
laterally into the hippocampus of WT and APP/PS1 mice
using a 22G blunt tip Hamilton needle and syringe (Hamilton
Co., Reno, NV). Stereotaxic injection coordinates relative to
bregma are as follows: anteroposterior -2.40, mediolateral
–2.00, dorsoventral (relative to dura) -2.30. The needle was
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inserted at the desired coordinates and *200 nL of the ve-
hicle or virus preparation was slowly injected over a period of
2 min. After the end of the injection, the needle was allowed
to remain in position for a further 10 min to allow virus dif-
fusion before retraction. The injection site is depicted in a
cartoon in Figure 6D. Mice were observed daily to monitor
their health after surgical recovery. To allow for transgene
expression, mice were kept under home cage conditions for
4 weeks before any behavioral tests and biochemical ex-
periments.

Synaptosomal preparation

Synaptosomes were prepared as described (1). Mice were
anesthetized and decapitated. The brain cortex was dissected
out and homogenized. The homogenate was centrifuged at
1500 g for 10 min at 4�C. The PNS was further centrifuged at
12,000 g for 15 min at 4�C, and the pellet was resuspended.
The resuspended pellet was then layered over a discontinuous
sucrose gradient (0.85–1.0–1.2 M) and centrifuged at
85,000 g for 2 h at 4�C. Synaptosomal fraction obtained at
the interface of 1 and 1.2 M sucrose was collected, washed
twice in 5 mM Tris pH 8.1, and resuspended in homogeni-
zation buffer.

Preparation of G-actin and F-actin fractions

G-actin and F-actin fractions were prepared from synap-
tosomes and PNS as described (34). Protein concentrations
were determined using the BCA protein assay kit before
immunoblotting. All fractions were resolved using the TGX
Stain Free Fast Cast Acrylamide kit, 12% or sodium dodecyl
sulfate/polyacrylamide gel electrophoresis (SDS-PAGE)
gels, and the standard immunoblotting protocol was fol-
lowed. Stain-free blots were imaged before antibody incu-
bations using Chemidoc-XRS (Bio-Rad) and analyzed with
Image lab software. Immunoreactive bands were detected
using enhanced chemiluminescence, and images were ac-
quired using Chemidoc-XRS and analyzed.

AMS derivatization of thiols

PNS, synaptosomes, and G-actin and F-actin fractions
were chemically labeled with thiol alkylating agent, AMS
(15 mM), in a denaturing buffer, as described previously (44).
Excess AMS was quenched with reduced GSH (30 mM) and
derivatized samples were resolved under reducing condi-
tions, and the standard immunoblotting procedure was fol-
lowed. a-Synuclein or SNAP29 was used as loading controls
for G-actin and F-actin fractions.

Detection of actin S-glutathionylation by IP

In brief, brain cortex synaptosomes, and F-actin and G-
actin fractions isolated from synaptosomes were resuspended
in an ice-cold Nonidet P-40 lysis buffer containing phos-
phatase and protease inhibitors and incubated with the anti-
GSH antibody (2 lg/mL) at 4�C with end-over-end rotation
overnight, and then 30 lL of Dynabeads Protein G was added
to the solution and incubated for 4 h at 4�C on a rocker
platform. Immunocomplexes were extensively washed with
Nonidet P-40 lysis buffer to remove nonspecific binding.
After the final wash, the pellet was resuspended in 2 ·
SDS-PAGE sample buffer and boiled for 5 min. The im-

munoprecipitated proteins were subjected to SDS-PAGE and
immunoblotted for anti-actin.

Immunohistochemistry in mouse brain

Mouse brain (vehicle or AAV6-Grx1 injected) was fixed in
4% (w/v) buffered paraformaldehyde. The tissue was pro-
cessed for paraffin embedding, and serial sections (5 lm thick)
were cut using microtome (Leica Biosystems, Inc., Buffalo
Grove, IL). Sections were dewaxed by xylene treatment I and II
for 5 min each followed by rehydration by alcohol series
(100%, 90%, 70%, 50%, 30%) for 2 min. Sections were then
given brief washings with water and phosphate-buffered saline
(PBS). The sections were pressure cooked for 10 min in sodium
citrate buffer (pH 6.8). After cooling, the sections were washed
with PBS having Triton X-100 (10 mM, pH 7.4, 0.025% Triton
X-100) and incubated in 10% normal goat serum and 1% bo-
vine serum albumin (BSA) for 2 h at room temperature to block
nonspecific binding. Next, the sections were incubated with
antibody against Grx1 (1:1000 dilution) overnight at 4�C. After
washing with PBS containing Triton X-100, the sections were
incubated in secondary antibody conjugated to AlexaFluor488.
Subsequently, the sections were washed and mounted with
Vectashield mounting medium without DAPI (H-1000). Image
acquisition was performed using 5 · /0.13 air numerical aper-
ture, objective N-Achroplan object, Zeiss Axio Scope.A1 (Carl
Zeiss Microscopy, LLC, Thornwood, NY).

Measurement of ROS using H2DCFDA assay

The cell permeant, H2DCFDA, an oxidant-sensitive dye
that is converted to DCF by oxidation and after de-
esterification, was used to measure ROS levels as described
previously (1). Briefly, PNS, synaptosomes, or hippocampal
tissue lysates were incubated with 10 lM H2DCFDA in 0.1 M
phosphate buffer (pH 7.4) for 5 min at room temperature.
Fluorescence was measured by microplate reader (Infinite
M200 Pro plate reader; Tecan Group Ltd., Switzerland) using
excitation at 488 nm and emission of 525 nm every 30 s for
90 min. A standard curve of DCF was used for quantification
of ROS levels.

Primary cortical neuronal culture

Primary cortical neurons were prepared from postnatal day 0 to
postnatal day 1 (P0–P1) WT and APP/PS1 mouse brain cortex.
After removing meninges, neurons were dissociated using
mechanical trituration in 0.25% papain (10 U/mg) solution con-
taining (1 · Hank’s balanced salt solution, 12.5 mM 2-[4-(2-hy-
droxyethyl)piperazin-1-yl]ethanesulfonic acid, d-glucose, and
500lg/mL penicillin/streptomycin. Cortical neurons were see-
ded on coverslips precoated with poly-d-lysine (0.1 mg/mL) in
12-well plates. Neurobasal medium supplemented with 0.5 ·
B27, 2 mM l-GlutaMAX, and 100lg/mL penicillin/streptomy-
cin was used to grow the neurons in serum-free medium condi-
tions and maintained at 37�C in 5% CO2 for 3 weeks.

AAV6-Grx1 vector production

cDNA coding for human Grx1 sequence was subcloned
from a pCMV vector backbone into the multiple cloning site
of pAAV-MCS (Stratagene, La Jolla, CA) to generate
pAAV-Grx1. This construct expresses human Grx1 under the
control of CMV promoter with a b-globin intronic enhancer
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and is flanked by AAV2 inverted repeats. pAAV-CMV-Grx1
was packaged into rAAV serotype 6 (AAV6) particles by
cotransfecting the vector into the AAV-293 cell line along
with pDF6 plasmid (23) using the calcium phosphate method
(63). After 48 h of transfection, cells were lysed using mul-
tiple alternating rounds of freezing in a dry ice/methanol
mixture and thawing in a 37�C water bath. The lysate was
purified and concentrated using high-pressure liquid chro-
matography through a heparin affinity column as described
earlier (64).

AAV6-Grx1 titration

Infectious particle or viral transducing unit counts were
determined using a quantitative PCR method by comparing
against a reference AAV6-GFP viral preparation. The abso-
lute TUs for the AAV6-GFP virus were estimated using
fluorescence-activated cell sorting analysis as described (63).
For quantitative polymerase chain reaction (qPCR)-based esti-
mation, purified AAV6-Grx1 or AAV6-GFP was added in
varying serial dilutions onto HEK293T cells. After 48 h of
transduction, cells were harvested and dsDNA containing
transduced AAV2 and host cell genomic DNA were purified.
qPCR was performed to estimate the copies of b-globin intronic
sequence (present in both the AAV and host cell genomes) and
normalized to the copies of albumin (only present in host cell
genomes). This normalized value was compared against the
reference AAV6-GFP virus to estimate TUs/mL (47, 64).

AAV6-Grx1 transduction and staining
of primary cortical neurons

Primary cortical neurons were transduced on DIV18 with
AAV6-Grx1 (40 TUs/cell) and experiments were performed
on DIV21. Untransduced neurons from the same batch were
used as controls. After 3 days of transduction, neurons were
washed with ice-cold PBS and fixed for immunostaining
or lysed in an ice-cold lysis buffer containing phosphatase
and protease inhibitors. The neuronal lysate was centrifuged
at 14,000 g for 30 min at 4�C. After centrifugation, protein
concentrations were determined by BCA protein assay and
subjected to SDS-PAGE followed by immunoblotting.

Primary cortical neurons, untransduced and transduced
with AAV6-Grx1, were fixed at DIV21 with 2% parafor-
maldehyde for 10 min at room temperature. Quenching was
performed with 0.1 M glycine for 5 min at room temperature.
F-actin was stained with acti-stain 488 phalloidin as per the
instructions of the manufacturer. Anti-Grx1 antibody was
used at a dilution of 1:1000 for 1 h at room temperature.

Confocal image acquisition and analysis

Confocal images were acquired using Carl Zeiss LSM780
using Argon 488 laser for acti-stain 488 phalloidin. Helium/
neon 594 laser was used to visualize Grx1. Oil immersion ob-
jective 63 · /1.40 was used, and z-stack images were captured
using the following parameters: 512 · 512 resolution and 12-bit
depth, zoom factor of 3, pinhole 1 airy unit, and step size interval
of 0.4lm. All confocal images for phalloidin-labeled neurites
were acquired under identical conditions and analyzed after
blinding.

Quantification of F-actin levels measured as phalloidin
intensity was performed using MetaMorph software (Meta-

Morph, version 7.8.0.0, 2013; Molecular Devices, LLC).
Confocal z-stack images were loaded onto MetaMorph
software and maximum intensity projection was generated.
After background subtraction and thresholding, mask was
generated around the dendrite of interest (including the
spines) and phalloidin intensity was measured.

Immunocytochemistry for dSTORM imaging

For dSTORM imaging, samples were fixed with 0.3%
glutaraldehyde (v/v) and blocked with 3% BSA (w/v) con-
taining 0.2% Triton X-100 (v/v) for 30 min. Homer1c anti-
body was used for immunostaining followed by the Alexa
532 secondary antibody. F-actin labeling was then performed
with Alexa 647-Phalloidin (34, 69).

dSTORM imaging

dSTORM imaging of F-actin and Homer1c from primary
cortical neurons (DIV21) was done as reported previously
(34).

Image analysis

To objectively analyze dSTORM data sets of F-actin in
spines, we performed segmentation followed by automatic
ridge detection within spines (40). Using a fully automated
and an objective workflow for analysis, we measured the
extent of F-actin ridges in excitatory synapses marked posi-
tive for Homer1c. The workflow for analysis comprised the
following: (i) segmentation to identify Homer-positive
spines, (ii) followed by automatic detection of ridges of F-
actin within spines using Ridge Detection plugin in ImageJ
(57). Briefly, we trained a deep neural network from artifi-
cial neural network accelerated-photoactivation localization
microscopy (ANNA-PALM) (42) on dSTORM data set of
F-actin in neurons and derived a model where F-actin dis-
tribution within spines becomes more homogeneous. Images
obtained as an output of this model were subsequently used
for further segmentation for spine identification. In the next
step, we modeled ridges seen in spines with microtubule-
model generated with ANNA-PALM (42). This resulted in a
smoothened image of an otherwise pointillistic dSTORM
image. We then used upon the Ridge Detection plug-in from
ImageJ to automatically identify the ridges.

Statistical analyses

Statistical analyses were performed using Prism 7
(GraphPad Prism software). Statistical comparisons be-
tween two groups were performed with the two-tailed
unpaired Mann–Whitney U test. Two-way analysis of
variance with Tukey’s post hoc test was used for experi-
ments with four groups. Results are represented as
mean – standard error of the mean. ‘‘p’’ values <0.05 were
considered significant.
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Abbreviations Used

Ab¼ amyloid beta
AAV¼ adeno-associated virus

AD¼Alzheimer’s disease
ADL¼ adolescent

aMCI¼ amnestic mild cognitive impairment
AMS¼ 4-acetamido-4¢-maleimidylstilbene-

2,2¢-disulfonic acid, disodium salt
ANNA-PALM¼ artificial neural network accelerated-

photoactivation localization
microscopy

ANOVA¼ analysis of variance
APP/PS1¼ amyloid precursor protein/presenilin 1

double mutant
BCA¼ bicinchoninic acid
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Abbreviations Used (Cont.)

BSA¼ bovine serum albumin

cFC¼ contextual fear conditioning

DAPI¼ 4¢,6-diamidino-2-phenylindole

DCF¼ 2¢,7¢-dichlorofluorescein

DIV¼ day-in-vitro

dSTORM¼ direct stochastic optical reconstruction
microscopy

Grx1¼ glutaredoxin 1

GSH¼ glutathione

H2DCFDA¼ 2¢,7¢-dichlorodihydrofluorescein diacetate

IP¼ immunoprecipitation
MA¼middle aged
PBS¼ phosphate-buffered saline

PNS¼ postnuclear supernatant
PrSH¼ protein thiol

PrSSG¼ glutathionylated proteins
PSD95¼ postsynaptic density protein 95
PVDF¼ polyvinylidene difluoride
qPCR¼ quantitative polymerase chain reaction
ROS¼ reactive oxygen species

SDS-PAGE¼ sodium dodecyl sulfate/polyacrylamide
gel electrophoresis

SEM¼ standard error of mean
SNAP29¼ synaptosomal-associated

protein 29kDa
TGX¼ tris-glycine-extended

Trx¼ thioredoxin
WT¼wild type
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