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Incorporation of Cofilin into Rods Depends on Disulfide
Intermolecular Bonds: Implications for Actin Regulation and
Neurodegenerative Disease

Barbara W. Bernstein,'? Alisa E. Shaw,' Laurie S. Minamide,> Chi W. Pak,"? and James R. Bamburg'*

Department of Biochemistry and Molecular Biology and 2The Program in Molecular, Cellular, and Integrative Neuroscience, Colorado State University,
Fort Collins, Colorado 80523-1870

Rod-shaped aggregates (“rods”), containing equimolar actin and the actin dynamizing protein cofilin, appear in neurons following a wide
variety of potentially oxidative stress: simulated microischemia, cofilin overexpression, and exposure to peroxide, excess glutamate, or
the dimer/trimer forms of amyloid-3 peptide (A3d/t), the most synaptotoxic A3 species. These rods are initially reversible and neuro-
protective, but if they persist in neurites, the synapses degenerate without neurons dying. Herein we report evidence that rod formation
depends on the generation of intermolecular disulfide bonds in cofilin. Of four Cys-to-Ala cofilin mutations expressed in rat E18 hip-
pocampal neurons, only the mutant incapable of forming intermolecular bonds (CC39,147AA) has significantly reduced ability to incor-
porate into rods. Rod regions show unusually high oxidation levels. Rods, isolated from stressed neurons, contain dithiothreitol-sensitive
multimeric forms of cofilin, predominantly dimer. Oligomerization of cofilin in cells represents one more mechanism for regulating the

actin dynamizing activity of cofilin and probably underlies synaptic loss.

Introduction
Cofilin is an essential protein with a large range of regulatory
mechanisms and functions, including dynamizing actin filament
turnover. It can act as a feedback regulator of diverse physiolog-
ical processes. For that reason any modulation of cofilin activity,
including oxidation, is expected to have a profound impact on
cellular homeostasis (Bernstein and Bamburg, 2010). For exam-
ple, oxidation of C39 and C80 to form an intramolecular disulfide
bond occurs in T cells following an oxidative burst from granu-
locytes: it renders cofilin incapable of enhancing actin depoly-
merization although still able to bind F-actin (Klemke et al.,
2008). Under mild oxidative conditions in vitro, cofilin under-
goes intermolecular disulfide bonding, not intramolecular, and,
when mixed with actin, bundles it into structures (Pfannstiel et
al., 2001) that resemble cofilin-actin rods in cells (Minamide et
al., 2000, 2010). Here, we present evidence that disulfide bridging
of cofilin is needed for the formation of rods in stressed cells.
After their initial reversible generation in many types of cells
under stress, rods become stable structures (Bernstein et al.,
2006). They are present in Alzheimer disease (AD) brain (Min-
amide et al., 2000) and are a likely link between a number of
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different stresses and the synaptic loss observed in both familial
and sporadic AD. The dimer/trimer forms of amyloid- peptide
(ABd/t), the most synaptotoxic forms of AB (Cleary et al., 2005;
Mc Donald et al., 2010), also are the most potent rod-inducing
forms (Davis et al., 2011). Treatment of cultured neurons with
physiologically relevant concentrations (~250 pm) of ABd/t
increases Af3 secretion, suggesting a feedforward mechanism ap-
propriate for the accelerating cognitive decline seen in AD. AS-
induced rods are concentrated in the dentate gyrus region of the
hippocampus (Bamburg et al., 2010; Davis et al., 2011), a region
with well established importance in learning and memory (Ohm,
2007).

These rods can be immunostained for actin and cofilin/ADF
proteins. Mass spectrometry and Western blot analysis of isolated
rods confirmed their actin-cofilin composition (Minamide et al.,
2010), suggesting a unique structure distinctly different from
simple actin aggregation. In fact, electron microscopy shows par-
allel arrays of filaments (Davis et al., 2009). In the short term, rods
protect stressed neurons by slowing loss of mitochondrial poten-
tial and neurite ATP (Bernstein and Bamburg, 2003; Bernstein et
al., 2006). However, when rods persist, neurites degenerate distal
to them (Jang et al., 2005; Minamide et al., 2000). Hence, eluci-
dation of rod dynamics is important for understanding pathol-
ogy and the regulation of actin assembly in cells.

Glutamate is the major excitatory transmitter in mammalian
brain. However, toxic levels of glutamate accumulate when cells
are exposed to A peptide (Li et al., 2009) or microischemia, a
risk factor for sporadic AD (Herrup, 2010). Glutamate can stress
cells through Ca®"/Na ™ overload or by inhibiting cystine uptake,
thus depleting glutathione, the major cellular reducing agent
(Schubert and Piasecki, 2001). We have focused on cofilin oxida-
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Figure 1.  Glutamate-stressed E18 hippocampal neurons, expressing mRFP-cysteine/alanine mutants of cofilin, were immunostained for cofilin. Two small panels on the right in each row are
enlargements of boxed regions in left-hand confocal fluorescence images. Arrows in A point to the position of cofilin-actin rods in images of cofilin immunostained and the (Figure legend continues.)
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tion in the glutamate induction of rods in an effort ultimately to
understand how environmental factors generate the cytoskeletal
pathology typical of both sporadic and familial AD.

Materials and Methods

All chemical reagents are from Sigma-Aldrich, and all tissue culture and
fluorescence reagents are from Life Technologies (Invitrogen) unless
otherwise indicated. Cofilin structures are derived from the PyMol pro-
gram (Schrodinger) using the structural coordinates for cofilin (1Q8) in
the Protein Data Bank.

Neuronal cell culture. All mice and rats of either sex were handled accord-
ing to National Research Council’s Guide to the Care and Use of Labo-
ratory Animals as approved by the Institutional Animal Care and Use
Committee. Rat E18 cortical and hippocampal neurons were obtained
from timed-pregnant dams (Harlan) and were prepared as previously
described (Minamide et al., 2000). Cells (50,000) were cultured in 150 ul
of Neurobasal medium (Invitrogen), supplemented with B-27, Glu-
taMax (25 ul/10 ml), and 100 pg/ml penicillin/streptomycin. They were
plated on poly-p-lysine-coated no. 1.5, 22 mm square glass coverslips
(Glaswarenfabrik Karl Hecht KG) fixed with high vacuum grease (Dow
Corning) to 8 X 8 mm glass cloning cylinders (Bellco Glass).

Adenoviral infection and cell treatments. Cultures were maintained in
a 5% CO, incubator at 37°C for 3 d before infection at 100—-200
multiplicity-of-infection. Experiments were performed 3 d after infec-
tion. Human cofilin constructs [wild-type (wt); C39A; C139A; C147A;
CC39,147AA], resistant to human cofilin siRNA silencing, were fused to
monomeric Red Fluorescent Protein [mRFP (Campbell et al., 2002)] for
virus production as described earlier (Minamide et al., 2003). Transgene
expression in hippocampal cells followed Garvalov et al. (2007).

For rod induction, cells were treated for 30 min at 37°C with either 300 pm
L-glutamate, 10 um H,O, in cell culture medium, or 10 mm Na azide/ 6 mm
2-deoxy-D-glucose in PBS to block synthesis of ATP and thus deplete it. In
some cases, rods were reversed with 4 um B-mercaptoethanol (Arcos Organ-
ics). For AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
experiments, the following glutamate antagonists were added 15 min before
glutamate: DNQX (6,7-dinitroquinoxaline-2—3-dione; 50 um), AP5 (DL-2-
amino-5-phosphonopentanoic acid; 100 um), and (R,S)-MCPG [S(+)-a-
Amino-4-carboxy-a-methyl-benzeneacetic acid; 500 um]. In agonist
experiments, the agonist alone or combinations of agonists were added:
AMPA (25 pum); NMDA (N-methyl-p-aspartic acid; 100 um); and DHPG
[(S)-3,5-dihydroxyphenylglycine;100 um], a metabotropic glutamate re-
ceptor agonist. In other experiments, after cells were stressed, they were
incubated either for 30 min at 37°Cin 30 um ThiolTracker Violet (Invitrogen
Cat. no. T10095) or for 10 min in 1 um MitoTracker Green FM (Invitrogen
Cat. no. M7514), a dye whose uptake is insensitive to mitochondrial mem-
brane potential; they were then washed and fixed. These reagents were stored
frozen in DMSO (—20°C).

For knock down experiments, 3 d after plating rat hippocampal neu-
rons were infected with AdTrack virus for coexpression, driven by sepa-
rate promoters, of GFP and of a hairpin RNA to generate a rat cofilin
siRNA. In control cells, a hairpin RNA with no target in rat neurons and
GFP were coexpressed; this hairpin RNA generates a siRNA targeted to
mouse ADF. Three days later the neurons were also infected with virus
for expression of wt cofilin-mRFP or CC39,147AA cofilin-mRFP. Two
days after the last infection, GFP-positive neurons were scored for cofilin—
mRFP rods.

Immunocytochemistry. Cells were fixed in 0.1% glutaraldehyde for 10
min at room temperature, permeabilized with methanol (chilled at
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(Figure legend continued.)  absence of ((39,147AA-mRFP in those same rods in mRFP im-
ages. In B-D, single mutants fused to mRFP show similar high concentrations in rod regions as
do immunostained cofilin and wt-mRFP (E). Only the ((39,147AA-mRFP mutant does not ac-
cumulate in the regions ofimmunostained rods. Scale bars: (in large panel of 4) all large panels
A-E, 10 pm; (in small panel of A) all small panels A-E, 5 m. F, In molecular models red
semiellipses in a indicate residues that engage in intermolecular disulfide bonds (Pfannstiel et
al., 2001) and in b the ellipses indicate the two most likely intramolecular bonds (Klamt et al.,
2009; Klemke et al., 2008).
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—20°C) and NaBH, (10 mg/ml) for 3 min and blocked with 2% goat
serum in 1% bovine serum albumin/ Tris-buffered saline before immu-
nostaining. Primary antibodies were the same as used for immunoblot-
ting: actin (clone C4, MP Biomedicals) and affinity purified rabbit
polyclonal 1439 (2 ng/ul), a pan antibody for mammalian ADF and
cofilin-1 (Shaw et al., 2004). Secondary goat anti-rabbit antibodies (1:450
dilution) were labeled with fluorescein, Alexa 648, or Alexa 488. Cover-
slips were mounted with ProLong Gold Antifade (Invitrogen).

Fluorescence microscopy and image analysis. An Olympus IX81 micro-
scope was used that was equipped with a heated, programmable encoded
ASI piezo stage (Applied Scientific Instrumentation), CSU22 spinning
disk confocal head (Yokogawa Instruments), diode lasers (440 nm, 660
nm, Cobalt; 473 nm, 561 nm, Crystal), xenon lamp, a 1K X 1K Cascade
I EMCCD camera (Roper Scientific), and PlanApo/340 40X (1.35 NA),
PlanApo N 60X (1.42 NA), and UPlanSApo 100X (1.40 NA) objectives.
The imaging system is controlled through SlideBook v.5 (Intelligent Im-
aging Innovations). All image analysis was done on maximum intensity
projections of 3—4 optical slices using MetaMorph v.7.7 (Molecular De-
vices) with data transferred to Excel 2007 (Microsoft). In all experiments,
only cells with similar moderate levels of expressed protein were com-
pared. Expression levels were estimated from the intensity average of the
largest square region that could be fit into the soma. Statistical signifi-
cance was calculated using Student’s ¢ test. Asterisks on figures indicate
significant difference between treatment groups at the p < 0.01 confi-
dence level.

Rod isolation, SDS-PAGE, and immunoblotting. Rat E18 cortical neu-
rons and human epithelial A431 cells were ATP depleted (as above
described) to generate rods. Rod isolation, SDS-PAGE, and immuno-
blotting were done as previously described (Minamide et al., 2010) with
the following modification. The rod preparations were divided equally
into two Microfuge tubes. lodoacetamide (IAA) in Pipes buffer was
added (2.5 mM final) to both tubes before cell lysis and incubated for 10
min at room temperature. SDS (1% final) in Pipes buffer with dithio-
threitol (DTT, 10 mMm) was added to one tube and without DTT to the
other before both were incubated for 30 min at room temperature. The
proteins were then precipitated with chloroform and methanol (Wessel
and Fliigge, 1984). Pellets were resolubilized in SDS buffer with or with-
out DTT and separated on 15% isocratic SDS polyacrylamide gels, and
Western blots were prepared. The primary antibodies were those used for
immunocytochemistry; secondary antibodies conjugated to Dy-Light
were used with the Li Cor Biosciences Odyssey scanner to visualize bands.

Cofilin/F-actin sedimentation assay. Chicken actin was purified
(Pardee and Spudich, 1982) and assembled (18.7 um) for 2 h at room
temperature in F-actin buffer (mm: 100 KCl; 2 MgCl,; 0.2 ATP; 0.2
EGTA; 0.5 DTT; 10 Pipes pH 6.8). Human cofilin and mutant forms were
expressed in bacteria and purified on a dye matrix Green A column
(Giuliano et al., 1988). F-actin (5 uMm) was incubated in F-actin buffer
with increasing amounts of cofilin (0, 2.5, 5, 10, 20 um) and centrifuged
at 250,000 X g, 20°C, 30 min. Under these conditions, cofilin alone did
not sediment. Starting material, pellet, and supernatant fractions were
separated by standard 15% isocratic SDS-PAGE. Proteins were detected
by Coomassie Blue R gel staining. Gels were imaged with a Star CH 250
CCD camera (Photometrics), and images were quantified by Total Lab
1D gel software (Nonlinear Dynamics).

Results

Cofilin incorporation into rods depends on intermolecular
disulfide bonds

To test the importance of cofilin oxidation in the glutamate in-
duction of neuronal rods, we mutated cysteine residues that were
suggested by in vitro studies to be involved (Pfannstiel et al.,
2001). The single C/A mutants (C39A, C139A, C147A), double
mutant (CC39,147AA), and wt cofilin were fused to mRFP and
expressed in rat E18 hippocampal neurons via adenoviral infec-
tion. These are hereafter referred to as C39A-mRFP, C139A-
mRFP, C147A-mRFP, CC39,147AA-mRFP, and wt-mRFP.
Figure 1A shows a representative sample of images from eight
experiments, performed over several months, that consistently
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Figure 2.  Of the (/A mutants tested, only ((39,147AA-mRFP, the sole mutant incapable of intermolecular bond formation,
ineffectively incorporates into rods. A, B, Examples of images and line scans used to quantify protein distributions. In A the
immunostained protein distribution along the length of the neurite differs visibly from that of CC39,147AA-mRFP in the images
and in the intensity plots. In contrast in row (B), immunostained cofilin and expressed wt-mRFP have visually indistinguishable
distributions. Correlation coefficient analysis of the cofilinimmunostain and cofilin-mRFP intensities in a line scan along the length
of aneurite was used to compare quantitatively the distributions of stained and expressed proteins; the line scans included at least
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and robustly show the near absence of
CC39,147AA-mRFP in cofilin immuno-
stained rods of glutamate stressed cells;
rods were detected with an antibody spe-
cific for ADF/cofilin (Shaw et al., 2004). In
stark contrast to the CC39,147AA-mRFP,
wt-mRFP and all single C/A mutant
cofilin-mRFP consistently incorporate
into rods immunostained for cofilin. Only
25% of cells with expressed CC39,147AA-
mRFP and immunostained rods have
CC39,147AA-mRFP in rods. In those cells
with CC39,147AA-mRFP in rods, only
20% of the immunostained rods have
CC39,147AA-mRFP. Thus CC39,147AA
is found in 95% fewer immunostained
rods than wt-mRFP or singly mutated
cofilin-mRFP. Moreover, in neurites with
immunostained rods showing the pres-
ence of CC39,147AA-mRFP, the distri-
bution of immunostained cofilin and
CC39,147AA-mRFP is quite different,
whereas the distribution of immuno-
stained cofilin and mRFP-tagged cofilin
wt or singly mutated cofilin is similar (Fig.
1B-E) as quantified below. Molecular
models (Fig. 1F) show the most likely res-
idues involved in cofilin intramolecular
and intermolecular bridging (Klamt et al.,
2009; Klemke et al., 2008; Pfannstiel et al.,
2001) (for review, see Bernstein and Bam-
burg, 2010).

To compare quantitatively the distri-
bution pattern of each exogenous protein
with immunostained cofilin in neurites
with rods, in the immunostained image, a
one-pixel wide line was drawn through
the center of the neurite along a length
thatincluded at least one rod; the line scan
was then transferred from the immuno-
stained image to the mRFP image. Corre-
lation coefficients of the distributions of
the exogenous proteins and immuno-
stained proteins were calculated from the
intensities of the pair of line scans. This
analytical approach is shown in the indi-
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oneimmunostained rod. The plotsin Aand B show the protein
intensities along the lines drawn through neurites in the
merged images of each row. The higher the correlation coeffi-
cient the greater is the tendency of expressed protein to local-
ize with immunostained rod protein. A perfect coincidence of
localizations would have a correlation coefficient of 1.0. C, A
correlation coefficient analysis of all rods in the first 18 ran-
domly selected microscope fields of two experiments shows
that all three single mutant cofilin-mRFPs incorporate into
stained rods as effectively as wt-mRFP. In contrast,
(C39,149AA-mRFP has a greatly reduced colocalization with
stained rod cofilin (p < 0.01). Data are mean of two similar
experiments; error bars are SEM of >80 rods; ((39,147AA-
mRFP is significantly different from other four (p < 0.01).
Scale bar, 5 m.



6674 - J. Neurosci., May 9, 2012 - 32(19):6670 — 6681

vidual examples of Figure 2, A and B, and
demonstrates that mRFP-proteins with
mutation of the single C39, C139, or C147
residue have the same tendency to be in-
corporated with high efficiency into rods
as wt-mRFP (Fig. 2C). Each of these four
proteins has a high correlation coefficient
with immunostained cofilin. It is impor- B
tant to note that the single mutants can

still form intermolecular C39-C147 disul-

fide bonds with endogenous cofilin, e.g.,

the C147A cofilin can still link through its

unmutated C39 to the C147 of endoge-

nous cofilin; similarly, C39A cofilin can

still link through its unmutated C147 to

the C39 of endogenous cofilin. The C139

can, under oxidizing conditions, engage

in intramolecular disulfide bonding

(Klamt et al., 2009; Klemke et al., 2008),

while the C147 is involved in both intra-

molecular and intermolecular bonds

(Klamt et al., 2009; Klemke et al., 2008; D
Pfannstiel et al., 2001). A significant de-
crease in incorporation into rods, re-
flected in the reduced correlation
coefficient with stained cofilin, is seen
only with the double mutant, CC39,
147AA (Fig. 2A,C). Hence the ability to
form the C39-C147 intermolecular bond
is needed for efficient incorporation into
rods. We have observed similar results in
human epithelial carcinoma cells line
(A431) and porcine kidney cells (A4.8;
data not shown). In these cases, ATP de-
pletion, rather than glutamate excitotox-
icity, was used to generate rods. The
C39A, C139A, and C147A cofilin mutants
fused with mRFP are incorporated into
rods as efficiently as wt-mRFP, but rod
incorporation of CC39,147AA-mRFP is
greatly reduced.

The rabbit polyclonal antibody 1439
(Shaw et al., 2004), used to localize endoge-
nous cofilin, also cross reacts with cofilin-
mRFPs, i.e., the endogenous form of cofilin
is not the only one immunostained. This cross reactivity with cofilin-
mRFPs has the potential to increase erroneously the correlation
coefficient between endogenous cofilin and all mRFP-
proteins, including CC39,147AA-mRFP. Thus, we repeated the ex-
periments of Figures 1 and 2, but rather than comparing mRFP-
proteins to immunostained cofilin, we compared them to a form of
wt cofilin fused to Green Fluorescent Protein (Xenopus ADF/cofilin-
GFP). The correlation coefficients between cofilin-mRFP pro-
teins and XAC-GFP (rather than immunostained cofilin) also
support the thesis that intermolecular disulfide bonds are needed
for cofilin to be incorporated into rods (Fig. 3). Once again,
CC39,147AA-mRFP only weakly colocalizes with a wt cofilin, this
one GFP-tagged XAC; whereas wt-mRFP strongly colocalizes
with XAC-GFP (Fig. 3E). The double mutant, with inability to
form intermolecular bonds, has reduced robustness of incorpo-
ration into rods.

It is important to determine whether the double mutant in-
teracts normally with actin, because, if it does not, it would not be

Figure 3.

A cofilin immunostain

cofilin immunostain

[

cofilin immunostain

cofilin immunostain

Bernstein et al. e Cofilin Oxidation in Rod Formation

wt cofilin-mRFP

CC39.14TAA-MRFP

7

wt cofilin-mRFP

CC39,147AA-mRFP

E B
L 10 —
c
2 i
S 08
5
o 06
v
c
LS o4
=]
)
5 " l
=
[=}
v
0 &
QSQ .’@\0 L;@ qg‘l
& < N £
N & S 3
S & & s
& \ q\\@ Q\“
& & & &
&£ ¥ S &
A & & S
& & R

Comparing mutant cofilin-mRFP incorporation into rods with that of a wt cofilin-GFP rather than with immuno-
stained cofilin. Aand B are confocal images of typical cofilin-immunostained cells, expressing wt XAC-GFP (a Xenopus ADF/cofilin),
and also expressing either wt-mRFP or C(39,147AA-mRFP, respectively. Cells were glutamate-stressed as in previous experiments.
Cand D are enlargements of the boxed areas in A and B, respectively. Correlation coefficient analysis (E) was performed as in
experiments of Figure 2. The correlation coefficient of wt XAC-GFP with (C39,147AA-mRFP is significantly lower than it is with
wt-mRFP (p < 0.01). Scale bars: (in A) A, B, 20 um; (in D) G, D, 5 um.

expected to incorporate into rods, and thus its failure to do so
would not be evidence for the importance of intermolecular co-
filin bridging in rod formation. Figure 4 shows the results of
equilibrium binding sedimentation studies. The CC39,147AA
cofilin binds F-actin (A) and increases the supernatant actin pool
(B) identically as wt cofilin. R21Q cofilin is another mutant that
does not incorporate into rods, but, unlike CC39,147AA cofilin,
it binds F-actin inefficiently.

The dependence of rod formation on intermolecular disulfide
bonds is not unique to glutamate excitotoxic stress. Correlation
coefficient analysis of cofilin immunostaining and mRFP-tagged
cofilin shows the same dependence on intermolecular bonds
when neurons are ATP depleted (Fig. 5A). However, ATP deple-
tion for 30 min generates rods in almost three times more cells
than does glutamate (Minamide et al., 2000).

The partial incorporation of CC39,147AA-mRFP into rods
may simply be due to its binding to F-actin in rods that are initi-
ated by endogenous cofilin and actin. To probe this possibility,
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Data were fitted with a linear trendline and show that the binding of C(39,147AA cofilin to
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Figure 5.  In cofilin-silenced hippocampal neurons, overexpressed ((39,147AA-mRFP produces

fewer cells with rods than does wt-mRFP. A, Experiments described in Figure 1 were repeated with
either glutamate stress or ATP depletion (Minamide et al., 2000). Rods generated through energetic
stress have the same dependence on cofilin intermolecular bonding as glutamate-induced rods. B,
Immunostaining indicated that silencing reduced cofilin 50%. Two forms of cofilin were overex-
pressed, and ATP was depleted. ((39,147AA-mRFP is found in rods in far fewer cofilin-silenced cells
than is wt cofilin-mRFP. Cells with 50% endogenous cofilin (i.e., those silenced for cofilin expression)
incorporate less mRFP-tagged cofilin than do control cells. Data are the mean and SD of three experi-
ments. Asterisks indicate differences significant atp << 0.01.

rod formation from endogenous proteins was reduced by silenc-
ing cofilin. Three days after plating, hippocampal neurons were
infected with an AdTrack adenovirus coexpressing behind sepa-
rate promoters GFP and a hairpin RNA to generate a rat cofilin
siRNA. Control hippocampal cells were infected with virus for
coexpression of GFP and a hairpin RNA that has no target in rat
neurons. Immunostaining of GFP-expressing cells indicated that
endogenous cofilin was reduced ~50% in cofilin-silenced cells
compared with control cells. In control cells expressing wt-
mRFP, the percentage of cells with cofilin-mRFP rods (85%) is
higher than in cofilin-silenced cells (65%). If CC39,147AA-
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mRFP is expressed, rather than wt-mRFP, the percentages are
further reduced to 55% for control cells and 22% for cofilin-
silenced cells (Fig. 5B). Thus, in cells expressing either the double
mutant or wt cofilin, the percentage of cells with cofilin-mRFP
rods is lower when endogenous cofilin is lower. This supports the
idea that the CC39,147AA mutant cofilin does not initiate rod
formation but binds to rods formed from endogenous proteins
(Fig. 4). Its inability to form intermolecular bonds reduces the
robustness of its incorporation into rods, as seen in the reduced
percentage of neurons with CC39,147AA-mRFP in rods com-
pared with immunostained neurons (25%), the reduced number
of double mutant rods per neuron compared with immuno-
stained neurons (20%), and the low correlation coefficient for
CC39,147AA-mRFP and immunostained cofilin in those few
neurites that have rods (Figs. 1-3). The binding of the double
mutant to actin is probably responsible for its appearance in a
limited number of rods (Fig. 5B).

Oxidation and rods induced by glutamate and AMPA

If we are correct in thinking that excitotoxic levels of glutamate
induce cofilin oxidation and that the oxidation of cysteine resi-
dues in cofilin is important in the formation of rods, one would
expect that reducing the oxidative state of cells would decrease
rods. In fact, a reducing agent (Sakatani et al., 2008) does do this
when rods are generated through the overexpression of cofilin-
mRFP. A15 min incubation in 4 uM B-mercaptoethanol effec-
tively reverses rods in cells at all levels of cofilin-mRFP expression
(Fig. 6A,B). Parallel cultures, not exposed to reducing agent,
have abundant prominent rods (Fig. 6A). Since rod formation
increases with expression level, it is important to show that con-
trol and experimental cells had comparable levels of cofilin-
mRFP (Fig. 6 B). In fact, in the duplicate experiments performed,
the distribution of expression intensity in control and experi-
mental cells was very similar (Fig. 6C).

The oxidation levels seen in and near regions of rods are con-
sistent with oxidation being an important factor in rod forma-
tion. Thiol Tracker Violet (TTV), a fluorescent reagent, binds
irreversibly to only reduced (i.e., free) sulfthydryl groups so the
greater the staining intensity, the greater the reduced state (Man-
davilli and Janes, 2010). In all cells, those with rods generated
only through cofilin overexpression (control cells) and those cells
overexpressing cofilin but also stressed by peroxide or glutamate,
the rods show lower levels of free sulthydryl groups (i.e., greater
oxidation) than comparably dense regions of cofilin that lack rod
morphology (Fig. 6 D, E). The oxidation state of both rods and
cofilin-enriched nonrod regions are similarly high in glutamate-
and peroxide-treated cells and exceed those of control cells (Fig.
6E). This lower oxidation state in control cells (i.e., those with
rods generated only by cofilin overexpression) may explain why
these rods can be reversed by 3-mercaptoethanol, but glutamate-
and peroxide-induced rods cannot (Fig. 6 A, B).

We also considered the thiol staining in domains just outside
rods and nonrod regions. With glutamate treatment and cofilin
overexpression (control), the ratio of inside/outside TTV inten-
sity is similar for rods and nonrod regions (Fig. 6 F), indicating
that the regions outside glutamate- and overexpression-induced
rods also have fewer free sulthydryl groups than nonrod regions
in the same neurites. This negative correlation between sulfhy-
dryl groups and rods suggests that oxidative state, as well as re-
duced ATP level (Bernstein et al., 2006), is a key factor
determining the location of rod appearance in neurites.

Although TTV quantification does not indicate a lower oxi-
dation level in glutamate-treated neurites compared with perox-
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ide treated (Fig. 6 E), the greater oxidizing
potency of peroxide is suggested by the
greater translocation of wt cofilin to mito-
chondria in peroxide-treated cells com-
pared with glutamate-treated cells (Fig.
7A). Here, correlation coefficient analysis
was used to analyze the localization of dif-
ferent cofilin-mRFP mutants in regions of
mitochondria. The fixable dye MitoTracker
Green FM was used to stain all mitochon-
dria. Peroxide drives more C139A-mRFP,
as well as wt cofilin, to mitochondria, than
glutamate does. Because the single C139A
and single C147A mutants are each capable
of forming only one of the two intramolec-
ular disulfide bonds most likely responsible
for mitochondrial translocation (Klamt et
al,, 2009), C139A-mREP has less tendency
to move into mitochondrial regions than
does wt cofilin. Not surprisingly, mutation
of both C39 and C147 eliminates the move-
ment entirely by blocking formation of both
predominant intramolecular  disulfide
bonds, C39-C80 and C139-C147 (Fig. 1F).

We explored several possible mecha-
nisms through which excitotoxic levels of
glutamate may lead to cofilin oxidation in
neurons. The first is by attenuating uptake
of cystine. Cystine, the disulfide form of
cysteine, is a rate-limiting component of
glutathione synthesis, particularly impor-
tant at times of stress. Glutamate excess
lowers cellular glutathione by blocking
cystine uptake (Schubert and Piasecki,
2001). Figure 7B shows that the inclusion
of 100 uMm cystine along with glutamate
dramatically reduces the percentage of to-
tal cells with rods and the number of rods
per cell (rod indices). Because the typical
growth medium used has B27 supple-
ment, which contains glutathione, it is
necessary to remove the supplement to
preserve cystine during the glutamate ex-
posure. Neither this medium modifica-
tion nor 30 min exposure to cystine alone
produces rods. The second mechanism
through which excitotoxic levels of gluta-
mate can cause cofilin oxidation involves
the potential energetic stress of overload-
ing the cells with Na® and Ca®". The
elevated ATPase activity engaged to re-
store normal ionic gradients may de-
plete enough ATP to elevate reactive
oxygen species (Vanden Hoek et al,
1998; Baker, 2004). Indeed, we found
that ouabain, a specific inhibitor of the
Na */K "-ATPase, if included with gluta-
mate during rod generation, lowers rod
generation (Fig. 7C).

To further characterize glutamate rod induction, we consid-
ered the pharmacologically distinguishable glutamate receptors
and found that the AMPA receptor is singularly important (Fig.
8A). Of all glutamate receptor agents tested, only AMPA and
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Figure6. Measurement and manipulation of sulfhydryl oxidation in and near regions of rods. A, B-Mercaptoethanol reverses

rods generated through wt cofilin-mRFP overexpression. These two confocal images show neurons with overexpressed wt-mRFP
that were incubated for 15 min with and without 4 um 3-mercaptoethanol (37°C) before being fixed. Images were taken of the
first 20 contiguous microscope fields encountered in each of two experiments. B, Because rod generation increases with the level
of cofilin expressed (Minamide et al., 2000), we compared rod statistics only in cells with comparable levels of expressed wt
cofilin-mRFP, hence the binning of mRFP intensity levels. C shows similar intensity distribution in control and experimental dishes
measured after fixation. D, Left-hand confocal image shows neurites with comparable intensities of wt cofilin-mRFP in rod and
nonrod regions. Right panel shows the same microscope field, stained with Thiol Tracker Violet (TTV). TTV is a fluorescent indicator
that binds free (i.e., reduced) sulfhydryl groups (Mandavilli and Janes, 2010). E shows the mean maximum TTV intensity of each
line scan drawn perpendicular to the neurite through the center of the rod or nonrod regions. In control cells rods were generated
through cofilin overexpression alone. Inall cells TTV intensity shows higher levels of free sulfhydryls in nonrod than rod regions (E).
There are also higher levels of free sulfhydryls in the rod and nonrod regions of control cells compared with those structures in
glutamate- and peroxide-treated cells. Asterisk indicates significant difference at the p << 0.01 confidence level. Rod and nonrod
TTVintensity was also determined for regions adjacent to rods and nonrod regions (F). Data are the mean and SEM of all values from
three experiments; n = 150 for each treatment. Scale bar, 10 zem (in all cases).

DNQX, an AMPA antagonist, affect rod formation. DNQX, in
the presence of the antagonists of NMDA and metabotropic glu-
tamate receptors (“ant combo”), is no more effective in inhibit-
ing glutamate induction of rods than DNQX alone. NMDA and



Bernstein et al. @ Cofilin Oxidation in Rod Formation

A .
1.0 Wit
0.84
-
3
é 0.59 C139A
v
O 0.44
O 1
c |
o 0.24 |
S %
a1 |
(] 0 il I
S
B HzOz glut Hzoz [F
(9]
-0.2 1 glut
0.4
B
100 -
’3 -
=) 80 ~
(%]
Ke}
g e0- I
< - 1
2 40l
2
2,
it | M
NB(-)B27 glut glut + cystine
cystine
C
60 ,
3\0, 50+«
[%2]
g 40+
< 30+
@ 20
'8 10+ .
| I .
control glut glut + ouabain
ouabain

Figure 7.

J. Neurosci., May 9, 2012 - 32(19):6670 - 6681 * 6677

CC39,147AA
mRFP

MTG

=0 |
I 8-
%2}
© 6-
O .
i
2.4 v
NB(-)B27 glut glut + cystine
cystine
124
104 | i
O 3+ 4
O |
5 ‘
-8 44 I I
2 I
24 |
] l
04—  S—
control glut glut + ouabain
ouabain

Aspects of glutamate-induced oxidation of cofilin: mitochondrial targeting and rod inhibition by cystine and ouabain. 4, Hippocampal cells, expressing three different cofilin-mRFP

proteins, were loaded with the fluorescent mitochondrial marker MitoTracker Green FM (MTG), stressed with either glutamate or peroxide, fixed, and imaged. Line scans along neurites and centered
on mitochondria were used to measure the correlation coefficient of MitoTracker Green FM and cofilin. Arrows in confocal images indicate concentrations of MTG and either corresponding
concentration of wt-mRFP or the corresponding absence of CC39,147AA-mRFP. Scale bar, 2 um. B, C, Inclusion of 100 wum cystine or 50 wm ouahain in glutamate-stressing buffer attenuates
appearance of wt-mRFP rods. In all panels data are the mean and SEM of all values from two experiments; n = 90.

the metabotropic glutamate agonist DHPG, applied together or
individually, do not stimulate rod production. Moreover,
AMPA stimulation is unaffected by the NMDA antagonist
AP5. AMPA-rod induction shows the same dependence on in
termolecular disulfide bond formation as glutamate (compare
Figs. 2C, 8B). In contrast to glutamate rod induction, rod
indices with AMPA are not affected by ouabain. However, the
robustness of the AMPA response is attenuated by ouabain. In
ouabain-treated cells, we see a 50% decrease in wt-mRFP in-
tensity of rods when normalized to the cell body (Fig. 8C).
Presumably, ouabain preserves ATP and thus reduces oxida-
tion (Vanden Hoek et al., 1998; Baker, 2004) necessary for

cofilin-actin rod formation. Adding cystine to the AMPA/
ouabain incubation mixture had no effect on rod numbers
(data not shown) probably because, unlike glutamate, AMPA
does not block cystine uptake and reduce glutathione levels
(Schubert and Piasecki, 2001). Our findings suggest two
modes of glutamate-induced neuronal oxidative stress: ATP
depletion via hyperactivation of Na */K *-ATPase and gluta-
thione depletion via blockage of cystine uptake essential for
glutathione synthesis. Ouabain can attenuate the rod induc-
tion of AMPA, as well as glutamate, because AMPA and glu-
tamate can each overload neurons with Na™, but cystine
attenuates only glutamate effects.
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cofilin intermolecular bonding in rod
formation.

Figure8.  Within the glutamate receptor family, only activation of the AMPA receptor generates rods. A, AMPA, an agonist for
quisqualate- or AMPA-type glutamate receptors induces rods as effectively as glutamate itself in contrast to NMDA and a metabo-
tropic glutamate receptor agonist (DHPG). Similarly, only an AMPA receptor antagonist, DNQX, blocks rods in glutamate stressed

cells. Moreover, all three glutamate antagonists combined (ant combo) are no more effective in blocking glutamate rod induction

Discussion

This study suggests a new mode of cofilin
regulation in cells and a mechanistic link
between environmental factors and the
cytoskeletal pathology of several neurode-
generative diseases. Here, we provide evidence that the cofilin
intermolecular disulfide bond (C39-C147), shown to form in vitro
by cofilin oxidation (Pfannstiel et al., 2001), is critical for cofilin-
actin rod formation in neurons stressed by glutamate, AMPA, or
ATP depletion. We have also found the following: (1) that in neurites
reduced sulfhydryl groups are rarer in and near regions of rods com-
pared with nonrod compartments with similarly high cofilin con-
centration; (2) that rods, induced by cofilin overexpression in cells,
have lower levels of oxidation than rods induced by stress and can be
reversed by a disulfide reducing agent; (3) that extracellular cystine
or ouabain inhibits glutamate rod formation; (4) that NMDA and a
metabotropic glutamate receptor agonist do not induce rods, but the
glutamate receptor agonist, AMPA, does; (5) similarly, an AMPA

than DNQX alone. NMDA and metabotropic glutamate receptor antagonists have no effect. B, With AMPA, as with glutamate (Figs.
1-3), €39,147AA-mRFP is ineffectively incorporated into rods. Data of two experiments with 50 — 60 rods/experiment. Scale bar,
10 em. €, Ouabain addition to AMPA reduces wt-mRFP intensity in rods relative to somata. Data represents two experiments with
50— 60 rods/experiments. Scale bar, 20 pm.

receptor antagonist is able to block glutamate rod induction while
NMDA and metabotropic receptor antagonists fail; (6) that cofilin
movement into AMPA-induced rods depends on Na */K " -ATPase,
but indices of AMPA-induced rods do not; and (7) rods isolated
from neurons and human epithelial cells have DT T-sensitive cofilin
oligomers, notably dimers.

In 2001, Pfannstiel et al. demonstrated that cofilin in vitro can
be cross-linked by the zero-distance cross-linker, Ellman’s re-
agent (5,5'-dithio-2-nitrobenzoic acid) or by oxidized glutathi-
one, a far milder, more physiological oxidizing reagent
(Pfannstiel et al., 2001). The cofilin dimers and oligomers, so
formed, no longer have the actin dynamizing activity of mono-
mers, but do have the ability to bundle dramatically F-actin.
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Figure 9.  Rods isolated from stressed cells have DTT-sensitive higher molecular weight
forms of cofilin. Rods were induced by ATP depletion of cortical cells () or human epithelial
carcinoma A431 cells (B) and were isolated in the presence of IAA. Western blots for cofilin and
actin show DTT-sensitive cofilin bands running at higher molecular weights than monomeric
cofilin. The highest cofilin band in brackets migrates with the expected mobility of cofilin dimer
with no intramolecular bonds. Lower bands in brackets are probably dimers with one or two
intramolecular disulfide bonds.

Herein we focus on whether these oligomers are also involved in
the formation of rods in cells when they are stressed. The ultra-
structure of actin bundles formed in vitro resembles that of rods
seen in nerve cells (Maloney et al., 2005; Minamide et al., 2000).
Moreover, most stresses, capable of generating rods in cells, also
are immediately or eventually oxidizing. HPLC analysis of cofilin
proteolytic fragments revealed that mild oxidative stress is likely
to cause disulfide bonding between C39 and C147 of neighboring
cofilin molecules (Pfannstiel et al., 2001). More severe stress also
involves C80 and C139, generating one or even two intramolec-
ular disulfide bonds that distort the molecular structure. Cofilin
dimers and cofilin with a single intramolecular bond can still
bind actin, but not depolymerize it (Klemke et al., 2008;
Pfannstiel et al., 2001). Two intramolecular bonds distort cofilin
enough to prevent actin binding and produce a novel function,
the initiation of apoptosis. Cofilin with two intramolecular bonds
opens the permeability transition pore of mitochondria, releases
cytochrome ¢ (Luetjens et al., 2000), and thus triggers apoptosis
(Klamt et al., 2009).

To elucidate the link between cofilin oxidation and the cyto-
skeletal pathologies of familial and sporadic AD, we chose gluta-
mate as a model of oxidizing stress. Almost all rod-inducing stress
produces extracellular accumulation of glutamate, and excito-
toxic levels of glutamate elevate reactive oxygen species (Reyn-
olds and Hastings, 1995). Rods were found to be more abundant
in AD brain than in brain of cognitively normal individuals (Mi-
namide et al., 2000). They appear to be part of a feedforward
mechanism of AD that has the potential to explain the accelerat-
ing cognitive decline typical of the disease. The amyloid- pep-
tide induces rods in the dentate gyrus (Davis et al., 2009, 2011), a
structure with known learning and memory importance, and also
potentiates secretion of amyloid-f (Marsden et al., 2011). More-
over, rods appear to provide a scaffold for the accumulation of
phosphorylated tau which may enhance its conversion to neuro-
pil threads. These threads are a hallmark of AD whose abundance
correlates with the disease severity (Giannakopoulos et al., 2007).
If cofilin is silenced, phosphorylated tau is not recruited into
stress-induced striations (Whiteman et al., 2009; Bamburg et al.,
2010), the likely forerunner of striated neuropil threads (Velasco
etal., 1998). Hence, oxidative stress and rods likely could mediate
the transition of normal brain into sporadic AD brain. Interest-
ingly, protein oxidation, rather than lipid oxidation, is thought to
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be a key factor in the progression of mild cognitive impairment to
fully blown AD (Baldeiras et al., 2010).

Glutamate and peroxide differ in their oxidizing effects on
cofilin: peroxide generates rods in 80% fewer cells than gluta-
mate, causes cell death 24 h after washout (Minamide et al.,
2000), and, as shown herein, is much more effective in targeting
cofilin to mitochondria. The single mutant, C139A, can incorpo-
rate into rods as efficiently as wt cofilin, but it moves to mito-
chondria much less efficiently than wt. This reduction is
consistent with two intramolecular bonds being needed for
cofilin-dependent apoptosis (Klamt et al., 2009) and extends that
finding to primary neurons. These results are also consistent with
cofilin C39-C147 intermolecular bond formation being associ-
ated with rod formation and not mitochondrial translocation.
The double mutant is our only tested species incapable of inter-
molecular bond formation, and the only species that has robustly
reduced incorporation into rods. The simplest explanation for
CC39,147AA moving to mitochondria even less effectively than
C139 is the inability of CC39,147AA to form any intramolecular
(or intermolecular) disulfide bonds.

Glutamate can modulate cofilin activity through effects on
ATP levels, some of which are calcium related. Extreme levels of
intracellular calcium can deplete ATP either by over working
ATPases, meant to maintain homeostatic ion levels, or by impair-
ing mitochondrial oxidative phosphorylation. ATP depletion is
of particular concern with regard to rod formation. First, rapid
cofilin dephosphorylation and generation of reactive oxygen spe-
cies follow ATP depletion. Second, chronophin, a specific cofilin
phosphatase, unrelated to slingshot, is activated. Chronophinisa
member of the haloacid dehalogenase (HAD) superfamily
(Gohla et al., 2005) whose inhibition by hsp90 binding is ATP
dependent. Hence a decline in ATP results in chronophin activa-
tion of cofilin that was shown to be necessary for rod formation in
HeLa cells and primary neurons (Huang et al., 2008).

The oxidative effects of glutamate may stem also from either
reactive oxygen species associated with mitochondrial damage or
inhibition of cystine uptake (Schubert and Piasecki, 2001). Inhi-
bition of cystine uptake and a drop in ATP exhaust reserves of the
cell’s main reducing agent, glutathione. Glutathione synthesis
depends on cystine uptake and ATP. The ensuing oxidative stress
could activate cofilin and promote rods by releasing slingshot
from an activity-inhibiting complex with the multifunctional sig-
naling protein 14-3-3{. In HeLa cells oxidation of 14-3-3{ re-
leases cofilin and generates rods (Kim et al., 2009). In those HeLa
cells, which stably express eGFP-cofilinl, 500 uM peroxide does
not oxidize cofilin, whereas in human T cells as little as 50 um
peroxide does. HeLa cells may deactivate reactive oxygen species
more effectively than human T cells.

Glutamate induction of rods undoubtedly involves multiple
receptors and pathways, only some of which include calcium
transients. The phosphorylated, inactive form of cofilin does not
bind actin and does not incorporate into rods. Overexpression of
LIM kinase is sufficient to prevent neuronal rod formation in-
duced by amyloid-g (Davis et al., 2009). Cofilin dephosphoryla-
tion, which precedes rod formation, is likely in part a
consequence of calcium influx and the integration of multiple,
interlacing calcium-dependent pathways (Carlisle et al., 2008).
When conditions favor rod formation, the integration of these
pathways is expected to cause net dephosphorylation and conse-
quently abnormally high levels of active cofilin (Davis et al.,
2011). The calcium-dependent pathways include the following:
(1) calcineurin dephosphorylating and activating slingshot
(Wang et al., 2005) that activates cofilin directly by dephospho-



6680 - J. Neurosci., May 9, 2012 - 32(19):6670 — 6681

rylating it or indirectly by dephosphorylating LIMK (Soosairajah
etal., 2005); and (2) pCaMKII, p-synGAP, RasGRF1, PI3 kinase,
Tiaml, and Rac that are upstream of PAK and can inactivate
cofilin via LIMK or slingshot. We think the kinetics and/or bal-
ance of intensity of these glutamate-responsive, rod-forming
pathways could be shifted to produce instead preconditioning,
long-term depression, long-term potentiation, or lethality.

Yet another factor contributing to the probability of
glutamate-inducing rods is pH modulation of cofilin activity
(Bernstein et al., 2000; Frantz et al., 2008; Pavlov et al., 2006; Zhao
etal., 2010), since the energetic and oxidative stress of excitotoxic
glutamate acidifies cells (Reynolds and Hastings, 1995). Acidifi-
cation potentiates the salt bridges that promote the inactivation
of cofilin through binding to phosphatidyl inositol 4,5 bisphos-
phate (Zhao et al., 2010; Frantz et al., 2008). If acidification oc-
curred rapidly enough, it could attenuate the interaction of
cofilin and actin and inhibit rod formation.

Any process that modulates cofilin activity potentially alters
the probability of rod formation. Interestingly, a single stress,
such as ATP depletion, may generate a plethora of rods in min-
utes in one cell type and none in another. This range of cell
responses probably reflects the complexity and variability of co-
filin phospho-regulation and other cofilin modulatory mecha-
nisms (Bernstein and Bamburg, 2010). A detailed study of the
conditions and mechanisms that result in glutamate-inducing
rods rather than LTP, preconditioning, or cell death should en-
hance our understanding of rod function in neuronal cell biol-
ogy. From the current study of acutely dissociated, cultured
neurons, we have learned that oxidation, responsible for inter-
molecular bonding of cofilin, is also a likely cause of synaptic loss
and a potential mode of actin regulation in cells.
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