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Cofilin Aggregation Blocks Intracellular Trafficking and
Induces Synaptic Loss in Hippocampal Neurons”
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Background: Cofilin rods are associated with Alzheimer disease, but their pathological significance is unclear.

Results: Time-lapse imaging revealed that cofilin rods inhibit the movement of mitochondria and early endosomes. Cofilin rods
reduce dendritic spines and impair synaptic transmission. Cofilin rods are discovered in senile rat brains.

Conclusion: Cofilin rods block intracellular transport and induce synaptic loss.

Significance: Our work identifies a signaling pathway underlying neurodegeneration and brain aging.

Cofilin is an actin-binding protein and a major actin depo-
lymerization factor in the central nervous system (CNS). Cofi-
lin-actin aggregates are associated with neurodegenerative dis-
orders, but how cofilin-actin aggregation induces pathological
effects in the CNS remains unclear. Here, we demonstrated that
cofilin rods disrupted dendritic microtubule integrity in rat hip-
pocampal cultures. Long term time-lapse imaging revealed that
cofilin rods block intracellular trafficking of both mitochondria
and early endosomes. Importantly, cofilin rod formation
induced a significant loss of SV2 and PSD-95 puncta as well as
dendritic spines. Cofilin rods also impaired local glutamate
receptor responses. We discovered an inverse relationship
between the number of synaptic events and the accumulation of
cofilin rods in dendrites. We also detected cofilin rods in aging
rat brains in vivo. These results suggest that cofilin aggregation
may contribute to neurodegeneration and brain aging by block-
ing intracellular trafficking and inducing synaptic loss.

Actin dynamics is tightly regulated by a variety of actin-bind-
ing proteins (1-3). Cofilin is one of the major actin-binding
proteins in the brain and severs filamentous actin (F-actin) into
short segments and creates free barbed ends for actin elonga-
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tion (4—7). Cofilin is inactivated after phosphorylation of Ser®
by LIM kinase (8, 9). Phosphorylated cofilin can be reactivated
through dephosphorylation by phosphatase slingshot or
chronophin (10 -13). Together with LIM kinase, slingshot, and
chronophin, cofilin plays a critical role in neurite growth and
growth cone turning (14-18), receptor trafficking (19-21),
and dendritic spinogenesis and synaptic plasticity (20, 22—26).

Recent studies have identified cofilin-actin rods in the brains
of postmortem Alzheimer disease (AD)* patients and in trans-
genic animal models for AD (27-30). Rods were originally iden-
tified as actin-immunopositive inclusions (31), but subsequent
studies found that cofilin was also abundant in rods (27, 32).
Interestingly, cofilin-actin rods can be induced by amyloid 3
oligomers and oxidative stress (13, 27, 28, 33—35). Cofilin rod
formation may also be regulated by microRNAs (36). In the
hippocampus and cortex of AD patients or mouse models,
abnormal cofilin aggregation has been detected in amyloid 3
plaques and possibly tau tangles (27, 29, 37). In a Drosophila AD
model expressing human mutant tau®*°°¥, cofilin-actin rods
are found colocalizing with hyperphosphorylated tau (30).
These studies suggest a potential role of cofilin pathology dur-
ing neurodegeneration. However, how cofilin aggregation
impairs neuronal functions in mammalian central nervous sys-
tem has not been well understood.

In this study, we employed live time-lapse imaging to dem-
onstrate that the formation of cofilin rods block intracellular
organelle trafficking, including early endosomes and mito-
chondria. Rod formation also induces synaptic loss, as revealed
by the lack of pre- and postsynaptic markers and reduction of
dendritic spines in rod areas. When the number of cofilin rods
increases, the frequency of synaptic events is progressively
reduced. Interestingly, we have identified cofilin rods in senile
but not young adult rat brains, suggesting that cofilin rods may
be associated with brain aging.

“The abbreviations used are: AD, Alzheimer disease; a.u., arbitrary units;
EEA1, early endosome-associated antigen 1; mEPSC, miniature excitatory
postsynaptic current; ROI, region of interest; TTX, tetrodotoxin.
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EXPERIMENTAL PROCEDURES
Cell Culture

Hippocampal cultures were prepared similarly to our previ-
ous reports (38, 39). Hippocampal CA1-CA3 region was dis-
sected out from 18-day rat embryos of either sex, dissociated in
0.05% trypsin-EDTA solution, and plated on a monolayer
of cortical astrocytes. The culture medium contained 500 ml of
MEM (Invitrogen), 5% FBS (HyClone, Logan, UT), 10 ml of
B-27 supplement (Invitrogen), 100 mg of NaHCO,, 20 mm
D-glucose, 0.5 mM L-glutamine, and 25 units/ml penicillin/
streptomycin. Cultured hippocampal neurons were maintained
at 37 °C in a 5% CO,-humidified incubator.

Transfection

Calcium-phosphate transfection was performed similar to
the protocol previously described (40). Transfection efficiency
was optimized through short incubation of neurons with Ca®*/
phosphate/DNA mixture (25 min) and a washing phase with
10% CO,, preequilibrated transfection medium. Both improve-
ments increased transfection efficiency and reduced cell toxic-
ity by minimizing the formation of large calcium-phosphate
particles. After incubation, the precipitate was washed out with
10% CO, transfection medium three times and then incubated
for 6 min before being transferred back to the original wells.
Typically, each set of experiments was repeated by at least three
independent transfections.

cDNA Constructs

Human full-length cofilin constructs (peGFP-N1-cofilin-
WT/S3E/S3A and pmRFP-N1-cofilin-WT/S3A) were gener-
ously provided by Dr. James Bamburg (Colorado State Univer-
sity, Fort Collins, CO). GFP-Rab5 was a gift from Dr. Yong-Jian
Liu (University of Pittsburgh, Pittsburgh, PA). GFP-mito was
provided by Dr. M. Bienengraeber (Medical College of Wiscon-
sin, Milwaukee, WI).

Imaging

Phase-contrast and fluorescence images were obtained on an
inverted Nikon (Tokyo, Japan) TE 2000-S microscope using a
40X objective. Images were captured with a Hamamatsu
(Hamamatsu City, Japan) ORCA 100-cooled CCD camera
driven by Simple PCI software (Hamamatsu). Confocal images
were collected on an Olympus FV1000 confocal microscope.
Fluorescent images were processed with Adobe Photoshop
software.

Cells were quantified as having rods if they possessed at least
three rods, and each with a length = 3 um. Rod length varied
from 3 to 70 wm with an average between 5 and 10 wm. The
percentage of rod coverage of dendrites was measured by
Image] with Neuron] plugin, calculated by the total length of
rods divided by the total length of dendrites.

Long term time-lapse imaging was performed using an
inverted Olympus IX81 microscope using a 20X objective
equipped with an Ultraview VoX live cell scanning unit
(PerkinElmer Life Sciences). Cell culture dishes containing live
neurons and glial cells growing in culture medium were placed
in a chamber that was mounted on the XY stage of the micro-
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scope. The chamber had an automatic heating control unit to
maintain the temperature at 37 °C and an airflow system to
keep the chamber at 5% CO,. Image acquisition, analysis, and
movie construction were carried out with Volocity Software 5.0
(Improvision; PerkinElmer Life Sciences). The kymograph was
constructed using Image] software. The height of kymographs
represents recording time, and the width represents the length
of dendrites. To estimate the velocity of early endosome and
mitochondria movement quantitatively, we quantified moving
organelles in dendrites with or without cofilin rods. Time-lapse
images from 3 h before to 2 h after rod formation were included
for data analysis. The built-in functional module of Volocity
Software 5.4 was used to find and track objects before calculat-
ing the velocity of different organelles.

Immunostaining

Cultured Cells—Cells were rinsed with PBS twice and fixed
for 45 min in a solution of 4% paraformaldehyde and 0.1%
glutaraldehyde, pH 7.4. Fixation for 15 min was attempted but
could not fix cofilin rods. Coverslips were then rinsed three
times in PBS and permeabilized with 0.5% Triton X-100 in PBS
for 5 min or 98% methanol for 3 min. Permeabilization solution
was removed and washed three times with PBS. Primary anti-
bodies were added together with a donkey serum blocking solu-
tion in PBS and set to incubate overnight at 4 °C. The following
day, coverslips were rinsed three times in PBS for 15 min. Sub-
sequently, samples were incubated for 45 min in anti-mouse
Alexa Fluor 647-conjugated or anti-rabbit Alexa Fluor 546-
conjugated secondary antibodies (Invitrogen). Cofilin was
immunostained with rabbit polyclonal antibody (1:300; Cyto-
skeleton). Presynaptic nerve terminals were identified with a
mouse monoclonal antibody specific for SV2 (1:2000; Develop-
mental Studies Hybridoma Bank, University of Iowa, IA), and
glutamatergic postsynaptic puncta were identified using mouse
monoclonal antibody specific for PSD-95 (1:2000; Affinity
BioReagents, IL). Early endosomes were labeled with a mouse
monoclonal antibody specific for early endosome-associated
antigen 1 (EEA1) (1:200; BD Transduction Laboratories). Cov-
erslips were then rinsed six times in PBS for 15 min and then
mounted with mounting solution (50% glycerol, 50% 0.1 M
NaHCO3, pH 7.4) on glass slides.

Brain Sections—Brains were dissected out from six young
adult (3—4 months) Sprague-Dawley rats and six old rats (~2
years old) and fixed in 4% paraformaldehyde at 4 °C for 3 days
and then dehydrated with 20% sucrose overnight at 4 °C. Cor-
onal sections (30 wm) of cortex were made on a freezing
microtome (Microm, HM 400; Thermo Scientific) cooled by
dry ice, and tissue was mounted using a drop of PBS. Sections
were stored in cryoprotectant solution (20% sucrose, 30% eth-
ylene glycol, 0.02% sodium azide, in sodium phosphate buffer,
pH 7.4) until immunostaining (less than a week). Free-floating
sections were washed 3 times in PBS for 10 min. Sections were
permeabilized in 98% methanol for 20 min at —20 °C. Sections
were washed three times in PBS for 10 min and further permea-
bilized and blocked with an antibody dilution buffer (normal
donkey serum, 0.5% Triton X-100, and PBS) for 30 min at room
temperature. After blocking, sections were incubated overnight
at4 °C in rabbit polyclonal antibody to human cofilin (2 pg/ml;
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Cytoskeleton). Another cofilin antibody was a gift kindly pro-
vided by Dr. James Bamburg (27, 28). Both cofilin antibodies
gave similar results. Sections were washed three times in PBS
for 10 min and incubated with secondary antibody for 2 h (goat
anti-rabbit Alexa Fluor 546, 1:300, Invitrogen) in a dark box.
Sections were again washed three times in PBS for 10 min each
and then mounted onto glass slides with aqueous nonfluoresc-
ing mounting medium (Shandon Immu-Mount; Thermo Sci-
entific). Cofilin rods in brain sections were visualized using an
Olympus FV1000 confocal microscope. Z-stacks of 0.3—
0.4-pum slices were merged into a composite image.

In Vivo Quantification—For calculating SV2 fluorescent sig-
nal, oval regions of interest (ROIs) were drawn around rods of
varying sizes (5-15 wm) after compressing a series of confocal
images (Z-stack). Oval ROIs completely encompassed each sin-
gle rod and left ~3 um spacing around each side of the rod.
ROIs for non-rod areas and young cultures/cortices were
selected from the four corners of the image. ROIs were meas-
ured using the Olympus Fluoview 1000 image processing soft-
ware. Both cultured neurons and cortical slices used 60X with
digital zoom (1-2X).

Electrophysiology

Whole-cell patch clamp recordings were performed using
Multiclamp 700A amplifier (Axon Instruments) as described
before (38, 39). Patch pipettes were pulled from borosilicate
glass and fire-polished (4—6 megohms). The recording cham-
ber was perfused continuously with a bath solution containing
128 mMm NaCl, 30 mm glucose, 25 mm HEPES, 5 mm KCl, 2 mm
CaCl,, 1 mm MgCl,, pH 7.3 adjusted with NaOH. The pipette
solution contained 147 mm KCl, 5 mm Tris phosphocreatine, 2
mM EGTA, 10 mm HEPES, 4 mm MgATP, 0.5 mm Na,GTP, pH
7.3 adjusted with KOH. The membrane potential was clamped
at —70 mV. Data were acquired using pClamp 9 software, sam-
pled at 5 kHz, and filtered at 1 kHz. For local ejection of gluta-
mate, a fine pipette (1-2-pum tip) filled with glutamate (500
uM), 0.5 um TTX, and 20 puM bicuculline was positioned very
close to soma or dendrites (1-2 wm). A Picospritzer (Parker
Instrumentation) was used to eject glutamate with air pressure
of 10 p.s.i. and duration of 15 ms. Coverslips were oriented so
that the recorded dendrites or rods were perpendicular to the
ejecting pipette. Rods and control dendrites at similar distal
locations were selected for experiments. Bath solution with 0.5
M TTX and 20 uM bicuculline was perfused before and during
the ejection to block action potential and GABA, receptor
responses. Data were expressed as mean *= S.E., and an
unpaired Student’s ¢ test was used for statistical analysis unless
otherwise noted.

Drugs

TTX was purchased from Sigma and bicuculline from Tocris
(Ellisville, MO). All drugs were freshly diluted to final concen-
trations right before experiments.

RESULTS
Cofilin Rod Formation in Dendrites—Cofilin has high affinity

for actin and rarely forms aggregation in neuronal cells under
normal physiological conditions. However, under neuropatho-
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logical conditions such as AD or overexpressing cofilin in cells,
cofilin rod formation has been reported (26, 27, 41). Here, we
found that transfecting hippocampal neurons with wild-type
(WT) GFP-cofilin resulted in numerous cofilin rods (Fig. 14,
90% of neurons showed rods, # = 76). In contrast, overexpres-
sion of phosphomimetic GFP-cofilin mutant (S3E) resulted in
no cofilin rod formation (Fig. 1B, 0%, n = 36), whereas overex-
pression of constitutively active GFP-cofilin mutant (S3A)
resulted in reduced cofilin rod formation (Fig. 1C, 48% of
neurons showed rods, n = 21), suggesting that both cofilin
phosphorylation and dephosphorylation are required for rod
formation. Furthermore, coexpression of RFP-cofilin S3A and
GFP-cofilin S3E formed fewer rods compared with GFP-cofilin
S3A alone (Fig. 1, D-F, 33%, n = 66). Note that RFP-cofilin S3A
and GFP-cofilin S3E localized throughout the cytoplasm, but
only RFP-cofilin S3A concentrated in rods. Overexpression of
GFP or RFP alone never induced rod formation (data not
shown). These experiments suggest that the serine 3 residue
(S3) of cofilin is a critical regulation site for rod formation.

To better understand where cofilin rods are distributed in
neurons, we performed immunostaining with antibodies spe-
cific for the dendritic marker MAP2 and axon marker taul (Fig.
1, G-I). The majority of cofilin rods were found in distal (but
not apical) dendrites and only occasionally in axons (n = 11). It
is worth of noting that whereas most cofilin rods were in den-
drites labeled by MAP2, the actual intensity of MAP2 signal in
rod areas was greatly reduced compared with neighboring non-
rod dendritic branches (Fig. 1, J-L), suggesting that microtu-
bule integrity was impaired by cofilin rods.

Although high levels of active cofilin are sufficient to induce
rod formation, we tested whether a low level of cofilin signal in
dendrites may also be targeted for immediate rod formation. To
address this question, neurons were treated with glutamate
(200 um) or neurotoxic ATP depletion solution (Fig. 2). Immu-
nostaining of endogenous cofilin detected linear rod-like struc-
tures in distal dendrites after ATP depletion (Fig. 2, A and B) or
glutamate stimulation (Fig. 2, E and F), similar to previous
reports (13, 27, 41). Interestingly, overexpression of GFP-cofi-
lin plus glutamate or ATP depletion stimulation resulted in
immediate cofilin aggregation within minutes, not only in distal
dendrites but also in apical dendrites (Fig. 2, Cand D, and G and
H, 100% of neurons showed rods; ATP depletion, n = 23; glu-
tamate, 7 = 19). Nontransfected control neurons without any
stimulation showed no rods after immunostaining of endoge-
nous cofilin (Fig. 21). Thus, neurons with an increased level of
active cofilin are prone to form cofilin rods and that rod forma-
tion can be exacerbated by neurotoxic stimulations to affect all
regions of dendrites.

Cofilin Rods Block Intracellular Transport—To investigate
the functional consequences of cofilin rods, we first examined
the effect of cofilin rods on the localization of intracellular
organelles. We coexpressed RFP-tagged cofilin and GFP-
tagged Rab5, a small GTPase localized specifically to early
endosomes (42, 43), in cultured hippocampal neurons. We
found that Rab5-labeled early endosomes were largely absent in
rod areas or were stuck at either distal or proximal end of the
rods (Fig. 3, A-F, quantification shown in §). Similarly, immu-
nostaining with early endosome marker EEA1 confirmed the
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A CofilinWT

D CofilinS3

B CofilinS3E

C CofilinS3A

FIGURE 1. Cofilin rods form in distal dendrites. A, representative image shows cofilin rods (indicated by white arrowheads) in neurons transfected with
wild-type GFP-cofilin (7 days in vitro transfection and 9 days in vitro imaging). B and C, overexpression of GFP-cofilin S3E did not induce rod formation whereas
transfection of GFP-cofilin S3A did induce rod formation. D—F, coexpression of RFP-cofilin S3A and GFP-cofilin S3E resulted in rod formation with RFP-cofilin S3A
concentrating in rods and GFP-cofilin S3E largely absent in rods. Inset in left corner is the enlarged view of a cofilin rod. Note the presence of RFP-cofilin S3A but
not GFP-cofilin S3E in rod region. G-/, immunostaining with dendritic marker MAP2 (blue) and axon marker tau1 (red) showed that the majority of cofilin rods
were formed in distal dendrites and less in axons. J-L, enlarged view shows cofilin rods in dendrites versus axons. Note that MAP2 staining is significantly
reduced in rod areas, suggesting a possible destruction of microtubule integrity in rod regions. Scale bars, 20 um.

lack of early endosomes in rod areas (Fig. 3, G-L). Next, we
coexpressed RFP-cofilin with GFP-Mito to monitor mitochon-
dria distribution. GFP-Mito signal was also largely absent in rod
regions or trapped in-between rods (Fig. 3, M—R, quantification
shown in 7). Therefore, cofilin rod formation disrupted normal
distribution of intracellular organelles.

We further employed long term time-lapse imaging to mon-
itor intracellular organelle trafficking before, during, and after
rod formation (Fig. 4). Using GFP-Mito to label mitochondria,
we found that mitochondria moved freely before rod forma-
tion, as shown by the kymograph illustrating their trafficking
trajectory (Fig. 4Aa, green signal). However, coinciding with rod
formation (Fig. 4Ab, red signal, arrow indicates rod starting
point), the movement of mitochondria in rod areas was largely
arrested, represented by vertical lines in the kymograph (Fig.
4Ac). We quantified the velocity of mitochondria movement in
transfected cells before and after rod formation. Before rod for-
mation (3-h time period), mitochondria moved at a velocity of
0.57 £ 0.04 wm/min (1 = 132), whereas the velocity decreased
t00.36 = 0.05 wm/min (n = 40; p < 0.01, Student’s ¢ test) within
the 1st h of rod formation and further decreased to 0.21 = 0.03
pm/min (7 = 29; p < 0.001) within the 2nd h after rod forma-
tion. Control dendrites without rod formation did not show
significant changes in mitochondria movement in the same
time window (initial 3 h, 0.67 = 0.08 wm/min, n = 43; later 2 h,
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0.70 = 0.11 pm/min, n = 25; p > 0.7). Interestingly, even in a
non-rod area proximal to the soma and ~40 wm away from a
rod region (Fig. 4Aa, left), mitochondria movement was par-
tially inhibited, suggesting that the formation of cofilin rods can
affect the intracellular trafficking beyond rod regions. It is also
worth of pointing out that mitochondria were normally in elon-
gated shape before rod formation (Fig. 44a, top) but became
round after rod formation (Fig. 4Aa, bottom), suggesting that
mitochondrial function may also be compromised. Similarly,
Rab5-labeled early endosomes also moved freely before rod for-
mation (0.81 = 0.04 um/min, n = 207), but significantly
reduced the velocity after rod formation (0.44 = 0.05 wm/min,
n = 87; p <0.001) (Fig. 4B). Therefore, we conclude that cofilin
rod formation blocks intracellular transport, possibly through
the disruption of microtubule integrity shown by MAP2
staining.

Cofilin Rods Induce Synaptic Loss—We further examined the
effects of cofilin rods on synaptic structures and functions. To
examine synaptic changes, we first performed immunostaining
with antibodies specific for presynaptic marker SV2 and post-
synaptic marker PSD-95. Interestingly, there appeared to be a
significant reduction of both SV2 (Fig. 5, A-F) and PSD-95
puncta (Fig. 5, G-L) in rod areas. Quantitatively, the average
density of SV2 puncta in non-rod areas was 7.4 = 0.2/10 um
(n = 15) and significantly reduced to 1.4 = 0.4/10 wm in rod
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FIGURE 2. Neurotoxic stimulation induces cofilin rod formation. A, hippocampal neurons were immunostained with cofilin-specific antibodies after being
stimulated with ATP depletion medium (10 mm NaN; and 6 mm 2-deoxyglucose, 30 min). After stimulation, endogenous cofilin formed rod structures. B,
enlarged view of rods in A are shown. Cand D, neurons were first transfected with cofilin-GFP and then stimulated with ATP depletion medium. Note severe rod
formation in these cofilin-transfected neurons. E and F, glutamate (200 um, 30 min) stimulation induced endogenous cofilin rod formation. G and H, neurons
first transfected with cofilin-GFP and then stimulated with glutamate also showed severe rods. /, cofilin immunostaining affected nontransfected and non-
stimulated control neurons. Arrows point to growth cones with accumulated cofilin signal. Scale bar, 10 pm.

areas (n = 15; p < 0.001). Similarly, the average density of
PSD-95 puncta in non-rod areas was 7.2 * 0.2/10 um (n =
11) and decreased to 0.9 = 0.3/10 um in rod areas (n = 11,
p <0.001). We next employed patch clamp recordings to test
glutamate responses directly in the rod versus non-rod den-
dritic areas. A short pulse of glutamate (500 um, 15 ms) was
ejected through a micropipette (1-2 um) to soma, distal
dendrites, and rod areas (Fig. 5M). Glutamate application
induced alarge current at soma, a significant current at distal
dendrites, but a small current at rod areas (Fig. 5N). The
average current amplitude at rod areas was 42 = 10 pA (n =
7), significantly smaller than that at non-rod dendrites
(162 = 28 pA, n = 7, p < 0.01) (Fig. 50). Furthermore, we
found that dendritic spines were reduced in cofilin rod areas.
Control dendrites without rods showed a significant number
of spines (Fig. 5, Pand Q, 10.1 = 1.1 spines/50 um, n = 56),
whereas rod regions showed fewer spines (Fig. 5, R and S,
4.6 £ 0.9 spines/50 um, n = 18; p < 0.001). Together, these
results indicate that rod formation results in a significant
decrease of synapses.

Accumulation of Cofilin Rods Gradually Decreases Synap-
tic Transmission—In accordance with the morphological
reduction of synapses, electrophysiological analysis also
revealed functional impairment associated with cofilin rods.

S
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Although rods occurred in the majority of cofilin-trans-
fected neurons, the dendritic coverage by rods varied greatly
among transfected neurons, ranging from 1 to 50%. To ana-
lyze cofilin rod effects on synaptic transmission accurately,
we recorded on cofilin-transfected neurons with a wide
range of rod coverage, from mild to severe. Nontransfected
neurons served as controls. The miniature excitatory post-
synaptic currents (mEPSCs) were recorded in the presence
of TTX (0.5 um) and GABA , receptor blocker bicuculline
(20 um). Cofilin-transfected neurons with mild rods (<15%
rod coverage) showed frequency and amplitude of similar
mEPSCs to the nontransfected controls (Fig. 6, A, C, E, and
F). However, neurons with severe rods (>15% rod coverage)
showed a significant reduction of mEPSC frequency, but not
amplitude (Fig. 6, B, C, E, and F). When plotting the mEPSC
frequency against the percentage of rod coverage, it showed
a clear inverse relationship, that is, the more rods the less
synaptic events (Fig. 6D). Neurons with severe rods did fire
action potentials, suggesting that they were still viable (data
not shown). Together, these results suggest that a progres-
sive accumulation of cofilin rods will gradually induce syn-
aptic loss and eventually impair neuronal functions.

Cofilin Rods Discovered in Aging Brains—Cofilin rods have
been found previously in AD brains (27-30). Here, we discov-
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FIGURE 3. Lack of intracellular organelles in cofilin rod areas. A and B, coexpression of RFP-cofilin WT (colored green, A) and GFP-Rab5 (colored red, B) in
cultured hippocampal neurons. C, merged image. D-F, enlarged view revealing a lack of Rab5 puncta in rod areas. G and H, cofilin WT transfected neurons (G)
and EEAT immunostaining (H). |, merged image. J-L, enlarged view confirming the lack of early endosomes in rod areas. M-0O, coexpression of RFP-cofilin WT
(M) and GFP-Mito (N) to assess mitochondria distribution. P-R, enlarged view revealing a lack of mitochondria in rod areas. S, quantitative analysis of the
average fluorescence intensity of GFP-Rab5 in rod regions (17.0 = 2.7 a.u., n = 9, total rod length = 82 um) versus non-rod areas (58.2 = 4.4 a.u., n = 9, total
non-rod dendritic length = 85 um; ***, p < 0.001). T, quantitative analysis of the average fluorescence intensity of GFP-Mito in rod regions (13.0 = 1.3 a.u.,.n =
8, total rod length = 76 um) versus non-rod areas (37.1 = 4.2 a.u,, n = 8, total non-rod dendritic length = 101 um; ***, p < 0.001). Scale bars, 10 um.

ered that cofilin rods were also detectable in the brains of nor-
mal aging rats. Cofilin immunostaining were performed on cor-
onal sections of brain tissue dissected out from senile (23
months old) or young adult (3— 4 months old) rats. We detected
cofilin rods in the cortices of all six old rats examined (Fig. 7, A
and B). The rod size ranged from 3 to 20 wm with the majority
near 5 um. Rods were scattered in all regions of the brain and
different layers of cortex, with 2—10 rods/30-um coronal sec-
tion (>20 sections/animal analyzed). In contrast, young adult
rat brains rarely showed cofilin rods (Fig. 7, D and E). Because
cofilin rods induced synaptic loss in vitro, we further investi-
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gated whether cofilin rods in vivo also have such similar func-
tional consequence. Coimmunostaining of cofilin and presyn-
aptic marker SV2 revealed sparse SV2 puncta around the rod
areas in cortices of senile rat brains (Fig. 7C, quantified in G;
SV2 intensity in rod areas was 291 * 16 a.u., n = 122 rods; in
non-rod areas 630 = 31 a.u.; p < 0.001). In young adult brains,
the SV2 intensity (817 = 64 a.u.) was significantly higher than
that of senile rat brains (Fig. 7F, quantified in G), consistent
with a decline of synaptic density during brain aging (44).
Therefore, cofilin rod formation may contribute to synaptic
loss during normal brain aging.
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FIGURE 4. Time-lapse imaging showing the block of intracellular trafficking by cofilin rods. A, changes of mitochondrial trafficking before and after cofilin
rod formation. a, kymograph illustrating the spatial-temporal trajectory of GFP-Mito-labeled mitochondria (green) before and after rod formation. b, time-lapse
imaging of the formation of cofilin rods labeled by RFP-cofilin (red). Arrow indicates the start of rod formation. ¢, merged view of mitochondria and cofilin rods.
Note that the vertical lines of GFP-Mito signal in the kymograph represent arrested mitochondria, which coincides with the appearance of cofilin rods. Top and
bottom rows, distribution of mitochondria in dendrites at the beginning and end of time-lapse imaging. Note that besides rod formation, the shape of
mitochondria changed from elongated form into small round ones, suggesting possible functional change of mitochondria after rod formation. B, dendritic
trafficking of early endosomes also blocked after cofilin rod formation. a, kymograph illustrating the moving trajectory of GFP-Rab5-labeled early endosomes
(green) before and after cofilin rod formation. b, rod formation (indicated by arrow) labeled by RFP-cofilin (red). ¢, merged view of early endosomes and cofilin
rods. Note that early endosomes ceased to move upon the appearance of cofilin rods. In addition, the number of early endosomes in the end of imaging

(bottom row) was greatly reduced compared with the starting point before any rod formation (top row).

DISCUSSION

In this study, we demonstrated that cofilin rods impair neu-
ronal functions through two major mechanisms: (i) blocking
intracellular trafficking; and (ii) inhibiting synaptic functions,
including reducing synaptic proteins, receptor responses, den-
dritic spines, and impairing neurotransmission. Moreover,
cofilin rods are discovered in the brains of senile rats but not
young adults, indicating that cofilin aggregation may be associ-
ated with normal brain aging. Our studies suggest a cellular
mechanism of neurodegeneration in which cofilin rod forma-
tion disrupts microtubule integrity, blocks intracellular trans-
port, and induces synaptic loss (illustrated in Fig. 7H).

Cofilin Rods Block Intracellular Trafficking—Cofilin has
been shown to regulate secretory cargo sorting at the trans-
Golgi network, possibly through Ca®>" ATPase SPCAL1 (45, 46).
Such a role of cofilin in Golgi-related trafficking is likely regu-
lated by LIM kinase (47). Here, we further demonstrate that
cofilin regulates the trafficking of early endosomes and mito-
chondria. Our time-lapse imaging illustrated that the move-
ment of early endosomes and mitochondria was arrested within
minutes of the formation of cofilin rods. The rods formed dur-
ing our long term imaging process may be caused by both cofi-
lin accumulation and phototoxicity. Intracellular organelle
trafficking may be physically blocked by cofilin rods, as indi-
cated by frequent observations of early endosomes and mito-
chondria stalled at either proximal or distal end of rods. Occa-
sionally, these organelles can also be found in the middle of rod
areas, suggesting that rods may not completely block the pas-
sage of organelles in dendrites. Another mechanism for traf-
ficking block is the disruption of the transportation route. We
demonstrate that microtubule integrity may be impaired as
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shown by MAP2 dissociation from rod areas. Thus, in addition
to physical presence of rod structures, cell signaling pathways
may be altered during rod formation to affect intracellular traf-
ficking. In support of this notion, we found that even dendritic
areas not in the rod regions (at least 40 um away from rods,
proximal to soma) were affected in terms of intracellular
trafficking.

Early endosomes are critical for recycling and trafficking of
membrane proteins such as membrane receptors. Our live
imaging with GFP-Rab5 and immunostaining of EEA1 both
showed occlusion of early endosomes in rod areas. Therefore,
the lack of glutamate receptor responses at rod areas is likely
due to the block of glutamate receptor trafficking through recy-
cling endosomes. Indeed, AMPA receptor insertion into the
postsynaptic sites has been tightly regulated by cofilin (20) and
slingshot (21). The vesicular trafficking of acetylcholine recep-
tors in neuromuscular junctions is also highly dependent on
cofilin regulation (19). When cofilin rods formed in dendrites,
the receptor trafficking is hampered, and postsynaptic appara-
tus may be disassembled without continuing supply of recep-
tors and postsynaptic proteins.

Mitochondria are important energy source for cellular activ-
ities. The block of mitochondria transport by cofilin rods may
cut off the ATP supply necessary for the maintenance of synap-
tic structures. The ATP level in old rod areas has been reported
to be lower than non-rod areas (41). Conversely, ATP depletion
or oxidative stress also induces cofilin rods (13, 27, 35). Our
own study found that when the cofilin level is increased in neu-
rons, ATP depletion greatly enhances cofilin rod formation. In
addition to the block of mitochondria movement, we also dem-
onstrated that mitochondria undergo morphological changes
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FIGURE 5. Cofilin rods induce local synaptic loss. A-C, immunostaining of synaptic vesicle protein 2 (SV2), a presynaptic marker, in neurons transfected with
GFP-cofilin WT revealing lack of SV2 puncta in rod areas. D-F, enlarged view of cofilin rods and SV2 staining. G-/, immunostaining for PSD-95, a postsynaptic
marker, in GFP-cofilin WT transfected neurons showing loss of PSD-95 puncta within rod areas. J-L, enlarged view of cofilin rods and PSD-95 puncta. M, example
of a cultured hippocampal neuron transfected with GFP-cofilin WT used for whole cell patch clamp recording. Local glutamate ejection (500 um, 15 ms) was
applied at soma (1), distal dendrite (2), and rod area (3). N, glutamate responses from the same neuron at locations shown in M. O, quantitative analysis of
glutamate responses showing the average peak current from soma (279 =+ 63 pA), dendrite (162 = 28 pA), and rod areas (42 = 10 pA) (p < 0.01; n = 7). Scale
bars, 10 um. P, GFP-cofilin-transfected neuron with substantial rod coverage (21 days in vitro). Q, dendritic segment without much rod coverage showing many
spines. R, rod area with very few spines. S, quantitative analysis showing a significant reduction of spines in rod-containing dendrites (p < 0.001, n = 56 for

non-rod branch, n = 18 for rod branch).

from elongated to round-shaped structures after rod forma-
tion, an indication of a functional alteration. In addition, cofilin
has been shown to be translocated to mitochondria outer mem-
branes and induce apoptosis under stimulation of staurospo-
rine or oxidative stress (48, 49). Mitochondria dysfunction has
been closely linked to brain aging and neurodegeneration (50,
51). Therefore, the impairment of mitochondrial trafficking by
cofilin rods may have broad impact on neuronal functions,
including causing synaptic loss and inhibiting new synapse
formation.

Cofilin Rods and Synaptic Loss—As one of the major actin-
binding proteins, cofilin is enriched in growth cones (16, 18, 52)
and dendritic spines (20, 53—55). The formation of cofilin-actin
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rods may sequester local cofilin and actin in and around spines.
Because actin dynamics is crucial for spine structure and func-
tion (56 —58), cofilin rods may directly affect dendritic spines by
impairing actin dynamics. Indeed, cofilin has been suggested to
be an important regulator of spine morphology and plasticity
(20, 23, 53,59, 60). We compared rod-rich dendrites with non-
rod dendrites from the same neurons and found that cofilin
rods significantly reduced spine numbers in rod areas. This is
consistent with the reduction of postsynaptic puncta labeled by
PSD-95. The decrease of presynaptic puncta may be secondary
to postsynaptic loss, possibly due to the lack of retrograde signal
(61). The second mechanism for synaptic loss induced by cofi-
lin rods is due to the block of intracellular trafficking and hence
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FIGURE 7. Cofilin rods detected in aging rat brains. A, immunostaining of
cofilin in coronal sections (30 um) of cortex from senile rat (23 months). B,
enlarged local cortical region from (A) showing cofilin rods. C, coimmunos-
taining of cofilin and SV2 in senile cortex. Note the lack of SV2-positivie
puncta in rod areas. Average fluorescence intensity of SV2 in rod regions was
291 + 15,6 a.u. (***,p < 0.001; 122 rods; ~1,500 wm?) whereas non-rod areas
was 630 + 30.9 a.u. (~4,777 um?). Quantification is shown in G. D, immuno-
staining of young adult (3—4 months) rat cortex showed no cofilin rods. Cofi-
lin signal was diffuse throughout cortex. Eand F, coimmunostaining for cofilin
and SV2 in young adult cortex. Average fluorescence intensity of SV2 in
young cortex was 817 * 64.1 a.u. (~16,020 um?). G, quantitative analysis of
SV2 fluorescence intensity under various conditions. H, proposed model of
cellular events from rod formation induced by neurotoxic stimulation to syn-
aptic loss. Scale bar for A and D, 100 wm; for other panels, 10 um.

the lack of replenishment of synaptic proteins as discussed
above. Our findings are consistent with previous work showing
synaptic defects induced by cofilin rods in Aplysia neurons (26).
Importantly, in our electrophysiology studies, we quantitatively
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analyzed the effect of cofilin rods on synaptic transmission
according to the relative rod coverage of the total dendrites in
each neuron. We found that mild rod formation had no effect
on synaptic transmission, and only when substantial rod forma-
tion occurs will neurotransmission be impaired. Thus, cofilin
rods affect neuronal functions in an accumulative manner, con-
sistent with a possible role during progressive neurodegenera-
tive disorders.

Cofilin rods or similar forms of inclusions have been identi-
fied in a number of degenerative disorders including AD (27,
62— 64). Since the identification of cofilin rods in the postmor-
tem brains of human AD patients (27), cofilin rods have been
reported in several AD mouse models (28, 29, 37) as well as a
Drosophila AD model (30). Our identification of cofilin rods in
senile rat brains further suggests that in addition to AD, cofilin
rods may also contribute to synaptic loss during normal brain
aging. We demonstrated that neurons with increased cofilin
level form many more rods even within apical dendrites upon
neurotoxic stimulation such as glutamate or ATP depletion,
both of which are contributing factors toward brain aging (65,
66). We propose that cofilin rods gradually accumulate over an
extended period during brain aging, possibly through an imbal-
anced activity among actin-regulatory proteins such as LIM
kinase and slingshot/chronophin. Cofilin rod formation will be
exacerbated by glutamate excitotoxicity and oxidative stress
during brain aging. When the accumulation of cofilin rods
reaches a threshold level in the brain, neuronal functions and
synaptic connections will be impaired.

CONCLUSION

We demonstrate that the major pathological consequences
of cofilin rod are the block of intracellular trafficking and syn-
aptic loss. Synaptic deficits induced by cofilin rods may be
cumulative during normal brain aging or during the progres-
sion of neurodegenerative disorders. Because synaptic loss is a
hallmark of neurodegeneration (44, 67), we propose that cofilin
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rods may be a common pathological marker for early stages of
neurodegeneration.
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