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Abstract

Transport defects may arise in various neurodegenerative diseases from failures in molecular
motors, microtubule abnormalities, and the chaperone/proteasomal degradation pathway lead-
ing to aggresomal-lysosomal accumulations. These defects represent important steps in the neu-
rodegenerative cascade, although in many cases, a clear consensus has yet to be reached
regarding their causal relationship to the disease. A growing body of evidence lends support to a
link between neurite transport defects in the very early stages of many neurodegenerative dis-
eases and alterations in the organization and dynamics of the actin cytoskeleton initiated by fila-
ment dynamizing proteins in the ADF/cofilin family. This article focuses on cofilin, which in
neurons under stress, including stress induced by the amyloid- (AB) 1-42 peptide, undergoes
dephosphorylation (activation) and forms rod-shaped actin bundles (rods). Rods inhibit trans-
port, are sites of amyloid precursor protein accumulation, and contribute to the pathology of
Alzheimer’s disease. Because rods form rapidly in response to anoxia, they could also contribute
to synaptic deficits associated with ischemic brain injury (e.g., stroke). Surprisingly, cofilin under-
goes phosphorylation (inactivation) in hippocampal neurons treated with AB1.40 at high concen-
trations, and these neurons undergo dystrophic morphological changes, including accumulation
of pretangle phosphorylated-t. Therefore, extremes in phosphoregulation of cofilin by different
forms of AR may explain much of the Alzheimer’s disease pathology and provide mechanisms for
synaptic loss and plaque expansion.
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Introduction

Ischemia, oxidative stress, and excitotoxic
insults are key factors driving neurodegenera-
tion. These can arise from stroke, trauma, or
mitochondrial dysfunction or may be initiated
or enhanced by genetic risk factors (1). With
these upstream initiating factors and final
stage pathology well-defined, the focus of cur-
rent research lies in deciphering the biochemi-
cal pathways involved in the disease process
and to what extent each contributes to it. These
investigations are defined partly by the neces-
sity and, in some cases, an inability to connect
cellular and biochemical aspects of neurode-
generation with the behavioral consequences
observed in the associated human diseases.
One example of this disparity is a failure to
define the molecular mechanisms responsible
for the cognitive decline associated with early
stages of Alzheimer’s disease (AD). Lower
scores on the mini-mental state examination
and other neuropsychological tests directly
correlate with reduced synapse number in AD
(2,3). During this period of synapse loss, overt
neuronal loss is minimal (4,5). Transport
defects arising from abnormal regulation of the
neuronal cytoskeleton present a promising
model not only for explaining early cognitive
decline but also for bringing together key fea-
tures driving progressive neurodegeneration.

The cytoskeleton is a dynamic array of pro-
teins creating a critical framework upon which
many cellular functions rely. Abnormal regula-
tion of the neuronal cytoskeleton can lead to
improper location of growth cone paths, den-
dritic spine abnormalities, transport defects,
protein aggregation and cell death. Actin
aggregates in the form of cofilin-actin rods
have been identified in postmortem brains of
patients with AD (6). The abnormal regulation
of actin and cofilin proteins can be linked to a
wide range of human neurodegenerative dis-
orders, including corticobasal degeneration,
William’s syndrome, fragile X syndrome, AD,
dystonia with dementia, and spinal muscular
atrophy. Although these diseases ultimately
result from a range of defects, including den-

Molecular Neurobiology

Maloney and Bamburg

dritic spine abnormalities, loss of long-term
potentiation (LTP) and long-term depression,
and alterations in specific messenger RNA
(mRNA) transport and translation, they are all
related to processes involving the actin
cytoskeleton (7). This article reviews the role
and regulation of cofilin in cellular actin
dynamics and explains how its abnormal regu-
lation could be at the root of many neurode-
generative diseases.

Amyloidopathies: Down Syndrome
and Alzheimer’s Disease

Amyloidopathies are a class of degenerative
diseases arising from the accumulation of amy-
loid-B protein aggregates. Many different pro-
teins or proteolytic fragments of proteins are
capable of forming amyloid-f aggregates. Some
common neuronal amyloidoses include AD,
Down syndrome (DS), spongiform encephalo-
pathies (a.k.a. prion diseases), Parkinson’s dis-
ease, and Huntington’s disease. In DS and AD,
the major peptide components of the extracellu-
lar amyloid aggregates are derived from prote-
olysis of a large transmembrane protein, the
amyloid precursor protein (APP).

APP can be divided into three domains: a
large extracellular N-terminal domain, a single
transmembrane domain, and a short cytoplas-
mic C-terminal tail. Multiple isoforms of APP
are expressed, ranging in size from 695 to 770
amino acids, with APP695 being the most
abundant in brain. The APP gene is found on
chromosome 21 in humans and on chromo-
some 16 in mice. Proteolytic processing of full-
length APP occurs via one of two pathways.
The nonamyloidogenic pathway, which domi-
nates APP processing in most cell types, begins
with cleavage by a-secretase (ref. §; Fig. 1A). o
Secretase is a protein that resembles the tumor
necrosis factor (TNF)-o. converting enzyme and
belongs to the disintegrin/metalloproteinase
family. This cleavage releases the soluble APP
N-terminus (sAPPa) extracellularly and leaves
the membrane-bound 83-amino acid C-termi-
nus (C83). C83 undergoes subsequent cleavage

Volume 35, 2007



Cofilin-Mediated Neurodegeneration

oly cleavage N

A

Precursor Protein

a-secretase

—
00AAAAARETHARAAAAAAAAAAA
&% oy VY, éééé'
" ] EW .

23
(o] —1
>
Iy cleavage o
Bry ge N i
N
I
lw)
£ S
g & & <—10
= <
& % ) <
I
2 :
1) ~
£ B-secretase <
<
n—20
>
m
O
<
@
(2]
P4
x
@
> —30
®
[
<
<
@
@
<
< —40
> —42

Fig. 1. Proteolytic process of the amyloid precursor protein (APP). (A) Sequential processing of APP by a- and
y-secretases yields a soluble extracellular fragment (sAPPo) and an 83-amino acid transmembrane peptide that
is cleaved to yield a soluble P3 fragment and an APP-intracellular domain (AICD), which is targeted to the
nucleus. (B) Sequential APP processing by B- and y-secretases occurs mainly in membrane lipid raft domains
and gives rise to a soluble extracellular domain (sAPPB) and a 99-amino acid transmembrane fragment that is
cleaved to yield AICD and the amyloidogenic peptides (AB). Variability in the C-terminal cleavage site by y-sec-
retase gives rise to peptides most commonly either 40 or 42 amino acids in length.

by y-secretase to release the transcriptionally
active APP intracellular domain and the solu-
ble P3 fragment. y-Secretase is multisubunit
complex composed of nicastrin, Pen2, Aph-1,
and presenilin. Presenilin, an aspartyl pro-
tease, is the enzymatically active component
of the y-secretase complex. In Chinese ham-
ster ovary cells stably expressing 7y-secretase,
approx 6% of total y-secretase resides at plasma
membrane, where it maintains full functional
activity (9).

APP can alternatively undergo amyloido-
genic processing initiated by B-site APP cleav-
age enzyme (BACE), an aspartic acid protease
commonly referred to as B-secretase. Similarly
to the o-cleavage of APP, B-cleavage releases a
soluble extracellular N-terminal fragment
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(sAPPB) and leaves behind a membrane-
bound 99-amino acid C-terminal peptide
(C99). BACE is enriched within cholesterol
and glycolipid-rich membrane raft domains.
The B-cleavage event occurs primarily during
endocytosis or within early endosomal com-
partments (10). C99 subsequently undergoes
cleavage by 7y-secretase to produce the 40- to
42-amino acid amyloid-B peptides (APi-10;
AP1-42; Fig. 1B). The endosomal AB will either
become liberated into the extracellular space
upon endosomal fusion with the plasma mem-
brane or may be trafficked back to the soma,
where lysosomal fusion can help degrade the
peptide produced. AP peptides are about 4
kDa and are dominated by B-sheet secondary
structures that predispose their polymerization
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into soluble oligomers and eventually into fib-
rils and insoluble aggregates. Fibrils of the
extracellularly released AP peptides eventually
aggregate to form deposits known as senile
plaques, the presence of which is a hallmark
for the diagnosis of AD.

DS (also known as trisomy 21) is a genetic
disorder arising from the triplication of human
chromosome 21 (equivalent genes are on chro-
mosome 16 of mouse). Among the genes on
chromosome 21 are those encoding APP and
BACE-2. Children affected with DS suffer from
impaired learning and cognitive development
and are recognizable by stereotypic cranio-
facial deformities. Average life expectancy is
reduced as a result of a multiplicity of compli-
cations. One common feature associated with
DS is the development of the pathological hall-
marks of AD in all patients living to age 40 yr
or beyond (11).

AD is a neurodegenerative disorder cur-
rently diagnosed postmortem by the presence
of senile plaques and neurofibrillary tangles in
the brain. AD presents clinically as a steady
decline in cognitive ability, beginning with the
loss of short-term memory and progressing
through stages of increasing dementia. Cogni-
tive decline continues as a precipitous loss of
the ability to recall common names, dates, and
places and inability to perform increasingly
simple tasks that require planning. Late stages
of AD are characterized by hallucinations,
paranoia, loss of verbal communication, loss of
fine and later gross motor control often resem-
bling Parkinson’s disease, and incontinence;
finally, the patient falls into a vegetative state,
in which they remain until death. Progression
through these stages may take anywhere from
months to years, and symptoms can vary
greatly from case to case; however, the pathol-
ogy found in postmortem brains is largely
stereotypical and includes the extracellular
senile plaque (composed primarily of insoluble
aggregates of amyloid peptides) and intracel-
lular neurofibrillary tangles (composed of the
microtubule binding protein tau). The vast
majority of AD is sporadic, whereas familial
AD (FAD) accounts for fewer than 5% of all
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cases (12,13). FAD mutations have been identi-
fied in genes encoding APP and in presenilins 1
and 2 (13). Additionally, expression of a com-
mon polymorphism (e4) found in the
apolipoprotein-E (ApoE) is correlated with
increased risk for a later onset AD (14,15).
These mutations all lead to increased cerebral
AB levels either via increased production and
aggregation or via decreased clearance or
degradation.

The common features of neuropathology
shared by late-onset AD, early onset FAD, and
DS (including senile plaques and cerebral atro-
phy) have shed light on the mechanisms at
work in these amyloidopathies. The “amyloid
hypothesis” states that increasing cerebral
accumulation of AP over years to decades exac-
erbates cognitive decline, neurodegeneration,
and senile plaque deposition associated with
AD. This hypothesis found its roots in the
characterization of the AP peptide as the major
component of senile plaques (16) and has since
been strengthened by genetic and biochemical
data. The identification of inherited genetic
mutations with high penetrance in early onset
FAD has led to the development of transgenic
mouse models that display neurodegeneration
with similarities to human AD. In vitro studies
of the AR peptide have demonstrated acute
toxicity against cultured neurons as well as
depressive effects on LTP, transient cognitive
impairment, loss of cellular homeostasis, and
impaired transport.

Actin and Cofilin
in Neurodegenerative Disease

Actin is a 42-kDa cytoskeletal protein
expressed ubiquitously in eukaryotes. Mono-
meric, globular actin (G-actin) readily poly-
merizes into filaments (F-actin). Actin
filaments are dynamic biopolymers that con-
tinually undergo cycles of assembly and dis-
assembly. Monomers of actin can be added to
or removed from either end of a filament, but
a polarity exits that influences the on/off rate
of G-actin. Filament assembly dynamics are
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also influenced by the nature of the actin-
bound adenine nucleotide, adenosine triphos-
phate (ATP) or adenosine disphosphate
(ADP). ATP-actin has a higher affinity for fila-
ment assembly than ADP-actin. Following the
addition of an ATP-actin monomer to the plus
end of a growing filament, the y-phosphate is
rapidly hydrolyzed followed by the slower
release of inorganic phosphate (Pi). Loss of Pi
induces a conformational change in the ADP-
actin subunit within the filament. Actin fila-
ments are nonequilibrium polymers and,
under steady state conditions, undergo tread-
milling, during which ATP-actin monomers
polymerize on the filament plus end and
ADP-actin depolymerizes from the minus
end. Interestingly, regarding neuronal stress,
ATP hydrolysis associated with actin dynam-
ics can consume up to 50% of the total ATP
used by growing neurons (17).

Actin depolymerizing factor (ADF) and
cofilin are members of a 13- to 19-kDa family
of actin binding proteins. Members of this
family share high sequence homology, and in
metazoans they are partly regulated by phos-
phorylation of a conserved Ser3 residue.
Because in human brain the cofilin: ADF
expression ratio is greater than 10:1 (6), we
only refer to cofilin hereafter. Phosphorylation
by LIM kinases (LIMK) or TES kinases inacti-
vates cofilin and dephosphorylation by sling-
shot (SSH; ref. 18), or chronophin (19,20)
phosphatases restore cofilin’s actin-dynamiz-
ing activity. Dephosphorylated cofilin binds
cooperatively (21,22) along regions of ADP-
actin (23,24), resulting in enhanced filament
severing (25) and minus end depolymerization
(Fig. 2A). Cofilin enhances the dynamics of
actin filaments within the cell and, along with
profilin and/or Srv2/Capl (which enhance
nucleotide exchange on actin monomers),
increases actin subunit cycling through fila-
ments by 100- to 150-fold (Fig. 2A). Therefore,
cofilin contributes enormously to the ATP uti-
lization by the actin cytoskeleton.

p21-Activated kinases (PAKSs) are important
modulators of cofilin activity. PAKs 1 and 4
phosphorylate and activate LIMK, which then
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phosphorylates and inactivates cofilin (p-cofilin)
(26-29). PAK4 also phosphorylates (inactivates)
SSH-1 (30), enhancing cofilin inactivation. How-
ever, activated SSH-1 can reverse the effects of
PAK by dephosphorylating both LIMK and
cofilin, thereby increasing cofilin activity (30).
The PAK-cofilin signaling axis is important for
dendritic spine morphogenesis, and conse-
quently, PAK mutations have been linked to sev-
eral human developmental mental retardation
syndromes characterized by dendritic spine
abnormalities (31-34).

Cofilin aggregates and actin bundles have
been observed in AD brain (6). Transient cellu-
lar stress can cause a sharp decline in local
ATP concentrations, especially within domains
of neurites where mitochondria are not uni-
formly distributed. The loss of ATP produces a
rapid rise in the concentrations of both ADP-
actin and activated (dephosphorylated) co-
filin (Fig. 2B). Under these conditions, the
cofilin-actin complex readily assembles to
form filaments that associate into cylindrical
aggregates with tapered ends (rods). Rods,
first observed in nuclei of cells (35), form in
various cell lines in response to ATP depletion
or treatment with 10% DMSO (36-44) and
form in neurons in response to these same fac-
tors, as well as oxidative stress (peroxide and
nitrous oxide), excitotoxic glutamate (6), and
treatment with soluble and fibrillar forms of
APBi1-42 (45). Therefore, rod formation is a
stereotypical cellular response to a wide range
of stress factors that model common media-
tors of neurodegeneration.

Rods that form initially in response to ATP
depletion are transient and disappear upon
ATP recovery; however, rods reappear in
neurites in which irreversible mitochondrial
damage has occurred, and these rods become
persistent (6). Persistent rods have been
observed for several days without loss of the
neuron, although neurites distal to the rod
eventually undergo withering. Rod forma-
tion represents a promising mechanism to
explain the loss of synaptic connections and
cognitive decline without associated loss of
neurons, as is often reported in early stages

Volume 35, 2007



26 Maloney and Bamburg

A Phosphatases %O() 1332

(slmgshot chronophln/l/<9
47_\
*) / AL

W@m/ bl
Severing l pH dependent /v O

My W22 TR e i

LIM/TES
Kinases

ADP-actin
monomer

[ ) Nucleotide exchange
Gp.‘ =, 0 enhanced by SV2/CAP §§
o) and profilin O
Unassembled ADP ATP

ATP-actin pool

oo Phosphatases
(slingshot, chronophin)

Pi 3® Cofilin
\ o Co
[ J

A
OA/ QO ADP-actin

monomer

o
equilibrium polymer- can’t o &
treadmill; no ATP hydrolysis

bundled by
cofilin?

Nucleotide exchange
Cofilin-Actin RODS sequester 0 (yenhanced by profiin O

virtually all cofilin but only _ ADP ATP
10-25%of the actin ATP-actin
monomer

Fig. 2. Schematic diagram showing how cofilin enhances actin treadmilling in normal cells and how cofilin-
actin rods form in cells under stress. (A) Phosphocycling of cofilin by LIM/TES kinases and slingshot or
chronophin phosphatases enhances actin filament turnover and treadmilling. The phosphorylated form of cofilin
may be sequestered by 14-3-3 family scaffolding proteins. Active cofilin binds along ADP-actin subunits to pro-
mote severing and increased rate of subunit loss from filament (-) ends. The dissociated ADP-actin undergoes
nucleotide exchange enhanced by Srv2/Cap1 or profilin and the ATP-actin monomer has low affinity for cofilin,
allowing it to recycle back onto the plus end of a growing filament. A rapid hydrolysis of the actin bound ATP to
ADP-Pi is followed by the loss of inorganic phosphate. (B) When cells are under stress and ATP levels fall, cofilin
undergoes enhanced dephosphorylation and actin exchanges bound ATP for ADP. Cofilin has higher affinity for
ADP-actin subunits and binds to them and assembles them into cofilin-saturated ADP-actin filaments. These fila-
ments can bundle to form rods, presumably because of the ability of cofilin to neutralize the negative surface
charge on F-actin. Within these rods there is little if any turnover of subunits until ATP levels recover.

of neurodegenerative diseases. Because micro-
tubules are often disrupted in neurites distal
to rods, especially when rods occlude the
entire neurite, rod formation also can explain
disruption of microtubule-based transport.
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Rods can be uniquely characterized by
their immunoreactivity to antibodies against
both actin and cofilin, and when properly
fixed are refractory to phalloidin, a mush-
room toxin with F-actin binding properties

Volume 35, 2007



Cofilin-Mediated Neurodegeneration

27
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Fig. 3. Phase and fluorescence images of cultured hippocampal neurons containing rods. Rods are preserved
in cultured neurons by fixation in 4% paraformaldehyde for more than 30 min. Upon extraction with cold
methanol, rods are often visible in phase micrographs as dark rigid structures within neurites (A-C, top row).
Rods label strongly with antibodies to cofilin (A-C, bottom row). Arrows in top and bottom panels mark identi-

cal positions. Scale bars = 10 um.

(6). The absence of phalloidin binding sug-
gests that the actin in rods is saturated with
cofilin; subunits in cofilin-saturated actin fila-
ments are slightly rotated with respect to
normal F-actin, eliminating the phalloidin
binding site (24). In cultured neurons, rods
typically appear either as single structures or
in linear arrays within neurites and can
enlarge to completely occlude the neurite,
sometimes observed by phase microscopy as
a swelling of the neurite caliber (Fig. 3).

Rod-like cofilin immunostaining is found in
close proximity to amyloid plaques in both
human AD brain (6) and in brain of transgenic
AD mice (34,45). Significantly, these aggregates
are also present in perfusion-fixed transgenic
mice (Tg2576) that express a human mutant
APP, suggesting that their presence in human
AD brain is not a postmortem artifact (45). In
AD brains, greater than 97% of dense core amy-
loid plaques are associated with rod-like cofilin
aggregates, whereas approx 45% of cofilin
aggregates are found isolated from amyloid
plaques (6). Rod-like cofilin staining associated
with diffuse cofilin pathology often is remark-
ably similar in size, spacing, and appearance to
rods observed in cultured neurons. The high
spatial correlation between amyloid plaques
and cofilin pathology has sparked closer inves-
tigations into the relationship between AP and
cofilin regulation.
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Amyloid-B1.42 Induces Formation
of Cofilin-Actin Rods

Treatment of cultured rat hippocampal neu-
rons with APi42 induces rod formation in
approx 18% of the total population (45). Rods
form rapidly in neurons treated with Af1.42,
reaching 50% of the maximum response within
6 h in neurons treated with 1 uM of soluble
AB1-42 oligomers (sAPi142) and by 24 h when
treated with sAP1-42 at concentrations as low as
10 nM. ATP levels decline in human cortical
neurons within hours to days of exposure to
sAP at concentrations as low as 100 nM (46).
APi-42 treatment causes the dephosphorylation
(activation) of cofilin within the soma and neu-
rites of only those neurons that form rods (45).
Labeling of a subpopulation (30-50%) of neu-
rons with extracellular sAB1-42 oligomers also
has been reported (47). Together, these studies
suggest that sAB1-42 can induce rod formation
by activating cofilin in a neuronal subpopula-
tion that has high specificity /affinity for sAfB-
binding.

Synaptic dysfunction is the most estab-
lished correlate of cognitive decline in AD
(48,49). Recent studies using Aplysia kurodai
neurons found that cofilin overexpression led
to rod formation, synapse loss, and, distal to
the rod, impairment of synaptic plasticity
measured by electrophysiological methods
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(50). Although cofilin overexpression did not
affect the gross morphology of the neuron, a
decrease in the number of presynaptic vari-
cosities was observed. Additionally, cofilin
overexpression impaired both basal synaptic
transmission and LTP. Neither cell death nor
induction of an apoptotic cascade was found
to be responsible for these effects.

Cofilin pathology in both AD and DS is spa-
tially and temporally associated with marked
reduction of PAK protein levels and activity (34).
In postmortem human and Tg2576 mouse
brains, activated phospho-PAK (pPAK) immuno-
staining resembles staining of intraneuronal
AB1-4 that accumulates along with APP-carboxy-
terminal fragments within enlarged endosomal
and lysosomal structures (34,51). Application of a
PAK inhibitory peptide to cultured neurons
induced the formation of cofilin rods; intracere-
broventricular injection of this peptide into wild-
type mice induced rod-like cofilin pathology and
social recognition memory deficits (34). These
findings suggest that a loss of pPAK may lead to
local pathology related to the formation of cofilin
aggregates similar to those observed in human
AD and Tg2576 mouse brain and may contribute
to impaired cognitive functioning.

Synapse failure has been attributed to solu-
ble AP oligomers (52) partly because of their
ability to disrupt LTP (53-55). Following
treatment of cultured hippocampal neurons
with sAP oligomers, greater than 90% of the
punctate oligomer binding colocalized with
the synaptic marker PSD-95 (52). A similar
punctate staining of human cortical neurons
showed 43 + 13% sAP oligomer colocaliza-
tion with synaptophysin and PSD-95 within 1
h after treatment with 5 uM of sAP (46).
Memory deficits have been observed in
young rats when administered with a 56-kDa
sAP species (AB*56) purified from the brains
of Tg2576 mice (56). Chinese hamster ovary
(CHO) cells that express a mutant form of
APP associated with human AD secrete sAP
peptides (57-59). Rats injected intracerebroven-
tricularly with the CHO-cell-derived sAp
consistently showed significant but transient
disruption of a complex learned behavior
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(60). The AP-induced block of LTP was
reversed by injection of monoclonal antibod-
ies to AP (61). Fractionation by size exclusion
chromatography determined that the LTP
disruption and memory impairments were
caused by low-n oligomers of A but not by
monomers (59,60). Together with the ability
of AP to induce rods, these findings support a
molecular mechanism in which rods play a
pivotal role in producing the underlying
memory and cognitive dysfunction of neu-
rodegenerative disease.

Different Signaling Pathways
of Fibrillar Amyloid- and Soluble
Amyloid-f Affect Cofilin

The concept that different isoforms and/or
conformations of AP deliver independent sig-
nals to neurons is widely supported. It is par-
ticularly interesting that soluble AB and
fibrillar AB (fAB) may be differentially affect-
ing ADF/cofilin regulation. Such opposing
effects could explain the presence of dys-
trophic neurites, often found to be associated
with senile plaques, and cognitive impairment
associated with sAB. Although the term A is
used to describe a spectrum of peptide species,
the neurotoxic effects of different Ap peptides
are not the same. Investigations are beginning
to elucidate differences in the biological activ-
ity of A species, especially on the phosphory-
lation (activity) of cofilin (Fig. 4).

Amyloid 14 fibrils (fABi1-40) induce dystro-
phy in cultured cortical neurons via activation
of focal adhesion proteins (62—-64). Treatment of
human cortical neurons with 20 uM of fAB1-40
for 10 d produced progressive dystrophy and
minimal neurotoxicity (46). Focal adhesions
provide a link to the actin cytoskeleton whereby
integrin receptors can activate intracellular sig-
nals that regulate actin cytoskeletal dynamics
(65,66). During focal adhesion activation, a mul-
tiprotein complex containing LIMK1 and PAK
becomes recruited via P95PKL-mediated bind-
ing to paxillin (67,68). Activated paxillin and
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Enhanced polymerization and bundling of F-actin in the cell body, growth cones and other lamella ensues, pos-
sibly leading to neuritic dystrophy.

focal adhesion proteins are found with high fre-
quency associated with senile plaques in human
AD brain (64). Drosophila paxillin positively reg-
ulates Rac and negatively regulates Rho,
thereby paxillin is a modulator of the Rho fam-
ily of GTPases and affects the LIMK pathway
(ref. 68; Fig. 4).
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fAB1-40-mediated neurite dystrophy occurs
via LIMK1 activation upstream of the actin
cytoskeletal rearrangements (69). Activated
LIMK1 phosphorylates (inactivates) cofilin.
Cofilin inactivation leads to decreased actin
dynamics and increased formation of phal-
loidin-stained actin bundles. These bundles are
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generally not localized within the neurites,
where rods are found, but tend to be in the
cell soma, growth cones, and other lamella.
APi40-induced  neuronal dystrophy is
reduced when cultures are transfected with a
mutant paxillin missing the LIM binding
domain (64). Treatment of cultured hip-
pocampal neurons with 20 uM of fAP1-40
induces activation of LIMK, increased actin
bundling, pretangle phosphorylated-t in neu-
rons that develop dystrophic and tortuous
neurites, and inactivation of cofilin (69).
These effects were blocked by the addition of
a peptide (S3) that competes with cofilin for
phosphorylation by LIMK (69). Treatment
with the same concentration of sAB1-40 did not
reproduce the effects of fAPi40, indicating
that the solubility/presence of fibrils is the
major factor driving the cellular effects.

Soluble species of AP (also called AB-derived
diffusible ligands [ADDLs]) bind specifically
to synaptic sites on cultured hippocampal neu-
rons (47,70). Additionally, ADDLs are toxic to
cultured neurons at nanomolar concentrations
(53), and at 500 nM they prevent high-fre-
quency stimulation-induced LIP measured
from the dentate gyrus in acute hippocampal
slices (55). sAB has been linked to hippocam-
pus-dependent temporal memory deficits in
mice (71). Transgenic mice expressing mutant
forms of human APP and presenilin-1 (Tg6799)
or human mutant APP alone (Tg2675) both dis-
played elevated levels of sAf and temporal
memory deficits (71). Deletion of the BACE1
gene lowered the concentration of sA to wild-
type levels and rescued temporal memory
deficits in Tg6799 mice, demonstrating a direct
role of AP formation in memory loss.

Cofilin pathology and abnormalities in PAK
activity have been observed in human AD brain
and in brains from Tg2576 mice (6,34,45).
Immunization of Tg2576 mice against Af
decreased sAB without affecting insoluble A
and the levels of pPAK inversely correlated
with the remaining sAB (34). Persistent reduc-
tion in pPAK was observed as early as 2 h fol-
lowing treatment of dissociated rat hippocampal
neurons with soluble ABi42 oligomers and
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occurred with oligomer concentrations as low
as 10 nM. Although these reports demonstrate a
link between increased sAPB, decreased active
PAK, and increased active cofilin and rod for-
mation, the mechanisms by which the sA initi-
ates these changes is currently unknown, but
cofilin activation arises from a decline in active
LIMK1.

A more direct pathway for activation of cofilin
could also play an important role in rod forma-
tion. The cofilin phosphatase SSH-1L is activated
by dephosphorylation of inhibitory phosphory-
lation sites by the calcium-activated phos-
phatase calcineurin (also known as PP2B) (72).
Elevated intracellular calcium occurs in neuro-
blastoma cells treated with sAP oligomers, but
not with monomers or fAf (73), and in rat corti-
cal neurons treated with sAB1.40(74), suggesting
that SSH activation may be an alternative
mechanism by which sAB peptides activate
cofilin. Calcineurin also has been implicated in
AB-mediated inhibition of LTP (75). However,
calcineurin activity is decreased in AD brain
(76), suggesting that overactivation of cofilin
might be differentially regulated both spatially
and temporally by a decline in PAK/LIMK
activities and increased calcineurin/SSH-1
activities (Fig. 4).

Transport Defects
in Neurodegenerative Diseases

Axonopathy and transport defects have
been reported in brains of mice expressing
human mutant APP behind a prion promoter
(Tg-swAPPPP) (77). The formation of block-
ages, resembling axonal swellings and dys-
trophic neurites, is one of the earliest reported
degenerative phenotypes, occurring as early as
1 yr prior to the formation of senile plaques in
these mice. These swellings are often found in
areas lacking amyloid deposition in early stage
human AD, suggesting that they precede, and
may play a role in, amyloid deposition.
Swellings in the neurites of cultured hip-
pocampal neurons harvested from Tg2576
mice (same mutant APP but driven by a differ-
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ent promoter) contain aberrant accumulation
of oligomeric AP (78). Swellings have also been
reported to form within cholinergic axons of
the nucleus basalis magnocellularis in early
stage human AD brain (77). Reduced kinesin
expression enhances the frequency of axonal
defects and increases AB and amyloid deposi-
tion in Tg-swAPPP™P mice (77).

Enlarged early endosomes develop in neu-
rons before birth in DS brains (79) and appear
years before significant formation of Af
deposits and the neurofibrillary pathology
associated with AD and DS (80-82). During the
progression of AD and DS, both the number
and size of basal forebrain cholinergic (BFC)
neurons decrease (83-86). AP has been pro-
posed to act specifically on BFC neurons via
activation of whole-cell voltage-activated cur-
rents in these neurons but not in GABAergic
neurons (87). BFC neuronal loss, a classic fea-
ture of both AD and DS, results at least partly
from defective retrograde transport of nerve
growth factor (NGF) from the hippocampus
(88). BFC neurons depend on NGF for the nor-
mal function and development. NGF produced
in the hippocampus binds to receptors on BFC
axons and is retrogradely transported as an
active signaling endosome to the cell body (89).

Reduced BFC neuronal size and number as
well as regression of their hippocampal termi-
nal fields occur in the partial trisomy 16
(Ts65Dn) mouse model of DS (88). Increased
levels of NGF in the hippocampus of Ts65Dn
mice occur as a result of failed retrograde trans-
port to the soma of BFC neurons (88). Although
the exact cause for the defect remains undeter-
mined, NGF binding and internalization in
synaptosomes prepared from Ts65Dn mice
showed no impairment compared to wild-type
(2N) mice, suggesting that the failure rests in an
axonal abnormality that affects retrograde
transport. In Ts65Dn mice, intracerebroventric-
ular NGF infusion improved BFC neuronal size
and restored some cholinergic innervation of
the hippocampus (88).

Treatment of hippocampal neurons in culture
with glutamate or AP disrupts anterograde and
retrograde fast axonal transport by formation of
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actin bundles (90). Although these actin aggre-
gates were observed by phalloidin staining,
they were most likely cofilin-actin rods that
form upon glutamate treatment (6) but from
which cofilin was lost during permeabilization
because of the short (3-min) fixation in 4%
paraformaldehyde. Fixation of rods requires 30
to 45 min in paraformaldehyde (45). Excessive
glutamate in extracellular space is recognized as
an excitotoxin playing a role in the development
of AD and other neurodegenerative diseases
(91,92). A decline in the ability of glia to take up
and process glutamate to glutamine may be a
contributing factor to age-related cognitive
decline and could mediate rod formation.

Application to cultured rat hippocampal
neurons of AP2s3s5, a sequence containing
much of the neurotoxic activity of the AP pep-
tides (93), slowed axonal transport within a
few minutes and did so in a dose-dependent
manner from 200 nM to 20 puM. Although
transport was restored within 30 min follow-
ing washout of 2 uM of Aps.35 after a 26-min
exposure (90), washout of 20 uM APps.35 was
not reversible and resulted in a continuous
decline in transport. Interestingly, treatment
with 20 uM APB1-42 preincubated under aggregat-
ing conditions, reproduced the effects observed
with AP2s.35, however, treatments with the same
concentration of freshly prepared APi-4 (proba-
bly monomer) or with pre-incubated (probably
fibrillar) AB14o failed to impair transport (90).
These findings highlight the importance of AP
peptide composition (sequence and length),
species (monomers, oligomers, fibrils), and sol-
ubility (soluble vs insoluble) to its biological
activity. Furthermore, these results suggest
that the inhibitory effects of AB2s35 and pre-
incubated Ai42 on transport and the subse-
quent aggregation of actin are intimately
linked.

Several lines of evidence place APP at the
center of transport defects in both AD and DS
(94). Increased expression of APP is found in DS
and increased levels of APP-carboxy-terminal-
fragments accumulate in AD pathology. Ts65Dn
mice display enlarged early endosomes in BFC
neurons (82). Selective deletion of one copy of
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APP from Ts65Dn mice eliminated the enlarged
endosomal phenotype (79); however, the over-
expression of APP alone did not produce endo-
somal phenotypes. The magnitude of NGF
transport defects associated with BFC neuron
degeneration correlates with APP expression
levels (95). This suggests that although APP
gene dosage is critical to the development of
endosomal abnormalities and transport defects,
additional genes found on the triplicated region
of mouse chromosome 16 are also required (79).
Some initially identified candidate genes
located on the triplicated region of human chro-
mosome 21 encode BACE2 and superoxide dis-
mutase-1 (79). The BACE2 gene has recently
been excluded as a contributor to the pathogen-
esis of Alzheimer’s disease in patients with DS,
but surprisingly, an increase in BACEL1 activity
through its enhanced maturation in the Golgi
does contribute (96,97). Furthermore, two other
genes, named DSCR1 and DYRK1A, which lie
within the Down syndrome critical region of
chromosome 21, act synergistically to prevent
nuclear occupancy of NFATc transcription fac-
tors (98), providing a possible explanation of
how BACE1 activity could be altered.

Vesicles containing APP, presenilin-1, and
BACE all undergo kinesin-I-mediated fast
anterograde axonal transport (99-102). Evi-
dence has been presented for both direct inter-
actions between APP and kinesin (99,103)
and indirect coupling via c-Jun NH2-terminal
kinase-interacting protein (104). APP, BACE, and
presenilin-1 all accumulate in axonal swellings,
associated with increased levels of AP that form
during normal brain aging or after head trauma
(45,105-109). AB1-42 accumulates within endoso-
mal vesicles in neurons in the brains of Tg2576
mice, in primary neuronal cultures from these
mice, and in human AD brain (78,110). Accu-
mulations are associated with pathological
alteration within the neurites and synaptic com-
partments of mouse and human AD brains.
Vesicles containing APP, BACE, presenilin-1
and B-cleaved APP all accumulate at rods in cul-
tured neurons (45).

Transport defects may stimulate proteolytic
processing of APP or allow the AP peptides to
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assemble into more toxic oligomers, thereby
exacerbating the formation of senile plaques in
AD (45,77,111). Following its synthesis, APP is
trafficked from the endoplasmic reticulum
though the constitutive secretory pathway to
the plasma membrane (8). APP remains at the
plasma membrane briefly before being inter-
nalized into endosomes (8). In addition to APP,
early endosomes contain many key players of
AD and DS, including BACE and y-secretases,
AR peptides, ApoE, low-density lipoprotein
(LDL), the LDL receptor, and NGF (82,113). Fol-
lowing endocytosis, APP is first delivered to
early endosomes and is then delivered to the
late endosomal/trans Golgi network (TGN)
(114). The y-secretase complex is found local-
ized within several compartments, including
late endosomes, Golgi, and TGN (115). Intracel-
lular AB is found in Rab5-positive early endo-
somes and is prominent in enlarged endosomes
from DS and AD brain (79). These findings sug-
gest that AB overproduction and accumulation
in AD and DS may signify earlier disease-
related disturbances of endosomal signaling or
transport (82,116). Indeed, transport defects
may initiate a cycle of locally increased APP
processing into A, causing additional vesicle
stalling, which further stimulates additional
APP processing. Such a mechanism constitutes
a positive feedback spiral, in which axonal
blockages and A production become mutually
stimulatory and contribute to early synaptic
loss (6,45,77).

Cofilin-Regulated Actin Dynamics
and Golgi-Derived Vesicle Delivery

In addition to affecting actin dynamics in
neurites and growth cones, cofilin is also
required for maintaining dynamic sorting
tubules of the Golgi (117) from which the vesic-
ular cargo, new neuronal plasma membrane,
and secretory material for the axonal and den-
dritic compartments are derived. The two LIM
domains of LIMK1 target this kinase to the
Golgi, where it can downregulate cofilin activ-

Volume 35, 2007



Cofilin-Mediated Neurodegeneration

ity and alter the growth rates of the axon and
dendrites by changing the targeting of Golgi-
derived material to these different compart-
ments (117). Overexpression of the active
cofilin S3A mutant stimulates formation and
elongation of sorting tubules that contain den-
dritic targeted material, whereas inactivating
cofilin, either through expressing a Golgi-tar-
geted LIMK1 or expressing the mutant cofilin
S3E, enhances formation of axon-targeted vesi-
cles. Therefore, even in the absence of cofilin-
actin rods, which block transport directly,
abnormal cofilin activities within the cell body
also influence the sorting and transport of new
membrane (and specific receptors therein) as
well as secretory proteins (e.g., NGF), whose
delivery and uptake by neighboring neurons
might be essential for their long-term viability.

Cholesterol, Amyloid Precursor
Protein Processing,
and Alzheimer’s Disease

Epidemiological studies have indicated that
high-serum cholesterol levels are associated
with increased risk of AD and that cholesterol
regulation and metabolism may be altered in
AD (118,119). This correlation is strengthened
by the inheritance of the €4 allele of ApoE as a
high-risk factor with familial late-onset AD.
There is also evidence that amyloidogenic pro-
cessing of APP is altered by cellular cholesterol
levels in vitro. Subcellular distribution of cho-
lesterol may influence APP cleavage because
mutations and pharmacological inhibitors of
the Niemann-Pick complex 1 cholesterol trans-
port pathway alter the localization of prese-
nilin/y-secretase and lead to AP aggregate
production (120-123). The form and distribu-
tion of cholesterol in cells may modulate APP
processing in a complex fashion (124,125).

Cholesterol depletion in cultured cells by
lovastatin and methyl-B-cyclodextrin extrac-
tion inhibits APP processing by BACE1 and
lowers AP production (10,126-129). Moderate,
but not complete, depletion of cholesterol
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results in increased AP production (130), and
cholesterol enrichment leads to elevated amy-
loidogenic APP processing (131-133). There-
fore, activation of the BACE-APP processing
pathway appears to be sensitive to membrane
cholesterol levels.

Lipid rafts or detergent-insoluble membrane
regions are areas rich in cholesterol and sphin-
golipids and are sites for endocytosis. BACE
undergoes palmitoylation, targeting it to lipid
rafts (8). Expression of a glycosylphosphatidyli-
nositol-linked BACE chimera, which targets
BACE exclusively to rafts, increased APP pro-
cessing at the B-cleavage site (134,135). Endo-
cytic vesicles containing the raft microdomains
also have been implicated in amyloidogenic
processing of APP in other studies (10). The
entire y-secretase complex, which includes pre-
senilin-1, mature nicastrin, Aph-1, and Pen2,
also associates with rafts (115). Early endocytic
vesicles undergo retrograde transport via
microtubule networks before being merged into
the lysosomal or secretory pathways. Defective
transport in this system may be at the heart of
cholesterol- and ApoE-related effects in AD.

Statins inhibit HMG-CoA reductase, an
enzyme that catalyzes the rate-limiting step in
cholesterol biosynthesis (124). Statins enhance
sAPPo ectodomain cleavage, thereby reducing
amyloidogenic APP processing and Af1.42 pro-
duction. Although this effect is believed to
result partly from reduced cholesterol, recent
evidence also supports a cholesterol-indepen-
dent effect (124,136). Statins can modulate the
association of the Rho family GTPases and
other proteins with the inner leaflet of the
plasma membrane (137,138) via effects on the
isoprenoid pathway (124,136). Furthermore,
the Rho-ROCK pathway has been implicated
in regulating y-secretase activity toward APP
proteolysis (139).

Statin treatment of cultured N2a neuroblas-
toma cells elevated intracellular levels of APP
and B-cleaved fragments because of inhibited
trafficking of APP through the secretory path-
way resulting from low cellular isoprenoid lev-
els (124). Expression of dominant-negative
ROCK increased sAPPo shedding, whereas
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expression of constitutively active ROCK inhib-
ited the statin-stimulated shedding (136).
Although cholesterol depletion does not inhibit
APP cell surface trafficking, it slows endocyto-
sis, thereby reducing the levels of intracellular
AB via a different pathway than statins. These
data suggest that intracellular AP is largely
affected by isoprenoids, whereas secreted A is
affected more by cholesterol. Inhibition of iso-
prenylation of key G proteins in the Rho and
Rab families is associated with cytoskeletal
alterations and decreased efficiency of vesicular
transport (140,141). These findings provide a
direct link between upstream effectors of cofilin
and APP processing into Ap.

Mitochondrial Function, Apoptosis,
and Rod Formation

Mitochondria produce much of the ATP
required to power nearly every cellular func-
tion. Over a lifetime, mitochondria in postmi-
totic cells become less efficient partly because
of damage caused by increased levels of reac-
tive oxygen species (ROS). Increased produc-
tion of ROS also arises because lowered
mitochondrial efficiency provides a feed-for-
ward model for ROS generation. Rundown of
mitochondria contributes to normal aging and
is a probable contributor to cellular dysfunc-
tion in neurodegenerative disease (142,143).
Rod formation occurs within minutes in
greater than 80% of cultured neurons treated
with sodium azide to shut down the electron
transport chain and 2-deoxyglucose to poison
glycolysis (6). Under these conditions, ATP lev-
els run down, rapidly leading to large pools of
ADP-actin and dephosphorylated (active)
cofilin.

In cultured embryonic neurons, actin tread-
milling consumes nearly 50% of the available
ATP (17). For a short period in neurons under-
going stress, the loss of both mitochondrial
membrane potential and ATP in neurites that
form rods is slower than in neurites without
them (144). Therefore, the formation of rods
transiently protects neurites by slowing fila-
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ment turnover and its associated ATP hydroly-
sis. Because actin dynamics is such a major
energy drain for neurons, the ability to turn off
the actin treadmill during times of transient
stress would provide the cell with additional
time and ATP required for surviving transient
insults. Rods provide this mechanism by
sequestering nearly all available cofilin into
nondynamic structures (ref. 144; Fig. 5).

Altered mitochondrial function has been
implicated in the pathogenesis of AD (145-147).
Treatment of cultured human cortical neurons
with sAf oligomers produced a rapid decline in
mitochondrial membrane potential (46). Quan-
titative proteomic analysis of mitochondria iso-
lated from rat cortical neurons treated with AP
peptides showed increased association of cofilin
among nine other proteins with statistically ele-
vated levels (148). Cofilin is among a handful of
proteins upregulated in human AD brain when
screening was performed using a complemen-
tary DNA library from embryonic rat brains to
identify neuron specific genes (149).

Intrinsic apoptosis, a process initiated when
cytochrome ¢ becomes released from mitochon-
dria via the opening of voltage-dependent
anion channels (VDACs), plays a role in neu-
ronal degeneration associated with AD (150).
The release of cytochrome c triggers formation
of the apoptosome, a committed step in mito-
chondrial-dependent apoptosis. Cofilin plays
an important role in the initiation of mitochon-
drial-dependent apoptosis (151). Treatment of
neuroblastoma cells with pro-apoptotic stau-
rosporine or etoposide induced a translocation
of cofilin to the outer mitochondrial membrane
within 30 min, peaking 2 h after treatment (151).
Suppression of cofilin expression by small inter-
fering RNA resulted in protection from apopto-
sis induced by these agents. Dephosphorylation
of cofilin Ser3 is required for its translocation to
mitochondria. Additionally, the pseudophos-
phorylated form of cofilin (S3D) does not local-
ize to mitochondria, and its overexpression
inhibits staurosporine-induced apoptosis. In
PC12 cells, overexpression of LIMK1 protects
cells from serum-induced apoptosis by inacti-
vating cofilin and inhibiting both caspase 3 and
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Fig. 5. Schematic showing postulated role of cofilin-actin rods in neuroprotective signaling. Intrinsic apopto-
sis occurs when cytochrome c escapes from the mitochondrial intermembrane space via the opening of voltage-
gated anion channels (VDACs), a process that requires dephosphorylated cofilin with actin binding capability.
The cytochrome c binds to APAF-1 and the complex activates caspase 9, triggering an apoptotic cascade.
Accompanying this process is the loss of mitochondrial membrane potential. Postmitotic cells would benefit
from a strategy designed to delay the initiation of apoptosis during transient insult. The sequestration of active
cofilin into rods inhibits or delays its mitochondrial translocation and the subsequent decline in mitochondrial

membrane potential and increased cytochrome c release.

JNK activation (152). Because the translocation
of activated cofilin to mitochondria is both
upstream of and necessary for cytochrome c
release (151), sequestering cofilin into rods may
abate its translocation to mitochondria and
enhance survival of stressed neurons (144).

A key role for the actin cytoskeleton in
aging and apoptosis has come from studies in
yeast (153). Decreased actin turnover during
normal aging or that induced by the applica-
tion of actin-stabilizing drugs leads to accu-
mulation of F-actin aggregates and triggers a
rise in ROS (153,154). Actin has been proposed
to play a direct role in apoptosis (155,156) by
regulating the opening of mitochondrial
VDAC:s (157,158). Gelsolin, an F-actin severing
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protein, protects cells from apoptosis by block-
ing loss of both mitochondrial membrane
potential and cytochrome c release via the
closing of VDACs (159,160). The rapidity of
rod formation during stress and their rapid
disappearance after recovery, as well as the
ability of rods to preserve ATP and retard the
loss of mitochondrial membrane potential,
suggest rods function as part of a regulated
neuroprotective mechanism (Fig. 5).

Conclusion

Understanding the molecular mechanisms
involved in the early stages of AD is critical for
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the development of preventative strategies.
This article presents evidence for the involve-
ment of abnormal regulation of cofilin in trans-
port defects that may lie at the heart of a
neurodegenerative cascade. Cofilin-actin rods
provide a link between seemingly unrelated
aspects of AD, such as synaptic loss leading to
cognitive decline and increased production
and deposition of AB. Furthermore, numerous
reports highlighted herein demonstrate direct
and indirect effects of various neurodegenera-
tive stimuli on cofilin regulation.

The opposing effects of fAB140 and sAPi4
on cofilin activity could arise from: (a) their
interactions with different neuronal popula-
tions; (b) interactions with different receptors
on the same neuronal population; or (c) con-
centration effects of ligand on the same recep-
tor that alters its intracellular signaling via
clustering or conformational effects. Regard-
less of which of these mechanisms gives rise to
the differences observed, it is significant that
the oligomeric state and solubility of the differ-
ent AP peptides mediate opposing effects on
cofilin in vitro.
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