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ABSTRACT OF DISSERTATION

The Study of Amyloid beta (Ap) induced ADF/cofilin Rods in 

Cultured Neurons: Implications in Alzheimer’s disease and 

Neurodegeneration

Rods are intracellular proteinaceous aggregates composed mainly of actin 

saturated with ADF/cofilin that form in response to stress. Neurodegenerative stress 

mimicked in vitro with ATP depletion, glutamate excitotoxicity and peroxide all are 

potent mediators of rod formation. In neurons, rods form in linear arrays within neurites 

and disrupt distal neurite function. Rods can become large enough to completely occlude 

the neurite and thereby disrupt distal microtubules interfering with anterograde and 

retrograde transport. Treatment of both organotypic hippocampal slice cultures and 

dissociated neuronal cultures with as little as 10 nM of soluble amyloid beta peptides 

(AP1.42) induces rod formation. AP1.42 induces rods in half the responding population of 

dissociated neurons within 6 hours and a maximal response of less than 20% of neurons 

with rods occurring by 24 hours. Thus APi_42 induced rods form rapidly in a sensitive 

sub-population of neurons. Transport defects are among the earliest abnormalities to 

occur in the brains of an AD mouse model (Tg-swAPPprp) and synaptic pruning 

associated with cognitive decline begins to occur before overt neuronal loss. In cultured 

neurons accumulation of vesicles containing the amyloid precursor protein (APP), P- 

amyloid cleavage enzyme, and presenilin 1 (a member of the y-secretase complex) occur
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at rods. These trafficking defects may represent a site for increased amyloidogenic 

processing of APP into the Ap peptides associated with Alzheimer’s disease (AD) related 

senile plaques, extracellular deposits of aggregated Ap peptide. In human AD brain 

nearly every senile plaque is associated with rod-like cofilin pathology. A feed foreword 

catalytic spiral is proposed wherein transient stress or Ap induces rods leading to 

increased local Ap production within stalled vesicles followed by increased extracellular 

Ap, senile plaque deposition and further rod formation in the surrounding neuropil.

Work included in this dissertation establishes a hippocampal slice culture system. Slice 

cultures will allow for continued investigations into the phenomenon of Ap induced rod 

formation in an experimentally manipulatible system where neurons are kept in a more 

normal relationship with their surrounding cells. Such a system can be used to study the 

progression and pathology of Alzheimer’s disease and other neurodegenerative 

amyloidopathies.

Michael T. Maloney 
Department of Biochemistry 
and Molecular Biology 
Colorado State University 
Fort Collins, CO 80523 
Summer 2006
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Chapter One 

Background and Introduction 

Summary

Portions of this introduction were taken from a chapter on actin in disease to be 

published in 2006. The order of authors is as follows: Michael Maloney, Andy Kinley, 

Chi Pak and James Bamburg. The actin cytoskeleton is a network o f filaments whose 

assembly and dynamics are regulated to a large degree by the ADF/cofilin family of 

proteins. Defects in actin structure and dynamics can be linked with a wide range of 

diseases and neurodegenerative conditions. Significant progress has been made in 

understanding the how the misregulation of actin and ADF/cofilin in response to 

neurodegenerative stress may represent an early feature o f progressive degeneration in 

Alzheimer’s disease (AD) and potentially in other neurodegenerative diseases as well.

History of AD

Alois Alzheimer first described nearly a century ago a neurodegenerative 

condition as, “an unusual illness of the cerebral cortex,” that now bears his name 

(Alzheimer, 1907). Alzheimer was among the first individuals to posit that pathological 

changes in the post mortem brains of demented patients were tied to the progression of 

degenerative disorders responsible for abnormal behaviors. Among these pathological 

markers Alzheimer noted the presence of fibrils and miliary foci (amyloid) in the 

diseased damaged brain. Despite the long history, the cause o f and treatments for AD 

have eluded physicians and scientists.
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A positive diagnosis of AD requires selective neuron loss in specific brain 

regions, neuritic plaques composed of extracellular aggregates of P-Amyloid (Ap), and 

neurofibrillary tangles (NFT’s), composed of paired helical filaments (PHF’s) of 

aggregated and hyper-phosphorylated tau protein (Iqbal & Grundke-Iqbal, 1996; James et 

al., 1996; Wisniewski & Wegiel, 1992). Areas o f the brain typically affected by amyloid 

plaques are the hippocampus, involved in learning and memory, and the neo-cortex, 

involved in higher brain functions. The symptoms of AD are believed to develop years 

after neurological damage has begun. Amyloid plaques are extracellular lesions 

composed of a core o f fibrillar Ap surrounded by dystrophic neurites and reactive glial 

cells. In 1991 missence mutations in the amyloid precursor protein (APP) were found 

linked to autosomal dominant, early onset familial AD (FAD) (Chartier-Harlin et al., 

1991a). These mutations occur in and around the AP region of the APP resulting in 

heightened production of the Ap peptide, a proteolytic product derived from APP. The 

“amyloid hypothesis” states that the progressive accumulation and deposition of Ap 

occurs in the brain over decades leading to neuronal dysfunction and eventually to 

clinical manifestation of AD (Chartier-Harlin et al., 1991b; Goate et al., 1991; Murrell et 

al., 1991; Glenner & Wong, 1984b). Strong support for the amyloid hypothesis stems 

from the fact that Down syndrome individuals, trisomic for chromosome 21 (the genetic 

locus o f APP), invariably develop AD pathology.

Amyloid Precursor Protein Processing

APP is a receptor-like trans-membrane glycoprotein consisting of an extra cellular 

amino-terminal domain, a single trans-membrane domain and a short cytoplasmic

2
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carboxy-terminal domain (Fig 1.1). APP is expressed in a variety of cell types and 

tissues throughout the body (Mattson, 2004). The function o f APP has not been fully 

characterized, however a Drosophila homologue APP-like (APPL) protein interacts with 

APPL-interacting protein 1 (APPL1) (Taru et al., 2002). APPL1 shares high homology 

with JIP1 and 2, the mammalian MAPK family protein c-jun-N-terminal kinase (JNK) 

interacting proteins. Over expression of JIP1 and 2 in cells regulates the JNK dependent 

phosphorylation of APP (Taru et al., 2002). Thus the JNK-JIP-APP interaction appears 

to be conserved and may play an important role in the metabolism and functioning of 

APP in higher eukaryotes.

Cleavage of APP occurs in its extra cellular domain by the proteases a- and p- 

secretase (Fig 1.1). Both a- and P-secretase cleavage generates an amino-terminal 

soluble fragment (sAPPa and sAPPP) and an 83 (a-secretase) or 99 (P-secretase) residue 

carboxy-terminal fragment (C83 and C99) that remain membrane bound. a-Secretase is a 

metalloprotease that displays increased activity in response to phorbol esters that activate 

protein kinase C (PKC). P-Secretase, also known as p-amyloid cleavage enzyme 

(BACE) (Saunders et al., 1999), localizes primarily to the Golgi and late endosomes, 

although it can also be detected in the plasma membrane.

Following a- or P-secretase cleavage, to produce C83 and C99 respectively, a 

second cleavage occurs within the trans-membrane domain by y-secretase (Fig 1.1). C83 

cleavage typically produces a soluble form of Api.40 whereas C99 cleavage produces the 

hydrophobic amyloidogenic AP1.42 peptide (sequential cleavage o f APP by P- and y- 

secretases can give AP1.39 to AP1.43). Mutations found in FAD result in increased 

production and deposition o f APi.42. To date no mutations have been identified in

3
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Amyloid Precursor Protein (APP) & ®

sAPPa < COOH

sAPPBK
y  sec re ta se y  sec re ta se  (P S 1 )

Figure 1.1: APP proteolytic processing. APP cleavage by a-secretase releases the 
soluble N-terminal fragment (sAPPa) and leaves the membrane bound C83 fragment. 
Subsequent cleavage of C83 by y-secretase releases the p3 fragment and p6 APP intracel­
lular domain (AICD). Alternatively APP cleavage by P-secretase releases the soluble N- 
terminal fragment (sAPPP) and leaves the membrane bound C99 fragment. Subsequent 
cleavage of C99 by y-secretase produces p6 AICD and the amyloidogenic APj_42 peptide.
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BACE1, residing on chromosome 11, that correlate with an increased occurrence 

of AD, however a homologue, BACE2, has been identified on chromosome 21. This 

raises the possibility that BACE-like enzymatic activity may be partly responsible for the 

increased occurrence o f AD in individuals with Down syndrome (Trisomy 21).

Alternative Processing and Interactions

y-Secretase activity has also been implicated in proteolytic cleavage of Notch, a 

trans-membrane protein involved in cellular differentiation during nervous system 

development. The interaction of membrane bound proteins Delta, Jagged or Serrate, on 

one cell, with membrane bound Notch on another cell stimulates Notch cleavage. 

Following cleavage, the cytosolic tail o f Notch translocates to the nucleus where it acts as 

a transcription factor. Cleavage of the cytosolic tails o f both Notch and APP has been 

demonstrated to activate transcription. These similarities suggest that APP may play a 

role in signaling pathways similar to those of Notch (Selkoe, 2001).

In 1995 the catalytic subunit of the y-secretase complex was isolated and 

identified as Presenilins 1 and 2 (PS1/2) (Levy-Lahad et al., 1995; Rogaev et al., 1995; 

Sherrington et al., 1995). The genes encoding presenilins 1 and 2 are located on 

chromosome 14 and chromosome 1, respectively. Mutations in the presenilins have since 

been linked to increased production of AP1.42, and are more prominent in FAD than are 

mutations in APP itself (Esler & Wolfe, 2001; Tsuda et al., 1995). The presenilins are 

the catalytic components o f the y-secretases that process APP, therefore they are also 

likely to act as catalytic components of related proteases that clip transmembrane regions 

of Notch. SEL-12 is a PS1/2 homologue in C. elegans with 50% sequence homology.

5
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SEL-12 functions as a co-receptor for the Notch receptor LIN-12 (Berezovska et al., 

1999). Defects in SEL-12 produce constitutive activation o f LIN-12 that can be rescued 

by the introduction o f human PS 1/2 (Lenbaum & Levy-Lehad, 1998). This discovery 

raises the possibility that presenilins play a direct role in Notch signaling pathways. At 

first glance PS1 and 2 (y-secretase) appear to be prime targets for therapeutic 

intervention, however the similarities between Notch and APP proteolytic processing 

raises strong concern regarding serious and unforeseen side effects likely to occur due to 

effects on Notch signaling in vivo.

Cleavage o f APP by PS1 occurs largely in the endoplasmic reticulum (ER) and 

late endosomes. PS1 ’s carboxy terminal fragment can be phosphorylated by PKC, 

though the physiological significance is not yet clear, this phosphorylation may regulate 

the PS 1/2 turnover rate or interaction with other cellular factors (Fluhrer et al., 2004). 

Alternative proteolysis o f presenilins can occur at a site distal to their normal cleavage 

site mediated by a member of the caspase-3 family of apoptotic cysteine proteases. An 

FAD linked mutation has been found to make PS2 more susceptible to caspase-3 

mediated alternative proteolysis. This finding suggests that mutations leading to the 

altered endoproteolysis o f presenilins as well as mutations leading to the altered 

proteolytic processing of APP may also be involved in FAD.

Oxidative stress and AD

Mutant presenilins possess the constitutive ability to render neurons more 

vulnerable to a variety o f neuronal injuries, including oxidative stress (Kim & Tanzi, 

1997). Oxidative stress is a process in which the levels o f oxygen free radicals (reactive

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oxygen species or ROS) become elevated or antioxidant levels are decreased or both. 

Free radicals likely play a role in a variety of diseases such as AD, Parkinson’s disease, 

cataracts and macular degeneration. The occurrence of oxidative stress increases with 

age, and is considered a part of the normal ageing process. ROS are produced by a 

stepwise monovalent reduction o f O2 to form super oxide (O2’), hydrogen peroxide 

(H2O2) or hydroxy free radicals (OH'). Superoxide and peroxides are particularly nasty 

because they can readily permeate biological membranes, and hydroxy radicals can 

oxidize biological substrates, which then may become cross-linked. Oxidative damage 

occurs to lipids, proteins and DNA. Iron acts as a reducing agent via the Fenton reaction 

to produce destructive hydroxy radicals from super oxide and peroxide. The Fenton 

reaction is a univalent reduction of super oxide to produce H2O2 (Bryan, 1996). Cells 

utilize several enzymes to keep these activated oxygen species under regulation. Super 

oxide dismutase (SOD), also found on chromosome 21, forms peroxide and oxygen from 

super oxides within cellular compartments that produce activated oxygen. Catalase is an 

enzyme that catalyzes the dismutation of H2O2 to H2O and O2 (Bryan, 1996). 

Antioxidants, readily obtained from dietary sources, L-ascorbic acid (Vitamin C) and a- 

tocopheral (Vitamin E) both reduce oxygen free radicals (Bryan, 1996). Despite all of 

the body’s hard work at managing activated oxygen species, the damage inflicted mounts 

over years and decades.

Several hypotheses link oxidative stress and neurodegeneration in AD brain with 

increased production and deposition of AP (Pike et al., 1995a). Ap can induce 

production o f ROS in treated cells (Cafe et al., 1996; Harris et al., 1995; Ueda et ah, 

1997), and is able to generate free radicals (Hensley et al., 1996; Hensley et al., 1994).

7
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Synthetic Ap fragments promote lipid peroxidation and increase protein carbonyl 

formation in neuronal cell cultures. Ap induced oxidative stress is likely to impair 

mitochondrial function (Kaneko et al., 1995) and decrease ATP production (Mark et al., 

1995; Mattson et al., 1992; Zhang et al., 1996). This Ap mediated decrease in 

mitochondrial efficiency inevitably leads to increased release of ROS, which damage 

mitochondria and leads to more ROS production. It is this intimate link between Ap, 

mitochondria and ROS makes it hard to determine where the degenerative spiral begins. 

Further studies are needed to determine if impaired energy metabolism or oxidative 

damage play a primary or secondary role in Ap cytotoxicity (Aksenov et al., 1998).

Cholesterol Metabolism and AD

Site 2 protease (S2P) is a polytopic membrane protein containing a zinc- 

coordinated active site, like that of the y-secretases, responsible for processing a 

transcription factor involved in cholesterol metabolism (Wolfe et al., 1999). a- and P- 

secretases are also membrane-anchored versions o f known protease families and it is 

likely that these membrane-tethered forms, and their soluble relatives, are derived from 

common ancestral proteins. Sequence similarity around critical aspartate residues have 

been described between S2P-like proteases and presenilins (Wolfe et al., 1999). Such 

similarities between proteins involved in cholesterol metabolism and APP processing 

suggest that these pathways may interact.

Apolipo protein E (ApoE) is the primary protein component o f central nervous 

system lipoproteins. Possession of one or two s-4 alleles of ApoE, normally involved in 

lipid transport, results in increase Ap deposition in the brain before clinical symptoms of

8
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AD arise thus implicating defects in cholesterol metabolism in the pathology of AD. 

Additional evidence for a link between cholesterol metabolism and neurodegenerative 

diseases is found in Niemann Pick Type C l (NPCI) disease. NPC1 disease is a 

cholesterol storage disorder, caused by mutations in the NPCI gene, where Amyloid 

plaques are also noted in the pathology (Ohm et al., 2003). Cholesterol metabolism and 

AD will be covered in greater detail in chapter four of this dissertation.

Focal Adhesions, Transcription Factors and AD

PS1 has been shown to interact with the catenin family of proteins, which are 

homologous to the Drosophila Armadillo family, involved in the Wnt-signaling pathway. 

In epithelial tissue in the absence of the Wnt ligand, P-catenin is bound to a complex of 

axin, adenomatous polyposis coli (APC), and glycogen synthase kinase 3p (GSK3P), the 

latter component which phosphorylates p-catenin targeting it for ubiquitination and 

proteosome destruction. In the presence of Wnt ligand, Wnt binds to Frizzled, a G- 

protein coupled receptor (GPCR), which activates Disheveled (Li et al., 2006). 

Disheveled, working through FRAT, inhibits GSK3P, thus increasing the cytoplasmic 

pool of P-catenin. Activated P-catenin translocates to the nucleus where it acts as a 

transcription factor to signal cell division. P-Catenin is also known to be involved in 

epithelial adherens junctions, where it links the transmembrane cadherins to F-actin 

through interaction with a-catenin. In the brain PS1 interacts with the 8-catenin isoform. 

Both Notch and Wnt signaling pathways have been shown to be mutually inhibitory to 

one another and are functionally associated via convergence with the protein Disheveled 

(Grilli et al., 2002). The human homologue of disheveled has been mapped to a region of

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



chromosome 3 inked to late-onset AD (Russ et al., 2002). This evidence indicates that 

differential molecular interactions of the presenilins modulated in a tissue-specific or 

developmental stage specific manner may control different roles o f the normal or mutant 

forms of the presenilins during development and in adulthood.

Effects of the Ap Peptide

The Ap peptides released by P- and y-secretase cleavage of APP undergo a 

transition from non-aggregated AP (monomers) to oligomers and on to fibrils. This 

transition is marked by conformational changes in the peptide backbone. Monomeric 

non-aggregated A P1.42 exists predominantly as a random-coil or it can adopt alpha helical 

motifs following treatment with fluorinated alcohols which are used to remove structural 

artifacts introduced during chemical synthesis (Dahlgren et al., 2002). Folding 

intermediates on the pathway to fibril formation have been isolated thus demonstrating 

soluble oligomers possess a common conformation unique from those o f monomeric and 

fibrillar A P142 (Torok et al., 2002; Walsh et al., 1999). The different structures preferred 

by monomers, oligomers, and fibrils have been utilized to develop oligomeric specific 

antibodies (Kayed et al., 2003). A central region of AP1.42, spanning residues 31-35, is 

required for interacting with cellular membranes (Bond et al., 2003). This membrane 

interaction surface is thought to be responsible for the heightened toxicity of oligomeric 

APi.42. Mature fibrils are dominated by beta sheet structures in which hydrophobic 

residues 17-20 are in contact with the toxic hydrophobic residues 31-35 (Lee et al., 1995; 

Li et al., 1999). Though assembly dynamics are still under investigation, it is believed 

that the burial of the reactive side chains in mature fibrils is in part responsible for their

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reduced toxicity as compared to oligomeric structures (Chaney et al., 1998; Petkova et 

a l, 2002).

Following their addition to cultured neurons, the A(31.42 peptide aggregates remain 

stable and localize predominantly along the substrate (Pike et al., 1992; Pike et al., 

1995b). Freshly prepared AP1.40 or AP1.42 both possess a random coil conformation and 

display little toxicity. It is only after undergoing changes induced by prolonged 

incubation to form fibrils, P-pleated sheet structure, that the AP1.42 is found to damage 

cultured neurons (Pike et al., 1993; Pike et al., 1991a; Pike et al., 1991b). Fibril 

preparations often consist o f a spectrum of insoluble monomeric and oligomeric 

aggregates. High-speed centrifugation (100000 x g) of fibril preparations separates the 

insoluble fraction (fibrils) from soluble contaminants (monomers and oligomers). The 

purified fibrils will remain stable in cell culture conditions for extended periods of time 

(Kim et al., 2003).

Correlations between fibrillar plaque density and the severity of dementia in AD 

brains are weak, whereas correlations between levels o f soluble Ap (oligomers) and the 

extent o f synaptic loss and cognitive impairment are stronger (Dickson et al., 1995; Lue 

et al., 1999; McLean et al., 1999; Terry et al., 1991). Ap oligomers inhibit neuronal 

viability -10  fold more than fibrils and -40  fold more than unaggregated peptide 

(monomers), with oligomeric Ap ̂ -in d u ced  inhibition significant at 10 nM (Dahlgren et 

al., 2002). Small diffusible AP oligomers (referred to ADDL, for Ap derived diffusible 

ligands) kill mature neurons in organotypic central nervous system cultures at nanomolar 

concentrations (Lambert et al., 1998). Ap oligomers, in the absence o f monomers and 

amyloid fibrils, disrupt synaptic plasticity in situ at concentration found in human brain
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and cerebrospinal fluid. In addition, meta-stable intermediates in A(3 fibril formation 

(protofibrils) alter the electrical activity of neurons and cause neuronal loss.

AP selectively depresses excitatory synaptic transmission in neurons that 

overexpress APP, as well as in nearby neurons that do not (Ashenafi et al., 2005). This 

depression depends on N-methyl-d-aspartate (NMDA) receptor activity and can be 

reversed by blockade of neuronal activity. The synaptic depression from excessive Ap 

may contribute to cognitive decline during early AD. In addition it has been proposed 

that activity-dependent modulation of endogenous Ap production may normally 

participate in a negative feedback to keep neuronal hyperactivity in check (Kamentz et 

al., 2003). Disruption of this feedback system could also contribute to disease 

progression in AD.

AP1-42 soluble oligomers have been reported to possess selective toxicity against 

the CA1 subfield o f hippocampal neurons while having little or no toxicity against the 

CA3 subfield or cerebellar neurons (Kim et al., 2003). In the same study fibrils were 

reported to be toxic to the entire hippocampus without subfield specificity as well as toxic 

against cerebellar neurons. ADDL have demonstrated selective toxicity against the CA3 

subfield o f the hippocampus. These contradictory results of oligomer vs. ADDL 

selective toxicity are currently unresolved. Understanding how and why the aggregated 

state of APi.42 delivers selective neurotoxicity is one of the questions under investigation 

in this dissertation.

A connection between tau pathology and amyloid plaques has been sought after 

for some time but to no avail. Platelet derived growth factor (PDGF) is a potent activator 

of APP p/y-cleavage, giving rise to an increased generation of APi.42 through a pathway
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involving the non-receptor tyrosine kinase Src and the small G-protein Rac 1 (Gianni et 

al., 2003). Rac has been implicated in neurite outgrowth and axonal path finding 

(Ahmed et al., 2006). Immediate downstream effectors o f Rac 1 are the PAK 

serene/threonine kinases, which become activated upon the binding of Rac-GTP or 

Cdc42-GTP to their N-terminal auto inhibitory domain. A second known effecter 

downstream of Racl is Cdk5 (Nikolic et a l, 1998). Cdk5 is one o f the two kinases 

involved in the hyperphosphorylation of tau, a microtubule associated protein, in 

fibrillary tangles, suggesting that Rac 1 activation could, at the same time, increase Ap 

generation and cause tau hyperphosphorylation.

The activities o f the MAPK family members ERK1/2 were increased by treatment 

of cultured hippocampal neurons with fibrillar AP (Rapoport & Ferreira, 2000).

Increased MAPK activity remained evident even after 4 days of treatment. APi.42 treated 

neurons showed increased hyperphosphorylation of tau. This hyperphosphorylation 

occurs on tyrosine residues and results in the appearance neuritic dystrophy (Rapoport & 

Ferriera, 2000). APi.42 treated neurons also showed an increased association of the 

tyrosine kinase Fyn with the non-receptor focal adhesion kinase (FAK). Fyn is a member 

of the Src family o f tyrosine kinases. APi_42 treated neurons also show an increase in the 

activation of the MAP kinase family member ERK-2. Blocking o f Src and PI3 Kinase 

activity by specific inhibitors can disrupt the tyrosine phosphorylation of Fyn and the 

subsequent activation of the MAPK signaling in APi.42 treated neurons. Thus, the 

FAK/Fyn/PI3K association is upstream of MAPK signaling in Ap treated neurons. This 

cascade of signaling events are the earliest biochemical changes in neurons to be 

described in response to Ap exposure.
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Apoptosis is a highly regulated cellular death program. Various environmental 

insults lead to activation o f apoptotic pathways. The process o f intrinsic apoptosis begins 

with the release o f cytochrome c from mitochondria, subsequent activation of the 

apoptosome and activation of a caspase cascade (Budd & Nicholls, 1998). AP1.42 

induced cell death has been characterized as apoptotic (Forloni et al., 1993; Loo et al., 

1993). Activation of two families of proteases, the caspases and calpains, has been 

demonstrated following exposure to APi.42.

Api-42 was first shown to be neurotoxic to terminally differentiated rat 

hippocampal neurons in 1990 (Yankner et al., 1990a; Yankner et al., 1990b). Only 50% 

of cultured neurons remain viable after two days with 15 pM AP1.42 fibrils (Pike et al., 

1992). Neurons susceptible to Ap toxicity in vitro as well as neuronal population 

vulnerable to degeneration in AD display increased expression of immediate early genes, 

c-Jun and c-fos. Activation of these genes initiates the apoptotic neuronal death cascade. 

Apoptosis is characterized by formation of cell surface protuberances “blebs”, complete 

chromatin condensation and nuclear shrinkage “pyknosis” followed by nuclear 

fragmentation “karyorrhesis” into multiple membrane-bound bodies. Ap deposits in vivo 

are associated with neuritic plaques (NP) and dystrophic neurites that appear thickened 

with irregular swellings both along their length and terminal portions, and which 

occasionally exhibit fragmentation. Many dystrophic processes associated with NP also 

show a tortuous morphology and appear confined to the plaque environment.

The p38 MAP kinase is a member of the stress activated protein kinases found 

conserved throughout evolution in a wide variety of cell types (Cobb & Goldsmith, 1995; 

Marshall, 1994; Marshall, 1995; Sugden & Clerk, 1997). p38, activated via dual
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phosphorylation, activates MAPKAP2, which then activates the small heat shock protein 

hsp27 via dual phosphorylation. Active hsp27 possesses actin-binding activity and plays 

a role in regulation of apoptosis. Activation of p38 MAPK is found to occur in most 

chronic neurodegenerative diseases, such as AD, Parkinson’s disease and amyotrophic 

lateral sclerosis (ALS) (Koistinaho & Koistinaho, 2002). Immunohistochemical analysis 

of postmortem AD brains revealed increased levels o f activated p38 MAPK as compared 

with age-matched controls (Hensley et al., 1999). Acute brain injury such as stroke 

elicits a strong inflammatory reaction most likely initiated and sustained by MAPKs such 

as p38 (Yrjanheikki et al., 1998). Activation of p38 has been demonstrated in response to 

transient middle cerebral artery occlusion-induced ischemia (Irving et al., 2000; Wu et 

al., 2000). Activation o f p38 has also been demonstrated in response to glutamate- 

mediated hyper-activation of NMDA-receptors (Tikka & Koistinaho, 2001).

Actin

Eukaryotic cells contain three classes of cytoskeletal proteins: actin 

microfilaments, microtubules and intermediate filaments. Actin is a cytoskeletal protein 

with a molecular weight of ~43 kilo-Daltons (kDa) and an isoelectric point of 5.4 (Zechel 

& Weber, 1978). Various isoforms of actin account for anywhere from 2 to 20% of total 

cellular protein depending on the cell type (Korn, 1982). Neurons express only the P- 

and y-cytoplasmic non-muscle isoforms (Kaech et al., 1997). The actin cytoskeleton is 

essential for cell motility, some vesicle transport, cell division and a host of other 

functions (Kuhn et al., 2000).
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The regulation of actin assembly, dynamics and organization is carried out by 

many actin binding proteins, which govern everything from filament nucleation to 

branching, bundling and severing (Bamburg, 1999). A conservative count by dos 

Remedios et al., (2003) netted no less than 162 distinct actin binding proteins and this 

number will undoubtedly continue to grow. Actin monomers (G-actin) polymerize into 

non-covalent filaments (F-actin) o f 6 to 8 nm in diameter. The crystal structure of actin 

in complex with Deoxyribonuclease I (DNase I) has been solved (Federov et al., 1997). 

This structure has led to further work in building a model of an actin filament including a 

high-resolution structure based on the monomer. Although a true high-resolution 

structure o f F-actin has not yet been solved, cryo-electron microscopy and computational 

modeling reconstruction techniques have led to a low-resolution (-30 A) model of F- 

actin (McGough, 1997) (Fig. 1.2). In a filament o f actin, subunits are connected by a 

167° rotation and a 2.7 nm axial rise. Filamentous actin aligns in a left-handed helical 

twist with a major repeat distance of 38 nm and -13 subunits per repeat. F-actin helical 

turns result in a crossover every 35 nm.

Actin filaments are dynamic biopolymers that continually undergo cycles of 

assembly and disassembly. Monomers of actin can be added to or removed from a 

filament at both ends, however a polarity exits which influences the on/off rate of G- 

actin. This polarity is caused by the ability o f an actin monomer to bind to adenine 

nucleotides, ATP and ADP. ATP-actin has a higher affinity for filament assembly than 

ADP-actin. The critical concentration Cc required for ATP-actin assembly into filaments 

is lower than the Cc for ADP-actin (Carlier & Pantaloni, 1997). Above the Cc actin 

monomers spontaneously bind to form filaments and below this Cc monomers
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Figure 1.2: ADF/cofilin binding to F-actin. Low resolution structure of naked F-actin 
(A) and F-actin bound by ADF/cofilin (B) (A and B from Bamburg et al., 1995). ADF/ 
cofilin binding changes the helical twist of the filament by about 5 degrees but does not 
change the rise per subunit. This binding arrangement stablizes lateral actin-actin bonds 
while destabilizing longitudinal bonds and eliminates phalloidin staining. Ribbon dia­
gram of proposed ADF/cofilin binding to F-actin (C). The cofilin molecule (yellow) is 
depicted bound to two actin subunits in a filament (blue and gray) (C from Pope et al., 
2004).
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depolymerize from the filament end. After incorporation into a filament, the 

actin-bound ATP undergoes hydrolysis to ADP-P, and eventually loses inorganic 

phosphate to become ADP-actin (Chen, 2001). Once an ADP-bound monomer is 

released from the minus end it must undergo a nucleotide exchange reaction before it can 

be added to the plus end of another filament (Fig 1.3). The protein profilin enhances the 

ADP-ATP nucleotide exchange rate (Pollard et al., 2000), as does the Srv2/CAP1 protein 

(Mattila et al., 2004). Profilin is a 15 kDa actin-binding protein that binds G-actin in a 

1:1 molar ratio. Filamentous actin is a non-equilibrium polymer (Carlier & Pantaloni, 

1997; Chen, 2001) meaning that at steady state, assembly occurs more rapidly at the 

“barbed” or plus (+) end o f the filament while disassembly occurs more rapidly from the 

“pointed” or minus (-) end. The terms barbed and pointed originated from the 

characteristic arrowhead pattern, which develops when myosin heads decorate an actin 

filament. The polarity o f an actin filament is critical to cellular functioning and motility, 

based on the direction-specific binding of many filament-binding proteins. When ATP 

actin addition to the (+) end equals the rate of ADP actin loss from the (-) end a steady 

state cycling of monomers occurs known as “treadmilling” (Wegner, 1976).

Treadmilling, the addition of subunits to the (+) end and loss o f subunits from the 

(-) end, occurs 100 to 200 times faster in vivo than in vitro. The reported actin-based 

motility rate of 1-20 pm/min (7-130 subunits/sec/filament) is 1-2 orders o f magnitude 

higher than the treadmilling rate measured in solutions of pure actin (Kuhn et a l,  2000). 

This difference in rates can be attributed to the multitude of actin binding proteins 

regulating filament turnover in vivo.
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Actin with bound nucleotide
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Figure 1.3: Actin treadmilling. At steady-state, actin filaments undergo treadmilling. 
ATP bound actin is added to the plus end of a growing filament followed by the hydro­
lysis of the y-phosphate and release of inorganic phosphate (Pi). ADP-actin stabilizes 
a twisted conformation that allows for increased depolymerization from the minus end. 
Monomeric ADP-actin undergoes nucleotide exchange, removal of ADP and addition of 
ATP, enhanced by profilin.
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Because actin is involved in so many important cellular activities, cells must 

possess a system for tight regulation of actin dynamics. Ca2+, phospholipids and pH all 

affect the tension and relaxation of the actin cytoskeleton. To perform the various tasks 

of actin regulation, evolution has provided a variety o f actin binding proteins each with 

specific function. Profilin enhances nucleotide exchange and can enhance the addition of 

subunits to the (+) ends o f filaments, |3-thymosin sequesters actin monomers, gelsolin 

severs F-actin and remains capped onto the barbed ends, Cap Z caps barbed ends of actin 

filaments, Arp2/3 enhances filament branching, a-actinin bundles filaments together and 

myosins bind to filaments, using them as cables to move vesicles and organelles 

throughout the cell, and ADF/cofilin severs F-actin and enhances filament disassembly 

from the (-) end (Paavilainen et al., 2004). Barbed end capping proteins abolish actin 

dynamics at the (+) end. Capping a large proportion o f the (+) ends increases the ATP G- 

actin pool, which then becomes funneled to the few uncapped filaments leading to 

accelerated protrusion.

ADF/cofilin

Members o f the ADF/cofilin (AC) family are key regulators o f actin assembly and 

turnover in vivo (Bamburg, 1999). Cofilin and Actin Depolymerizing Factor (ADF) are 

members of a 15-20 kDa actin-binding family o f proteins ubiquitously expressed in 

eukaryotes from yeast to humans and share high sequence homology (Hatanaka et al., 

1996; Nishida, 1984). ADF, the first member of the family to be isolated, was purified 

from embryonic chick brain (Bamburg et al., 1980). The nuclear magnetic resonance 

(NMR) structure for the human ADF homologue destrin was determined first followed by
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the X-ray structure o f yeast cofilin, actophorin and plant ADF. The X-ray crystal 

structure elucidated the architecture of the ADF-homology domain (ADF-H), a structural 

motif shared by the members of the AC family of proteins (Federov et al., 1997). Cofilin 

possesses 70% sequence identity to ADF. Both ADF and cofilin modulate actin 

filaments in a pH dependent manner (Yonezawa et al., 1985; Hawkins et al., 1993; 

Hayden et al., 1993), with ADF’s regulation of actin being more greatly affected by pH 

than cofilin’s (Bernstein et al., 2000).

ADF and cofilin are typically found in cellular regions involved in high actin 

dynamics such as neuronal growth cones, ruffling membranes (Fig 1.4) and cleavage 

furrows. Caenorhabiditis elegans contains two AC family proteins unc60A/B. The 

unc60B isoforms is found specifically in muscle while unc60A is found throughout the 

body. Only the unc60A deletion mutant is lethal. Drosophila melanogaster and 

Saccaromyces cervisia both contain only a single AC family protein. A null mutant of 

this protein in both model systems is lethal. The lethality of AC family knockouts in all 

three animal models indicates that these proteins are fundamentally important in 

eukaryotes (Bamburg, 1999). ADF/cofilins have been shown to enhance treadmilling of 

F-actin in vitro by 25 fold (Carlier et al., 1997). The rate of actin turnover increases 125 

fold in the presence of both profilin and AC (Didry et al., 1998; Chen, 2001). AC’s bind 

ADP-G-actin with 30-80 fold higher affinity than for ADP-P, or ATP G-actin at 

physiological ionic strength (Carlier et al., 1997) suggesting the change in conformation 

of actin subunits within F-actin following P, release enhances AC binding.

Interactions between AC and G- and F-actin have been studied extensively using 

a variety of techniques including electron microscopy, mutagenesis, biochemical assays,
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Figure 1.4: Major F-actin structures in non-muscle cells. Fluorescent phalloidin stained 
lamellipodium at leading edge of chick cardiac fibroblast with bold arrow showing direc­
tion of migration and small arrow showing graded polarity actin bundle (A). A second 
image of the cell shown in panel A, pseudocolored in green and overlayed on image in 
panel A to show new lamellipodial extension (arrow: bright green) that occured over the 
3 min 20 sec time period (B). Filopodia (microspikes) on a neuronal growth cone (arrow 
in C). Stress fiber in a cultured non-polarized and non-migrating cell stained with Rhoda- 
mine phalloidin (arrow in D). (Images courtesy of Dr. Lubna Tahtamouni).
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cross-linking, modeling, computational analysis and protein foot printing with 

synchrotron radiation (McGough et al., 1997; Lappalainen, 1997; Moriyama et al., 1992; 

Ono et al., 2001; Sutton & Mabuchi, 1989; Guan et al., 2002). The exact ADF/cofilin to 

F-actin binding interaction has still not been precisely determined because o f difficulty in 

obtaining a stable structure of AC decorated F-actin imposed by AC’s filament severing 

activity. ADF binds F-actin in a cooperative fashion such that the rate-limiting step is the 

binding of the first ADF molecule to a bare filament, then binding o f subsequent ADF 

occurs more rapidly. AC induces a substantial change in the helical periodicity of F-actin 

upon binding (McGough et al., 1997) (Fig 1.2). AC changes the twist per subunit by ~5° 

while maintaining a constant rise per subunit (i.e. the overall filament length remains 

unchanged). This binding arrangement stabilizes lateral actin-actin bonds while 

destabilizing longitudinal bonds and eliminates phalloidin binding. For some time AC 

induced severing of F-actin has been theorized to occur at the junction between decorated 

and naked actin (McGough et al., 1997). However, a recent study by Bobkov et al., 2006 

indicates that fragmentation may occur at cofilin free regions of the filament weakened 

allosterically by nearby cofilin molecules. Filaments saturated with AC have a crossover 

of 27 nm, which is much shorter than the crossover of 35-38 nm seen in naked F-actin. 

ADF/cofilins are inhibited in actin binding by phosphorylation o f Ser3 (Morgan et al., 

1993; Agnew et al., 1995) and by binding to phosphatidyl inositol 4,5 bisphosphate 

(PIP2). Phosphorylation is catalyzed by the protein kinases LIMK1, LIMK2 and TESK1 

and TESK2 (Arber et al., 1998; Yang et al., 1998; Toshima et al., 1995; Toshima et al., 

2001).
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Phosphorylation reduces the affinity of ADF/cofilin for binding G- and F-actin by 

20 fold (Bamburg, 1999). Stimulating increased filament turnover in cells does not 

always result in an altered ratio of phosphorylated to unphosphorylated ADF and cofilin, 

suggesting instead the half-life of the phosphate group on AC decreases, which has been 

demonstrated (Meberg et al., 1998). This increase in the turnover o f phosphorylated AC 

suggests that the pathways regulating the kinases and phosphatases bifurcate in at least 

some instances to keep them in balance. The increase in the rate of phosphorylation and 

dephosphorylation of AC is known as “phosphocycling”.

Two isoforms o f LIM kinase exist. Once activated both LIMK1 and LIMK2 

undergo autophosphorylation as well as phophorylate ADF and cofilin, which are their 

major substrates. LIMK1 is activated by the p21 activated kinase (PAK) and Rho kinase 

(ROCK). In cultured fibroblasts, Cdc42 activation stimulates filopodial formation, Rac 

activation results in lamellipodial activation and Rho activation leads to stress fiber 

formation. Mutations in proteins involved in actin dynamics can be linked to a number of 

medical disorders such as Williams’s syndrome. William’s syndrome is caused by a 

deletion of a chromosomal region containing the gene for LIM kinase thus resulting in a 

hemizygosity of LIMK1 (Bamburg & Wiggan, 2002). The effects o f Rho, Rac and 

Cdc42 are directed through intermediate proteins possessing a CRIB domain. The PAK 

family is one o f the most extensively studied effectors o f Cdc42 and Rac. PAK also 

activates the JNK and p38 stress kinase pathways and are targets o f caspase-mediated 

proteolytic cleavage during apoptosis. The testicular protein kinases (TESK1 and 2) also 

phosphorylate AC proteins. The activation of TESK1 is regulated by its release from 

binding at focal adhesions through actopaxin (Lalonde et al., 2005). ADF/cofilins are
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activated when dephosphorylated by protein phosphatases in the Slingshot (SSH) family 

(Niwa et al., 2000) or by chronophin (Gohla et al., 2005). Slingshot is a phosphatase 

with a molecular weight o f -125 kDa. The phosphatase domain of SSH is distantly 

related to MAP kinase phosphatases. The phosphatase activity o f the longform of 

Slingshot-1 (SSH-1L) is dependent upon F-actin binding in-vitro (Nagata-Ohashi et al., 

2004), is negatively regulated via PAK4 phosphorylation (Soosairajah et al., 2005), and 

is activated via dephosphorylated by calcineurin (Nagata-Ohashi et al., 2004; Wang et 

al., 2005).

Neurodegenerative Stress and Rod Formation

The actin cytoskeleton is remodeled in response to various stimuli (Bershadsky et 

al., 1980; Iida et al., 1986; Nishida et al., 1987). Micro-ischemia, glutamate 

excitotoxicity and oxidative stress are linked to age-related neurodegenerative disease 

(Lenaz, 1998; Nicholls & Budd, 1998; Richardson, 1997; Smith et al., 1998). Exposure 

of cultured cells to ATP depletion, oxidative stress, or excitotoxicity for only a few 

minutes produces elongated filamentous actin aggregates known as rods (Minamide et 

al., 2000) (Fig 1.5). Rod formation is associated with a rapid decrease in phosphorylated 

ADF/cofilin (pAC), resulting in activation of AC’s actin binding/severing activity (Fig 

1.6). This rapid decrease in phosphorylated AC occurs prior to and during rod formation 

(Minamide et al., 2000).

Spontaneous rod formation results from the over-expression o f wild type Xenopus 

ADF/cofilin-Green Florescent Protein (XAC-GFP) in hippocampal neurons (Bernstein et 

al., 2006). The size o f rods is proportional to the amount of AC expressed in neurons,
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Figure 1.5: Rods immunostain for cofilin (green in a) and for actin (green in b), but do 
not stain with phalloidin (red in a and b). Rods sequester most endogenous cofilin (c), 
which is limiting. Doubling expression of cofilin (d) with XAC-GFP expression gives 
rods that are twice as long. Rods (red in e and f) form in neurofilament-H (NFH) positive 
(green in e and f) axons (e) and NFH negative dendrites (f). Scale bar =10 mM. (From 
Minamide et al., 2000).
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Figure 1.6: As ATP levels fall dephosphorylated ADF/cofilin and ADP-actin accumulate 
and form a complex that can assemble into filaments.
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suggesting that the supply of AC is the limiting factor to rod length (Minamide et al., 

2000) (Fig 1.5). Though the exact protein content of rods is unknown, actin and proteins 

o f the ADF/cofilin family are major constituents (Bamburg, 1999; Bamburg et al., 1999).

Peroxide induces rod formation and promotes oxidative stress leading to 

widespread cellular damage within a short time span. Glutamate induces excitotoxicity 

in neurons and also leads to rapid rod induction. ATP depletion results in a rapid 

induction of rods. Rods formed following ATP depletion disappear completely within 

30-60 min when cells are returned to standard culture conditions, but reappear in a 

subpopulation o f neurons 24 hours later. Rod-like AC inclusions have been found in the 

hippocampus of AD brain but not in normal control human brain (Minamide et al., 2000). 

Nearly 97% of 180 amyloid plaques from the frontal cortex and hippocampus of an AD 

brain showed AC aggregates over or around them (Minamide et al., 2000).

Rapid rod formation has been observed in cultured neurons following insult. 

Glutamate and peroxide induce rods within thirty minutes, and ATP depletion within 

minutes o f application (Minamide et al., 2000). Rods represent the earliest, outwardly 

observable sign o f neuronal stress, and have been hypothesized to act in neuroprotection 

(Bernstein et al., 2006).

Rods in cellular defense

The translocation o f cofilin to mitochondria has been documented in cells 

following treatment with the apoptotic agent staurosporine (STS) (Chua et al., 2003).

This translocation, which requires the activation of cofilin via dephosphorylation, 

typically begins within two hours and precedes cytochrome c release. Disruption of the
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actin-binding domain o f cofilin inhibits cytochrome c release but not translocation to 

mitochondria (Chua et al., 2003). Thus the phenomena of ADF/cofilin translocation to 

mitochondria may represent a conserved and early step in the induction o f apoptosis.

One way rods may be protective is by sequestering cofilin thereby slowing mitochondrial 

translocation and subsequent activation o f apoptosis. Actin turnover can consume up to 

50% of the ATP in growing neurons (Bernstein & Bamburg, 2003). In XAC-GFP 

expressing neurons the presence of newly formed spontaneous rods in neurites retards 

both the loss o f mitochondrial membrane potential and ATP as compared to neurites 

without rods or with older rods (Bernstein et al., 2006). A second mechanism by which 

rods may be protective is in tying up large amounts of actin into non-dynamic aggregates. 

Thus, rods may help cells to preserve ATP during transient stress.

Further characterization o f the role of rods in the early neuronal stress response is 

warranted and will be discussed in the conclusions/future directions chapter. 

Understanding of the early steps in neuronal stress, apoptosis and rod formation is key to 

gaining insight to the biochemical pathways directing neuronal survival during insult.

We speculate that these components are all parts of a larger scheme directed at neuronal 

survival.

Conclusions and Focus of Dissertation

The deposition of Ap into senile plaques is a hallmark o f AD. Ap peptides 

possess neurotoxic properties in vivo and in vitro. The shorter form of Ap, APmo, 

appears to be less toxic than the longer AP1.42. AP1-42 aggregation occurs in stages from 

monomers, to oligomers, and ultimately into fibrils. These various conformers possess
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different degrees of neurotoxicity and in this dissertation we demonstrate that they also 

induce varying amounts of rod formation in a time- and concentration-dependent manner. 

We are beginning to understand the biological activity of AfL-42 peptides by studying 

their effects on ADF/cofilin proteins in cultured neurons. Misregulation of ADF/cofilin 

induced by Afb-42 can potentially impact cellular transport, APP processing, synaptic 

connectivity and neuronal survival. The aim of this research has been to understand how 

these effect on ADF/cofilin arise and thus, begin to answer fundamental questions that 

may lead the way towards developing strategies designed at preventing or delaying APi.42 

mediated neurodegeneration and cognitive impairments.

The research presented in this dissertation builds largely upon the work of 

Minamide et al., 2000 that demonstrated neurodegenerative stimuli induce rod formation 

in cultured neurons. From this point the initial finding that rods can also be induced by 

the exposure o f cultured neurons to A P1-42 led us to ask questions regarding the time- and 

concentration-dependence of this effect. Like any good scientific investigation this 

pursuit has only prompted more questions and helped in developing a hypothesis to 

explain how rods may be involved in the systematic failure o f Alzheimer’s disease. We 

have developed new tools including an adenoviral vector to express APP conjugated to 

Yellow fluorescent protein (APP-YFP) for following transport in live cells, and 

organotypic hippocampal slice cultures as a model system in which we can address 

questions regarding the specific effects of AP1-42 on a sub-population of neurons. At the 

conclusion of this dissertation it will be clear that the pursuit of rods as contributors to 

neuronal dysfunction, and in protection, is relevant and requires further investigation.
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Chapter Two

P-Secretase-cleaved APP accumulates at actin inclusions induced in neurons by 

stress or amyloid beta: a feed-forward mechanism for Alzheimer’s disease. 
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Abstract

Rod-like inclusions (rods), composed of actin saturated with actin depolymerizing 

factor (ADF)/cofilin, are induced in hippocampal neurons by ATP-depletion, oxidative 

stress and excess glutamate and occur in close proximity to senile plaques in human 

Alzheimer’s disease (AD) brain (Minamide et al., 2000). Here we show rods are found 

in brains from transgenic AD mice. Soluble forms of amyloid beta (AP1.42) induce the
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formation of rods in a maximum of 19% of cultured hippocampal neurons in a time- and 

concentration-dependent manner. About half o f the responding neurons develop rods 

within 6 h or with as little as 10 nM AP1.42. AP1.42 induces the activation 

(dephosphorylation) of ADF/cofilin in neurons that form rods. Vesicles containing 

amyloid precursor protein (APP), p-amyloid cleavage enzyme, and presenilin-1, a 

component o f the y-secretase complex, accumulate at rods. The P-secretase cleaved APP 

(either P-C-terminal fragment o f APP or AP) also accumulates at rods. These results 

suggest that rods, formed in response to either Ap or some other stress, block the 

transport of APP and enzymes involved in its processing to Ap.. These stalled vesicles 

may provide a site for producing AP1.42, which may in turn induce more rods in 

surrounding neurons, and expand the degenerative zone resulting in plaque formation.

Introduction

Hippocampal neurons exposed to neurodegenerative stimuli rapidly reorganize 

their actin cytoskeleton into rods, which are tapered cylindrical filamentous inclusions 

saturated with ADF/cofilin (Minamide et al., 2000). Rods form in neurons transiently 

exposed to treatments that mimic oxidative stress, excitotoxicity and ischemia, and their 

formation is accompanied by a net dephosphorylation (activation) o f ADF and cofilin, 

two closely related protein regulators of actin dynamics in eukaryotic cells (Bamburg & 

Wiggan, 2002). Rods can occlude the neurite, disrupting microtubules and causing distal 

neurite atrophy (Minamide et al., 2000). Rod-like inclusions stained with ADF/cofilin 

antibody occur in human AD brain. Almost all amyloid-rich senile plaques were 

associated with rod-like inclusions, but over 40% of inclusions were not plaque-
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associated. Thus, rods might occur in response to amyloid toxicity and/or they might 

participate in amyloid production.

Proteolytic cleavage of the full-length amyloid precursor protein (APP) by P- 

amyloid cleavage enzyme (BACE; also called p-secretase) and y-secretase gives rise to 

AP peptides (Price et al., 1995; Sisodia & Price, 1995; Hardy & Selkoe, 2002; Mattson, 

2004; Tanzi & Bertram, 2005). Mutations leading to increased production of the more 

amyloidogenic AP1.42 species are linked to early onset familial Alzheimer’s disease 

(FAD) (Chartier-Harlin et al., 1991a; Chartier-Harlin et al., 1991b; Goate et al., 1991; 

Murrell et al., 1991; Price et al., 1995). Treatment of cultured neurons with AP1.42 

inhibits fast axonal transport (Hiruma et al., 2003). Furthermore, blockage of axonal 

transport is the earliest measured disturbance in brains of transgenic mice expressing 

mutant human APP (Stokin et al., 2005).

AP, .42 can exist as monomers, oligomers, fibrils and insoluble aggregates 

(Lambert et al., 1998; Walsh et al., 1999; Dahlgren et al., 2002; Walsh et al., 2002b; 

Chromy et al., 2003; Kim et al., 2003). These various species possess different degrees 

of neurotoxicity. Fibrils increase reactive oxygen species (Harris et al., 1995; Cafe et al., 

1996), lipid peroxidation and free radicals (Hensley et al., 1996; Lim et al., 2005). Yet, 

soluble AP oligomers, including amyloid-derived diffusible ligands (ADDL), are more 

neurotoxic than fibrils and insoluble larger aggregates (Dahlgren et al., 2002; Gong et al., 

2003). Soluble Ap and ADDL at sub-micromolar concentrations are neurotoxic in 

organotypic cultures (Lambert et al., 1998), alter neuronal electrophysiology (Hartley et 

al., 1999), inhibit long-term potentiation (Walsh et al., 2002a), and cause transient 

memory deficits (Cleary et al., 2005). Together these findings suggest that rod
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formation, initiated by A(3 peptides, might be the cause o f transport blockage, which 

would affect synaptic function. Inhibition of transport also could enhance AP production, 

because the majority of P-sec:retase cleaved APP occurs in endosomes (Koo & Squazzo, 

1994; Yamazaki et al., 1995; Cordy et al., 2003; Ehehalt et al., 2003). Thus rods may 

both initiate neurodegeneration and amplify accumulating degenerative signals (e.g. AP).

Here we demonstrate that soluble AP1.42 activates ADF/cofilin and induces the 

formation of rods in a sub-population of cultured hippocampal neurons in a time- and 

concentration-dependent manner. Rods are sites where vesicles containing APP and P- 

secretase-cleaved APP accumulate.

Materials and Methods

All chemicals are reagent grade and were obtained from Sigma-Aldrich Co. and 

all tissue culture reagents were from Life Technologies (Invitrogen™). P-Amyloid 

peptides (AP1-42 and a scrambled peptide with the same amino acid composition) were 

purchased from Ana Spec, Inc. HAMS-F12 medium with L-glutamine and without 

phenol red was purchased from Caisson Laboratories Inc. (Rexburg, Idaho).

Afi 1 . 4 2  preparations

Solubilization o f the P-amyloid peptides and generation o f the different AP1.42 

aggregates were performed as described previously (Dahlgren et al., 2002; Stine et al., 

2003). Fibril preparations were centrifuged for 15 min at room temperature at 20,000 x 

g. The peptides in aliquots from supernatant and pellet fractions were extracted for dot 

blot analysis as described previously (Stine et al., 2003). Primary antibody (FCA18;
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Oncogene™ Research Products), recognizing the N-terminal amino acid of the APi_42, 

was used at 1:500 in blocking solution for 1 h at room temperature. Horseradish 

peroxidase-conjugated secondary antibody was used at 1:30,000 in Tris-buffered saline 

plus 0.05% Tween-20 (TBS-T) at room temperature for 1 h. Blots were developed using 

SuperSignal® West Pico or Extended Duration Chemiluminescent substrates (Pierce 

Biotechnology Inc.). Digitized images were captured using a Photometries CH250 CCD 

camera (Photometries LTD.) and spot intensity was quantified using MetaMorph 

software (version 6.1r5 Universal Imaging Corporation).

Cell culture and treatments

Hippocampal neuronal cultures were prepared as described previously (Bartlett & 

Banker, 1984; Mattson & Kater, 1988; Minamide et al., 2000) with the following 

changes. Dissociated cells were plated on poly-D-lysine coated substrates in 8 well Lab 

Tek® Chamber Slides (Nalg Nunc International), and cultured under 400 pL Neurobasal 

medium supplemented with B27 and glutamine in a humidified 95% air/5%C02 

incubator at 37°C. Dissociated cultures enriched in CA1 or CA3 neurons were prepared 

from 400 pm slices (Mcllwein tissue chopper) of E l 8 rat hippocampi (Meberg & Miller, 

2003). Prior to dissociation, slices were further dissected into CA1 and CA3 regions on a 

Nikon SMZ-U dissection microscope as shown in Supplementary Fig 2.1. Hippocampal 

neurons (6 days in vitro (div)) were treated with 10 nM, 100 nM or 1 pM AP1-42 in the 

form of low molecular weight species, large oligomers, and fibrils/insoluble aggregates 

for 0.5-72 h. Controls included untreated neurons or neurons treated with 0.5% DMSO
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Supplementary Figure 2.1: Preparation of dissociated cultures enriched for CA1 or 
CA3 neurons, (a-c) Left and right hippocampal slices from brain showing the pyramidal 
cell layer of the hippocampus taken on a Nikon diaphot microscope with a 4 x objective, 
(d-f) Observations of the hippocampi from a Nikon SMZ-U Zoom 1:10 dissection micro­
scope used for making the bisections of the CA1 and CA3 regions. Scale bars = 1 mm. 
CA1 = Cornu Amonis region 1, CA3 = Cornu Amonis region 3, DG = Dentate Gyrus, fim 
= fimbria. Black arrow points to hippocampal fissure.
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(vehicle) or with 1 pM scrambled Ap peptide that had been pre-incubated under 

conditions in which AP1.42 forms fibrils.

For some studies rods were induced by transient (20 min) ATP depletion followed 

by washout o f the ATP-depletion medium and 24 h recovery (Minamide et al., 2000). 

Rods were also induced in some experiments by infecting 4 div hippocampal neuronal 

cultures with adenovirus for expressing the GFP chimera of wild type Xenopus 

ADF/cofilin (XAC-GFP) (Meberg & Bamburg, 2000). Spontaneous rods start to form in 

neurites of infected cells by 60 h post-infection (Bernstein et al., 2006). Cells were fixed 

at 72 h post-infection.

Cells were fixed 30 min in cytoskeleton preservation buffer (10 mM MES, pH 

6.1, 138 mM KC1, 3 mM MgCL, 2 mM EGTA, 0.32 M sucrose) containing 4% 

paraformaldehyde, pH 7.0. Cells were methanol (-20° C) permeabilized for 3 min and 

blocked in 2% goat serum/1 % BSA in TBS before immunostaining with various 

antibodies. Primary antibodies include: affinity purified rabbit antiserum to chick ADF 

(2 ng/pL), which cross-reacts with mammalian ADF and cofilin (Minamide et al., 2000), 

affinity purified rabbit anti-phospho ADF/cofilin (pAC; 0.02 ng/pL), which recognizes 

only the ser-3 phosphorylated forms of ADF/cofilin (Meberg et al., 1998), protein A 

purified monoclonal mouse anti-cofilin (Mab22; 10 ng/pL IgG; Abe et al., 1989), 

monoclonal anti-human P-amyloid Asp-1 (FCA18; 1:150; Oncogene™ Research 

Products), rabbit anti-BACE (M-83; 1:150; Santa Cruz Biotechnology, Inc.), rabbit anti- 

Presenilin 1 [residues 31-46] (Ab-1; 1:150; Oncogene™ Research Products), rabbit anti- 

P-Amyloid Precursor Protein (1:150; Zymed® Laboratories Inc). Secondary antibodies, 

all used at 1:450, include fluorescein goat anti-rabbit and goat anti-mouse and Texas-Red
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goat anti-rabbit and goat anti-mouse (Invitrogen™ Molecular Probes™). DAPI (4’-6- 

Diamidino-2-phenylindole) was used at 1:1000 (Invitrogen™ Molecular Probes™).

After blocking and staining, the rubber dividing chambers were removed and a 24 x 50 

mm cover glass was mounted with Prolong Gold Antifade (Invitrogen™ Molecular 

Probes™).

The relative level of phosphorylated ADF/cofilin to total cofilin was determined 

by ratiometric analysis o f fluorescence overlays from neurons immunostained with both 

pAC rabbit and mouse Mab22 primary antibodies and Texas Red and fluorescein 

secondary antibodies. Average pixel intensities were measured after background 

subtraction using MetaMorph software. All values were normalized to the ratio (set to 1) 

of pAC to total cofilin in untreated neurons.

Brain sections from  transgenic (Tg2576) mice

A 4 month old transgenic mouse (Tg2576; Taconic Labs, Germantown, NY) was 

perfusion fixed (Bruijn et al., 1997), the brain removed, post-fixed, and paraffin 

embedded. Sections (5 pm) were deparaffmized and immunostained for ADF/cofilin as 

previously reported for human AD brain (Minamide et a l,  2000).

Microscopy

Light microscopy. Phase-contrast and fluorescence micrographs were obtained 

using a 60x (1.4na) oil objective as previously described (Minamide et al., 2000). 

Fluorescence measurements were made from non-saturating digital images all acquired 

under the same conditions with a CoolSnap ES CCD (Photometries). Quantitative
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analyses o f some o f these images were performed by obtaining average fluorescence 

intensities from the different cell regions (line scans) after subtracting background. 

MetaMorph v6 .1 software (Universal Imaging) was used for all digital image processing. 

Slides were coded and scored blind to obtain percentages of neurons containing rods. At 

least 200 neurons per well were observed with a 40x oil (1.3 na) objective, and the 

percentages o f neurons containing rods were recorded. To quantify the percentage of 

neurons that survived, the total number of neurons in 10 randomly selected fields (20x air 

objective) from A(3-treated cultures was counted per well. This number was compared to 

the number o f neurons surviving from untreated cultures plated from the same neuronal 

stock. Averages and standard deviations (S.D.) for identical treatments were obtained 

from multiple wells. Experiments were repeated 3 or more times to give standard error of 

means (S.E.M.). Analysis of Variance (ANOVA) was performed using SAS/LAB 

software (S.A.S. Institute Inc.).

Electron Microscopy (EM): APi.42 peptides: A 3 pL aliquot of AP1.42 samples 

from each incubation condition was applied to a formvar-coated slot copper grid, blotted 

dry, negatively stained with 1% aqueous uranyl-acetate and examined on a JEOL 2000 

T.E.M at 100 KV. Human AD brain: Postmortem human AD hippocampus (brain bank 

tissue) was fixed upon removal in 4% paraformaldehyde, 2% glutaraldehyde, postfixed in 

osmium, dehydrated, embedded in LR White resin, and uranyl acetate/lead citrate stained 

sections (90 nm) were observed with a JEOL-2000 TEM.

Atomic force microscopy (AFM): Peptides were prepared for AFM as previously 

described (Stine et al., 2003). Images were obtained on NanoScope Ilia Scanning Probe 

Microscope equipped with MultiMode head, E-series piezoceramic scanner, and AFM
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probe type of single-crystal silicon microcantilevers with 300 kHz resonant frequency 

and 40 N/m spring constant.

Results 

Characterization of A(3 aggregates

To determine if any forms of Afh.42 could induce rods in cultured hippocampal 

neurons we prepared and incubated stock solutions of synthetic AP1-42 peptide under 

conditions previously shown to enrich preparations in low molecular weight (LMW) 

species, large oligomers, or fibrils with larger aggregates (Walsh et al., 2002b). The 

composition o f each prepared sample was analyzed by electron microscopy (EM) and by 

atomic force microscopy (AFM) (Fig. 2.2 Sup). Our three peptide preparations contain 

species that appear similar in size and distribution to those previously described (Lambert 

et al., 1998; Walsh et al., 1999; Dahlgren et al., 2002; Walsh et al., 2002b; Chromy et al., 

2003; Stine et al., 2003). Overlap of AP1.42 species occurs between preparations. Thus, 

we will define these samples as: (1) a LMW preparation containing small bead-like 

structures and aggregates, (2) a large oligomer preparation containing larger aggregates 

and short protofibrils, and (3) a fibril/insoluble aggregate preparation containing ribbon­

like fibrils that remained in the supernatant following centrifugation at 20,000 x g for 15 

min, as well as large amorphous aggregates that pelleted (Fig. 2.2 Sup). The insoluble 

aggregates of Ap look remarkably similar in size and shape to the aggregates that 

comprise the dense core senile plaques of human AD brain (Fig. 2.2 Sup).

Rods, which are straight tapered bundles o f F-actin saturated with ADF/cofilin, 

were identified by immunostaining for ADF/cofilin in E l 8 rat hippocampal neurons (6
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Supplementary Figure 2.2: AFM and EM images of Ab aggregates in vitro and amyloid 
plaque in human brain, (a) Negative stained EM photomicrograph of an amyloid plaque 
from human Alzheimer diseased brain (scale bar = 2 pm). (b-d) EM images (boxes are 2 
x 2 pm), (e-i) AFM images (boxes are 2 x 2 pm), (h, i) Supernatant and pellet fractions 
from a fibril/insoluble aggregate preparation following centrifugation at 20,000 x g for 15 
min. (j) Magnification of a 2 x 2 pm section from the amyloid plaque (a).
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days in vitro (div)) treated 24 h with 1 pM of each of the different AP1.42 samples (Fig. 

2.1). Although neurites containing rods are contiguous, methanol permeabilization left 

phase dense regions where rods had formed (Fig. 2.1a, arrows), sometimes giving the 

neurites a fragmented appearance. In Triton X-100 extracted cultures (not shown), the 

neurite morphology is maintained and neurite fragmentation is not apparent (see 

Minamide et al., 2000). Control neurons included those that were untreated, treated with 

vehicle alone (0.5% DMSO), or treated with 1 pM of scrambled A(31-42 peptide that had 

been pre-incubated identically to the fibril fraction of AP1.42. Cultures were also stained 

with the human anti-AP (FCA18 directed against the N-terminal asp) antibody to monitor 

the distribution of AP1.42 associated with the affected neurons. AP1.42 immunostaining 

was dispersed randomly (Fig. 2. lb, f, j, n), but each of the different Ap preparations 

resulted in distinctive immunofluorescence staining. LMW species appeared as discrete 

puncta whereas large oligomers and fibrils/insoluble aggregates were more difficult to 

resolve in a single plane of focus. Tortuous and dystrophic neurites (Pike et al., 1992; 

Grace et al., 2002) were observed only in cultures treated with large oligomers and 

fibrils/insoluble aggregates (Fig. 2.1o).

The majority o f extracellular Ap is lost during fixation and immunostaining. 

However, large Ap aggregates can be observed in cultures by phase microscopy (Fig. 2.3 

Sup). Therefore, we analyzed the number o f neurons in contact with visible Ap 

aggregates by phase microscopy (20x objective) in live cultures. At any point in time we 

determined that 31-41% of the neurons contacted phase-visible aggregates of Ap when 

added at 1 pM. Furthermore, if  we evaporated the medium from a treated culture before 

fixing and immunostaining for Ap, between 52-65% of the neurites visualized by tubulin
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Figure 2.1: AP peptides induce rods in cultured neurons and in brains of transgenic 
mice, (a-1) Rods in hippocampal neurons treated with 1 pM of Abl-42 low molecular 
weight (LMW), large oligomer (oligomers) or fibril/insoluble aggregate (fibrils) prepa­
rations. Arrows in panels (a, c), and (i, k) show the location of a rod in the phase and 
fluorescence image pairs, (m, n) Neurons treated with APj.42 pelleted from a fibril/in­
soluble aggregate preparation by centrifugation at 20,000 x g for 15 min. (n) Immuno­
fluorescence of the pelleted APi_42 is more compact when compared to the whole fibril/ 
insoluble aggregate preparations, (o) Example of a dystrophic neurite commonly found 
in fibril/insoluble aggregate-treated cultures, (p) Immunofluorescent rods stained for 
ADF/cofilin in the posterior cortex of a section of brain from a 4 month Tg2576 mouse. 
Scale bars = 10 pm (a-o). Scale bar = 5 pm (p).
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Supplementary Figure 2.3: AP aggregates are visible by phase microscopy. El 8 rat 
hippocampal neurons 6 days in vitro were either untreated (a) or treated with: (b) 1 pM 
LMW, (c) 1 pM large oligomers, (d) 1 pM fibrils/insoluble aggregates, (e) 1.3 pM fibril 
supernatant, (f) 0.65 pM insoluble aggregate pellet. Arrows indicate peptide aggregates.
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immunostaining were in direct contact with Ap (Fig. 2.4 Sup). Because the large Ap 

aggregates are freely moving in the culture medium, it is likely that all neurons spend at 

least some time in contact with Ap aggregates in vitro.

Incubation conditions used to generate fibrils also generated insoluble aggregates 

(Lambert et al., 1998; Walsh et al., 1999; Dahlgren et al., 2002; Walsh et al., 2002b; 

Chromy et al., 2003; Stine et al., 2003). To determine whether fibrils or insoluble 

aggregates were the rod-inducing species in this AP fraction, we separated the two 

components by centrifugation at 20,000 x g. Portions o f the supernatant and pellet 

fractions were solubilized in formic acid and the amount of Ap in each fraction was 

determined by an immuno-dot blot assay. Nearly all of the rod-inducing activity of the 

fibril/insoluble aggregate preparation was associated with the supernatant fraction 

containing fibrils (Fig. 2.2a) and not with the pellet fraction containing insoluble 

aggregates.

To determine if  excess Ap production in vivo could also lead to neuronal rod 

formation, we examined the brain of a 4 month-old Tg2576 transgenic mouse for the 

presence of rods. Tg2576 mice express the Swedish mutation for human APP, which has 

been linked to familial Alzheimer’s disease. A different strain of mouse expressing this 

same mutation of human APP generates excess AP peptides and has axonal transport 

deficits early in its development (Stokin et al., 2005). Brain sections from the perfusion- 

fixed Tg2576 mouse show the presence of ADF/cofilin immunostained rods (Fig. 2.1p). 

Other studies have confirmed the formation of ADF/cofilin stained inclusions in neurons 

surrounding the regions o f amyloid deposition in the Tg2576 mice (A. Mendoza-Naranjo,
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Supplementary Figure 2.4: Distribution of AP aggregates in cell culture. E l 8 rat hip­
pocampal neurons 6 days in vitro were either untreated or treated with variously prepared 
AP peptides as labeled. Culture medium was evaporated and neurons and AP peptides 
stained as labeled. Abbreviations as in Figure 2.1.
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Figure 2.2: Effects of A (3 5.42 on rod formation in cultured hippocampal neurons, (a) 
Percent of neurons with rods following 48 h of exposure to A[3 peptides. Differences are 
significant between control and experimental at p < 0.0001 (*) or p < 0.01 (**). Error 
bars (S.E6 .M.). U = untreated; S = scrambled peptide; O = large oligomers; F = fibrils/in­
soluble aggregates, (b) Percent of neurons with rods following 48 h of exposure to solu­
ble AP forms. Differences are significant between control and experimental at p < 0.0001 
(*) or between control and other concentrations within its group at p < 0.005 (**). Error 
bars (S.E.M.). V = vehicle (0.5% DMSO). (c) Time course of 1 pM AP-induced rod for­
mation. Time is in hours (h) or days (d). Differences are significant between control and 
experimental at p < 0.0001 (*), p < 0.001 (**). Error bars (S.E.M.). (d) Neurons form­
ing rods in response to 48 h Ab treatment (1 pM oligomer) are distributed equally within 
CA1 and CA3 regions of hippocampus. Differences are significant between control and 
experimental at p < 0.0001 (*). Error bars (S.D.). T = total hippocampal neurons from a 
normal dissection.
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C. Otth, J.R. Bamburg, R.B. Maccioni, C. Gonzalez-Billault, unpublished observations), 

similar to what has been observed in Alzheimer’s brain (Minamide et al., 2000).

APi-42 induces rods in a concentration- and time-dependent manner

To further characterize the rod-inducing activities of the A(3m2 preparations, we 

examined their concentration-dependence on rod formation in 6 div hippocampal 

neurons. Controls were identical to those previously described. Less than 2% of neurons 

contained rods in all control groups (Fig. 2.2b). LMW, large oligomer and 

fibril/insoluble aggregate preparations of A0M2 between 10 nM and 1 pM induce a 

concentration-dependent increase in the percent of neurons containing rods with about 

19% constituting the maximal response (Fig 2.2a, b). All three A[3-preparations induced 

rods at 10 nM, the lowest concentration tested (Fig. 2.2b), although only about half of the 

maximal percent response was observed. At or below 1 pM AP1.42, neuronal survival at 

48 h remained high (>80%). Rod formation and survival were also analyzed in neurons 

treated with 2 pM and 10 pM AP1.42 large oligomers. The percentage of neurons forming 

rods did not increase at concentrations above 1 pM; however, neuron survival declined 

considerably by 48 h following 2 pM treatment and all neurons were dead after treatment 

with 10 pM Api-42. These findings suggest that a subpopulation o f hippocampal neurons 

is very sensitive to Api.42. AP1.42 at concentrations as low as 10 nM will induce rods in 

about half the sensitive population, which plateaus at a maximum of about 19% for the 

highest non-lethal concentrations (1 pM).

Hippocampal neurons, 6 div, were treated with 1 pM AP1.42 preparations and then 

fixed at various times and immunostained for rods. No more than 2% of the neurons in
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untreated, vehicle-treated and scrambled peptide-treated control cultures contained rods 

at any time point. All Ap samples induced significant rod formation by 6 h post­

treatment, with maximal rod formation occurring by 12-48 h post-treatment (Fig. 2.2c). 

An increase in rod formation was observed in cultures exposed to 1 pM AP1.42 large 

oligomer preparation as early as 2 h after treatment; however, due to the variability in the 

number o f responding cells, this increase did not become significant over untreated 

controls until 6 h. In these experiments, neuronal survival seldom dropped below 80% at 

72 h.

In response to ATP-depletion, greater than 80% of hippocampal neurons form 

rods immediately (Minamide et al., 2000). In contrast, rod formation induced by AP1.42 

exposure occurred in a maximum of only 19% of cultured hippocampal neurons, even 

with AP at concentrations up to 10 pM or varying lengths of exposure (observed up to 3 

days). Because neurons in specific sub-regions o f the hippocampus show differential 

toxicity to AP1.42 (Bahr et al., 1998; Lambert et al., 1998; Kim et al., 2003), we 

determined whether rod formation simply reflected sub-region specific toxicity to AP1.42. 

Accordingly, E l 8 rat hippocampal neurons (6 div) from the CA1 and CA3 regions (Fig. 

2.1 Sup) were treated with 1 pM AP1.42 large oligomers for 48 h. Controls included 

dissociated whole hippocampi or enriched CA1 and CA3 neuronal cultures that were 

either not treated or treated with 1 pM scrambled AP1.42. No regionally localized 

population o f hippocampal neurons appeared selectively responsive to rod induction by 

AP1.42 large oligomers, as a maximum of only 17-18% of the neurons in both CA1 and 

CA3 enriched cultures contained rods 48 h post-treatment (Fig. 2.2d). This maximum 

percent response o f rod induction for CA1 and CA3 enriched cultures is comparable to
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the maximum percent response of rod induction seen for the dissociated, whole 

hippocampus. Although the percentage o f neurons containing rods in control CA1 and 

CA3 cultures was more than twice the normal control value, we attribute this to the 

additional stress imposed by the lengthier dissection protocol required to isolate the CA1 

and CA3 enriched regions.

AP induces ADF/cofilin activation only in neurons that form rods

The level o f active (dephosphorylated) ADF/cofilin increases in neurons prior to 

and during rod induction by oxidative stress, excitotoxicity and ischemia (Minamide et 

al., 2000). To determine if ADF/cofilin dephosphorylation also accompanies AP-induced 

rod formation, we compared the relative levels of phosphorylated ADF/cofilin (pAC) to 

total cofilin (pAC/total cofilin ratio) in untreated and Ap-treated neurons. The ratio of 

the relative fluorescence was compared between the soma and neurites o f neurons with 

and without rods. E l 8 rat hippocampal neurons 6 div were treated with 1 pM AP1.42 

large oligomers for 48 h to induce rods before fixing and immunostaining for total cofilin 

and pAC. In neurons which formed rods, there is a greater than 2-fold reduction in the 

pAC/total cofilin ratio in the soma of neurons containing rods as compared to neurons 

without rods (Fig. 2.3), indicating cofilin activation. Furthermore, neurons that do not 

respond to Ap-treatment by forming rods show no significant change (p>0.1) in 

pAC/total cofilin ratio within their soma.

The pAC/total cofilin ratio was also measured within neurites from untreated 

neurons without rods, from Ap-large oligomer treated neurons without rods, and from 

Ap-large oligomer treated neurons with rods. In untreated neurons without rods, the
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Figure 2.3: Ratios of phospho-ADF/cofilin to total cofilin staining in neurons in response 
to treatment with AP large oligomers. Rod formation is accompanied by an activation 
of the available ADF/cofilin pool as indicated by decreasing pAC levels. All values were 
normalized to the ratio of pAC to total cofilin in untreated neurons (set to 1). Error bars 
(S.D.). Differences are significant between control and experimental at p < 0.0001 (*) 
or p < 0.05 (**). Neurons with rods in right panel were analyzed in three ways. Ratios 
were taken from neurites that did not contain rods, from neurites that contained rods but 
from a non-rod region, and from neurites that contained rods from the region of the rod.
U = untreated neurons, no rods = Ab-treated neurons that did not form rods.
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pAC/total cofilin ratio remained comparable to controls. Similarly, treated neurons 

without rods also do not exhibit a significant change in the pAC/total cofilin ratio (Fig 

2.3, columns labeled no rods). In treated neurons with rods, we examined within the 

same neuron, two groups of neurites, those containing rods and those not containing rods. 

Within neurites without rods from treated neurons that contained rods elsewhere, a 2.5- 

fold decline in the pAC/cofilin ratio was observed, similar to what was observed for their 

soma. However, within neurites containing rods, this ratio declined nearly 7-fold 

compared to untreated controls (Fig. 2.3). Furthermore, we observed a greater than a 60- 

fold decline in the pAC/cofilin ratio in the region occupied by the rods (Fig. 2.3). These 

data indicate that rod formation and dephosphorylation (activation) o f ADF/cofilin in 

response to Ap treatment occurs within the same neuronal population.

Localization of endogenous APP, BACE, PS1 and P-secretase cleaved APP to rods

To determine whether rods affect the transport of APP-containing vesicles and the 

enzymes which process APP into Ap peptides, we immunostained E l 8 rat hippocampal 

neurons with antibodies to the midregion of the APP ectodomain (Koo & Squazzo, 1994; 

Yamazaki et al., 1996) and to ADF/cofilin. In untreated cells, ADF/cofilin localized 

predominantly to growth cones and the cell body (Fig. 2.4a, j). APP was found in the cell 

body, but immunostaining was stronger in neurites (Fig. 2.4b), consistent with previous 

studies (Yamazaki et al., 1995). Rods were induced either by transient (20 min) ATP- 

depletion followed by washout and overnight recovery (Fig. 2.4d-f) or by adenoviral 

mediated over-expression of Xenopus ADF/cofilin (XAC)-GFP, which induced 

spontaneous rod formation by 60 h after infection (Bernstein et al., 2006). Minamide et
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fixed 7 days in vitro and immunostained as labeled. Scale bars =10 mm.



al. (2000) showed that in ATP-depleted neurons, ATP levels returned to normal within 

30 min following wash out, but rods reformed during the next 24 h in some neurites from 

about 30% of the neurons. ADF/cofilin accumulated in rods (Fig 2.4d, g-i), which were 

also the major site for APP accumulation in a vesicular (punctate) staining pattern (Fig. 

2.4e). APP immunostaining either localized along the sides o f the rods or was enriched 

at the distal ends of rods, suggesting accumulation of retrogradely transported vesicles 

(Fig. 2.4f-i). The P-secretase cleaved APP (P-CTF and/or Ap-immunostained using an 

antibody to the N-terminal asp residue o f the Ap peptide, was similarly localized (Fig. 

2.4j-r). In untreated cells, P-secretase cleaved APP was distributed within the cell body 

and neurites (Fig. 2.4k). In neurites with rods, P-secretase cleaved APP accumulated 

either throughout the rods proper or predominantly at one end (Fig. 2.4o-r).

BACE and presenilin 1 (PS1) immunostaining localized throughout the soma and 

neurites in vesicle-like puncta in untreated neurons (Fig. 2.5 Sup). In neurons with rods, 

PS1 and BACE localize near rod ends, particularly the distal end and along the side of 

rods in vesicular-like clusters (Fig. 2.5 Sup). These data suggest that ADF/cofilin-actin 

rods are a site for the accumulation of cargo containing APP, BACE, and PS1. We 

cannot be certain that the biochemical machinery required for Ap production is 

completely contained within the same vesicle population. However, from the presence of 

the p-secretase cleaved APP in the same location we can infer that BACE is within the 

APP-containing vesicles and thus rod-induced disruption of transport might provide an 

environment where P-cleavage o f APP can occur and accumulate.

We quantified, in three separate experiments, the immunofluorescence staining 

intensities o f APP and p-secretase cleaved APP associated with the rods and in regions
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distal to or between the rods, as well as in neurites without rods. Two of these 

experiments used transient ATP depletion with overnight recovery to induce rods and the 

third used rods that spontaneously formed from XAC-GFP overexpression. Results from 

the three experiments were similar indicating that the amount of APP and [1-cleaved APP 

accumulation at rods is not dependent on the mechanism of rod formation (i.e. whether 

rods are induced by ATP depletion or by XAC-GFP overexpression). When compared to 

the staining intensity o f neurites without rods for images captured under identical 

conditions, there is almost a 5-fold increase in the APP and a 2.3-fold increase in |3- 

secretase cleaved APP associated with the rods and about a 40% reduction in the APP 

and a 60% reduction in P-secretase cleaved APP in regions between or distal to the rods 

(Fig. 2.5).

Discussion

Actin pathology often accompanies neurodegenerative changes in the brain.

Two common actin-containing structures reported in AD brain are Hirano bodies and 

ADF/cofilin-actin rods. Hirano bodies are large paracrystaline aggregates that contain 

actin and immunostain for epitopes of ADF/cofilin (Maciver & Harrington, 1995), many 

actin binding proteins and tau (Hirano, 1994). ADF/cofilin-actin rods are much smaller 

inclusions that often occur in linear arrays. Although it is not known if the ADF/cofilin- 

actin rods can recruit additional proteins and give rise to Hirano bodies over time, the two 

structures are clearly separate entities in fixed AD brain sections (Minamide et al., 2000).

AP, .42 concentrations as low as 10 nM induce ADF/cofilin-actin rod formation in 

half o f the hippocampal neurons that respond to higher concentrations (half maximum
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Figure 2.5: In cultured hippocampal neurons both APP and P-secretase-cleaved APP ac­
cumulate at rods and decline in regions between or distal to rods. Quantitative measure­
ments of average immunofluorescence intensity were obtained for immunostained APP 
and P-secretase cleaved APP (FCA18 antibody) in cells without rods and cells in which 
rods were formed either through transient ATP depletion and 24 h recovery (two experi­
ments), or from overexpression of XAC-GFP (one experiment). All images within the 
same experiment were captured using the same objective, camera and exposure settings. 
The fluorescence intensity values for the APP and P-secretase cleaved APP were set to 1 
for the neurites containing no rods (C = control) and relative fluorescence values over the 
position of the rods (at rods) or between and distal to the rods were measured and plotted 
relative to the controls. Error bars are S.E.M. Differences shown are significant between 
control and experimental at p < 0.0001 (*), p < 0.002 (**), or p < 0.09 (***) as indicated.
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percent response), as low a concentration as has been shown to have a physiological 

effect on neurons (Lambert et al., 1998; Dahlgren et al., 2002; Walsh et al., 2002a; 

Hiruma et al., 2003; Kim et al., 2003; Takahashi et al., 2004; Cleary et al., 2005). The 

amount of soluble AP extracted from the frontal cortex of control human brains is 

0.09±0.05 pg/g and from AD brain is 0.29±0.25 pg/g (McLean et al., 1999). Estimating 

200 pL/g interstitial volume (or 800 pL/g total volume) of water, interstitial 

concentrations of soluble Ap are 44-155 nM in control brain and 44-598 nM in AD brain. 

If AP is equally distributed intra- and extracellularly, the concentrations are 5-39 nM in 

control brain and 5-150 nM in AD brain. Reports of decreased soluble Ap within the 

cerebral spinal fluid o f AD patients imply that much of the increased total soluble Ap- 

pool in brain is intracellular (Blennow et al., 2001). In either case an approximately 3.5- 

fold increase of soluble Ap in AD brain could apply a significant stress on a selective 

population o f sensitive neurons. Rods were not observed in control human brain tissues 

(Minamide et al., 2000), even though the estimated Ap amount in these brains is above 

the minimum concentrations we found necessary to induce rods in cultured hippocampal 

neurons. This finding suggests that either the form of Ap in control human brain is 

different (perhaps a less toxic monomer; Kim et al., 2003), or alternatively that neurons 

from control brain are less stressed by other factors (e.g. excess glutamate) that also 

contribute to rod formation.

Our findings o f ADF/cofilin rods in the perfusion fixed Tg2576 mice are 

significant in that previous studies showing these inclusions in human AD brain could 

only be performed on brain samples obtained 2-12 h postmortem. Here the animals were
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rapidly sacrificed and perfusion-fixed making it much more unlikely that rods formed 

only as a result of postmortem changes.

Actin dynamics in cultured embryonic neurons uses -50%  of cellular ATP 

(Bernstein & Bamburg, 2003) and thus rods have been proposed to represent an early 

neuroprotective mechanism during times of transient stress by sequestering virtually all 

o f the ADF/cofilin into non-dynamic polymers of ADF/cofilin-ADP-actin (Bernstein et 

al., 2006). The reduction of pAC levels in both soma and neurites of Ap-treated neurons 

containing rods is indicative of a global activation of ADF/cofilin proteins within the A0- 

sensitive neuronal population, which may suggest that this sub-population of neurons has 

activated a neuroprotective pathway that they were unable to reverse.

The reason for AP-induced rod formation in only a sub-population of cultured 

hippocampal neurons is still uncharacterized. All cultured hippocampal neurons are 

responsive to AP1.42, as treatment with high concentrations o f AP1.42 large oligomers (10 

pM) results in complete lethality. Therefore, lower concentrations of APi_42 that trigger 

rod formation must work in a more specific manner on a particularly sensitive group of 

neurons. There are a number of plausible and potentially interesting mechanisms at 

work, which may explain this phenomenon. Ap selectively binds to an undetermined 

sub-population of neurons in culture, which represents only 30-50% of the total 

population (Lacor et al., 2004), providing one possible explanation for the limited pool of 

sensitive neurons. In addition, a subset (30-40%) of cultured hippocampal neurons, 

susceptible to nerve growth factor induced apoptosis, expresses the p75 receptor without 

expression of the cognate Trk receptors (Friedman, 2000). The p75 receptor has been

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



implicated in Ap-mediated cell death (Perini et al., 2002), thus Ap binding to such a sub­

population o f neurons may explain the selective response of rod formation.

The aggregation state of AP may dictate the substrate binding preference, as 

suggested by differential binding to NMD A vs. non-NMDA receptors (Ye et al., 2004), 

further narrowing this pool o f sensitive neurons. Alternatively, Ap may affect the 

activity of upstream regulators o f ADF/cofilin. Low levels o f AP1.42 induce rapid Racl 

activation in PC12 cells (Chromy et al., 2003). Hippocampal neurons treated with 

soluble Ap fibrils also show activation of Racl/Cdc42, Pakl and dephosphorylation of 

AC proteins enhanced by the phosphatase slingshot, resulting in actin reorganization (A. 

Mendoza-Naranjo, C. Otth, J.R. Bamburg, R.B. Maccioni, C. Gonzalez-Billault, 

unpublished observations). Therefore, Ap peptides may induce activation o f specific 

signaling pathways in a sub-population o f normal neurons that result in enhanced 

ADF/cofilin activity. In addition, AP has been shown to have detrimental effects on 

mitochondria (Grant et al., 1999; Anandatheerthavarada et al., 2003; Lustbader et al., 

2004; Mattson, 2004) and there may exist a neuronal sub-population in which 

mitochondria are extremely sensitive to Ap. The ability to visualize rod-containing 

neurons in live cells expressing fluorescent protein chimeras o f ADF/cofilin offers an 

opportunity to isolate and characterize this selective neuronal population.

In cultured neurons, AP1.42 peptides induce rods that become sites for the 

accumulation of vesicles containing APP and its proteolytic processing machinery. In 

brains of transgenic mice expressing the Swedish mutation o f human APP, one of the 

earliest defects observed is an accumulation of vesicular and organelle cargoes and 

formation of axonal varicosities at sites of transport blockage (Stokin et al., 2005).
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Maximal production of Ap from APP in cultured neurons requires the endocytosis of 

APP (Koo & Squazzo, 1994; Cordy et al., 2003; Ehehalt et al., 2003). Inhibition of 

endocytosis in hippocampal neurons by expression of dominant interfering forms of 

dynamin, a GTPase required for endocytosis, dramatically decreases the amount of Ap 

peptides that are secreted into the cell culture medium (Ehehalt et al., 2003). The 

accumulation of APP, BACE, and PS1 in vesicles accumulating at rods may be a 

mechanism by which rods could enhance production o f AP peptides. It is particularly 

noteworthy that the APP-containing vesicles either reside evenly distributed along the 

rods or accumulate at the distal end of the rod, suggesting that retrogradely transported 

endosomes accumulate. Ap oligomers occur in vesicles localized along neurites and at 

synaptic compartments in both cultured neurons and in the brains o f Tg2576 mice 

(Takahashi et al., 2004). Rods provide an attractive mechanism to describe a variety of 

pathological and experimental data implicating the blockage o f cargo transport in 

neurodegenerative diseases.

From the combined data presented herein and from the findings o f others, we 

propose a hypothetical feed forward model (Fig. 2.6 Sup) for neurodegeneration and 

senile plaque growth in Alzheimer’s disease and potentially in other amyloidogenic 

disorders, such as Down Syndrome (Head & Lott, 2004; Nixon, 2005). A specific 

neuronal sub-population may be adversely susceptible to the accumulation o f Ap, such as 

in familial Alzheimer’s disease, or to other stress-inducers such as ischemia, oxidative 

stress, or excitotoxicity, which may be involved in sporadic AD. These insults can result 

in rod formation within neurites, thereby blocking vesicle transport and leading to the 

continued generation o f Ap within stalled endosomes, and subsequent secretion at these
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Supplementary Figure 2.6: Hypothetical model for a convergent feed-forward mecha­
nism of plaque formation and neurodegeneration in familial and sporadic Alzheimer’s 
disease. Inherited mutations, as in FAD, lead to increased Ab that can induce rod forma­
tion in a sensitive population of neurons. Other forms of neuronal stress, such as 
ischemic injury, excitotoxicity or oxidative stress induce rod formation and may lead to 
sporadic AD. Disruption of APP-, BACE- and PS 1-containing vesicles by rods may lead 
to locally elevated Ap production in neurites. AP can either be sequestered into insoluble 
plaques or soluble AP can induce further rod formation in the surrounding neuropil exac­
erbating the neurodegenerative cycle.
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focal sites. Locally elevated Ap can give rise to additional rod formation in the 

surrounding neuropil further exacerbating the neurodegenerative cycle.
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Chapter Three

Anoxia and Amyloid-P induce ADF/cofilin Rod formation in Hippocampal 

Organotypic Slice Cultures 

Preface and Acknowledgement

Thanks are in order to Marcia Podlisny and Dennis Selkoe for providing the cell 

derived A(B conditioned medium utilized in the experiments presented herein.

Abstract

With advancing age the brain becomes increasingly susceptible to ischemic 

insults resulting from mitochondrial rundown and stroke. Mini-strokes, transient loss of 

blood flow to a region of the brain, often results in irreparable damage. Exposure of 

dissociated E-18 rat hippocampal neurons to conditions mimicking ischemia produces a 

rapid reorganization o f the cytoskeletal proteins ADF/cofilin and actin into tapered 

cylindrical aggregates known as rods. Rods disrupt distal neurite functioning and may be 

involved in synaptic loss and cognitive or functional impairment. Using organotypic 

hippocampal slice cultures we demonstrate that ADF/cofilin-actin rod formation occurs 

within minutes o f ATP rundown induced either by ATP-depletion medium, excess 

glutamate, peroxide, oxygen-glucose deprivation or by anoxia. Rod formation also 

occurs in slice cultures following exposure to nanomolar concentrations o f soluble A[31.42 

similar to what we reported in dissociated neurons. We have used the slice cultures to 

identify regions within the hippocampus that appear to be most susceptible to AP1.42-
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induced rods. These regions appear to localize along the blade o f the dentate gyrus where 

cells of the molecular layer receive input from the cholinergic cell bodies residing in the 

septum.

Introduction

Hippocampal slice cultures provide an excellent in vitro model system for 

studying neurodegenerative conditions (Holopainen, 2005). A major advantage of slice 

cultures is the maintenance of in vivo like cytoarchitecture and synaptic connectivity 

(Stoppini et al., 1991). The hippocampus, the major region of the brain involved in 

learning and memory, becomes functionally impaired in a number o f human diseases 

including vascular dementia and Alzheimer’s disease (AD). Ischemia can occur when 

the cerebral vasculature becomes partially or completely occluded (stroke) thereby 

depriving neurons of oxygen. The brain has a high metabolic activity making it 

susceptible to ischemic damage, furthermore the hippocampus is especially susceptible to 

ischemic injury (Schmidt-Kastner & Freund, 1991). Following transient oxygen-glucose 

deprivation (OGD; model for ischemia), organotypic hippocampal slice cultures 

experience selective apoptotic neuronal death (Mattson et a l, 2000; Rami et al., 2003; 

Eldadah & Faden, 2000; Graham & Chen, 2001) in the CA1 region (Chen et al, 1998) 

largely resulting from glutamate excitotoxicity (Hewitt & Corbett, 1992). OGD induces 

morphological changes in CA1 neurons including swollen neurons with vacuolated 

cytoplasm (Lushnikova et al., 2004). In vivo studies using transient ischemia (10 min) 

induced by clamping the carotid artery caused elevated intracellular Ca2+, activation of 

calpain, cytoskeletal alterations, and cell death (Lee et al., 1991). Selective calpain
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inhibition is neuroprotective in hippocampal slice cultures following OGD (Brana et al., 

1999).

Misregulation of neuronal actin and ADF/cofilin is associated with a range of 

cognitive impairments and degenerative conditions (Maloney et al., 2006). Exposure of 

dissociated hippocampal cultures to oxidative stress, excitotoxic levels o f glutamate, 

ATP-depletion medium, or AP1-42 induces the rapid formation o f ADF/cofilin-actin rods 

(Minamide et al., 2000; Maloney et al., 2005). In cultured Aplysia kurodai neurons, the 

overexpression o f cofilin induces rods responsible for synaptic loss and impaired synaptic 

plasticity (Jang et al., 2005). Thus, stress-induced rods have the potential to explain 

cognitive and functional impairment associated with cerebro-vascular diseases.

The neuronal actin cytoskeleton is a tightly regulated network of filaments that 

places a high demand on cellular energy. Under resting conditions actin-ATP hydrolysis 

consumes nearly 50% of neuronal ATP (Bernstein & Bamburg, 2003). Adenoviral 

mediated overexpression of Xenopus ADF/cofilin conjugated to green fluorescent protein 

(XAC-GFP) induces the formation of rods in neurites, the presence of which retards the 

loss of mitochondrial membrane potential (A'Fm) and ATP when compared to neurites 

without rods (Bernstein et al., 2006). Short-term exposure to OGD makes organotypic 

hippocampal slice cultures resistant to subsequent prolonged anoxia (Xu et a l, 2002; 

Valentim et al., 2003) a characteristic termed ischemic preconditioning (Lushnikova et 

al., 2004). Stress induced actin-rod formation sequesters nearly all available ADF/cofilin 

into non-dynamic aggregates (Minamide et al., 2000; Bernstein et al., 2006). Thus, rods 

may play a neuroprotective role by shutting down actin dynamics to preserve ATP during 

transient neuronal insult.
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Rod-like cofilin pathology is found associated with amyloid plaques in human 

AD brain but not in normal control brains (Minamide et al, 2000). Additionally rod-like 

cofilin aggregates have been found in the brains of transgenic mice (Tg2576) (Maloney et 

al., 2005) expressing a mutant form of APP associated with increased AP1.42 production 

and human familial AD. Here we report the formation of rod-like cofilin aggregates in 

organotypic hippocampal slice cultures following transient exposure to anoxia, ATP- 

depletion, glutamate, peroxide, OGD, and soluble AP1.42. This work builds upon our 

previous studies in dissociated rat hippocampal neurons by demonstrating rod formation 

in this highly organized and physiologically relevant culture system. Furthermore by 

bridging the gap between rods in dissociated primary neuronal cultures and rod-like 

cofilin pathology in diseased human brain, we are taking a key step in establishing an in 

vitro system for evaluating the role of rods in neurodegenerative disease.

Materials and Methods

All chemicals are reagent grade and were obtained from Sigma-Aldrich Co. and 

all tissue culture reagents were from Life Technologies (Invitrogen™). P-Amyloid 

peptide (AP1.42 and a scrambled peptide with the same amino acid composition) were 

purchased from Ana Spec, Inc.

Cell culture and treatments

Hippocampal slice cultures were prepared from P7-P9 Sprague Dawley rat pups 

essentially as described previously (Stoppini et al, 1991). Briefly, hippocampi were 

quickly dissected into filter sterilized ice-cold (4° C) Gey’s Balanced Salt Solution
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(GBSS) plus 4% glucose solution, then sliced to a thickness of 400 pm on a Mcllwain 

tissue chopper. Finally 3-6 intact slices are arranged onto 0.4 pm Transwell® Polyester 

membranes inserted into 6 well culture plates (Corning Costar® 3450). Beneath the 

membrane is added 1.7 mL of filter sterilized slice culture medium (50 mL horse serum, 

50 mL Hank’s Balanced Salt Solution (HBSS), 100 mL Minimal Essential Medium 

(MEM), 500 pL 1.25 mM L-glutamine, 4 mL 25% glucose, 1 mL 100 U/mL Penicillin- 

Streptomycin). MEM is HEPES and bicarbonate buffered. Slice culture medium is 

aspirated and replaced with 1.5 mL on day 3 and every 2-3 days thereafter as required.

For all experiments slices on membranes were cultured for 10 days in a 95% air/5%CC>2 

incubator at 37° C. For live cell imaging slices were prepared as described above then 1- 

2 hippocampi were placed onto 12 x 22 coverslips and imbedded in 20 pL of chicken 

plasma (Cocalico Biologicals, Inc.) and clotted with 6 pL thrombin (150 NIH units/mL in 

H2O; MP Biomedicals, Inc.). Slides with imbedded hippocampi were placed into flat 

bottom test tubes (Nunclon Delta Tubes; Nunc™) and 700 pL o f slice culture medium 

was added. Tubes were placed at a 6° angle in a rolling incubator system (0.6 r.p.m) at 

35° C and medium was replaced every 2-3 days. Imaging was performed on day 10.

For peroxide, glutamate, and APi_42 peptide treatments (all on day 8) respectively, 

hydrogen peroxide was added to the medium to a final concentration of 10 pM, glutamate 

was added to the medium to a final concentration of 250 pM, and AP1.42 peptide was 

added to the medium to final concentrations of 10 nM, 1 pM or 2 pM. A small amount of 

the treated medium was layered over each slice then the cultures were placed back in the 

95% air/5%C02  incubator at 37° C for lh  (peroxide and glutamate) or for 48 h (AP1.42 

peptide), before having the medium removed and replaced with fresh medium. For ATP
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depletion experiments, the slice culture medium was aspirated and replaced with ATP 

depletion medium [6 mM 2-deoxyglucose, 10 mM NaN3 in Phosphate Buffered Saline 

(PBS)] and cultures were place into a humidified air incubator at 37° C for 1 h before 

being immediately fixed or having the medium removed and replaced with fresh medium. 

Oxygen/glucose deprivation o f slices was performed as described previously (Cimarositi 

et al., 2001; Strasser & Fischer, 1995). Briefly slices were rinsed once in controlled salt 

solution (CSS) (120mM NaCl, 5.4mM KC1, 0.8mM M gCf, 1.8 mM CaCl2, 25 mM Tris 

pH 7.2, 15 mM glucose) on day 8 followed by treatment with OGD medium (CSS with 

sucrose substituted for glucose and bubbled with N2). Slices were sealed in a chamber 

flushed with N2 and placed in an incubator at 37° C for 1 h before removing the OGD 

medium, rinsing 2X with CSS, and replacing the medium with fresh slice culture 

medium. For expression of Xenopus ADF/cofilin tagged with green (XAC-GFP) or red 

(XAC-mRFP) fluorescent proteins (Meberg & Bamburg, 2000), ~106 adenoviral particles 

were placed directly onto each slice on a membrane and the cultures were returned to the 

95% air/5%C02  incubator at 37° C for 12 h before the medium was removed and replaced 

with fresh slice culture medium. For rolling cultures, ~1 .Ox 107 adenoviral particles 

were placed directly into the medium on day 7 and left in culture until viewing. Slices 

were made anoxic on day 10 in culture by placing them face down onto a glass 

microscope slide and quickly sealing the edges with paraffin.

Solubilization of the P-amyloid peptides and generation of the soluble AP1.42 

aggregates were performed as described previously (Dahlgren et al., 2002; Stine et al., 

2003). Cell-derived conditioned medium (CDCM) was obtained from control Chinese 

hamster ovary (CHO) cells or those expressing a human mutant form o f amyloid
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precursor protein (7PA2) (Podlisny et al., 1995). CDCM was diluted to 2X in slice 

culture medium then syringe filter sterilized. On day 2, medium was removed and 

replaced with either slice culture medium, 2X CHO (control) conditioned medium, or 2X 

7PA2 (AP) conditioned medium. On days 5 and 8 this process was repeated such that a 

set of slices was exposed to the CHO or 7PA2 medium for 2, 5 or 8 days. Size exclusion 

chromatography (SEC) purified AP monomers or dimer-trimer fractions of 7PA2 cell- 

derived conditioned medium was diluted to 0.5X in slice culture medium, bubbled with 

C 02 before adjusting to pH 7.2 and syringe filtered. On day 2, medium was removed and 

replaced with either control monomer (ncM), control dimer-trimer (ncDT), AP monomer 

(ApM), or AP dimer-trimer (ApDT) conditioned medium. On days 5 and 8 this process 

was repeated such that a set o f slices was exposed to ncM, ncDT, APM, or ApDT for 2, 5 

or 8 days. All slices were fixed on day 10.

Slices were fixed for 4 h at room temperature in 4% paraformaldehyde in PBS 

adjusted to pH 7.0. Slices were methanol (-20° C) permeabilized for 10 min and blocked 

in 2% goat serum/1 % Bovine Serum Albumin Fraction V (BSA) in Tris Buffered Saline 

(TBS) before immunostaining with various antibodies. In experiments where fluorescent 

phalloidin was used to stain actin filaments, slices were permeabilized with 0.1% Triton 

X-100 in PBS for 10 min. Primary antibodies include: affinity purified rabbit antiserum 

to chick ADF (1439; 2 ng/pL), which cross-reacts with mammalian ADF and cofilin 

(Minamide et a l, 2000), protein A purified monoclonal mouse anti-cofilin (Mab22; 10 

ng/pL IgG; Abe et al. 1989), monoclonal anti-human P-amyloid Asp-1 (FCA18; 1:150; 

CalBiochem®), rabbit anti-P-Amyloid Precursor Protein (1:150; Invitrogen™).

Secondary antibodies, all used at 1:450, include fluorescein goat anti-rabbit and goat anti-
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mouse and Texas-Red goat anti-rabbit and goat anti-mouse (Invitrogen™ Molecular 

Probes™). Texas Red -X phalloidin (Molecular Probes™) was used at 1:50 in PBS. 

DAPI (4’-6-Diamidino-2-phenylindole) was used at 1:1000 (Invitrogen™ Molecular 

Probes™). After blocking and staining slices were carefully cut out o f the membrane 

inserts and mounted on 22 x 22 mm cover glass with Prolong Gold Antifade 

(Invitrogen™ Molecular Probes™).

Microscopy: Phase-contrast and fluorescence micrographs were obtained using 4x [0.13 

numerical aperture (NA)], lOx (0.25 NA), 20x (0.75 NA) air objectives or 40x (1.3 NA), 

60x (1.4 NA), lOOx (1.4 NA) oil objectives as previously described (Minamide et al., 

2000). For experiments using SEC fractionated monomer and dimer-trimer A|3 fractions 

in conditioned medium, the total number o f rods per field was counted using a 60x oil 

objective. Slices were scanned in a grid pattern to sample the entire area of the slice. By 

mapping the rod counts per 60x field onto a low power (4x) image of the slice, the 

location of the high-power field within the slice was ascertained. This mapping was 

aided by the bleaching of background fluorescence in the region examined at high power, 

which showed up as a dark circle on the low power image of the slice. A contour map 

was then generated from the rod counts using a gradient scale where 0 rods = black, 1-5 

rods = blue, 5-10 rods = green, 10-15 rods = yellow, 15-20 rods = red and >20 rods per 

field = white. Colored overlays were integrated using Adobe Photoshop v.7.0 

Filter/texture/stained glass function and setting the cell size to 12, border thickness to 1, 

and light intensity to 1. This map is then overlayed onto a low power (4x) image of the
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slice with dotted lines drawn in to represent the pyramidal cell layers o f the Dentate 

Gyrus and Cornu Amonis based on DAPI staining.

For live cell imaging, XAC-GFP or XAC-mRFP infected slices were made anoxic 

as described above and immediately imaged at 20x on a Nikon inverted microscope. 

Fluorescence images were acquired with a CoolSnap ES CCD (Photometries). 

MetaMorph v6.1 software (Universal Imaging) was used for all digital processing. Time 

lapse images were collected every 20 sec for 10 min then the slice was scanned for rod 

formation.

Results 

Rod formation in slice cultures parallels that of dissociated neurons

In response to ATP depletion rod like aggregates form rapidly in organotypic 

hippocampal slice cultures infected with adenovirus expressing XAC-GFP (Fig. 3.1). 

Rod-like aggregates labeling with an ADF/cofilin antibody also are observed in 

uninfected slices following ATP depletion, and in slice cultures treated with 10 pM H2O2 

for 1 h, 250 pM glutamate for 1 h, OGD for 1 h, or 2 pM soluble AP1.42 for 48 h (Fig. 

3.2). In untreated control slices, ADF/cofilin labeled rod-like aggregates are observed 

sporadically and infrequently. Preliminary evidence indicates that these rod-like 

aggregates observed in slices are similar to cofilin-rods reported to form in dissociated 

neurons under identical conditions. Though these cofilin labeled inclusions appear rod­

like in shape, further characterization remained necessary and was pursued.
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Merged
phalloidin

Figure 3.1: Rods in slices infected with XAC-GFP following ATP depletion are refractory to phalloidin staining. Arrows indicate 
the location of rods in XAC-GFP and merged images. Scale bars =10 (im.
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Untreated
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Figure 3.2: Rods in slices treated with peroxide, glutamate and A(3 are refractory to 
phalloidin staining. Arrows indicate the location of rods in the ADF/cofilin and merged 
images. Scale bars =10 pm.
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Defining a rod

Rods can be uniquely classified from other cytoskeletal inclusions by their 

immunostaining with antibodies to both actin and ADF/cofilin, but when well fixed, their 

inability to be labeled with fluorescent phalloidin (Minamide et al., 2000). For the 

purpose of cofilin-rod characterization, organotypic slices were infected with XAC-GFP 

or XAC-mRFP or treated with peroxide, ATP depletion medium, excess glutamate,

OGD, or 1 pM APi-42 to induce rods. Treated slices were fixed and immunostained with 

antibodies against ADF/cofilin, and some slices were stained with fluorescent phalloidin. 

To be classified as rods they must co-stain with actin and ADF/cofilin antibodies, but 

should not stain with fluorescent phalloidin. Because actin is such an abundant protein, 

staining tissue with actin antibodies makes it difficult to observe specific actin-containing 

structures including rods due to a high background signal. Thus, we rely upon the 

ADF/cofilin and phalloidin labeling characteristics to define the rod-like aggregates 

observed in slices.

ADF/cofilin labeled rod-like aggregates were refractory to phalloidin labeling in 

slices treated with all neurodegenerative stimuli (Fig 3.1 and 3.2). Thus, the rod-like 

aggregates observed in organotypic hippocampal slice cultures following exposure to all 

o f the previously tested neurodegenerative stimuli and with OGD fit the definition of rods 

that form in identically treated dissociated primary cultured neurons (Minamide et al., 

2000, Maloney et al., 2005). From this point foreword we will refer to all ADF/cofilin 

stained “rod-like” aggregates as rods.
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Time Course of Anoxia Induced Rod Formation

The time course o f rod formation was studied in organotypic hippocampal slices 

infected with adenovirus expressing XAC-GFP or XAC-mRFP. Slices were made anoxic 

by placing them face down on a glass microscope slide and sealing the edges with 

paraffin. Immediately after making the slices anoxic XAC-GFP or XAC-mRFP 

expression is diffuse within cells (Fig 3.3) and no rods were detected. Images were 

collected at a randomly selected locations in the slices every 20 s for 10 min during 

which time no rod formation was observed. However, a subsequent scan o f the slice 

revealed abundant XAC-GFP or XAC-mRFP containing rods had formed in various areas 

of the slice. Time-lapse observation o f rod containing regions detected no new rod 

formation indicating that rods form rapidly and abundantly within 10 min o f anoxia and 

reach a maximum number within this time (Fig 3.3). This experiment was repeated on 

five slices with identical outcomes. Sub-regional preferences for rod formation were not 

identified because live slice observations were severely limited in terms o f depth of focus 

and the absence of DAPI staining made locating slice regions difficult.

Concentration Dependence of APj.42 Induced Rod Formation

Rod formation has been reported to occur in dissociated neurons treated with 10 

nM soluble AP1.42 (Maloney et al., 2006). In kind, hippocampal slice cultures were 

treated with 10 nM soluble AP1.42 and 1 pM AP1.42 for 48 h beginning on day 8 . Slices 

were fixed and immunostained with an ADF/cofilin antibody to observe rods on day 10. 

Rods were observed in cultures treated both 10 nM and 1 pM soluble APi_42- These data
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Figure 3.3: Anoxia induces rod formation in organotypic slice cultures. Organotypic 
slice cultures were infected with XAC-mRFP for three days in culture then made anoxic 
by placing them onto a glass microscope slide and sealing the coverslip with paraffin. 
mRFP is diffusely distributed in slices immediately upon viewing (a). mRFP positive 
rods form rapidly (complete within 10 min) following anoxic conditions (arrows b). 
Scale bars = 50 pm. Arrows indicate the location of a few rods. Images captured at 20x.
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demonstrate that soluble AP1.42 induces rods in organotypic slice cultures at low 

nanomolar concentrations as reported to occur in dissociated cultures (Maloney et al., 

2005).

Rod formation occurs in localized regions of hippocampal slice cultures

An initial examination o f slices treated with 10 nM, 1 pM, and 2 pM soluble 

Api-42 indicated that rod formation may occur preferentially in and around the region of 

the dentate gyrus (DG) and to a lesser degree in CA1 and CA3 regions (Fig 3.4). This 

finding prompted a closer investigation of the regional distribution o f rods within AP 

treated slice cultures. Hippocampal slice cultures were treated with 1 pM soluble Api-42 

for 48 h starting on day 8 o f culture. On day 10, slices were fixed and rods were 

immunostained using an ADF/cofilin antibody. Slices were then systematically scanned 

using a 60x objective and the total number of rods per field was scored. Rod formation 

was found to occur in regional hot spots within the slice, with a large percentage of all 

rod formation occurring in and around the DG (Fig 3.5). This regional distribution of 

rods was not observed in untreated control slices or in slices that were ATP depleted and 

fixed immediately or after a 48 h recovery (Fig 3.6). Sporadic rod formation was 

observed in untreated control slices with rods distributed randomly across the tissue. 

Slices fixed immediately following ATP depletion without a recovery period contain 

abundant rods that are widely distributed across the tissue with no regional hot spots. 

ATP depletion followed by 48 h recovery resulted in low numbers of rods similar to 

those observed in the untreated control slices.
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Figure 3.4: A(3-oligomers induce rod formation in neurons of 10 day organotypic slices 
from rat hippocampus. Immunostaining for AP is in green (a, b, c) and immunostain- 
ing for cofilin is in red (d, e, f). Low magnification (4x) image (a) shows boxed area 
of dentate gyrus (DG) and CA1 which are magnified in (e) and (f) respectively. Many 
rods in linear arrays are found within the DG suggesting they form within neurites and 
in a regional subpopulation of neurons in slice culture treated with soluble Ap. Rods are 
present, but significantly lower in CA1. Scale bars = 10 pm.
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Figure 3.5: Topographical map of rods. Low power (4x) images were taken of each 
slice in the Texas Red channel (a) and DAPI channel (b) folowing systematic rod count 
at 60x. Bleached circles on the Texas Red image indicate the regions observed at 60x 
and the number of rods is indicated for each spot (c). The dentate gyrus (DG) and pyra­
midal cell layers of the CA1 and CA3 are outlined and overlayed onto the DAPI image 
(d). A topographical map of rod abundance was created by assigning a color gradient 
to each numerical value where 0 rods = black, 1 - 5 rods = blue, 6 - 1 0  rods = green, 11 
- 15 rods = yellow, 15-20 rods = red and > 20 rods = white (e). Colors were intergrated 
using Adobe Photoshop as described in material and methods. The outline of cell layers 
from the DAPI image is overlayed on the countour map to locate the regions of highest 
rod formation (f). Scale bars = 50 pm. Images of the entire hippocampus were stitched 
together from overlapping images collected at 4x. This slice was treated with 1 pM A(3 
for 48 h. All topographical maps were created using this method.
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Figure 3.6: Topographical maps of rod formation in organytypic slice cultures. Rods 
are observed infrequently and with no regional distribution in slices treated with ATP 
depletion for 1 h on day 8 and allowed 48 h recovery (a, b). Rod formation is elevated 
in slices treated with 1 uM A(3 and the majority of rods are found in a region adjacent to 
the dentate gyrus (c, d). Variation in the size of slices is due to the region of the hippo­
campus from which they were cut on the Mcllwain tissue chopper. Slices taken from the 
middle of the hippocampus proper are larger than slices cut from either end. Scale bars = 
50 pm.
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Cell derived Ap induces rods

The study o f Ap peptide effects on neurons using commercially available 

synthetic peptides is limited by difficulties in controlling the size and aggregation state 

under in-vitro incubation conditions (Cleary et al., 2005). To address this concern we 

employed the use o f human amyloid-P peptides produced by Chinese hamster ovary 

(CHO) cells stably expressing a mutated form of APP known to be involved in human 

AD (Podlisny et al., 1995). 7PA2 (CHO cells expressing human APP mutant V717F) 

cells secrete sub-nM to nM concentrations of low-« oligomeric AP into the culture 

medium (Podlisny et al, 1998; Walsh et al., 2005). 7PA2 conditioned medium contains 

monomeric and oligomeric AP peptides in the absence of large insoluble species (Walsh 

et al., 2002a). These cell derived AP peptides have been demonstrated to disrupt 

cognitive function when injected intracerebroventricularly (i.c.v.) into Sprague Dawley 

rats (Cleary et al., 2005). Cell derived Ap was used to test the hypothesis that soluble, 

low-tt oligomers o f Ap, in the absence of larger aggregates or insoluble species and 

fibrils, are responsible for the rod inducing effects observed in synthetic Ap treated 

cultured neurons.

Slice cultures were chronically treated with 7PA2-conditioned medium or 

medium from untransfected control cells (CHO). The CHO and 7PA2 conditioned media 

are collected at IX concentration and subsequently concentrated by freeze drying to a 10- 

12X stock concentration. The concentrated stock was diluted into neuronal cell culture 

medium and used at a final concentration of 2X. Cell derived AP-conditioned medium 

was added to slices on days 2, 5 and 8 in culture and all slices were fixed on day 10. 

Untreated slices provided a negative control for rod formation and a positive control were
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slices that had undergone ATP-depletion. Post-fixation slices were immunostained with 

an ADF/cofilin antibody to identify rods. Rod formation was observed in all slices 

treated with 7P A2-conditioned medium prompting a more detailed examination into the 

species o f Ap that may be responsible for rod formation.

Size exclusion chromatography was used to fractionate 7PA2-conditioned 

medium into monomeric Ap (ApM) and dimer-trimer AP (ApDT). Slice cultures were 

treated with APM, ApDT, control monomer (ncM) or control dimer-trimer (ncDT) 

derived fractions at a final concentration of 0.5X. Ap and control fractions were added to 

slices on days 2, 5 and 8 in culture and all slices were fixed on day 10. An examination 

of slices treated chronically from day 2 to day 10 with 0.5X ApM or ApDT revealed low 

levels o f rod formation, but with a small increase o f rods in a regional distribution 

adjacent to the dentate gyrus in ApDT-treated cells. Significantly, the monomeric 

fraction was inactive. Low levels of rod formation were also recorded in slices treated 

chronically from day 8 to day 10 with 0.5X ApM. Slices treated chronically with ApDT 

from day 8 to day 10 displayed elevated numbers o f rods per field with a hot spot of rod 

formation in the same region as observed with other treatments. Therefore, naturally 

produced oligomers o f AP target the same cell population as the synthetic Ap.

Discussion

Organotypic hippocampal slice cultures have already proven invaluable in the 

continuing study o f Ap induced rods. We have demonstrated that rods form in 

organotypic hippocampal slice cultures under identical conditions previously 

demonstrated to produce rods in dissociated neurons (Maloney et a l, 2005; Minamide et
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al., 2000). The rods formed in slice cultures are refractory to phalloidin staining and 

readily label with antibodies to ADF and cofilin.

O f interest is the rapidity with which rod form in slices in response to anoxia,

ATP depletion and the observation that rods form as a result of transient treatment with 

OGD and high levels o f glutamate. These four neurodegenerative stimuli can be used to 

model ischemia or stroke in organotypic slice culture. In the case o f OGD, neuronal cell 

loss in the CA1 region has been attributed to excitotoxic levels o f glutamate (Hewitt & 

Corbett, 1992). The presence o f rods in dissociated neurons has been demonstrated to 

disrupt transport in neurites and lead to the accumulation of vesicles containing the 

amyloid precursor protein (APP), P-amyloid cleavage enzyme, presenilin 1 (a component 

of the y-secretase complex) and p-cleaved APP (the immediate precursor to AP) 

(Maloney et al., 2005). APP, BACE and PS1 all accumulate in axonal swellings, 

associated with increased levels of Ap that form during normal brain aging or after head 

trauma (Kawarabayashi et al., 1993; Roberts et al., 1994; Smith et al., 2003; Chen et al., 

2004; Maloney et al., 2005, Stokin & Goldstein, 2006). Swellings have also been 

reported to form within cholinergic axons of the nucleus basalis magnocellularis in early 

stage human AD brain (Stokin et al., 2005). The cause of early onset familial 

Alzheimer’s disease has been linked to a handful o f mutations found in the genes 

encoding APP and PS 1/2 that lead to increased production o f the 42 amino acid species 

of Ap (AP1.42). These mutations account for fewer than 5% of all diagnosed cases of AD. 

The majority o f AD is sporadic and occurs in individuals with little or no genetic 

commonalities. The incidence of mini-vascular events (mini-strokes) is a leading cause 

of multi-infarct dementia (MID). The formation of rods as a result o f such events could
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establish a degenerative cycle of transport defects and locally elevated A (3 production and 

eventually deposition into senile plaques and help to explain at least some of the 

incidence and pathology of sporadic AD.

Sub-regions o f the hippocampus display heightened sensitivity to soluble and 

fibrillar forms of Ap (Bahr et a l, 1998; Lambert et a l, 1998; Kim et a l, 2003). Regional 

differences in rod formation induced by soluble Ap may also help to explain cognitive 

decline without overt neuronal loss observed in early stages o f AD, a symptom that has 

yet to be defined on a cellular or biochemical level. A regional hot spot o f rod formation 

was observed in slice cultures treated with 1-2 pM Ap, and with 0.5X ApDT. This hot 

spot localizes to a region just adjacent to the blade o f the dentate gyrus and appears to be 

centered in the molecular layer. This result is intriguing in that the molecular layer of the 

hippocampus is the site of acetylcholinesterase (AchE)-positive axon innervation from 

cholinergic cell bodies in the septum (Amaral & Kurz, 1985; Guthrie et a l, 2005). Rod 

formation disrupts vesicle transport (Maloney et a l, 2005) and synaptic functioning (Jang 

et al, 2006). The presence of rods in Ap-sensitive cells in the molecular layer of the 

hippocampus may help explain the loss o f basal forebrain cholinergic neurons due to 

deficits in retrograde NGF transport from the hippocampus, as is observed in AD and DS 

(Cooper et al., 2001).

In addition to the regional sensitivity for rod formation, our preliminary findings 

that rods form in response to treatment with ApDT but not ApM provides clues as to 

which fraction o f soluble Ap (monomers vs. dimer-trimers) possesses the greatest 

biological activity linked to rod formation. Soluble species o f Ap called ADDLs (Ap 

derived diffusible ligands) bind specifically to synaptic sites on cultured hippocampal

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



neurons (Lacor et al., 2004). In addition ADDLs are toxic to cultured neurons at 

nanomolar concentrations (Lambert et al., 1998) and at 500 nM they prevent high 

frequency stimulation-induced long term potentiation (LTP) measured from the dentate 

gyrus in acute hippocampal slices (Wang et al., 2002). I.C.V. injection of 1.5 pL of 

7PA2 conditioned medium into rats disrupted LTP (Walsh et al., 2002a). I.C.V. injection 

of 7PA2-conditioned medium also blocked recall of complex learned behavior in rats 

(Cleary et al., 2005). The Ap-induced block of LTP can be reversed by injection of 

monoclonal antibodies to Ap (Klyubin et al., 2005). Fractionation by size exclusion 

chromatography determined that the LTP disruption and memory impairments are caused 

by low-n oligomers o f AP and not to monomers (Walsh et al, 2005; Cleary et al., 2005). 

The inactivity o f the Ap monomers and the rod generation by dimer-trimer fractions 

suggests that rod formation may mediate some of the neurodegeneration and LTP 

impairment seen in the whole animals.

Slice cultures provide a unique perspective from which to explore the 

relationships between rod formation and ischemic injury whether modeled with anoxia, 

ATP depletion or oxygen-glucose deprivation. Additionally slice cultures provide a 

platform from which to study the effects of soluble and fibrillar forms o f Ap with regard 

to rod formation and AD and to be able to localize the sensitive population of responding 

neurons. The utility o f a slice culture system for addressing the connection between rods 

and neurodegeneration is immense.
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Chapter Four

Cofilin-mediated neurodegeneration in Alzheimer’s disease, and other 

amyloidopathies 

Preface and Acknowledgement

The work presented in this chapter will be submitted to Molecular Neurobiology. 

The order and list o f the authors will be Michael T. Maloney and James R. Bamburg.

The article was written in response to an invitation following the publication of (Maloney 

et al., 2005) and summarizes the current literature regarding cofilin pathology (rods) and 

Alzheimer’s disease.

Abstract

Transport defects may arise in a variety o f neurodegenerative diseases from 

failures in molecular motors, microtubule abnormalities, and the chaperone/proteasomal 

degradation pathway leading to aggresomal-lysosomal accumulations. These defects 

clearly represent an important step in the neurodegenerative cascade, although in many 

cases a clear consensus has yet to be reached as to their causal relationship to the disease. 

A growing body of evidence supports a relationship between neurite transport defects in 

the very early stages o f many neurodegenerative diseases and alterations in structural 

organization o f the actin cytoskeleton initiated by the misregulation o f cofilin. Here we 

focus on involvement o f the actin depolymerizing factor ADF/cofilin family of proteins 

in initiating the formation of rod-shaped actin bundles (rods) that inhibit transport and 

contribute to the pathology of Alzheimer’s disease. Because these rods form rapidly in
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response to anoxia, they could also contribute to synaptic deficits associated with 

ischemic brain injury (e.g. stroke). Understanding initiators o f rod formation, rod 

structure, composition, stability and persistence, and rod effects on synaptic function and 

survival o f the neurons in which they form are essential for determining how rods 

contribute to disease pathology.

Introduction

The cytoskeleton is a dynamic array o f proteins creating a critical framework 

upon which many cellular functions rely. Misregulation of the neuronal cytoskeleton can 

lead to improper growth cone path-finding, dendritic spine abnormalities, transport 

defects, protein aggregation and cell death. The three major classes o f cytoskeletal 

elements are actin filaments, intermediate filaments and microtubules. A few of the more 

common pathological hallmarks of neurodegeneration include the extracellular senile 

plaque, composed primarily of insoluble aggregates of amyloid peptides, and 

neurofibrillary tangles, composed of the microtubule binding protein tau. More recently 

actin aggregates in the form of cofilin-actin rods have been identified in postmortem 

brains of Alzheimer’s disease (AD) patients (Minamide et ah, 2000) (Fig 4.1). 

Significantly, these aggregates are also present in perfusion fixed transgenic mice 

(Tg2576) expressing a mutant human amyloid precursor protein (APP) (Maloney et al., 

2005). The misregulation of actin and cofilin proteins can be linked to a wide range of 

human neurodegenerative disorders including corticobasal degeneration, William’s 

syndrome, fragile X syndrome, AD, dystonia with dementia and spinal muscular atrophy. 

Though these diseases ultimately result from a range of defects including dendritic spine
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Figure 4.1: Cofilin staining in normal human brain (d, e) shows apical dendrites of py­
ramidal neurons and microglia contain the most cofilin, IC (b) and IF (c) cofilin staining 
in AD brain shows linear array of rod-like structures similar in length to rods observed in 
neurites of cultured cells (a) (From Minamide et al., 2000).
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abnormalities, loss of long term potentiation and long term depression (LTP/LTD), 

alterations in specific mRNA transport and translation, they are all related to processes 

involving the actin cytoskeleton (Maloney et al., 2006).

Ischemia, oxidative stress and excitotoxic insults, key factors driving 

neurodegeneration, result from stroke, trauma, mitochondrial dysfunction, or genetic risk 

factors (Bazan et al., 2002). With upstream initiating factors and final stage pathology 

well defined, the focus o f current research lies in deciphering which biochemical 

pathways are involved in the disease process and to what extent. These investigations are 

defined in part by the necessity and, in many cases, the inability to connect cellular and 

biochemical aspects of neurodegeneration with the behavioral consequences and 

cognitive decline observed in the associated human diseases. One example of this 

disparity is a failure to define the biochemical and cellular basis for cognitive decline 

associated with early stages of AD. During the period of mild to moderate memory 

impairment, neuronal loss is minimal, however the number and strength of synaptic 

connections begins to decline. Transport defects arising from misregulation of the 

neuronal cytoskeleton present a promising model not only for explaining early cognitive 

decline, but also for bringing together key features driving progressive 

neurodegeneration.

Down syndrome and Alzheimer’s disease

Down syndrome (DS), a.k.a. trisomy 21, is a genetic disorder arising from the 

triplication of chromosome 21. Among the genes on chromosome 21 are those encoding 

APP and the P-amyloid cleavage enzyme (BACE). Children affected with DS suffer

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from impaired learning and cognitive development (i.e. mental retardation) and are 

recognizable by stereotypic cranio-facial deformities. Life expectancy averages around 

40 years due to a multiplicity of complications arising from the presence of additional 

genomic DNA. One common feature associated with DS is the development of all of the 

pathological hallmarks o f AD in 100% of the DS patients living to age 40 or beyond 

(Glenner & Wong, 1984a).

AD is a neurodegenerative disorder currently diagnosed post mortem 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 o f short-term memory and 

progressing through stages o f increasing dementia. Cognitive decline continues as a 

precipitous loss o f the ability to recall common names, dates, and places, and inability to 

perform increasingly simple tasks requiring planning. Late stages of AD are 

characterized by hallucinations, paranoia, loss of verbal communication, loss o f fine and 

later gross motor control often resembling Parkinson’s disease, incontinence, and finally 

the patient falls into a vegetative state where 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 pathology found in post mortem brains is largely 

stereotypical. Nearly 95% of AD occurs in the elderly, whereas early onset familial cases 

of AD (FAD) account for the remaining 5% of cases. FAD mutations have been 

identified in genes encoding APP, and in presenilins 1 and 2 (enzymatic component of 

the y-secretase complex). Additionally a common polymorphism (s4) found in the 

apolipoprotein-E (ApoE) is highly associated with increased risk for a later onset AD. 

These mutations all lead to increased cerebral amyloid beta levels (APi.42) either via
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increased production and aggregation or via decreased clearance or degradation of this 

internal peptide derived from sequential P- and y-secretase cleavage of APP.

Actin and cofilin in neurodegenerative disease

Actin is a 42 kDa cytoskeletal protein expressed ubiquitously in eukaryotes. 

Monomeric, globular (G-actin) actin readily polymerizes into filaments (F-actin). Actin 

filaments are dynamic biopolymers that continually undergo cycles of assembly and 

disassembly. Monomers of actin can be added to or removed from a filament at both 

ends, however a polarity exits which influences the on/off rate o f G-actin. This polarity 

is caused by the ability o f an actin monomer to bind to adenine nucleotides, ATP and 

ADP. ATP-actin has a higher affinity for filament 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 allowing for the release of inorganic phosphate (Pi).

Loss of Pi induces a conformational change in the ADP-actin subunit within the filament. 

ATP hydrolysis associated with actin dynamics can consume up to 50% of the total ATP 

used by growing neurons (Bernstein & Bamburg, 2003).

Under steady state conditions actin filaments are non-equilibrium polymers and 

undergo treadmilling during which ATP-actin monomers polymerize on to the filament 

plus end and ADP-actin depolymerizes from the minus end.

Actin depolymerizing factor (ADF) and cofilin are members o f a 13-19 kDa 

family o f actin binding proteins. The ADF/cofilin family proteins share high sequence 

homology and are regulated, in large part, by phosphorylation o f a conserved Ser3 

residue. Because in human brain the cofilin:ADF expression ratio is >10:1 (Minamide et
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al., 2000), we will just refer to cofilin hereafter. Phosphorylation, by LIM or TES 

kinases, inactivates cofilin and dephosphorylation, by slingshot (Niwa et al., 2002) and 

chronophin (Ghola et al., 2005; Huang et al., 2006) phosphatase, increases cofilin’s actin 

dynamizing activity. Dephosphorylated cofilin binds cooperatively (Hawkins et al., 

1993; Hayden et al., 1993) along regions of ADP-actin (Carlier et al., 1997) resulting in 

enhanced filament severing (Bobkov et al., 2006) and minus end depolymerization. 

Cofilin aggregates and actin bundles have been observed in AD brain, providing a link 

between oxidative stress and cofilin pathology, both o f which are prominent 

characteristics in AD (Minamide et al., 2000).

Transient cellular stress can cause a sharp decline in the local ATP 

concentrations, especially within domains o f neurites where mitochondria are not 

uniformly distributed. Loss of ATP produces a rapid rise in the concentrations of both 

ADP-actin and activated (dephosphorylated) cofilin. Under these conditions cofilin and 

actin readily associate to form cylindrical aggregates with tapered ends (rods). Rods 

form in variety o f cell lines in response to ischemia, oxidative stress, excitotoxicity, 10% 

DMSO (Mann, 1894; Iida et al, 1986; Nishida et al., 1987; Ohta et al., 1989; Iida et al., 

1992; Ono et al., 1993; Moriyama et al., 1996; Aizawa et al., 1997; Sameshima et al., 

2000; Minamide et al., 2000), and form in neurons treated with soluble and fibrillar 

forms of the amyloid beta peptide (AP1.42) (Maloney et al., 2005). In addition rod-like 

cofilin immunostaining is found in both human AD brain (Minamide et al., 2000), and in 

brain of transgenic AD mice (Maloney et al., 2005; Zhao et al., 2006; Gonzalez-Bilault, 

unpublished observations) in close proximity to amyloid plaques. Thus, rods are a
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stereotypic cellular response to a wide range of stress factors modeling common 

mediators o f neurodegeneration.

Rods can be uniquely characterized by their immunoreactivity to antibodies 

against both actin and cofilin and inability to label with phalloidin, a mushroom toxin 

with F-actin binding properties (Minamide et al. 2000). The absence o f phalloidin 

binding suggests that the actin in rods is saturated with cofilin; subunits in cofilin- 

saturated actin filaments are slightly rotated with respect to normal F-actin, eliminating 

the phalloidin binding site (McGough et al., 1997). 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. Although the entire neurite remains intact when rods are present, 

microtubules are often disrupted in neurites distal to rods, especially if  rods are occluding 

the neurite (Minamide et al., 2000). The persistence of rods has been observed for as 

long as 72 hours without loss o f the neuron, although neurites distal to the rod undergo 

withering. Thus, formation of rods represent a promising model to explain the loss of 

synaptic connections and cognitive decline without associated loss of neurons as is often 

reported in early stages o f neurodegenerative diseases, and can explain disruption of 

microtubule based transport.

The presence o f “cofilin pathology” is a prominent feature found in AD brains. In 

Alzheimer’s brains >97% of dense core amyloid plaques are associated with cofilin 

aggregates and rods (cofilin pathology), while -45%  of cofilin aggregates are found 

isolated from amyloid plaques (Minamide et al., 2000). Rod-like cofilin staining 

associated with diffuse cofilin pathology often is remarkably similar in size, spacing and
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appearance to rods observed in cultured neurons. The high spatial correlation between 

amyloid plaques and cofilin pathology has sparked investigations into the relationship 

between AP and cofilin regulation.

Amyloid precursor protein processing

APP can be divided into three domains: a large extra-cellular N-terminal domain, 

a single transmembrane domain, and a short cytoplasmic 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. In humans the APP gene is found on chromosome 21 

and in mice on chromosome 16. Proteolytic processing of full length APP occurs via one 

of two pathways. The non-amyloidogenic pathway, which dominates APP processing in 

most cell types, begins with cleavage by a-secretase (Vetrivel & Thinakaran, 2006). a- 

Secretase is a protein resembling the TNF-a cleavage enzyme (TACE) and belonging to 

the ADAM (a disintegrin and metalloproteinase domain) family. This cleavage releases 

the soluble APP N-terminus (sAPPa) extracellularly and leaves the membrane bound 83 

amino acid C-terminus (C83). C83 undergoes subsequent cleavage by y-secretase to 

release the transcriptionally active APP intracellular domain (AICD) and the soluble P3 

fragment. y-Secretase is multi-subunit complex composed o f nicastrin, Pen2, Aph-1, and 

presenilin. Presenilin, an aspartyl protease, is the enzymatically active component of the 

y-secretase complex. In Chinese hamster ovarian cells stably expressing y-secretase only 

~6% of total y-secretase resides at plasma membrane where it also maintains full 

functional activity (Chyung et al., 2005).
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APP can alternatively undergo amyloidogenic processing initialized by |3-amyloid 

cleavage enzyme (BACE), a metalloprotease commonly referred to as P-secretase. Much 

like the a-cleavage of APP, P-cleavage releases a soluble extracellular N-terminal 

fragment (sAPPP) and leaves behind a membrane bound 99 amino acid C-terminal 

peptide (C99). BACE is enriched within membrane lipid raft domains, and thus the P- 

cleavage event occurs primarily during endocytosis or within early endosomal 

compartments. C99 subsequently undergoes sequential cleavage by the y-secretase to 

produce the 40-43 amino acid amyloid beta peptide (AP). The endosomal AP will either 

become liberated into the extracellular space upon endosomal fusion with the plasma 

membrane or may be trafficked back to the soma where lysosomal fusion can help 

degrade the peptide produced. AP is a 4 kDa peptide dominated by P-sheet secondary 

structures predisposing it to polymerize into soluble small oligomers and eventually into 

long fibrils and insoluble aggregates. Fibrils of the extracellularly released Ap peptide 

eventually precipitate to form deposits known as senile plaques, a hallmark of AD, the 

presence of which is a characteristic for the diagnosis of AD.

The Amyloid Hypothesis

Amyloidopathies are a class of degenerative diseases arising from the 

accumulation of amyloid-like protein aggregates. Some common neuronal amyloidosis 

includes spongiform encephalopathies (a.k.a. prion diseases), AD, Parkinson’s disease, 

DS, and Eluntington’s disease. The common features o f neuropathology, senile plaques 

and cerebral atrophy, shared by late onset AD, early onset FAD, and DS has shed light on 

the mechanism at work in these amyloidopathies. The “amyloid hypothesis” states that
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increasing cerebral accumulation of AP over years to decades is responsible for 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 (Glenner & Wong, 1984b), and has since been strengthened 

by genetic and biochemical data. The identification of inherited genetic mutations with 

high penetrance in early onset familial AD has led to the development o f transgenic 

mouse models that display neurodegeneration with similarities to human AD. In vitro 

studies of the Ap peptide have demonstrated acute toxicity against cultured neurons as 

well as depressive effects on long-term potentiation (LTP), transient cognitive 

impairment, loss o f cellular homeostasis and impaired transport.

APP trafficking

Following its translation APP is trafficked from the endoplasmic reticulum (ER) 

though the constitutive secretory pathway, becoming modified by N- and O- 

glycosylation, phosphorylation, and tyrosine sulfation along its transit to the plasma 

membrane (Vetrivel & Thinakaran, 2006). APP remains at the plasma membrane briefly 

before being internalized into endosomes (Vetrivel & Thinakaran, 2006). Early 

endosomes are protease rich membrane compartments in which the processing and 

function o f many key players o f AD pathogenesis occurs, including APP, Ap peptide, 

ApoE, Low-density lipoprotein (LDL) and the LDL-receptor, BACE and y-secretases 

(Cataldo et al, 2004). Following endocytosis APP is delivered to late endosomes then 

and on to the late Golgi/trans Golgi network (TGN) (Koo & Squazzo, 1994). The y- 

secretase complex is found localized within several compartments including late
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endosomes, Golgi, and TGN (Vetrivel et al., 2004). Intracellular Ap localized to Rab5 

positive early endosomes and is prominent in enlarged endosomes from AD brain. These 

findings suggest that Ap overproduction and accumulation in AD and DS may signify 

earlier disease related disturbances of endosomal signaling or transport (Cataldo et al.,

2004).

In neurons vesicles containing APP, PS 1 and BACE all undergo kinesin I 

mediated fast anterograde axonal transport (Kamal et al., 2000; Kamal et al., 2001; Papp 

et al., 2002; Sheng et al., 2003). Evidence has been presented for both direct interactions 

between APP and kinesin (Kamal et al., 2000; Inomata et al., 2003) and indirect coupling 

via c-Jun NH2-terminal kinase-interacting protein (JIP1) (Matsuda et al., 2003). APP, 

BACE and PSI all accumulate in axonal swellings, associated with increased levels of 

Ap, that form during normal brain aging or after head trauma (Kawarabayashi et al.,

1993; Roberts et al., 1994; Smith et al., 2003; Chen et al., 2004; Maloney et al., 2005, 

Stokin & Goldstein, 2006). Api.42 accumulates within endosomal vesicles where it also 

aggregates into oligomers in the brains o f Tg2576 mice, in primary neuronal cultures 

from these mice and in human AD brain (Takahashi et al., 2004; Gouras et al., 2005). 

Accumulations are associated with pathological alteration within the process and synaptic 

compartment o f mouse and human AD brains (Takahashi et al., 2004; Gouras et al.,

2005). Vesicles containing APP, BACE, PSI and P-cleaved APP all accumulate at rods 

in cultured neurons (Maloney et al., 2005). It has been proposed that transport defects 

may stimulate proteolytic processing of APP or allow it to assemble into more toxic 

oligomers, thereby exacerbating the formation of senile plaques in AD (Borchelt et al., 

1997; Stokin et al., 2005, Maloney et al., 2005).
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Ap induces formation of cofilin-actin rods

Treatment o f cultured rat hippocampal neurons with Api.42 induces rod formation 

in -18%  of the total population (Maloney et al., 2005). Rods form rapidly, reaching 50% 

of the maximum response within 6 hours, in neurons treated with 1 pM soluble AP1.42 

oligomers (Maloney et al., 2005), and with concentrations as low as 10 nM (Maloney et 

al., 2005). APm2 treatment causes the dephosphorylation (activation) o f AC only within 

soma and neurites of those neurons that form rods (Maloney et al., 2005) suggesting that 

a subpopulation o f neurons is sensitive to APm2- Labeling o f a subpopulation (30 to 

50%) o f the total neurons with AP1.42 oligomers extracted from AD brain or prepared 

from synthetic peptides has also been reported (Lacor et al., 2004). Together these 

studies suggest that that soluble AP1.42 can induce rod formation by activating cofilin in a 

neuronal subpopulation with high specificity for Ap-binding.

p21-Activated kinase (PAK) is an important modulator o f AC activity. PAK 

phosphorylates and activates LIM kinase (LIMK), which then phosphorylates and 

inactivates cofilin (p-cofilin). The PAK-cofilin signaling axis is important for dendritic 

spine morphogenesis, and consequently PAK mutations have been linked to several 

human developmental mental retardation syndromes characterized by dendritic spine 

abnormalities (Meng et al., 2002; Bamburg & Wiggan, 2002; Bellugi et al., 1999).

Cofilin pathology in both AD and DS is spatially and temporally associated with marked 

reduction of PAK protein levels and activity (Zhao et al., 2006). In postmortem human 

and Tg2576 mice brains, activated phospho-PAK (pPAK) immunostaining was reported 

to resemble staining of intraneuronal AP1.42 that accumulates along with APP-carboxy-
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terminal fragments (APP-CTF) within enlarged endosomal and lysosomal structures 

(Yang et al., 1995). Similar observations were found in brains from Tg2576 mice (Zhao 

et al., 2006). Antibody depletion of AP1.42 in Tg2576 mice led to a recovery (increase) in 

pPAK levels (Zhao et al., 2006). Persistent reduction in pPAK was observed as early as 

two hours following treatment of dissociated rat hippocampal neurons with soluble AP1.49 

oligomers and occurred with oligomer concentrations as low as 10 nM (Zhao et al.,

2006). Application of a PAK specific inhibitory peptide to cultured neurons induced the 

formation of cofilin rods and infusion of this peptide into wild type mouse brains induced 

CA1 hippocampal cofilin pathology and adult-onset memory deficits (Zhao et al., 2006). 

Taken together these findings have prompted the hypothesis 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 (Zhao et al., 2006).

Ap, cofilin, and cognitive decline

Synaptic dysfunction is the most established correlate o f cognitive decline in AD 

(Masliah, 2000; Mucke et al., 2000). In cultured rat hippocampal neurons, rods disrupt 

neurite function (Minamide et al., 2000) as observed by diminished microtubule 

immunostaining distal to rods. Recent studies using Aplysia kurodai neurons found that 

cofilin over expression led to rod formation, synapse loss and, distal to the rod, 

impairment o f synaptic plasticity measured by electrophysiological methods (Jang et al., 

2005). While cofilin expression did not affect the gross morphology of the neuron, a 

decrease in the number o f pre-synaptic varicosities was observed (Jang et al., 2005). In
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addition, cofilin over-expression impaired both basal synaptic transmission and LTP. 

Neither cell death nor induction o f an apoptotic cascade was found to be responsible for 

these effects (Jang et al., 2005).

Synapse failure has been attributed to soluble Ap oligomers (Hartmann et al.,

2004) in part due to their ability to disrupt LTP (Lambert et al., 1998; Walsh et al., 2002; 

Wang et al., 2002). Following treatment of cultured hippocampal neurons with soluble 

oligomers, greater than 90% of the punctate oligomer binding sites co-localized with the 

synaptic marker PSD95 (Hartmann et al., 2004). Natural human Ap is secreted from 

CHO cells stably expressing a mutant form of human APP found in AD (Walsh et al.,

2005). When injected intracerebroventricullarly (i.c.v.) into rats these cell derived 

soluble Ap oligomers consistently produced significant but transient disruption of a 

complex learned behavior (Cleary et al., 2005). Taken together with the ability of Ap to 

induce rods, these findings support a molecular mechanism where rods play a pivotal role 

in producing the underlying memory and cognitive dysfunction o f neurodegenerative 

disease.

Cytoskeleton, transport defects, and AD

Axonopathy and transport defects have been reported in Tg-swAPPprp mouse 

brains (Stokin et al., 2005). The formation of blockages, resembling axonal swellings 

and dystrophic neurites, is one of the earliest reported degenerative phenotypes, occurring 

as early as one year prior to the formation of senile plaques in the mouse model of AD 

(Stokin et al., 2005). 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,
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amyloid deposition (Stokin et al., 2005). Swellings in the neurites of hippocampal 

cultures harvested from mice contain aberrant accumulation o f oligomeric Ap (Takahashi 

et al., 2004). Swellings have also been reported to form within cholinergic axons of the 

nucleus basalis magnocellularis in early stage human AD brain (Stokin et al., 2005). The 

reduction o f kinesin expression enhances the frequency of axonal defects as well as 

increases Ap levels and amyloid deposition in the transgenic mouse model (Stokin et al.,

2005). APP over expression is proposed to be responsible for the AD pathology 

observed in DS (Prasher et al., 1998). A cycle o f local increased APP processing causing 

additional vesicle stalling further stimulating additional APP processing (Stokin et al.,

2005) could result in a positive feed-back spiral in which axonal blockages and AP 

production become mutually stimulatory leading to early synaptic loss (Minamide et al., 

2000; Stokin et al., 2005; Maloney et al., 2005).

Glutamate and Ap treatment disrupt anterograde and retrograde fast axonal 

transport in cultured neurons by formation of actin bundles (Hiruma et al., 2003). 

Excessive glutamate in extra cellular space is recognized as an excitotoxin playing a role 

in the development of AD and other neurodegenerative diseases (Arias et al., 1998; 

Lancelot et al., 1998). A decline in the ability o f glia to take up and process glutamate to 

glutamine may be a contributing factor to age-related cognitive decline. Application of 

AP25-35, to cultured rat hippocampal neurons slowed axonal transport within a few 

minutes, and did so in a dose dependent manner from 200 nM to 20 pM. Although 

transport was restored within 30 min following washout of 2 pM AP25.35 after 26 min 

exposure (Hiruma et al., 2003), washout of 20 pM AP25-35 was not reversible and resulted 

in continuous decline in transport. Interestingly, treatment with 20 pM AP1.42 incubated
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under aggregating conditions (pre-incubated) reproduced the effects observed with AP25- 

3 5 ,  however treatments with the same concentration of freshly prepared A f h . 4 2  or with 

pre-incubated APmo, failed to impair transport (Hiruma et al., 2003). Among others, 

these findings highlight the importance o f A|3 peptide composition (sequence and length), 

species (monomers, oligomers, fibrils), and solubility (soluble vs. insoluble) relating to 

its biological activity. In the studies o f Hiruma et al. (1993) actin aggregates were 

observed by phalloidin staining, but fixation was mild (4% paraformaldehyde for 3 min) 

and certainly would have resulted in the loss of cofilin from actin rods, allowing some 

phalloidin binding. Fixation of rods requires 45 min in paraformaldehyde (Maloney et 

al., 2005). These results suggest that the inhibitory effects o f A P 2 5 - 3 5 ,  and pre-incubated 

AP1.42 on transport and the subsequent aggregation o f actin (Hiruma et al., 2003) are 

intimately linked.

Transport defects, Down syndrome, and AD

Enlarged early neuronal endosomes develop before birth in DS brains (Cataldo et 

al., 2003) and years before significant Ap deposits and neurofibrillary pathology 

associated with AD and DS form (Cataldo et al., 1997; Cataldo et al., 2000; Cataldo et 

al., 2004). Both the number and size of basal forebrain cholinergic neurons (BFCN) 

decreases during the progression of AD and DS (Whitehouse et al., 1982; Mann et al., 

1984; Casanova et al., 1985; Mufson et al., 1989). Ap has been proposed to act 

specifically on BFCN via activation o f whole cell voltage-activated currents in these 

neurons and not in GABAergic neurons (Jhamandas et al., 2001). BFCN loss is a classic 

feature of both AD and DS and is known to result from defective retrograde transport of
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nerve growth factor (NGF) from the hippocampus (Cooper et al., 2001). BFCN depend 

upon NGF for the normal function and development (Sofroniew et al., 2001). NGF 

produced in the hippocampus binds to receptors on BFCN axons and is retrogradely 

transported as an active signaling endosome to the cell body (Sofroniew et al., 2001).

Studies using the partial trisomy 16 (Ts65Dn) mouse model of DS found reduced 

BFCN size and number as well as regression of their hippocampal terminal fields 

(Cooper et al., 2001). Increased levels of NGF occur in the hippocampus of Ts65Dn 

mice as a result o f failed retrograde transport to the BFCN (Cooper et al., 2001). While 

the exact cause for the defect remains a mystery, NGF binding and internalization in 

synaptosomes prepared from Ts65Dn mice showed no impairment as compared to wild 

type (2N) mice suggesting that the failure lies in an axonal abnormality affecting 

retrograde transport (Cooper et al., 2001). In Ts65Dn mice i.c.v. NGF infusion improved 

BFCN size as well as restored cholinergic innervation o f the hippocampus (Cooper et ah, 

2001 ).

Several lines o f evidence place APP at the center of transport defects in both AD 

and DS (Kasa et al., 2003). Increased expression of APP is found in DS and increased 

levels o f APP-CTF’s accumulate in AD pathology. Ts65Dn mice display enlarged 

neuronal early endosomes in BFCN (Cataldo et al., 2004). Selective deletion of one copy 

of APP from Ts65Dn mice eliminated the endosomal phenotype (Cataldo et al., 2003), 

however the over expression of APP alone did not produce endosomal phenotype. This 

suggests that while APP gene dosage is critical to the development of endosomal 

abnormalities additional genes found on the triplicated region o f mouse chromosome 16 

are also required (Cataldo et al., 2003). Some candidate genes located on the triplicated
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region of human chromosome 21 encode BACE-2 and super-oxide dismutase-1 (Sod-1) 

(Cataldo et al., 2003).

Mitochondrial degeneration and Cofilin

Mitochondria produce much of the ATP required to power nearly every cellular 

function. Over a lifetime mitochondria in postmitotic cells become less efficient due in 

part to damage caused by increased levels of reactive oxygen species (ROS). Increased 

production o f ROS also arises due to the lowered mitochondrial efficiency providing a 

feed-forward model for ROS generation. Rundown o f mitochondria contributes to 

normal aging and has been attributed to cellular dysfunction in neurodegenerative 

disease. Rod formation occurs in >80% of cultured neurons within minutes of ischemia 

induced by treating cells with sodium azide to shut down the electron transport chain, and 

2-deoxy glucose to poison glycolysis (Minamide et al., 2000). Under these conditions 

ATP levels run down rapidly leading to large pools o f ADP-actin and activated 

dephosphorylated cofilin (Minamide et al., 2000). Upon washout and return of cells to 

normal culture conditions, ATP levels rapidly recover and rods vanish. Rods will 

reappear within -30%  of neurons after 24 hours, in regions where irreversible damage 

has occurred to the mitochondria (Minamide et ah, 2000).

Studies in yeast have demonstrated a key role for the actin cytoskeleton in aging 

and apoptosis (Gourlay et al., 2005b). Decreased actin turnover during normal aging or 

induced by the application of actin stabilizing drugs, leads to accumulation o f F-actin 

aggregates and triggers a rise in reactive oxygen species (Gourlay et al., 2004; Gourlay et 

al., 2005b). Actin filaments have been proposed by play a direct role in apoptosis
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(Gourlay et al., 2005a; Gourlay et al., 2005c) by regulating the opening of mitochondrial 

voltage gated anion channels (VDAC), sites of cytochrome c release (Tsujimoto & 

Shimizu, 2000; Zalk et al., 2005).

Mitochondrial membrane potential (A'Fm) depends upon cellular ATP (Bernstein 

et al., 2006), and at steady state in resting neurons actin treadmilling alone has been 

demonstrated to consume nearly 50% of the available ATP (Bernstein & Bamburg,

2003). For a short period immediately after initial rod formation the loss of both A'Fm 

and ATP in neurites with rods is slower than in neurite without them (Bernstein et al.,

2006). In addition, gelsolin, an F-actin severing protein, has been reported to protect 

cells from apoptosis by blocking both A'Fm loss and cytochrome c release via the closing 

of VDAC (Kusano et al., 2000; Koya et al., 2000). Thus, the formation o f rods 

transiently protects neurites by slowing filament turnover and its associated ATP 

hydrolysis (Bernstein et ah, 2006). Because actin dynamics is such a major energy drain 

for neurons, the ability to turn off the actin treadmill during times o f transient stress 

would provide the cell with additional time and ATP required for surviving transient 

insults. Rods provide such a mechanism by tying up nearly all-available cofilin into non­

dynamic structures (Bernstein et al., 2006). Taken together the ability of rods to preserve 

ATP levels, retard the loss of A'Fm, along with their rapid appearance during stress and 

their disappearance following stress, suggests rods function as part o f a regulated 

protective mechanism.

Altered mitochondrial function has been implicated in the pathogenesis of AD 

(Bowen et al, 1979; Hirai et al., 2001; Swerdlow & Kish, 2002). Quantitative proteomic 

analysis o f mitochondria isolated from rat cortical neurons treated with Ap showed
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increased association o f cofilin among nine other proteins with statistically elevated 

protein levels (Lovell et al., 2005). Another report found cofilin to be among a handful 

of proteins up-regulated in human AD brain compared to normal brain when screening 

was performed using a cDNA library from embryonic rat brains to isolate neuron specific 

genes (Kondo et al, 1996).

In the neurons of AD brain were found all the morphological features of 

apoptosis, including blebbing, formation of apoptotic bodies, chromatin condensation and 

cytoskeleton reorganization (Ostrowski et al., 2003 abstract). Cofilin plays an important 

role in the initiation of mitochondrial-dependent apoptosis (Chua et al., 2003).

Activation o f this apoptotic cascade causes mitochondrial release o f cytochrome c 

leading to formation o f the apoptosome, a committed step in apoptosis. Treatment of 

neuroblastoma cells with the apoptotic agent staurosporine (STS) or etoposide, induced a 

translocation o f cofilin to the outer mitochondrial membrane within 30 min, peaking by 2 

h after treatment (Chua et al., 2003). Suppression of cofilin expression by siRNA 

resulted in cell protection from apoptosis induced by STS or etoposide. 

Dephosphorylation o f cofilin Ser3 was required for its translocation to mitochondria. In 

addition, expression of a pseudophosphorylated form of cofilin (S3D) did not localize to 

mitochondria and inhibited staurosporine induced apoptosis (Chua et al., 2003). In PC 12 

cells, over expression of LIMK1 protected cells from serum-induced apoptosis by 

inhibiting both caspase 3 and JNK activation (Yang et al., 2004). Inhibition of cofilin 

activation by LIMK1 transiently protects cells from apoptosis (Yang et al., 2004) and 

sequestration of cofilin into rods retards mitochondrial rundown (Bernstein et al., 2006). 

Since the translocation of activated cofilin to mitochondria is both upstream of and
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necessary for cytochrome c release (Chua et al., 2003) rods may prevent or delay this 

translocation by sequestering cofilin thus protecting cells from apoptosis (Bernstein et al.,

2006).

The term Ap is used to describe a spectrum of peptide species, but often the 

downstream effects of different Ap peptides are lost by the generalities ascribed to Ap 

effects. Investigations are beginning to elucidate differences in the biological activity of 

AP species, especially on the phosphorylation (activity) of cofilin. Soluble species of the 

longer AP1.42 induce the activation o f cofilin only in the responding subpopulation of 

neurons that form rods at low nanomolar concentrations (Maloney et al., 2005). Fibrillar 

AP1-42 can induced rods, deliver toxicity and produce dystrophic neurites at low 

micromolar concentrations (Maloney et al., 2005). On the other hand treatment of 

cultured hippocampal neurons with 20 pM fibrillar AP1.40 produces an inactivation of 

cofilin in neurons that develop dystrophic neurites, while the same concentration of 

freshly prepared soluble AP1.40 displayed no adverse effects (Heredia et al., 2006). Thus 

the amino acid length, structure, and aggregation state may greatly affect the binding of 

Ap peptides to prospective receptors and therefore influence the biological activity of Ap 

against cultured neurons and in vivo. Taken together these reports both indicate that 

selective populations of neurons react to different isoforms and conformers of Ap via 

alterations in cofilin regulation.

Cholesterol homeostasis and transport

Epidemiological studies indicate that high serum cholesterol levels are associated 

with increased risk of AD and cholesterol regulation and metabolism may be altered in
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AD (Knebl et al., 1994; Frears et al., 1999). This correlation is strengthened by the 

inheritance o f the s4 allele of apolipoprotein E (ApoE) as a high risk factor with familial 

late onset AD. Additional evidence is found in the reports o f increased amyloidogenic 

processing of APP by increasing cellular cholesterol levels in vitro and converse 

reduction of this processing by cholesterol depletion. Sub-cellular distribution of 

cholesterol may influence APP cleavage because mutations and pharmacological 

inhibitors o f Niemann-Pick complex cholesterol transport pathway alter the localization 

of presenilin/y-secretase and lead to Ap aggregate production (Sawamura et al., 2000; 

Runz et al., 2002; Burns et al., 2003; Jin et al., 2004). The form and distribution of 

cholesterol in cells may modulate APP processing in a complex fashion (Cole et al.,

2005; Cole & Vassar, 2006).

Cholesterol depletion by lovastatin and methyl-P-cyclodextrin extraction inhibits 

APP processing by BACE1 and lowers Ap production (Simons et al., 1998; Austen et al., 

1999; Buxbaum et al., 2001; Fassbender et al., 2001; Kojro et al., 2001; Ehehalt et al., 

2003). Moderate but not complete depletion of cholesterol results in increased Ap 

production (Abad-Rodriguez et al., 2004), and cholesterol enrichment leads to elevated 

amyloidogenic APP processing (Bodovitz & Klein 1996; Racci et al., 1997; Galbete et 

al., 2000). Thus, there appears be optimal cholesterol content for activation of the 

BACE-APP-processing pathway.

P-Secretase has been reported to associate with lipid raft domains o f the plasma 

membrane, areas rich in cholesterol and sphingolipids. Lipid rafts or detergent insoluble 

membrane regions are sites for endocytosis and the amyloidogenic processing of APP is 

believed to be favored in endocytic vesicles. The entire y-secretase complex, which
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includes PSI, mature nicastrin, APH1 and PEN2, has been found to associate with rafts 

(Vetrivel et al., 2004). BACE undergoes palmitoylation targeting it to lipid rafts 

(Vetrivel & Thinakaran, 2006). Addition of a GPI-anchor targets BACE exclusively to 

rafts and increases APP processing at the P-cleavage site (Riddell et al., 2001; Cordy et 

al., 2003). Raft micro domains also have been implicated in amyloidogenic processing of 

APP in other studies (Ehehalt et al., 2003). 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 o f cholesterol and ApoE 

related effects in AD. Cholesterol lowering drugs, statins, are not currently prescribed in 

AD therapy, however statin use has been linked to a decreased risk o f developing 

Alzheimer’s disease (Jick et al., 2000; Wolozin et al., 2000; Yaffe et al., 2002;

Rockwood et al., 2002).

Statins inhibit HMG-CoA reductase, an enzyme that catalyzes the rate-limiting 

step in cholesterol biosynthesis (Cole et al., 2005). Statins have been found to enhance 

sAPPa ectodomain cleavage thereby reducing amyloidogenic APP processing and AP1.42 

production. While this effect is believed to be due in part to reduced cholesterol, recent 

evidence also supports a cholesterol-independent effect (Pedrini et al., 2005; Cole et al.,

2005). Statins can modulate the association of the Rho family GTPases and other 

proteins with the inner leaflet o f the plasma membrane (Bi et al., 2004; Kato et al., 2004) 

via effects on the isoprenoid pathway (Pedrini et al., 2005; Cole et al., 2005).

Furthermore the Rho-ROCK pathway has been implicated in regulating y-secretase 

activity towards APP proteolysis (Ryder et al., 2003).
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Expression of dominant negative ROCK in cultured N2a neuroblastoma cells 

increased sAPPa shedding while expression of constitutively active ROCK inhibited the 

statin stimulated shedding (Pedrini et al., 2005). Statin treatment elevated intracellular 

levels o f APP and p-cleaved fragments (Cole et al., 2005) due to inhibited trafficking of 

APP through the secretory pathway resulting from low cellular isoprenoid levels. While 

cholesterol depletion does not inhibit APP cell surface trafficking, it does slow 

endocytosis thereby reducing the levels of intracellular Ap (Cole et al., 2005) via a 

different pathway than statins. It is becoming apparent that intracellular AP is affected by 

isoprenoids and secreted Ap is affected by cholesterol (Cole et al., 2005). Inhibition of 

isoprenylation of key G-proteins in the Rho and Rab families is associated with 

cytoskeletal alterations and decreased efficiency of vesicular transport (Vicent et al., 

2000; Ridley, 2001). These finding provide a direct link between upstream effectors of 

cofilin and APP processing into Ap.

Concluding Remarks

Understanding mechanisms involved in the early stages o f Alzheimer’s disease 

progression is critical for the development of preventative strategies. Here we present 

evidence for the involvement o f cofilin in transport defects that may lie at the root of a 

neurodegenerative cascade. Cofilin rods provide a link between seemingly unrelated 

aspects of AD such as synaptic loss and increased deposition o f Ap. Rods may also 

contribute to cognitive decline as well as increased production o f Ap. Furthermore a 

number of reports highlighted herein demonstrate direct and indirect effects of various 

neurodegenerative stimuli on cofilin regulation.
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The opposite effects of fibrillar APmo and soluble AP1-42 on cofilin activity could 

arise from their interactions with different neuronal populations, with different receptors 

on the same neuronal population, or through concentration effects o f ligand on the same 

receptor that alters its intracellular signaling. Regardless of which o f these mechanisms 

gives rise to the differences observed, it is significant that misregulation o f cofilin is the 

common feature o f these two very different effects. State and solubility, in mediating 

opposing end effects on cofilin in vitro, may also explain in vivo features of AD.
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Chapter Five

Conclusions and Future Directions 

Concluding remarks

The role o f AC proteins in actin dynamics has been well studied in a myriad of 

biological systems. Because actin plays such a central role in most cellular processes,

AC proteins do so as well. Regulating actin dynamics is a complex process involving 

more than just AC proteins. Studies on the function of AC protein and their upstream 

regulators have led to the discovery of a number o f roles for actin in cells that were 

hitherto unknown. Among these is the release o f cytochrome c from mitochondria. 

Because of the diverse functional roles for AC proteins, therapeutic intervention through 

their regulation/modification is probably not a realistic goal in many diseases in which 

AC proteins have been implicated.

One of the unique areas for AC protein involvement in disease is the formation of 

AC-actin rods induced in neurons by common mediators of neurodegeneration. Rod- 

related diseases are one area where possible therapeutic intervention might succeed 

because the protein-protein interface between the AC-saturated filaments that form the 

rod may be different from the interface between AC proteins and the actin filament that is 

required for the AC dynamizing functions. Developing reagents to target this interface 

may be a worthwhile goal for future research.
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Future directions 

Rods and apoptosis

A protective role for rods has been demonstrated in neurons expressing XAC- 

GFP (Bernstein et al., 2006). The presence of rods within neurites protects local 

mitochondria from a loss of membrane potential A'Fm and slows the loss o f ATP 

(Bernstein et al., 2006). In resting neurons, actin turnover can consume nearly 50% of 

cellular ATP (Bernstein & Bamburg, 2003). Thus, it is plausible that rods are 

neuroprotective by forming non-dynamic aggregates with actin thereby preserving ATP. 

Rods are potentially neuroprotective in other ways. Chua et al, 2003 demonstrated that 

treatment o f cultured cells with the apoptotic agent staurosporine (STS) induced the 

translocation o f activated cofilin to mitochondria, an event upstream of and required for 

cytochrome c release. We have demonstrated the translocation o f cofilin to mitochondria 

in primary neurons occurs within 2 h following treatment with 1 pM STS (Fig 5.1). Rods 

sequester nearly all o f the activated cofilin, therefore rods may provide a mechanism to 

delay or prevent cofilin translocation to mitochondria during transient stress thereby 

protecting the cell from an apoptotic death. Because rods form rapidly in response to a 

variety of neurodegenerative stimuli including ischemia and AP1.42, continued 

investigation into the neuroprotective nature of rods in neurons is imperative.

This study could be carried out in dissociated primary neuronal cultures beginning 

with a titration of the apoptotic inducing drugs to find the minimum effective 

concentration required to induce both cofilin translocation to mitochondria and apoptosis. 

Apoptosis can be followed by observing nuclear condensation with DAPI and by using 

cytochrome c antibodies to follow its loss from mitochondria. Mitochondrial
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Figure 5.1: Staurosporine (STS) induces cofilin translocation to mitochondria in cul­
tured neurons. ADF/cofilin staining (green a) and mitochondiral stain (red b) colocalized 
following 2 h STS treatment. Co-localization is observed in overlay (c) (white arrow a, 
b, c). Not all mitochondria become labeled with cofilin as shown in adjacent areas of the 
same neurite (blue circle). The cofilin labeled mitochondrion appears swollen, a common 
feature of early apoptosis.
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translocation o f cofilin can be observed in fixed cell by co-staining with Mito-tracker red 

and antibodies to cofilin to observe co-localization. Mitochondrial translocation of 

cofilin can also be followed by probing western blots with cofilin antibodies to follow the 

shift in signal intensity between cytoplasmic and mitochondrial enriched fractions from 

cell lysates. Next conditions will need to be optimized for inducing fluorescent rods 

using tet-regulated XAC-GFP adenoviruses to keep protein expression levels at a 

minimum. By treating cultures with STS or Etoposide and observing for apoptosis we 

should be able to determine if the presence of fluorescent rods protects neurons from 

apoptosis and also if rods prevent the translocation of cofilin to mitochondria.

Identification of the APj.42 sensitive sub-population

Treatment of dissociated cultured neurons with up to 2 pM APi.42 induces rod 

formation in a maximum of -20  % of the total population. At higher APi.42 

concentrations, cell viability is negatively impacted but the percent o f neurons with rods 

does not increase (Maloney et al., 2005). Lacor et al, 2004 demonstrated that Ap 

selectively binds to an undetermined sub-population of neurons in culture, which 

represents only 30-50% of the total population. The identification o f the sensitive 

population o f neurons will help in the development of strategies to protect neurons from 

the effects o f Ap. Organotypic slice cultures will provide useful clues. By mapping the 

location o f rods formed in slice cultures by soluble AP1-42 we hope to identify whether or 

not rods form preferentially in a specific region such as the dentate gyrus (Fig 3.1).

No differences in rod formation were observed when dissociated hippocampal 

cultures enriched in CA1 or CA3 neurons were treated with soluble AP1.42 suggesting that
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the sensitive subpopulation may be distributed throughout the hippocampus (Maloney et 

al., 2005). A subset o f cells worth investigating are the 30-40 % of hippocampal neurons 

that express the p75 low affinity NGF receptor in the absence o f the cognate Trk 

receptors (Friedman, 2000). NGF exposure induces apoptosis o f this subset of neurons 

via unregulated activation o f the p75 receptor which is also a target for Ap 1.42 mediated 

toxicity (Costantini et al., 2005). Other candidates include neurons expressing specific 

subunits o f glutamate or NMDA receptors. Whatever the receptor site may be, by pre­

treating dissociated cultures with inhibitory peptides or receptor blocking drugs we aim to 

block Ap 1 .4 2  mediate rod formation and identify the sensitive sub-population.

Additionally we seek to co-stain fixed AP treated cultured neurons with antibodies 

against specific receptor types or subunits and with antibodies against Ap to look for co­

localization.

Transport studies

Exposure o f neurons to elevated AP1.42 causes rearrangement of the actin 

cytoskeleton and disrupts transport (Stokin et al., 2005, Hiruma et al., 2003, Maloney et 

al., 2005). Transport defects are among the earliest signs of degeneration in human AD 

brain and in the brains of Tg-swAPPprp mice (Stokin et al., 2005). The accumulation of 

APP, BACE and PS1 occurs at rods suggesting that these may be sites for local AP1.42 

production (Maloney et al., 2005). We have created an adenovirus for expression of APP 

conjugated to yellow fluorescent protein (APP-YFP), with which we can observe 

transport in live cultured neurons (Fig 5.2). By co-infecting with XAC-RFP we will
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Figure 5.2: Time lapse imaging of APP-YFP in E l8 Rat hippocampal neurons. Color 
composite image of APP-YFP trafficking. Images taken at t = 0 (red), t = 1 s (green), and 
t = 2 s (blue) (a). Enlarged boxes from (a) showing vesicles trafficking (b, c, d). Vesicles 
that don’t move are white or yellow since time points would overlap in position.
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induce spontaneous rod formation and observe the impact o f rods on APP-YFP transport 

in real time.

To study whether rods lead to elevated AP1.42 production we will induce rod 

formation in dissociated cultured neurons by ATP depletion followed by washout. 

Secreted APi-42 will be measured in the conditioned medium and intracellular APi.42 will 

be measured from cell lysates using protein dot blots probed with a specific antibody to 

APi-42- By comparison to untreated cultures we hope to determine if the presence of rods 

will lead to elevated levels o f secreted or intracellular AP1.42.

Reversal of AP1.42 induced rods

Rods induced in cultured neurons by ATP depletion are initially reversible upon 

removal o f ATP depletion medium (Minamide et al., 2000). Cell derived Ap induces 

transient cognitive deficits when injected into the brains of rats (Cleary et al., 2004) and 

induce rod formation in organotypic slice cultures (Maloney, Minamide and Bamburg 

unpublished observation). PDAPP is a transgenic AD mouse model that overexpress 

mutant human APP V717F and progressively develop many of the neuropathological 

hallmarks o f Alzheimer's disease in an age- and brain-region-dependent manner (Schenk 

et ah, 1999). Immunization of young PDAPP mice with Ap 1.42 peptides essentially 

prevented the development of Ap-plaque formation, neuritic dystrophy and astrogliosis 

and the immunization o f older animals also markedly reduced the extent and progression 

of AD-like pathology (Schenk, et al., 1999). Because rods form rapidly in response to 

soluble APi-42 (Maloney et al., 2000) and interfere with synaptic functioning (Jang et al.,

2005), it is important to determine if AP1.42 induced rods are reversible. Reversibility
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could explain the transient cognitive effects of cell derived AP and would mean that 

immunization therapies could reverse rod formation in-vivo.

In a pilot experiment dissociated hippocampal neurons (5 div) were treated with 1 

pM soluble APi-42 and some cultures were fixed at 24 and 48 hours while in other 

cultures the AP1.42 was washed out at 24 h and cells were fixed at 2 h and 24 h post 

washout. At 24 h with AP1.42 10.4% of neurons formed rods and by 48 h the maximal 

response o f 19.1% of neurons with rods was recorded. At 2 h and 24 h post washout only 

5.2% and 5.1% of neurons maintained persistent rod formation respectively (Fig 5.3).

This result suggests that AP1.42 induced rods are reversible in lA  to % of affected neurons. 

A more rigorous follow up to this experiment would help to classify AP1.42 induced rods 

as transient or persistent.
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Treated day 5 
Fixed day 7

Treated day 5 
Fixed day 6 + 2hr

Figure 5.3: The percent of neurons with rods decline when A 01 .4 2  is removed. E-18 
rat hippocampal neurons were exposure to soluble AP for 24 and 48 hours and the per­
cent rod formation is compared to neurons exposed for 24 hours followed by a 2 or 12 
washout and recovery period.
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