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SUMMARY

Alzheimer’s Disease (AD) is a devastating neurodegenerative disorder that is

histopathologically characterized by several hallmark lesions, including

extracellular plaques comprised of amyloid beta (AB) peptides, neuropil threads

and intra-neuronal neurofibrillary tangles, both of which are comprised of

hyperphosphorylated microtubule-associated (MAP) protein tau. Neuropil

threads are one of the earliest lesions observed in AD brain and the extent of

their presence correlates with cognitive decline and disease progression. In

addition, rod-like aggregates of actin and actin depolymerizing factor

(ADF)/cofilin (‘AC’ or ‘cofilin’ rods) have also been described throughout the

neuropil of AD brains.

Sporadic AD accounts for over 90% of all AD cases and although aging has

been identified as the most significant risk factor for developing this form of the

disease, the pathogenic mechanisms involved in initiation of sporadic AD

remain poorly understood. Decreased mitochondrial function and increased

oxidative stress are common features of the aging brain and a growing body of

evidence suggests these mitochondrial changes may play a central role in the

pathogenesis of sporadic AD. The key question therefore is can mitochondrial

dysfunction induce histopathological features of AD and if so, by what

mechanisms? Answers to these important questions may be pivotal in the

development of more effective AD therapeutics.
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This thesis investigated the effects of mitochondrial dysfunction on the

interrelationships between two AD-related cytoskeletal systems, MAP/tau and

AC-actin. Employing primary neuron culture models, organotypic brain slice

cultures and a range of immuno—iabeling and microscopy techniques, we show

that mitochondrial dysfunction rapidly induces rod-Iike aggregations of activated

AC throughout neurites that subsequently recruit AD-relevant epitopes of

phosphorylated MAP/tau. The resulting cytoskeletal complexes closely

resemble neuropil threads observed in human AD brain. Mechanistically, the

relationship between these inclusions was explored through use of actin-

modifying drugs, knockdown of ADF/cofilin in primary neuron culture and

knockout of tau in transgenic mouse brain slices. Overall, the results suggest

that during neuronal stress, AC rods form rapidly and serve as a nucleation

seed for subsequent recruitment of phosphorylated MAP/tau. Moreover, this

initial recruitment is specific to MAP/tau phosphorylated in the functional

microtubuIe-binding domain which is of significance, since this is one of the first

phospho-sites identified during the early pathogenesis of AD tau pathology.

Furthermore, treatments with synthetic or naturally-secreted preparations of AB

peptides induced the same effects in primary neuron and brain slice cultures,

thus suggesting that the major histopathologies of AD may all be reconciled in

one common pathway.

The studies reported here provide evidence suggesting that mitochondrial

dysfunction is central to the pathogenesis of two AD-related cytoskeletal

pathologies: MAP/tau neuropil threads and AC rods. Moreover, the results

XXV



presented here show for the first time that these two neuritic inclusions are

closely interrelated and together implicate a disrupted cytoskeletal network that

may account for the widespread axonal transport deficits and axonal

degeneration characteristic of this disease. To that extent, we propose that

association of MAP/tau and AC-actin proteins constitutes one of the earliest

events in the pathogenesis of sporadic AD.
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1.1 A Global ‘Epidemic’

Dementia is a progressive neurodegenerative disorder predominantly affecting

older people, over 65 years. Alzheimer’s disease (AD) is the most common

type of dementia, accounting for over 60% of all reported cases and like other

dementias, is characterized by progressive loss of memory, cognition and the

ability to perform everyday activities. Currently, there are an estimated 35.6

million people with dementia worldwide, a figure which is conservatively

projected to exponentially increase to over 115 million by 2050, largely owing to

an ageing global population (Brookmeyer et al., 2007) (Alzheimer Disease

international, World Alzheimer Report 2010 (International AD, 2010)). The total

estimated worldwide cost of dementia in 2010 was US$604 billion, suggesting

that this disorder should not only be considered a health and social issue in

society, but one with serious economic impacts.

1.2 Neuropathology of AD

Macroscopically, the AD brain is characterized by progressive cerebral atrophy,

particularly of the medial temporal lobes, including the hippocampus, entorhinal

perirhinal and parahippocampal cortices (Braak and Braak, 1991), structures

that play a central role in memory function (Squire et al., 1993). In addition,

reduced vascular perfusion and glucose metabolism in these regions are also

features of the AD brain (Fig. 1.1) (Hock et al., 1996; Farkas and Luiten, 2001;
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Mosconi, 2005), although whether these events are a direct cause or only a

correlate of neuron loss and disease pathogenesis is contentious and the

subject of ongoing research.

\ Temporopaneto-

hypometabohsm

 
Figure 1.1 Reduction in temporoparietal glucose metabolism in subjects with

Alzheimer disease (AD). Statistical parametric mapping (8PM) of fluoro-2-deoxy—

D-glucose positron emission tomography (FDG-PET) images reveal relative

reduction of glucose uptake in temporal, parietal and posterior cingulated cortices in

AD subjects compared with healthy controls. Regions are illustrated in red and

yellow, with yellow representing areas with the most significant reductions in

glucose uptake. Source: (Edison et aL, 2007).

Microscopicaliy, AD is characterized by several hallmark lesions, namely

neurofibrillary tangles (NFTs) and neuropil threads (NTs) comprised of

hyperphosphorylated microtubule-associated protein (MAP) tau, neuritic

plaques comprised of aggregated amyloid-B (AB) protein and Hirano bodies,

paracrystalline intracellular inclusions containing actin and actin binding
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proteins. Additionally, other changes in the actin cytoskeleton have been

described in AD brain, which can be grouped and referred to as cofilin

pathologies, because of changes in activity or organization of the actin binding

protein cofilin (Bamburg and Bloom, 2009) (Fig. 1.2). These cytoskeletal

pathologies are each discussed in further detail below. Decreased synaptic

density is another histopathological feature of AD and constitutes one of the

strongest anatomical correlates of cognitive impairment in this disease (Hsia et

al., 1999; Mucke et al., 2000). An increasing body of evidence links

cytopathologies with axonal transport defects (Praprotnik et al., 1996; Hiruma

et al., 2003; Mandelkow et al., 2004; Baas and Qiang, 2005; Maloney et al.,

2005; Zhang et al., 2005; Wirths et al., 2007; Vossel et al., 2010) (reviewed in

(Bamburg and Bloom, 2009)) and is a likely mechanism contributing to synaptic

decay and neuronal death in AD.

1.3 Familial and Sporadic AD

From a genetic standpoint, AD is a heterogeneous disorder with both familial

and sporadic forms although by the disease end-stages, they are

neuropathologically indistinguishable. Familial AD (FAD) is a very rare

autosomal dominant disorder with an onset before age 65 years. A handful of

mutations causing FAD have been identified in the amyloid precursor protein

(APP) and the highly homologous presenelin 1 (PSEN1) and presenilin 2

(PSEN2) protein genes, all of which are involved in AB metabolism. However,
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combined, these mutations account for less than 1% of all AD cases (reviewed

in (Harvey et al., 2003) and (Blennow et al., 2006)). Interestingly, although tau

protein is a major constituent of hallmark lesions in AD, no FAD cases have

been genetically linked to the tau protein locus, although other tau-related

dementias such as frontotemporal dementia with Parkinsonism (FTDP) have

(for reviews see (Buee et al., 2000; Lee et al., 2001)).

By contrast, sporadic AD (SAD) accounts for the vast majority of AD cases and

while causes of this form remain more elusive, it is widely accepted that ageing

is the most significant risk factor (Blennow et al., 2006). Apolipoprotein E

(ApoE), a plasma protein involved in cholesterol transport, has also been

identified as a risk factor for SAD, with a significantly amplified risk of

developing the disease in heterozygous and homozygous carriers of the ApoE

£4 allele (Corder et al., 1993). This allele, which is present in 15-27% of the

general population occurs in 45-77% of AD patients, however since ApoE s4 is

present in people who do not get the disease, this allele is considered a risk

factor and not a determinant of AD (Lucotte et al., 1994). The majority of SAD

cases are therefore most likely due to a complex relationship between ageing,

genetic and environmental influences and associated pathological processes,

including reduced cellular metabolism, increased oxidative stress,

inflammation, altered gene expression and dysfunction of proteins. Some of

these aspects are discussed in further detail below.
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Figure 1.2 Neuropathological hallmarks of AD. Neuropil threads (a) are comprised of

hyperphosphorylated tau that forms striated inclusions throughout neurites (a, arrows).

Intracellular neurofibrillary tangles (NFTs; b) also contain hyperphosphorylated tau and

take on a classic flame—shape appearance. Amyloid-B plaques (c, centre) are extracellular

aggregates that often appear in the vicinity of NFTs (c, arrows). Lesions in (a-c) visualized

with silver staining. Aggregates of cofilin (d) often occur in linear arrays throughout neurites

(arrow. upper panel), shown here amid an amyloid plaque (immunocytochemical label).

lmmunofluorescence ((1, lower panel) revealing a tandem array of neuritic cofilin inclusions.

Sources: (a, (Braak et al., 1994); b, author’s own image; c, (Selkoe, 1998); cl, (Minamide et

al., 2000). Scale bars: (a, c) 100 uM; (b) 20 pM; (d) 10 uM.
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1.4 The microtubule associated protein (MAP) tau

1.4.1 Tau structure

Encoded by the MicrotubuIe—Associated Protein Tau (MAPT) gene on

chromosome 17 locus 21 (17q21), tau is predominantly expressed in axons of

central nervous system neurons (Goedert et al., 1989). Alternative mRNA

splicing of exons 2, 3 and 10 gives rise to six tau isoforms (Fig. 1.3). Exclusion

of exon 10 results in a protein with three microtubule-binding repeats (3R tau),

while its expression adds a fourth microtubule—binding domain to generate 4R

tau. In adult humans, the 3R and 4R isoforms exist in equal ratio. The triplets of

3R and 4R tau isoforms differ further as a result of alternative splicing of exon 2

and exon 3, generating isoforms with no (0N), one (1N) or two (2N) 29-amino

acid inserts. The resulting six tau isoforms exist in range 353 amino acids and

441 amino acids in length, which translates to molecular weights ranging from

45 to 65 kDa when resolved by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) (Goedert et al., 1989). Tau has two functional

domains — the carboxy—terminal microtubule-binding domain (MTBD) and an

amino-terminal projection domain.
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Figure 1.3 Schematic representation of the human tau gene and the six

central nervous system (CNS) tau isoforms. Alternative mRNA splicing of exons

2, 3 and 10 generates isoforms containing zero (0N), one (1N) or two (2N) amino

terminal inserts and either three (3R) or four (4R) microtubule-binding domains

comprised of 18—amino acid repeats (black bars). Source: (Lee et al., 2001)

1.4.2 Functions of tau

Tau is a cytoskeletal ‘structural MAP’ protein predominantly expressed in axons

of CNS neurons. The best characterized function of tau is its role in facilitating

microtubule (MT) dynamics by enabling polymerization and depolymerization of

01- and B-tubulin polypeptide chains (Weingarten et al., 1975; Cleveland et al.,

1977). Binding of tau via repeat regions in the so-called microtubule binding

domain (MTBD) induces polymerization and stabilization of MT, while

unbinding enables depolymerization and thus extensive rearrangements of MT

within the cell (Mitchison and Kirschner, 1984; Lee et al., 1989; Drechsel et al.,

1992) (Fig. 1.4). Tau thus plays an essential role in axonal development,

elongation and organization (Brandt and Lee, 1993).
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Tau also plays an important role in microtubule-dependent fast axonal

transport, a major mechanism for distributing organelles such as mitochondria

and Golgi-derived vesicles throughout the cell (Trinczek et al., 1999; Terada

and Hirokawa, 2000; Kamal and Goldstein, 2002; Mandelkow et al., 2004). By

stabilizing microtubule networks, tau provides axonal ‘tracks’ that facilitate

anterograde and retrograde transport of cargoes by the motor proteins kinesin

and dynein, respectively. (Hirokawa, 1998; Hirokawa and Takemura, 2005).

Moreover, tau has been shown to influence cellular cargo trafficking more

directly by influencing the activity of kinesin and to a lesser extent, dynein.

Studies show that tau over-expression primarily inhibits kinesin motor activity,

leading to a gradual accumulation of mitochondria, APP vesicles and other

organelles near the cell body (Ebneth et al., 1998; Seitz et al., 2002; Stamer et

al., 2002; Baas and Qiang, 2005). Mechanistically, tau is proposed to induce

these effects either by aggregating and creating physical ‘obstacles’ to kinesin

molecules as they ‘walk’ along MTs (Dixit et al., 2008), by MTBD interactions

with the kinesin complex constituent c-Jun N-terminal kinase-interacting protein

1 (JIP1) (lttner et al., 2009), or a combination of both.

A large body of work supports a role for tau in binding and cross—linking actin

filaments (Griffith and Pollard, 1978, 1982; Selden and Pollard, 1983; Selden

and Pollard, 1986; Correas et al., 1990; Yamauchi and Purich, 1993; Farias et

al., 2002; Dehmelt and Halpain, 2004b; Fulga et al., 2006), a function which is

predominantly attributed to the MTBD (Correas et al., 1990; Moraga et al.,

10
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1993), although more recent studies also indicate a role for the proline (Pro)-

rich region of the N-terminus in binding actin (He et al., 2009). Through these

interactions, tau proteins may indeed facilitate complex interactions between

microtubules and actin polymers in the organization of the neuronal

cytoskeletal network.

 

Figure 1.4 Model showing relationship between tau, microtubules, axonal transport and

AD. In the dephosphorylated state, tau binds and stabilizes microtubules (MTs; red and

yellow subunits) via the microtubule binding domain (MTBD; depicted by white boxes).

Phosphorylation of crucial MTBD sites by kinases detaches tau from MTs, inducing MT

disassembly. In AD, hyperphosphorylation of these sites induces MT breakdown, impaired

axonal transport and accumulation of tau aggregated into paired helical fitaments (PHFs).

Source: Max-Planck—Unit for Structural Molecular Biology, Hamburg Germany.

http://www.mpasmb—hamburg.mpg.de/webpage_tau/hypothese.

11
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1.4.3 Phosphorylation regulates tau function

There are seventy nine putative Serine (Ser) or Threonine (Thr)

phosphorylation sites on the longest brain tau isoform (441 amino-acids). Using

phosphorylation-dependent monoclonal antibodies against tau, mass

spectrometry and sequencing, over thirty phosphorylation sites have been

described, all of which are localized outside the MTBD with the exception of a

few, most notably Ser262 in the first repeat region and Ser356 in the fourth

repeat. Most of these phosphorylation sites are on Ser—Pro and Thr—Pro

motives (Goedert et al., 1994) (reviewed in (Mandelkow et al., 1995; Buee et

al., 2000)).

In its dephosphorylated state, tau is able to bind and promote MT

polymerization, while phosphorylation decreases its MT binding affinity and

facilitates depolymerization (Lindwall and Cole, 1984; Drechsel et al., 1992).

Specifically, phosphorylation in the MTBD, particularly at Ser262, strongly

reduces the binding affinity of tau to MT, induces rapid MT disassembly and

concomitant self-assembly of MTBD-phosphorylated tau (Biernat et al., 1993;

Seubert et al., 1995; Drewes et al., 1997; Alonso et al., 2001; Zhou et al., 2006;

Fischer et al., 2009). Under normal physiological conditions, tau is

heterogeneously phosphorylated such that some but not all sites are

phosphorylated at any given time. it is estimated that generally only 20-50% of

intracellular tau is attached to MTs with the remaining unbound tau existing in a

12



CHAPTER 1 GENERAL INTRODUCTION

relatively unfolded conformation in the cytosol (Cleveland et al., 1977; Ferreira

et al., 1989; Mukrasch et al., 2009).

The different states of tau phosphorylation result from the activity of specific

kinases and phosphatases towards these sites. Most of the kinases involved

are part of the proline—directed protein kinase family which target Ser/Thr—Pro

sites and include mitogen activated protein kinase (MAPK), glycogen synthase

kinase 3 (GSK3) and cyclin dependent kinases 2 and 5 (cdk2 and cdk5)

(Drewes et al., 1992; Baumann et al., 1993; Planel et al., 2002). Additionally,

stress-activated protein kinases (SAPK) also phosphorylate tau (Buee-Scherrer

and Goedert, 2002; Yoshida and Goedert, 2006) and together, these kinases

generate most Alzheimer-related epitopes. The family of kinases that

phosphorylate Ser residues of the MTBD ‘KXGS’ motifs, thereby inducing

dissociation of tau from MTs is the so-named MAP/microtubule affinity

regulating kinase (MARK) (Drewes et al., 1997; Biernat et al., 2002; Mandelkow

et al., 2004). All of these sites can be cleared by protein phosphatase 2A

(PP2A) and calcineurin (Drewes et al., 1993; Goedert et al., 1995; Sontag et

al., 1996; Gong et al., 2000) and to this extent, it is the fine balance between

kinase and phosphatase activity that regulates the physiological functions of

tau and a dynamic MT cytoskeleton.

13
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1.4.4 Abnormal tau pathology in AD

In AD, tau becomes hyperphosphorylated at both physiological and abnormal

‘non-physiological’ sites and aggregates into the non-soluble hallmark lesions

neuropil threads and NFTs, as mentioned above (for reviews see (Goedert,

1993; Goedert et al., 1994; Buee et al., 2000; Lee et al., 2001)) (Fig. 1.2a, b) .

The sequence of tau cytoskeletal changes during the progression of AD is well-

documented and is closely correlated to cognitive decline, according to six

Braak Stages (Break and Braak, 1991; Braak et al., 1993; Braak and Braak,

1995; Break and Braak, 1997; Braak et al., 2006). In the earliest stages of AD,

abnormal dystrophic neurites or ‘neuropil threads’ (NTs) are common and

widespread throughout ventromedial temporal lobe and association cortices,

appearing before ‘pre-tangle’ and NFT inclusions (Arnold et al., 1991; Break

and Braak, 1991; Schmidt et al., 1993; Velasco et al., 1998; Mitchell et al.,

2000). By end-stage AD, these lesions comprise over 85% cortical tau

pathology(Giannakopoulos et al., 2007). Ultrastructurally, the dominant

components of NTs are initially straight and twisted filaments which most likely

progress into the paired helical filaments (PHFs) observed in NTs of later-stage

AD (Perry et al., 1991). PHFs are composed of two strands of tau filament

twisted around one another with a periodicity of 80 nm and a width varying from

8 to 20 nm (Fig. 1.7b), whereas straight filaments lack this helical periodicity

(Crowther, 1991; Crowther and Goedert, 2000).

14
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Subsequent to appearance of NT, small somal granular inclusions of

hyperphosphorylated tau become apparent, developing into loosely packed

fibrils in the somatodendritic compartment and later, into densely-packed PHFs

that displace the nucleus and cytoplasm and give rise to the classic flame-

shaped NFTs (Braak et al., 1994; Braak et al., 2006). By late-stage AD, NFTs

extrude into the extracellular space and are referred to as “ghost tangles”.

Whether hyperphosphorylation is a cause or consequence of tau aggregation is

still unclear, but mounting evidence suggests that abnormal

hyperphosphorylation precedes tau deposition in AD brain (Braak et al., 1994;

Augustinack et al., 2002) (also reviewed in (Lee et al., 2001; Avila et al., 2004)).

It is hypothesized that hyperphosphorylation specifically in the MTBD detaches

tau from MTs which in turn increases the unbound pool of tau and its

propensity to self-aggregate, ultimately forming PHFs and straight filaments

(Biernat et al., 1993; Alonso et al., 2001; Fischer et al., 2009) (Fig 1.4). As

such, this MTBD—hyperphosphorylation is purported to constitute one of the first

pathological changes in the initiation of AD cytopathology. This hypothesis is

supported by studies showing that $262 in the MTBD is one of the most

prominent sites of tau phosphorylation in neuropil threads and ‘pre-tangles‘ in

brains of early-AD cases (Augustinack et al., 2002).

15
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1.4.5 A note on other structural MAPs

In addition to tau, several other types of MAPS are found in eukaryotes,

including MT plus-end-binding proteins, centrosome—associated proteins,

enzymatically active MAP3 and structural MAPs (reviewed in (Tucker, 1990;

Dehmelt and Halpain, 2004a)). Closely related to tau is the structural MAP2

family which in vertebrates includes MAP4 and four isoforms of MAP2 proteins

(MAP2a-d). Like tau, this family is best known for their MT-stabilizing activity

and for their role in regulating MT networks in axons and dendrites of neurons

(Dehmelt and Halpain, 2004a). Whereas MAP2 and tau are found in neurons,

MAP4 is present in many other tissues but is generally absent from neurons.

MAP2 has four alternative spliced forms all of which share a conserved

carboxy-terminal domain with tau that contain three or four 18-residue MT-

binding repeats with ‘KXGS’ motifs, separated by 13-14 residue inter-repeats

(le) (Lewis et al., 1988; Kindler and Garner, 1994; Al-Bassam et al., 2002)

(Fig. 1.5). Amino terminal projections in tau and MAP2 isoforms vary in size.

The main MAP2 isoforms are MAP2c which is relatively short, composed of

several bands around 70 kDa in SDS-PAGE and predominantly expressed

during embryonic brain development, and MAP2a/b, which are substantially

larger (~280 kDa) and expressed in both the developing and adult brain

(Riederer and Matus, 1985; Kindler and Garner, 1994). Interestingly, MAP2

like tau, has been shown to interact with and bundle F—actin in vitro (Griffith and

Pollard, 1982; Correas et al., 1990; Yamauchi and Purich, 1993), a property
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which was attributed specifically to MAP20 via its MTBD (Ozer and Halpain,

2000; Roger et al., 2004). Although no MAP2 pathology has been described in

AD or other tau-related dementias (Dehmelt and Halpain, 2004a), we cannot

conclusively rule out a role for this protein family in cytopathological pathways

and as such, these MAPs are one consideration of the current study.
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Figure 1.5 Sequence homology of MAP2c and tau. Microtubule binding domain (MTBD)

repeats and inter-repeat regions (le) of MAP2/tau have higher homology across species

than with neighbouring MTBD repeats and IRs. MAP2c/tau sequence alignments are shown

for human (Hs), mouse (Mm), and rat (Rn) sequences of three-repeat MAP2c and four-repeat

tau genes. Schematic diagram of MTBD repeats (labelled R1-R4) and Rs are shown above

aligned sequences (the R between repeats 3 and 4 is designated “lR-3/4", etc). The

comparison suggests that R2, lR-2/3 modules have higher homology to R1, IR-1/2 modules

than to R3, IR-3/4 modules, respectively. Source: (AI-Bassam et al., 2002).
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1.5 Actin and Actin Depolymerizing Factor (ADF)ICofi|in

1.5.1 Actin and ADF/cofilin (AC) structure

Actin is a major constituent of the cytoskeleton in almost all eukaryotic cells.

Existing either in monomeric globular form (G-actin) or filamentous form (F-

actin), actin is highly dynamic and undergoes constant cycles of polymerization

and depolymerization, a process known as filament turnover. During filament

turnover, ATP bound to actin subunits (ATP—actin) undergoes hydrolysis, which

liberates a phosphate (Pi) group and enables attachment of actin-binding

proteins to the filament (discussed below), which in turn induces dissociation of

ADP-actin subunits. The minimal concentration of actin required for assembly

(ie. the critical concentration (C0)) is lower for ATP-actin than ADP-actin. At the

Cc of the filament end, the rate of subunit addition to the end of the filament

equals the rate of subunit dissociation from the same end. Net F—actin

polymerization occurs when the G-actin concentration is higher than Cc and net

depolymerization occurs when the G-actin concentration is lower than Cc

(Wegner, 1982) (Fig. 1.6). Filaments have a pointed ‘minus’ end where addition

of G-actin subunits is relatively slow, and a barbed ‘plus’ end that is fast-

growing. At steady state, G-actin concentration is such that a net assembly of

subunits equals net disassembly at the minus end, a process called

treadmilling, whereby F-actin length remains relatively constant (Carlier and

Pantaloni, 1997; Carlier et al., 1999; Chen et al., 2000).

18
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ADF/cofilin (AC), members of the actin binding protein family, enhance filament

turnover by binding and severing F-actin, liberating G-actin and generating

more filament ends for assembly or disassembly (Fig. 1.6). ADF was first

isolated from embryonic chick brain in 1980 and named for its ability to

depolymerize low concentrations of F-actin into G—actin (Bamburg et al., 1980).

Cofilin-1 was isolated 4 years later from porcine brain and named for its ability

to co-sediment with F-actin (Q—fllamentous with actin) (Maekawa et al., 1984).

Further characterization showed that both ADF and cofilin-1 could enhance F—

actin turnover. Although encoded for by different genes, ADF and cofilin

isoforms from the same species have about 70% amino acid sequence identity.

Isoforms are differentially expressed between species where, for example,

mammalian neurons contain around 5 to 10-fold more cofilin than ADF

(Minamide et al., 2000; Garvalov et al., 2007), while chick neurons contain 3-

fold more ADF than cofilin (Devineni et al., 1999). One of the most highly

conserved regions of AC between species is the known actin-binding domains,

including the single regulatory Ser3 phosphorylation site, discussed below

(Bamburg, 1999; Bamburg and Bernstein, 2008).

1.5.2 A note on nomenclature

Generally, references to ADF/cofilin here will be abbreviated to ‘AC’. When

specifically referring to human or rodent neurons however, the term ‘cofilin’ will

be used interchangeably with ‘AC’ in this thesis, since mammalian neurons
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contain around 5-10 fold more cofilin than ADF. Conversely, when referring to

chicken neurons, which contain 3-fold more ADF than cofilin, the term ‘ADF’ will

be used interchangeably with ‘AC'.

PiBarbed (plus) and wuth lower Cc Pointed (minus) and with higher Cc
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Figure 1.6 Actin filament turnover and the role of ADFlcofilin (AC). AC binding increases

the dissociation rate at the pointed (minus) end and can enhance the association rate at the

barbed (plus) end. The dissociation of phosphate (Pi) from ADP-Pi—actin filaments promotes

AC binding to the filament. Filament severing by AC creates short filaments with additional

free pointed and barbed ends that can contribute to enhanced turnover. Phosphorylation of

AC prevents its association with ADP—actin, while dephosphorylation reactivates it to bind

and depolymerize actin filaments. Cc, critical concentration. Source: (Chen et al., 2000).
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1.5.3 Functions ofActin and AC

In neurons, F-actin turnover in response to extracellular signals underlies a

wide variety of basic cellular processes including morphogenesis and

modulation of dendritic spine architecture. The capacity of neurons to function

within neuronal circuits is mediated via synapses, such that strengthening or

weakening of existing synapses via functional and structural changes of

dendritic spines is believed to be the basis of learning and memory in the brain

(Kasai et al., 2003; Holtmaat and Svoboda, 2009; Gu et al., 2010; Hotulainen

and Hoogenraad, 2010). During the last decade, numerous studies on

postsynaptic signaling pathways demonstrated that the actin cytoskeleton plays

a pivotal role in the formation and elimination, motility and stability, and size

and shape of dendritic spines (Luo, 2002; Ethell and Pasquale, 2005; Tada and

Sheng, 2006; Schubert and Dotti, 2007). In addition, modulation of actin

dynamics drives the morphological changes in dendritic spines that are

associated with alteration in synaptic strength (Matus, 2000; Cingolani and

Goda, 2008). At synapses, the actin cytoskeleton does not only contribute to

overall structure of synapses but also plays important roles in synaptic activities

that range from organizing the postsynaptic density (Sheng and Hoogenraad,

2007) and anchoring postsynaptic receptors (Renner et al., 2008) to facilitating

the trafficking of synaptic cargos (Schlager and Hoogenraad, 2009).

The actin—modulating activity of AC is negatively regulated by phosphorylation

of the highly conserved Ser3 by LIM (Lin-11, Isl-1 and Mec-3) kinase which

21



CHAPTER 1 GENERAL INTRODUCTION

prevents AC from binding (Carlier et al., 1997; Bamburg, 1999; Bamburg and

Bernstein, 2008). Dephosphorylation by slingshot or chronophin phosphatases

(Bamburg and Bernstein, 2008; Huang et al., 2008) enables AC to bind a

slightly twisted form of F—actin, thus stabilizing the twisted state, enhancing

severing and disassembly (McGough et al., 1997) (Fig 1.6).

1.5.4 Actin and AC Abnormalities in AD

Cofilin-actin enriched inclusions are a common feature observed in AD brain,

often taking on the form of rod-shaped bundles of filaments throughout neurites

(cofilin rods) or cytoplasmic paracrystalline lattices (Hirano bodies) (reviewed in

(Bamburg and Wiggan, 2002; Maloney and Bamburg, 2007)). Tandem arrays

of cofilin-immunostaining occur in neurites of the hippocampus and frontal

cortex of human AD but not human control brain (Minamide et al., 2000) (see

also Fig. 1.2d). EM analysis of AC rods in rat hippocampal brain slices (Davis

et al., 2009) and ‘likely' cofilin rods observed in human AD brain tissue (Fig

1.73) implicate a disrupted actin cytoskeletal network. Since synaptic

dysfunction is one of the most established correlates of cognitive decline in AD

(Terry et al., 1991) and since AC rods induced in primary neuron culture have

been shown to block axonal transport (Maloney et al., 2005), formation of

neuritic cofilin rods in AD neurons and the resulting defects in transport of vital

cellular cargoes to the synapse is one proposed mechanism by which cofilin

rods may effect synaptic decay in the disease (Bamburg and Bloom, 2009;

22



CHAPTER 1 GENERAL INTRODUCTION

Bamburg et al., 2010). This is supported by recent studies in Aplysia kurodai

neurons whereby microinjection of cofilin led to cofilin rod formation, synapse

loss and distal to the rod, impairment of synaptic plasticity and LTP, as

measured by electrophysiological methods (Jang et al., 2005). In addition,

abnormalities in cofilin regulatory mechanisms have also been reported in AD

brain. Marked downregulation of the upstream cofilin phosphorylation

modulator p21-activated kinase (PAK) has been reported in AD brains, which

could lead to enhanced cofilin activity and rod formation (Zhao et al., 2006).

Similarly, a decrease in cofilin-related microRNAs (miRNAs), short non-coding

RNAs that bind and repress mRNA translation, were recently described in

postmortem AD brain (Wang et al., 2008a; Nelson and Wang, 2010; Yao et al.,

2011). Specifically, reduced levels of miRNA miR-107 which is tantamount to

increased cofilin protein expression (Yao et al., 2011), were identified in

temporal cortical samples from human AD cases (Wang et al., 2008a; Nelson

and Wang, 2010). Decreased levels of miR-107 and miR-103 were

subsequently reported in a transgenic mouse model of AD, which was

associated with an increase in cofilin activation and formation of cofilin rods

(Yao et al., 2011). Given the vital role of cofilin-actin in the organization and

function of dendritic spines as discussed above, it follows that abnormalities in

cofilin expression, activity and distribution in AD brain may indeed play a

central role in memory deficits characteristic of this disease.
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Figure 1.7 Pathological features of human AD as seen by electron

microscopy. (a) A likely cofilin—actin rod with a morphology identical to those

induced in organotypic rat brain slices (Davis et al., 2009). Inset at higher

magnification shows filaments are thinner (8—9 nm) than tau-containing paired

helical filaments (b), which are comprised of 20 nm-wide twisted ribbon-like

structures (better seen in magnified inset). Source (adapted here): (Bamburg

and Bloom, 2009).

1.6 Amyloid-beta (AB) in AD

1.6.1 The Amyloid Cascade Hypothesis

AB, the major constituent of extracellular plaques in both familial and sporadic

AD (Fig. 1.20), is derived from the amyloid-B precursor protein (APP). APP is

an integral membrane protein with a single membrane-spanning domain, a

large extracellular N-terminus and shorter cytoplasmic C-terminus. The

amyloidogenic processing of APP involves two sequential cleavages by the B-

and v-secretases at the N- and C-termini of APP respectively. The B-secretase
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(BACE1) cleaves APP at the beginning of the AB sequence, generating an

extracellular soluble fragment, so-called sBAPP, and an intracellular C-terminal

end, termed C99. C99 is further cleaved within the membrane, by y-secretase,

producing AB fragments of different length, the most common and

amyloidogenic species being AB4o and AB42 (Haass et al., 1992; Selkoe, 1998;

Hardy and Selkoe, 2002) (Fig. 1.8). Indeed AB is a normally secreted product in

neurons, suggesting it has a physiological function, although little is presently

known about these possible roles. Early onset FAD is linked with high

penetrance to mutations that lead to increased production of A8142, greater

propensity of AB to form fibrils or decreased capacity for AB

clearance/degradation (reviewed in (Hardy and Selkoe, 2002; Goedert and

Spillantini, 2006)). Around 20 mutations have been identified in the APP gene,

but by far the most common cause of FAD are mutations in the preseni/in-1

gene, with over 160 mutations identified to date (reviewed in (Goedert and

Spillantini, 2006)). Presenilin proteins are central components of the complexes

responsible for y-secretase cleavage of APP.
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Figure 1.8 Amyloidogenic and non-amyloidogenic processing of APP. The

transmembrane protein APP is cleaved by u-secretases in cholesterol- and

sphingolipid-poor domains and by B—secretase (BACE) in lipid rafts domains generating

the correspondent C-terminal fragments (CTFs) C83 and C99 and the large ectomains

sAPPu and sAPPB respectively. a-cleavage of APP precludes the formation of AB; -

secretase cleavage of C83 results in the release of P3. AB is the result of v-secretase

activity of. In both pathways y-secretase releases APP intracellular domain (AICD),

which may be involved in nuclear signaling. Source: (Posse de Chaves, 2006).

The ‘amyloid cascade hypothesis’ (or ‘AB cascade hypothesis’) holds that

cerebral AB induces other AD-related pathological changes such as tau

hyperphosphorylation/aggregation, mitochondrial dysfunction or physical

disruption/dystrophy of neurites, and that cumulative effects over years to

decades exacerbates cognitive decline, neurodegeneration and further plaque

deposition (Hardy and Selkoe, 2002; Vickers et al., 2009). In this respect,

familial forms of AD are more easily accounted for with regards to role of AB
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deposition and AD, however in the sporadic forms of AD which constitute over

90% of all cases, the role of AB is controversial. Is it a cause or consequence of

other pathological processes in the brain? Exploring the relationship of AB and

other hallmark lesions of AD may help to shed some light on this important

question and is discussed further below.

1.6.2 AB and tau

The AB cascade hypothesis proposes that AB is the cause of pathological

changes in tau. This theory is best supported by studies showing that presence

of AB either by direct intracerebral AB injections or expression of mutant APP

exacerbates hyperphosphorylation of tau and neurofibrillary tangle (NFT)

formation in tau transgenic mice (Goetz et al., 2001; Lewis et al., 2001).

Similarly, a triple transgenic mouse model showed that deposition of fibrillar AB

occurred before the appearance of tau pathology and memory deficits (Oddo et

al., 2006). in AD human brain, familial ‘amyloidogenic’ PS1 mutations have

been shown to induce significantly greater numbers of tau-positive NFTs and

dystrophic neurites when compared to sporadic ‘idiopathic’ AD cases

(Woodhouse et al., 2009).

However, a frequently voiced objection to the AB-cascade hypothesis is that

amyloid plaque numbers and insoluble AB levels in the human brain have

proven to be poor correlates of cognitive impairment (McLean et al., 1999) and

that rather the presence of tau pathology, both NFTs and NTs, is a far more
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reliable correlate, as discussed in Section 1.4 (Braak and Break, 1995; Velasco

et al., 1998; Braak et al., 2006). Furthermore, evidence for the principal role of

tau in neurodegeneration lies in studies that have shown that reducing

endogenous tau levels in AD mouse models ameliorates AB-induced deficits at

the level of synapses, neural networks and cognition (Roberson et al., 2007;

Roberson et al., 2011).

Burgeoning evidence suggests that instead, it is an integral synergistic

relationship between tau and AB that is responsible for the detrimental effects

in AD neurons. A substantial number of studies suggest an integral role of tau

in mediating the neurotoxic effects of AB (Goetz et al., 2001; Lewis et al., 2001;

Rapoport et al., 2002; Oddo et al., 2003; King et al., 2006; Oddo et al., 2006;

Roberson et al., 2007; Amadoro et al., 2009; lttner et al., 2010; Vossel et al.,

2010; Roberson et al., 2011; Shipton et al., 2011). AB oligomers have been

shown to induce tau hyperphosphorylation (De Felice et al., 2008; Amadoro et

al., 2009; Tomiyama et al., 2010; Shipton et al., 2011), tau missorting into the

somatodendritic compartment and microtubule breakdown (Zempel et al.,

2010). Furthermore, reduction of tau in human APP (hAPP) transgenic mice

over—expressing AB ameliorates axonal transport defects (Vossel et al., 2010),

N—methyI—d-aspartate receptor (NMDA-R)—mediated postsynaptic excitotoxicity

(lttner et al., 2010), synaptic transmission and plasticity defects (Roberson et

al., 2011) and learning and memory deficits (Roberson et al., 2007; Roberson

et al., 2011). This apparently synergistic relationship between tau and AB that

leads to synaptic decay might be mediated by Fyn tyrosine kinase, a substrate
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of which is the NMDA-R (lttner et al., 2010; Roberson et al., 2011), or by

glycogen synthase kinase 3 (GSK3) which phosphorylates tau and has been

shown to mediate AB-induced LTP impairment (Shipton et al., 2011).

1.6.3 AB and AC-actin

Over the past decade, mounting evidence has also suggested a role for

ADF/cofilin in mediating the neurotoxic effects of AD amyloid pathology.

Treatment of rat primary hippocampal neurons or organotypic hippocampal

slice culture with synthetic or naturally secreted AB has been shown to induce

aggregation of actin (Hiruma et al., 2003) and activation and accumulation of

AC into rod-shaped structures (Maloney et al., 2005; Davis et al., 2009; Davis

et al., 2011) which are reminiscent of aberrant actin—cofilin accumulations in AD

brain (Minamide et al., 2000). This rod formation, together with AB-induced F-

actin reorganization has been shown to inhibit axonal transport of vesicles and

organelles, including mitochondria and APP vesicles (Jang et al., 2005;

Maloney et al., 2005; Maloney et al., 2008; Henriques et al., 2010), which

probably contributes to synaptic pruning of affected neurites by preventing

transport of essential cargoes out to pre-synaptic terminals. In addition, AB

treatment has also been shown to induce a net decrease in pre-synaptic

dendritic spines, effects of which are also attributed to AC (Shankar et al.,

2007). indeed AC inclusions, in addition to tau, may therefore represent
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another mediating factor causally linking AB with neuronal deficits and

degeneration in AD.

1.6.4 Soluble versus insoluble AB in AD

AB exists in several different physical states, including as monomers,

oligomers, or fibrils. Evidence from in vitro studies demonstrates that synthetic

AB monomers aggregate in a time-dependent fashion to form oligomers which

in turn, frequently form fibrils (Walsh et al., 1997; Walsh et al., 2000). Several

lines of evidence have converged recently to demonstrate that soluble

oligomers of AB, but not monomers or insoluble fibrils, are indeed responsible

for neurotoxicity and synaptic dysfunction in human AD brains and in AD

animal models. Soluble AB oligomers, also referred to as AB-derived diffusible

ligands (ADDLs) (Lambert et al., 1998), are very potent toxic species, as even

nanomolar concentrations have been shown to induce synaptic dysfunction,

reduced long term potentiation (LTP) and neuron death in hippocampal slices

of rats (Lambert et al., 1998; Wang et al., 2002; Shankar et al., 2007) and mice

(Townsend et al., 2006). Microinjection into living rats of culture medium

containing picomolar concentrations of naturally secreted human AB revealed

that AB oligomers (in the absence of monomers and fibrils) can inhibit

hippocampal LTP in vivo (Walsh et al., 2002), which specifically disrupts

cognitive function (Cleary et al., 2005). Importantly, the concomitant injection of

the anti-AB antibody 6E10 with AB oligomers neutralizes the oligomer—induced
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LTP dysfunction (Klyubin et al., 2005). These data strongly support the idea

that soluble oligomers are the fundamental species responsible for mediating

AB toxicity in AD, although the precise molecular mechanisms involved remain

poorly understood and are the subject of extensive ongoing research.

1.7 The ‘Mitochondrial Hypothesis’ of AD

1.7.1 Mitochondria and the ageing brain

By far, the greatest risk factor for sporadic AD is aging, and mitochondria have

been thought to contribute to aging through the accumulation of mitochondrial

DNA (mtDNA) mutations, abnormal mitochondrial dynamics and net production

of reactive oxygen species (ROS) (Navarro and Boveris, 2007; Boveris and

Navarro, 2008) (also reviewed in (Lin and Beal, 2006)). A rapidly growing body

of evidence suggests mitochondrial dysfunction indeed plays a direct and

causal role in the major histopathological and pathophysiological features of

SAD, such that the aging brain and SAD are thought to be converging events

(reviewed in (Swerdlow and Khan, 2004; Lin and Beal, 2006; Swerdlow and

Khan, 2009; Wang et al., 2009a; Su et al., 2010)).

The majority of the cellular energy molecule adenosine triphosphate (ATP) is

produced by mitochondrial oxidative phosphorylation, a process that

encompasses electron transfer between the complexes of the respiratory chain,

proton (H+) release into the inter-membrane space, and H+ re-entry to the
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matrix through F0 with ATP synthesis by F1-ATP-synthase (Boveris and

Navarro, 2008). Mitochondria are highly dynamic organelles, undergoing

continual fusion and fission (Chen and Chan, 2005). Common features of

mitochondria in aging cells are reductions of complex I and complex IV activity,

reduced membrane potential, decreased electron transfer through the electron

transport chain, increased mitochondrial size and increased fragility (reviewed

in (Swerdlow and Khan, 2004, 2009)). The result of these changes are the

continuous decrease of the capacity to produce ATP by oxidative

phosphorylation and concomitant increase in ROS production (Navarro and

Boveris, 2007; Boveris and Navarro, 2008). In healthy mitochondria, ROS

generation is balanced by a large and complex antioxidant defense capacity

involving coenzyme Q10, glutathione and enzymes manganese superoxide

dismutase (MnSOD) and glutathione peroxidase, to name a few (reviewed in

(Lin and Beal, 2006)). Damaged mitochondria have a decreased capacity for

antioxidant defense, triggering a vicious feed—forward cycle whereby excess

ROS can further damage mitochondria, causing more ROS production and loss

of antioxidant capacity (Lin and Beal, 2006).

Of all cell types, neurons are one of the most critically dependent on

mitochondria, owing to their large energy requirement for generating action

potentials, facilitating synaptic transmission and maintaining ion gradients

across the plasma membrane, and because of their comparatively limited

capacity for producing ATP by glycolysis (Chen and Chan, 2006; Moreira et al.,

2010). Although the brain only represents 2% of body weight, it receives 15%
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of cardiac output and 20% of total body oxygen consumption. It thus follows

that any decrease in mitochondrial function may be detrimental to the normal

function of the human brain and a contributor to neuropathological processes.

Indeed, several lines of evidence demonstrate that mitochondrial dysfunction

has a causal role in formation of several AD pathologies and that furthermore,

these pathologies may bring about further mitochondrial dysfunction in a

feedforward manner.

1.7.2 Mitochondria and AB, tau and AC-actin pathologies

Mitochondrial oxidative damage is believed to be the earliest event in the

pathogenesis of AD, preceding the appearance of significant AB plaque

pathology (Nunomura et al., 2001). In APP transgenic mouse models, oxidative

damage precedes AB deposition (Pratico et al., 2001; Fukui et al., 2007) and is

associated with early upregulation of genes relating to mitochondrial

metabolism and apoptosis in affected neurons (Reddy et al., 2004). In primary

neuron culture, it has been shown that hydrogen peroxide-induced oxidative

stress leads to increased secretion of AB peptides (Goldsbury et al., 2008).

Other studies have showed that AB detrimentally affects mitochondrial function

and metabolism by stimulating excessive ROS production through a

mechanism requiring NMDA—R activation (De Felice et al., 2007; Decker et al.,

2010), disrupting mitochondrial fission and fusion dynamics (Wang et al.,

2008b), modulating Cyclophilin D-dependant mitochondria permeability
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transition pores (Du et al., 2008), uncoupling the respiratory chain via complex

IV modulation (Tillement et al., 2011), decreasing neuronal ATP by triggering

hexokinase 1 release (Saraiva et al., 2011) and interfering with mitochondrial

distribution and trafficking in axons (Wang et al., 2009b; Du et al., 2010). The

latter studies identified synaptic mitochondria as the most vulnerable to AB-

induced damage and are therefore proposed as a mediating factor in AB-

related synaptic decay in AD.

Mitochondrial dysfunction has also been linked to AD-related tau pathology.

Oxidative stress has been shown to induce tau hyperphosphorylation of AD-

relevant sites in superoxide dismutase 2 (sod2)-nu|l mice, an effect that was

ameliorated by antioxidant treatment (Melov et al., 2007). In primary neurons,

treatment with the naturally occurring complex l inhibitor Annonacin induced

redistribution of tau from axons to the somatodendritic compartment and

inhibited MT-dependent axonal transport (Escobar—Khondiker et al., 2007). On

the other hand, several studies have demonstrated a role for tau in inhibiting

mitochondrial function. Tau overexpression has been implicated with

mitochondrial transport defects in primary neuron culture (Ebneth et al., 1998)

and with decreased activity of respiratory chain components, decreased

antioxidant enzymes and increased ROS production in tau transgenic mouse

models (David et al., 2005). Moreover, studies in triple transgenic mouse

models have revealed that when over-expressed together, tau and AB

synergistically and potently induce neuronal oxidative stress and mitochondrial

dysfunction (Rhein et al., 2009).
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Finally, the third major AD lesion, cofilin pathology, is also associated with

mitochondrial dysfunction. Although no studies have yet investigated the

relationship between mitochondrial dysfunction and cofilin pathologies in

human AD brain, in vitro studies in rat and mouse primary neuron culture have

demonstrated that cofilin rods form rapidly in response to neuronal stressors

(Minamide et al., 2000; Davis et al., 2009), which bear striking resemblance to

cofilin rods observed in postmortem AD brain. Treatment with peroxide,

glutamate or ATP-depleting medium induces cofilin rods which often form in

tandem arrays along neurite processes where cofilin and actin concentrations

are high (Minamide et al., 2000; Davis et al., 2009).

Indeed mitochondrial dysfunction appears to reconcile the major

histopathological features of sporadic AD. However, many important questions

remain. How do mitochondria mechanistically induce these changes? Which

pathologies form first in response to mitochondrial dysfunction? And how are

these pathologies inter-related? Answers to these questions are major

considerations of this project.

35



CHAPTER 1 GENERAL INTRODUCTION

1.8 Research Hypothesis and Aims

1.8.1 Main Hypothesis

Etiological mechanisms of sporadic AD remain elusive. By far, the most

significant risk factor for SAD is aging and one of the most common features of

aging neurons is decreased mitochondrial function. It thus follows, that

mitochondrial dysfunction may play a central and causal role in the initiation of

major histopathology and neurodegenerative pathways in the AD brain. Since

the ubiquitous cytoskeletal proteins MAP/tau and actin-ADF/cofilin are

implicated in several major histopathologies of AD, namingly NFTs, NTs and

cofilin pathologies, we wanted to investigate and characterize changes to these

respective endogenous proteins following induced mitochondrial dysfunction to

ascertain whether decreased cell metabolism is sufficient to recapitulate these

major cytoskeletal pathologies and in doing so, attribute the pathogenesis of

these lesions, at least in part, to mitochondrial dysfunction. To that extent, this

study was non-hypothesis-driven in nature at the outset.

In carrying out these investigations, the overall objectives of this project were

three—fold. Firstly, we wanted to know whether mitochondrial dysfunction was

sufficient to induce AD-like changes in endogenous MAP/tau and actin-AC

proteins in simple primary neuron cell culture models. Secondly, we asked

whether there was a relationship (direct or indirect) between these two

cytoskeletal proteins during mitochondrial dysfunction. Thirdly, we asked
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whether introduction of the third major constituent of AD pathology, AB, which is

also implicated in mitochondrial dysfunction, played any role in the initiation of

these cytopathologies. In doing so, this project sought to shed light on the very

earliest pathogenic mechanisms involved in triggering sporadic AD.

1.8.2 Specific Aims

AIM 1: Can mitochondrial dysfunction induce AD-Iike

hyperphosphorylation and cellular redistribution of endogenous tau?

Tau hyperphosphorylation, particularly in the MTBD, is reportedly one of the

first major pathological changes in the early stages of AD. Concomitant with

this is the redistribution and aggregation of hyperphosphorylated tau into

neuropil thread inclusions (see Section 1.4.4). With particular emphasis on the

AD-reIevant epitopes, we asked whether these changes could be instigated by

mitochondrial dysfunction in primary neuron and organotypic brain slice culture

models.

AIM 2: Do tau inclusions induced by mitochondrial dysfunction bear any

relationship to AC-actin inclusions generated under the same conditions?

CofiIin-actin rich inclusions are frequently observed in AD brain and AC-actin

inclusions highly reminiscent of these pathologies can be induced in primary

neuron and organotypic brain slice cultures by neuronal stressors such as

mitochondrial dysfunction (see Section 1.8.2). Given that MAP/tau and actin
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have been known to associate under physiological conditions and these

interactions have been proposed to play a role in initiating AD cytopathology

(see Section 1.4.2), we asked therefore if any apparent relationship existed

between MAP/tau inclusions (if any; AIM 1) and AC inclusions generated by

mitochondrial dysfunction. This would indeed suggest generation of these two

respective lesions converge on the same pathogenic pathway.

AIM 3: Can AB disrupt AD-relevant cytoskeletal proteins?

AB, the other major histopathological constituent of AD, has been shown to

disrupt several aspects of mitochondrial function and metabolism (see Section

1.8.2). Moreover, AB is known to interact with both tau and AC—actin (see

Sections 1.7.2-3). By employing AB treatments, we aimed to investigate the

effects of AB on both AC and MAP/tau proteins to see whether AB might

mediate formation of AC and MAP/tau cytopathologies. In doing so, we aimed

to further delineate the complex relationship between these apparently

convergent constituents, namingly mitochondrial dysfunction, tau, AC and AB.

AIM 4: Can these cytopathologies be recapitulated ex vivo? By employing

rat and mouse organotypic hippocampal brain slice cultures, our aim was to

see whether we could recapitulate the cytoskeletal changes and inter-

relationships in these more complex ‘organ-like’ environments and in doing so,

we sought to take a step closer to understanding these pathogenic

mechanisms in the human in vivo brain.
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2.1 Antibodies

Antibodies were used for immunofluorescence (IF) or Western blotting (WB).

Mouse monoclonal antibodies against phosphorylated tau epitopes: AT8 (1:50

IF, 1:250 WB), AT100 (1:100 IF, 1:50 WB), AT180 (1:100 IF, 12250 WB),

AT270 (1:250 IF, 1:500 WB) (all Sigma-Aldrich), 12E8 (12500 IF, 124000 WB)

(Elan USA)(Seubert et al., 1995). Other mouse monoclonal antibodies included

GAPDH (121000 WB) (Sigma-Aldrich), actin (1:100 IF) (1A4; Dako), B-actin

(1:5000 WB) (Abcam), a-tubulin (121000 WB) (Sigma-Aldrich) and B(lll)-tubulin

(1:1000 IF) (Abcam). Rabbit polyclonal antibodies against phosphorylated tau

epitopes: 8214 (12100 IF, 1:200 WB) (GenScript, USA), S396 (12500 IF, 121000

WB) (Biosource), 8404 (12250 IF, 121000 WB) (Biosource), 8422 (1:250 IF,

121000 WB) (Sigma-Aldrich) and total tau (121000 IF, 1215,000 WB) (Dako,

USA). Other rabbit polyclonal antibodies were 1439 (which recognizes chick

ADF, and both ADF and cofilin in humans and rodents) (1 ug/ml IF, 0.5 ug/ml

WB)(Shaw et al., 2004), ADF (121500 IF) (D8815; Sigma-Aldrich), Ser3-

phosphorylated ADF/cofilin (1 ug/ml IF, 0.5 ug/ml WB)(Shaw et al., 2004),

cofilin (1:250 IF, 125000 WB) (C8736; Sigma-Aldrich) and actin (1:250 IF)

(A2066; Sigma-Aldrich). Alexa Fluor 488-conjugated phalloidin (1220,

lnvitrogen) was used to visualize F-actin. Secondary antibodies for IF were

Alexa Fluor-conjugated goat anti-mouse and goat anti-rabbit 488, 555, 594 and

647 (12200, lnvitrogen) and for chemiluminescence detection for WB:

horseradish peroxidase-conjugated anti-mouse or anti-rabbit (122000,

Amersham).
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The use of antibodies against phosphorylated tau epitopes underpins a central

component of this thesis. It must be noted however, that although many of

these antibodies have been well-characterized and widely employed, one of the

limitations of this method of analysis is the possibility of cross-reactivity and

non-specific labeling. For example, 12E8 antibody is widely used as a label for

tau, but since the binding ‘KXGS’ motif is also present in other MAP proteins

(Lewis et al., 1988; Dehmelt and Halpain, 2004a), we cannot discount that

positive labeling is not, at least in part, due to cross—reactivity of these proteins

(discussed further in Chapters 4 and 5). In the present studies, we must

therefore exercise some caution in interpretation of data and not exclude the

possibility of at least some protein cross-reactivity and non-specific labeling.

2.2 Primary neuron culture generation & maintenance

All reagents used for primary neuron culture were obtained from Gibco,

lnvitrogen unless stated othenNise.

2.2.1 Chick tectal neurons

Cultures of dispersed primary neurons were freshly prepared from

telencephalon (cerebral hemispheres) of 7-days-in-ovo chicken embryos (E7),

using protocols adapted from previously described methods (Sensenbrenner et

al., 1978; Pettmann et al., 1979; Goldsbury et al., 2008). Glass coverslips (12

mm; sterilized by submersion in absolute ethanol followed by flaming) or
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plastic tissue cultures dishes (30 — 100 mm) were coated overnight at 37 °C in

freshly prepared 0.1 mg/ml poly-D-lysine hydrobromide (MW 70,000—150,000;

Sigma—Aldrich) diluted in Dulbecco’s PBS (DPBS, 14200). Before plating of

neurons, coverslips and dishes were washed with three changes of DPBS and

air-dried. Telencephalons of E7 embryos were dissected out in ice cold Hanks

Balanced Salt Solution (HBSS, 14185), dissociated in 0.1% trypsin-EDTA

(15400), centrifuged at 1450 g for 3 min and re-suspended in warm plating

media comprised of Dulbecco’s Modified Eagle’s Medium (DMEM, High

Glucose, 11960044) with 10% Fetal Bovine Serum (FBS) (HyClone, USA), 1%

Glutamax (35050) and 1% Penicillin—Streptomycin (15140-122). Cell density

was estimated using a haemocytometer and neurons were plated in plating

media at densities of 0.3 x 106/cm2 in dishes or 0.1 x 106/cm2 on coverslips. 3

h after plating, cell media was changed and cultures maintained in Neurobasal

medium (21103049) containing 2% 827 supplement (17504-044), 1%

GlutaMAX (35050) and 1% Penicillin-Streptomycin (15140-122). Neurons were

cultured at 37°C with 5% C02 in a humidified atmosphere for 6 days before use

in experiments.

2.2.2 Primary human neurons

Human fetal brains were obtained from 14- to 18-week—old fetuses collected

after therapeutic termination following informed consent (see Section 2.10 for

Ethics Statements). Primary neuron cultures were prepared using a protocol
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adapted from previously described methods (Kerr et al., 1998; Guillemin et al.,

2007). Cerebral portions of fetal brains were washed thoroughly with PBS to

remove visible meningeal tissue and blood vessels, and then forced through a

100 um nylon mesh with the plunger of a plastic syringe. The suspension was

centrifuged at 500 g for 5 min and the cell pellet re-suspended in Neurobasal

medium (as described in 2.2.1) containing 0.5% glucose. Cells were plated at a

density of 0.1 x 106 /cm2 on 12 mm glass coverslips coated with Matrigel

(Becton Dickinson, USA) diluted 1:20 in Neurobasal medium. Medium was

changed every 3—4 days. Neurons were cultured for 2-3 weeks before use in

experiments. Human primary neuron cultures were kindly prepared and

maintained at UNSW by Dr. Gilles J. Guillemin, Neuroinflammation Laboratory,

Department of Pharmacology. All human primary neuron experiments were

carried out in the Neuroinflammation Laboratory.

2.2.3 Primary rat hippocampal neurons

Primary rat hippocampal neurons were prepared from 18-day old embryos

(E18), as previously described(Minamide et al., 2000). Following decapitation

of freshly removed embryos, hippocampi were dissected out in ice cold HBSS.

Cells were dissociated in 0.1% trypsin-EDTA for 10 min, trypsin removed and

cells washed twice and gently re-suspended with Neurobasal medium

containing 10% FBS. Cells density was calculated and cells either plated

immediately or stored in 10% (v/v) Dimethyl Sulfoxide (DMSO, Sigma-Aldrich)

43



CHAPTER 2 GENERAL MATERIALS AND METHODS

in Neurobasal/FBS at a density of 106 cells/ml at -80 °C overnight before

transferal to liquid nitrogen. For freshly plated cells, 12 mm coverslips were

coated with poly-D-Iysine and cells plated at a density of 0.1 x 106 /cm2 in

plating media, followed by a change to Neurobasal media as described in 2.2.1

above. For plating cells from frozen stocks, vials were thawed quickly at 37 °C,

diluted into warmed Neurobasal medium containing 10% FCS and plated

according to protocols described above. Neurons were cultured for 5 days

before use in experiments. Rat hippocampal neurons were kindly prepared

and in some cases maintained and processed by Laurie S. Minamide of the

Bamburg Laboratory, Biochemistry and Molecular Biology Department,

Colorado State University. All rat primary neuron experiments were carried out

in the Bamburg Laboratory.

2.3 Cell treatments

For ATP depletion studies, cells were treated with fresh dilutions of 1-2 uM

antimycin (AM; a mitochondrial complex Ill inhibitor), 3 uM carbonyl cyanide 3-

chlorophenylhydrazone (CCCP: a mitochondrial uncoupling agent), or 100 uM

hydrogen peroxide (all Sigma-Aldrich) in PBS pre-warmed to 37 °C. Actin—

manipulating drugs were Jasplakinolide (Jasp, an actin stabilizer; Calbiochem

420127, CA) or Latrunculin B (Lat B, an actin depolymerizer; Calbiochem

428020, CA) both used at 1 ug/ml in warmed PBS. Cells left without a medium

change or treated with PBS or DMSO acted as controls. After treatments, cells
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were immediately fixed (cells on coverslips) or prepared for Western blot

analysis (plated cells). Stock solutions of the reagents were prepared at 1mM

(AM and CCCP) or 1 mg/ml (Lat B and Jasp) in DMSO and stored at —20 °C.

2.4 Immunofluorescence

2.4.1 Primary dissociated neuron culture

Following aspiration of treatment solutions, cells were washed once with PBS

pre-warmed to 37 °C and fixed with 4% paraformaldehyde (PFA, Electron

Microscopy (EM)—grade; Electron Microscopy Sciences, USA (16% solution) or

Sigma-Aldrich (36% solution)) in fresh PBS at 37°C for 35 minutes. For optimal

preservation of ADF/cofilin rods (when staining for actin-associated proteins

alone), 0.1% glutaraldehyde was added to the fix solution (EM-grade; Electron

Microscopy Sciences, USA). Cells were washed three times with PBS and

permeabilized for 90 sec with either 0.05% Triton X-100 (Sigma-Aldrich) or

80% ice cold methanol/PBS (Sigma-Aldrich). The permeabilization method

utilized depended on the protein of interest in each experiment, since optimal

immunostaining for rod localization of phospho-MAP/tau epitope 12E8 requires

Triton X-100 permeabilization (avoiding methanol) and optimal immunostaining

for rod localization of ADF/cofilin using the 1439 antibody requires methanol

(avoiding Triton), as shown in previous studies (Davis et aL, 2009) and

discussed further in Chapter 3. Cells were blocked for 45 min in 5% heat-
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inactivated goat serum (60 °C for 30 min; Invitrogen) in PBS and incubated with

primary antibody for 1 h at room temperature (RT), diluted in 5% goat serum.

For co-labeling studies, primary antibodies were applied sequentially with

several gentle PBS washes in between. Secondary antibodies were diluted in

5% goat serum and applied for 45 min at RT. Following three PBS washes,

cells were incubated in the DNA stain 4',6-diamidino-2-phenylindole (DAPI,

Sigma—Aldrich) for 10 min (1:1000 in PBS) staining, washed three times and

coverslips mounted with ProLong Gold Antifade (lnvitrogen) on glass slides

(Menzel-Glaser).

2.4.2 Human brain tissue

45 um free-floating sections and 7 pm paraffin—embedded sections were used

in this study, as stipulated in subsequent chapters. Prior to blocking, paraffin-

embedded sections were first deparaffinized for 20 min in Hemo-De (Fisher

Scientific), rehydrated to distilled water through decreasing concentrations of

ethanol and microwaved in water for 8 min. Free floating sections were

incubated in three changes of 50 % ethanol (15 min each) then 50 % ethanol/3

% hydrogen peroxide for 20 min. All sections were blocked with either 1 %

bovine serum albumin (BSA, Sigma-Aldrich» or 5% goat serum in Tris—buffered

saline (TBS, pH 7.4) for 1 h at RT. Primary antibodies were diluted in the

appropriate blocking buffer and incubated overnight at 4 °C. For co-labeling

studies, primary antibodies were incubated simultaneously. Following three
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TBS washes (15 min), secondary antibodies (plus DAPI) were diluted in

blocking buffer and incubated for 1 h at RT. Sections were washed three times

in TBS (15 min) and mounted with ProLong Gold Antifade (lnvitrogen) on glass

slides (Menzel-Glaser).

2.5 Microscopy and Analysis

Epifluorescence images were obtained on a Zeiss Axioplan 2 microscope,

captured with a charge—coupled device (CCD) camera driven by AxioVision

software (Bosch Advanced Microscope Facility, University of Sydney), or with a

Nikon Diaphot inverted microscope captured with a CCD camera driven by

Metamorph software (Microscopy Facility, Biochemistry and Molecular Biology

Department, Colorado State University). Scanning confocal images were

obtained on a Zeiss LSM 510 Meta driven by LSM 510 software (Bosch

Advanced Microscope Facility, University of Sydney). Spinning disk confocal

images were obtained with a CSU22 confocal head (Yokogawa Instruments,

Japan) captured with a Cascade ll EMCCD camera driven by SIideBook

software (Microscopy Facility, Biochemistry and Molecular Biology Department,

Colorado State University). Single labeled cells were used to check for bleed-

through in all double—label immunofluorescence studies and secondary

antibody-only labeled cells used to subtract background. All captured images

were converted to Tagged Image Files (TIF) for subsequent analysis and

presentation. For determination of relative fluorescence intensities, general
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measurements and image adjustments, Image J freeware (v1.38x, National

Institutes of Health freeware; http://rsb.info.nih.gov/ij) was used.

2.6 Western blotting

Following aspiration of treatment solutions, cells in 30 mm dishes were washed

once with warmed PBS and lysed with 150 pl ice cold radioimmunoprecipitation

assay (RIPA) buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP40, 5 mM

EDTA, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate (SDS); all

Sigma-Aldrich) in the presence of Complete Protease and Phosphatase

Inhibitor Cocktails (both Roche, Switzerland). Cells were harvested with rubber

cell scrapers and kept on ice for 30 min. Samples were centrifuged at 12, 000

rpm for 20 min at 4 °C and supernatant aliquotted (for protein assays and

Western blotting) and stored at -80 °C.

Protein concentration was determined with a commercial Lowry Assay (Bio-

Rad), a colorimetric detergent compatible (DC) protein assay based on the

Lowry method (Lowry et al., 1951). BSA was used as a protein standard.

Protein samples (5 pl) were first mixed with reagent S (25 pl) and A (1 pl) in a

96-well tissue culture plate, followed by reagent B (200 pl). Samples were

incubated for 15 min at RT and absorbance was recorded with a Chameleon V

Microplate reader set to wavelength 750 nm.
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For sodium dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-PAGE),

10-12% gels with 10- or 15-well combs (thickness 1.5mm) were prepared. Gels

consisted of a bottom resolving gel: 10-12% acrylamide/Bis solution (Bio-Rad),

375 mM Tris (pH 8.0), 0.1% SDS, 0.1% ammonium persulphate and 0.04-

0.06% N,N,N’,N'-Tetramethylethylendiamine (TEMED; Sigma-Aldrich), and an

upper stacking gel: 5% acrylamide/Bis solution, 125 mM Tris (pH 6.8), 0.1%

SDS, 0.1% ammonium persulphate and 0.1% TEMED. Protein samples were

denatured in 4X Laemmli buffer (25% WV 1 M Tris-HCl, 20% WV 8-

mercaptoethanol, 40% v/v glycerol, 9.2% w/v SDS, 0.2% w/v bromphenolblue

in ddH20) by heating samples for 3 min at 60 °C. Equal amounts of protein

samples (2-10 pg) were loaded into the SDS-PAGE gels and separated at 80-

110V for 2-3 h in an electrophoresis chamber (Bio-Rad) submerged in running

buffer (25 mM Trizma base, 0.2 M Glycine, 0.1% SDS). A molecular weight

(MW) marker ladder was used to identify target protein bands (SeeBlue Pre-

Stained Standard, 4-250 kDa, Invitrogen). Proteins were electrophoretically

transferred to a nitrocellulose membrane (Hybond ECL Amersham, Australia)

equilibrated in blotting buffer (10% running buffer, 20% methanol, 70% ddH20),

using a Trans-Blot SD Semi—Dry Transfer Cell (Bio-Rad) at 20 V for 40—60 min.

To block unspecific binding sites, nitrocellulose membranes were incubated in

5% non—fat milk powder dissolved in TBS containing 0.1% Tween 20 (Sigma-

Aldrich) (TBS-T) at RT for 1 h on a shaking platform. Membranes were

incubated with primary antibodies in TBS-T overnight at 4°C on a shaking
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platform, followed by three 10 min washes in TBS-T and incubated with alkaline

phosphatase-coupled secondary antibodies for 45 min at RT on a shaking

platform. Membranes were washed three times for 10 min in TBS-T, incubated

for 5 min incubation with Immobilon Chemiluminescent AP substrate (Millipore,

Australia). Protein bands were detected in a ChemiDoc XRS detection system

(BioRad) driven by Quantity One software. For re-use, membranes were

stripped by washing in ddH20 for 5 min, 10 min in 0.2 M NaOH and a further 5

min in ddH20 at RT. Membranes were blocked again before antibody re-

probing.

For analysis of target protein bands, images were converted to TlF and band

densities of the appropriate MW size were measured using Image J (v1.38x,

National Institutes of Health freeware; http://rsb.info.nih.gov/ij). Background

intensity was subtracted and bands normalized to individual B-actin, GAPDH or

d-tubulin loading controls. Averages and Standard Errors of the Mean (S.E.M)

for each treatment condition were determined and results presented as a

percentage of control band intensities.

2.7 Statistics

Data are represented as means i S.E.M, unless otherwise stated. For

statistical comparison, the Student’s ttest was used. Only p values of <0.05

were considered statistically significant.
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2.8 Plasmid constructs and transfection

All plasmids used in this study were kindly provided by James R. Bamburg,

Biochemistry and Molecular Biology Department, Colorado State University.

2.8.1 E. coli transformation with vector constructs

To generate large quantities of each vector construct used in this project

(human cofilin-pEGFP-N1, chick ADF siRNA-pAdtrack, human Pak2 siRNA-

pAdtrack, pEGFP-N1 vector only or pAdtrack vector only), competent E.coli

cells were first transformed with the DNA constructs. 10-20 pg of DNA

construct was added to a vial containing 25 pl of competent E.coli cells

(OneShot TOP10 Cells, Invitrogen) and incubated on ice for 30 min. E. coli

were then heat—shocked for 30 sec at 42 °C and 125 pl of warm SOC Medium

(3 modified lysogeny broth (LB), lnvitrogen) added. Vials were incubated for 1 h

at 37 °C in a shaker set to 225 rpm. LB agar plates (1.5%) containing 100 pg/ml

kanamycin (lnvitrogen) were inoculated with 200 pl of transformed cells and

incubated (inverted) overnight at 37 °C. Since the vectors used in this project

contain a kanamycin-resistant gene, only those E. coli cells that have taken up

the DNA construct will grow.

2.8.2 Midi-prep extraction ofDNA from E. coli

Single E. coli colonies grown on LB agar plates were selected and inoculated in

250 ml flasks containing 50 ml LB medium and 50 mg/ml kanamycin. Eco/i

were allowed to grow overnight at 37°C at 300 rpm. Eco/i suspension was
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transferred to a 50 ml tube and centrifuged for 15 min at 4°C at 6000 g. The

JETstar 2.0 Plasmid Purification Midi kit (Genomed, Germany; 210050) was

used to extract DNA from cells. The supernatant was discarded and the pellet

re-suspended in Buffer P1. Buffer P2 was added, gently mixed and incubated

for 5 min at RT. Buffer P3 was added, gently mixed and incubated on ice for 15

min. The lysate was then filtered with a midi filter-cartridge. The supernatant

was transferred to a JETstar tip pre-equilibrated with buffer and the supernatant

drained by gravity. The tip was washed twice with buffer and the flow through

discarded. Filtered DNA was eluted, precipitated by addition of isopropanol and

centrifuged at 5000 g for 60 min at 4 °. The supernatant was discarded and the

DNA pellet washed with 70% ethanol and centrifuged at 5000 g for a further 60

min at 4 °C. The supernatant was discarded and the pellet air-dried for 30 min.

DNA was resolved in 400 pl freshly prepared 1x Tris-EDTA (TE; 10 mM, Tris-

HCI pH 8, 1 mM EDTA) buffer and stored at -20°C.

2.8.3 Transfection ofprimary neurons

Transfections were carried out on primary chick neurons cultured on glass

coverslips in 24-well tissue culture plates as described above in 2.2.1.

For each individual well, 2 pg of plasmid DNA was added to 100 pl Opti-MEM

medium (Gibco, lnvitrogen) (Mixture A) and in a separate vial 2 pl of

Lipofectamine LTX (lnvitrogen, 15338500) was added to 100 pl Opti— MEM
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(Mixture B). Mixtures A and B were left at RT for 5 min, then combined and

incubated at RT for 20 min to allow DNA and Lipofectamine to form a complex.

Primary cells were meanwhile washed once with warmed Opti-MEM and

returned to incubator with 300 pl fresh Opti—MEM. 200 pl of Mixture (A+B) was

added to cells and incubated for 2-3 h at 37 °C, after which Opti-MEM mixture

was aspirated and replaced with fresh Neurobasal maintenance media (see

2.2.1 above). Cells were incubated another 48 h to ensure plasmid expression

before treatment and fixing, as per 2.3-2.4 above.

2.9 Organotypic brain slice culture

Protocols were adapted from previously described methods (Zimmer and

Gahwiler, 1984; Stoppini et al., 1991). All reagents used for brain slice culture

were obtained from Gibco, Invitrogen unless stated otherwise.

Glass coverslips (12 x 22 mm) were sterilized by dipping sequentially in

absolute ethanol, dH20, absolute ethanol and then passed through a flame.

Coverslips were then submersed in 2% 3-aminopropyltriethoxysilane in

acetone (Sigma-Aldrich) for 10 sec, rinsed in dH20 and thoroughly air dried.

Both sides of each coverslip were UV sterilized for 20 min.

Rat or mouse pups at postnatal day 7 (P7) were anaesthetized by inhalation of

halothane and decapitated with scissors. Whole brains were removed in ice

cold Gey’s Balanced Salt Solution (GBSS; Sigma-Aldrich 69779) containing
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0.5% glucose and 1% Pen-Strep. Hippocampi were carefully dissected out

whole (where possible) with a portion of fimbria retained ventrally (this

increases brain slice survival in culture) and sliced at 320 um thickness on a

Mcllwain Mechanical Tissue Chopper (UK) fitted with 0.1 mm platinum chrome

razor blades. Hippocampal sections submersed in ice cold GBSS/glucose were

carefully separated with forceps under a dissection microscope.

Brain slices were mounted onto 4 ul of chicken plasma (Cocalico Biologicals,

lnc., PA, USA) on coverslips. 4 pl of thrombin (150 NIH units/ml; MP

Biomedicals lnc., USA) was added to the plasma and mixed gently by pipetting

up and down, with care taken to completely submerge the brain slice in

plasma/thrombin mix. Slices were left to sit for 3-4 min to allow plasma to clot.

Coverslips were then inserted hippocampal side up on flat bottom tissue culture

tubes (Nunclon Delta Tubes, Nalge Nunc, NY, USA) and 600 pl of warmed

Neurobasal A medium containing 10% horse serum (heat inactivated at 56 °C

for 30 min; Sigma-Aldrich, H1270), 2% 827 Supplement, 0.8% Glutamax, 0.5%

Pen-Strep and 0.1% glucose was added. Tubes were placed at a 5 ° angle in

holding racks and placed in a roller apparatus set at 35 °C with a rotation 10

revolutions per hour. The following day, medium was replaced with serum-free

Neurobasal A (containing 2% 827 Supplement, 0.8% Glutamax, 0.5% Pen-

Strep and 0.1% glucose). Serum-free media was changed every third day and

slices were cultured for up to 48 days before use in experiments. Slice cultures

were prepared and maintained at the Bamburg Laboratory, Colorado State

University with the technical assistance of Laurie S. Minamide.
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2.10 Ethics Statement

Experiments involving the use of animals were approved by the University of

Sydney Animal Ethics Committee, Australia (chicken embryos; Chief

Investigator (Cl), Dr Claire Goldsbury) or the Institutional Review Board,

Colorado State University, USA (rodents; Cl, Prof. James R. Bamburg). Use of

human fetal tissue was approved by the University of New South Wales Human

Ethics Committee (Cl, Dr. Gilles J Guillemin). Donated adult human brain tissue

was obtained from the New South Wales Brain Bank, Australia (CI, Dr Karen

Cullen) or the Alzheimer Disease Research Center, University of California San

Diego, USA (Cl, Prof. James R. Bamburg) and approved for use by the

University of Sydney Human Ethics Committee or the Institutional Review

Board, Colorado State University, respectively.
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Activation of ADF/cofilin sequesters

phosphorylated MAP/tau into AD-like

neuritic inclusions
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Preface

The majority of work in this chapter is based on recently published work

ONhiteman et al., 2009) and therefore appears here in published format,

albeit with some additional supplementary material of relevance to this

study.

3.1 Introduction

Alzheimer disease (AD) is a progressive, degenerative dementia

histopathologically characterized by neurofibrillary tangles of tau protein and

amyloid-B (AB) plaques. In early stages of AD, hyperphosphorylated

microtubule associated protein (pMAP) tau forms striated thread-like

structures in neurites, so-called ‘neuropil threads’ (Augustinack et al., 2002;

Velasco et al., 1998), that correlate with cognitive decline and comprise

>85% of end-stage cortical tau pathology (Velasco et al., 1998; Braak et al.,

2006; Giannakopoulos et al., 2007).

Tau, like other MAPS, stabilizes neuronal microtubules (MT) and facilitates

MT dynamics through its phosphorylation and dephosphorylation (Timm et

al, 2003; reviewed in Garcia and Cleveland, 2001). While normal adult

neurons exhibit low levels of tau phosphorylation, neurons of AD brain and

other tau-related neurodegenerative diseases show high levels of tau

phosphorylation at both physiological and pathological disease-specific

residues. This tau hyperphosphorylation prevents binding and stabilization

of MT and causes abnormal translocation of tau from axonal MT tracks to
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neuropil thread inclusions, dendritic processes and cell bodies where it

accumulates and aggregates (Terry, 1998; Garcia and Cleveland, 2001).

The phosphorylation of tau at Serine 262 (8262) in the microtubule-binding

domain is one of the earliest markers of AD neuropathology, readily

detected in ‘pre-tangle’ neuropil threads (Augustinack et al., 2002).

Another prominent feature widespread in the AD brain is abnormal

aggregates of the actin associated protein cofilin that forms punctuate and

rod-like linear arrays through the neuropil (Minamide et al., 2000). Neuronal

cofilin plays important roles in learning and memory pathways by modulating

actin-rich dendritic spine architecture (Hotulainen et al., 2009; reviewed in

Bamburg and Bloom, 2009). The activity of cofilin and related protein actin

depolymerizing factor (ADF) is negatively regulated by phosphorylation of

the conserved Ser3 by HM and other kinases and reactivated upon its

dephosphorylation by slingshot or chronophin phosphatases (Huang et al.,

2008; reviewed in Bamburg and Bloom, 2009) allowing it to actively bind

and sever filamentous actin (F-actin), thus regulating actin turnover

(Bamburg and Bloom, 2009, Carlier et al., 1997).

ADF/cofilin-actin rods comparable to those observed in the AD brain are

inducible in neuronal cell culture through inhibition of mitochondrial ATP

generation and other neurodegenerative stimuli such as oxidative stress or

exposure to AB peptides (Minamide et al., 2000; Maloney et al., 2005; Davis

et al., 2009). Since actin dynamics in neurons are purported to use ~50% of

total cellular ATP (Bernstein and Bamburg, 2003), ADF/cofilin-actin rods

have been proposed to represent an early neuroprotective mechanism

during times of transient stress since virtually all ADF/cofilin is sequestered
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into non-dynamic polymers of ADF/cofilin-actin, inhibiting actin turnover and

thereby preserving ATP (Bernstein et al., 2006). While mitochondrial

dysfunction has been linked to AD (Smith et al., 2005; Wang et al., 2009),

the relationship between mitochondrial dysfunction, the generation of tau

inclusions and their relationship to cofilin aggregates remains elusive.

In this study, we aimed to determine the effects of mitochondrial dysfunction

on cellular pMAP/tau distribution compared to ADF/cofilin-actin rod

distribution (Minamide et al., 2000; Huang et al., 2008). Using primary

neuronal cell culture models, we demonstrate that cytoskeletal rods

containing ADF/cofilin sequester and bind pMAP. The resulting striated

pMAP-positive rods bare striking resemblance to neuropil threads observed

in postmortem AD brain labeled with the same pMAP antibody. This process

may well represent an early pathogenic event in AD leading to synaptic loss

and neurodegeneration.

3.2 Specific Materials and Methods

3.2.1. ATP luminescent measurements

Following treatments (in triplicate), primary chick neurons were harvested

and assessed for total ATP (ATPLite, Perkin Elmer) using a Victor lll Multi-

label plate reader. Protein measurements were determined using the

identical samples and the Bicinchoninic acid assay (Sigma-Aldrich). Total

ATP was normalized against total protein to account for any difference in
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cell density. Statistical analysis used Prism software (v3.0, GraphPad

Software Inc).

3.2.2. Plasmids and transfection

Plasmid-mediated expression of wild-type human cofilin has been previously

described (Davis et al., 2009). Human cofilin cDNA in a pET vector (a gift

from Alan Weeds, MRC Laboratory of Molecular Biology, Cambridge, UK)

was modified by PCR with a 5’ PCR primer containing an EcoRI site and a

3’ primer that removed the stop codon and introduced an Xmal site at the 3’

end. EcoRI and Xmal were then used to cut the PCR product and the cDNA

was ligated into pEGFP-N1 (Clontech) in frame with the green fluorescent

protein to give pCofilin—GFP. A plasmid vector for expressing small

interfering RNAs for chick ADF was made by inserting DNA oligonucleotides

(Macromolecular Resources, Fort Collins, CO) into a plasmid expression

vector (pSuper; (Brummelkamp et al., 2002) containing the H1 polymerase

III promoter. The oligonucleotide product from the pol ||| promoter is a

double-stranded hairpin RNA (antisense-linker-sense) that is processed into

a functional siRNA in the cell. The modified inserts including the H1 pol lll

promoter from the pSuper vector were excised and ligated into the

pAdTrack vector (He at al., 1998). The siRNA sequence contained within

the hairpin used for chick ADF is 5'- GTGGAAGAAGGCAAAGAGATT—S'. A

plasmid made identically but which makes a hairpin RNA to silence human

Pak2 (5’-GTCTCTGGGTATCATGGCTAT-3’) was used as a transfection

control in the chick cells. The ability of the shRNA—expressing plasmid to
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effectively knockdown ADF in chick cells was tested in cultures of chick skin

fibroblasts (Marsick et al., submitted). For plasmid-mediated expression,

neuronal cultures at 3 days were transfected using Lipofectamine 2000

(lnvitrogen). Four days following transfection, neurons were treated with AM

(1 [M or 2 uM for 10 or 20 min).

3.2.3. FRET analysis

Cells were plated on glass bottomed Mattek dishes and imaged in PBS

using a Zeiss LSM 510 and C-Apochromat 40x water immersion objective

and the Argon (488 nm) (for GFP donor) and HeNe1 (543) (for Alexa fluor

555 acceptor) laser lines. For photobleaching of acceptor, regions of interest

in the transfected cells were bleached using the 543 nm laser line at 100%

power. FRET efficiency was calculated from the increase in the

fluorescence intensity of the donor after the acceptor was selectively

photobleached (Gervasio et al., 2008). The donor fluorescence was

measured from at least five bleached and five unbleached rods per cell.

3.2.4. Human tissue and rat hippocampal slices

Free-floating sections (45 pm) of formalin fixed superior frontal cortex and

basal forebrain from normal adult and confirmed Alzheimer’s disease

patients obtained from the New South Wales Brain Bank were

immunostained as previously described (Cullen et al., 2005). Sections were

incubated overnight at 4°C in primary antibody. Bound antibody was
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visualized using Alexa FIuor-conjugated secondary antibody (Invitrogen) or

using ABC-peroxidase (Vector) and DAB (Sigma).

Organotypic rat hippocampal slices were grown for 14 days on membrane

as described (Davis et al., 2009). Slices were treated with 2 pM AM in PBS

for 1 h, fixed in 4% formaldehyde for 1 h, permeabilized 90 sec in 0.05%

Triton X—100 in PBS and immunostained overnight with 1439 (cofilin) (2

pg/ml) and mouse 12E8 (4 pg/ml) antibodies. Secondary antibody

incubations were 2 h (see Chapter 2 for further detail)

3.2.5. AB peptide treatments

Stock solutions of lyophilized AB peptides (Bachem) were solubilized to 2

mM in DMSO, aliquoted and stored at —20°C. Immediately before application

to cells, the stock solutions were diluted to 100 pM in PBS and agitated at

1200 rpm on a laboratory shaker for 30 minutes at 37°C to generate

mixtures of polymorphic oligomeric and fibrillar aggregates as previously

described (Goldsbury et al., 2000). The peptide assemblages were then

applied to cells in 24 well plates at final concentrations of 1 or 2 pM. Control

wells were treated with the same volume of DMSO in PBS.
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3.2.6. Analysis and statistics

For quantification of cells containing rod structures, cells with rods were

counted for each treatment condition from randomly selected fields on each

coverslip and cells containing rods structures were then expressed as a

percentage of the total cell population or mean number of rods per cell.

Treatments and measurements were repeated in triplicate using

independently prepared cell cultures. For determination of relative

fluorescence intensities for phalloidin or ADF, immunofluorescent intensity

was measured using Image J. Cells with abnormal nuclei, as indicated by

DAPI staining, were excluded from the data. Following adjustment to

background, mean and standard error of the mean (s.e.m.) intensities were

calculated for each condition. Significance was measured using the student

t-test.

3.3 Results

3.3.1 Neuritic pMAP accumulation in striated rods,

resembling structures in postmortem Alzheimer brain, is

induced in primary neurons by energy depletion

We used the monoclonal phosphorylation—dependent 12E8 antibody raised

against the pMAP tau, an established early marker for neuropil threads in

AD (Augustinack et al., 2002), to determine whether pMAP accumulates in

primary neuronal models derived from human, rat or chick following
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mitochondrial inhibition. Probing AD brain sections with the AT8 (Fig. 3.1a,

b) or 12E8 antibodies (Fig. 3.2a, b) showed numerous striated rod-like

inclusions within neuropil threads and cytoplasmic accumulations of pMAP,

indistinguishable from previous observations in human AD (Augustinack et

al., 2002). Additionally, linear striations of rod accumulations labeled with

cofiiin antibodies were also observed in AD brains (Fig 3.10).

Treatment of primary human CNS neurons cultured for 7 days in vitro, with

the mitochondrial complex ”I inhibitor antimycin (AM) elicited a rapid

accumulation of 12E8-labeled protein into rod inclusions (Fig. 3.2e, arrows)

comparable to those seen in the AD neurons (Fig. 3.2a, b, arrows). The

rods sequestered the fraction of MAP serine-phosphorylated in the

microtubule-binding-domain KXGS motifs specific for the 12E8 antibody,

rather than total MAP/tau because a polyclonal antibody against total tau

yielded a more uniform labeling along neurites of both human and chick

neurons (Fig. 3.20, d). During AM-treatment, primary chick CNS neurons

derived from embryonic tectum also generated pMAP—positive rod—like

structures (Fig. 3.2d, e) morphologically identical to those from human

neurons. Thus, the readily accessible chick neurons are a useful model

system for studying the mechanism by which pMAP accumulates into rods.

The conserved 12E8 epitopes in the pMAP sequence reside within the

microtubule binding domain in human tau (8262/8356 residues) and

chicken tau (8253/8378) (Fig 3.3a, b) (Yoshida and Goedert, 2002).

Primary chick tectal neurons express five isoforms of tau that are highly

homologous to human tau isoforms and exhibit conservation of
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phosphorylation-specific epitopes recognized by antibodies against human

tau (Fig 3.30) (Yoshida and Goedert, 2002).

 

  

 

 

Figure 3.1 Neuritic striations in human AD. (a) An AD forebrain neuron, still containing a

nucleus, shows accumulations of tau phosphorylated at Ser202/Thr205 (as indicated by

AT8 immunoreactivity) throughout the cell body and neurites. Inset (magnified in (b)) shows

striation of the neurites with linear arrays of AT8-positive inclusions (arrows). This AD case

was classified with early stage (Braak Stage II) accumulation of tau pathologies. (c) Paraffin

section (6-7 pm) of frontal cortex from a confirmed AD brain immunolabelled with 1439

(cofilin). Linear striations of rod accumulations are evident (arrows). Scale bars = 10 um (a,

c); 3 pm (b). The author gratefully acknowledges Karen M. Cullen for images (a) and (b)

and Laurie S Minamide for image (c).
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Figure 3.2 Neuropathological hallmarks of human AD can be recapitulated in ATP-

deprived human and chick primary neurons. (a, b) Immunofluorescent staining of

sections of frontal cortex from human AD brain show strong 12E8 reactivity in

neurofibriilary tangles (NFT) in individual neurons (a) and abundant linear arrays of 12E8-

labeled inclusions in neurites (a, b, arrows). (c) Human primary neuronal cell cultures

labeled with the 12E8 antibody (red) and total tau antibody (green), following 30 min AM

treatment (plus DAPI in blue in merged image). Tapered pMAP—positive rods were

observed throughout the neurites (arrows). (d,e) Primary chick neurons (7 d.i.v) treated

with AM for 15 min also rapidly accumulate rod-like 12E8-positive inclusions (red) that

frequently form linear striations within single neurites (e, arrowhead). Rods were not

enriched with total tau (c,d, green), indicating that inclusions contain MAP/tau specifically

phosphorylated within the microtubule-binding KXGS motifs, as immuno-stained with 12E8

(red). (f) Control chick neurons show evenly-distributed 12E8 staining along neurites with

only the occasional rod-like accumulation (arrow). Scale bars = 10 pm (a, b); 20 pm (c-f).
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Figure 3.3 Chicken tau is highly homologous to human and rodent tau. (a) Epitope map

of phosphorylated sites recognized by tau antibodies in human, chicken (Yoshida and

Goedert, 2002) and rat brain. Schematic representations of the longest tau isoforrns are

shown (441 amino acid residues in human tau, 463 in chicken and 432 in rat). The

phosphorylation-dependent anti-tau antibodies (AT270, AT8, AT180, 12E8 and pS396) are

shown with their corresponding target residues. Positions of the various aitemativeiy spliced

inserts are shown in blue. Green boxes denote tandem amino acid sequence repeats, which

constitute the microtubule-binding domain (MTBD). (b) Amino acid sequence alignment of

MTBD regions of human, chicken and rat tau demonstrate strong homology in this region.

(c) Western blots of primary chicken neuronal cultures were probed with anti-tau antibodies.

Six tau bands ranging from 50-64 kDa are identified with a phosphorylation-independent

antibody (total tau). Probing with phosphorylation-dependent antibodies (12E8, AT8, AT180,

AT270 and p8396) reveals preferential phosphorylation of specific epitopes on different

isoforms. Marker positions (kDa) indicated by arrows.
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3.3.2 pMAP-containing striations induced by ATP-depletion

co-Iocalize with ADF/cofilin-actin rods

Actin dynamics are highly dependent on ATP availability (Bernstein and

Bamburg, 2003) and ATP depletion is associated with an increase in cellular

F—actin and an increase in ADF/cofilin activity (Minamide et al., 2000). It

follows that acute inhibition of mitochondrial function used here to generate

pMAP-immunostained rods, may result in changes to the actin cytoskeleton.

Consistent with this, AM-treated chick neurons exhibited a 1.9-fold increase

in overall phalloidin staining in cell bodies indicative of increased F-actin

content (Fig. 3.4a—c). The pMAP-positive rods however, did not overlap with

phalloidin—labeling (Fig. 3.4b).

In ATP-depleted rat hippocampal neurons, the rapid dephosphorylation of

cofilin leads to the development of cofilin-actin rods in neurites (Minamide et

al., 2000). These rods contain actin, as evidenced by both antibody

immunostaining and ultrastructure, but do not stain with phalloidin, indicating

they are probably saturated with ADF/cofilin which stabilizes the “twisted”

form of the filament and eliminates the phalloidin binding site (McGough et

al., 1997). We therefore asked whether rods induced by ATP-depletion

contain both pMAP and ADF/cofilin. Double labeling revealed that

ADF/cofilin-actin rods in part co-Iocalize with pMAP in chick (Fig. 3.5a-c,

asterisks), human (Fig. 3.5d, asterisk) and rat hippocampal neurons (Fig.

3.5e, asterisk). Co-localization of cofilin and pMAP in rod structures in ATP-

depleted organotypic rat hippocampal slice cultures was also revealed (Fig.

3.6). Moreover, staining for B(l|l)-tubulin did not accumulate at rods, further
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suggesting the specificity of pMAP and ADF/cofilin in formation of neuritic

rods (Fig. 3.7). However, ADF/cofilin—stained rods that do not stain for

pMAP (arrowheads in Fig. 3.5c, e) and pMAP-stained rods that do not stain

for ADF (arrow in Fig. 3.5b) were both observed.
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Figure 3.4 Cell body F-actin labeling increases following ATP depletion. (a, b)

Chick neurons (7 d.i.v) were co-stained with phalloidin (green) and 12E8 (red) before

treatment (a) and after treatment (b) with AM for 15 min. Merged images from double-

Iabeling are shown on the right. Rods forming in the neurite shaft did not stain with

phalloidin (b, arrows). (c) Intensity of phalloidin staining in AM-treated cells increased

significantly compared to controls (*p<0.001, n = 25 cells for each treatment condition.

Error bars represent s.e.m.). Scale bar = 20 pm.

Since optimal immunostaining for pMAP requires Triton X—100

permeabilization (avoiding methanol) and optimal immunostaining for

ADF/cofilin requires methanol (avoiding Triton) structures that stain for one

and not the other may be sub-optimally permeabilized or immunostained.

However, we cannot exclude that the detected inclusions may represent a

heterogeneous population of rod structures. Surprisingly, in hippocampal

neurons derived from rat there was no change in the diffuse and uniform
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distribution of pMAP staining following ATP-depletion, fixation in 4%

paraformaldehyde and 0.1% glutaraldehyde, and brief (90 s) 0.05% Triton

X100 permeabilization, which looked identical to the staining of pMAP in

untreated human, rat and chick neurons (Fig. 3.1f). However, rat neurons

subjected to AM-induced ATP-depletion, followed by fixation in 4%

formaldehyde and permeabilization as above did exhibit rod-like 12E8

immunostaining (Fig. 3.5e), suggesting that glutaraldehyde fixation of pMAP

when it is in a rod-like structure, masks its epitope from 12E8 binding.

Figure 3.8 summarizes these findings. Together, these results link

ADF/cofilin-actin and pMAP inclusions within the same rod structures in

neurites, which can be induced in cell culture by the common mechanism of

acute ATP depletion through mitochondrial dysfunction.
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*

Cofilin 
Figure 3.5 Co-localization of actin, cofilin and ADF occurs in pMAP inclusions

following ATP-depletion. Chick neurons treated with AM were double—labeled with

12E8 (red) and (a) actin, (b) cofilin (C8736; Sigma) or (c) ADF (08815; Sigma)

antibodies as indicated (green). Merged images are shown on the right. Rods

containing pMAP also stained positively for actin (asterisk in a), cofilin (asterisk in upper

panel b) and ADF (asterix in c). Double-labeled strings of rods were often observed

within single neurites (lower panel b). pMAP inclusions in (d) primary human and (e) rat

hippocampal (5 d.i.v) neurons also co—labeled with ADF (D8815) (d) and cofilin (1439)

(e). Some rods contained pMAP but were weakly labeled or negative for cofilin or ADF

(arrows, b and c) while others stained strongly for ADF or cofilin but only weakly or

negative for pMAP (arrowheads, c, e). This is suggestive of a heterogeneous

population of rod—like structures and/or sub-optimal immunostaining conditions for the

respective structures (see text). Scale bars = 10 pm. The author gratefully

acknowledges Claire Goldsbury for images (a-d) and Laurie S. Minamide for image (e).
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Figure 3.6 Co-localization of cofilin and pMAP occurs in ATP-depleted rat

organotypic hippocampal slices. Following ATP-depletion, rod-like accumulations are

evident in organotypic rat (P8) hippocampal slices and are positive for both cofilin (labeled

with 1439) and pMAP (labeled with 12E8) (arrows). Scale bar = 10 pm. The author

gratefully acknowledges Laurie S. Minamide for these images.
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Figure 3.7 pMAP and ADF/cofilin rods form after mitochondrial inhibition but tubulin

remains uniformly distributed. (a) Single stainings of chick neurons with primary

antibodies against pMAP (12E8), cofilin (C8736; Sigma), and ADF (1439) (as indicated)

were conducted on cells following 10 min treatment with AM. Formation of rod-like

structures was apparent in each staining condition. (b) Whereas ADF (D8815; Sigma)

(green) accumulates in rod—like structures in cells treated with AM for 15 min, B(l|l)—tubulin

(red) staining remained evenly distributed throughout neurites (arrows). (c) In non-treated

cells, both B(ll|)—tubulin and ADF staining was evenly distributed except for a characteristic

ADF increase and lack of tubulin in growth cones (asterisk). (d) To determine cell viability,

cells were stained with Trypan blue following 0, 10, 30 or 60 min AM treatment. 94.6 i 0.1%

cells were viable after 10 min AM treatment (normalized to controls), 77.2 i 0.1% after 30

min AM and 71.5 i 0.14% after 60 mins (mean 1 standard deviation expressed as %

control, n>10 fields per treatment condition). Scale bars = 10 pm (a); 20 pm (b, c).
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a

Fixative Permeabilize Phospho—tau (12E8) ADFICofilin (1439)

Method
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4% PFA TritonX-100

(005%) ++ ++ + +
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(100%) + ++ ++
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Figure 3.8 Optimizing fixing and permeabilization protocols for MAP and

ADFlcofilin. Rat hippocampal and chick tectal primary neurons were treated with AM

and fixed and permeabilized as indicated in (a). Whereas AC rods were well

preserved with either paraformaldehyde (PFA) or PFA/Gluteraldehyde (Glut)

permeabilization, presence of Glut resulted in smooth and evenly distributed 12E8

labeling, with no apparent rods (b). Methanol (MeOH) permeabilization preserved AC

rods, but not 12E8epositive inclusions, whereas TritonX-1OO (TX) permeabilization

combined with PFA fixation resulted in excellent preservation of 12E8-positive

inclusions and good preservation of AC rods (b) (+, good; ++, excellent; -, negative).

Scale bar = 20 um.
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To establish the activation state of ADF/cofilin during pMAP accumulation,

we used an antibody specific for phosphorylated (inactive) ADF/cofilin

(Minamide et al., 2000; Maloney et al., 2005). ADF/cofilin actin-binding

activity is negatively regulated by phosphorylation of the N-terminal Ser3

(Huang et al., 2008; Kim et al., 2009). Upon ATP depletion with AM,

ADF/cofilin was rapidly dephosphorylated (activated) in chick tectal neurons,

as early as 2 min after treatment (Fig 3.9a, b), consistent with studies in

primary rat hippocampal neurons (Minamide et al., 2000). Peroxide (H202)-

treated tectal neurons also showed nearly complete ADF/cofilin activation

after 30 minutes (Fig. 3.9a, b). The time course for the redistribution of

pMAP immunostaining into the rod-Iike inclusions (Fig. 3.90) correlated with

the rapid dephosphorylation of ADF/cofilin and the formation of ADF/cofilin—

actin rods.

Based on the above results, we expected that the extent of pMAP

incorporation into rods would be inversely proportional to the level of

intracellular ATP. To explore this relationship, we measured ATP levels in

tectal neurons before and after treatment with AM, CCCP (carbonyl cyanide

3-chlorophenylhydrazone, a mitochondrial uncoupling agent) or H202 (Fig.

3.9d). Consistent with the notion that activation of ADF/cofilin induced by

intracellular ATP depletion correlates with pMAP accumulation, there was

an inverse relationship between the % of cells in the culture that contained

pMAP-stained rods (Fig 3.90) and the level of ATP detected in the cell

treatment groups (Fig. 3.9d). Cell viability tests revealed 95% cell survival in

10 min AM-treated chick neuronal cultures (compared to control cultures)

and 77% survival in 30 min treated cultures (Fig. 3.7d). Likewise, abundant
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pMAP-positive rod formation was recapitulated in primary human neurons

treated with AM for 30 min (24:2 rods per field for AM treated compared

with 81-1 rods per field in controls, meaniSD; p<0.001). Together, these

results suggest ATP-depletion is an important correlate for redistribution of

pMAP into rods.
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Figure 3.9 Mitochondrial inhibition induces activation of ADF/cofilin and is correlated

to pMAP-positive rod formation. Dephosphorylation at the N-terminal (Ser3) leads to

ADF/cofilin activation. (a) Chick neurons were treated with AM or H202 for the indicated

times, lysed and immunoblotted. Whereas total ADF levels (probed with 1439) remained

the same (or slightly increased) compared to control cells, ATP depletion resulted in rapid

dephosphorylation of ADF/cofilin as early as 2 mins following AM treatment (p—ADF/cofilin

antibody is Ser3-specific). Similarly, H202 treatment induced almost complete

dephosphorylation. (b) Graph shows time course of ADF/cofilin dephosphorylation. Band

intensities from duplicate samples were normalized to u-tubulin loading controls and

calculated as a percentage of control band intensities. (c) Coverslips were treated with AM,

CCCP or H202 and immunostained in parallel for quantification of the extent of rod

generation. AM-treated cells ultimately contained the greatest abundance of pMAP-positive

rods, although CCCP-treated cells initially developed rods more rapidly. ~ 40% of H202-

treated cells developed rods over 30 mins. Data points and error bars represent mean and

s.e.m. values from three independent experiments. (d) Luminescence measurements were

carried out to ascertain ATP levels following AM, CCCP or H202 treatment. Compared to

control samples, cells treated with AM and CCCP showed a rapid decline in ATP levels,

while those treated with H202 showed a more modest decline. Error bars represent s.e.m. of

triplicate samples. Together, these data suggest an inverse correlation between number of

pMAP rods formed and level of ATP. The author gratefully acknowledges Shane T Antao

for data analysis and bar graph in (d).
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3.3.3 Activated cofilin sequesters and is closely associated

with pMAP in rods

Since ADF/cofilin—actin rods co—stained for pMAP and rod formation

depends on activation of ADF/cofilin, we asked whether transfected cofilin-

GFP rods sequestered pMAP. Previous work has shown that expression of

cofilin—GFP leads to increased pools of activated cofilin and cofilin-actin rod

formation in neurites of rat hippocampal neurons (Minamide et al., 2000;

Bernstein et al., 2006). Indeed over-expression of cofilin-GFP alone in our

neuronal cultures was sufficient to induce cofilin-GFP rods in transfected

cells, a subset of which also recruited pMAP (Fig. 3.10a). This effect was

strongly enhanced upon ATP depletion, with AM treatment of neuronal

cultures leading to rapid and abundant cofilin-GFP rod formation in

transfected cells and strong pMAP co-labeling (Fig. 3.10b, c; Fig. 3.11a).

Conversely, cofilin-GFP rods did not sequester B(|l|)-tubulin label when all

other conditions were identical (Fig. 3.10d). When non-neuronal cells in

culture formed cofilin-GFP rods, these were negative for both pMAP and B-

(lll) tubulin (Fig. 3.10e), neither of which is expressed in non-neuronal cells.

Taken together, these results suggest that activated cofilin first accumulates

into rods and subsequently sequesters pMAP into these cytoskeletal

inclusions.

To further evaluate the interaction between cofilin and pMAP in rods, we

exploited fluorescence resonance energy transfer (FRET) between the GFP

(donor) and Alexa-555 (acceptor) fluorophors. FRET between co—localized

cofilin-GFP and pMAP/Alexa-555 was measured using acceptor
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photobleaching (Fig. 3.100). The cofilin-GFP fluorescence signal in rods

increased significantly after bleaching the Alexa-555 fluorophor (Fig. 3.100,

right, arrows), with a measured FRET efficiency of 41 i 3 % (n = 52). By

contrast, cofilin—GFP fluorescence did not significantly increase in adjacent

rods in the same cells where the Alexa—555 fluorophor was not bleached

(Fig. 3.10c, right, asterisks). Furthermore, a much reduced FRET signal was

detected in neurons between cofilin-GFP and Alexa-555 immunostained

pMAP in adjacent non-rod forming regions of neurites and cell bodies (Fig.

3.11b). Control experiments demonstrated no FRET between cofilin-GFP

and control antibody labeled epitopes — B(l|l) tubulin/AIexa-555 or Src/Alexa-

555 - even in regions where the fluorescence appeared co-localized (Fig.

3.110, d). Cells expressing free GFP and treated with AM to generated

pMAP-positive rods labeled with 12E8/Alexa-555 also never produced

FRET (Fig. 3.11d). These results demonstrate that cofilin-GFP and the

secondary antibody labeling pMAP are co-localized <10 nm apart within the

cytoskeletal rod complex indicating a close proximity of pMAP and cofilin in

these inclusions.
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Figure 3.10 Cofilin-GFP forms rods that sequester pMAP during ATP depletion. Primary

chick neurons were transfected with human cofilin-GFP (green) for 24 hours and immediately

fixed or treated with AM to enhance rod assembly prior to fixation. Cells were immunolabeled

for pMAP using 12E8 and Alexa 555 secondary anti-mouse (red). (a) Spontaneous cofilin-GFP

rods (green, arrows) were observed in non-treated transfected cells and often co—Iabeled for

pMAP (red, arrows), better visualized at higher magnification (inset on far right). (b) AM-treated

cells showed greater number of cofilin-GFP rods that frequently co—Iocalized with 12E8

immunolabel (red). See merged images in right panel (yellow). (c) FRET measurements

revealed a close proximity between pMAP immunolabel and cofilin-GFP rods. Images of donor

(cofilin-GFP: green or pseudo color) before and after acceptor (Alexa 555: red) photobleaching

are shown. Pseudo color images of the donor signal demonstrate an increase in GFP

fluorescence in acceptor-bleached (arrows) but not non-bleached (asterisks) rods (c) A FRET

efficiency of 41 :i: 3% (mean :t s.e.m.; n=52) was quantified by measuring the % increase in

donor fluorescence after acceptor bleaching (B). No significant FRET signal was seen in non-

bleached (N.B) rods in the same cells (c, asterisks) (donor fluorescence increase = 2.2 :t 1.1%,

mean :1: s.e.m.; n=52) (* p<0.0001). (d) B(Ill)—tubu|in remains smooth and evenly distributed

throughout cofilin-GFP transfected cells and is not enriched at cofilin-GFP rods. (e) The

specificity of pMAP sequestration is further illustrated in the occasional non-neuronal cell that

was transfected with cofilin-GFP. These cells formed cofilin—GFP rods (arrows) but were

negative for both B(lll)—tubu|in (red) and pMAP (not shown). This also provides evidence that

cofilin rods form in the absence of pMAP. Scale bars = 20 pm (a, b, d, e); 10 pm (c). The

author gratefully acknowledges the work of Othon Gervasio and Claire Goldsbury for FRET

experiments (c), images in (d) and (e) and assistance with images in (b).
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Figure 3.11 pMAP is selectively sequestered into cofilin-GFP rods following ATP-

depletion. (a) Co-localization of cofilin—GFP and pMAP (indicated by yellow in merged

images) occurs following AM treatment. Transfected cells appear to accumulate more

pMAP rods compared to surrounding non-transfected cells (arrows). (b) In contrast to

rods, significant FRET between cofilin-GFP and Alexa 555 was not observed in non-rod

containing regions of cell bodies (left arrow) or neurites (right arrow). (c) FRET was not

observed between cofilin-GFP and B(|||)-tubu|in/A|exa-555. (d) Summary of

quantification of FRET efficiency (% change in donor fluorescence) in experiment and

controls. Only acceptor-bleached pMAP-positive cofilin-GFP rods gave rise to a

significant FRET signal. Scale bars = 20 pm (a); 5 pm (b, c). The author gratefully

acknowledges the work of Othon Gervasio and Claire Goldsbury for FRET experiments.
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3.3.4 Silencing ADF prevents pMAP accumulation in rods

Since induction of ADF/cofilin rods leads to the reorganization and

sequestering of pMAP, we asked whether silencing ADF or cofilin would

prevent sequestering of pMAP under the same conditions. During chick

brain development, ADF comprises about 75% of the total ADF/cofilin from

embryonic day 14 onwards (Devineni et al., 1999). We therefore chose to

knockdown the total cellular pool of ADF specifically, using a plasmid for

expression of a small hairpin RNA (shRNA) that yields a siRNA when

expressed and processed. The shRNA was transfected into chick neurons

and co-expressed from the same plasmid as GFP for visualization of

transfected cells. Four days post-transfection, cells were immunolabeled for

ADF (Fig. 3.12a) and quantified, revealing 75% knockdown of ADF (Fig.

3.12e). Treating transfected cultures with AM (1pM for 10 min) and staining

for pMAP, revealed that significant silencing of ADF inhibited accumulation

of pMAP into rod structures while surrounding untransfected cells contained

an abundance of rods (Fig. 3.12d, asterisks). In control chick neuronal

cultures transfected for 4 days with shRNA specific for human PAK2,

immunolabeling revealed no decrease in total cellular ADF (Fig. 3.12b, e). In

fact, transfecting with this construct induced an unexpected and significant

increase in ADF (p<0.002). An explanation for this is beyond the scope of

this particular study since tests would be required to ascertain whether

(though unlikely) this human PAK2 shRNA construct may assert activity in

the chick system. Nonetheless, results yielded from this control construct

are still valid given that we are concerned with effects of ADF reduction on

pMAP rod formation and furthermore, pMAP was still seen to accumulate in
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rod-like inclusions both in shRNA PAK2 transfected neurons and in

surrounding non-transfected neurons (Fig. Sc, asterisks and arrowhead).

Altogether, these results suggest that the presence of ADF/cofilin is

necessary for sequestration of pMAP into rod-like structures.
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Figure 3.12 Reduction of the cellular ADF/cofilin pool inhibits the formation of rods

and sequestration of pMAP. (a) ADF was knocked down in primary chick tectal neurons

by expression of shRNA from a plasmid also encoding GFP for visualization of transfected

cells. In cultures transfected for 4 days, ADF immunolabeling using the 1439 antibody

demonstrated significant ADF knockdown in transfected cells (arrow) compared to

surrounding non-transfected cells (arrowheads). (h) Cells transfected with an shRNA

specific for human PAK2 as a control (arrow), showed no reduction of ADF compared to

surrounding non-transfected cells (arrowheads) (c, d) Transfected cultures were treated

with 1 pM AM and immunolabeled with 12E8 to determine whether pMAP accumulates into

rod-like structures following significant reduction of ADF. Whereas hPAK2 shRNA-

transfected cells (c, arrow) formed pMAP-positive rods (arrowhead) comparable to

surrounding non-transfected cells (asterisks), ADF shRNA-transfected cells (d, arrow)

never accumulated pMAP-positive rods, although surrounding cells frequently did

(asterisks). Images represent single examples from >50 ADF shRNA transfected cells in 3

independent experiments. (e) Quantification of ADF (1439) staining intensity revealed a

75% knockdown in ADF shRNA-transfected cells compared to nearby non-transfected

(control) cells (transfected cell staining intensity = 24111.5, expressed as % of control cells,

mean :t s.e.m.; n=25; p<0.001). By contrast, ADF staining intensity of hPAK2 shRNA-

transfected cells compared to surrounding non-transfected cells was not reduced (intensity

increase compared to controls = 144.2% :t10.8%; n=25; p<0.002). A minimum of 20

transfected cells were analyzed per experiment (carried out in three independent neuronal

cultures). All transfected cells included in this data had discernible neurites (although not

always apparent in images above due to optimal image contrasting for presentation). Scale

bars 20 pm.
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3.3.5 Latrunculin B enhances and Jasplakinolide represses

pMAP-staining in rods

Since activation of ADF/cofilin coincided with pMAP recruitment into

ADF/cofilin—actin rods, we asked whether other manipulations of F-actin

assembly could influence pMAP sequestration to rods. To address this, we

used pharmacological manipulation (enhancing or suppressing) of F-actin

pools and stained for pMAP. Latrunculins sequester monomeric G-actin to

form a non-polymerizable 1:1 complex, thereby inhibiting F-actin reassembly

and thus promoting overall F-actin depolymerization (Coue et al., 1987).

Latrunculins however, compete weakly with ADF/cofilin for actin binding

(Bernstein et al., 2006) and can actually induce ADF/cofilin-actin rod

formation (Pendleton et al., 2003). The decline in the phalloidin-stainable F-

actin pool after latrunculin B (Lat B) treatment is indeed evident (Fig. 3.13a)

although it should be noted that phalloidin cannot stain ADF/cofilin saturated

F-actin. By contrast, jasplakinolide (Jasp) binds and stabilizes F-actin

resulting in a net decrease in the G-actin pool (Bubb et al., 1994). Since

Jasp competes for the phalloidin-binding site on F-actin, stabilized F-actin

cannot be visualized with fluorescent phalloidin in the presence of Jasp (Fig.

3.13a). However, ADF/cofilin cannot bind to phalloidin-stabilized F—actin

(Minamide et al., 2000) and thus also would not likely bind to the Jasp-

stabilized actin filaments.

Antibody labeling of Lat B-treated neurons revealed formation of both

pMAP- and ADF-positive rods which frequently co-localized in double-

labeling experiments (Fig. 3.13b). By contrast, neurons treated with Jasp (or
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co—treated with Jasp and AM or Jasp and Lat B) exhibited a total absence of

pMAP and ADF rods (Fig. 3.13a and data not shown). We then compared

the rate and abundance of pMAP-stained rods following Lat B compared to

AM treatments and found the chronology of their formation indistinguishable

between conditions (Fig 3.13c). That Lat B treatment only moderately

reduced ATP in neurons (Fig. 3.13d) yet still induced ADF/cofilin-actin and

pMAP rod formation comparable to mitochondrial inhibitors suggests that

ATP depletion is not a direct cause of rod formation, but an upstream event.

These data collectively suggest that subunit release from F-actin is required

for the generation of pMAP-positive rods and that in neurons this can be

induced by ADF/cofilin activation. It also appears that ADF/cofilin binding to

F—actin is essential for the formation of cytoskeletal rods. Dissociated actin

subunits saturated with activated ADF/cofilin thereby form cytoskeletal rod

inclusions that appear to sequester and accumulate pMAP.
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Figure 3.13 Dynamic F-actin enhances pMAP and actin rod formation (a) Following

treatment with Latrunculin B (Lat B) but not Jasplakinolide (Jasp) the assembly of pMAP into

rod-like structures occurred. The chick neurons were stained for pMAP (12E8) and F-actin

(phalloidin-488). Co-staining with phalloidin showed only very weak labeling of F-actin in both

Lat B- and Jasp-treated cells. (b) Treating cells with Lat B induced formation of pMAP (red;

12E8) and ADF (green; 1439) rods, as seen in single stainings. Co-labeling revealed frequent

co-localization of both proteins (arrows). (c) To compare the rate and abundance of rod

formation under either mitochondrial inhibition or F-actin manipulation, rods were counted in

cells treated with AM or Lat B for increasing times, as indicated. The pattern of rod—formation

in each condition was comparable. (d) To ascertain the relationship between rod formation

and ATP levels under these conditions, luminescence assays were conducted. Whereas

Jasp-treated cells had levels of ATP comparable to controls and AM—treated cells had a

dramatic decrease, only moderate decline in ATP levels in Lat B-treated cells was evident.

Error bars represent the S.E.M. from triplicate samples. Scale bars = 20 pm. The author

gratefully acknowledges Shane T Antao for data analysis and bar graph in (d).
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3.3.6 AB peptides enhance pMAP-accumulation at

ADF/cofilin rods

In AD, the relationships between pMAP/tau pathologies, cofilin-actin

pathologies and amyloid pathologies arising from AB peptide oligomerization

and/or aggregation are poorly understood. Synthetic ABMZ has been shown

to induce cofilin-actin rod pathology in up to 20% of neurons in dissociated

rodent hippocampal cultures (Maloney et al., 2005), with the majority of

these neurons located in the dentate gyrus (Davis et al., 2009). We

therefore asked whether AB could influence the sequestering of pMAP to

ADF/cofilin-actin rods. Primary chick neurons were exposed to 1 or 2 pM of

AB1-40 or AB1—42. Before applying to cells, peptide solutions were agitated

on a shaker for 30 minutes to generate mixtures of oligomeric and fibrillar

structures (Goldsbury et al., 2000). The solutions were then diluted into cell

culture medium and added to cells at a final concentration of 1 or 2 pM.

After exposure to the peptides for 20 hours, the cells were fixed and

immunostained for pMAP. Less rods were generated in cultures treated

with AB compared with those treated with the mitochondrial inhibitors,

consistent with previous studies of ADF/cofilin-actin rod generation in

hippocampal neurons treated with AB peptides (Maloney et al., 2005).

However, when mean numbers of pMAP-positive rods per cell were

quantified on vehicle control and AB-treated coverslips, a significant

increase in the number of rods was revealed in AB-treated cells (Fig. 3.14a).

No difference was observed between cells treated with 1 and 2 pM peptide

or between cells treated with AB1-40 and AB1-42. The presence of F-actin

rich active growth cones in AB-treated neurons containing pMAP rods in the
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neurite shafts indicates the continuing viability of the neurons, despite the

formation of pMAP-positive rods (Fig 3.14b, white arrows). We confirmed

that rods in AB-treated neurons contained both pMAP and ADF (Fig. 3.14c,

arrows). In conclusion, these results show that synthetic AB aggregates can

induce the recruitment of pMAP to ADF/cofilin-actin rods in a subset of

neurons in these primary cultures.
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Figure 3.14 Amyloid peptides enhance pMAP sequestration to rods in primary chick

neurons. Primary neurons were treated for 20 hours with solutions of AB peptides (1 or 2

pM) and double-labeled with the 12E8 antibody (red) and either phalloidin-488 or ADF (both

green) as indicated. (a) The mean number of pMAP-positive rods per cell was quantified in

>10 fields on control coverslips and coverslips treated with AB peptides for 20 hours or AM

for 15 min. pMAP-positive rods per cell increased significantly after incubation with AM or

AB solutions compared to vehicle (DMSO) control (1.3 i 0.3 rods/nuclei for both aged ABMO

and ABMZ and 3.5 :i; 0.4 rods/nuclei for AM-treated compared with 0.4 i 0.1 rods/nuclei for

control cells; mean i s.e.m.; *p<0.02, n>20. Results are from duplicate experiments). Since

no difference was seen between 1 uM versus 2 uM peptide treatments, results have been

pooled. (b) pMAP-positive rods in AB treated neurons (shown here for ABMO) often formed

at distal regions near the base of phalloidin-positive (F—actin-rich) active growth cones

(white arrows). They also formed in neurite shafts associated with collapsed growth cones

(b, yellow arrows). (c) Rods assembling in AB-treated neurons (shown here for ABMO),

accumulated both pMAP (red) and ADF (green) (arrows). Merged images (plus DAPI in

blue) shown in bottom panels. Scale bar = 20 pm. The author gratefully acknowledges

Claire Goldsbury and Erica Jeong for experiments and images.
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3.4 Discussion

Neuropil threads of the AD brain are comprised of linear arrays of

cytoskeletal inclusions containing the pMAP tau (Augustinack et al., 2002;

Velasco et al., 1998). These structures are positive for Ser262/356 tau

labeled with the 12E8 antibody prior to extensive staining by antibodies

marking hyperphosphorylation of tau that is observed in late-stage disease

(Augustinack et al., 2002). Corresponding to this, formation of neuropil

threads is associated with the early clinical stages of dementia

(Giannakopoulos et al., 2007). The structure of neuropil threads implicates a

disrupted cytoskeletal network that spans the width of the neurite likely

contributing to dementia by blocking cargo trafficking to synapses that

underlie memory formation and cognition, causing subsequent retraction of

distal neurites (Velasco et al., 1998; reviewed in Terry, 1998; Bamburg and

Bloom, 2009). Our data open the possibility that abnormal activation of

cofilin, an actin-binding protein, in the AD brain and generation of cofilin-

actin cytoskeletal rods is a triggering factor for the sequestration and

accumulation of Ser262/356 phosphorylated tau in some neuropil threads.

This process may well represent an early pathogenic event in AD

neurodegeneration.

Neurodegenerative stimuli including oxidative stress, mitochondrial

dysfunction, excitotoxic glutamate, ischemia, and soluble forms of AB lead to

activation of cofilin and the related protein ADF and the generation of

ADF/cofilin-actin rods in primary neuronal cell culture (reviewed in Bamburg

and Bloom, 2009). These rods resemble the cofilin aggregates that are
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widely distributed in the AD brain (Minamide et al., 2000). At a low ratio to

actin and in an active (dephosphorylated) state, ADF/cofilin maximally

enhance subunit turnover of F-actin, dynamically remodeling the actin

cytoskeleton and thus playing an integral role in regulating actin-dependent

synaptic stabilization (reviewed in Bamburg and Bloom, 2009). ADF/cofilin

bind cooperatively to F-actin and, at higher ratios to actin, they can saturate

regions of filaments and stabilize the pieces of filaments that remain after

severing (Chan et al., 2009, Andrianantoandro and Pollard, 2006). Because

ADF/cofilin bind to a minor, slightly twisted conformation of F—actin, they

stabilize this “twisted” form, which prevents binding of the commonly used F-

actin stain, phalloidin (McGough et al., 1997). In the brain, mitochondrial

dysfunction and energy depletion associated with AD (Smith et al., 2005;

Wang et al., 2009) could feasibly serve as a pathway for F—actin remodeling

in neurons, since up to 50% of neuronal energy is dedicated to actin

dynamics (Bernstein and Bamburg, 2003). We propose mitochondrial

dysfunction is one potential pathway upstream of the assembly of

cytoskeletal rods because direct electron transport chain inhibitors elicit

cofilin activation, concomitant with rod assembly in primary neurons and

organotypic rat hippocampal brain slices. This pathway results in a

precipitous drop in ATP, and the release of the cofilin phosphatase

chronophin from an inhibitory complex with Hsp90, resulting in cofilin-actin

rod formation (Huang et al., 2008). However, cofilin-actin rods can also be

induced while maintaining higher levels of cellular ATP, such as with

peroxide (Fig. 3.9), which activates the cofilin phosphatase slingshot by

oxidizing and removing inhibition by 14-3-3 and leads to almost complete
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cofilin dephosphorylation and cofilin-actin rod formation (Kim et al., 2009).

The common thread is an increased pool of active ADF/cofilin with respect

to the amount of F-actin such that ADF/cofilin-saturated pieces of F-actin

are available and coalesce into rods.

What is the role of pMAP at the cofilin-actin rods? Rods isolated from

neurons and non-neuronal cell lines contain ADF/cofilinzactin in a 1:1

complex and indeed can be formed in vitro from these purified proteins

(Minamide et al., 2010). Thus, as is also shown here, pMAP is not essential

for cofilin-actin rod formation. Nevertheless, pMAP association with most

cofilin-actin rods occurs very early in the rod formation process. Rods

isolated from cortical neurons and those formed from endogenous proteins

from a non-neuronal cell line both have similar stabilities to alterations in pH,

ionic strength, reducing agents, Ca2+/EGTA, ATP and detergents (Minamide

et al., 2010). Therefore the presence of pMAP on the neuronal rods does

not appear to confer in them any special property related to their stability.

The question then arises — do the rods confer any special property on the

associated pMAP? The tandem arrays of the rapidly formed cofilin-actin

rods are similar in size and distribution to the neuritic striations of the

neuropil threads in AD. The ultrastructure of most striated neuropil threads

from AD brain clearly shows these to consist of the ~20 nm diameter paired

helical filaments (PHFs; Velasco et al., 1998), not of the cofilin-actin bundles

containing approximately 10 nm diameter filaments that we observe in

organotypic hippocampal slices treated with ABM; peptide oligomers (Davis

et al., 2009). Thus, we suggest that the cofilin-actin rods serve as a template

for recruitment and binding of pMAP, and that this association facilitates

95



CHAPTER 3 MAP/TAU IS RECRUITED TO NEURITIC ADF/COFILIN RODS

further phosphorylation of pMAP and its self-assembly leading to the

eventual replacement of the cofilin-actin rods with PHF bundles. Further

long-term studies are needed to test this hypothesis.

Supporting the concept that pMAP/tau accumulation and toxicity is linked to

interactions with the actin cytoskeleton is work in Drosophila models that

showed that toxicity of over-expressed hyperphosphorylated tau could be

modified by genetic ablation or co—expression of actin associated proteins

(Fulga et al., 2006). Interestingly, tau phosphorylation at the 12E8 antibody

epitope was shown to be essential for the initiation of tau toxicity and its

downstream hyperphosphorylation in Drosophila (Nishimura et al., 2004).

Mutated tau non-phosphorylatable at the 12E8 epitope did not confer toxicity

in Drosophila and exhibited reduced downstream phosphorylation at other

AD-relevant phospho-tau epitopes (Nishimura et al., 2004). These findings

are consistent with the premise that the sequestration of 12E8—specific

pMAP to cofilin-actin rods demonstrated here could represent an essential

early event in a neurodegenerative pathway. The recent finding that tau

reduction can ameliorate toxicity induced by amyloid precursor protein

(APP) overexpression or exposure of cells to AB oligomers is also consistent

with the key involvement of pMAP/tau in response to toxic events (King et

al., 2006; Roberson et al., 2007). Potential deleterious effects of cytoskeletal

rods on neurons are multifold. Firstly, rods that assemble in axons and

dendrites of cultured neurons form transport blockades inhibiting the free

movement of vesicles and organelles leading to synaptic dysfunction

(Maloney et al., 2005, 2008; Jang et al., 2005). Secondly, the accumulation

of actin and cofilin in rod structures could directly impinge on the availability
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of cofilin for its function in modulating actin dynamics at the synapse

(Hotulainen et al., 2009). Likewise the sequestration of pMAP/tau to the rod

matrix could adversely affect the role of tau in stabilizing and regulating the

axonal MT network of tracks for fast axonal transport.

The generation of cytoskeletal rods in response to stressors may be an

initial compensatory response to slow down energy—consuming actin

dynamics and thereby protect neurons under conditions where ATP supply

is compromised (Bernstein et al., 2006). However repeated or prolonged

stress would likely be detrimental. Increasing evidence suggests declining

mitochondrial function and reduced energy metabolism to be early events in

the AD brain, preceding severe pathological changes (Smith et al., 2005;

Wang et al., 2009). Ageing is the major risk factor for sporadic AD and on

the one hand, electron transport chain activity declines with age while on the

other, oxidative stress increases, potentially impacting on the availability of

ATP in cells (Lin and Beal, 2006). Moreover, the reduction of glucose uptake

in AD brain cells and concomitant decline in glycolysis would also negatively

impact ATP levels. Precedents of local mitochondrial dysfunction could be

multifold and varied in the ageing brain, for example low brain perfusion due

to vascular insufficiency, stroke and AB peptide-mediated perturbation of

mitochondria (Cullen et al., 2005; Du et al., 2008; Cho et al., 2009).

Mechanisms linking this metabolic dysfunction with the formation of

neuropathological lesions in the AD brain need to be established.

Interestingly, it was demonstrated that environmental toxin inhibitors of

mitochondrial respiratory chain complexes induce somatic inclusions of
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phosphorylated tau in neuronal cell culture and neurodegeneration in tau-

related disease (Escobar—Khondiker et al., 2007).

Advanced neuropathology involving pMAP and cofilin accumulation and

aggregation may be a result of increased vulnerability to normal

environmental stress in brains expressing mutant tau (i.e in hereditary

Frontotemporal Dementias), or from elevated oxidative/mitochondrial stress

in brains expressing wild-type endogenous tau (in sporadic AD). In a healthy

brain, a fine balance between these stressors and compensatory defense

mechanisms must normally occur, given that development of tau pathology

and AD are not an inevitable part of ageing. Recent evidence showing that

neuronal cell bodies attached to dystrophic neurites in AD-related transgenic

mice are still be viable and otherwise healthy (Adalbert et al., 2009) holds

promise for future work to develop methods to disrupt the formation of the

cofilin-actin rods and/or the interaction between cofilin and pMAP for

establishing new therapeutic strategies to combat this disease early in its

development.
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Rapid changes in phospho-MAP/tau epitopes

during neuronal stress:

cofilin-actin rods primarily recruit

MAP/tau phosphorylated in the

microtubule binding domain
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Preface

The content of this chapter is based on a recently published work (see

(Whiteman et al., 2011) and therefore appears here in the submitted

manuscript format.

4.1 Introduction

Neuronal histopathological hallmarks of Alzheimer’s disease (AD) include

neurofibrillary tangles (NFT) and neuropil threads comprised of aggregated

hyperphosphorylated microtubule-associated protein (MAP) tau. These

aggregates develop in cell bodies and neurites respectively. Comprising >85%

of end—stage cortical tau pathology, neuropil threads correlate with cognitive

decline, probably owing in part to their prominence in select subfields and

layers of the ventromedial temporal lobe and association cortices (Schmidt et

al., 1993; Velasco et al., 1998; Mitchell et al., 2000; Augustinack et al., 2002;

Braak et al., 2006; Giannakopoulos et al., 2007). The major known function of

tau, like other MAPs, is its stabilization and regulation of microtubule (MT)

dynamics necessary for neurite outgrowth, morphogenesis and since tau is

predominantly an axonal protein, it plays an important role in facilitating MT-

dependent axonal transport (for reviews see (Garcia and Cleveland, 2001;

Dehmelt and Halpain, 2004a)). The activity of tau is negatively regulated by

phosphorylation/dephosphorylation cycles, such that phosphorylation at

specific sites detaches tau from MTs and allows MT depolymerization, while
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tau dephosphorylation enables it to bind and stabilize MT via its MT binding

domain (MTBD) (Lindwall and Cole, 1984; Mandelkow et al., 1995). In AD, tau

becomes hyperphosphorylated at both physiological and disease-specific sites,

leading to destabilization of the MT network and concomitant tau self-

aggregation. Over 39 phosphorylation sites have been characterized for tau

although only two of these are located in the MTBD at the ‘KXGS’ amino acid

motifs corresponding to residues 8262 and 8356 (Biernat et al., 1993;

Mandelkow et al., 1995; Zhou et al., 2006). Phosphorylation of these KXGS

motifs, particularly at $262, is one of the earliest markers of AD pathology

(Augustinack et al., 2002), readily detectable in ‘pretangle’ neuropil threads with

the monoclonal antibody 12E8 (Seubert et al., 1995). Phosphorylation of the

MTBD sites has been shown to induce rapid MT disassembly whereby the new

unbound pool of tau is susceptible to self—aggregation into paired helical

filaments (PHF) (Biernat et al., 1993; Drewes et al., 1997; Alonso et al., 2001;

Fischer et al., 2009).

Neuropil threads generally precede the appearance of extensive NFTs,

suggesting tau first accumulates in neurites during the development of AD

pathology before the proliferation of cell body aggregates (Goedert, 1993;

Braak and Break, 1995; Velasco et al., 1998; Augustinack et al., 2002; Haass

and Selkoe, 2007). An in vitro cell model for neuropil thread assembly may

therefore help mimic early cellular events relevant to the disease mechanism.

To this end, we recently demonstrated in primary neuronal culture and
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organotypic slice culture that mitochondrial dysfunction initiates formation of

12E8—positive neuritic inclusions that bear morphological resemblance to

neuropil threads observed in AD brain (Whiteman et al., 2009). The relevance

of this model lies in an increasing body of evidence that implicates

mitochondrial dysfunction in AD (for reviews see (Blass, 2000; Lin and Beal,

2006; Wang et al., 2009; Su et al., 2010)). Reduced mitochondrial function and

increased oxidative stress are reported to precede cognitive decline, brain

atrophy or classic pathologies (Blass, 2000), suggesting that mitochondrial

dysfunction plays an integral role in initiating pathological cascades that result

in the varied cytopathology of AD. We found that the 12E8-positive neuritic

inclusions co-localized with the actin-associated proteins (actin depolymerizing

factor) ADF/cofilin. This highlights another prominent feature of AD: aggregates

of cofilin and actin that form punctate and rod—like linear arrays through the

neuropil of AD brain (Minamide et al., 2000) (reviewed in (Bamburg et al.,

2010)). ADF/cofilin-actin rod-like inclusions (AC rods) are also independently

induced in cell culture by the inhibition of ATP generation via blocking

mitochondrial membrane complexes, thus potentially linking the formation and

co—localization of AC rods and MAP/tau inclusions to mitochondrial dysfunction

(Whiteman et al., 2009). Moreover, interaction of tau and actin in the

organization of the cytoskeletal network is well-documented (Griffith and

Pollard, 1978, 1982; Selden and Pollard, 1983; Correas et al., 1990; Moraga et

al., 1993; Yamauchi and Purich, 1993; Dehmelt and Halpain, 2004b; He et al.,

2009) and emerging evidence suggests that these interactions may be central
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to the processes involved in the initiation and development of early AD

pathology (Fulga et al., 2006; Gallo, 2007; Whiteman et al., 2009; Bamburg et

aL,2010)

Since AD neuropathology involves hyperphosphorylation of numerous epitopes

of tau and not just those in the MTBD, the aim of this study was to investigate

the phosphorylation pattern and re-distribution of several other key MAP/tau

epitopes in addition to 12E8 in the primary neuronal culture model. In asking

this question, we focused on both physiological as well as AD-specific sites.

We utilized the chick primary neuron model since chick neurons express five

forms of tau that are highly homologous to human tau isoforms and exhibit

highly conserved phosphorylation-specific epitopes recognized by antibodies

against human MAP/tau (Yoshida and Goedert, 2002). Using a series of

commercially available and well characterized phospho-MAP/tau antibodies,

we measured time-dependent effects of mitochondrial dysfunction on the

phosphorylation and distribution patterns of these epitopes. We found that

cellular ATP reduction gave rise to rapid overall dephosphorylation at most

epitopes with the exception of the 12E8 site that exhibited rapid and persistent

phosphorylation over the 120 min treatment time. Likewise, while most other

phospho—MAP/tau epitopes showed initial redistribution to spheroid-like

aggregates as opposed to AC rods in ATP-depleted neurites, 12E8 was the

only epitope specifically recruited to AC rods generated under these conditions

within the time frame investigated. These results further highlight the MTBD of
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MAP/tau as a potential early player in the initiation of tau aggregation in

neurons of the AD brain.

4.2 Specific Materials and Methods

4.2.1 Nuclear accumulation analysis

For quantification of cells containing nuclear accumulation of AT100 label in

control, AM- and Lat B-treated conditions, a number of randomly selected fields

on each coverslip were selected and cells containing nuclear AT100 were

counted and expressed as a percentage of the total number of counted cells.

For the most part, nuclear AT100 accumulation was highly distinct in a subset

of cells. Inclusion criteria for nuclear accumulation were (i) general neuron

morphology appeared normal (including intact nucleus) (ii) neuron exhibited

obvious co-localization of AT100 label with DAPI nuclear label and (iii) nucleus

exhibited AT100 fluorescence intensity >1.5x the intensity of nuclei of

surrounding, apparently unaffected cells, as measured using Image J. Over

200 cells were counted for each condition in duplicate experiments using

independently prepared cell cultures.
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4.2.2 Human tissue preparation

Frontal cortex and hippocampal sections from normal adult and confirmed

Alzheimer’s disease patients were obtained from the Alzheimer Disease

Research Center, University of California, San Diego and approved for use by

Colorado State University. Post-mortem time to fixation in formalin was 3 h. For

immunofluorescence, paraffin sections (6-7 pm) were deparaffinized for 20 min

in Hemo—De (Fisher Scientific), rehydrated to distilled water through decreasing

concentrations of ethanol, microwaved in water for 8 min, blocked with 5% goat

serum for one hour and immunostained (see Chapter 2 for more detail).

4.2.3 Transmission Electron Microscopy

Primary chick neurons were grown on glass coverslips, treated, washed with

warm PBS and fixed for 30 min with 2.5% glutaraldehyde (Electron Microscopy

Sciences, USA) in 0.1 M sodium cacodylate buffer (Sigma—Aldrich). Cells were

rinsed with buffer and post-fixed for 30 min in cold 1% osmium tetroxide

(Sigma-Aldrich). Cells were rinsed again and stained for 2 h with 1% uranyl

acetate (Sigma-Aldrich), filtered through 0.22pm Biofil Syringe filter in 0.05 M

sodium acetate (Sigma-Aldrich). To prepare TEM grids, cells were dehydrated

through increasing concentrations of ethanol (WV) (50%, 70%, 95% and ultra-

dry 100%), then infiltrated with Spurr’s resin in increasing ratios to 100%

ethanol (1:1, 2:1 and 3:1). Cells on coverslips were embedded in 100% Spurr’s
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resin and cured at 60 °C overnight. To remove coverslips, resin blocks were

placed in liquid nitrogen for ~15 sec, transferred to warm water and carefully

removed. Resin blocks were section using a diamond knife (70 nm) and placed

on ZOO-mesh copper TEM grids that were subsequently post-stained for 10 min

with uranyl acetate and lead citrate. images were acquired with a Phillips CM

120 Biofilter TEM at 120 W.

4.3 Results

4.3.1 Mitochondrial inhibition induces cellular redistribution

and epitope-specific persistent phosphorylation or

dephosphorylation of MAP/tau

In AD neurons, tau is hyperphosphorylated and abnormally aggregates both in

neurites and the somatodendritic compartment, although the mechanisms by

which these processes occur are not understood. The aim of this study was to

test the hypothesis that inhibiting mitochondrial function influences the

phosphorylation state and localization of tau protein in neurons. Primary chick

neuron cultures were treated for 10, 30, 60 or 120 min with the mitochondrial

Complex ||| inhibitor AM which has previously been shown to reduce the level

of ATP in these neurons by 60% within 10 min while cells remain >90% viable

(Whiteman et al., 2009). Cells were then lysed or fixed for immunostaining and

probed with a battery of phospho-MAP/tau antibodies including AT270, AT8,

AT100, 8214, AT180, 12E8, 8396, 8404 or 8422 that have been raised against
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different AD-relevant phosphorylated epitopes on human MAP/tau and have

analogous corresponding epitopes in chicken MAP/tau (Fig. 4.1A). Western

blot analysis of lysates revealed that compared to untreated (control) cells, ATP

reduction leads to dephosphorylation of epitopes S396, AT8, AT270, AT180,

S404 and $422 over the 120 min treatment time when normalized for loading to

GAPDH (Fig. 4.18, C). Total tau was observed to decrease transiently before

returning to control levels at 120 min. By contrast, the blots revealed a strong

and sustained phosphorylation of the MAP/tau KXGS motifs recognized by the

12E8 antibody (Fig. 4.10, E). Consistent with this, the ratio of 12E8

phosphorylation to total tau band intensities increased >2-fold by 60 min

whereas the AT8ztotal tau ratio declined over the same time frame to near zero

(Fig. 4.10). This trend of 12E8 persistent phosphorylation was reproducible in a

second independent experiment and combined (n=4), these data reveal a peak

increase to 232i69% at 60 min and sustained phosphorylation even at 120 min

(155:40/0, p<0.05) (meaniSEM) (Fig. 4.1E).

Next, we conducted immunofluorescent labeling for the same MAP/tau

epitopes in AM-treated neurons to investigate distribution patterns of these

epitopes throughout neurons following mitochondrial inhibition. Interestingly,

while some epitope labeling remained smooth and relatively evenly distributed

throughout neurites of AM-treated cells, other epitope labels aggregated into

spheroid inclusions resulting in beading along affected processes (Fig. 4.2A-J).

Staining intensity, indicative of phosphorylation state, of epitopes AT8, 8214
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and AT180 was somewhat reduced (AT8 = ~30% intensity of control cells after

15 min AM treatment), but othenlvise comparable to control cells with regards to

its even distribution. By contrast, AT270, AT100, S396, S404, S422 and total

tau labeling aggregated into spheroids that were rarely seen in untreated

control cells. Overall cell body staining intensity for some of these epitopes was

also found to be reduced (AT270 ~40% intensity compared to control cells).

Although the 12E8-antibody occasionally labeled some spheroids, it

predominantly labeled rod-shaped aggregates throughout neurites (Fig. 4.2F)

which are shown below to be AC rods. The insets in Fig. 4.2 illustrate the

appearance of spheroids and rods respectively. Rod-shaped structures were

observed less often with the S404, S422 and AT270 immunolabels (Fig. 4.2A

and G, insets). As shown for AT270 below, these structures only rarely co-

localized with AC which was in contrast to 12E8 which largely colocalized with

AC rods.

In AM-treated cells, in addition to labeling neuritic tau inclusions, AT100

revealed a redistribution into cell nuclei in a subset of neurons (~36%), as

indicated by colocalization with the nuclear stain DAPI (Fig. 4.2D, asterisks),

which was never observed for any other MAP/tau epitope (Fig. 4.3). However,

further analysis demonstrated that this nuclear epitope does not represent tau

protein as AT100 also labeled nuclei of mouse tau knockout neurons (LS

Minamide, IT Whiteman and JR Bamburg unpublished observations).

Moreover, 8214 (which shares the serine-214 recognition site of AT100) and
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total tau labels were never seen to accumulate in nuclei of AM-treated cells

further suggesting this AT100 accumulation to be non tau—related. Interestingly

however, the same nuclear localization of the AT100 label was seen in post

mortem AD tissue (Fig. 4.3F).
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Figure 4.1 ATP reduction causes persistent phosphorylation of 12E8 epitope and

dephosphorylation at other sites. (A) Epitope map of tau antibodies in human and

chicken brain(Yoshida and Goedert, 2002). Schematic representations of the longest tau

isoforms are shown (441 amino acid residues in human tau, 463 in chicken). The

phosphorylation-dependent anti-tau antibodies (AT270, AT8, 8214, AT100, AT180, 12E8,

S396 S404 and S422) are shown with their corresponding target residues (S = Serine, T =

Threonine). Positions of the various alternatively spliced inserts which give rise to 6 different

isoforms in humans and 5 in chick are shown in blue. Green boxes denote tandem amino

acid sequence repeats, which constitute the microtubule-binding domain (MTBD). (B)

Representative Western blots of extracts from cell cultures treated in duplicate with 1 pM

AM for 10, 30, 60 or 120 min. (C) Quantification of the Western blots shown in (B) reveal

rapid dephosphorylation of AT8, $396 and AT270 epitopes (respectively declining to

1610.03%, 23i9% and 43:9% of control values; mean %imin/max intensities). By 30 min,

phosphorylation at epitope 3404 had also markedIy declined (25i11%) while epitopes S422

and AT180 exhibited a more moderate decline in phosphorylation (reduced to 55:3% and

65:20% at 30 min). Total tau was observed to decrease transiently (41i5% at 30 min)

before returning to control levels (98119%) at 120 min. All antibodies were probed on fresh

blots and normalized to GAPDH loading control bands. (D) By contrast, phosphorylation of

the 12E8 epitope increased markedly. To ascertain a phosphorylation:total tau ratio, blots

probed for 12E8 or AT8 (for comparison) were stripped and reprobed for total tau (polyclonal

rabbit antibody). Whereas the AT82total tau ratio decreased rapidly, the 12E8:tota| tau ratio

increased at 30 min and peaked at ~200% after 60 min. Error bars in (C and D) indicate the

maximum and minimum intensities. (E) Quantification of persistent phosphorylation at the

12E8 epitope (normalized to GAPDH) was significant with a peak of >200% at 60 min and

sustained phosphorylation (~150%) at 120 min (n=4; *p<0.05). Error bars = SEM.
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Figure 4.2 Specific phosphorylated forms of MAP/tau redistribute in neurons during

ATP reduction. Cells were treated with 1 pM AM for 15 min, fixed and permeabilized for 90

sec with 80% methanol or 0.05% Triton-X. lmmunostaining was carried out with antibodies

against phosphorylated tau epitopes, as indicated. Staining for total tau and all phospho-

epitopes was smooth and evenly distributed in control cells. Following ATP reduction,

distribution of AT8 (C), 8214 (E) and AT180 (I) epitope labels remained relatively even,

although staining intensity was reduced. By contrast, AT270 (A), S422 (B), AT100 (D), 12E8

(F), S404 (G) and 8396 (H) labeled accumulations that were mostly spheroid in shape, but

occasionally rod-like, following ATP—reduction and were frequently observed in tandem

arrays along neurites. Higher magnification insets of controls vs. AM-treated cells are shown

for A, B, F, and G (arrows indicate rod-like structures, block arrowheads indicate spheroids).

Correspondingly, some spheroid-like accumulation of total tau (J, arrowheads) was also

evident in neurites of AM-treated cells. Interestingly, only aggregates labeled with 12E8 (F)

consistently showed classic and distinct rod-shaped structure throughout AM-treated cells,

which is better observed at higher magnification (inset in F, arrows). Additionally, ATP

reduction led to the redistribution and nuclear-accumulation of AT100 label (D, arrows), a

phenomenon that was observed neither in control cultures stained with AT100, nor in

treated cells labeled with any other MAP/tau phospho—epitope. Nuclei were labeled with

DAPI (blue). While most epitopes appeared identical under methanol and Triton X

permeabilization conditions, images in this figure represent a combination of both protocols.

Methanol: (A, B, E, G, J). Triton X: (C, D, F, H, |. Scale bar = 20 pm for all images except

insets in (A, B, F, and G) = 5 pm.
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Figure 4.3 AT100 labels a non-tau component in the nucleus during mitochondrial

inhibition, actin depolymerization and in postmortem AD brain. Primary chick neurons

were treated with 1 pM AM or 1 ug/ml Lat B for 15 min, fixed, immunostained and analyzed

via confocal laser scanning. ATP reduction with AM induced nuclear accumulation of the

AT100 label in a proportion of neurons (361-2 %; mean¢SEM), as indicated by co-

Iocalization with DAPI (A, B). Co—stainings revealed no obvious translocation of total tau into

the nuclear compartment in cells exhibiting AT100 nuclear accumulation (B, arrows),

suggesting the AT100 antibody is labeling a protein other than tau. AT100 labeling in

untreated cells (C) remained contained in the neurites. Similarly, actin depolymerization with

Lat B gave rise to nuclear accumulation of AT100 label in 2212% cells (meantSEM) (D) and

again, lack of total tau and other epitopes such as 8396 (D) in the nucleus. Interestingly,

pre-treating cultures for 2 min with the F—actin stabilizing drug jasplakinolide prevented

nuclear accumulation of AT100 in cultures subsequently treated with either AM or Lat-B

(data not shown). Formalin-fixed 7 pm brain sections from the hippocampal region of

confirmed AD cases were immunostained for phospho-tau epitopes. 3396 label (E) and

other tau epitopes (data not shown) often accumulated in classic flame-shaped ‘early’ ghost

tangles, though remained largely absent from the nucleus (E, arrows). By contrast, double-

labeling studies showed AT100 label frequently appearing in the nuclear compartment as

evidenced by its co-localization with DAPI (F, arrowhead). In the same neurons, $396 was

exclusively contained within the somal compartment (F, arrow). This may well represent an

‘early' ghost tangle, since S396 phospho-tau in the soma appears granular and loosely-

packed. Although characterization and identification of this AT100-positive protein is beyond

the scope of the present study, further investigation of this stress-induced response would

be valuable as the appearance of the epitope in the nucleus specifically occurs in stressed

cells (ATP depleted) or AD brain and not control cells. lmages in (A—D): confocal

microscope; (E, F): optical microscope. Scale bars = 10 pm (A, F); 20 pm (B-E).
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Co—labeling studies of spheroids in AM-treated cells revealed strong co-

localization of AT100 (Fig. 4.4A) and AT27O (Fig. 4.43) respectively with total

tau and co-localization of 8396 with AT100 (Fig. 4.4C) and 12E8 (Fig. 4.4D),

suggesting that these observed neuritic aggregates in ATP-depleted cells are

comprised of MAP/tau phosphorylated at many sites. By contrast, rod-like

structures immunolabeled for the 12E8 epitope did not co-label with other

phospho—MAP/tau epitopes (Fig. 4.4E). We had previously demonstrated 12E8-

MAP/tau to be recruited to AC rods (Whiteman et al., 2009) (see also Chapter

3), which we confirm here in both Triton X and methanol permeabilized cells

(Fig. 4A and data not shown). It should be noted however, that 12E8 labeled

both spheroids and AC rods; the labeling of AC rods was best preserved under

Triton X permeabilization (Fig. 4.4E) whereas methanol permeabilization

resulted mostly in spheroid labeling (Fig. 4.40). Further, 12E8-labeled AC rods

do not co-localize with 8396 label (Fig. 4.4E) which by contrast only localizes to

spheroid structures in the same cells (arrows Fig 4.4E). This further documents

the distinct and separate nature of AC rods versus spheroids.
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Figure 4.4 Distinct rod-shaped aggregates are specific to 12E8-MAPItau and are best

preserved with Triton-X permeabilization. ATP-depleted cells were permeabilized for 90

sec with 80% methanol or 0.05% Triton-X and co-labeled for epitopes of MAP/tau. Under

both methanol and Triton—X methods, (shown here with methanol permeabilized cells in A-

D), aggregations containing AT1OO (A) and AT270 (B) epitopes co—Iabeled with total tau. In

addition, aggregates containing 8396 label also contained AT100 (C) and 12E8 (D),

suggesting spheroid neuritic aggregates are comprised of a complex of MAP/tau

phosphorylated at numerous epitopes. By contrast, distinct rod—shaped aggregates were

only observed with 12E8-labeling and these did not co-label with 8396 or any other tau

epitope (E), 12E8-positive AC rods were best visualized following Triton-X permeabilization

protocols. Scale bar = 20 um.
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4.3.2 12E8 but not other MAP/tau epitopes redistributes to AC

rods during mitochondrial inhibition

To further investigate whether other tau epitopes are present in AC rods, we

carried out double-labeling for ADF and a variety of MAP/tau epitopes (since

the ADF antibody central to this study was rabbit polyclonal, we were restricted

to mouse monoclonal MAP/tau antibodies for double-labeling studies). AM-

treated cells (15 min) were double-labeled for ADF and AT270 (Fig. 4.58), and

ADF and AT100 (Fig. 4.50, D). AT270 aggregates only occasionally co-

localized with AC rods (Fig. 4.58, arrows), whereas AT100 label was never

seen to co-localize with AC rods after either methanol or Triton-X

permeabilization (Fig. 4.5C, D; arrows). By contrast, 12E8 frequently co-

localized with AC rods (Fig. 4.5A), suggesting this epitope to be of prominent

importance in the immediate stages of MAP/tau recruitment to AC rods.

Together with Western blot data showing sustained phosphorylation of the

12E8 site (Fig. 4.1D, E) these results suggest the importance of KXGS

phosphorylation in the rapid recruitment of MAP/tau to AC rods in neurons

depleted of ATP.
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Figure 4.5 Recruitment of MAP/tau to AC rods during ATP reduction is specific for

‘KXGS’ phosphorylated species. (A) Confirmation of 12E8—positive MAP/tau in AC rods

during ATP reduction (Whiteman et al., 2009) (also Chapter 3). These inclusions often form in

tandem arrays along neurites (arrows). Inset shown at higher magnification in lower panel of

(A). Additional double—labeling was performed with AT270 (B) or AT100 (C) and ADF, to see if

there was any relationship between these tau epitopes and AC rods. AC rods only sometimes

overlapped with AT270 (B, arrows) and were never observed to co-localize with AT100, under

either Triton-X or methanol permeabilization (C and D, arrows). These results suggest AC rods

are distinct from MAP/tau-containing neuritic spheroids and recruit only the 12E8-

phosphorylated MAP/tau isoform into distinct rod structures during ATP reduction. (A, B and D)

= Triton X permeabilized. Scale bar = 20 pm; 5 pm (inset in A).
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Ultrastructural EM analysis of AC rods formed following ATP-reduction (Fig.

4.6A, B) corroborated previous results that demonstrated that AC rods are

comprised of many individual parallel 10 nm filaments arranged into tightly

bundled structures (Minamide et al., 2000; Bamburg and Bloom, 2009; Davis et

al., 2009; Minamide et al., 2010), indicative of cofilin-saturated F—actin bundles.

By contrast, unaffected neurites of treated cells contain evenly-spaced

microtubules (Fig. 4.60). Although the striated pattern of AC rod staining has a

resemblance to what was observed for striated neuropil threads (Velasco et al.,

1998), the neuropil threads from AD brain contain only 20 nm paired helical

filaments and not actin-based AC rods (Bamburg and Bloom, 2009).

4.3.3 Actin depolymerization mimics effects of mitochondrial

inhibition on MAP/ tau phosphorylation and redistribution

Similar to mitochondrial inhibition, we previously demonstrated that

pharmacologically-induced depolymerization of actin induces the formation of

AC rods which subsequently recruit phosphorylated MAP/tau labeled by the

12E8 antibody (Whiteman et al., 2009). In order to determine whether actin

depolymerization induces aggregates of MAP/tau phosphorylated at other

residues, as observed with AM-treated cultures, we treated primary neurons

with Latrunculin B (Lat B) which induces AC-like depolymerization of actin

filaments in the absence of ATP reduction. The formation and co—localization of

AC rods with 12E8 under these conditions was confirmed (not shown). In

contrast to AM-treated cells, staining for other epitopes including AT100 (Fig.
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4.7A) and S396 (Fig. 4.3D) revealed an even distribution of immunolabel along

neurites. Western blot analysis of Lat B-treated neurons revealed a 2.9-fold

increase in 12E8 immunoreactivity after 2 min treatment while other epitopes

such as $396 remained largely unchanged (Fig. 4.78, C). These results

confirm that 12E8 is the primary MAP/tau epitope recruited to Lat B-induced AC

rods during actin reorganization, as was also found to be the case for AC rods

induced by ATP-reduction. Together these results provide strong evidence for

an important role of KXGS phosphorylation in the initial recruitment of MAP/tau

to AC rods during times of cellular stress.

Figure 4.6 Rod-like accumulations

neurites of primary neurons contain

densely packed filaments. Transmission

electron micrograph of a primary chick

neuron treated with 1 pM AM for 15 min,

fixed and processed for TEM as described in

Methods. (A) A densely packed linear array

of filaments occurs in the neurite, each

filament approximately 8-10 nm in diameter,

indicative of AC-saturated actin filaments.

Higher magnification in (B). In contrast, an

unaffected neurite within the same treated

cell (C) contains evenly-spaced microtubules

approximately 24nm in diameter. Scale bars

= 0.2 pm (A, C), 50 nm (B). The author

gratefully acknowledges De Lian Goh for EM

experiments and images. 
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Figure 4.7 12E8 MAP/tau but not other epitopes aggregates and co-Iocalizes with AC

rods during actin depolymerization. Primary chick neurons were treated with 1 pg/ml

Latrunculin B (Lat B) for 15 min, fixed and immunostained. We first confirmed formation of

both AC and 12E8-MAP/tau positive rods in our cultures (data not shown), as has

previously been observed (Whiteman et al., 2009) (see also Chapter 3) and then co—stained

cultures for ADF with numerous tau epitopes. Whereas an abundance of AC rods were

induced by Lat B (A, arrows), label for all tau epitopes, except 12E8, remained relatively

smooth and evenly distributed throughout neurites, as shown here for AT100 (A) (other

epitopes not shown). Western blots of lysates of Lat B-treated neurons were probed with

the same battery of antibodies to MAP/tau phospho-epitopes. While most epitopes such as

8396 (shown here) showed little change in phosphorylation during Lat B treatment, the

12E8 epitope was strongly phosphorylated within 2 min of treatment (B, C). Band

intensities were quantified for each time-point for 12E8 and S396 immunoblots (C) with

each lane normalized to individual B—actin loading controls and then calculated as a

percentage of control band intensities. At 2 min, 12E8 phosphorylation was 2.910.1-fold

higher than control means (mean tmin/max intensities). Scale bar = 10 pm.
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4.4 Discussion

Reduced energy metabolism, mitochondrial dysfunction and increases in

oxidative stress in the ageing brain have been linked with the onset of AD

pathologies, including aberrant distribution and accumulation of

hyperphosphorylated tau and deposition of B-amyloid (Smith et al., 2005; Lin

and Beal, 2006; Escobar-Khondiker et al., 2007; Melov et al., 2007; Zempel et

al., 2010). The aim of this study was to investigate whether induced

mitochondrial dysfunction could elicit such changes in tau phosphorylation and

distribution in healthy neurons in cell culture, since mechanisms leading to

hyperphosphorylation, redistribution and aggregation of tau remain elusive, yet

are central to understanding the pathogenesis of AD.

Here, we treated primary chick neuronal cell cultures with the mitochondrial

inhibitor AM that rapidly depletes cellular ATP (Whiteman et al., 2009) and

subsequently analyzed changes to phosphorylation and sub-cellular distribution

of MAP/tau using Western blotting and immunolabeling. Since kinase activity is

directly dependent on presence of ATP (unlike phosphatase activity which is

dependent on hydrolysis), it follows that ATP depletion leads to an equilibrium

shift toward phosphatase activity. As such, we were not surprised to see in this

study rapid net dephosphorylation of the majority of MAP/tau epitopes upon

mitochondrial inhibition. Interestingly however, we observed a substantial

increase in phosphorylation at the 12E8 site, an ‘early AD marker’ antibody

raised against the ‘KXGS’ motifs in the microtubule binding domain of human
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MAP/tau (Seubert et al., 1995; Augustinack et al., 2002) (Fig. 4.1). Notably, we

previously demonstrated that this epitope is incorporated into AC rods, which

are also generated under ATP depleting conditions and closely resemble the

neuropil threads characteristic of AD brain (Whiteman et al., 2009) (confirmed

here in Fig. 4.5A). It is important to note that the MAP/tau protein family,

including the vertebrate proteins tau, MAP2 and MAP4 (the latter of which is

non-neuronal) all contain highly homologous carboxyl terminals, each with the

conserved ‘KXGS’ motifs in MT-binding repeats (Lewis et al., 1988; Dehmelt

and Halpain, 2004a). in light of this, we cannot discount that the 12E8-positivity

we are observing in MAP/tau rods in the present study might be due at least in

part, to presence of phospho-MAP2 in addition to phospho-tau. Recent studies

in tau knock-out mice however suggest the contribution of MAP2 in these

inclusions is negligible, and is discussed further in Chapter 5. Other phospho-

MAP/tau epitopes including AT270, S422, AT100, 8396 and S404 accumulated

in small neuritic spheroid swellings, an effect that has previously been

observed in pre-NFT neurons (so-called “pre-fibrillar punctate regions of tau”)

and proposed to be an early phenomenon in the development of AD tau

pathology (Augustinack et al., 2002). Here, we found these epitopes to only

occasionally form classic rod—shaped structures reminiscent of AC rods (Fig.

4.2 and 4.4), and furthermore, only some of these epitopes co-localized with

ADF label in AC rods, albeit this observation was rare (Fig. 4.5). That some

phospho-epitopes appeared to accrue into spheroids, others into rods and

others still remained relatively evenly distributed in neurites further highlights
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the complex regulation of MAP/tau protein via its many phosphorylation sites.

Further involved studies would be required to adequately explain the differential

distribution and phosphorylation patterns of these tau species. Nonetheless, we

can conclude that recruitment of MAP/tau to AC rods during these conditions is

primarily specific to KXGS—phosphorylated species in the initial stages. The

occasional rod—shaped structure formed by 8404 and AT270 label (Fig. 4.2)

and rare co-localization of AT270 with ADF in AC rods, suggests that other

phospho-epitopes of tau may appear in AC rods later, a subject of ongoing

investigation. In primary neurons, Lat B-induced actin depolymerization also

resulted in specific recruitment of KXGS-phosphorylated MAP/tau to AC rods,

with a concomitant 29-fold increase phosphorylation of this site following 2 min

Lat-B treatment (Fig. 4.7). By contrast, 8396 was neither seen to redistribute

into spheroid aggregates nor deviate from control levels of phosphorylation.

These data suggest actin rearrangement triggered either by changes in cellular

ATP levels or by actin depolymerizing drugs may be an upstream effector of

KXGS phosphorylation and AD-like redistribution of MAP/tau into AC rods.

A predominant function of tau protein is to bind and stabilize axonal MTs — the

tracks for cargo transport to synaptic terminals. Phosphorylation in the MTBD

by microtubule affinity regulating kinase (MARK)/PAR1 decreases the binding

affinity of tau, thus enabling MT dynamics (Biernat et al., 1993; Mandelkow et

al., 1995; Drewes et al., 1997). Aberrant phosphorylation of tau in the MTBD

gives rise to a destabilized MT network and concomitant self-aggregation of tau
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by association of the hyperphosphorylated ‘KXGS’ repeat regions (Drewes et

al., 1997; Alonso et al., 2001; Zhou et al., 2006). This self-aggregated tau is

purported to serve as a seed for subsequent PHF assembly of redistributed tau

along neurites (neuropil threads) and in the somatodendritic domain

(neurofibrillary tangles) (Probst et al., 1996; Delacourte et al., 1998). Pertaining

to this in the present study, we identify the KXGS—hyperphosphorylated epitope

as a central player in the rapid recruitment and accumulation of MAP/tau into

neuropil thread-like aggregates, reminiscent of those observed in AD

(Augustinack et al., 2002; Whiteman et al., 2009). The important role of this site

is underpinned by two findings. Firstly that this epitope is the only site to

hyperphosphorylate during ATP-reduction (Fig. 4.1) or to Lat B treatment (Fig.

4.7), and secondly that under both conditions, only this phospho-epitope was

seen to aggregate into distinct rod-shaped structures that frequently co-

locaiized with AC (Fig. 4.5 and 4.7).

In vivo, tau is a natively unfolded protein that exists as a population of inter—

converting structures in solution (Cleveland et al., 1977; Mukrasch et al., 2009).

Nuclear magnetic resonance studies have shown that phosphorylation of

various sites in tau cause changes in the local conformation and is proposed as

an additional means through which tau can exert control over biological activity

(Du et al., 2005). Specifically, pseudophosphorylation of KXGS motifs at 8262

and 8356 has been shown to induce selective conformational changes in the

first and second repeats (Du et al., 2005; Fischer et al., 2009). Similar to our
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observations of sustained KXGS phosphorylation over 120 min, enduring

phosphorylation of the 12E8 epitope has been reported in a gerbil-model of

brain ischaemia, a condition tantamount to reduced cellular metabolism in

affected areas (Gordon-Krajcer et al., 2007). The increased and persistent

phosphorylation of the 8262/8356 site during mitochondrial stress in the

present study may be explained by a conformational change to repeat region of

MAP/tau that consequently ‘masks’ the residues from phosphatase access to

the MTBD, such as has been previously suggested in relation to PHF

conformation (Gordon-Krajcer et al., 2000). Likewise, we speculate that the

rapid association of AC-actin and phospho—MAP/tau may also contribute to the

masking of the residues. Another possible explanation for the persistent

phosphorylation is that rapid depolymerization of the actin cytoskeleton may

induce specific activation of MARK/Par—1, which has previously been implicated

in conferring tau toxicity in Drosophila models (Drewes et al., 1997; Timm et al.,

2003; Nishimura et al., 2004). Consistent with the latter, activation of MARK

results in elevated phosphorylation and dendritic accumulation of tau in

stressed primary hippocampal neurons (Zempel et al., 2010).

Extensive studies have demonstrated a role for tau and other MAPs in cross-

linking and bundling of actin filaments (Griffith and Pollard, 1978; Nishida et al.,

1981; Griffith and Pollard, 1982; Selden and Pollard, 1983; Correas et al.,

1990; Yamauchi and Purich, 1993; Fulga et al., 2006). Some studies have

additionally demonstrated that MAP—actin association is regulated by the
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reversible phosphorylation of MAPS (Nishida et al., 1981; Selden and Pollard,

1983) and that furthermore, tau and MAP2 interactions with actin occur via their

MT-binding domains (Correas et al., 1990; Ozer and Halpain, 2000). This actin-

binding capacity of tau and MAP2 has been specifically attributed to the KXGS-

containing motif in the repeat regions of the MTBD (Moraga et al., 1993; Ozer

and Halpain, 2000). That 12E8-positive MAP/tau co-localized with AC rods in

our study further supports a central role for this site in its rapid association with

actin. Moreover, EM analysis of AC rods following 15 min AM treatment in

primary neuron culture demonstrate presence of filamentous bundles

consistent with F-actin (not MTs) (Fig. 5), and therefore we propose that AC-

actin bundles form initially and serve as nucleation sites for subsequent

recruitment of phosphorylated MAP/tau. A recent study of human AD brains

provides support for this notion, which reported a strong correlation between

increased cofilin expression and tau pathology in specific regions of the brain,

including the temporal cortex (Nelson and Wang, 2010). Expression of the

microRNA miR-107 has been shown to decrease in AD brain (Wang et al.,

2008), which is associated with increased cofilin protein levels and formation of

cofilin rod-like structures (Yao et al., 2011). In regions of AD brains with

confirmed reduction of miR-107 expression, a significant increase (p<0.02) in

NFTs was observed when compared with adjacent tissue expressing normal

levels of miR—107 (Nelson and Wang, 2010).
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Further investigations are required to delineate the mechanisms facilitating the

interaction between MAP/tau and AC—actin and whether it is direct or indirect.

important questions that remain to be answered are whether the KXGS

phosphorylation of MAP/tau is causative or correlative with its association with

AC rods and what mechanism facilitates the interaction between MAP/tau and

AC rods. Recent characterization of isolated AC rods demonstrated the

presence of the scaffolding protein 14-3-3C (Minamide et al., 2010) which was

also shown to be associated with 12E8 within AC rods (unpublished

observations LS Minamide and JR Bamburg), suggesting that 14—3—3C may

have a role either in rod structure or in a longer time-dependent maturation of

MAP/tau phosphorylation, as has previously been suggested in other studies

(Hashiguchi et al., 2000; Hernandez et al., 2004; Umahara et al., 2004).

Answering these questions is the subject of ongoing studies.

In summary, we have shown that mitochondrial inhibition is associated with

specific and sustained phosphorylation of the MTBD of MAP/tau, a site which

we further identified as central to the recruitment of MAP/tau to AC rods and

thus the formation of neuropil thread-like inclusions in neuronal cell culture. The

combined effect of MT destabilization and deposition of hyperphosphorylated

MAP/tau in the neurites is proposed to inhibit axonal transport, ultimately

leading to synaptic pruning and neuronal death (Praprotnik et al., 1996; Ebneth

et al., 1998; Mandelkow et al., 2004; Baas and Qiang, 2005; Zempel et al.,

2010). The present findings therefore suggest that targeting mitochondrial
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dysfunction and down stream actin reorganization in aging cells may prevent

neurodegeneration associated with aberrant phosphorylation, redistribution and

aggregation of MAP/tau and thus provide further support for the development of

antioxidants and pro-mitochondrial compounds targeting neurons as

therapeutic strategies for AD and other tauopathies.
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Elucidating pathogenic mechanisms of AD in

tau transgenic mice:

a role for ADF/cofilin in mediating

B-amyloid and tau?
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5.1 Introduction

Two physiopathological features of Alzheimer’s disease (AD) are axonal

degeneration and decreased synaptic density, particularly in the hippocampus

and neocortex. Synapse loss constitutes a strong anatomical correlate of the

degree of clinical impairment and a number of studies have causally linked

axonal degeneration with synaptic decay and neuronal cell death (Mandelkow

et al., 2003). Burgeoning evidence suggests an integral role of soluble AB

oligomers (dimers and trimers, but not monomers) in the earliest stages of AD

pathogenesis owing, at least in part, to their direct effects at synapses. Both

natural and synthetic AB oligomers have been shown to impair synaptic

plasticity (Lambert et al., 1998; Walsh et al., 2002; Townsend et al., 2006;

Shankar et al., 2008), memory (Cleary et al., 2005; Shankar et al., 2008) and

cause loss of synapses (Lacor et al., 2007; Shankar et al., 2007) when injected

into rat cerebral ventricles or applied exogenously to cultured rat brain slices or

dissociated neurons. Mechanistically, AB oligomers interfere with post-synaptic

excitatory N-Methyl-D-aspartate receptors (NMDA-R), structures critical for

synaptic plasticity and long term potentiation (LTP) (Morris et al., 1986; Bliss

and Collingridge, 1993), leading to disruption of calcium homeostasis (Kelly

and Ferreira, 2006), induction of neuronal oxidative stress (De Felice et al.,

2007; Decker et al., 2010) and removal of NMDA-R from dendrites (Snyder et

al., 2005; Lacor et al., 2007; Shankar et al., 2007). Studies in human AD brain

and AD animal models have corroborated a ‘synaptotoxic’ role for AB,

demonstrating correlations between soluble AB levels and synaptic and
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cognitive impairment (Mucke et al., 2000; Gong et al., 2003; Cheng et al., 2007;

Matsuyama et al., 2007).

AB oligomers may also exert ‘neurotoxic’ effects by indirect mechanisms such

as modulation of neuronal cytoskeletal proteins essential for axonal transport.

However, our current understanding of the processes involved is relatively

limited. A substantial body of evidence suggests an integral role of tau in

mediating the neurotoxic effects of AB (Goetz et al., 2001; Lewis et al., 2001;

Oddo et al., 2003; Roberson et al., 2007; lttner et al., 2010; Vossel et al., 2010;

Roberson et al., 2011; Shipton et al., 2011), as was discussed in detail in

Chapter 1.7. Tau hyperphosphorylation (De Felice et al., 2008; Tomiyama et

al., 2010; Shipton et al., 2011), missorting and MT breakdown (Zempel et al.,

2010) are some reported effects of AB oligomer treatment in neurons. Similarly,

detrimental effects of AB may also be attributed to its influence on actin and

ADF/cofilin (for more detail see Chapter 1.7.3) as evidenced by studies in rat

primary neurons and organotypic brain slice culture showing that AB oligomer

treatment induces aggregation of actin (Hiruma et al., 2003) and AC into rod-

shaped structures (Davis et al., 2009; Davis et al., 2011) similar to cofilin rods

observed in AD brain and stressed primary neurons (Minamide et al., 2000).

AC rod formation, together with AB-induced F-actin reorganization has been

shown to inhibit axonal transport of vesicles and organelles, including

mitochondria and APP vesicles (Jang et al., 2005; Maloney et al., 2005;

Maloney et al., 2008; Henriques et al., 2010), and is purported to contribute to
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synaptic pruning of affected neurites by preventing transport of essential

cargoes out to pre-synaptic terminals.

We recently showed that following mitochondrial inhibition, activated AC

sequesters phosphorylated MAP/tau into rod-shaped structures in neurites, an

effect which was also induced by treatment with synthetic AB peptides

(Whiteman et al., 2009). These AC-MAP/tau structures closely resemble the

tau-containing neuropil threads observed in AD brain and implicate a disrupted

cytoskeletal network within affected neurites which together we propose inhibit

axonal transport and ultimately synaptic pruning of affected neurites. Indeed

AC inclusions may therefore represent the mediating factor linking AB secretion

with tau pathology and thus serve to causally link several important features of

AD.

Several important questions remain in delineating the mechanisms and

interrelationships involved in initiation of AD cytopathology. Since sequestration

of MAP/tau into thread-like inclusions has been shown to be dependent on the

presence of AC (Whiteman et al., 2009) (see also Chapter 3), we asked four

key questions:

(1) Is the reverse true, that is, is the formation of AC rods dependent on the

presence of tau? (We refer to these as ‘cofilin' rods in mice, see Chapter 1.5.2).

Although in vitro studies show purified actin and AC alone can aggregate into

rods, we cannot assume that the same necessarily applies in vivo.
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(2) If MAP/tau aggregation is dependent on cofilin, can induction of cofilin rods

accelerate formation of MAP/tau early pathology (that is, neuropil threads)

above the levels that occur naturally in well-characterized tau transgenic mouse

models?

(3) In the absence of tau, is formation of KXGS-positive rods prevented?

Answering this will further elucidate the role, if any, of other MAPs in formation

of AC-MAP/tau rods.

(4) Finally, since synthetic AB peptides have been shown to induce tau

hyperphosphorylation, missorting and aggregation in primary neuron culture

(De Felice et al., 2008; Whiteman et al., 2009; Zempel et al., 2010), can

physiologically-relevant concentrations of naturally secreted AB oligomers also

induce these effects in organotypic brain slices? And if so, is this a time—

dependent effect?

Answering these questions may indeed bring us a step closer to understanding

the molecular neurodegenerative pathways involved in the true in vivo human

AD brain.

We chose a tau transgenic mouse that best reflects the human profile of tau

isoforms, expressing exclusively human tau (htau) wild type isoforms, in the

absence of endogenous mouse tau (Duff et al., 2000; Andorfer et al., 2003). In

htau mice, the first signs of spontaneous abnormal tau pathology (in the

absence of any external stimuli) appear at 3 months, whereby extensive

aggregates of phosphorylated tau appear throughout neuropil in the form of
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thread-like ‘distorted processes’. By 9 months of age, NFT-like somatodendritic

accumulation of tau is identified with antibodies used to detect pathologic tau in

human brain, including MC1, recognizing abnormal tau conformation, and

PHF1, a marker for later stage tangles (Andorfer et al., 2003).

Organotypic brain slice culture is a powerful biological research tool that

enables bridging of the expansive gap between in vitro dissociated neuron

culture studies and the true in vivo nature of the whole organ. Previous studies

have demonstrated that rat hippocampal brain slices retain intrinsic structure

and organotypic cellular and connective organization for up to several weeks in

culture (Zimmer and Gahwiler, 1984; Stoppini et al., 1991). In these studies,

histochemical and immunohistochemical methods were performed on

hippocampal tissue taken from 6-8-day-old rats maintained for 3-6 weeks in

culture. Cresyl violet stains illustrated stable ultra-structure and morphology of

cell layer organization throughout the dentate gyrus, hippocampus proper

(cornu ammonis (CA) areas CA1, CA3 and CA4) and surrounding structures

(Stoppini et al., 1991), while horse radish peroxidase (HRP) injections into

individual granule and pyramidal cells revealed retention of connective

organization throughout these structures, including axonal branching and

termination of HRP-filled mossy fibres arising from HRP-injected granule cells

(Zimmer and Gahwiler, 1984). Figure 5.1 illustrates these pathways in the

rodent brain.

In elucidating answers to the three main aims of this study, we sought to

closely recapitulate in vivo brain conditions by employing the organotypic slice
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culture method using brains from tau transgenic mice, treated with

physiologically-relevant concentrations of a highly potent form of human AB

oligomers (or dimer/trimers). Answers to these questions may give further clues

to the complex relationship between cofilin, tau and AB in initiating

neurodegeneration.
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Figure 5.1 The rodent hippocampus. Diagram of section through the rodent

hippocampus showing the major regions, excitatory pathways and synaptic

connections. Source: (Purves et al., 2001 ).
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5.2 Specific Materials and Methods

5.2.1 Transgenic MAPT mice

Breeding pairs of mice were acquired from The Jackson Laboratory (USA) and

a working colony established at the Colorado State University Lab Animal

Resources facility. The mouse strain BS.Cg-Mapt""1(EGFP)K"Tg(MAPT)8cPdav/J

was generated as previously described (Andorfer et al., 2003) (Jackson Lab

Stock # 005491), resulting in mice expressing no endogenous mouse MAPT

but all six isoforms (BR and 4R) of human MAPT. Briefly, these double mutant

mice were generated by crossing Mapt targeted mutant mice (Tucker et al.,

2001). with human tau transgenic mice (mouse line 8C, (Duff et al., 2000)) on a

Swiss Webster/129/SvJae/C57BL/6 background. The targeted mutant allele

was created by inserting EGFP coding sequence into the first Mapt exon,

disrupting expression of the Mapt gene and producing a cytoplasmic EGFP

protein fused to the first 31 MAPT amino acids (Tucker et al., 2001). The

transgenic allele consists of a human PAC insert of 200-250 kb that includes

the coding sequence, intronic regions and regulatory elements of the human

MAPT gene (Duff et ai., 2000). The first generation (F1) of mice that contained

the human tau gene was backcrossed to the KO mice to obtain a population of

mice that were homozygous for the mouse tau disruption, but that also carried

the human tau transgene (htau mice). Mice that are homozygous for the

ttm1(EGFP)K/t
targeted Map allele and hemizygous for the human tau transgene are
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viable and fertile. Mice from the colony that were noncarriers for the transgene

(tau KO mice) were uses as controls.

5.2.2 Transgene determination by Polymerase Chain Reaction

(PCR)

2 mm of mouse tail was taken and lysed with 75 pl alkaline lysis reagent (25

mM NaOH, 0.2 mM EDTA, pH 12) for 1 hour at 95°C. After briefly vortexing

tubes, 75 pl neutralizing buffer (40 mM Tris-HCI, pH 5) was added, left to stand

for 1 min and then centrifuged for 3 min at 1500 x g at room temperature. Tail

lysates were stored at 4 °C.

The genotype of the mice was determined by amplification of the target gene

by polymerase chain reaction (PCR). The PCR mixture was prepared on ice to

a final volume of 23 pl per reaction comprised of 8.22 pl RNase free ddHZO,

2.86 pl PCR Buffer || (Fermentas, USA), 2 mM MgCl2, 0.5 ul of 40 mM

deoxyribonucleotide triphosphate mix (dNTPs; Roche, Switzerland), 1.43 pl of

each Fon/vard and Reverse primer pair, 3.57 pl loading dye and 0.14 pl

AmpliTaq Gold DNA Polymerase (lnvitrogen). Human transgene PCR product

= 187 base pairs (bp). Forward primer for human MAPT transgene: 5’-

ACTTTGAACCAGGATGGCTGAGCCC-B’. Reverse primer for human MAPT

transgene: 5’-CTGTGCATGGCTGTCCACTAACCTT-B’. Internal positive

standard PCR product = 324 bp. Forward primer for internal positive control: 5’-

139



CHAPTER 5 TAU, ADF/COFILIN AND B—AMYLOID

CTAGGCCACAGAATTGAAAGATCT—B’. Reverse primer for internal positive

control: 5’-GTAGGTGGAAAT|'CTAGCATCATCC—3'.

For each sample, 2 pl of tail lysate was combined with 23 pl master PCR mix in

PCR tubes and quickly spun down. PCR protocols were as follows: an initiation

step of 94 °C for 3 min, followed by 38 cycles of denaturation at 94°C for 30

sec, annealing at 52°C for 1 min and elongation at 72°C for 1 min, with an end-

hold temperature of 10°C. PCR DNA products were separated on a 1.5 % PCR

grade agarose gel prepared with Tris-borate-EDTA. For the detection of the

DNA fragments under UV-light, the DNA intercalating molecule ethidium

bromide (0.5 pg/ml) was added. Products were visualized in under UV light and

images captured with a Kodak EDAS 290 camera.

5.2.3 Mouse brain preparation for Western blot

Mice were euthanized by inhalation of isoflurane. Brains were immediately

removed and frozen in liquid nitrogen. Anterior half of left cortex was solubilized

by sonication in 0.5 ml 10 mM Tris pH 7.5, 1 % sodium dodecyl sulfate, 2 mM

EGTA, 20 mM sodium fluoride, 0.5 mM dithiothreitol and placed in boiling water

bath for 5 min. Proteins were precipitated (Wessel and Fltigge, 1984) and then

solubilized in 0.25 M Tris pH 6.8, 1% SDS, 10% 2-mercaptoethanol, 10%

glycerol, and bromophenol blue. Protein concentrations were determined

(Minamide and Bamburg, 1990) and 8 pg loaded per lane on SDS-containing
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10% isocratic polyacrylamide gels. Nitrocellulose membranes were probed with

primary antibody raised against total tau (rabbit polyclonal antibody (1:200;

Sigma-Aldrich) and GFP (mouse monoclonal 1:1000, Santa Cruz

Biotechnology, USA). DyLight fluorescent secondary antibodies were used

(Thermo Scientific, USA) and bands imaged with a Li-Cor Odyssey Infrared

Imaging System.

5.2.4 Immunostaining of mouse brain slices

Following treatments, brain slices were fixed with warmed 4% PFA (EM-grade)

in PBS for 2 h at RT, then washed three times with PBS. Since

permeabilization conditions can significantly alter the preservation and ability to

visualize different cytoskeletal proteins such as cofilin and MAP/tau (Whiteman

et al., 2009) (see also Chapter 3), we carried out a variety of permeabilization

methods using 0.05 % Triton X-100 (TX), 80% ice cold methanol (MeOH) (both

diluted in PBS) or a combination of both for different lengths of time to compare

results. Following permeabilization, slices were washed three times with PBS

and non-specific antigens were blocked with 2 % goat serum/1 % BSA in TBS

for 1.5 h at 4 °C. Slices were incubated overnight at 4 °C with primary

antibodies diluted in 1 % BSA/TBS. For co-Iabeling studies, primary antibodies

were incubated simultaneously. The following day, slices were washed in five

changes of TBS over 1 h and incubated for 2.5 h at 4 °C with secondary

antibody diluted 1 % BSA/TBS (1:200) and DAPI (1:500). Since BG.Cg-
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Mapt’m1(EGFP} mice express GFP in all neurons, secondary antibodies used

throughout this study were conjugated to 546 or 647 fluorophores. Slices were

washed again in five changes of TBS over 1 h and coverslips mounted onto

slides with ProLong Gold Antifade (lnvitrogen).

5.2.5 Human amonid-fl dimer/trimer (HABd/t) purification

Chinese hamster ovary (CHO) cells stably expressing human APP751 with the

Val717Phe mutation (7PA2 cells) (Podlisny et al., 1995) secrete sub-nanomolar

levels of low-n oligomers of human AB (HAB), composed of heterogeneous AB

peptides that migrate on SDS/PAGE as dimers, trimers and tetramers. Size

exclusion chromatography (SEC) to purify secreted HA|3 dimer/trimers (HABd/t)

in culture media of 7PA2 cells was kindly carried out by Ian T. Marsden at

Colorado State University, USA, according to protocols adapted from Shankar

and colleagues (Shankar et al., 2007), as described (Marsden et al., 2011).

Briefly, 7PA2 and CH0 (control) cells were cultured in high glucose DMEM

(Gibco, Invitrogen) with 10% fetal bovine serum (FBS) (Life Technologies, CA,

USA). Cells were grown to near confluence and then conditioned in DMEM

without FBS for ~16 h. The 7PA2 conditioned media (CM) and CH0 non-

conditioned (CN) media was cleared of cells by centrifuging (200 X g for 10

min) and concentrated ~10-fold using YM-3 Centriprep filters (Millipore, MA,

USA). One milliliter of this concentrated CM and ON was injected onto a

Superdex75 (10/30 HR) column (Amersham Biosciences, NJ, USA) and was
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eluted in 1 ml fractions with 50 mM ammonium acetate, pH 8.5, at a flow rate of

1 ml/min. Fractions containing HAB monomer (HABm) and HABd/t fractions (as

previously identified (Shankar et al., 2007)) were removed, as were the

identical fractions from CN, which served as a control. 800 pl of the 1 ml

fractions were stored at -80 °C and to confirm presence of HABm and HABd/t in

the collected fractions, the remaining 200 pl was lyophilized and re-suspended

in 2x sample buffer (12 pl), and electrophoresed on a 15-well 10—20% Tris-

Tricine Criterion gel (Bio-Rad, CA, USA). Proteins were transferred onto 0.1 pm

nitrocellulose, blots boiled for 10 min and AB detected by Western blotting (WB)

with 6E10 mouse monoclonal antibody (1:2000; Covance, CA, USA) and

DyLight secondary antibodies (Thermo Scientific, IL, USA). Bands were imaged

with a Li-Cor Odyssey Infrared Imaging System and intensities quantified using

TotalLab software (Nonlinear Dynamics, UK) (Fig. 5.2). SEC fractions enriched

in SDS—stable low-n oligomers were pooled to generate the oligomer HABd/t

preparation, divided into 200 pl aliquots, lyophilized and stored at -80 °C. At 1x

concentration, HABd/t preparations are equivalent to their secreted

concentration in the culture medium, which is ~250 pM, as quantified by dot

blots (Davis et al., 2011; Marsden et al., 2011).
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Figure 5.2 Western blot showing fractions of human AB monomers

(HABm) and dimer/trimers (HABd/t) purified from 10x concentrated culture

medium of 7PA2 cells. Size exclusion chromatography (SEC) fractions 12 and

13 are enriched with dimers (D) and trimers (T) which run between 7.8-14.4 kDa

on a 10—20% Tris—Tricine gel. Fractions 14 and 15 are enriched with monomers

(M) (4kDa). Source: (Marsden et al., 2011). With thanks to the Bamburg

Laboratory, Colorado State University, USA.

5.2.6 Testing HABd/t in rodent dissociated cell culture

Before treatment of organotypic brain slices, 1x concentrated HABd/t, HABm

and equivalent NC medium fractions were tested on dissociated E18 rat

hippocampal neuron cultures to confirm cofilin rod-inducing properties.

Experiments, data collection and analysis in Section 5.2.6 were carried out by

members of the Bamburg Laboratory, Department of Biochemistry and

Molecular Biology, Colorado State University, USA and are recently published
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in (Davis et al., 2011). Results are therefore presented here in Materials and

Methods.

Neurons were cultured for 4 days in Neurobasal culture media (containing

supplements) on poly-D-Iysine coated 8-well chamber slides or on 15 mm

round coverslips in 24-well plates, with about 10—15,000 neurons per well. On

day 4 lyophilized HABd/t, HABm or NC fraction aliquots were reconstituted in

warmed Neurobasal media (containing supplements) and added to neurons.

On day 5, neurons were fixed and stained for cofilin rods, as described in

Chapter 2.4.

Treatment of dissociated hippocampal neurons with HABd/t at ~250 pM (1.1

ng/mL; equivalent to the concentration produced in the 7PA2 cell culture

medium (Davis et al., 2011) induced the formation of cofilin-actin rods in many

neurons, even more than treatment with 1pM of synthetic human A8142

oligomers (ABsyn) (Fig. 5.3). Significant rod induction did not occur in neurons

treated with either the HABm or fractionated medium prepared from wild type

CHO cells (non—conditioned (NC) medium). Incubation of HABd/t or ABsyn

oligomers with 6E10 anti-AB monoclonal antibody (as per (Cleary et al., 2005))

for 15 min prior to neuronal treatment reduced rod formation to control levels,

implying it is AB and not some other component in 7PA2 medium that is

responsible for inducing rods.
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The percentage of neurons with rods was quantified from each of the cultures

treated with fractionated NC medium, HABm, HABd/t, or ABsyn oligomers (Fig.

5.3). Only HABd/t and ABsyn oligomers induced a significant (p<0.01) increase

in the percentage of neurons with rods above control (combined data from

untreated and synthetic scrambled AB peptide-treated samples) and NC media

(another control). Pretreatment with 6E10 antibody eliminated this increase.

Furthermore, the percentage of HABd/t-treated neurons forming rods (about

30%) represents a significant (p<0.05) increase versus treatment with the 1 uM

ABsyn oligomers (18%).

5.2.7 Treating organotypic brain slices with HABd/t

Prior to treatment, organotypic brain slices were maintained in culture for 2

weeks to allow stabilization and acclimatization. For treatments, 200 pl aliquots

of lyophilized HABd/t or CHO non-conditioned media (abbreviated to ON in

these experiments) were reconstituted as above and immediately added to

slices (0.6 ml per culture tube). Medium was replaced with freshly reconstituted

HABd/t or CN fractions every 3 days for up to 9 days. Slices that were

maintained in supplemented Neurobasal medium (changed every 3 days)

served as one control, while slices treated with 2 uM AM for 15 min (see

Chapter 2) served as a positive control for rod analysis. Nine—day treatments

were initiated first, followed by five-day treatments etc., such that all slices were

fixed at the same time-point and were equal in number of days ex vivo.
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5.2.8 Confocal Microscopy

An Olympus |X81 microscope equipped with an ASI piezo stage (Applied

Scientific Instrumentation, OR, USA), CSU22 spinning disk confocal head

(Yokogawa Instruments, Japan), 440 nm, 473 nm and 561 nm diode lasers,

and a Cascade || EMCCD Camera (Roper Scientific, AZ, USA), all integrated

and operated by SlideBook software (Intelligent Imaging Innovations, CO,

USA), was used to obtain confocal sections through organotypic slices. The

objectives used include a 4x Fluorite (0.13 NA), UAPO 40x/340W-DIC (1.35

: NA), or PIan-APO 60x (1.42 NA). Image stacks were converted to TIFF for

subsequent analysis in Image J. Since rods and neurites often extended

through multiple sections within an image stack, consecutive optical sections

were analyzed to confirm rod morphology before their inclusion for

quantification. Brain slices labeled respectively with single antibodies and

secondary-only were used to check background bleed—through between laser

channels.
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Figure 5.3 ABd/t fraction from 7PA2 cells, but not monomer, induces rods in

dissociated hippocampal neurons. Analysis by fluorescence microscopy of dissociated

neurons treated with vehicle (control), scrambled AB peptide (1 pM), or non-conditioned media

(NC media, d/t equivalent fraction), as well as with the monomer and d/t fractions from 7PA2

cell culture medium and 1 pM synthetic AB oligomers (ABsyn). (a) Cofilin immunostained

fluorescence images of hippocampal neurons showing representative responses with cofilin—

actin rods (arrowheads) formed 24 h after treatment with ABd/t and ABsyn oligomers.

Pretreatment of the AB-fractions with an antibody (6E10) to AB eliminates their rod-inducing

effects. Scale bars = 10 um. (b) Quantification of the rod forming response showing the

neutralizing effects of the 6E10 antibody and the non-significant changes in rod formation by

AB monomer. (*p<0.01 compared to control; # = not significantly different from control).

Source: (Davis et al., 2011). With thanks to the Bamburg Laboratory, Colorado State

University, USA.
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5.2.9 Rod analysis

Recent studies in rodent organotypic hippocampal slice culture have

demonstrated the greatest density of cofilin rods occur in the dentate gyrus

region following B-amyloid peptide treatment (Davis et al., 2009; Davis et al.,

2011). Our study therefore focused on this region for the purposes of

quantifying and comparing cofilin and MAP/tau pathologies. The dentate gyrus

(DG) was identified under low magnification (4x objective) by locating the DAPl-

stained nuclei of the granule cell layer. Three fields of view (FOV) within the

mossy fibre-rich area of the DG were imaged at 60x magnification as illustrated

in Figure 5.4. Although background fluorescence is a common issue in

microscopy of tissue explants, MAP/tau and cofilin rods were relatively easy to

distinguish in hippocampal slices, since they remain bright as the background

bleaches, owing to the abundance of MAP/tau and/or cofilin within the rods. As

such, background bleaching in the slice enhances the signal to noise ratio, thus

facilitating rod counting and analysis.

Rods are not apparent at low magnification but become apparent and are

relatively objectively distinguishable at 60x magnification, even in single

confocal sections. For quantification, confocal image stacks of each FOV were

analysed and only those structures clearly exhibiting classic ‘rod-shaped’

structure were counted (see Fig. 5.8a, b). Although an abundance of

punctate/spheroid-like aggregates were observed and it may be argued that
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these structures themselves form precursory ‘seeds’ or nucleation sites for the

development of rods, they were omitted from counts in this study.

 

Figure 5.4 Dentate gyrus fields of view (FOV) for imaging and analysis.

Granular layers of the dentate gyrus (DG) (identified with DAPI) were located

under 4x magnification (a). Three FOVs were chosen within the mossy fibre-

rich region within the DG (b, yellow circles) and imaged at 60x magnification.

Scale bars = 100 pm (a); 20 um (b).
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5.3 Results

5.3.1 Preliminary work

Tau is expressed in htau mice but not tau KO mice

The Ba.Cg-Mapt‘"””—=GFP)K” Tg(MAPT)8cPdav/J mice used in this study are

homozygous for mouse tau disruption, such that all mice in this strain express

no endogenous mouse tau(Andorfer et al., 2003). Those that express the

human transgene express the longest isoform of human tau and hereafter are

referred to as human tau (htau) mice. Those that do not carry the transgene

express neither human tau nor mouse tau and are hereafter referred to as tau

knockout (KO) mice. To confirm expression of tau in htau mice and its absence

in tau KO mice, brain tissue lysates from genotyped htau and KO mice were

immunoblotted for total tau (Fig. 5.5). Additionally, lysates were probed for tau-

GFP to confirm GFP disruption of the gene.
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Figure 5.5 Confirming expression of tau in human tau (htau) transgenic mice but not

tau knockout (KO) mice. (a) Genotyping was carried out via Polymerase Chain Reaction

(PCR) using DNA extracted from mouse tail biopsies. The PCR product from mice carrying

the htau transgene (HT) is 187 base pairs (bp) in size, as indicated by the lower band in the

HT lane. The ‘internal control’ PCR product is 324 bp appearing as a fainter higher band in

HT mice and is the only band appearing in PCR of K0 (non—transgene-carrier) mice. (b)

Brain lysates from K0 and HT mice (2 per genotype) were immunoblotted for total tau

(green) and GFP (red). Whereas the ~37 kilo Dalton (kDa) GFP band appears in lysates of

both genotypes, indicating disruption of the gene for endogenous mouse tau, only HT mice

express tau, as indicated by the bands ~55-75 kDa. The author gratefully acknowledges

Laurie S. Minamide for Western blots in (b).

Hippocampal brain slices retain organotypic organization for up to 48 days

ex vivo

In this study, we prepared mouse brain slice cultures using modified protocols

from previous studies in rat brain, outlined above (Zimmer and Géhwiler, 1984;

Stoppini et al., 1991) (also described in Chapter 2.9). Our first aim was to

confirm viability of brain slices obtained from these methods. We prepared

brain slices from wild-type C57BL/6 mice and monitored changes to gross
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structure and morphology daily via phase contrast microscopy for up to 48

days. Slices that maintained regular shape and cytoarchitecture with

discernible dentate gyri (DG) and CA structures and that appeared pale and

translucent in color (Fig 5.6a) were considered viable. Organotypic morphology

and cell layer organization was further confirmed by DAPI staining and

epifluorescence (Fig 5.6b). Slices that took on a darkened appearance under

the phase contrast microscope, showed degradation of DG/CA structures and

exhibited ‘spreading’ across glass coverslips were considered not viable and

removed from the study.
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Figure 5.6 Organotypic rodent hippocampal brain slices. (3) An example of

hippocampal ultra-structure in a slice from rat brain (approx. P7). Slices are

typically oval in shape and exhibit clearly distinguishable cell body layers in CA1,

CA3 and dentate gyrus (DG), as visualized by phase contrast microscopy.

Fimbria (f) is retained in some slices. Arrow = hippocampal fissure. (b) A

representative slice obtained from C57BL/6 mice at 48 days ex vivo. DAPI stain

reveals cyto-architecture of DC and CA regions, as visualized with

epifluorescence. Scale bar = 0.5 mm; Image in (a) courtesy of the Bamburg

Laboratory, Colorado State University, USA.

Endogenous mouse cofilin aggregates into rods during ATP depletion

Because cofilin concentrations in mammalian brain are 5-12 fold higher than

ADF (Minamide et al., 2000; Garvalov et al., 2007), ADF/cofilin will henceforth

be referred to only as ‘cofilin’ in these mouse experiments. ATP-depletion has

been shown to induce cofilin rods that are evenly distributed across the
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hippocampal formation in rat organotypic slice culture (Davis et al., 2009).

Before we began detailed studies with purified HABd/t, we wanted to confirm

qualitatively that mouse cofilin was similarly able to form rod inclusions in

hippocampal slices under ATP-depleting conditions. Viable slices at 48 days ex

vivo were treated with AM (2 uM for 15 min) or left untreated, then fixed,

permeabilized with 100% ice cold MeOH (optimal for preserving cofilin

rods(Davis et al., 2009)) and immunostained for cofilin. Whereas cofilin label

stained relatively evenly across untreated hippocampal slices, AM-treated

slices exhibited an abundance of cofilin-positive rods that were distributed

widely across the entire hippocampal slice and often appeared in tandem

arrays throughout neurites (Fig. 5.7).

Optimizing fixation and permeabilization protocols for cofilin and MAP/tau

rods in organotypic brain slices

The major aim of this study was to compare appearance and development of

cofilin and MAP/tau rod pathologies in relation to each other in organotypic

brain slices. Since preservation of each of these cytoskeletal protein

aggregates are best optimized under different conditions in dissociated primary

neuron culture (Whiteman et al., 2009) (see also Chapter 3.3) and since no

studies simultaneously investigating both proteins in mouse brain slices have

been previously reported, we conducted a combination of permeabilization

procedures on AM-treated slices (2 uM for 15 min) from htau mice and
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qualitatively compared results to ascertain optimal conditions for preserving rod

aggregates of both proteins in slice culture.

Based on results from previous studies (Chapter 3) (Davis et al., 2009;

Whiteman et al., 2009) and general discussions, we chose six different

permeabilization methods, incorporating ice cold methanol (MeOH) and/or

Triton X-100 (TX), as tabled below. Slices were then blocked and

immunostained for cofilin (1439 rabbit polyclonal antibody) and phosphorylated

MAP/tau (12E8 mouse monoclonal) (as described above in 5.2.4) and analyzed

via confocal microscopy. Overall, simultaneous preservation of MAP/tau and

cofilin rods was observed best in slices permeabilized with 0.05% TX for 2 min

(Condition 4). A large array of rods that stained well for phospho-MAP/tau and

reasonably well for cofilin were observed across the whole hippocampal slice.

By contrast, those slices permeabilized with MeOH or a combination of MeOH

and TX either showed a large number of one rod type and only few of the other,

or very few of each (Table 5.1 ).
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Untreated

 
Figure 5.7 ATP-depletion induces cofilin rods in mouse organotypic hippocampal

slices. 48 day—old (ex vivo) slices were treated with 2 uM AM for 15 min, fixed and

immunostained for cofilin. Many cofilin rods were observed which were fairly evenly

distributed throughout the CA1, CA3, DG and surrounding regions in AM-treated slices.

Here, comparable regions in treated and untreated slices illustrated in (a), were imaged

at higher magnification (b). Cofilin rods were often observed in tandem arrays

throughout neurites of AM-treated slices (arrows). Scale bars = 100nm (a); 5 pm (b).
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Condition Protocol MAP/tau rods Cofilin rods

1 1 min 80% MeOH followed Distinct rods, though few Rods not very distinct (faint

by 1 min 0.05% TX ( PBS in number. with ’fuzzy' edges) and few

wash in between) in number.

2 1 min 0.05% TX followed by Rods not very distinct Inclusions appear more

1 min 80% MeOH (PBS (faint with ’fuzzy’ edges) punctate than rod-shape.

wash in between) and few in number. Occasional regions with

fair—to-good rods.

3 5 min 80% MeOH Abundant rods although Rods not very distinct (faint

small and grainy with ’fuzzy’ edges) and

very few in number.

4 2 min 0.05% TX Distinct rods, abundant Distinct rods (slightly

and globally dispersed poorer than 12E8 rods).

throughout slice. Abundant and globally

dispersed throughout slice.

5 3 min 80% MeOH Fair-to-good rods, Rods not very distinct (faint

moderate in number. with ’fuzzy' edges) and few

in number.

6 90 sec 80% MeOH with Distinct rods, moderate in None-very few rods

0.05% TX (fiml number. apparent.

concentration)
 

 

Table 5.1 Optimization studies for simultaneous preservation and visualization of MAP/tau

and cofilin rod inclusions. 4% PFA—fixed organotypic brain slices from human tau transgenic

mice were permeabilized according to different protocols described above. Qualitative confocal

microscopy analysis was conducted. MeOH = methanol; TX = TritonX-100.
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5.3.2 Human amyloid-B peptides induce cofilin and MAP/tau

rods in the dentate gyrus

Tau transgenic mice expressing the longest isoform of human wild type tau

(htau) first exhibit abnormal tau aggregations in neuronal processes at 3

months of age (Andorfer et al., 2003). Since formation of ADF/cofilin rods is

purported to be the preceding step before subsequent sequestering of MAP/tau

into thread-like inclusions (Whiteman et al., 2009; Whiteman et al., 2011) (see

also Chapter 4), we asked therefore whether ‘premature’ induction of cofilin

rods in hippocampal slice culture could induce MAP/tau neuropil inclusions

earlier than previously reported in these mice. To investigate the relationship

between key constituents of AD pathology and to more closely recapitulate the

in vivo state, we employed physiologically-relevant concentrations of the

naturally secreted HABd/t peptide. Since oligomeric AB occurs at sub-

nanomolar (picomolar) concentrations in normal human cerebrospinal fluid and

primary human neurons (Walsh et al., 2000), it is reasonable to assert that the

picomolar concentrations (~250 pM) of secreted HABd/t employed in this study

indeed constitute ‘physiologically-relevant concentrations’.

At the endpoint of this study, brain slices prepared from P7 pups had been

maintained in culture for 23 days, such that slices were effectively 30 days (1

month) of age at the point of fixing and immuno-labeling. Notwithstanding, we

must be cautious in concluding that aging of slices ex vivo identically

recapitulates the aging process in vivo. Figure 5.8a, b illustrates typical FOVs in
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hippocampal slices from each genotype (htau or tau KO) under the different

treatment conditions. Since phosphorylation of the KXGS motif of MAP/tau has

been shown to be one of the first sites phosphorylated in pathogenesis of AD

(Augustinack et ai., 2002) and since AC rods predominantly recruit KXGS-

phosphorylated MAP/tau during neurodegenerative stimuli in primary neurons

(Whiteman et ai., 2009; Whiteman et ai., 2011) (see also Chapter 4), we

focused exclusively on this epitope in the present study, labeling brain slices

with the KXGS-specific antibody 12E8 (Seubert et ai., 1995).

5.3.3 The formation of cofilin rods is not dependent on the

presence of tau but may be enhanced by human tau

expression

Several notable observations arose from this study. Firstly, since previous

studies have demonstrated that formation of MAP/tau rod-like accumulations

requires the presence of AC in primary neurons (Whiteman et ai., 2009), we

asked whether the reverse was true, that is, does cofilin require the presence of

tau to form rods under neurodegenerative conditions? indeed in tau KO

hippocampal slices treated with ABd/t and AM, many cofilin rods were evident

(Fig. 5.8b, c), while 12E8 label only rarely appeared in rod structures (Fig.

5.80), demonstrating that tau is not a necessary requirement per se in the

formation of cofilin rods.
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Notwithstanding, one of the most notable observations was the consistently

higher number of MAP/tau rods than cofilin rods in brain slices under all

treatment conditions (Fig. 5.8d), with the exception of 3D ABd/t treatment.

Additionally, tau expression was correlated to higher number of cofilin rods,

whereby numbers of cofilin rods were consistently higher in htau brain slices

compared to those from tau KO slices following ABd/t and ON treatments

(again with the exception of 3D d/t). Statistical analysis of pooled data from 1—

5D treatments revealed higher number of cofilin rods in htau mice in both ABd/t

and CN treated slices (Fig. 5.8e). Cofilin rod numbers were significantly higher

in htau mouse slices treated with CN (p<0.05) but not ABd/t (p=0.33). To

quantify this in another way, pooling all 1D-SD rod count data from dentate gyri

of htau and tau KO slices (from both ABd/t and ON treatments) revealed an

increase in average number of cofilin rods in htau mice (2415) compared to tau

KO (15:4; averageiSEM), although this did not quite reach statistical

significance (p=0.067). Interestingly, acute mitochondrial inhibition with AM

(1pM for 15 min) induced abundant and equal numbers of cofilin rods in slices

irrespective of tau expression (htau: 46:6, tau KO: 47:10; averageimin/max),

although these were still fewer in number than MAP/tau rods in htau slices

(6518). Together, these results suggest that a synergistic relationship may exist

between tau and cofilin under physiologically-relevant neurodegenerative

stimuli — that is, although the presence of tau is not necessary for cofilin rod

formation, tau might somehow facilitate or enhance the development and

accumulation of cofilin pathology when it is present. In the presence of more
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acute cellular stress, such as AM, induction of cofilin pathology seems less

influenced by the presence of tau.

5.3.4 Initiation of cofilin rods coincides with the generation of

MAP/tau inclusions in transgenic tau mouse brain slices

The present study also demonstrates the capacity for physiologically-relevant

concentrations of HABd/t to induce cofilin and MAP/tau pathologies in mouse

hippocampal brain slices. Moreover, HABd/t induces MAP/tau neuritic

inclusions earlier than ‘distorted neuropil processes’ had been previously

observed in this strain, with abundant numbers of MAP/tau inclusions evident

after 1D d/t treatment, where slices were equivalent to 30 days old. Following

1D d/t, total numbers of both tau and cofilin rods in the DG of htau mice slices

were elevated above control levels (45:2 MAP/tau rods and 32:14 cofilin rods,

compared to 26:2 MAP/tau and 17:2 cofilin rods in controls (NB media) and

15:4 MAP/tau and 11:2 cofilin in CHO non-conditioned (CN) media-treated

slices; average:min/max) (Fig 5.8d).

MAP/tau and cofilin rod numbers peaked at 5D HABd/t treatment (htau: 56:4

MAP/tau and 41:9 cofilin rods; tau KO: 19:17 cofilin rods), above CN-

treatment levels (htau: 31:1 MAP/tau and 22:7 cofilin rods; tau KO: 13:6

cofilin rods). However, BD treatments gave rise to somewhat problematic

results which prove difficult to interpret and explain. A substantial decrease in

MAP/tau and cofilin rods was observed in HABd/t—treated slices at this time
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point (htau: 11.5i0.5 MAP/tau and 6:5 cofilin; tau KO: 19.5:115 cofilin rods),

while 30 CN treatments in htau slices induced a 3-fold higher number of rods

(htau: 35:6 MAP/tau and 31.5185 cofilin rods; tau KO: 3i0.5 cofilin rods).

5.3.5 Formation of KXGS-positive rods is markedly reduced in

tau KO slices

Tau KO mice slices only rarely exhibited MAP/tau rods under any treatment

conditions (less than a total of 10 12E8-positive rods in all tau KO slices in this

experiment), but contained elevated numbers of cofilin rods following 10

HABd/t (28:8 cofilin rods) compared to controls (8i1) and CN-treated slices

(71-4). Thus it appears from these experiments that the 12E8 antibody is

recognizing mainly KXGS motifs of tau rather than significant amounts of other
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Nevertheless, since MAPs other than tau also contain the KXGS motifs

recognized by the 12E8 antibody, it is possible that the 12E8-immunoreactivity

we are observing in MAP/tau rods might be due to the presence of MAP3 other

than tau. To investigate further, we quantified and compared the number of

12E8-positive rods in htau and tau KO slices by pooling data for 10, BD and 5D

treatments as above (Fig. 5.8f). The number of 12E8-positive rods was

significantly lower in tau KO slices treated with d/t (010 in tau KO, 3819 in htau, p<0.004; averageiSEM) and ON (3:1 in tau KO, 2714 in htau, p<0.003).

Pooling all 1D-5D data from both HABd/t and CN treatments revealed a

significant decrease (p<0.00004) in average number of 12E8 rods in tau KO
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slices (111) compared to htau (321:5), suggesting that the contribution of MAP3

other than tau to 12E8—immunoreactivity in MAP/tau rods is negligible.
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Figure 5.8 Human AB dimer/trimer (dlt) induces MAP/tau and cofilin rods in organotypic

hippocampal slices of tau transgenic mice. Hippocampal slices from human tau-expressing

(htau) mice and tau knockout (KO) mice were treated with HABd/t (d/t) or CHO Non-conditioned

(CN) medium for 1-9 days, such that all slices were fixed at the same time-point. Slices were

immunostained for cofilin (depicted here in green) and KXGS-phosphorylated MAP/tau (12E8,

red). Three fields of view were imaged within the mossy fibre-rich region of the dentate gyrus

(DG) and number of cofilin-positive and 12E8—positive rods counted respectively.

Representative single slice images from confocal stacks are shown in (a) (5-day (5D)

treatments) with insets shown at higher magnification in (b). Treatment with CN media induced

only few cofilin rods in slices from tau KO mice (a, b 1St row) however induced a number of both

MAP/tau and cofilin rods in htau mouse slices (a, b 2nd row, arrows). htau mouse slices treated

with d/t for 5D showed the greatest number of cofilin and MAP/tau rods (with the exception of

AM-treated slices which served as a positive control), many of which co-localized (a, b 4‘h row,

arrows). Tau KO mouse slices generally exhibited fewer and sometimes more faintly-labeled

cofilin rods in response to the same treatment, and the occasional 12E8-positive rod (example

shown in c) although this was very rare. In htau mice treated with 5D HABd/t or AM, an

abundance of both rod types were observed, often co-Iocalizing and often in tandem arrays

throughout neurites (b 4th and 5m rows). Merged images also labeled with DAPI, except for 4‘h

row in (b). (d) Total rod counts from 3 fields of view (FOV) in the DG were obtained from 2

hippocampal slices for each genotype and treatment condition. Average total counts per slice

are presented (error bars = min/max total rod counts). (e, f) Statistical analysis was conducted

on pooled data from 1D, 3D and 5D treatments. (e) Over-expression of tau in htau mice was

correlated with higher number of cofilin rods in both HABd/t and ON treatments, an increase

that was significant in ON treated slices (*p<0.05, n=6 slices per treatment condition). (f)

Number of 12E8—positive rods in tau KO slices was significantly reduced compared to htau

slices in both treatments (HABd/t: **p<0. 004, CN: **p<0.003) (error bars = S.E.M). Scale bars =

5 pm (a), 2 pm (b, c).
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5.4 Discussion

By employing organotypic mouse brain slice culture and treating with

physiological concentrations of human AB oligomers over extended periods,

this study sought to emulate AD-relevant neurodegenerative conditions that

closely reflect the in vivo brain environment. In doing so, we aimed to further

elucidate the complex relationship between cofilin, tau and AB in early AD

pathogenesis. From the results of this preliminary study, we can make the

following conclusions:

(1) The formation of cofilin rods in this mouse model is not dependent on

the presence of tau. However, the presence of tau might confer some

synergistic effect, increasing the propensity for cofilin rod formation.

(2) In part due to this enhancement of cofilin rod generation in htau mouse

brain slices, we were so far unable to determine whether tau accumulation into

rods fully depends on the induction of cofilin rods. Nevertheless,

physiologically-relevant concentrations of human AB oligomers in organotypic

slice culture may be an effective inducer of two key AD-relevant pathologies:

cofilin rods and MAP/tau neuropil thread-like inclusions. Whether this effect is

time-dependent and whether cofilin rods serve as templates for subsequent

recruitment of MAP/tau as hypothesized in brain slices remains somewhat

ambiguous.

(3) In the absence of tau, 12E8-positive rod formation is significantly

reduced and therefore it is likely that tau, not other MAPs, makes up the
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majority of MAP/tau protein in these rods. However, the presence of 12E8-

positive rods in tau KO slices, albeit rare, means that we cannot yet completely

exclude the possibility that other MAPs or MAP-like proteins are contributing to

cofilin rod generation or maturation in tau KO brain slices

Additionally, important preliminary aspects of this study were three-fold. Firstly

we ascertained optimal conditions for preparation and long-term maintenance

of viable transgenic mouse hippocampal slices (Fig. 5.3), secondly we

confirmed that mouse cofilin had the propensity to aggregate into neuritic

inclusions under neurodegenerative stimuli (Fig 5.7) as had been previously

observed in other animals models (Minamide et al., 2000; Maloney et al., 2005;

Davis et al., 2009; Whiteman et al., 2009). Thirdly, we determined that optimal

simultaneous preservation and visualization of both cofilin and MAP/tau rods in

slices required 2 min TX permeabilization (Table 5.1 ).

Formation of cofilin rods does not require the presence of tau, since scores of

cofilin rods were observed in tau KO slices under all treatment conditions (Fig.

5.8), which corroborates with results from a recent in vitro study (Minamide et

al., 2010). However, if cofilin aggregation is the precursory event leading to

subsequent sequestering of KXGS-phosphorylated MAP/tau in htau slices as

hypothesized, we would expect to see an increase in the number of cofilin rods

compared to 12E8-positive rods following neurodegenerative stimuli, at least in

the earliest time-points. That we observed consistently higher numbers of
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MAP/tau rods than cofilin rods under all but one treatment condition in htau

slices (Fig 5.8) suggests the reverse is in fact true, that is, perhaps increased

MAP/tau precedes aggregation of cofilin. This conclusion is supported by a

previous study showing AB-induced phosphorylation of wild type tau promoted

bundling of F-actin in Drosophi/a and mouse models of tauopathy (Fulga et al.,

2006). On the other hand, in both of these models tau overexpression could be

causing neuronal stress, leading indirectly to an enhancement in cofilin rod

generation (see below).

Our model may be problematic in that htau mice express very high levels of

human tau (several-fold times higher than endogenous tau expression in wild-

type mice) (Andorfer et al., 2003) which may increase the pool of free neuronal

tau available for aggregation, whether spontaneous or othenNise. Moreover,

whereas BR and 4R tau isoforms typically exist in a 1:1 ratio in the normal

human brain, htau mice express greater levels of 3R than 4R human tau and

this shift in the ratio of normal tau isoforms may increase the propensity for tau

to self-aggregate (Buee et al., 2000). Together, high levels of human tau

expression and a shift in isoform ratio may account for consistently higher

numbers of tau inclusions in htau mice and as such, impose limitations on

using this model for examining the causal relationship between tau and

endogenous mouse cofilin.
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In interpreting the present data, we must also take into consideration the

permeabilization methods employed for immunostaining cofilin and MAP/tau

rods in this study. Although pilot studies in hippocampal slices indicated a mild

(2 min) TX permeabilization produced best results among the six conditions

tested (Table 5.1), it may be that these conditions are suboptimal for

immunostaining of cofilin aggregates and therefore may account for the

unexpectedly low numbers observed in slices. More recent studies employing a

larger sample size have suggested that indeed 80% MeOH/PBS also produces

optimal results for immunostaining of both tau and cofilin inclusions (personal

communications with LS Minamide and JR Bamburg, discussed further in

Chapter 6). It will be interesting to determine whether these conditions result in

similar effects on the numbers of cofilin versus MAP/tau rods in these slices.

Regardless of these caveats, one of the key findings of this study was that

under all treatment conditions (with the exception of the AM positive-control

treatment), the number of cofilin rods was consistently greater in htau slices

than tau KO slices, suggesting a synergistic effect of tau in the generation of

cofilin pathologies. As stated above, overexpression of tau in htau mice might

in itself induce oxidative stress in the absence of any other neurodegenerative

stimulus per se, thus inducing cofilin rods in a feed-fon/vard manner. Age-

dependent tau aggregation in transgenic mouse or in vitro models has been

shown to induce mitochondrial dysfunction and increased ROS production

(Stamer et al., 2002; David et al., 2005; Rhein et al., 2009) as well as retard

1
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axonal transport of mitochondria and other vesicles (Ebneth et al., 1998;

Stamer et al., 2002; Mandelkow et al., 2003; lttner et al., 2008; lttner et al.,

2009), effects of which might induce activation and rod-like accumulation of AC

(Minamide et al., 2000; Maloney et al., 2005; Davis et al., 2009; Whiteman et

al., 2009; Bamburg et al., 2010). At a local, individual neurite level, this feed-

fonNard process is likely to be exacerbated. If organelles disappear from

neurites of cells containing elevated MAP/tau and cofilin aggregates, one would

expect major defects in their local metabolism due to reduction of ATP levels in

the absence of mitochondria and a higher sensitivity to oxidative damage,

caused by the absence of catalase in the transported peroxisomes (Mandelkow

et al., 2003).

Since other MAPS share the 12E8 ‘KXGS’ target sequence with tau (Sénchez

et al., 2000; Dehmelt and Halpain, 2004) (see also Chapter 1), it is not

surprising that some 12E8 immunoreactivity was observed in tau KO slices.

However, since 12E8—positive rods were less frequently observed in tau KO

slices (Fig. 5.8f) and generally, overall 12E8-labelling was considerably weaker,

we can reasonably conclude that the major constituent of MAP/tau in rods is

KXGS-phosphorylated tau.

That physiologically-relevant concentrations of HABd/t induce both cofilin and

MAP/tau rods, supports a causal relationship between A8 and these two

cytopathologies in the in vivo brain. Indeed, synthetic AB peptides in
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micromolar ranges have been shown to elicit detrimental effects on tau

including hyperphosphorylation at the KXGS motif and numerous other sites

(De Felice et al., 2008; Tomiyama et al., 2010; Zempel et al., 2010; Shipton et

al., 2011), missorting and aggregation along neurites (Zempel et al., 2010),

tau-mediated MT disassembly (King et al., 2006) and in transgenic tau mouse

models, AB peptide treatment exacerbates tau pathology (Goetz et al., 2001;

Lewis et al., 2001).. Similarly, AB treatments ex vivo and in vitro detrimentally

affect AC-actin by inducing F-actin remodeling and accumulation (Hiruma et al.,

2003; Heredia et al., 2006) and formation of AC rods (Maloney et al., 2005;

Davis et al., 2009), effects of which together inhibit fast axonal transport (FAT).

Here we show that human-derived ABd/t in picomolar concentrations induce

both MAP/tau and cofilin pathologies, thus providing evidence for a ‘triad’ of AD

pathology: AB, tau and cofilin. It was recently shown that HABd/t treatment

induces AB secretion in primary neurons (Marsden et al., 2011) which may

therefore be a potential feedfonlvard mechanism exacerbating the detrimental

effects of tau and cofilin pathologies in the aging brain over time. However,

whether there are time-dependent effects of HABd/t on the development of

MAP/tau and cofilin pathologies in our transgenic mouse model cannot be

concluded based on the preliminary results at hand. Likewise, whether AB-

induced tau pathology is mediated by cofilin per se as originally hypothesized

remains ambiguous and together, these questions remain the subject of

ongoing studies.
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This study suggests a synergistic relationship exists between the pathogenic

‘triad’ of cofilin, MAP/tau and AB in the initiation of AD. We propose that

together, the AB-induced formation of MAP/tau and cofilin cytoskeletal

inclusions may be one mechanism ultimately leading to neuronal death in the

AD brain, through blockage of axonal transport of essential cargoes such as

mitochondria. By contrast, it has been proposed that AC rods play a

neuroprotective role during times of transient but not persistent neuronal

insult(Bernstein et al., 2006). In the following chapter we discuss in more detail

both the neuroprotective and neurotoxic roles of AC and MAP/tau cytoskeletal

inclusions and address several vital questions pertaining to pathways that lead

from the initial and early cytoskeletal pathologies to the destructive end-stage

lesions of AD.
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6.1 General Discussion and Future Directions

Elucidating the mechanisms involved in the formation of cytoskeletal

pathologies in sporadic AD and understanding how these pathologies are

interrelated is essential for developing meaningful therapeutic strategies for this

devastating and increasingly prevalent disease. Here, we provide evidence that

mitochondrial dysfunction, a feature of aging, is central to the pathogenesis of

AC-actin and MAP/tau pathologies. Moreover, for the first time we show that

these key histopathological features are closely interrelated and propose that

aggregation and association of these proteins constitutes one of the earliest

events in the initiation of sporadic AD.

Chapter 1 introduced the microtubule-associated protein tau and another major

cytoskeletal protein, actin and its associated protein AC. Both tau and actin-

cofilin are major constituents of AD histopathologies and a plethora of literature

describes associations of these respective proteins with the third major AD

pathology, AB deposition. Surprisingly however, very few studies to date have

investigated the relationship between MAP/tau and AC in the AD brain. In

Chapter 3, we describe for the first time an association between

phosphorylated MAP/tau and AC-actin aggregates that form following

mitochondrial inhibition or synthetic AB peptide treatment (see also (Whiteman

et al., 2009; Whiteman et al., 2011)). In this study, we showed that AC—actin

and phospho-MAP/tau frequently co-Iocalize throughout neurites in cytoskeletal

protein complexes that often form in tandem arrays and closely resemble the
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striated tau neuropil threads observed in AD brain. Further, we demonstrated

that presence of (activated) AC and a dynamic actin cytoskeleton is required for

the recruitment of phospho-MAP/tau into these inclusions.

Since MAP/tau contains many physiological and AD-relevant phosphorylation

sites, in Chapter 4 we further characterized the species of phospho-MAP/tau

recruited into AC-actin inclusions. Whereas most phospho-epitopes were seen

to aggregate into neuritic ‘spheroid’ inclusions, as has previously been reported

in postmortem human AD brain (Velasco et al., 1998), we demonstrated that

MAP/tau aggregation into classic rod-shaped structures reminiscent of AD

neuropil threads was almost exclusively comprised of ‘KXGS’-phosphorylated

MAP/tau, as labeled with the mouse monoclonal antibody 12E8. Moreover,

12E8-positive MAP/tau was the only phospho-epitope observed to co-localize

with AC (with the rare exception of one other epitope). This suggests that only

MAP/tau phosphorylated in the MTBD is sequestered into AC rods during

mitochondrial inhibition, at least in the earliest time-points, and as such, its

recruitment to and co-localization with AC rods represents an early pathogenic

process in generation of AD cytopathology.

In Chapter 5, we sought to move a step closer toward modeling and

understanding pathogenic mechanisms in the AD brain in vivo. In previous

chapters we employed relatively harsh ATP-reducing compounds or actin-

modulating drugs in primary neuron culture, which served as useful and

178



CHAPTER 6 GENERAL DISCUSSION

accessible models for investigating more acute and rapid changes in isolated

neurons. In Chapter 5, we established a more physiologically-relevant model

using ex vivo mouse organotypic brain slice cultures. Here, we maintained

viable brain slices for up to several weeks in culture and applied physiological

(picomolar) concentrations of a naturally secreted human AB peptide for

extended periods to emulate conditions in the AD brain. We demonstrated that

these conditions were sufficient to recapitulate the phenomena observed in our

primary neuron culture models, that is, formation of both AC and

phosphorylated MAP/tau rod-shaped aggregates which frequently co—localized.

Although the precise nature of the causal relationship between these two

lesions remains elusive based on this data, the results nonetheless implicate a

role for AB in initiation of these cytopathologies and for the first time place

cofilin, tau and AB in a common pathogenic pathway.

Together, results from this project suggest that actin-AC inclusions are most

likely the initial aggregates to form following neurodegenerative stimuli and that

subsequent to this, KXGS-phosphorylated MAP/tau is recruited as a secondary

event. In other words, AC mediates the formation of MAP/tau pathology.

Several lines of evidence from the current series of studies and others

converge to support this hypothesis. Knocking down ADF expression in chick

neurons (ADF constituting the vast majority of ADF/cofilin in these cells)

prevents the formation of phospho-MAP/tau rods following mitochondrial

inhibition (Chapter 3 and (Whiteman et al., 2009)). In addition, EM analysis
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shows that immediately following mitochondrial inhibition, rod-shaped

aggregates that form in neurites have an ultrastructure consistent with F-actin

bundles (conferring the presence of AC), not filamentous MAP/tau (Chapter 4

and (Davis et al., 2009)). We propose that over time, KXGS phosphorylated

MAP/tau which has the innate propensity to self-aggregate (Alonso et al., 2001;

Zhou et al., 2006) is recruited to AC rods, followed by further phosphorylation

additional sites, such that AC-actin bundles are eventually replaced by mature

straight and twisted filaments of MAP/tau that later develop into PHFs (see Fig.

6.1). This corroborates with a previous study that identified marked cytoskeletal

changes, specifically in actin and neurofilaments, as an early event in the

cytopathology of AD, preceding appearance of neuropil threads and extensive

PHF tau pathology (Perry et al., 1991). Finally, a recent study demonstrated

that increases in cofilin protein levels in regions of the AD brain was

significantly correlated to presence of tau pathologies and furthermore,

elevation of cofilin levels due to decreases in regulating miRNAs was proposed

to be an early event in the chronology of AD pathogenesis (Nelson and Wang,

2010). That results from Chapter 5 suggest MAP/tau recruitment might be the

initial event in MAP/tau and AC co-aggregation may be explained by

immunostalning protocols that favoured preservation and visualization of

MAP/tau rather than AC. More recent studies employing 80% MeOH and TX

together for permeabilization show cofilin rods forming before 12E8-positive

rods in organotypic tau transgenic mouse brain slices. After 12 days in culture,

around 30% of cofilin rods co-localize with 12E8, increasing to 50% around day
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18 and 70% beyond 30 days in culture (personal communications with LS

Minamide and JR Bamburg, Colorado State University). These latest data

certainly corroborate well with our above hypothesis and further studies

confirming these results are currently in progress.

Several major questions remain in delineating the apparently integral

relationship between AC-actin and MAP/tau in the pathogenesis of AD. How do

these cytoskeletal inclusions interact — directly or indirectly? Does the presence

of MAP/tau confer any special property to AC rods? Do these interactions give

clues as to how neuropil threads might transition to ‘end—stage’ NFTs in AD?

What is the role of these inclusions in neurites — are they neuroprotective or

neurotoxic? Each of these questions will be discussed in turn.
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Figure 6.1 Proposed mechanism of how AC rods might facilitate formation of AD tau

pathologies. (1) Neurodegenerative stimuli such as mitochondrial dysfunction induce formation of

AC rods, comprised of ADF/cofilin (AC)—saturated bundles of F-actin (Minamide et al., 2000). (2)

MAP/tau phosphorylated at the ‘KXGS’ motif in the microtubule binding domain (MTBD) is first

recruited (Whiteman et al., 2009; Whiteman et al., 2011, probably binding AC rods directly or

indirectly via the MTBD (black region of tau). (3) Over time, more MAP/tau is recruited to AC rods

and phosphorylation at additional sites appears. (4) Eventually, AC-actin rods are completely

occluded and replaced with phospho-MAP/tau straight filaments (SF5) and paired helical filaments

(PHFs), the primary constituents of neuropil threads and later neurofibrillary tangles (NFTs).

182



CHAPTER 6 GENERAL DISCUSSION

6.1. 1 How do AC-actin and MAP/tau inclusions interact?

A plethora of literature demonstrates the capacity of MAP/tau to cross-link and

bundle actin filaments under physiological and pathological conditions (Griffith

and Pollard, 1978; Nishida et al., 1981; Griffith and Pollard, 1982; Selden and

Pollard, 1983; Correas et al., 1990; Yamauchi and Purich, 1993; Fulga et al.,

2006) (see also Chapter 4 and (Whiteman et al., 2011)). Moreover, this

MAP/tau-actin association is probably facilitated by their MT-binding domains

(Correas et al., 1990; Ozer and Halpain, 2000) and regulated by reversible

phosphorylation (Nishida et al., 1981; Selden and Pollard, 1983), specifically of

the KXGS-motifs in the MTBD (Moraga et al., 1993; Ozer and Halpain, 2000).

Our work here corroborates well with these findings although the precise

mechanisms of MAP/tau—actin binding, particularly with respect to protein

complexes found within neurites remains poorly understood. One possibility

holds that phosphorylated KXGS motifs are able to bind regions of AC—actin

rods directly, or indirectly via intermediary proteins. A useful study to test this

hypothesis would employ mutant tau constructs (full length or fragments)

containing non—phosphorylatable ‘KXGA’ motifs, such that serine (S) is mutated

to alanine (A). If phosphorylation of this site is essential for MAP/tau

association with AC-actin, one would expect to see lack of immediate MAP/tau—

positivity in AC rods induced under neurodegenerative stimuli.

Recent studies suggest that the scaffolding protein 14-3-3C may play an

intermediary role facilitating association of 12E8-positive MAP/tau with AC rods
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(Minamide et al., 2010) (see also Chapter 4 Discussion). Characterization of

isolated AC rods demonstrated the presence of the scaffolding protein 14-3—3C

and more recently, 14-3-3C has also been shown to be associated with 12E8

within these rods (unpublished data LS Minamide and JR Bamburg). Beyond a

simple structural role, 14-3-3C may also be involved in longer time-dependent

maturation of MAP/tau phosphorylation, as has previously been suggested in

other studies (Hashiguchi et al., 2000; Hernandez et al., 2004; Umahara et al.,

2004). In this regard, it is possible that 14-3-3C plays a vital role in binding

12E8-phosphoMAP/tau to AC rods, facilitating further sequestration and

aggregation of this and other phospho-epitopes, eventually leading to the

formation of straight filaments and PHFs characteristic of matured AD neuropil

threads. The precise role of 14-3-35 in MAP/tau-AC rods is therefore being

keenly pursued in ongoing studies.

6.1.2 Does the presence of MAP/tau confer any special

property to AC rods?

It is likely that association of MAP/tau, whether direct or indirect, serves to

increase the stability of AC rods. AC rods induced by neurodegenerative stimuli

are reversible when neurons are exposed to short, transient treatments

(Minamide et al., 2000). Longer treatments in this study by Minamide and

colleagues gave rise to so-called ‘persistent’ rods which remained 24 h after

treatment washout (the longest time—point tested). Under EM, AC rods were
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seen to span the width of affected neurites and were associated with complete

loss of MTs in surrounding regions. We now propose that recruitment of

MAP/tau to AC rods confers this persistence, preventing dissociation of AC-

actin even after neurodegenerative stimuli have subsided. A study in tau-

mutant Drosophila (Fulga et al., 2006) provides direct support for this

hypothesis, which showed that in vitro, tau-associated F-actin bundles had a

marked increase in resistance to the actin depolymerizing drug Swinholide-A,

compared to non-tau containing preparations (Fulga et al., 2006).

Further reversibility studies are now required to test the extent to which

MAP/tau confers stability to AC rods. Employing longer term (less harsh)

treatments such as HAB peptide treatment which induces phospho-MAP/tau

accumulation at a slower, steady rate may be useful in determining whether a

reversibility ‘critical threshold’ exists in level of MAP/tau recruited to AC rods.

We hypothesize that to certain extent, washout of milder treatments may lead

to dissociation of MAP/tau from AC rods and in turn, enable dissociation of AC

rods, similar to those effects observed by Minamide and colleagues (Minamide

et al., 2000). Beyond this threshold however, MAP/tau reversibility and rod

dissociation may no longer be possible, thus conferring MAP-tau-AC rod

persistence. This hypothesis is the subject of ongoing investigations.

Additionally, further studies are required to investigate the relationship between

MAP/tau- AC rods and the formation of neuropil threads and NFTs in AD brain.
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If, as we hypothesize, MAP/tau confers stability of these rods and eventually

facilitates the transition of these inclusions to neuropil threads and NFTs, we

can predict that recruitment of phosphorylated MAP/tau will follow a

chronological pattern or ‘hierarchy’, as is observed in the generation of AD

pathology. For example, whereas phosphorylation in the MTBD is an ‘early

marker’ of AD tau pathology (neuropil threads), phosphorylation of S422 and

8214 are indicative of ‘intermediate’ stages (pre-NFTs and NFTs) and phospho-sites $202/T205, 5396/8404 and T212/8214 are indicative of late—

stage tau pathology (NFTs and ‘ghost—tangles'), as identified with antibodies

AT8, PHF1 and AT100 (Augustinack et al., 2002). Characterizing

phosphorylation profiles of MAP/tau in long term organotypic brain slice culture

would therefore be a valuable model for investigating the relationship between

MAP/tau and AC rods over time and importantly, may help to shed light on the

processes involved in the transition from neuropil threads to somatodendritic

NFTs in AD neurons (a question posed earlier).

6.1.3 What is the role of these inclusions in neurites?

A neuroprotective effect?

Under normal physiological conditions, actin and MTs along with their

respective associated proteins, AC and MAP/tau, function individually and in a

coordinated manner to control essential neuronal processes such as regulating

cell shape, polarity and movement and facilitating intracellular transport (for

reviews see (Rodriguez et al., 2003; Dehmelt and Halpain, 2004) and also
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Chapter 1). Neuronal actin subunit turnover depends largely on the availability

of ATP (Bernstein and Bamburg, 2003) as does kinesin—dependant transport

along MTs (Hirokawa, 1998; Hirokawa and Takemura, 2005). During times of

mitochondrial stress in neurons formation of AC-actin rod inclusions have been

shown to transiently retard the decline of ATP, suggesting these non-dynamic

structures might have a neuroprotective role (Bernstein et al., 2006). Similarly,

rapid recruitment of phosphorylated MAP/tau to AC rods during mitochondrial

stress might also represent a neuroprotective mechanism. By binding and

preventing dissociation of AC rods as discussed above, KXGS—phosphorylated

MAP/tau may contribute to transiently preventing actin dynamics. This in turn,

might increase the availability of limited ATP for kinesin motor activity, which

requires ATP hydrolysis (Schnitzer and Block, 1997; Hirokawa and Takemura,

2005), and in doing so, enable ongoing transport of mitochondria to sites of

oxidative stress, thus facilitating neuronal repair. A neuroprotective role for tau

is not an entirely novel concept (Lee et al., 2005) and its role in energy

preservation might be best supported by the numerous studies that show

hyperphosphorylation and aggregation of tau occurs in hibernating animals

(Arendt et al., 2003; Su et al., 2008; Stieler et al., 2011) or during transient

ischemia (Gordon-Krajcer et al., 2007). Moreover, these studies demonstrate

that tau is dephosphorylated, often back to normal physiological levels, upon

arousal (in the case of hibernating animals) or reperfusion (following ischemia).

Tau hyperphosphorylation has also been associated with hypothermia resulting

from decreased glucose metabolism in animal models (Planel et al., 2004) and
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again, suggests tau may play a neuroprotective role during times of transient

neuronal stress.

A neurotoxic effect?

On the other hand, neuritic tau aggregates and AC rods have been shown to

block axonal transport (Ebneth et al., 1998; Hiruma et al., 2003; Mandelkow et

al., 2003; Maloney et al., 2005; Zhang et al., 2005; Ittner et al., 2009; Vossel et

al., 2010). In AD brain, neuropil threads and dystrophic neurites are widely

purported to prevent axonal transport of critical cellular cargoes such as

mitochondria, owing to severe disruption of the cytoskeleton. Deleterious

effects of this probably contribute to synaptic decay commonly observed in this

disease (Perry et al., 1991; Praprotnik et al., 1996; Velasco et al., 1998;

Mitchell et al., 2000; Stokin et al., 2005; Adalbert et al., 2009; Wang et al.,

2009; Du et al., 2010). In in vivo and in vitro models, tau overexpression has

been shown to induce tau accumulation and phosphorylation (especially in the

MTBD), with the combined effect of inhibiting kinesin motor activity and axonal

transport (Ebneth et al., 1998; Seitz et al., 2002; Dixit et al., 2008; Ittner et al.,

2009) (see also Chapter 1.4.2). Although axonal degeneration has been closely

implicated with mitochondrial dysfunction and neuron death (Yahata et al.,

2009), mechanisms involved in the destructive process have, until only

recently, remained elusive. Recent studies in mouse optic (CNS) nerve

explants have now showed that activation of the mitochondrial cyclophilin D

(Cpr) permeability transition pore (mPTP) triggers neurofilament disruption
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and rapid axonal degeneration (Barrientos et al., 2011). importantly, axonal

degeneration was delayed when Cpr-mediated activation of the mPTP was

inhibited. Interestingly, mitochondrial abnormalities preceded axon

degeneration by around 18 hours, suggesting an intermediary process might

occur during this time (Barrientos et al., 2011). Although changes to AC-actin

and MAP/tau were not investigated in this study, it is possible that

mitochondrial dysfunction may induce axonal AC and phospho-MAP/tau rods in

these cells and would be an interesting consideration for future work in this

model.

Nonetheless, these apparently contradicting roles of MAP/tau and AC-actin

aggregates can be reconciled and we propose that AC-MAP/tau rods may in

fact represent both protective and toxic mechanisms in neurons. In the first

instance, during times of transient mitochondrial dysfunction, we predict that

AC rods form and recruit KXGS phospho—MAP/tau with the combined effect of

preserving ATP by slowing actin dynamics and facilitating ongoing essential

kinesin activity in a neuroprotective manner. However during persistent

mitochondrial inhibition, a critical threshold of ‘KXGS’ phospho-MAP/tau may

be recruited which renders AC rods and the resulting cytoskeletal complexes

irreversible. As such, these inclusions become pathological, exerting

deleterious and neurotoxic effects such as enduring inhibition of axonal

transport and synaptic transmission.

This work has shown that mitochondrial dysfunction is a common mechanism

giving rise to AD-like cytopathologies in neuronal and organotypic culture.
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Together with an ever-growing body of literature that implicates mitochondrial

dysfunction and oxidative stress as central to AD pathogenesis (as discussed

in Chapter 1), the results presented in this thesis give credence to the notion

that mitochondrial dysfunction is one of the key pathways — and perhaps even

the key pathway — upon which formation of key human AD pathologies

converge. Indeed several other stimuli independent of the ‘mitochondrial

cascade’ theory, including excess glutamate leading to excitotoxicity or AB

interference at post-synaptic NMDA receptors, may also play important roles in

the development of AD cytopathologies and such hypotheses are the subject of

extensive ongoing research worId-wide. With regards to AB however and the

question of how independent of the mitochondria it truly is in the pathogenesis

of AD, it is poignant to note that oxidative damage initiates overexpression of

APP in the brain and although considered a self—repair mechanism, formation

and accumulation of AB appears to be an end-product of this process (Aliev et

al., 2004; Aliyev et al., 2005). AB has been shown to directly inhibit

mitochondrial function and metabolism, as discussed in Chapter 1. We propose

therefore that the detrimental effects of AB also converge on mitochondrial

dysfunction, thereby reconciling these seemingly disparate histopathological

features of sporadic AD. Moreover, since AB has recently been shown to

induce further AB secretion (Marsden et al., 2011), this may be a feed-forward

mechanism that exacerbates mitochondrial dysfunction and development of

cytopathologies with age.
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Yet an interesting paradox arises. lf mitochondrial dysfunction is a common

part of aging, why don’t more aging brains get AD? The “Mitochondrial

Cascade Hypothesis” proposed by Swerdlow and colleagues answers this fairly

simply. This theory postulates that genetic inheritance determines

mitochondrial baseline function and durability, and that mitochondrial durability

influences how mitochondria change with age in response to external

influences (Swerdlow and Khan, 2004). In some individuals brain mitochondria

are genetically more resilient to external influences such as decreased cerebral

hypoperfusion commonly observed in aging brains (Aliev et al., 2009), while

more ‘genetically susceptible’ individuals reach a critical threshold of

mitochondrial changes that subsequently leads to pathogenesis of AD

(Swerdlow and Khan, 2009).

6.2 Potential therapeutic avenues

6.2.1 Antioxidants and pro-mitochondrial compounds

AD treatments have yet to yield a successful therapy that addresses the

underlying source of damage found in AD brain. Of the numerous etiologies

proposed for sporadic AD etiology, oxidative damage and mitochondrial

dysfunction is indeed cited as the leading risk factor and therefore efforts to

address these abnormalities may indeed offer promising therapeutics, and

perhaps even disease prevention.
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Previous studies have demonstrated potential protective effects of selective

mitochondrial antioxidant treatments (which prevent ROS) on brain

mitochondria of aged rats (Liu et al., 2002a; Liu et al., 2002b; Ames, 2004) (for

an excellent review see (Aliev et al., 2009)). Aged rats treated with antioxidants

such as R-alpha-Iipoic acid (LA), a coenzyme essential for energy homeostasis

in mitochondria, or acetyI-L-carnitine (ALCAR), demonstrated a reduction in

neuronal oxidative stress, decreased mitochondrial structural abnormalities and

importantly, restored cognitive function compared to untreated, age-matched

controls (Liu et al., 20023; Liu et al., 2002b). Other promising therapeutic

strategies may involve boosting a variety of major antioxidant defenses

including coenzyme Q10, glutathione and enzymes manganese superoxide

dismutase (MnSOD) and glutathione peroxidase (reviewed in (Lin and Beal,

2006».

To date, human clinical trials of pro-mitochondrial compounds have been

limited. A well—publicized pre-clinical (Phase II) study showed that Dimebon, a

compound previously approved in Russia as a non-selective antihistamine,

significantly improved the clinical course of patients with mild-to-moderate AD

(Doody et al., 2008). One of the key therapeutic effects of the drug was

attributed to its capacity to inhibit opening of the mitochondrial permeability

transition pore and thereby attenuate, at least in part, neuronal mitochondrial

dysfunction (Bachurin et al., 2001). However, Phase III trials of the drug failed

dramatically to improve the clinical course of AD in subjects, reasons for which
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are still being investigated by the drug companies who ran the study,

Medivation and Pfizer (Miller, 2010). The therapeutic potential of this drug need

not be ruled out. One explanation for the failure of Dimebon lies in the fact that

subjects recruited to this study were already diagnosed with mild-moderate AD.

If indeed one of the main effects of this drug is attenuating mitochondrial

dysfunction, it may be reasonably assumed that major mitochondrial

abnormalities and pathological cellular cascades were already widespread and

beyond critical thresholds in these subjects at the time of recruitment. As such,

Dimebon may have considerable ‘preventative’ potential, were it administered

prior to the onset of significant mitochondrial changes.

6.2.2 The importance of diet and exercise in AD prevention

With regards to preventing mitochondrial abnormalities and onset of sporadic

AD, we cannot overlook the critical importance of diet and exercise. Diets rich

in antioxidants and/or supplemented with antioxidant compounds discussed in

6.2.1 may be considered primary defenses against mitochondrial abnormalities

associated with age. The ‘Mediterranean Diet' (MeDi) is associated with low

incidence of AD which may be indirectly related to prevention of mitochondrial

abnormalities by reducing the risk of cardiovascular disease. The MeDi is

characterized by high intake of vegetables, legumes, fruits, and cereals; high

intake of unsaturated fatty acids (mostly in the form of olive oil), but low intake

of saturated fatty acids; a moderately high intake of fish; a low-to-moderate

intake of dairy products (mostly cheese or yogurt); a low intake of meat and
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poultry; and a regular but moderate amount of ethanol, primarily in the form of

wine (Scarmeas et al., 2006).

Maintenance of cerebrovascular function appears to be important for

prevention of AD. Cardiovascular-based exercise may therefore constitute a

second line of defense, contributing indirectly to the preservation of brain

mitochondria. Hypoperfusion is common in aging brains and is associated with

oxidative stress in a feed-forward manner, such that oxidative stress due to

hypoperfusion leads to formation of ROS which in turn contributes significantly

to the deleterious effects of aging on the vascular endothelium and further

enhances hypoperfusion (reviewed in (Aliev et al., 2004; Aliev et al., 2009)). As

such, vascular abnormalities are cited as a risk factor for sporadic AD. Physical

exercise has been shown to improve cognitive and memory function in humans

(Hillman et al., 2004) as well as rodents (Uda et al., 2006; Reisi et al., 2009)

and is probably due, at least in part, to increases in blood flow throughout

cerebrovasculature. Similarly, mental exercise might be important for

preventing AD. Recent studies have suggested mental activity such as reading

books, playing games or participating in computer activities in middle age or

later life is associated with decreased risk of mild cognitive impairment, a

transitional state between normal aging and early AD (Roberts et al., 2008).
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6.2.3 Preventing development of cytoskeletal pathologies

Downstream form mitochondrial dysfunction, effective therapeutic strategies

might include those that prevent formation of persistent AC-actin rods (since

transient AC rods may be neuroprotective, as discussed above), by preventing

hyperphosphorylation and association of ‘KXGS’ phosphorylated MAP/tau.

Preventing phosphorylation and subsequent MAP/tau self-aggregation may be

best effected through compounds that inhibit activity of the KXGS—targeted

MARK2/Par1 kinase or its upstream regulators, or by upregulation of PP2A

activity.

Production of quinolinic acid (QA), an exitotoxic catabolite of the kynurenine

pathway production, is elevated in AD brain particularly in hippocampal regions

(Guillemin and Brew, 2002). QA has been shown to co-localize in dystrophic

neurites and NFTs (Guillemin et al., 2005) and interestingly, induces tau

hyperphosphorylation due to its effects on decreasing PP2A activity (Rahman

et al., 2009). One therapeutic avenue for reducing tau hyperphosphorylation

might lie in developing compounds that combat excess QA production by

targeting the kynurenine pathway.

Further downstream, compounds that prevent binding of phospho-MAP/tau to

AC-actin by disrupting putative binding sites on either protein or on the

proposed intermediary protein 14-3-3Z might indeed attenuate the persistent
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nature of these MAP/tau-AC rods, rendering them reversible and thus

preventing the ensuing neurotoxic effects of such neuritic inclusions.

In summary, this collection of studies has demonstrated that initiation of the

major pathological hallmarks of sporadic AD may converge on the common

mechanism of mitochondrial dysfunction. Moreover, it has brought to light some

important and complex interactions between the key cytopathologies and as

such, provides valuable and tangible therapeutic targets that may help to

combat this disease in its earliest stages.
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Abstract

Abnormal mitochondrial function is a widely reported contributor to neurodegenerative disease including Alzheimer’s
disease (AD), however, a mechanistic link between mitochondrial dysfunction and the initiation of neuropathology remains
elusive. In AD, one of the earliest hallmark pathologies is neuropil threadscomprising accumulated hyperphosphorylated
microtubule-associated protein (MAP) tau in neurites. Rod—like aggregates of actin and its associated protein cofilin (AC
rods) also occur in AD. Using a series of antibodies - AT270, AT8, AT100, 5214, AT180, 12E8, S396, S404 and S422 — raised
against different phosphoepitopes on tau, we characterize the pattern of expression and re-distribution in neurites of these
phosphoepitope labels during mitochondrial inhibition. Employing chick primary neuron cultures, we demonstrate that
epitopes recognized by the monoclonal antibody 12E8, are the only species rapidly recruited into AC rods. These results
were recapitulated with the actin depolymerizing drug Latrunculin B, which induces AC rods and a concomitant increase in
the 12E8 signal measured on Western blot. This suggests that AC rods may be one way in which MAP redistribution and
phosphorylation is influenced in neurons during mitochondrial stress and potentially in the early pathogenesis of AD.
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Introduction

Neuronal histopathological hallmarks of AD include neuroti-
brillary tangles (NW) and neuropil threads both comprised of
hyperphosphorylated microtubule—associated protein (MAP) tau.

NETS and neuropil threads assemble in cell bodies and neurites
respectively. Comprising a reported >85% of end-stage cortical
tau pathology, neuropil threads correlate with cognitive decline

[1 6]. The major known function of tau, like other MAPS, is its
stabilization and regulation of microtubulc (MT) dynamics

necessary for neurite outgrowth, morphogenesis and since tau is '

predominantly an axonal protein, it plays an important role in
facilitating MT-dependent axonal transport (for reviews see [7,8]).
Tau can also interact with the plasma membrane and may play

roles in relaying signals to the cytoskeleton from the cell surface or
scaffolding signaling complexes [9]. The MT directed acti\ity of

tau is regulated by phosphorylation/dephosphorylation cycles.
such that phosphorylation at specific sites detaches tau from MTs
and allows MT depolymerization. while tau dephosphorylation

enables it to bind and stabilize MT via its MT binding domain
(MTBD) [10,11]. In AD, tau is hyperphosphorylated. the MT

network is destabilized and tau self-assembles into paired helical
filaments (l’HFs) that form the NFT and neuropil thread

structures. Over 20 phosphorylation sites have been characterized
for tau, two of these are located in the MTBD at two ‘KXGS’

amino acid motifs corresponding to residues $262 and 8356 [l 1

@ PLoS ONE | www.p|osone.org

13]. Phosphorylation of these KXGS motifs is one of the earliest
markers of AD pathology, readily detectable in neuropil threads
with the monoclonal antibody 12138 that recognizes these
conserved motifs in both tau as well as in other MAPS [14]. In
the case of tau, phosphorylation of the MTBD sites has been
shomt to induce KIT disassembly whereby the new unbound pool
of tan is susceptible to self-assembly into PHFs [12,15 17].

Neuropil threads generally precede the appearance of extensive
NFI‘s, suggesting tau first accumulates in neurites during the
development ofAD pathology before the proliferation ofcell body

NFTs [l.4,18,19]. An in vitro cell model for neuropil thread
assembly may therefore help mimic early cellular events relevant
to the disease mechanism. To this end. we recently demonstrated

in primary neuronal cell culture and organotypic slice culture that
mitochondrial dysfunction initiates formation of HEB-positive
neuritic inclusions that co-localize with actin depolymerizing
factor (ADF)/cofilin—actin rods (AC rods) [20]. These inclusions
bear some morphological resemblance to inclusions observed in
AD brain which also include punctuate and rod-like linear arrays
of cofilin and actin aggregates throughout the neuropil [21]
(reviewed in [22]). The relevance of this model lies in an increasing
body of evidence that implicates disrupted energy metabolism and

mitochondrial dysfunction in AD (for reviews see [23 27]).
Reduced mitochondrial function and increased oxidativc stress

are reported to occur early in disease progression, suggesting that
these factors could play an integral role in initiating pathological

June 2011 | Volume 6 | Issue 6 | e20878



cascades that result in the varied cytopathology of AD [23]. AC
rods are independently induced in cell culture by the inhibition of
mitochondrial ATP generation, thus potentially linking the
formation and co-localization of AC rods and MAP inclusions to
mitochondrial dysfunction [20]. Moreover, interaction of MAP5
and actin in the organization of the cytoskeletal network is well-
documented [28 35] and emerging evidence suggests that these
interactions may be central to the processes involved in the
initiation and development of early AD pathology [2022,3637].

Since AD neuropathology involves hyperphosphorylation and

accumulation of numerous phosphoepitopes of tau and not just
those in the MTBD recognized by 12E8, the aim of this study was
to investigate the phosphorylation pattern and re-distribution of
several other key phospho-tau epitopes in the primary neuronal
culture model. We utilized the chick model since chick neurons
express five forms of tau that are homologous to human tau
isoforms and exhibit conserved phosphoepitopes recognized by
antibodies against human tau [38]. Using a series of commercially
available phospho-tau antibodies, we measured time-dependent
effects of mitochondrial dysfunction on the levels and distribution
patterns of these phosphoepitopes. We found that cellular ATP

' reduction gave rise to rapid overall dephosphorylation at most
epitopes with the exception of the 12E8 epitope that exhibited
persistent phosphorylation over the 120 min treatment time.
Further, 12E8 was the only epitope predominantly recruited to
AC rods generated under these conditions within the time frame
investigated. These results highlight the MTBD of MAP/tau as a
potential early player in the initiation of neuropil threads in
neurons of the AD brain.

Methods

Ethics Statement
Donated frontal cortex and hippocampal brain tissue from

normal adult and confirmed Alzheimer’s disease patients were
obtained from the Alzheimer Disease Research Center, University

of California, San Diego, USA and approved for use by the
Institutional Review Board (formerly the Human Research
Committee), Colorado State University. USA (Approval ID: JR
Bamburg 2001).

Experiments involving the use of animals (cell cultures derived
from chicken embryos) were approved by the Animal Ethics
Committee, University of Sydney, Australia (Approval ID: CS
Goldsbury K00/5-2008/3/4786).

Antibodies and reagents
Mouse monoclonal antibodies against phosphorylated tau epitopes

were as follows: AT8 (which recognizes S202/T205 in the longest
isofonn ofhuman tau and 5193/T196 in the longest isoform of chick
tau; Pierce USA), ATIOO (T212/S214 in human, T203/S205 in chick;

Sigma-Aldrich), AT180 (T231/S235 in human, T222/S226 in chick;
Sigma—Aldrich), AT270 (T181 in human, T155 in chick; Sigma-
Aldrich). 12E8 (‘KXGS’ motifs in MTBDs oftau and other MAPS. For
tau, these motifs correspond to 5262/8356 in human, 8253/S378 in
chick; Elan USA) [14]. Other mouse monoclonal antibodies included
GAPDH and B—actin (Sigma—Aldrich). Rabbit polyclonal antibodies
against phosphotylated tau epitopes were S214 (5205 in chick;
GenScr-ipt USA), S396 (S413 in chick; Biosource), S404 (S426 in chick;

Biosource), S422 (S444 in chick; Sigma-Aldrich), total tau (Dako, USA)
and against chick ADF and mammalian ADF and cofilin (1439) [39].
Anti-mouse and anti-rabbit secondary antibodies included Alexa

Fluor—conjugated 488, 555, 594 and 647 (Invitrogen) for immunoflu—
orescence and horseradish peroxidase-conjugated (Amersham) for
chemiluminescence detection of imrnunoblots.

@. PLoS ONE | www.p|osone.org

Changes in Phospho-MAP/l'au during Neuronal Stress

Cell culture and treatments
Primary chick tectal neurons were prepared from freshly

dissected chicken embryos (E7), as previously described and
cultured for 7 days in vitro (d.i.v) on poly-D-lysine—coated 30 mm
culture dishes or glass coverslips [40]. For reduction of ATP, cells
were treated with 1 2 uM antimycin (AM; a mitochondrial

complex 1H inhibitor; Sigma—Aldrich) in warm phosphate buffered
saline (PBS). The actin depolymerizing drug Latrunculin B
(Calbiochem 428020, CA) and actin stabilizing drugJasplakinolide
(Calbiochem 420127, CA) were used at 1 ug/ml in warm PBS.

Cells left without a medium change served as controls. After
treatments, cells were immediately fixed for immunostaining (cells
on coverslips) or lysed, harvested and prepared for \N'estern blot
analysis (cells on tissue culture dishes).

lmmunoblotting
Primary neurons were treated in duplicate and prepared for

SDS—PAGE. For equal gel loading, protein concentrations were
determined by the Lowry assay (BioRad). Proteins transferred to
nitrocellulose membranes were detected with an ECL Western
Blotting Detection System (Amersham) on a ChemiDoe XRS
(BioRad). For analysis, band densities were measured using Image
J (v1.38x, National Institutes of Health freeware; http://rsb.info.
nih.gov/ij), background intensity was subtracted for each individ-
ual lane and normalized to GAPDH or B-actin loading controls.
For quantification, blots within the linear range of detection were
selected by plotting the band density versus exposure time. An
average for each treatment condition was determined with error
bars representing min/max intensities (where n = 2) or SEM

(where n = 4-). Results are presented as a percentage of the mean
control band intensities.

Microscopy

Cells were fixed with 4% paraformaldehyde at 37C for
35 minutes, permeabilized for 90 sec with 0.05% Triton X-100 in
PBS or ice-cold 80% methanol/20% PBS (1 x), blocked in 5%

goat serum and immunostained using primary antibodies and
fluorescent secondary antibodies described above. Epifluorescence
images were obtained on a Zeiss Axioplan 2 microscope. captured
with a CCD camera driven by AxioVision software. Single labeled

cells/sections were used to check for bleed-through in all double-
label immunofluorescence studies. Confocal images were obtained
on a Zeiss LSM 510 Meta driven by LSM 510 software. All
captured images were converted to Tagged Image Files for
subsequent analysis and presentation.

Nuclear accumulation analysis
For quantification of cells containing nuclear accumulation of

ATlOO label in control, AM- and Lat B-treated conditions, a

number of randomly selected fields on each coverslip were selected
and cells containing nuclear tau were counted and expressed as a

percentage of the total number of counted cells. Inclusion criteria
for nuclear accumulation were (i) general neuron morphology
appeared normal (including intact nucleus) (ii) neuron exhibited
obvious co—localization of ATIOO label with DAPI nuclear label
and (iii) nucleus exhibited ATlOO fluorescence intensity > 1.5 X the
intensity of nuclei of surrounding, unaffected cells, as measured
using Image J. Over 200 cells were counted for each condition in
duplicate experiments using independently prepared cell cultures.

Human tissue preparation

Post-monem time to fixation in formalin (for immunofluores—
cence) was 3 h. For immunofluorescence, paraffin sections (6
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7 pm) were deparaflinized for 20 min in Hemo-De (Fisher
Scientific), rehydrated to distilled water through decreasing
concentrations ofethanol, microwaved in water for 8 min, blocked

“ith 5% goat serum for one hour and immunostained.

Transmission Electron Microscopy
Primary chick neurons were grown on glass coverslips, treated,

washed with warm PBS and fixed for 30 min with 2.5%
glutaraldehyde (Electron Microscopy Sciences, USA) in 0.1 M
sodium cacodylate buffer (Sigma~Aldrich). Cells were rinsed with
buiTer and post-fixed for 30 min in cold 1% osmium tetroxide
(Sigma—Aldrich). Cells were rinsed again and stained for 2 h with
1% uranyl acetate (Sigma-Aldrich), filtered through 0.22 pm Biofil
Syringe filter in 0.05 M sodium acetate (Sigma-Aldrich). To
prepare TEM grids, cells were dehydrated through increasing
concentrations of ethanol (v/v) (50%, 70%, 95% and ultra-dry

100%), then infiltrated with Spurr’s resin in increasing ratios to
100% ethanol (1:1, 2:1 and 3:l). Cells on coverslips were
embedded in 100% Spurr’s resin and cured at 603C overnight.
To remove coverslips, resin blocks were placed in liquid nitrogen

_ for ~15 sec, transferred to warm water and carefully removed.
Resin blocks were section using a diamond knife (70 nm) and

placed on 200—mesh copper TEM grids that were subsequently
post—stained for 10 min with uranyl acetate and lead citrate.
Images were acquired with a Phillips CM 120 Biofilter TEM at
120 kV.

Results

Mitochondrial inhibition induces rapid

dephosphorylation at all MAP/tau phosphoepitopes
except for 12E8

In AD neurons, tau is hyperphosphorylated and abnormally
redistributed to NFTs and neuropil threads in cell bodies and
neurites respectively. The mechanisms by which these processes
occur are not fully understood. The aim of this study was to test
the hypothesis that inhibiting mitochondrial function influences
the phosphorylation state and localization of tau protein. Primary
neuronal cultures (prepared from E7 chick tectum) were treated
for 10, 30, 60 or 120 min with the mitochondrial complex III

inhibitor AM which has previously been shown to reduce the level
of ATP in these neurons by 60% within 10 min [20]. Cells were
then lysed or fixed for immunostaining and probed with a battery
of phospho-tau antibodies - AT270, AT8, AT100, $214, AT180,

12138, 8396, S404 or S422 - that have been raised against different
phosphoepitopes on human tau and have analogous correspond-
ing epitopes in chicken tau (Fig. 1A) The 12E8 antibody
recognizes phosphorylated KXGS motifs in the conserved
MTBDs of both tau and other MAPS [14]. Western blot analysis
of lysates revealed that compared to untreated (control) cells, ATP
reduction leads to dephosphorylation of epitopes $396, AT8,
AT270, AT180, S404 and $422 over the 120 min treatment time

when normalized for loading to GAPDH (Fig. 115, C). Total tau
was observed to decrease transiently before returning to control
levels at 120 min. By contrast, the blots revealed a strong and
sustained signal for the epitopes recognized by the 12E8 antibody
(Fig. 1D, E). Consistent with this, the ratio of 12138 to total tau
band intensities increased >2-fold by 60 min whereas the AT8 to
total tau ratio declined over the same time frame to near zero
(Fig. 1D). This trend of persistence of the 12138 epitope signal was
reproducible in a second independent experiment and combined
(n = 4), these data reveal a peak increase to 232i69% at 60 min
and sustained phosphorylation at 120 min (155:40/0, p<0.05)

(meaniSEM) (Fig. 1E).

f®i PLoS ONE | www.plosone.org

Changes in Phospho-MAP/Tau during Neuronal Stress

Redistribution of MAP/tau phosphoepitopes to rod—like

or spheroid inclusions in neurites

Next, we conducted immunofluorescence imaging of the same
phosphoepitopes in AM-treated (15 min.) neurons to investigate
distribution patterns of these antibody labels throughout neurons

following mitochondrial inhibition. While some phosphoepitope
labeling remained relatively smoothly distributed throughout

neurites of AIM-treated cells, other labels were aggregated into
spheroid inclusions in affected processes (Fig. 2A J). Cell body
staining intensity, indicative of phosphorylation state, of phos—
phoepitopes AT8, 8214 and AT180 was somewhat reduced
(AT8= ~30% intensity of control cells after 15 min ARI
treatment), but otherwise comparable to control cells with regards
to its smooth distribution. By contrast, AT270, AT100, S396,

S404, S422 and total tau labeling aggregated into spheroids that
were rarely seen in untreated control cells. Overall cell body
staining intensity for some of these epitopes was also found to be
reduced (AT270 ~40% intensity compared to control cells).
Although the 12138 antibody labeled some spheroids, it predom—
inantly labeled rod—shaped aggregates throughout neurites (Fig. 2F)
which were previously shown to be AC rods [20]. The insets in
Fig. 2 illustrate the appearance of spheroids and rods respectively.

Rod-shaped structures were obsen'ed less often with the S404.
S422 and AT270 phosphoepitope labels (Fig. 2A and G, insets). As
shown for AT270 below, these structures only rarely co-localized
with AC which was in contrast to 12E8 label which largely
colocalized with AC rods.

In ARI—treated cells, in addition to labeling neuritic inclusions
that co-localized with total tau immunolabeling, AT100 revealed a
redistribution into cell nuclei in a subset of neurons (~360/0), as

indicated by colocalization with the nuclear stain DAPI (Fig. 2D,
asterisks), which was never observed for any other tau epitope
(Supplementary Fig. 81). However, further analysis demonstrated
that this nuclear epitope does not represent tau protein as AT100
also labeled nuclei of mouse tau knockout neurons (LSM, ITW

and JRB unpublished observations). Moreover, neither S214
(which shares the serine-2l4 recognition site of AT100) nor total
tau labels were ever seen to accumulate in nuclei of AM-treated
cells further suggesting this AT100 accumulation to be non-tau
related. Interestingly however, the same nuclear localization of the
AT100 label was seen in post mortem AD tissue (Supplementary
Fig. 51F).

Co-labeling studies of spheroids in AM-treated cells revealed co-
localization of phospho-tau epitopes with total tau (Fig. 3A and
results not shown), suggesting that these observed aggregates in
ATP-depleted cells are comprised of tau phosphorylated at many
sites. By contrast, rod-like structures immunolabeled for the 12E8
epitope did not co-label with other phosphoepitopes (Fig. SB). We

had previously demonstrated 12138 label in AC rods [20], which
we confirm here in both Triton X and methanol permeabilized
cells (Fig. 4A and data not shown). We found that the 12E8
labeling of AC rods in AM treated cells was best preserved under
Triton X permeabilization (Fig. 3B) whereas methanol permea-
bilization resulted mostly in spheroid labeling (Fig. 3C). Further,

12E8-labeled AC rods did not co-localize with $396 label (Fig. 3B)
which by contrast only localized to spheroid structures in the same
cells (arrows Fig. 3B). This further documents the distinct and
separate nature of AC rods versus spheroids.

12E8 but not other phosphoepitopes redistributes to AC

rods during mitochondrial inhibition
To further investigate whether other tau epitopes are present in

AC rods, we carried out double-labeling for ADF and a variety of

June 2011 | Volume 6 1 issue 6 | 520878



Changes in Phospho-MAP/l'au during Neuronal Stress

A Human 1 f_MlEDfl

1181 $202”105 5216 1711/5114 1731/5235 5261/5356 5395 $404 5422

ATE 5214 AT100 A1130 12E8 5396 $404 $422AT270
Chicken nss “9”"9‘ ”“5 nos/5205 1227-6226 5253/5378 5‘15 “2‘ 5‘“

463

N C

3 Control 10m §Om §Qm 120m  
 

 

 

 

 

    

AT270 E

AT8 ‘ E 30°
'5

AT180 § 250
g 200 *

- 2.,12E8 a 150

m a5396 r- " " g 100
E

S404 - -=3 E, 50

3422 iii" ‘ "'""' 3 0
_ .— ~ > 0 10 30 60 120

Total tau -' --O o- c- - .o- .3 Treatment (min)

mmH—--—---———

C 120 -D—AT8
100 +AT270

a?
+5396

5 :5 80 T —o—AT180
'9' § 60 -e—S404
D og g 40 +5422
m v —o—Total tau

20

0

O 10 30 60 120

Treatment (min)

D

g 250 +1zea

a 2 200 -D-AT8
§ 2
éé 150

f *5 100

éé 50 I I
N

‘— O

0 10 30 60 120
Treatment (min)

Figure 1. ATP reduction causes persistent phosphorylation of 12E8 epitope and dephosphorylation at other sites. (A) Epitope map of
tau antibodies in human and Chicken brain [38]. Schematic representations of the longest tau isoforms are shown (441 amino acid residues in human
tau, 463 in chicken). The phosphorylation-dependent anti-tau antibodies (AT270, AT8, $214, AT100, AT180, 12E8, 5396 S404 and 5422) are shown with
their corresponding target residues (S=Serine, T=Threonine). Positions of the various alternatively spliced inserts which give rise to 6 different
isoforms in humans and 5 in chick are shown in blue. Green boxes denote tandem amino acid sequence repeats, which constitute the MTBD. (B)
Representative Western blots of extracts from cell cultures treated in duplicate with 1 pM AM for 10, 30, 60 or 120 min. (C) Quantification of the
Western blots shown in (B) reveal rapid dephosphorylation of AT8, S396 and AT270 epitopes (respectively declining to 16100396, 231996 and
43:9% of control values; mean %:min/max intensities). By 30 min, phosphorylation at epitope 5404 had also markedly declined (25:1196) while
epitopes S422 and AT180 exhibited a more moderate decline in phosphorylation (reduced to 55:3% and 65:20% at 30 min). Total tau was
observed to decrease transiently (41 t5% at 30 min) before returning to control levels (98:19%) at 120 min. All antibodies were probed on fresh
blots and normalized to GAPDH loading control bands. (D) By contrast, phosphorylation of the 12E8 epitope increased markedly. To ascertain a
phosphorylationztotal tau ratio, blots probed for 12E8 or ATS (for comparison) were stripped and reprobed for total tau (polyclonal rabbit antibody).
Whereas the AT8:tota| tau ratio decreased rapidly, the 12E8ztotal tau ratio increased at 30 min and peaked at ~200% after 60 min. Error bars in (C and
D) indicate the maximum and minimum intensities. (E) Quantification of persistent phosphorylation at the 12E8 epitope (normalized to GAPDH) was
significant with a peak of >200% at 60 min and sustained phosphorylation (~150%) at 120 min (n=4; *p<0.05). Error bars =SEM.
doi:10.1371/journal.pone.0020878.9001
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Figure 2. Tau epitopes redistribute in neurons during ATP reduction. Cells were treated with 1 (1M AM for 15 min, fixed and permeabilized
for 90 sec with 80% methanol or 0.05% Triton»X. Immunostaining was carried out with antibodies against phosphorylated tau epitopes, as indicated
Staining for total tau and all phospho’epitopes was predominantly smooth and evenly distributed in control cells. Following ATP reduction,
distribution of AT8 (C), 5214 (E) and ATl80 (I) epitope labels remained relatively smooth, although staining intensity was reduced. By contrast, AT270
(A), 5422 (B), AT100 (D), 12E8 (F), S404 (G) and 8396 (H) labeled accumulations that were mostly spheroid in shape, but occasionally rod»like, following
ATP-reduction and were frequently observed in tandem arrays along neurites (arrows). Higher magnification insets of controls vs. AM-treated cells are
shown for A, B, F, and G. Correspondingly, some spheroid-like accumulation of total tau (J, arrows) was also evident in neurites of AMvtreated cells.
Interestingly, only aggregates labeled with 12E8 (F) consistently showed classic and distinct rod»shaped structure throughout AM~treated cells, which
is better observed at higher magnification (inset in F, arrows). Additionally, ATP reduction led to the redistribution and nuclear-accumulation of
AT100 label (D, arrows), a phenomenon that was observed neither in control cultures stained with AT100, nor in treated cells labeled with any other
MAP/tau phospho-epitope. However, nuclear AT100 label is unlikely to represent tau (see text). Nuclei were labeled with DAPI (blue). While most
epitopes (except for 12E8 - see Fig. 3) appeared identical under methanol and Triton X permeabilization conditions, images in this figure represent a

combination of both protocols. Methanol: (A, B, E, G, J). Triton X: (C, D, F, H, |. Scale bar: 20 pm for all images except insets in (A, B, F, and G) = 5 pm.

doi:10.l 371/journa|.pone.0020878.9002

tau epitopes (since the .\I)F antibody was rabbit polyclonal. we
were restricted to mouse monoclonal .\l.\l’/tau antibodies for

double—labeling studies). .\M»trcated cells (13 min) were double

shown. 12138 frequently ctr-localized with .\(3 rods (Fig, lA and

reference [20]). suggesting this epitope to be of prominent
importance in the immediate stages of .\l.\l’ recruitment to AC

labeled for .\DF and .\T27(J (Fig. 4B). and ADF and AT100

(Fig. KI. D;. .\T27il aggregates only occasionally co-localized with

.\(I rods (Fig. 4B. arrows). whereas .\Tl()ll label was neyer seen to

with .\(1 rods after either methanol or Triton—X

permeal)ilizatiou (Fig. 1-('.. D: arrows). By contrast. as preyiously

ctr-localize
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rods.
L‘llrastructural EM analysis of.\(l rods formed in chick neurons

following .\Tl’»reductiou (Fig. 3A. B) corroborated preyious results

that demonstrated that AC rods are comprised of many indiyidual

parallel filaments arranged into tightly bundled structures [21.41
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Figure 3. Distinct rod-shaped aggregates are specific to 12E8 and are best preserved with Triton-X permeabilization. ATP-depIeted
cells were permeabilized for 90 sec with 80% methanol or 0.05% Triton-X and co-labeled for epitopes of tau. (A) Under both methanol and Triton»X
methods, aggregations containing AT270 epitopes co-Iabeled with total tau (shown here with methanol permeabilized cells) suggesting spheroid
neuritic aggregates are comprised of tau phosphorylated at numerous epitopes. (B) By contrast, 12E8-labeling was predominantly in distinct rod-
shaped aggregates that did not co-label with other phospho—tau epitopes (shown here for S396). 12E8-positive AC rods were best visualized
following Triton»X permeabilization. (C) Using methanol permeabilization protocols, 12E8 by contrast more often labeled spheroid structures that as
described above could be co-Iabeled with many other tau epitopes (shown here for 5396). Scale bar: 20 pm
doi:10.1371/journal.pone.0020878.gOO3

13]. By contrast. llllélfit‘t‘tt‘d neurites of treated cell< contain
individually spaced microtnhtiles approximately 24 inn in diameter
(Pig. 5(1).

Actin depolymerization mimics effects of mitochondrial

inhibition on 12E8 epitope redistribution but does not

affect the distribution of other phosphoepitopes

Similar to mitochondrial inhibititnr \\'e previously demonstrated

that pharmamlt)gimlly-induccd (1("I)(J1)’I]](‘I'1Zfl[1011 (1121(‘1111 induces
the formation of .\(I rods whirh subsequently ret'ruit 12E8
epitopes [2111 In order to determine whether actin depolyineriza-

tion indut‘es redistribution of other phosphoepitopex we treated
prinian‘ neurom with Latrnnculin 11 (Lat B) which induces

depulymerizatinn 01‘ Actin filaments in the absence 01‘ ATP
reduction. The formation and rtrlmalization of AC rods with

12KB label under thew conditium was (*nniirmetl {not shown). In

(‘tintrast t0 r\.\1~trezited cells. \taining for other phospht)epitopes

including ATIUU (Fig. 6A) and S396 tSupplementary Fig. $11)) in

Lat B treated C(‘11S revealed an even distribution tilting neuritex,

\Vestern blot atialyx’is 01‘ Lat B-trenletl neurons revealed :1 2.9—1‘01d

incretue in 12138 imntnnm‘eactivity after 2 min treatment while

other phmplioepitopes such as $3911 remained largely unchanged
iFig. (5B1 (11. Them? results ("mitirm that 12138 is the primary

epitnpe recruited to Lat B-i]](1ll(‘t‘(1 {\(I rods (luring a(‘tin
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reorganization as \x'ax 211m tbnnd to he the ruse fur .\(1 t‘()(1\
indut‘ed by A'Tl’fl‘ethu'tit)n. Together these results prm‘ide

evidence for an important role (if KXUS ph()(s’phmylation in the

initial recruitment of mu or other A\Ir\1’< t0 .\(1 rods during times

01‘ (‘61111181‘ stress.

Discussion

Disrupted energy metabolism. mitochondrial dystiinrtinn 21nd

int‘rezises in oxidative stress in the ageing brain have been linked
with the omet ot'AD pathologies. including aberrant distribution

and arcumulatimt 0f hyperphosphoiylated tan and deposition of

aniylnid-B [24.41 171 The aim of this study wax to investigate
whether intineed mitnt'hnndrial (1)'§11111C[1011 could t‘1it‘it ('hnngex‘ in
tan phtisplmn'lation and distribution in healthy neurons in cell
culture. since mechanisms leading to hyperphosphotylation and
redistribution ul‘tnu remain elusive. yet are central to understand-

ing the pathogenesis (JfAD.

Here. we treated primary neuronal rel] eulturex derived from
chick tet'tu with the mitochondrial inhibitor AM that rapidly
depletes cellular ATP [‘20] and subsequently analyzed Changex t1)

I)11(1$I)1101T12111(|11 21nd <ul)-(‘e11nlar distribution 0112111 tlsing' \\'estern
blotting and iinmnnolal)eling. \\'herezt\ dephmphmj'lzrtion \ms
nbsen‘ed iiir every other epitope (n'er 1‘20 min. \\e (thxen'etl 21

\'L11)\1211111211 increase in 1)]msphmylntion RI [111" 1215.8 \‘ite. an ‘earh‘
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Figure 4. Recruitment to AC rods during ATP reduction is specific for ’KXGS' phosphorylated species. (A) Confirmation of 12E8—positive
MAP/tau in AC rods during ATP reduction [20]. These inclusions often form in tandem arrays along neurites (arrows). Inset shown at higher
magnification in lower panel of (A). Additional double~labeiing was performed with AT270 (B) or AT100 (C) and ADF, to see if there was any
relationship between these tau epitopes and AC rods. AC rods only sometimes overlapped with AT270 (B, arrows) and were never observed to co-
localize with ATiOO, under either Triton-X or methanol permeabilization (C and D, arrows). These results suggest AC rods are distinct from MAP/tau-
containing neuritic spheroids and recruit only the 12E8-phosphowlated MAP/tau isoform into distinct rod structures during ATP reduction. (A, B and
D):Triton X permeabilized. Scale bar:20 pm; 5 pm (inset in (A)).
doi:l0.1371/journal.pone.0020878.gOO4

AD market“ antibody raised against ‘KXUS' motifs in the .\lTBD
ofhuman tau [1.H] (Fig. 1:. Notably. we previously demonstrated

that this epitope is int‘orporaled into r\(l rods. \\‘llit‘ll are also

generated tinder A’l‘l’ depleting conditions [QUI (confirmed here in
Fig. sigh The KlAl’ protein family. int‘luding‘ the vertebrate

proteins tau. MAPB. (lt)tll)lt‘(‘0l‘lill and .\lr\l’»l {the latter ol‘whieh is

non~neuronah ('(illlilill homologous mnsen‘ed ‘KXGS‘ repeat
motifs in MTBDs [8.i8.i‘_l]. In light of this‘ although tan is

PLoS ONE | www.p|osonerorg

probably the most predominant protein recognized In 12E8. \x'e
eannot completely discount that the l2lC8—immunoreaeti\'it}‘ \H‘
are obsen‘ing in .\(I rods might be due to the presence of other

A\L\l’s in addition to land

In animal models ol‘ iselieinia-t‘e])ei‘litsi<in. rapid (le1)liospliot‘_\'-

lation ol‘ tau ot‘etn's during the initial isehemia and we have

confirmed in our priman" neuronal ('ell enlture model that tan
(lephosl)horylation not hyperphosphorylation is the immediate
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Figure 5. Rod-like accumulations in neurites of primary chick neurons contain densely packed filaments. Transmission electron

micrographs of primary chick neurons treated with 1 uM AM for 15 min, fixed and processed for TEM as described in Methods (A) Densely packed

linear arrays of filaments occur in the neurite (white arrows). The lower panel shows a higher magnification view of the boxed region above. (3)

Another example of densely packed filaments within a neurite (white arrow). Here the filament bundle spans a large proportion of the width of the

neurite. (C) In contrast, unaffected neurites contain individual separated microtubules approximately 24 nm in diameter (black arrows). Scale

bars = 0.2 pm.

doi:10.1371/journal.pone.0020878.9005

cellular response to ischemia (mimicked by transient ATP

depletion) [50]. An interesting exception to this, consistent in

both cell culture and in an animal model, is the enduring

phosphorylation of the 12E8 epitope that has been reported in a

gerbil-model of brain ischemia [51]. However after reperfusion,

tau proteins are slowly phosphorylated and accumulate, resulting

in hyperphosphorylation days after the initial ischemic event in the

animal potentially due to the down-regulation of phosphatases or

1@. PLoS ONE | www.plosone.org

induction of specific kinases, although the mechanism remains to

be determined [50]. Importantly, our cell culture model is

consistent with the animal models and mimics early signaling

events directed to tau during transient brain ischemia. While we

are not saying that such a large scale global ischemic event is

directly relevant to AD, it is interesting that stroke is a significant

risk factor for the later development of dementia and AD [50].

More commonly in AD, smaller less severe microischemic events
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Figure 6. 12E8 but not other tau epitopes aggregates and co-Iocalizes with AC rods during actin depolymerization. Primary chick

neurons were treated with 1 ug/ml Latrunculin B (Lat B) for 15 min, fixed and immunostained. We first confirmed formation of both AC and 12E8-

MAP/tau positive rods in Lat B treated cultures (data not shown), as has previously been observed [20] and then co-stained cultures for ADF with

numerous tau epitopes. Whereas an abundance of AC rods were induced by Lat B (A, arrows), label for all tau epitopes, except 12E8, remained

relatively smooth and evenly distributed throughout neurites, as shown here for ATiOO (A) (other epitopes not shown). Western blots of lysates of Lat

B»treated neurons were probed with the same battery of antibodies to tau phospho-epitopes, While most epitopes such as S396 (shown here)

showed little change in phosphorylation during Lat B treatment, the 12E8 epitope was strongly phosphorylated within 2 min of treatment (B, C).

Band intensities were quantified for each time-point for 12E8 and 5396 immunoblots (C) with each lane normalized to individual B-actin loading

controls and then calculated as a percentage of control band intensities. At 2 min, 12E8 phosphorylation was 2.910.1-fold higher than control means

(mean :min/max intensities). Scale bar: 10 um.

doi:10.1371/journal.pone.0020878.9006

and highly localized cytopathology could reflect a sub-optimal or mitochondrial dysfunction. excess glutamate. oxidative stress.

failing local microvasculature [:32]. calcium deregulation or other effectors leading to AC rods and

In contrast to 12138. other phosphoepitopes including AT270. .\L\l’/tau redistribution in Z'iz'o are potentially multifold

$422. ATlOO. $396 and S404 mostly accumulated in small [22.433753]. Oxidative stress and calcium have previously been

neuritic spheroid swellings in ATP depleted neurons. “'6 found implicated in the cytoskeletal pathology ofAD and studies have

these phosphoepitopes only occasionally co—localized with ADF shown both calcium-dependent and independent pathways

immunostaining in rod-shaped structures (Fig. 2 and 3). and this leading to AC rods in various model systems [22.43.53]. More

observation was rare compared to the high level of co-localization work is needed to delineate the involvement of these pathways in

of ADF and 12138 (Fig. 4). we can conclude that recruitment to AD.

AC rods during these conditions is primarily specific to KXGS- A predominant function of tau protein is to bind and stabilize

phosphorylated species in the initial stages. The occasional rod- axonal .\1Ts the tracks for cargo transport to synaptic terminals.

shaped structure formed by $404 and AT270 label (Fig. 2) and Hypetphosphorylation of tau in the KITBD by microtubule

rare co—localization ofAT‘27l) with ADF in AC rods. suggests that affinity regulating kinase (BIARKVI’ARI or other kinases gives

other phosphoepitopes of tau may appear in AC rods later. a rise to a destabilized MT network and concomitant self—assembly

subject of ongoing investigation. In primary neurons. Lat B» of the increased concentration of unbound tau [13.13.16]. This

induced actin depolymerization also resulted in specific recruit- self-assembled tau is purported to serve as a seed for further

ment of 12138 epitopes to AC rods. with a concomitant ~3-fold assembly of redistributed tau into l’HFs along neurites (neuropil

increase in the signal of the band recognized by 12138 on threads) and in the somatodendritic domain (neurofibrillaiy

immunoblots following 2 min Lat—B treatment (Fig. 6). By tangles) [1.251.435]. Albeit in a cell model and not demonstrated

contrast. S396 was neither seen to redistribute into spheroid or in iilu in brain tissue. our results suggest that AC rods may

rod»like aggregates nor deviate from control levels of phosphor- contribute to the sequestration and accumulation of unbound tau

ylation. These data suggest that actin rearrangement in this cell via its phosphorylated MTBD in neurites leading to neuropil

model triggered either by changes in cellular ATP levels or directly thread-like inclusions and potentially l’HFs. \Ve speculate that

by actin depolymerizing drugs may be an upstream effector of rapid depolymerization and rearrangement of the actin cytoskel-

KXGS phosphorylation and redistribution of :\'1Al’ into AC rods. eton during rod assembly may induce activation of.\IARK/Par—1

Converging or independent signaling mechanisms triggered by or other kinases. the former of which has previously been
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implicated in conferring tau toxicity in Drosophila models
[15.56.57]. Consistent with this, activation of MARK correlates

with elevated phosphorylation and dendritic accumulation of tau
in stressed primary hippocampal neurons [47].

Extensive studies have demonstrated a role for tau and other
MAPS in cross-linking and bundling of actin filaments [28 37].
Some studies have additionally demonstrated that MAP—actin
association is regulated by the reversible phosphorylation ofMAPS
and that furthermore, tau and MAP? interactions with actin occur

via KXGS-containing motifs in the repeat regions of their MTBD
domains [31,32,58]. That 12138 labeled epitopes co-localized with
AC rods in our study further supports a central role for KXGS
motifs in the rapid association with actin. Moreover, EM analysis
of AC rods following 15 min ANI treatment in primary neurons
demonstrate the presence of filamentous bundles (Fig. 5), and we
speculate that AC-actin bundles form initially and serve as
nucleation sites for subsequent recruitment of 12E8 epitopes. A
recent study of human AD brains provides some support for this
notion, which reported a correlation between increased cofilin
expression and tau pathology in specific regions of the brain,
including the temporal cortex [59 61]. Expression of the
microRNA miR-107 has been shown to decrease in AD brain
[60], which is associated with increased amyloid precursor protein
and cofilin protein levels and formation of cofilin rod-like
structures [61]. In regions of AD brains with confirmed reduction
of miR—lO7 expression, a significant increase in NFTs was
observed when compared with adjacent tissue expressing normal
levels of miR—107 [59].

Further investigations are required to delineate the mechanisms
facilitating the interaction between NIAP and AC—actin rods and
whether it is direct or indirect. Important questions that remain to
be answered are whether the KXGS phosphorylation of tau or
other MAPS is causative or correlative with its association with
actin or AC rods and what mechanism facilitates the interaction
between 12138 epitopes and AC rods. Recent characterization of
isolated AC rods demonstrated the presence of the scaffolding
protein l4-3-3C [42] which was also shown to be associated with
12E8 within AC rods (unpublished observations LSM and JRB),
suggesting that l4-3-3C may have a role either in rod structure or
in a longer time-dependent maturation of MAP/tau phosphory-
lation, as has previously been suggested in other studies [62 64].
Answering these questions is the subject of ongoing studies.

In summary, we have shown that mitochondrial inhibition is
associated with specific and sustained detection of 12E8 epitopes
indicative ofMAP phosphorylation in MTBD KXGS motifs, but a
concomitant dephosphorylation of other phospho—tau epitopes.
The combined effects of MT destabilization and accumulation of
MAP/tau and cofilin-actin rods in the neurites is proposed to
inhibit axonal transport, ultimately leading to synaptic pruning
and neuronal death [47,65 68]. The present fmdings therefore
suggest that targeting disrupted energy metabolism, mitochondrial
dysfunction and downstream actin reorganization in aging cells
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Figure 81 AT100 labels a non-tau component in the nucleus
during mitochondrial inhibition, actin depolymerization and in

postmortem AD brain. Primary chick neurons were treated with
1 uM AM or 1 ug/ml Lat B for 15 min, fixed, immunostained

and analyzed via confocal laser scanning. ATP reduction with AM

induced nuclear accumulation of the ATlOO label in a proportion
of neurons (36iQD/n; meani’ SE31), as indicated by co—localization
with DAPI (A, B). Co-stainings revealed no obvious translocation
of total tau into the nuclear compartment in cells exhibiting

ATlOO nuclear accumulation (B, arrows), suggesting the ATlOO
antibody is labeling a protein other than tau. ATlOO labeling in
untreated cells (C) remained contained in the neurites. Similarly,

actin depolymerization with Lat B gave rise to nuclear
accumulation of ATlOO label in 22i2% cells (meaniSEhi) (D)
and again, lack of total tau and other epitopes such as S396 (D) in
the nucleus. Interestingly, pre-treating cultures for 2 min with the

F—actin stabilizing drug jasplakinolide prevented nuclear accumu-
lation ofATlOO in cultures subsequently treated with either AM or
Lat-B (data not shown). Formalin-fixed 7 um brain sections from

the hippocampal region of confirmed AD cases were immuno-
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epitopes (data not shown) often accumulated in flame-shaped
tangles, though remained largely absent from the nucleus (E,
arrows). By contrast, double-labeling studies showed ATlOO label
frequently appearing in the nuclear compartment as evidenced by
its co-localization m'th DAPI (F, arrowhead). In the same neurons,

S396 was exclusively contained within the somal compartment (F,

arrow). Although characterization and identification of this
ATlOO-positive protein is beyond the scope of the present study,
further investigation of this stress-induced response would be
valuable as the appearance of the epitope in the nucleus

specifically occurs in stressed cells (ATP depleted) or AD brain
and not control cells. Images in (A D): confocal microscope; (E, F):

optical microscope. Scale bars = 10 pm (A, F); 20 um (B E).
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ADF/Cofilin-Actin Rods in Neurodegenerative Diseases
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Abstract: Dephosphorylation (activation) of cofilin, an actin binding protein, is stimulated by initiators of neuronal dys-

function and degeneration including oxidative stress, excitotoxic glutamate, ischemia, and soluble forms of B-amyloid

peptide (AB). Hyperactive cofilin forms rod-shaped cofilin-saturated actin filament bundles (rods). Other proteins are re-

cruited to rods but are not necessary for rod formation. Neuronal cytoplasmic rods accumulate within neurites where they

disrupt synaptic function and are a likely cause of synaptic loss without neuronal loss, as occurs early in dementias. Dif»

ferent rod-inducing stimuli target distinct neuronal populations within the hippocampus. Rods form rapidly, often in tan-

dem arrays, in response to stress. They accumulate phosphorylated tau that immunostains for epitopes present in “striated

neuropil threads," characteristic of tau pathology in Alzheimer disease (AD) brain. Thus, rods might aid in further tau

modifications or assembly into paired helical filaments, the major component of neurofibrillary tangles (NFTs). Rods can

occlude neurites and block vesicle transport. Some rod-inducing treatments cause an increase in secreted AB. Thus rods

may mediate the loss of synapses, production of excess AB, and formation of NFTs, all of the pathological hallmarks of

AD. Cofilin-actin rods also form within the nucleus of heat-shocked neurons and are cleared from cells expressing wild

type huntingtin protein but not in cells expressing mutant or silenced huntingtin, suggesting a role for nuclear rods in

Huntington disease (HD). As an early event in the neurodegenerative cascade, rod formation is an ideal target for thera-

peutic intervention that might be useful in treatment ofmany different neurological diseases.

Keywords: Cytoskeleton, Alzheimer disease, hippocampus, vesicle transport, amyloid beta, oxidative stress, Huntington dis—

ease, peptidomimetics, phosphorylated tau

ALZHEIMER DISEASE PATHOLOGY AND PRE-
SUMPTIVE INITIATORS

Alzheimer Disease (AD) is diagnosed post mortem where
the classical pathological hallmarks are extracellular plaques
containing amyloid beta (AB) peptides [1] and intra-neuronal
neurofibrillary tangles of the hyperphosphorylated microtu-

bule-associated protein tau [2]. One of the major challenges
in AD research is to identify the mechanisms that generate
the same common pathologies in sporadic and familial AD
brains. Because AD is an age-related disorder, one early fo-
cus for its cause was mitochondrial dysfunction due to aging
[3]. Mitochondrial poisons (e.g. herbicides and insecticides)
have been implicated in Parkinson disease [4] and also could

contribute to sporadic AD. Mitochondrial dysfunction pro-
duces reactive oxygen species, initiating oxidative stress, or
reciprocally, other initiators of oxidative stress could lead to
mitochondrial dysfunction. Regardless of the initiator, mito-
chondrial insufficiency decreases cellular ATP. Another po-
tential AD initiator is excessive extracellular glutamate, the
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major CNS excitatory neurotransmitter [5, 6]. Glutamate
excitotoxicity likely occurs as a result of decreased glial up-
take and neuronal ATP decline. Any of these mechanisms
for AD initiation could be exacerbated by a failing cere-
brovasculature that impacts clearance and exchange mecha-
msms.

COFILIN PATHOLOGY IN AD

A seldom examined molecular pathology of AD brains,

named cofilin pathology because of the abnormal immu-
nostaining of cofilin [7, 8], may help explain the develop-
ment of sporadic AD and link its pathology to familial AD.
Actin depolymerizing factor (ADF) and cofilin are two
members of an essential protein family that enhances the
rapid assembly and/or disassembly (dynamics) of actin,
which is critical to many cell behaviors. The two proteins
share 70% sequence identity, have the same single phospho-
regulatory site and cryptic nuclear localization sequence, and
have qualitatively similar but quantitatively different effects
on actin in vitro and in vivo [9-11]. The proteins travel to-

gether with actin in the same component of slow axonal trans-
port [12, 13], suggesting a role for ADF/cofilin in the transport
and exchange of actin into cytoskeletal structures during neu-
ronal development. Rodent hippocampal neurons and human

©2010 Bentham Science Publishers Ltd.
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brain contain 5-12 fold more cofilin than ADF [7, 14]; hence

we will hereafter just refer to cofilin unless studies have been

done specifically to express or examine ADF.

At low ratios (<1:100) to actin subunits in filamentous

actin (F-actin), cofilin severs filaments forming more fila-

ment ends that can either nucleate filament growth or more

rapidly depolymerize filaments, depending on the amount of

available actin monomers [15]. At higher ratios, cofilin sev-

ering is rapid but transient as its binding to F-actin stabilizes

a twisted form of actin, eliminating the phalloidin binding

site and allowing filaments to bundle [15, 16] (reviewed in

[17]). Cofilin’s ability to bind to actin and dynamize filament

assembly/disassembly is inhibited by phosphorylation of its

ser3 by LIM kinase and other kinases (reviewed in [11]).

Active cofilin, generated by specific and highly regulated

phosphatases in the slingshot [18] and chronophin [19] fami-

lies, binds ADP—actin with higher affinity than ATP-actin

[20, 21]. In stressed cells, ATP declines, oxidative potential

increases, and these effects activate cofilin phosphatases [22,

23]. ATP-actin levels decrease [24], and cofilin binds ADP-

actin generating cofilin-saturated ADP-actin filaments,

which aggregate in vivo [7] or in vitro (Minamide et al.,

submitted) to form rods. Many rod-inducing stresses de-

crease the primary cellular reducing agent reduced glu-

tathione, and the four free sulfhydryl groups of cofilin are

prime targets for oxidation [25. 26], which can enhance actin

bundling into rods in vitro.

Cofilin immunostaining (IHC and IF) was observed in

ovoid aggregates and in rod-like tandem arrays in AD brain

[7]. Recently. Sandra Siedlak and George Perry found elec-

tron micrographs that showed a rod-like bundle of actin—
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sized filaments in a human AD brain section [17]. The simi-

larities between the ultrastructure of this bundle and that of

cofilin-actin rods induced experimentally in organotypic

slices of rodent brain (see below) are striking.

ISOLATION AND CHARACTERIZATION OF RODS

Cofilin-actin rods induced by ATP-depletion have been

isolated from non-neuronal cell lines expressing a human

cofilin-GFP or Xenopus ADF/cofilin-GFP, and from non-

neuronal cells and cultured rat cortical neurons in which rods

are composed only of endogenously expressed proteins (Mi-

namide et 0]., submitted). Rods are stable in DTT, EGTA

and ATP but not in non-ionic detergents. Rods formed from

endogenous proteins contain cytoplasmic actins (B- and y-

actin) and cofilin—l identified by proteomic analysis. Im—

munoblot and silver staining analysis of neuronal rod pro-

teins show a 1:1 ADF/cofilinzactin ratio based upon standard

curves of purified proteins. Several other proteins were iden-

tified in rods, some of which are contaminants (e.g. tubulins

and keratins) and others whose roles in rod formation have

been investigated by immunostaining. Only actin and cofilin

are in rods during all stages of rod formation. Thus, core rod

components are ADF/cofilin and [3— and y—actins, confirmed

by in vitro rod assembly from these purified proteins (Mina-

mide er al., submitted).

SIGNALING

FORMATION

TO ADF/COFILIN-ACTIN RODS

Several pathways leading to cofilin activation from ex-

temally applied stress agents have been characterized (Fig.

l). Disruption of mitochondrial electron transport causes
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ATP-depletion and release of chronophin from inhibition by

its intracellular complex with Hsp90 [22]. Because silencing
of chronophin by siRNA significantly, but only partially,
delays rod formation and cofilin dephosphorylation, sling-

shot phosphatase may play a secondary role [22]. Since most
neuronal stress agents induce a decline in ATP, chronophin
activation may often be involved.

Externally applied ATP induces rods in some neurons
through activation of the P2X receptor and calcium influx
[27]. Elevated calcium binds to calmodulin and the complex

stimulates calcineurin, which dephosphorylates slingshot,
releasing it from its inhibitory binding partner l4-3-3C [23,
28]. 14—3—3Ca1so is involved in peroxide induced rods, but in
this case it is through sullhydryl oxidation of l4—3-3C and its
release of active slingshot [23]. Full activation of slingshot

after release from 14-3-3Q requires F-actin binding [28, 29].

Because glutamate activates several different receptor

types in neurons, one of which is the calcium permeable
ionotropic NMDA receptor, we anticipated glutamate would

activate slingshot via the calcium/calmodulin/calcineurin—
mediated pathway. Surprisingly, glutamate-induced rod for-
mation in cultured rat embryonic hippocampal neurons (5-7
days in vitro) is mediated entirely by AMPA receptors and is
calcium—independent1; how the AMPA-induced depolariza-
tion mediates cofilin dephosphorylation has not been deter-
mined. Whether AMPA receptors alone mediate rod forma-

tion in older neurons is currently being investigated.

AB-induced rod formation is inhibited in ~50% of the
neurons in which cdc42 is missing or a dominant negative

cdc42 is expressed [30], suggesting that about half the hip-

pocampal neurons that form rods in response to AB utilize a

cdc42-dependent pathway. This pathway may be similar or
identical to the one downstream of brain derived neurotro-
phic factor, in which cdc42 activation inhibits rho and de-
creases rho kinase and LIM kinase activities, and conse-

quently phospho-cofilin levels [31, 32]. The coftlin phospha-
tase slingshot also inhibits LIM kinase by direct dephos-

phorylation [29], suggesting that decreased LIM kinase ac—

tivity will occur when slingshot is activated. Together these
studies show that different stress agents effect rod formation
by a plethora of pathways that activate cofilin phosphatases,
inhibit cofilin kinases, or do both.

About 1 [AM of the oligomeric synthetic ABM; gives
maximal rod response in which only about 20% of the hip-
pocampal neurons (localized to the dentate gyrus and mossy
fiber tract) form rods [33]. A cell culture secreted AB frac—

tion, containing mainly AB dimer and trimer (ABd/t), ob-
tained from Dennis Selkoe [34, 35], gave a greater maximal
rod response (~30% of neurons localized to similar regions),
but at concentrations of ~200 pM, 5,000 fold more potent
than synthetic AB mixturesz. Furthermore, the concentration
of ABd/t that induces rod formation in organotypic hippo-
campal slices of juvenile or adult rat is the same that causes
memory and learning deficits when introduced into adult rat
brain by a single intraventn'cular infusion [35]. Of interest,
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cognitive deficits in adult rats occur between 1-4 h after in—

fusion and completely disappear by 24 h [35]. Rod formation
induced in organotypic slices by ABd/t is twice control levels
within 1 h and becomes highly significant (p<0.001) by 2 hz.
Rods are fiilly reversible, disappearing 24 h after washout of
the AB [30].

These findings led to our hypothesis that in familial AD,
caused by mutations in pathways that lead to excessive ABd/t

production, rods form primarily from the effects of ABd/t,
whereas in sporadic AD other stress stimuli, e.g. cardiovas-
cular insufficiency, oxidative stress, or excitotoxic gluta—
mate, initiate rod formation [36, 37]. The rods then block

transport and enhance the formation and release of AB, some
of which forms plaques and some of which, presumably as
ABdimer or ABd/t [38], spreads the degenerative zone. This
model explains the similar pathologies found in familial and
sporadic AD.

COFILIN-ACTIN RODS FORM IN NEURITES AND
BLOCK VESICULAR TRANSPORT AND DISTAL
SYNAPTIC ACTIVITY

Transport inhibition is one of the earliest defects in a
human mutant APP transgenic mouse model for AD and in

human AD brain [39]. Defects consist of axonal swellings

containing organelles, vesicles and microtubule—associated
proteins including motor molecules. Cofilin-actin rods form
in axons and dendrites of cultured neurons treated with AB,

where they inhibit vesicular transport and accumulate vesi-

cles containing APP and AB peptides [33, 37]. Although
some rod-inducing agents block vesicle transport throughout
the neurites of cells that form rods, probably due to a more
global drop in ATP, other agents cause vesicle accumulation

at sites of rod formation and vesicles remain dispersed in
neurites without rods, demonstrating that rods can serve as

sites of vesicle transport inhibition [33]. Synaptic dysfunc-
tion distal to rods has been characterized electrophysiologi—
cally in Aplysia neurons [40].

RODS AND APP ACCUMULATION AND AB SEC-
RETION

Since much of the BACE cleavage of APP occurs in en-
dosomes [41, 42], endosomal APP undergoing retrograde

transport may be prevented by rods from reaching lysosomes
for degradation. Thus we hypothesized that the AB produced
within them is not degraded and that stalled vesicles will

then accumulate more AB and secrete it when they fuse with
the cell membrane. Testing this model has not been easy
because a sensitive assay for total rodent AB was not avail-
able and cofilin has functions in the secretory process sepa-

rate from its rod-forming ability. Using a sensitive ELISA
for total rodent AB developed in collaboration with Co-
vance3, we demonstrated a 2.2 fold increase in secreted
AB(normalized to cell number) in rat embryonic cortical
neuron cultures with peroxide-induced rods compared to
untreated cultures. No significant change in intracellular AB
level was found between rod-containing and untreated neu-
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rons and the extracellular AB gradually increased each day

suggesting that enhanced secretion of the contents of stalled

vesicles takes place. These results lend support to our feed-

forward hypothesis that AB induction of rods will potentiate

secretion of AB in a positive loop [33]. A nearly identical

increase in AB secretion (2.4 fold) from chicken tectal neu-

rons treated with peroxide was quantified using immunopre-

cipitation and western blotting [43]. Some rod-inducing

stimuli (ATP-depletion, glutamate stimulation) do not in-

crease AB-secretion but freeze vesicle transport blocking

accumulation at rods}. This finding suggests that interactions

between different vesicle populations at rods may be re-

quired to bring about enhanced AB formation and/or secre-

tion.

DIFFERENT STIMULI TARGETING DIFFERENT

POPULATIONS IN I-IIPPOCAMPUS

We developed a mapping method for hippocampal or-

ganotypic slices with rod formation as a measured end point;

our data demonstrate that discrete neuronal populations are

sensitive to different stress-inducing agents [30]. Glutamate—

induced rods are prevalent in the hippocampal CA3 region,

whereas rods induced by synthetic amyloid beta (ABMZ)

peptide oligomers and especially the ABd/t2 occur mostly in

the dentate gyrus and mossy fiber tract [30]. This location

suggests a major impact on cognitive function.

The dentate gyrus, with input from the perforant pathway

axons and cholinergic neurons from the basal forebrain,

plays a central role in associative memory [44], where den-

tate granule cells play a crucial role in pattern separation [45,

46]. The CA3 pyramidal cells receive the granule cell output

via the mossy fibers and aid in pattern completion [47] re—

quired for rapid one-trial contextual learning and pattern

completion-based memory recall [48]. Because of its central

role in associative memory, the dentate gyrus has been ex~

tensively studied in AD brain [46]. There is an early loss of

synapses (48% decrease) before a measurable loss of neu—

rons is detected [49, 50]. Synaptic loss correlates with cogni-

tive dysfunction during AD progression with early, mild and

severe AD cases showing a decline in staining of the synap-

tic marker synaptophysin of about 25, 45 and 65%, respec-

tively [51]. Because they block neurite transport and cause

atrophy distal to them without killing neurons [7, 40], AB-

induced rods provide a plausible mechanism for synaptic

loss in these regions. Thus they represent a novel target for

therapeutic intervention.

COFILIN-ACTIN RODS AS

ISCHEMIC INJURY

MEDIATORS OF

Time—lapse imaging in cofilin-GFP expressing cells

shows that rod formation begins within 4-8 min of anoxia in

hippocampal slices [30] and plateaus by 10 min, suggesting a

role in synaptic dysfunction during hypoxic/ischemic injury

or traumatic brain injury. During early phases of rod forma-

tion induced by overexpression of cofilin-GFP, rods form

transiently and may move both anterogradely and retro-

gradely within processes before undergoing disassembly.

Transient rods can fuse to form larger structures that still

move, and sometimes larger rods give rise to smaller ones

that eventually disappear. When rods reach a certain size, as

Bamburg er al.

determined by the intensity of the cofilin—GFP, their motility

ceases and they inhibit transport of other materials within the

neuritez.

ROLE OF COFILIN-ACTIN RODS IN FORMATION

OF STRIATED NEUROI’IL THREADS.

In Alzheimer’s disease, cofilin-actin rods and thread-like

inclusions containing phosphorylated microtubule-associated

protein tau form in the neuropil of the brain. The tau-

containing structures have been referred to as striated neu-

ropil threads [52], which comprise >85% of cortical tau pa-

thology [53] and are directly correlated to cognitive decline

and disease progression [54-56]. However, the mechanism

leading to their assembly has remained elusive.

The 12158 monoclonal antibody, which recognizes human

tau phosphorylated on ser262 and ser356 , immunostains tau

in a pattern that co-localizes with cofilin-actin rods in

chicken, rat and human neurons (Fig. 2) [57]. The rod-like

staining for tau is induced by several treatments that cause

cofilin-actin rod formation, including cofilin overexpression,

but does not occur in neurons similarly treated but in which

cofilin expression is silenced. Furthermore, cofilin-actin rods

precede tau immunostaining, suggesting cofilin-actin rods

form a tau-binding matrix. FRET experiments show that

cofilin and tau are in close proximity. Bundling and accumu—

lation of F—actin was previously observed to mediate tau in-

duced degeneration in mice expressing mutant forms of tau

associated with Frontal Temporal Dementia [58]. These re-

sults combined with our observations suggest a common

pathway for phospho—tau and cofilin accumulation in neu-

rites that can be initiated by oxidative stress, mitochondrial

dysfunction or AB, all suspected initiators of synaptic loss in

AD. We hypothesize that tau binding to cofilin-actin rods

aids in its assembly into paired helical filaments, the main

component of neurofibrillary tangles.

NUCLEAR COFILIN-ACTIN RODS

Nuclear inclusion bodies, in the form of rods and sheets,

were observed as long ago as the late 19th century [59]; re-

viewed in 60]. Although their function is unclear, their fre-

quent appearance in neurons from normal aged brain (as well

as other tissues) suggests that they serve some physiological

purpose. There is evidence that the formation of nuclear in-

clusion bodies in viva can be a response to aging or stress.

For example, none of the neurons of the cochlear nucleus in

12-day postnatal rats contained nuclear inclusions, but in

adult and aged rats up to 23% of these neurons contained

these structures [60]. Nuclear rods also appear spontaneously

in sympathetic neuron explants after 2-3 weeks and increase

in size with increasing time in culture [61]. The percentage

of neurons with nuclear inclusions can be increased in vivo

by intense electrical stimulation or local perfusion of agents

that increase concentrations of intracellular CAMP [62, 63].

In 1978, Fukui demonstrated that intranuclear rods, com-

posed of actin, could be induced in Dictyostelium by treat-

ment of the cells with 7-15% dimethylsulfoxide (DMSO)

[64]. Nuclear actin rods have been induced in cultured

mammalian cells with DMSO [65, 66], heat shock [67, 68]

cytochalasin D [69], trifluoperazine, a calmodulin inhibitor,

[70], forskolin, a cAMP inducing agent [71], and the
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Fig. (2). Accumulation oftB) phosphorylated tau (l2E8 antibody staining) at (A) cofilin-actin rods in antimycin A-treated hippocampal neu—

rons. (C) Overlay of images. E18 rat hippocampal neurons were cultured 5 days and then treated with antimycin A for 30 min. Cells were

fixed with 4% formaldehyde for 45 min and permeabilized for 90 s in 0.05% Triton X-100. Higher concentrations of Triton X—100 or treat—

ment for longer periods reduces immunostaining of cofilin in rods. Methanol permeabilization, which is ideal for cofilin—actin rod immu-

nostaining, destroys the 12E8 epitope. Bar=10 um.

Cazi/Mgzi ionophore A23187 in the presence of 100 mM

Mgzi [72]. The rods are formed from actin derived from the

disassembly of cytoplasmic F—actin and the subsequent

movement of actin into the nucleus [66]. Neuronal nuclear

rods can be immunostained with antibodies against actin and

cofilin (Fig. 3), but not typically with fluorescent derivatives

of phalloidin [73], suggesting they have a similar structure to

cytoplasmic rods.

Other than actin, the only components that have been

positively identified in these rods are ADF and cofilin. Ohta

er al. [74] showed that dephosphorylation of phospho-cofilin

occurred in fibroblasts prior to nuclear translocation in re-

sponse to DMSO, suggesting that the phosphorylation state

may regulate nuclear uptake. Dephosphorylation of

ADF/cofilins also has been observed prior to nuclear translo—

cation in T-cells in response to co-stimulatory signals [75].

However, Saito el al. [76] showed that both ADF and cofilin

were totally dephosphorylated in thyroid cells in response to

thyrotropin, but formed nuclear rods in these cells only after

exposure to DMSO. Taken together, these data suggest that

dephosphorylation of ADF/cofilin is necessary but not suffi-

cient for nuclear uptake.

Both ADF and cofilin contain an identical nuclear local-

ization sequence (NLS) P-X-X-X-K-K—R—K-K [77, 78].

which is necessary for nuclear translocation resulting from

heat shock [79]. A synthetic peptide containing this NLS

rapidly accumulates in nuclei when injected into the cyto-

plasm of myotubes [80], suggesting that the exposure of the

NLS in ADF and cofilin is regulated Since actin lacks a

NLS, ADF and cofilin may serve as chaperones to transport

actin into the nucleus under conditions that induce rod for-

mation.

Although no specific role for nuclear rods is known, actin

has roles in chromatin remodeling, formation ofheterogene-

ous nuclear ribonucleoprotein complexes, and in transcrip-

tion from all three RNA polymerases (reviewed in [81]).

Thus, sequestering actin into nuclear rods with cofilin could

have major effects on gene expression.

NUCLEAR RODS IN HUNTINGTON DISEASE

Huntington disease (HD) is caused by a CAG triplet-

repeat expansion in the gene encoding huntingtin, which

results in an expanded polyglutamine tract in the protein

[82]. Although the biological function of the entire 350 kDa

huntingtin protein has remained elusive, it has been impli—

cated in vesicular trafficking, nucleocytoplasmic transport,

and transcription modulation [83-86]. Huntingtin is normally

found associated with the endoplasmic reticulum (ER) sur-

face, but under cell stress, including temperature shock and

reduced ATP, huntingtin is released from the ER and under-

goes nuclear entry. Huntingtin associates with nuclear

cofilin—actin rods in cultured heat-shocked cells from a stri—

atal neuron-derived cell line4. Upon removal of the stress,

rods normally disappear. However, silencing huntingtin ex-

pression with siRNA or expressing a human HD mutant

form of huntingtin with a large (111 amino acid) polyglu-

tamine tract in place of wild type huntingtin inhibits clear—

ance of nuclear cofilin-actin rods, suggesting that one role of

normal huntingtin is clearing cofilin-actin nuclear rods.

RODS AS A TARGET FOR THERAPEUTIC INTER-

VENTION

Because cofilin modulates actin in many different cellu-

lar processes [11, 87], it has been difficult to determine if the

sequestering of cofilin into rods has detrimental effects in

cells due to the rod formation per se, or whether it is the al-

teration of cofilin activity at some other place that is having

the detrimental effect. Thus, for example, when we treat neu-

rons with a rod inducing stimulus and see a decline in synap-

tic activity, we could be observing effects on delivery of

synaptic material required for maintenance of activity or we

could be observing a direct effect on local cofilin-actin dy-

namics within the synapse (or both). To get around this prob—

lem, we have taken two approaches. The first approach is to
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Fig. (3). Nuclear ADF/cofilin—actin rods induced in hippocampal neurons by 10% DMSO. (A-D) Time-course of rod formation after addition

of 10% DMSO. A=0 time; B=15 min; C=30 min; D=9O min. Cells were fixed in 4% paraforrnaldehyde for 30 min, permeabilized with -20"

methanol for 3 min and stained for ADF/cofilin with affinity purified rabbit 1439 antibody [98]. Bar for A-D= 10 um. Transmission electron

micrographs of sections through the cell body of hippocampal neurons that were untreated (E) or treated 90 min with 10% DMSO (F). Rods

in longitudinal section and cross-section are present around the nucleus but are also within white box. Bar for E and F= 1 pm. (G) Nuclear

rod from another cell that was stained with immunogold for ADF/cofilin. Virtually all of the ADF/cofilin immunogold staining lies over

rods. Bar=0.l um.

identify surface mutations on cofilin that do not alter normal

cofilin-dependent actin dynamics but do prevent the mutant

cofilin from incorporating into rods, especially in cells in

which endogenous cofilin expression is silenced. Such a mu-

tant cofilin could be used to make a knock-in mouse which

should be resistant to forming rods and thus useful for testing

directly the importance of rods in the degenerative response

and synaptic loss. However, we also have shown that the

ability of cells to form rods is transiently neuroprotective

[88]. By tying up virtually all the cofilin but only a small

fraction ofthe actin in rods, cells spare ATP that normally is

consumed in actin filament dynamics [89], which can help

maintain ionic homeostasis for several minutes giving the

cell a chance to recover from its stress. Thus, there is no

guarantee that a viable mouse which never forms rods can be

obtained. The second approach is to identify peptides that

will disrupt the surface interface between adjacent cofilin-

actin filaments in the rod but not normal cofilin-actin bind-

ing. These peptides could then be made cell permeable and

used to inhibit rod formation in acute experiments in cultured

neurons or organotypic slices.

Studies on Mutant Cofilins

We examined several mutations of cofilin on the non—

actin binding surface. Mutant cofilin-RF? chimeras were

expressed from plasmids transfected into different cell lines

that express only cofilin and not ADF. Cofilin-actin rods

were induced in the cytoplasm upon ATP depletion and in

the nucleus upon 10% DMSO treatment. Many of the mutant

cofilin-RFPs incorporated into cytoplasmic and nuclear rods

nearly identically to wild type (wt) cofilin-RFP. However,

several mutants showed > 50% decrease in cells forming

both nuclear and cytoplasmic rods. Since residual rods could

be due to mutant incorporation into rods initiated by endoge—

nous proteins, we retested their ability to form rods in cells

in which endogenous cofilin was silenced. One mutant did

not form any rods and a second gave significantly reduced

rod formation. Both mutant cofilins were phosphorylated to

the same extent as wt cofilin in cells expressing an active

form of LIM kinase and were dephosphorylated in cells ex-

pressing wt slingshot, suggesting the proteins folded cor-

rectly and served as LIM kinase and slingshot substrates.

Bacterial expression and isolation of each of these mutant

proteins allowed us to characterize their actin binding and

dynamizing activities. One of the mutants (R21Q) had about

a 10 fold weaker binding to F-actin, explaining its inability

to incorporate into rods. The other mutant behaved similarly

to wt cofilin in actin binding assays suggesting it might be

useful in generating a knock-in mouse if it rescued normal

actin dynamics in cofilin silenced cells.

We initially used a variety of functional assays to see if

the mutants could rescue some cofilin-dependent activity in

cofilin-silenced cells. Major assays used include: 1) cell divi—

sion (cytokinesis) in which cofilin—silenced cells accumulate
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as a multinucleated phenotype; 2) Golgi organization in
which cofilin-silenced cells exhibit a dispersed Golgi vesicle
array; and 3) cell polarization/migration in which cofilin-
silenced cells have a poor ability to undergo polarized migra-
tion either in wound healing (time to wound closure) or in

spontaneously polarized migrating cells (chick cardiac fibro-
blasts [90]). Each of these assays has its strengths in trying to

identify a non-rod forming mutant cofilin that maintains its
essential actin dynamizing capability. Unfortunately, none of
the assays performed as expected when we rescued with vec-
tors expressing wt cofilin. For example the multinucleated
cell type decreased from 24% in the cofilin-silenced cells to

about 11% in cells expressing wt cofilin-RFP, significantly
above the 3% average multinucleated phenotype in the pa-
rental cell cultures. We reasoned that the RFP might be in-

hibiting full cofilin activity so we expressed untagged wt
cofilin from vectors expressing a fluorescent protein from a
separate promoter (to identify expressing cells) but obtained
about the same level of rescue. Another possibility that could
explain the limited rescue, even with wt cofilin, is that

cofilin overexpression from a strong CMV promoter might
not create an adequate time window during which optimal
cofilin activity required for rescue is expressed. Too much
cofilin may be just as inhibitory to some actin functions as

too little. To circumvent this problem we are remaking our

expression plasmids using the cofilin promoter. This work is

in progress.

Testing Peptidomimetics to Block Rod Formation

Although the structure of the cofilin-actin complex has

not been directly determined, both NMR and X-ray crystal

structures have been determined for several ADF/cofilin
family members from across phylogeny. All have a very
similar core structure, called the ADF-homology domain,
also found in some other actin binding proteins where it may
be repeated more than once [91]. Models of the complex
between cofilin and F-actin (based on the F-actin model of

Holmes et al. [92]) have been built using molecular dynam-

ics simulations, structural homology considerations, and

synchrotron radiolytic footprinting data [93—96]. In addition,
the crystal structure of one ADF—H domain of twinfilin in

complex with actin was recently determined [97]. We con-
sidered residues exposed on the surface of the cofilin bound
to F-actin to be likely candidates for interaction between
adjacent cofilin-saturated filaments in forming rods. Thus we
prepared synthetic peptides corresponding to the entire ex-
posed surface regions and tested their ability to block rod
formation when injected into cells expressing human cofilin-
GFP. Peptides were injected with rhodamine-dextran so that
injected cells could be scored for rods following ATP-
depletion. Initial injections were performed with peptides
made at 2 mg/ml. Assuming injection volumes of about 10%
of the cell volume the final intracellular concentrations of
most of the peptides should be approximately 100 uM, or
about 5 times the estimated 20 pM concentration of cofilin.
At this concentration, one peptide gave ~20% decrease in
rod formation.

While these studies were in progress we completed the
characterization of rods isolated from cells expressing
cofilin—GFP and cells where rods formed from endogenous
proteins. Rods formed from endogenous proteins were more
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unstable in 0.5 M salt than were rods formed from cofilin-
GFP, suggesting that the interface between the adjacent

cofilin—actin filaments will differ in the two cases. Thus, we

are now retesting the peptides used above for their abilities

to inhibit endogenous rod formation in A431 cells subjected

to ATP-depletion.

CONCLUSIONS

Cofilin’s ability to enhance F-actin severing and subunit
turnover when at low stoichiometry to F-actin subunits and

to bind and stabilize F—actin when at high stoichiometry is a
form of self-regulation, which when coupled to its phospho-
regulation by a number of upstream regulators, provides an
exquisite mechanism for spatial and temporal control of actin
filament dynamics. The reversible stress-induced bundling of

the cofilin-saturated F—actin into rods, which occurs in all

cells expressing adequate levels of ADP/cofilin proteins, is
possibly just an additional regulatory layer to further con-

serve ATP for other processes. However, in neurons, where

ADP/cofilin is distributed within the neurites and forms rods
that inhibit transport and thus inhibit their own ability to re-
cover, additional complications arise that can compromise

synaptic function. The transport of actin into the nucleus
may also be a normal cellular function of cofilin that gets

compromised under certain types of stress leading to forma-
tion of nuclear rods. These might also have a transient pro-
tective effect through changes in the transcriptome but might
be detrimental to long—term neuronal function. Developing

new tools to test the role of rods in different aspects of neu-

rodegenerative diseases is critical to further our understand-
ing of rods and how their manipulation might be of therapeu-

tic significance.
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Activated Actin—Depolymerizing Factor/Cofilin Sequesters

Phosphorylated Microtubule—Associated Protein during the

Assembly ofAlzheimer-Like Neuritic Cytoskeletal Striations

Ineka T. WhitemanJ'2 Othon L. Gervasio,2 Karen M. Cullen,2 Gilles I. Guillemin,3 Erica V. Ieongd’2 Paul K. Witting,2

Shane T. Antao,2 Laurie S. Minamide,4 James R. Bamburg,4 and Claire Goldsburyli2

1The Brain 8: Mind Research Institute, and 2Bosch Institute, School of Medical Sciences, University of Sydney, Camperdown, New South Wales 2006,

Australia, 3Neuroinflammation Group, Department of Pharmacology, University ofNew South Wales, Sydney, New South Wales 2052, Australia, and

4Department of Biochemistry and Molecular Biology, Colorado State University, Fort Collins, Colorado 80523

In Alzheimer’s disease (AD), rod-like cofilin aggregates (cofilin—actin rods) and thread-like inclusions containing phosphorylated

microtubule-associated protein (pMAP) tau form in the brain (neuropil threads), and the extent of their presence correlates with

cognitive decline and disease progression. The assembly mechanism ofthese respective pathological lesions and the relationship between

them is poorly understood, yet vital to understanding the causes ofsporadic AD. We demonstrate that, during mitochondrial inhibition,

activated actin-depolymerizing factor (ADF)/cofilin assemble into rods along processes ofcultured primary neurons that recruit pMAP/

tau and mimic neuropil threads. Fluorescence resonance energy transfer analysis revealed colocalization of cofilin-GFP (green fluores-

cent protein) and pMAP in rods, suggesting their close proximity within a cytoskeletal inclusion complex. The relationship between

pMAP and cofilin—actin rods was further investigated using actin-modifying drugs and small interfering RNA knockdown ofADF/cofilin

in primary neurons. The results suggest that activation ofADF/cofilin and generation ofcofilin—actin rods is required for the subsequent

recruitment of pMAP into the inclusions. Additionally, we were able to induce the formation of pMAP-positive ADF/cofilin rods by

exposing cells to exogenous amyloid-B (AB) peptides. These results reveal a common pathway for pMAP and cofilin accumulation in

neuronal processes. The requirement ofactivated ADF/cofilin for the sequestration ofpMAP suggests that neuropil thread structures in

the AD brain may be initiated by elevated cofilin activation and F-actin bundling that can be caused by oxidative stress, mitochondrial

dysfunction, or AB peptides, all suspected initiators of synaptic loss and neurodegeneration in AD.

Introduction

Alzheimer’s disease (AD) is a progressive, degenerative dementia

histopathologically characterized by neurofibrillary tangles of tau

protein and amyloid-B (AB) plaques (Goedert and Spillantini, 2006;

Haass and Selkoe, 2007). In early stages ofAD, hyperphosphorylated

microtubule-associated protein (pMAP) tau forms striated thread-

like structures in neurites, so-called “neuropil threads” (Velasco et

al., 1998; Augustinack et al., 2002), that correlate with cognitive de-

cline and comprise >85% of end-stage cortical tau pathology

(Velasco et al., 1998; Braak et al., 2006; Giannakopoulos et al., 2007).

Tau, like other MAPS, stabilizes neuronal microtubules (MTs)

and facilitates MT dynamics through its phosphorylation and
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dephosphorylation (Timm et al., 2003) (for review, see Garcia

and Cleveland, 2001). Although normal adult neurons exhibit

low levels oftau phosphorylation, neurons ofAD brain and other

tau-related neurodegenerative diseases show high levels of tau

phosphorylation at both physiological and pathological disease-

specific residues. This tau hyperphosphorylation prevents bind-

ing and stabilization of MTs and causes abnormal translocation

of tau from axonal MT tracks to neuropil thread inclusions,

dendritic processes, and cell bodies in which it accumulates

and aggregates (Terry, 1998; Garcia and Cleveland, 2001 ). The

phosphorylation of tau at Ser262 in the rnicrotubule—binding do—

main is one of the earliest markers ofAD neuropathology, readily

detected in “pretangle” neuropil threads (Augustinack et al., 2002).

Another prominent feature widespread in the AD brain is

abnormal aggregates of the actin-associated protein cofilin,

which forms punctate and rod-like linear arrays through the neu—

ropil (Minamide et al., 2000). Neuronal cofilin plays important

roles in learning and memory pathways by modulating actin-rich

dendritic spine architecture (Hotulainen et al., 2009) (for review,

see Bamburg and Bloom, 2009). The activity of cofilin and re-

lated protein actin—depolymerizing factor (ADF) is negatively

regulated by phosphorylation of the conserved Ser3 by LIM

(Lin-11, Isl—1, and Mec-3) and other kinases and reactivated on



Whiteman et al. - pMAP/Tau ls Recruited to Neuritic (ofilin-Actin Rods

 
Total Tau

x‘

 

Figure 1.

(arrow). Scale bars: a, h, 10 um; c—f, 20 um.

its dephosphorylation by slingshot or chronophin phosphatases

(Huang et al., 2008) (for review, see Bamburg and Bloom,

2009), allowing it to actively bind and sever filamentous actin

(F-actin), thus regulating actin turnover (Carlier et al., 1997; Bam—

burg and Bloom, 2009).

ADF/cofilin—actin rods comparable with those observed in

the AD brain are inducible in neuronal cell culture through inhi-

bition of mitochondrial ATP generation and other neurodegen—

erative stimuli such as oxidative stress or exposure to AB peptides

(Minamide et al., 2000; Maloney et al., 2005; Davis et al., 2009).

Since actin dynamics in neurons are purported to use ~50% of

total cellular ATP (Bernstein and Bamburg, 2003), ADF/cofilin—

actin rods have been proposed to represent an early neuroprotec—

tive mechanism during times of transient stress since virtually

all ADF/cofilin is sequestered into nondynamic polymers of

Neuropathological hallmarks of human AD can be recapitulated in ATP-deprived human and chick primary neurons.

0,12, Hyperphosphorylation of tau at Ser262/356 (immunolabeled with the 12E8 antibody) and striated neurites are early markers

of AD. Immunofluorescent staining of sections of frontal cortex from human AD brain show strong 12E8 reactivity in neurofibrillary

tangles in individual neurons (a) and abundant lineararrays of 1 2E8-labeled inclusions in neurites (a, b, arrows).c, Human primary

neuronal cell cultures labeled with the 12E8 antibody (red) and total tau antibody (green), after 30 min AM treatment (plus DAPI

in blue in merged image). Tapered pMAP-positive rods were observed throughout the neurites (arrows). d, 2, Primary chick

neurons (7 div) treated with AM for 15 min also rapidly accumulate rod-like 12E8-positive inclusions (red) that frequently form

linear striations within single neurites (e, arrowhead). Rods were not enriched with total tau (c, d, green), indicating that inclusions

contain MAP/tau specifically phosphorylated within the microtubule—binding KXGS motifs, as immunostained with 12E8 (red).

I, Control chick neurons show evenly distributed 12E8 staining along neurites with only the occasional rod-like accumulation
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ADF/cofilin—actin, inhibiting actin turn—

over and thereby preservingATP (Bernstein

et al., 2006). Although mitochondrial dys

function has been linked to AD (Smith et al.,

2005; Wang et al., 2009), the relationship

between mitochondrial dysfunction,

the generation of tau inclusions, and their

relationship to cofilin aggregates remains

elusive.

In this study, we aimed to determine

the effects of mitochondrial dysfunction

on cellular pMAP/tau distribution com—

pared with ADF/cofilin—actin rod distri—

bution (Minamide et al., 2000; Huang et

al., 2008). Using primary neuronal cell

culture models, we demonstrate that cy—

toskeletal rods containing ADF/cofilin se—

quester and bind pMAP. The resulting

striated pMAP-positive rods bear striking

resemblance to neuropil threads observed

in postmortem AD brain labeled with the

same pMAP antibody. This process may

well represent an early pathogenic event

in AD leading to synaptic loss and

neurodegeneration.

Materials and Methods

Antibodies and reagents. Mouse monoclonal

antibodies are actin (1A4; Dako), B—actin (Ab—

cam), [3(III)—tubulin (Abcam), tau phosphor—

ylated at SerZOZ/Thr205 (AT8; Pierce), and

Ser262/356 (12E8; Elan) (Seubert et al., 1995).

The monoclonal antibody 12E8, raised against

Ser262—phosphorylated tau, is known to cros5v

react with other phosphorylated MAPS such

MAPZc, MAP4 (Timm et al., 2003), and dou—

blecortin (Schaar et al., 2004) since these MAPS

also contain the 12E8-specific KXGS motifs in

their microtubule—binding domains. However,

12E8 has strong affinity for tau, in which the

microtubule—binding domain contains several

KXGS motifs, the target sequence for 12E8

(Seubert et al., 1995; Yoshida and Goedert,

2002; Timm et al., 2003; Schaar et al., 2004).

Rabbit polyclonal antibodies are ADF

(1439), ADF (D8815; Sigma—Aldrich), Ser3—

phosphorylated ADF/cofilin (Shaw et al.,

2004), cofilin (C8736; Sigma-Aldrich), actin

(A2066; Sigma—Aldrich), and total tau (A0024;

Dako). Phalloidin 488 (Invitrogen) was used to

visualize F—actin (Invitrogen). Anti—mouse and

anti—rabbit secondary antibodies included Alexa Fluor (488, 555, and

647)—conjugated (Invitrogen) for immunofluorescence and horseradish

peroxidase—conjugated (GE Healthcare) for immunoblotting. Lyophi—

lized amyloid peptides were from Bachem.

Cell culture and treatments. Primary chick neurons were prepared from

freshly dissected chicken embryos [embryonic day 7 (E7)], as previously

described, and cultured for 7 d in vitro (div) on polylysine—coated 30 mm

culture dishes or glass coverslips (Goldsbury et al., 2008). Primary hu—

man neurons were prepared and cultured for 14—20 d as previously

described (Guillemin et al., 2007). Primary (E18) rat hippocampal neu—

rons were cultured for 5 d as previously described (Minamide et al.,

2000). For ATP depletion studies, cells were treated with 1—2 uM antimy-

cin (AM) (a mitochondrial complex 111 inhibitor; Sigma-Aldrich), 3 uM

carbonyl Cyanide 3-chlorophenylhydrazone (CCCP) (a mitochondrial

uncoupling agent; Sigma—Aldrich), or 100 MM hydrogen peroxide
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(Sigma-Aldrich) in PBS containing 0.5 mM
CaCl2 and 1 mM MgSO,,. For ADF/cofilin
phosphorylation studies, cells were treated for
15 min with 1 pm AM. Actin drugs were used at
1 ug/ml jasplakinolide ()asp) (Calbiochem;
420127) or latrunculin B (Lat B) (Calbiochem;

428020). Cells left without a medium change or

treated with PBS or DMSO acted as controls.
Stock solutions of lyophilized AB peptides
were solubilized to 2 mM in DMSO, aliquoted,

and stored at -20°C. Immediately before ap—
plication to cells, the stock solutions were di-
luted to 100 MM in PBS and agitated at 1200
rpm on a laboratory shaker for 30 min to gen—
erate mixtures of polymorphic oligomeric and
fibrillar aggregates as previously described
(Goldsbury et al., 2000). The peptide assem—
blages were then applied to cells in 24-well
plates at final concentrations of 1 or 2 [.LM. Con-
trol wells were treated with the same volume of
DMSO in PBS. After treatments, cells were im—

mediately fixed (cells on coverslips) or prepared
for Western blot analysis (plated cells).

Luminescent measurements. After treatments
(in triplicate), primary chick neurons were
harvested and assessed for total ATP (ATPLite;
PerkinElmer) using a Victor Ill Multilabel
plate reader. Protein measurements were de-
termined using the identical samples and the
bicinchoninic acid assay (Sigma—Aldrich). T0—

tal ATP was normalized against total protein to
account for any difference in cell density. Sta—
tistical analysis used Prism software (version

3.0; GraphPad Software).
Immunoblotting. After treatments, cells were

lysed and prepared for SDS-PAGE. For equal
gel loading, protein concentrations were deter-
mined by the Lowry assay (Bio-Rad). Proteins
transferred to nitrocellulose membranes were
detected with ECL Western Blotting Detection
System (GE Healthcare) on a ChemiDoc XRS

(Bio-Rad). For analysis, band densities were

measured using Image] (version 1.38x; National

Institutes of Health freeware; http://rsb.info.nih.
gov/ij), and background intensity was subtracted
and normalized to individual B—actin or tubulin
loading controls. An average and SEM for each
treatment condition was determined, and results
are presented as a percentage ofthe mean control
band intensities.

Plasmids and transflection. Plasmid—mediated
expression ofwild-type human cofilin has been
previously described (Davis et al., 2009). Hu-
man cofilin cDNA in a pET vector (a gift from
Alan Weeds, Medical Research Council Labo—
ratory of Molecular Biology, Cambridge, UK)
was modified by PCR with a 5'—PCR primer
containing an EcoRI site and a 3'—primer that
removed the stop codon and introduced an

XmaI site at the 3'—end. EcoRI and XmaI were then used to cut the PCR
product and the cDNA was ligated into pEGFP-Nl (Clontech) in-frame

with the green fluorescent protein (GFP) to encode cofilin-GFP. A plas-
mid vector for expressing small interfering RNAs (siRNAs) for chick ADF

was made by inserting DNA oligonucleotides (Macromolecular Re—

sources) into a plasmid expression vector (pSuper) (Brummelkamp et

al., 2002) containing the 1-11 polymerase III promoter. The oligonucle-
otide product from the pol III promoter is a double—stranded hairpin

RNA (antisense—linker—sense) that is processed into a functional siRNA

in the cell. The modified inserts including the H1 pol III promoter from

Figure 2.

Scale bars, 10 um.
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Colocalization of actin, cofilin, and ADF occurs in pMAP inclusions after ATP depletion. Chick neurons treated with AM
were double-labeled with 12E8 (red) and actin (a), cofilin ((8736; Sigma-Aldrich) (b), orADF (D8815; Sigma-Aldrich) (c) antibodies

as indicated (green). Merged images are shown on the right. Rods containing pMAP also stained positively for actin (a, asterisk),
cofilin (b, asterisk in top panel), and ADF (c, asterisk). Double-labeled strings of rods were often observed within single neurites (b,
bottom panel). pMAP inclusions in primary human (d) and rat (2) hippocampal (5 div) neurons also colabeled withADF (D8815) (d)

and cofilin (1439) (9). Some rods contained pMAP but were weakly labeled or negative for cofilin or ADF (b, c, arrows), whereas

others stained strongly for ADF or cofilin but only weakly or negative for pMAP (c, e, arrowheads). This is suggestive of a hetero-

geneous population of rod—like structures and/or suboptimal immunostaining conditions for the respective structures (see text).

the pSuper vector were excised and ligated into the pAdTrack vector (He

et a1., 1998). The siRNA sequence contained within the hairpin used for

chick ADF is 5'—GTGGAAGAAGGCAAAGAGATT-3'. A plasmid made

identically but that makes a hairpin RNA to silence human Pak2 (5’—

GTCTCTGGGTATCATGGCTAT—B’) was used as a transfection control

in the chick cells. The ability of the small hairpin RNA (shRNA)»

expressing plasmid to effectively knock down ADF in chick cells was

tested in cultures of chick skin fibroblasts (B. M. Marsick, K. C. Flynn,

I. R. Bamburg, and P. C. Letourneau, unpublished observations). For

plasmid—mediated expression, neuronal cultures at 3 d were trans-
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Figure 3.

with 1439) and pMAP (labeled with 12E8) (arrows). Scale bar, 10 um.

fected using Lipofectamine 2000 (Invitrogen). Four days after transfection,
neurons were treated with AM (1 or 2 [LM for 10 or 20 min).

Microscopy. Cells were fixed with 4% paraformaldehyde at 37°C for 30
min, permeabilized with 0.05% Triton X-100 or 100% ice-cold metha-
nol, blocked in 5% goat serum, and stained for immunofluorescence. To

optimize visualization ofADF/cofilin—actin rods, 0. 1% FEM-grade glutar-
aldehyde was added to the fixative. Epifluorescence images were obtained
on a Zeiss Axioplan 2 microscope, captured with a CCD camera driven by
AxioVision software. Single-labeled cells/sections were used to check for

bleed-through in all double-label immunofluorescence studies. All
captured images were converted to tagged image files for subsequent
presentation. For fluorescence resonance energy transfer (FRET) analy-
sis, cells (plated on glass—bottomed MatTek dishes) were imaged in PBS
using a Zeiss LSM 510 and C-Apochromat 40X water-immersion objec-
tive and the argon (488 nm) (for GFP donor) and HeNel (543) (for Alexa

Fluor 555 acceptor) laser lines. For photobleaching of acceptor, regions of
interest in the transfected cells were bleached using the 543 nm laser line at
100% power. FRET efficiency was calculated from the increase in the fluo-
rescence intensity of the donor after the acceptor was selectively photo-
bleached (Gervasio etal., 2008). The donor fluorescence was measured from

at least five bleached and five unbleached rods per cell.
Analysis and statistics. For quantification of cells containing rod struc-

tures, cells with rods were counted for each treatment condition from
randomly selected fields on each coverslip, and cells containing rod
structures were then expressed as a percentage ofthe total cell population
or mean number of rods per cell. Treatments and measurements were
repeated in triplicate using independently prepared cell cultures. For
determination of relative fluorescence intensities for phalloidin or ADF,
immunofluorescent intensity was measured using Image). Cells with ab-
normal nuclei, as indicated by 4’,6’-diamidino-2-phenylindole (DAPI)
staining, were excluded from the data. After adjustment to background,
mean and SEM intensities were calculated for each condition. Signifi-
cance was measured using Student’s t test.
Human tissue and rat hippocampal slices. Free-floating sections (45

mm) of formalin-fixed superior frontal cortex and basal forebrain from
normal adult and confirmed Alzheimer’s disease patients obtained from

the New South Wales Brain Bank were immunostained as previously
described (Cullen et al., 2005). Sections were incubated overnight at 4°C

in primary 12E8 (see Fig. la,b) or AT8 antibody (see supplemental Fig.
S 1a,b, available at www.jneurosci.org as supplemental material). Bound
antibody was visualized using Alexa Fluor~conjugated secondary anti-
body (Invitrogen) or using ABC-peroxidase (Vector Laboratories) and
DAB (Sigma—Aldrich).

Organotypic rat hippocampal slices were grown for 14 d on mem-
branes as described previously (Davis et al., 2009). Slices were treated

with 2 uM AM in PBS for 1 h, fixed in 4% formaldehyde for 1 h, perme-
abilized 90 s in 0.05% Triton X-100 in PBS, and immunostained over-
night with 1439 (cofilin) (2 rig/ml) and mouse 12E8 (4 rig/ml)
antibodies. Secondary antibody incubations were for 2 h.

Colocalization of (ofilin and pMAP occurs in AIP—depleted rat organotypit hippocampal slices. After ATP depletion,
rod-like accumulations are evident in organotypit rat (postnatal day 8) hippocampal slices and are positive for both (ofilin (labeled
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Results
Neuritic pMAP accumulation in
striated rods, resembling structures in
postmortem Alzheimer brain, is
induced in primary neurons by energy
depletion
We used the monoclonal phosphorylation—
dependent 12E8 antibody raised against the
pMAP tau, an established early marker for
neuropil threads in AD (Augustinack et al.,

2002), to determine whether pMAP accu-
mulates in primary neuronal models de—
rived from human, rat, or chick after
mitochondrial inhibition. Probing AD
brain sections with the 12E8 antibody (Fig.

1a,b) or AT8 antibody (supplemental Fig.
Sla,b, available at www.jneurosci.org as
supplemental material) showed numerous
striated rod-like inclusions within neuropil

threads and cytoplasmic accumulations ofpMAP, indistinguishable
from previous observations in humanAD (Augustinack et al., 2002).
Additionally, linear striations ofrod accumulations labeled with co-
filin antibodies were also observed in AD brains (supplemental Fig.
Slc, available at www.jneurosci.org as supplemental material).

Treatment ofprimaryhuman CNS neurons cultured for 7 d in
vitro, with the mitochondrial complex III inhibitor AM elicited a
rapid accumulation of 12E8-labeled protein into rod inclusions
(Fig. 1c, arrows) comparable with those seen in the AD neurons

(Fig. 1b, arrows). The rods sequestered the fraction of MAP
serine-phosphorylated in the microtubule—binding domain
KXGS motifs specific for the 12E8 antibody, rather than total
MAP/tau because a polyclonal antibody against total tau yielded a
more uniform labeling along neurites of both human and chick
neurons (Fig. 16,61). During AM treatment, primary chick CNS
neurons derived from embryonic tectum also generated pMAP-
positive rod-like structures (Fig. ld,e) morphologically identical
with those from human neurons. Thus, the readily accessible
chick neurons are a useful model system for studying the mech-
anism by which pMAP accumulates into rods. The conserved 12E8
epitopes in the pMAP sequence reside within the microtubule bind-
ing domain in human tau (Ser262/Ser356 residues) and chicken

tau (Ser253/Ser378) (supplemental Fig. 82a,b, available at www.
jneurosci.org as supplemental material) (Yoshida and Goedert,
2002). Primary chick tectal neurons express five isoforms oftau that
are highly homologous to human tau isoforms and exhibit conser-
vation ofphosphorylation-specific epitopes recognized by antibod-
ies against human tau (supplemental Fig. 82c, available at www.
jneurosci.org as supplemental material) (Yoshida and Goedert,
2002).

pMAP-containing striations induced by ATP depletion
colocalize with ADF/cofilin—actin rods
Actin dynamics are highly dependent on ATP availability
(Bernstein and Bamburg, 2003), and ATP depletion is associ-
ated with an increase in cellular F—actin and an increase in
ADF/cofilin activity (Minamide et al., 2000). It follows that

acute inhibition of mitochondrial function used here to gen-
erate pMAP-immunostained rods, may result in changes to
the actin cytoskeleton. Consistent with this, AM-treated chick
neurons exhibited a 1.9—fold increase in overall phalloidin stain—
ing in cell bodies indicative of increased F-actin content (supple-
mental Fig. S3, available at www.jneurosci.org as supplemental
material). The pMAP—positive rods, however, did not overlap
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with phalloidin labeling (supplemental Fig. 831), available at
www.jneurosci.org as supplemental material).

In ATP-depleted rat hippocampal neurons, the rapid dephos—
phorylation of cofilin leads to the development of cofilin—actin
rods in neurites (Minamide et al., 2000). These rods contain

actin, as evidenced by both antibody immunostaining and
ultrastructure, but do not stain with phalloidin, indicating they
are probably saturated with ADF/cofilin, which stabilizes the
“twisted” form of the filament and eliminates the phalloidin
binding site (McGough et al., 1997). We therefore asked whether
rods induced by ATP depletion contain both pMAP and ADF/
cofilin. Double labeling revealed that ADF/cofilin—actin rods in
part colocalize with pMAP in chick (Fig. 2a— c, asterisks), human
(Fig. 2d, asterisk), and rat hippocampal neurons (Fig. 2e, aster-
isk). Colocalization of cofilin and pMAP in rod structures in
ATP—depleted organotypic rat hippocampal slice cultures was
also revealed (Fig. 3). Moreover, staining for B(III)—tubulin did

not accumulate at rods, further suggesting the specificity of
pMAP and ADF/cofilin in formation of neuritic rods (supple-
mental Fig. S4b,c, available at www.jneurosci.org as supplemental
material). However, ADF/cofilin-stained rods that do not stain

for pMAP (Fig. 2c,e, arrowheads) and pMAP—stained rods that do

not stain for ADF (Fig. 2b, arrow) were both observed. Because

optimal immunostaining for pMAP requires Triton X-100 perme-
abilization (avoiding methanol) and optimal immunostaining for
ADF/cofilin requires methanol (avoiding Triton), structures that
stain for one and not the other may be suboptimally permeabil-
ized or immunostained. However, we cannot exclude that the
detected inclusions may represent a heterogeneous population of
rod structures. Surprisingly, in hippocampal neurons derived
from rat, there was no change in the diffuse and uniform distri-
bution of pMAP staining after ATP depletion, fixation in 4%
paraformaldehyde and 0.1% glutaraldehyde, and brief (90 s)
0.05% Triton X-100 permeabilization, which looked identical
with the staining of pMAP in untreated human, rat, and chick
neurons (Fig. 1f). However, rat neurons subjected to AM-
induced ATP depletion, followed by fixation in 4% formaldehyde
and permeabilization as above, did exhibit rod—like 12E8 im-
munostaining (Fig. 2e), suggesting that glutaraldehyde fixa-
tion of pMAP when it is in a rod-like structure masks its
epitope from 12138 binding. Together, these results link ADF/
cofilin—actin and pMAP inclusions within the same rod struc-
tures in neurites, which can be induced in cell culture by the
common mechanism of acute ATP depletion through mito—
chondrial dysfunction.

To establish the activation state of ADF/cofilin during pMAP
accumulation, we used an antibody specific for phosphorylated
(inactive) ADF/cofilin (Minamide et al., 2000; Maloney et al.,

2005). ADF/cofilin actin-binding activity is negatively regulated
by phosphorylation of the N-terminal Ser3 (Huang et al., 2008;
Kim et al., 2009). On ATP depletion with AM, ADF/cofilin was

rapidly dephosphorylated (activated) in chick tectal neurons, as
early as 2 min after treatment (Fig. 4a,b), consistent with studies
in primary rat hippocampal neurons (Minamide et al., 2000).
Peroxide (H202)-treated tectal neurons also showed nearly
complete ADF/cofilin activation after 30 min (Fig. 4a,b). The
time course for the redistribution of pMAP immunostaining
into the rod—like inclusions (Fig. 4c) correlated with the rapid

dephosphorylation ofADF/cofilin and the formation ofADF/
cofilin—actin rods.

Based on the above results, we expected that the extent of
pMAP incorporation into rods would be proportional to the level
of intracellular ATP. To explore this relationship, we mea-
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Figure 4. Mitochondrial inhibition induces activation of ADF/cofilin and is correlated to

pMAP-positive rod formation. Dephosphorylation at the N-terminal (Ser3) leads to ADF/cofilin
activation. :1, Chick neurons were treated with AM or H202 for the indicated times, lysed, and
immunoblotted. Whereas total ADF levels (probed with 1439) remained the same (or slightly
increased) compared with control cells, ATP depletion resulted in rapid dephosphorylation of

ADF/cofilin as early as 2 min after AM treatment (p—ADF/cofilin antibody is Ser3-specific). Sim-

ilarly, H102 treatment induced almost complete dephosphorylation. b, Graph shows time
course ofADF/cofilin dephosphorylation. Band intensitiesfromduplicatesamples were normal-
ized to a—tubulin loading controls and calculated as a percentage of control band intensities.
c, Coverslips were treated with AM, CCCP, or H202 and immunostained in parallel for quantifi-

cation ofthe extent of rod generation. AM-treated cells ultimatelycontainedthegreatestabun-
dance of pMAP-positive rods, although CCCP-treated cellsinitially developed rods more rapidly.
Approximately 40% of HIOZ—treated cells developed rods over 30 min. Data points and error
bars represent mean and SEM values from three independent experiments. d, Luminescence
measurements were performed to ascertain ATP levels after AM, CCCP, or H102 treatment.
Compared with control samples, cells treated with AM and CCCP showed a rapid decline in ATP

levels, whereas those treated with H202 showed a more modest decline. Error bars represent
SEM oftriplicate samples. Together,these data suggest an inverse correlation between number
of pMAP rods formed and level of ATP.

sured ATP levels in tectal neurons before and after treatment
with AM, CCCP (a mitochondrial uncoupling agent), or H202
(Fig. 4d). Consistent with the notion that activation of ADF/

cofilin induced by intracellular ATP depletion correlates with
pMAP accumulation, there was an inverse relationship between
the percentage of cells in the culture that contained pMAP-
stained rods (Fig. 4c) and the level of ATP detected in the cell

treatment groups (Fig. 4d). Cell viability tests revealed 95%
cell survival in 10 min AM—treated chick neuronal cultures (com-

pared with control cultures) and 77% survival in 30 rnin treated
cultures (supplemental Fig. 84d, available at www.jneurosci.org
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Cofilin-GFP forms rods that sequester pMAP during ATP depletion. Primary chick neurons were transfected with
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rods. Previous work has shown that ex—
pression of cofilin—GFP leads to increased
pools ofactivated cofilin and cofilin—actin
rod formation in neurites of rat hip—
pocampal neurons (Minamide et al.,
2000; Bernstein et al., 2006). We investi—

gated the effects of ATP depletion on the
reorganization of pMAP in relation to
cofilin—GFP rods by inhibiting mitochon—
dria. ATP depletion of neuronal cultures
led to rapid cofilin—GFP rod formation in
transfected cells and strong pMAP cola—
beling (Fig. 5a,b; supplemental Fig. SSa,
available at www. jneurosci.org as supple—
mental material). Conversely, cofilin—GFP

rods did not sequester B(III)—tubulin label
when all other conditions were identical
(Fig. 5c). When non-neuronal cells in cul—

ture formed cofilin—GFP rods, these were
negative for both pMAP and B(III)-tubulin
(Fig. 5d), neither of which is expressed in

non-neuronal cells. Together, these results
suggest that activated cofilin first accumu—
lates into rods and subsequently sequesters
pMAP into these cytoslceletal inclusions.

To further evaluate the interaction be-
tween cofilin and pMAP in rods, we ex—
ploited FRET between the GFP (donor)

and Alexa 555 (acceptor) fluorophors.

FRET between colocalized cofilin—GFP
and pMAP/Alexa 555 was measured using
acceptor photobleaching (Fig. 5b). The
cofilin-GFP fluorescence signal in rods in-
creased significantly after bleaching the
Alexa 555 fluorophor (Fig. 517, right, ar—
rows), with a measured FRET efficiency of
41 i 3% (mean i SEM; n = 52; p <

0.0001) as measured by the percentage in—
crease in donor fluorescence after accep—

human cofilin-GFP (green) for 24 h, treated with AM to induce rod assembly, and pMAP immunolabeled with 12E8 and Alexa 555

secondaryanti-mouse (red).a, (olocalization of cofilin-GFP rods (green) with 1 2E8 immunolabel (red) is evident in merged images

(right panel, yellow). (1, FRET measurements revealed a close proximity between pMAP immunolabel and cofilin-GFP rods. Images

of donor (cofilin—GFP, green or pseudocolor) before and after photobleaching of acceptor (Alexa 555, red) are shown. Pseudocolor

images of the donor signal demonstrate an increase in GFP fluorescence in acceptor-bleached rods (arrows) but not nonbleached

rods (asterisks). A FRET efficiency of41 : 3% (mean : SEM; n = 52;p < 00001) was quantified by measuring the percentage

increase in donor fluorescence after acceptor bleaching. No significant FRET signal was seen in nonbleached rods (b, asterisks) in
the same cells (donorfluorescence increase, mean : SEM, 2.2 : 1.1%; n = 52). c, B(l||)-tubu|in remains smooth and evenly

distributed throughout cofilin—GFP transfected cells and is not enriched at cofilin-GFP rods. d, The specificity of pMAP sequestration

is further illustrated in the occasional non—neuronal cell that was transfected with cofilin-GFP. These cells formed cofilin~GFP rods
(arrows) but were negative for both B(Ill)~tubulin (red) and pMAP (data not shown). This also provides evidence that cofilin rods

tor bleaching. In contrast, cofilin-GFP
fluorescence did not significantly increase
in adjacent rods in the same cells in which
the Alexa 555 fluorophor was not
bleached (Fig. Sb, right, asterisks). Fur—
thermore, a much reduced FRET signal
was detected in neurons between cofilin—
GFP and Alexa 555 immunostained
pMAP in adjacent non—rod—forming re—

form in the absence of pMAP. Scale bars: a, c, d, 20 run; 11, 10 pm

as supplemental material). Likewise, abundant pMAP-positive
rod formation was recapitulated in primary human neurons, af—
ter 30 min AM treatment (mean : SD, 24 i 2 rods per field for
AM—treated compared with 8 i 1 rods per field in controls;
p < 0.001). Together, these results suggest ATP depletion is an
important correlate for redistribution of pMAP into rods.

Activated cofilin sequesters and is closely associated with
pMAP in rods
Since ADF/cofilin—actin rods costained for pMAP and rod
formation depends on activation of ADF/cofilin, we asked
whether transfected cofilin—GFP could sequester pMAP into

gions of neurites and cell bodies (supple—
mental Fig. SSb, available at www.
jneurosci.org as supplemental material).

Control experiments demonstrated no FRET between cofilin<
GFP and control antibody-labeled epitopes—B(III)-tubulin/Al—
exa 555 0r Src/Alexa SSS—even in regions in which the
fluorescence appeared colocalized (supplemental Fig. 85c,d,
available at www.jneurosci.org as supplemental material).
Cells expressing free GFP and treated with AM to generated
pMAP—positive rods labeled with 12E8/Alexa 555 also never pro—
duced FRET (supplemental Fig. 55d, available at www.jneurosci.org
as supplemental material). These results demonstrate that cofilin-
GFP and the secondary antibody labeling pMAP are colocalized < 10
nm apart within the cytoskeletal rod complex, indicating a close
proximity ofpMAP and cofilin in these inclusions.
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Silencing ADF prevents pMAP
accumulation in rods
Since induction ofADF/cofilin rods leads
to the reorganization and sequestering of
pMAP, we asked whether silencing ADF
or cofilin would prevent sequestering of
pMAP under the same conditions. During
chick brain development, ADF comprises
~75% of the total ADF/cofilin from em—
bryonic day 14 onward (Devineni et al.,
1999). We therefore chose to knock down
the total cellular pool ofADF specifically,
using a plasmid for expression ofa shRNA
that yields an siRNA when expressed and
processed. The shRNA was transfected
into chick neurons and coexpressed from
the same plasmid as GFP for visualization
of transfected cells. Four days posttrans-
fection, cells were immunolabeled for
ADF (Fig. 6a) and quantified, revealing
75% knockdown ofADF (Fig. 66). Treat-

ing transfected cultures vsn'th AM (1 p.M
for 10 min) and staining for pMAP re-
vealed that significant silencing of ADF
inhibited accumulation ofpMAP into rod
structures, whereas surrounding untrans—
fected cells contained an abundance of
rods (Fig. 6d, asterisks). In control chick

neuronal cultures transfected for 4 d with
shRNA specific for human PAK2, immu—
nolabeling revealed no decrease in total
cellular ADF (Fig. 6b,e). pMAP accumu—
lated in rod-like inclusions both in sur-
rounding nontransfected neurons and in
shRNA PAK2 transfected neurons (Fig.

6c, asterisks and arrowhead). Together,
these results suggest that the presence of
ADF/cofilin is necessary for sequestration
of pMAP into rod—like structures.

Latrunculin B enhances and
jasplakinolide represses pMAP
staining in rods
Since activation of ADF/cofilin coincided
with pMAP recruitment into ADF/cofi—
lin—actin rods, we asked whether other
manipulations of F—actin assembly could
influence pMAP sequestration to rods. To
address this, we used pharmacological
manipulation (enhancing or suppressing)
of F-actin pools and stained for pMAP.
Latrunculins sequester monomeric G—actin
to form a nonpolymerizable 1:1 complex,
thereby inhibiting F—actin reassembly and
thus promoting overall F-actin depoly—
merization (Coué et al., 1987). Latruncu-

lins, however, compete weakly with ADF/
cofilin for actin binding (Bernstein et al.,
2006) and can actually induce ADF/cofi-
lin—actin rod formation (Pendleton et al.,

2003). The decline in the phalloidin—

stainable F-actin pool after Lat B treat—
ment is indeed evident (Fig. 7a), although
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Figure 6. Reduction ofthe cellularADF/cofllin pool inhibits theformation ofrods and sequestration oprAP. a, ADF was
knocked down in primary chick tectal neurons by expression ofshRNA from a plasmid also encoding GFP forvisualization of

transfected cells. In cultures transfected for 4 d, ADF immunolabeling using the 1439 antibody demonstrated significant
ADF knockdown in transfected cells (arrow) compared with surrounding nontransfected cells (arrowheads). h, Cells trans»
fected with an shRNA specific for human PAK2 as a control (arrow) showed no reduction ofADF compared with surrounding
nontransfected cells (arrowheads). r, d, Transfected cultures were treated with 1 [LM AM and immunolabeled with 12E8 to
determine whether pMAP accumulates into rod»Iike structures after significant reduction ofADF. Whereas hPAKZ shRNAv
transfected cells it, arrow) formed pMAP»positive rods (arrowhead) comparable with surrounding nontransfected cells
(asterisks), ADF shRNA-transfected cells (d, arrow) never accumulated pMAP—positive rods, although surrounding cells

frequently did (asterisks). Images represent single examples from >50 ADF shRNA transferred cells in three independent

experiments. e, Quantification ofADF (1439) staining intensity revealed a 75% knockdown in ADF shRNA-transfected cells
compared with nearby nontransfected (control) cells (transfected cell staining intensity, mean : SEM, 24.1 i 1.5,

expressed as percentage ofcontrol cells; n = 25). In contrast, ADF staining intensity of hPAKZ shRNA-transfected cells

compared with surrounding nontransfectedcellswas not reduced (intensity, mean : SEM, 144.2 : 10.8%;n = 25). Scale

bars, 20 um.
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Control neurons treated with Iasp (or cotreated

with Iasp and AM) exhibited a total ab—
sence of pMAP and ADF rods (Fig. 7a).

We then compared the rate and abun—
dance of pMAP-stained rods after Lat B
compared with AM treatments and found
the chronology of their formation indis-
tinguishable between conditions (Fig. 7c).
That Lat B treatment only moderately re—
duced ATP in neurons (Fig. 7d) yet still

induced ADF/cofilin—actin and pMAP
rod formation comparable with mito—
chondrial inhibitors suggests that ATP de-
pletion is not a direct cause of rod
formation, but an upstream event. These
data collectively suggest that subunit re-
lease from F—actin is required for the gener-
ation of pMAP—positive rods and that in
neurons this can be induced by ADF/cofilin
activation. It also appears that ADF/cofilin
binding to F—actin is essential for the forma—
tion of cytoskeletal rods. Dissociated actin
subunits saturated with activated ADF/cofilin
thereby form cytoskeletal rod inclusions that
appear to sequester and accumulate pMAP. AB peptides enhance pMAP
accumulation at ADF/cofilin rods
In AD, the relationships between pMAP/tau

 

C d pathologies, cofilin—actin pathologies, and
: amyloid pathologies arising from AB pep—

g 100 ° AM .2 tide oligomerization and/or aggregation
E 80 ' La‘B _,./ g l are poorly understood. Synthetic ABHz
g so 0:: 100 has been shown to induce cofilin—actin
g E» 80 rod pathology in up to 20% of neurons
3 40 E) 50 in dissociated rodent hippocampal cul-
E. 20 f :3 tures (Maloney et al., 2005), with the ma—

& 0 L; o "it i i _ jority ofthese neurons located in the dentate
0 1 2 4 5 3 10 15 Com 2 5 3° 5 3° 2 5 0 gyrus (Davis et al., 2009). We therefore
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Figure 7.

triplicate samples. Scale bars, 20 um.

it should be noted that phalloidin cannot stain ADF/cofilin
saturated F—actin. In contrast, Iasp binds and stabilizes F-actin
resulting in a net decrease in the G—actin pool (Bubb et al., 1994).
Since Iasp competes for the phalloidin-binding site on F—actin, sta—
bilized F-actin cannot be visualized with fluorescent phalloidin in
the presence of Iasp (Fig. 7a). However, ADF/cofilin cannot bind to
phalloidin—stabilized F-actin (Minamide et al., 2000) and thus also

would not likely bind to the Iasp-stabilized actin filaments.
Antibody labeling of Lat B—treated neurons revealed forma—

tion of both pMAP— and ADF-positive rods, which frequently
colocalized in double-labeling experiments (Fig. 7b). In contrast,

Dynamic F-actin enhances pMAP and actin rod formation. a, After treatment with Lat B but not Jasp, the assembly of
pMAP into rod-like structures occurred. The chick neurons were stained for pMAP (12E8) and F-actin (phalloidin-488). Costaining

with phalloidin showed only very weak labeling of F—actin in both Lat B— and Jasp—treated cells. b, Treating cells with Lat B induced
formation of pMAP (red; lZE8) and ADF (green; i439) rods, as seen in single stainings. Colabeling revealed frequent colocalization

of both proteins (arrows). c, To compare the rate and abundance of rod formation undereither mitochondrial inhibition or F-actin

manipulation, rods were counted in cells treated with AM or Lat B for increasing times, as indicated. The pattern of rod formation

in each condition was comparable. d, To ascertain the relationship between rod formation and ATP levels under these conditions,
luminescence assays were conducted. Whereas Jasp-treated cells had levels ofATP comparable with controls and AM—treated cells

had a dramatic decrease, only moderate decline in ATP levels in Lat B-treated cells was evident. Error bars represent the SEM from

asked whether AB could influence the se—
questering ofpMAP to ADF/cofilin—actin
rods. Primary chick neurons were ex-
posed to 1 or 2 uM ABMO or ABMZ. Be—
fore applying to cells, peptide solutions
were agitated on a shaker for 30 min to
generate mixtures of oligomeric and
fibrillar structures (Goldsbury et al.,

2000). The solutions were then diluted

into cell culture medium and added to
cells at a final concentration of 1 or 2 p.M.
After exposure to the peptides for 20 h, the
cells were fixed and immunostained for

pMAP. Less rods were generated in cultures treated with AB com-
pared with those treated with the mitochondrial inhibitors, con-
sistent with previous studies ofADF/cofilin—actin rod generation
in hippocampal neurons treated with AB peptides (Maloney et
al., 2005). However, when mean numbers oprAP—positive rods

per cell were quantified on vehicle control and AB-treated cover-
slips, a significant increase in the number of rods was revealed in
AB—treated cells (Fig. 8a). No difference was observed between
cells treated with l and 2 MM peptide or between cells treated with
ABMO and ABMZ. The presence of F-actin-rich active growth
cones in AB—treated neurons containing pMAP rods in the neu—
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rite shafts indicates the continuing viabil—
ity of the neurons, despite the formation
of pMAP—positive rods (Fig. 817, white ar—
rows). We confirmed that rods in AB-

treated neurons contained both pMAP
and ADF (Fig. 8c, arrows). In conclusion,

these results show that synthetic AB ag—
gregates can induce the recruitment of
pMAP to ADF/cofilin—actin rods in a sub-
set of neurons in these primary cultures.

Discussion
Neuropil threads of the AD brain are
composed of linear arrays of cytoskel—
etal inclusions containing the pMAP tau
(Velasco et al., 1998; Augustinack et al.,
2002). These structures are positive for

Ser262/356 tau labeled with the 12E8 an-
tibody before extensive staining by anti—
bodies marking hyperphosphorylation of
tau that is observed in late—stage disease
(Augustinack et al., 2002). Corresponding

to this, formation of neuropil threads is
associated with the early clinical stages of
dementia (Giannakopoulos et al., 2007).

The structure of neuropil threads impli—
cates a disrupted cytoskeletal network that
spans the width of the neurite likely con—
tributing to dementia by blocking cargo
trafficking to synapses that underlie mem—
ory formation and cognition, causing

subsequent retraction of distal neurites
(Velasco et al., 1998) (for review, see

Terry, 1998; Bamburg and Bloom, 2009).
Our data open the possibility that abnor-
mal activation of cofilin, an actin—binding
protein, in the AD brain and generation of
cofilin—actin cytoskeletal rods is a trigger—
ing factor for the sequestration and accu-
mulation of Ser262/356 phosphorylated
tau in some neuropil threads. This process
may well represent an early pathogenic
event in AD neurodegeneration.

Neurodegenerative stimuli including
oxidative stress, mitochondrial dysfunc-
tion, excitotoxic glutamate, ischemia, and
soluble forms of AB lead to activation of

cofilin and the related protein ADF and
the generation of ADF/cofilin—actin rods
in primary neuronal cell culture (for re-
view, see Bamburg and Bloom, 2009).
These rods resemble the cofilin aggregates
that are widely distributed in the AD brain
(Minamide et al., 2000). At a low ratio to

actin and in an active (dephosphorylated)
state, ADF/cofilin maximally enhance
subunit turnover of F—actin, dynamically
remodeling the actin cytoskeleton and
thus playing an integral role in regulating
actin—dependent synaptic stabilization
(for review, see Bamburg and Bloom,
2009). ADF/cofilin bind cooperatively to
F—actin, and, at higher ratios to actin, they
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Figure 8. Amyloid peptides enhance pMAP sequestration to rods in primary chick neurons. Primary neurons were treated for
20 h with solutions ofAB peptides (1 or2 MM) and double—labeled with the 12E8 antibody (red) and either phalloidin-488 orADF
(both green) as indicated. a, The mean number of pMAP—positive rods per cell was quantified in >10 fields on control coverslips
and coverslips treated with AB peptides for 20 h or AM for 15 min. pMAP-positive rods per cell increased significantly after
incubation with AM or AB solutions compared with vehicle (DMSO) control (mean 1 SEM, 1.3 1' 0.3 rods/nuclei for both
aged ABMO and ABM, and 3.5 i 0.4 rods/nuclei for AM—treated compared with 0.4 i 0.1 rods/nuclei for control cells;
*p < 0.02; n > 20; results are from duplicate experiments). Since no difference was seen between 1 versus 2 MM peptide
treatments, results have been pooled. b, pMAP-positive rods in AB-treated neurons (shown here for ABHO) often formed
at distal regions near the base of phalloidin-positive (Feactin-rich) active growth cones (white arrows). They also formed in
neurite shafts associated with collapsed growth cones (b, yellow arrows). c, Rods assembling in AB-treated neurons
(shown here for ABHO) accumulated both pMAP (red) and ADF (green) (arrows). Merged images (plus DAPl in blue) are shown in
bottom panels. Scale bar, 20 pm
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can saturate regions of filaments and stabilize the pieces of fila—
ments that remain after severing (Andrianantoandro and P01—
lard, 2006; Chan et al., 2009). Because ADF/cofilin bind to a
minor, slightly twisted confomiation ofF-actin, they stabilize this
“twisted” form, which prevents binding of the commonly used
F-actin stain, phalloidin (McGough et al., 1997). In the brain,
mitochondrial dysfunction and energy depletion associated with
AD (Smith et al., 2005; Wang et al., 2009) could feasibly serve as

a pathway for F-actin remodeling in neurons, since up to 50% of
neuronal energy is dedicated to actin dynamics (Bernstein and
Bamburg, 2003). We propose mitochondrial dysfunction is one
potential pathway upstream ofthe assembly ofcytoskeletal rods be-
cause direct electron transport chain inhibitors elicit cofilin acti-
vation, concomitant with rod assembly in primary neurons and
organotypic rat hippocampal brain slices. This pathway results in
a precipitous drop in ATP, and the release ofthe cofilin phospha-
tase chronophin from an inhibitory complex with Hsp90, re-
sulting in cofilin—actin rod formation (Huang et al., 2008).

However, cofilin—actin rods can also be induced while main-
taining higher levels of cellular ATP, such as with peroxide

' (Fig. 4), which activates the cofilin phosphatase slingshot by
oxidizing and removing inhibition by 14-3-3 and leads to al-
most complete cofilin dephosphorylation and cofilin—actin
rod formation (Kim et al., 2009). The common thread is an

increased pool of active ADF/cofilin with respect to the
amount of F-actin such that ADF/cofilin-saturated pieces of
F-actin are available and coalesce into rods.

What is the role ofpMAP at the cofilin—actin rods? Rods iso—
lated from neurons and non-neuronal cell lines contain ADF/
cofilin:actin in a 1:1 complex and indeed can be formed in vitro
from these purified proteins (L. S. Minamide, S. Maiti, I. A. Boyle,
R. C. Davis, I. A. Coppinger, Y. Bao, T. Y. Huang, I. Yates, G. M.

Bokoch, and I. R. Bamburg, unpublished results). Thus, as is also
shown here, pMAP is not essential for cofilin—actin rod forma-
tion. Nevertheless, pMAP association with most cofilin—actin
rods occurs very early in the rod formation process. Rods isolated
from cortical neurons and those formed from endogenous pro-
teins from a non-neuronal cell line both have similar stabilities to
alterations in pH, ionic strength, reducing agents, Ca2+/EGTA,
ATP, and detergents. Therefore the presence of pMAP on the
neuronal rods does not appear to confer in them any special
property related to their stability. The question then arises—do
the rods confer any special property on the associated pMAP? The
tandem arrays of the rapidly formed cofilin—actin rods are sim—
ilar in size and distribution to the neuritic striations of the
neuropil threads in AD. The ultrastructure of most striated
neuropil threads from AD brain clearly shows these to consist
of the ~20-nm-diameter paired helical filaments (PHFs)
(Velasco et al., 1998), not ofthe cofilin—actin bundles contain-

ing ~lO—nm-diameter filaments that we observe in organo-
typic hippocampal slices treated with AB],42 peptide
oligomers (Davis et al., 2009). Thus, we suggest that the cofili-
n—actin rods serve as a template for recruitment and binding
of pMAP, and that this association facilitates additional phosphor-
ylation of pMAP and its self—assembly leading to the eventual re-
placement of the cofilin—actin rods with PHF bundles. Additional
long-term studies are needed to test this hypothesis.

Supporting the concept that pMAP/tau accumulation and
toxicity is linked to interactions with the actin cytoskeleton is
work in Drosophila models that showed that toxicity of over—
expressed hyperphosphorylated tau could be modified by ge-
netic ablation or coexpression of actin—associated proteins
(Fulga et al., 2007). Interestingly, tau phosphorylation at the
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12E8 antibody epitope was shown to be essential for the initi—
ation of tau toxicity and its downstream hyperphosphoryla-
tion in Drosophila (Nishimura et al., 2004). Mutated tau

nonphosphorylatable at the 12E8 epitope did not confer toxicity
in Drosophila and exhibited reduced downstream phosphoryla-
tion at other AD-relevant phospho—tau epitopes (Nishimura et
al., 2004). These findings are consistent with the premise that
the sequestration of 12E8—specific pMAP t0 cofilin-actin rods
demonstrated here could represent an essential early event in a
neurodegenerative pathway. The recent finding that tau re-
duction can ameliorate toxicity induced by APP (amyloid pre—
cursor protein) overexpression or exposure of cells to AB
oligomers is also consistent with the key involvement of
pMAP/tau in response to toxic events (King et al., 2006; Rob—
erson et al., 2007). Potential deleterious effects of cytoskeletal

rods on neurons are multifold. First, rods that assemble in
axons and dendrites of cultured neurons form transport
blockades inhibiting the free movement of vesicles and or—
ganelles leading to synaptic dysfunction (Iang et al., 2005;
Maloney et al., 2005, 2008). Second, the accumulation of actin
and cofilin in rod structures could directly impinge on the avail—
ability of cofilin for its function in modulating actin dynamics at
the synapse (Hotulainen et al., 2009). Likewise, the sequestration

of pMAP/tau to the rod matrix could adversely affect the role of
tau in stabilizing and regulating the axonal MT network oftracks
for fast axonal transport.

The generation of cytoskeletal rods in response to stressors
may be an initial compensatory response to slow down energy-
consuming actin dynamics and thereby protect neurons under
conditions in which ATP supply is compromised (Bernstein et
al., 2006). However, repeated or prolonged stress would likely be
detrimental. Increasing evidence suggests declining mitochon—
drial function and reduced energy metabolism to be early events
in the AD brain, preceding severe pathological changes (Smith et
al., 2005; Wang et al., 2009). Aging is the major risk factor for
sporadic AD, and on the one hand, electron transport chain ac—
tivity declines with age, whereas on the other, oxidative stress
increases, potentially impacting on the availability ofATP in cells
(Lin and Beal, 2006). Moreover, the reduction of glucose uptake

in AD brain cells and concomitant decline in glycolysis would
also negatively impact ATP levels. Precedents of local mitochon-
drial dysfunction could be multifold and varied in the aging
brain, for example, low brain perfusion attributable to vascular
insufficiency, stroke, and AB peptide—mediated perturbation of
mitochondria (Cullen et al., 2005; Du et al., 2008; Cho et al.,

2009). Mechanisms linking this metabolic dysfunction with the
formation of neuropathological lesions in the AD brain need to
be established. Interestingly, it was demonstrated that environ-
mental toxin inhibitors ofmitochondrial respiratory chain com—
plexes induce somatic inclusions of phosphorylated tau in
neuronal cell culture and neurodegeneration in tau—related dis-
ease (Escobar—Khondiker et al., 2007).

Advanced neuropathology involving pMAP and cofilin accu-
mulation and aggregation may be a result of increased vulnera-
bility to normal environmental stress in brains expressing mutant
tau (i.e., in hereditary frontotemporal dementias) or from ele-
vated oxidative/mitochondrial stress in brains expressing wild—
type endogenous tau (in sporadic AD). In a healthy brain, a fine
balance between these stressors and compensatory defense mech-
anisms must normally occur, given that development of tau pa-
thology and AD are not an inevitable part of aging. Recent
evidence showing that neuronal cell bodies attached to dystro-
phic neurites in AD—related transgenic mice are still viable and
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otherwise healthy (Adalbert et at, 3009)holds promise for future

work to develop methods to disrupt the formation ofthe cofilin—

actin rods and/or the interactionbetween cofilin and pMAP for

establishing new therapeutic strategies to combat this disease

early in its development.
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Summary

Oxidative damage is associated with Alzheimer's disease

and mild cognitive impairment. but its relationship to the

development of neuropathological lesions involving

accumulation of amyloid-B (AB) peptides and hyper-

phosphorylated tau protein remains poorly understood. We

show that inducing oxidative stress in primary chick brain

neurons by exposure to sublethal doses of H202 increases

levels of total secreted endogenous AB by 2.4-fold after

20 h. This occurs in the absence of changes to intracellular

amyloid precursor protein or tau protein levels, while heat-

shock protein 90 is elevated 25-fold. These results are

consistent with the hypothesis that aging-associated oxida-

tive stress contributes to increasing AB generation and up-

regulation of molecular chaperones in Alzheimer's disease.

Key words: Alzheimer's disease; amyloid-B peptide;

oxidative stress.

Extracellular plaques containing aggregated amyloid-B (AB)

peptides and intracellular neurofibrillary tangles of hyperphos-

phorylated tau protein are the two salient pathological hallmarks

of the Alzheimer's disease (AD) brain. AB is generated by

consecutive cleavages of amyloid precursor protein (APP) by

B-secretase (B-site APP cleaving enzyme 1, BACE 1) and the

y—secretase protein complex of which presenilin is the catalytic

subunit (Hardy, 2006). Familial mutations in APP or presenilin

lead to increased generation and/or aggregation of AB peptides

and cause early-onset AD (Hardy, 2006). Aggregated AB

interferes with synaptic plasticity and causes neuronal cell death
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(Lambert et al., 1998; Townsend et al., 2006; Kayed et al., 2004;

Wogulis et al., 2005). This and other evidence supports the

amyloid hypothesis which postulates that toxicity exerted by

aggregated AB initiates AD, with synaptic dysfunction, neurofibrillary

pathology and oxidative injury constituting downstream events

(Hardy, 2006).

A number of studies, however, suggest that oxidative damage

occurs in mild cognitive impairment (MCI) and early stages of

sporadic AD, before widespread plaque and tangle development

(Sayre et al., 1997; Butterfield et al., 2006; Nunomura et al.,

2006; Williams et al., 2006; Lovell & Markesbery, 2008).

Stress-activated BACE 1 and y—secretase have been proposed to

contribute to the deposition of AB peptides in sporadic AD

(Tamagno et al., 2008). Supporting this idea, expression and

activity of BACE 1 is elevated in the brains of sporadic AD

patients (Fukumoto et al., 2002; Holsinger et al., 2002). In

addition, BACE 1 is a demonstrated stress-induced protease

that is up-regulated in response to oxidative stress (Tamagno

et al., 2005; Tong et al., 2005), energy depletion (Velliquette et al.,

2005), traumatic brain injury (Blasko et al., 2004) or cerebral

ischemia (Wen et al., 2004; Tesco et al., 2007), all of which are

events associated with increased sporadic AD risk. These

findings suggest that oxidative stress is upstream of AB in AD

and that AB might be generated as a compensatory response

in neurons attempting to attenuate oxidative stress (Smith et al.,

2002; Lee et al., 2006). In addition, neurofibrillary degeneration

may exacerbate the oxidative damage and elevation of AB (Yan

et al., 1995). In this context, mutations in APP that cause familial

AD or in tau that cause frontotemporal dementias could

contribute to neurodegeneration in part by increasing neuronal

vulnerability to oxidative stress (Marques et al., 2003; Dias-

Santagata et al., 2007).

Intracellular AB has been linked to secretory pathway dysfunc-

tion and apoptosis (LeBlanc, 1995; Gasparini et al., 1997; Zhang

et al., 1997; Ohyagi et al., 1999; Gouras et al., 2005) and its elevation

following oxidative stress has been demonstrated in neuro-

blastoma cells (Misonou et al., 2000; Paola et al., 2000; Tamagno

etal., 2005, 2008; Zheng et al., 2006), rat cortical neurons

(Hasegawa et al., 2005), astrocytes (Busciglio et al., 2002), mixed

fetal guinea pig brain cells (Ohyagi et al., 1999) and mammalian

lenses (Frederikse et al., 1996). Since AB peptides largely

accumulate in the extracellular spaces of the AD brain, we were

interested in determining whether oxidative stress by exposure

to H202 influences secretion of AB peptides from neurons

derived from embryonic chick brain. The human and chicken AB

peptide sequences are identical and chick neurons ubiquitously

secrete AB, making this a relevant and readily accessible model
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[i-tubulin-lll phalloidin

B-tubulin-lll phalloidin

Total tau phalloidin

for investigating the modulation of endogenous APP processing

in neurons (Esselmann et al., 2004; Carrodeguas eta/., 2005).

Cell cultures were prepared from 7-days-in-ovo embryonic

chick tecta and were characterized as ~97% neuronal after

8 days in vitro, estimated by the proportion of cells positively

labeled by the neuron-specific markers beta tubulin-lll and tau

protein (Fig. 1A—C) (detailed methods provided in Supporting

information). At least 92 1 13% of cells were viable following

treatment with up to 50 pM H202 for 20 h (mean 1 standard

deviation, n 2 150 cells) (Fig. 2A,B). A sharp decline in viability

was observed at H202 concentrations > 50 pM (63 1 13% and

10 1 13% at 125 pM and 250 pM H202, respectively; mean 1

standard deviation, n 2 150 cells) (Fig. 2A). AB peptides were

immunoprecipitated from culture medium after 20 h exposure

to sublethal concentrations of 10—20 pM H202 (Fig. 2C,D). H202

caused a 2.4 1 06-fold increase in secreted AB (mean fold

increase 1 standard error of mean, n = 12 H202 treated and

n = 10 control, Student’s t—test: p < 0.05; Fig. 2E). No changes

were observed in total endogenous APP (Fig. 2F) or tau protein

levels in the corresponding cell lysates (Fig. 2D), but heat—shock

protein 90 (Hsp90) levels were elevated 2.5 1 03-fold (mean

fold increase 1 standard error of mean, n = 9 H202 treated and

n = 9 control, Student’s t-test: p< 0.01; Fig. 2D,G). Notably,

heat-shock proteins are upregulated in AD brain (Hamos et al.,

1991; Dickey et al., 2007).

In summary, we demonstrate that exposure to nonlethal

doses of peroxidative stress for 20 h significantly increases the

accumulation of extracellular AB in primary chick neuronal

cultures. This is accompanied by increased cellular Hsp90. These

 
Fig. 1 Characterization of primary embryonic

chick tectal neurons, Labeling With neuron—

specific markers (red) beta tubulin-lll (mouse

monoclonal, Abcam) (A, B) and tau (rabbit
polyclonal, Dako) (C), demonstrated that at least

97% of cells in the cultures are neuronal after up

to 8 days in vitro. Beta tubulin—lll and tau labeling
extends through the neuronal processes to the

base of f-actin (green)~rich growth cones (arrows).
Scale bar: 20 pm.

results suggest that AB, in addition to causing oxidative stress

through generation of reactive oxygen species (Behl eta/., 1994),

may be generated by neurons in response to increased oxidative

stress during aging (Lee et al., 2006; Nunomura et al., 2006). Chick

brain neurons secrete a highly conserved pattern of AB peptides

analogous to that normally found in human cerebrospinal

fluid (AB1—37/38/39/40/42) (Esselmann et al., 2004). Here, we

observe an overall increase in total AB levels induced by H202.

Further studies are needed to determine whether any AB iso-

forms in particular are specifically increased by oxidative insults,

what mechanism this might involve and whether oxidative stress

also influences the phosphorylation and/or distribution of tau

protein in these neurons. The conserved properties of APP

trafficking and processing (Goldsbury et al., 2006), as well as

the analogous sequence and phosphorylation patterns of tau

protein in chick neurons (Yoshida 8: Goedert, 2002), make this

primary culture system a promising model for delineating the

cell biology and pathological modulation of AD—related proteins.
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Fig. 2 Elevated extracellular amyloid-B (AB) peptides derived from primary chick tectal neurons after 20 h of H202 exposure. Cell viability sharply decreases
following exposure to H202 at concentrations > 50 ilM (A). Only occasional Trypan Blue-positive cells are seen with H202 concentrations < 50 pM (B) (arrowheads).

Scale bar = 100 pm. Chemiluminescent detection of synthetic ABt-do standards (Bachem) after immunoblotting demonstrates the linearity of the band density
(C). Increased levels of extracellular Afl peptides are observed after H202 treatment. APP (6E10), total tau (Dako) and Hsp90 (Abcam) are shown from

corresponding cell lysates for three HZOZ—treated cultures and three control cultures (D). AB is elevated 2.4—fold by H202 exposure (E). In the corresponding
cell lysates, no change in total APP is observed (F) but there is a 25-fold increase in Hsp90 from HZOZ-treated cultures (G). Membranes were probed with
GAPDH antibody to confirm equal protein loading. Significance was determined by Student's t—test: *p < 0.05, “p < 0.01.
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