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Abstract

In 2004 we proposed the mitochondrial cascade hypothesis of sporadic Alzheimer’s disease (AD).
Our hypothesis assumed sporadic and autosomal dominant AD are not etiologically homogeneous,
considered evidence that AD pathology is not brain-limited, and incorporated aging theory. The
mitochondrial cascade hypothesis asserted: (1) inheritance determines mitochondrial baseline
function and durability; (2) mitochondrial durability influences how mitochondria change with age;
and (3) when mitochondrial change reaches a threshold, AD histopathology and symptoms ensue.
We now review the reasoning used to formulate the hypothesis, discuss pertinent interim data, and
update its tenants. Readers are invited to consider the conceptual strengths and weaknesses of this
hypothesis.

Introduction

The amyloid cascade hypothesis has dominated the Alzheimer’s disease (AD) research field
since 1992 (Hardy and Higgins, 1992). It followed the discovery that amyloid precursor protein
(APP) gene mutation could produce dementia with neuritic plaques and neurofibrillary tangles
(Goate et al., 1991). The amyloid cascade hypothesis was subsequently bolstered by work
showing presenilin (PS) 1 and 2 mutations also cause AD, and that APP, PS1, and PS2 mutation
all favor processing of APP to its 42 amino acid beta amyloid (AB) derivative (Levy-Lahad et
al., 1995; Sherrington et al., 1995; Scheuner et al., 1996). The hypothesis has evolved over
time, with the suspect Ap42 bogey shifting from fibrils to protofibrils to oligomers to perhaps
dimers (Haass and Steiner, 2001; Hardy and Selkoe, 2002; Lesne et al., 2006; Shankar et al.,
2008). The core assumption, though, that Ap42 induces tangles, neurodegeneration, and
dementia has not changed. The amyloid cascade hypothesis argues forced A production in
transgenic animals should faithfully model the disease and Ap reduction should arrest it. Much
of the AD research field has invested heavily in AD transgenic modeling and Ap-directed
therapeutic development and consequently has a vested interest in the amyloid cascade
hypothesis.
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While the simplicity of the amyloid cascade hypothesis is in many ways appealing, it does
oversimplify some controversial issues. First and foremost, it presumes brain aging and AD
are uniformly divergent events. We believe, however, that sporadic AD and brain aging are
convergent events (Swerdlow, 2007a; 2007b). To emphasize this we previously proposed the
mitochondrial cascade hypothesis, which considers sporadic AD from the perspective of
mitochondrial aging theory, our own cytoplasmic hybrid (cybrid) studies of AD mitochondria,
basic cell biology principles, and the amyloid cascade hypothesis itself(Swerdlow and Khan,
2004). Since we first proposed this hypothesis in 2004 pertinent data have been published. We
now review the conceptual basis of our hypothesis and discuss it from the context of recent
AD research.

What is the Mitochondrial Cascade Hypothesis of Sporadic AD?

The mitochondrial cascade hypothesis asserts inheritance determines mitochondrial baseline
function and durability, mitochondrial durability influences how mitochondria change with
age, and AD histopathology and symptoms ensue when mitochondrial change reaches a
threshold (Swerdlow and Khan, 2004). It presumes autosomal dominant and sporadic AD are
not etiologically homogeneous. It is intend ed to apply only to sporadic AD, but makes
predictions about autosomal dominant AD. Mitochondrial dysfunction is seen as a nexus
between the sporadic and autosomal dominant forms. In the autosomal dominant forms
excessive AB impairs mitochondrial function, and it is predicted Ap-induced mitochondrial
dysfunction initiates other AD-characteristic histopathologies. In the sporadic form, age-
related mitochondrial changes drive mitochondrial function beyond a functional threshold that
induces AD-characteristic histopathologies, including processing of APP to Ap (Figure 1).
Before discussing the specifics of the hypothesis it is necessary to briefly discuss mitochondrial
function in AD.

Mitochondrial Function in AD

Several mitochondrial enzyme activities are altered in AD. Pyruvate dehydrogenase complex,
ketoglutarate dehydrogenase complex, and cytochrome oxidase (CO) Vmax activities are all
reduced (Swerdlow and Kish, 2002). The CO defect, in particular, is central to the
mitochondrial cascade hypothesis. CO constitutes the terminal end of the mitochondrial
electron transport chain (ETC). It accepts electrons from cytochrome c, which receives them
from more up stream parts of the E TC. CO passes its acquired electrons to oxygen so that
H,0 rather than reactive oxygen species (ROS) is generated. CO is the single greatest site of
cell oxygen consumption.

The AD CO Vmax activity reduction was first shown in platelets in 1990 and brain in 1992
(Parker et al., 1990; Kish et al., 1992). Anatomic distribution of the CO defect was initially
debated; it is now accepted it occurs at least in platelets, fibroblasts, and large parts of the brain
(Swerdlow and Kish, 2002). Reports using different experimental methods suggest CO activity
in AD subjects is 10-50% less than in age-matched controls. In general, studies that isolate
mitochondria report bigger reductions than studies that do not. CO reduction occurs at all stages
of the disease, including mild cognitive impairment (MCI) (Valla et al., 2006).

Because CO activity is reduced outside the brain it presumably is not a neurodegeneration
artifact. Whether the Vmax reduction reflects reduced CO enzyme or a structurally altered
enzyme is still debated. The Vmax activity rate is reduced in tissue homogenates normalized
to total cell protein, in highly purified mitochondrial fractions in which the activity rate is
normalized to total mitochondrial protein, and when normalized to activity of the mitochondrial
enzyme citrate synthase (Swerdlow and Kish, 2002). Spectral analysis of the enzyme finds it
is kinetically altered in AD and lacks one of its two substrate binding sites (Parker and Parks,
1995). Studies report AD brains have increased CO immunochemical staining and CO gene
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expression (Hirai et al., 2001; Manczak et al. 2004). All this supports the view CO activity is
reduced in AD because the enzyme is structurally different than it is in controls. Other studies,
though, report CO protein levels and mMRNA levels for several CO genes are reduced in AD
and support the possibility CO activity is reduced because there is less CO (Chandrasekaran
et al., 1994; Kish et al., 1999). Perhaps both scenarios occur. It is important to note as far as
bioenergetics goes this debate does not stop with CO. Some studies suggest mitochondrial
DNA (mtDNA) and mitochondrial number increase in AD, while others suggest mtDNA and
mitochondrial number decline (de la Monte et al., 2000; Hirai et al., 2001; Baloyannis, 2006).

The CO enzyme complex contains 13 protein subunits. Ten are encoded by nuclear and three
by mtDNA genes. Cybrid studies suggest mtDNA is at least partly responsible for reduced CO
activity in AD (Swerdlow et al., 1997; Swerdlow, 2007c). Cybrids are cell lines created by
placing mitochondria from individual human subjects into cultured cells (King and Attardi,
1989). Cybrids are also useful for assessing the integrity of an individual’s mitochondrial genes,
because when the individual’s mitochondria are transferred the genes inside those mitochondria
are also transferred. The mitochondria moved into the cultured cells are grown inside the cells
until there are enough to study. Cybrid studies show mitochondria obtained from platelets of
persons with AD have reduced CO activity (Swerdlow et al., 2007c). This specific biochemical
defect persists over time in the cybrid lines, which supports the view mtDNA differs between
AD and control subjects and that these differences can affect CO. Although some studies find
specific sequence-level differences between AD and control subject brain and platelet mtDNA,
it is not clear such differences also occur in cybrids (Corral-Debrinski et al., 1994; Mecocci et
al., 1994; Coskun et al., 2004; Coon et al., 2006). It is still not known how exactly mtDNA
from AD subjects differs from that of controls. Regardless, considerable data suggest
maternally inherited genes could influence AD phenomena (discussed below).

Does Inheritance Influence AD Risk by Influencing Mitochondrial Function?

Data from epidemiologic, neuropsychological, biomarker, and cell biology studies suggest
mitochondrial inheritance could influence AD risk and pathology. One study reported mtDNA
haplogroups influence AD risk (van der Walt et al., 2004). Another study found for AD subjects
with a demented parent, the demented parent was more often the mother (Edland et al.,
1996). This relationship persisted after correcting for greater female longevity, and implies
having an AD mother confers a greater risk of AD than having an AD father. A large analysis
of Framingham study subject offspring (the Framingham Offspring Study) found
neuropsychological test performance in non-demented, middle aged individuals with an AD-
affected mother was deficient relative to those with an AD-affected father or no AD-affected
parent (Wolf et al., 2005). This may or may not reflect a presymptomatic AD carriage state.
Positron emission tomography (PET) studies are relevant to this question. PET quantifies brain
glucose utilization and reports this as a “cerebral metabolic rate of glucose” (CMRgy). AD
subjects have reduced CMRgyy in particular brain regions as do cognitively intact persons with
an APOEA4 allele (Small et al., 1995; Reiman et al., 1996). Cognitively intact, middle aged
individuals with AD mothers but not AD fathers also have AD-like patterns of CMRyy
reduction (Mosconi et al., 2007).

It was also previously reported cybrid cell lines containing mtDNA from individuals with AD
mothers had lower CO activity than cybrids containing mtDNA from individuals with AD
fathers (Davis et al., 1997). Taken together, epidemiologic (maternal inheritance bias),
neuropsychological (differences in cognitive testing between children of AD-affected mothers
and fathers), biomarker (PET differences in CMRg, between children of AD mothers and
fathers), and cell biology (perpetuation of AD pathology in cybrid cell lines, as well as a
maternal inheritance effect on cybrid CO activity) data suggest mitochondrial inheritance could
influence AD risk and pathology.
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Nuclear DNA inheritance may also influence AD risk through effects on mitochondrial
function. Under in vitro conditions different apolipoprotein E isoforms differentially affect
mitochondrial function (Chang et al., 2005). Single nucleotide polymorphisms (SNP) in the
gene for TFAM, a protein required for mtDNA replication and expression, and TOMMA40, a
translocase of the outer mitochondrial membrane protein, may associate with AD (Gunther et
al., 2004; Belin et al., 2007; Alvarez et al., 2008; Bekris et al., 2008). We recently concluded
a study in which SNP frequencies for the 13 CO genes was determined. Interim data are shown
in Figure 2 (Swerdlow et al., 2006). We found non-synonymous nuclear CO gene SNPs in
greater than 10% of the general population. CO gene nuclear SNPs occurred in combination
with non-synonymous mtDNA CO gene SNPs, which were found in 20% of the general
population. Nuclear CO gene untranslated region (UTR) polymorphisms were extremely
common. The functional consequences of CO nuclear polymorphisms and CO nuclear DNA-
mtDNA compound polymorphisms are currently under study in our laboratory.

It is already known dramatic reductions in CO activity are functionally devastating (Prick et
al., 1983; Flierl et al., 1997; Cooper and Brown, 2008). The question as far as AD goes is
whether CO activity variation within the “normal” range has clinical relevance. We postulate
if it does, inheritance-determined function of an individual’s CO could influence AD risk. Both
maternal and paternal inheritance would play important roles, but maternal inheritance would
play a greater role because of the mtDNA contribution. Interestingly, a secondary analysis of
our AD cybrid data found the overall CO activity reduction we observed was mostly driven
by cybrids containing mtDNA from younger AD subjects (Figure 3) (Swerdlow, 2007b). This
suggests the lower an individual’s inherent CO activity is, the younger the age at which the
individual reaches the dementia threshold and is diagnosed with AD. To summarize this
section, several lines of evidence support the view inheritance influences mitochondrial
function and mitochondria-relevant gene inheritance could influence AD risk.

Are Age-Related Mitochondrial Changes Relevant to AD?

Studies of aging brain mitochondria consistently report reductions of complex I activity,
complex IV activity, and increased ROS production (Navarro and Boveris, 2007). Reduced
numbers of mitochondria do not appear to account for these changes. Thus, a reasonable
explanation is physical changes to the enzyme complexes are responsible. Other age-related
mitochondrial changes include reduced membrane potential, increased size, and increased
fragility.

Mitochondrial DNA mutations may contribute to age-related mitochondrial changes. In
descriptive support of this, mtDNA deletions and oxidative damage accumulate with age in
many tissues, especially brain (Corral-Debrinksi et al., 1992; Mecocci et al., 1993). It is easier
to find low abundance, heteroplasmic point mutations (microheteroplasmy) in the brains of
elderly individuals than in the brains of young individuals (Lin et al., 2002; Simon et al.,
2004). To critically assess whether mtDNA mutation accumulation can promote aging, several
groups have developed mice with deficient mtDNA polymerase y(mtPOLG) proofreading
capacity (Zhang et al., 2005; Trifunovic et al, 2004.; Kujoth et al., 2005). Characterizations of
brain and brain mitochondria are scant, but immunostaining does reveal an increase in CO-
negative fibers (Vermulst et al., 2008). Evaluations of multiple tissues, though, certainly show
accelerated mtDNA deletion and point mutation accumulation, an age-dependent progressive
reduction of ETC enzyme activities, and accelerated aging.

Similar to what is found across the mitochondrial genome, CO genes from aging individuals
also accumulate sequence deviations. It was previously shown an age-related increase in CO1
gene microheteroplasmy inversely correlates with CO activity (Lin et al., 2002). If it is correct
persons with lower inherent CO activities have an earlier AD onset age and by extension a
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greater risk of AD (Figure 3), this finding has direct implications for the mitochondrial cascade
hypothesis. It is possible to postulate a scenario in which an individual’s CO activity at a given
age (inherent CO activity minus the age-related CO activity decline at a particular age) either
defines a threshold at which brain aging becomes brain disease, or provides a biomarker that
defines when other mitochondrial parameters cross a line demarcating brain aging from brain
disease (Figure 4). In this model, the distance between an individual’s inherent CO activity
and the CO activity disease threshold, in conjunction with how rapidly an individual’s CO
activity falls with aging, defines the age at which AD presents.

Is Amyloidosis in Sporadic AD a Primary Event?

The amyloid cascade hypothesis assumes AB occupies the apex of a neurodegenerative
cascade. Support for this comes from studies of autosomal dominant AD. Research on these
variants collectively suggests Ap more likely mediates disease than other APP derivatives or
APP itself (Scheuner., 1996). Proponents extrapolate this paradigm to sporadic AD, which
necessarily de-emphasizes the role aging may play by precluding it from the cascade apex.

The mitochondrial cascade hypothesis does not contest the view all pathology in autosomal
dominant AD ultimately originates from aberrant Ap production. We are unconvinced, though,
that this is the case in sporadic AD. Unlike autosomal AD, sporadic AD is truly an age-
dependent event, and amyloid protein formation is a recognized consequence of aging
(Swerdlow, 2007a). In addition to the brain it occurs in the heart and pancreas, and the amyloid
protein deposited in each organ is unique. This “senile amyloidosis™ has in fact been recognized
for decades, and generally is felt to represent a consequence of aging rather than a cause of
disease (Ravid et al., 1967; Cornwell and Westermark, 1980). Indeed, aged individuals with a
particular amyloid protein in one organ have an increased likelihood of having a different
amyloid protein in a different organ (Schwartz, 1968; Storkel et al., 1983). This classic
observation is supported by recent studies showing epidemiologic associations between AD
and type Il diabetes mellitus (Ott et al., 1999; Haan, 2006).

Cybrid modeling of AD mitochondrial function suggests AD subject mitochondria promote
AP production. We found increased intra and extracellular Ap42 and Ap40 levels in AD cybrid
cell lines with reduced CO activity (Khan et al., 2000). The extracellular Ap formed adherent
aggregates on flask surfaces. Living cells approached aggregate borders but did not grow on
top of the aggregates. This is consistent with reports showing oxidative phosphorylation
uncoupling, ATP synthase inhibition, and cytochrome oxidase inhibition converts APP
processing towards amyloidogenic derivatives (Gabuzda et al., 1994; Gasparini et al., 1997,
Webster et al., 1998).

Exposing cultured cells or isolated mitochondria to Ap impairs the mitochondrial ETC in
general and perhaps CO specifically (Pereira et al., 1998; Canaveri et al., 1999; Crouch et al.,
2005). This does not impugn and is actually consistent with the mitochondrial cascade
hypothesis. Our hypothesis asserts mitochondrial dysfunction activates a final common
pathway that produces all aspects of AD histology. In autosomal dominant AD, Ap
overproduction is the primary cause of the mitochondrial dysfunction. In sporadic AD,
mitochondrial function that declines beyond an aging-disease threshold is the primary cause.
AB, as one downstream product of the mitochondrial functional decline, presumably acts as
part of a positive feedback loop that exaggerates mitochondrial dysfunction. We originally
proposed cells may have developed this loop to shut down perturbed mitochondria, or else help
cells transition from aerobic to anaerobic metabolism (Swerdlow and Khan, 2004). In any case,
we do not believe AP evolved solely as a toxic time bomb.

The existence of a mitochondria- AB nexus is supported by work showing APP, AB, PS
proteins, and in fact the entire y secretase complex is in fact found in mitochondria (Yamaguchi
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et al., 1992; Anandatheerthavarada et al., 2003; Lustbader et al., 2004; Hansson et al., 2004;
Casperson et al., 2005; Teng and Tang, 2005; Manczak et al., 2006; Devi et al., 2006;
Anandatheerthavarada and Devi, 2007; Hansson Petersen et al., 2008). The importance of the
mitochondria- AP nexus is supported by experiments performed with mtDNA-depleted cells
that lack ETC function. NT2 neuronal cells are killed by AB, while mtDNA-depleted NT2 cells
are not (Cardoso et al., 2001). This implies Ap toxicity is mediated through effects on
mitochondria.

Are Tau Pathology and Cell Cycle Re-entry Related Events?

Tangles consist of aggregated microtubule associated protein (MAP) tau, tangle tau is
excessively phosphorylated at serine and threonine residues, and tau phosphorylation
presumably facilitates aggregation (Billingsley and Kincaid, 1997; Lovestone and Reynolds,
1997; Johnson and Hartigan, 1999). Although MAP tau gene mutations drive
neurodegeneration, the resultant phenotype is characteristic of frontotemporal dementia rather
than AD and altered AB production is not characteristic of primary tauopathies (Cairns et al.,
2007). Polymorphic variation of the tau gene defines two extended haplotypes, H1 and H2; H1
associates with progressive supranuclear palsy, corticobasal degeneration, Parkinson’s disease,
but probably not AD (Baker et al., 1999; Pittman et al., 2006; Mukherjee et al., 2007). Data
from autosomal dominant AD therefore indicate AP perturbations can drive tau
phosphorylation and tangle formation, while data showing the converse are lacking. The
amyloid cascade hypothesis assumes Ap drives tangle formation in both autosomal dominant
and sporadic AD but in both cases is mechanistically vague on this point.

The mitochondrial cascade hypothesis postulates reduced cell energy promotes tau
phosphorylation in both sporadic and autosomal dominant AD (Swerdlow and Khan, 2004).
Supporting data come from experiments showing prolonged fasting, complex | inhibition, CO
inhibition, mitochondrial uncoupling, and hibernation (a state associated with mitochondrial
uncoupling) induce tau phosphoryation (Blass et al., 1990; Yanagisawa et al., 1999; Arendt et
al., 2003; Szabados et al., 2004; Escobar-Khondiker et al., 2007; Hartig et al., 2007). In addition
to several neurodegenerative disorders, tau phosphorylation also occurs in normal
embryogenesis and transformed cells. Repeated cell division in the latter two cases utilizes
considerable energy and energy storage is not possible. In AD, we predict energy levels are
low due to mitochondrial failure.

Cell growth and cycling are regulated by trophic stimulation and energy status. Trophins bind
insulin, insulin-like growth factor 1 (IGF1), and other related receptors belonging to the
tyrosine kinase receptor family. In neurons, ligand binding induces insulin receptor substrate
2 (IRS2) tyrosine phosphorylation, phospho-activated IRS2 phosphorylates phosphoinositide
3 kinase (PI13K), and this activating phosphorylation eventually drives phosphorylation and
activation of the Akt proto-oncogene protein (Bondy and Cheng, 2004; Manning and Cantely,
2007). We believe cells use this trophin-stimulated pathway to sense whether their external
environment will support growth or division. Cell energy status also regulates Akt activity.
The mammalian target of rapamycin (mTOR) protein helps cells adapt to fluctuations in their
energy supply (Schieke and Finkel, 2006). mTOR complexes with other proteins, and one of
these complexes, MTORC?2, also phosphorylates Akt (Hresko and Mueckler, 2005; Sarbassov
et al., 2005a; Sarbassov et al., 2005b).

Cell growth sometimes occurs in conjunction with division and sometimes it does not. Growing
to divide and growing not to divide (hypertrophy), though, are fundamentally different
processes. Cytoskeletal maintenance is not advantageous in dividing cells and high energy
demand precludes energy storage. Growth without division requires a cytoskeleton and energy
storage is possible. It is not surprising a single Akt-regulated protein, glycogen synthase kinase
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3B (GSK3p), coordinates cytoskeletal maintenance with energy storage. GSK3p
phosphorylates tau and inhibits glycogen synthase (Cohen and Frame, 2001; Grimes and Jope,
2001; Bhat and Budd, 2002). Tau phosphorylation prevents cytoskeleton formation or
promotes cytoskeleton disassembly, while glycogen synthase inhibition blocks glucose
storage. GSK3p activation is therefore conducive to cell division.

Substantial evidence reveals AD neuron cell cycle re-entry is more common than it is in non-
AD brain (Vincent et al., 1996; McShea et al., 1997; Nagy et al., 1997; Arendt et al., 2000;
Yang et al., 2001; Herrup and Arendt, 2002; Yang et al., 2003; Mosch et al., 2007). This re-
entry proceeds through several parts of the cycle but fails at the G,-M interface (Zhu et al.,
2004). The mitochondrial cascade hypothesis proposes tau phosphorylation/tangle formation
and cell cycle re-entry are related events, and experimental support for this prediction was
recently published (McShea et al., 2007). We speculate preserved trophic stimulation in the
face of low energy mimics a cycling profile and causes AD neurons to act as dividing cells. If
correct, Akt must function differently under conditions of trophic stimulation/high energy than
it does under conditions of trophic stimulation/low energy (Figure 5). Trophic stimulation/high
energy would presumably cause Akt to inhibit GSK3B, thus facilitating growth without
division. Trophic stimulation/low energy would have to activate the Akt proto-oncogene
protein in such a way that GSK3p inhibition does not occur. We are currently exploring this
possibility. Finally, it is necessary to postulate another factor, perhaps oxidative stress, causes
phosphorylated tau to form tangle aggregations.

Do Mitochondria Contribute Directly to AD Neuron Degeneration?

Published data suggest AD neurons die an apoptotic death (Su et al., 1994; Cotman, 1998;
Rohn et al., 2002; Colurso et al., 2003; Blalock et al., 2004; Takuma et al., 2005). These data
are sparse and inferential, since it is not possible to directly observe actual dying neurons in
AD brain. Mitochondria presumably initiate neurodegeneration-related apoptosis by releasing
proteins to the cytoplasm or nucleus that activate programmed cell death (PCD) pathways
(Mattson, 2000). Accumulation of the mitochondrial proteins cytochrome c, apoptosis
initiating factor (AIF), and Smac/DIABLO beyond their typical mitochondrial confines clearly
induces PCD in laboratory models (Saelens et al., 2004). We previously reported cytoplasmic
cytochrome c levels are elevated in AD cybrids, and caspase 3 activity is also increased (Khan
et al., 2000). Mitochondrial depolarization is associated with cytochrome c egress, and AD
cybrid mitochondria are relatively depolarized (Cassarino et al., 1998; Khan et al., 2000;
Trimmer et al., 2000; Cardoso et al., 2004).

We believe apoptotic pathways are not maintained in absolute on or off states, but rather reflect
mitochondrial integrity, number, or both. Cells with greater mitochondrial surface areas may
have higher apoptotic set points, as might cells with failing mitochondria(Khan et al., 2000).
One study of AD brain did show increased mitochondrial surface area as well as increased
numbers of degrading mitochondria (Hirai et al., 2001). AD cybrids similarly show increased
numbers of mitochondria and perturbed mitochondrial infrastructure (Trimmer et al., 2000;
Trimmer et al., 2004).

Considerations and Implications

We believe aging and sporadic AD are fundamentally convergent, not divergent, entities. This
reflects clinical and biomarker experience showing cognitive change and A plaque
accumulation are common (although not obligatory) consequences of aging and can precede
dementia by years if not decades (Swerdlow, 2007a; Aizenstein etal., 2008). The mitochondrial
cascade hypothesis asserts declining mitochondrial function initiates these clinical and bio
marker changes and therefore represents the primary underlying problem in sporadic AD. We
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do not claim, though, that AD pathology simply exaggerates age-related physiologic changes.
Whether mitochondrial biogenesis increases or decreases in sporadic AD is pertinent to this
point. Studies of brain aging suggest mtDNA copy number and ETC protein levels increase
with age; we assume this represents a compensatory response to falling ETC efficiency
(Barrientos et al., 1997; Hirai et al., 2001). Data addressing these parameters in AD brain are
not uniform, and some investigators conclude mitochondrial biogenesis increases further in
AD while others conclude it decreases (de la Monte et al., 2000; Hirai et al., 2001). We await
this issue’s definitive resolution. If mitochondrial biogenesis increases, it would suggest a
physiologic divide between aging and AD arises at the point compensation is no longer
possible. If mitochondrial biogenesis decreases, the point at which the cell abandons
compensatory efforts could define this divide.

We have not critically questioned whether Ap is more relevant to AD than APP or other APP
derivatives. Most proponents of the amyloid cascade hypothesis believe Ap is central although
this assumption has been challenged (Galvan et al., 2007). While our hypothesis states
mitochondrial dysfunction increases AB levels and increased A affects mitochondrial
function, our Ap emphasis is partly for heuristic purposes and APP or other APP derivatives
could ultimately prove more relevant. A better understanding of how APP, AB, or secretase
enzymes access mitochondria and whether APP processing occurs in or on mitochondria could
help address this.

There are data that argue AP is not toxic under physiologic in vivo conditions and may even
mitigate other sporadic AD-associated pathologies (Nunomura et al., 2001; Aizenstein et al.,
2008). AP and oxidative stress marker levels inversely correlate in particular brain regions,
suggesting AP reduces ROS production (Nunomura et al., 2001). Limited AB exposure has
also been associated with mitochondrial biogenesis in animal and cell models (Reddy et al.,
2004; Diana et al., 2008). Our hypothesis is comfortable with both sides of this debate. As we
stated in 2004, we believe AP production (or other changes in APP physiology) in sporadic
AD reflects an adaptive but failed attempt to disable impaired mitochondria, or else an adaptive
but failed attempt by aerobically marginal cells to acquire an anaerobic phenotype (Swerdlow
and Khan, 2004).

The mitochondrial cascade hypothesis predicts effective autosomal dominant AD treatments
could prove partly or wholly ineffective in sporadic AD. Even if Ap exacerbates mitochondrial
failure in sporadic AD, its removal may not adequately restore mitochondrial function to
tolerable levels. There have been enormous efforts in recent years to treat sporadic AD by
removing fibrillar A, blocking Ap oligomerization, and preventing formation of Ap42.
Testing these approaches in small numbers of autosomal dominant AD subjects before
attempting them in large numbers of sporadic AD subjects might prove useful. Our hypothesis
may also help explain why interventions that benefit APP transgenic mice have thus far not
benefited sporadic AD patients (Swerdlow, 2007a; Holmes et al., 2008).

When we first proposed the mitochondrial cascade hypothesis it was acknowledged to at least
a small degree by the AD research field and an independent group subsequently advocated a
mitochondria-centric AD hypothesis (Swerdlowand Khan, 2005; Roses et al., 2007; Mancuso
etal., 2007). A mitochondrial cascade hypothesis has been formulated for sporadic Parkinson’s
disease (PD), and it would seem reasonable to also formulate a mitochondrial cascade
hypothesis for sporadic amyotrophic lateral sclerosis (ALS) (Domingues et al., 2008). Like
AD, PD and ALS have rare autosomal forms in which mitochondrial dysfunction may play an
intermediary role in neurodegeneration, and common sporadic forms that are associated with
mitochondrial dysfunction (Swerdlow, 2007d).
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In formulating the mitochondrial cascade hypothesis we considered epidemiologic, clinical,
biochemical, and molecular studies of human sporadic AD (Swerdlow and Khan, 2004). We
used cybrid cell lines to model sporadic AD mitochondrial function, and data from this model
are critical to this hypothesis. Animal data from ETC inhibition models, mtDNA manipulation
models, and Mendelian manipulation models also contributed. For example, APP transgenic
mice with increased mitochondrial oxidative stress as a consequence of reduced manganese
superoxide dismutase show increased plaque deposition, while APP transgenic mice with
decreased mitochondrial oxidative stress as a consequence of reduced CO holoenzyme show
decreased plaque deposition (Li etal., 2004; Fukui et al., 2007). These studies support our view
that mitochondrial physiology influences amyloidosis. How best to model a sporadic disease,
though, is a critical question that will impact the popularity of our hypothesis. Without
accessible models, interest will likely remain limited regardless of how conceptually
reasonable our hypothesis seems.
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Figure 1.
The mitochondrial cascade hypothesis.
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GEMNE(S) | POLYMORPHISM(S) |AA CHANGE(S) FREQUENCY
C01,2.34 |None MNone | 3750
CO4 (G77A, GCU—ACU Ala—Thr 3/50
co3 |Goar7a, GUUSAUL | Vallie 250
coa AGEETG, AAC—AGC | Asn—Ser | 1/50
CO1 GB261A, GCC—AAC | Ala—Thr | 1/50
CO4 G77A, GCU—ACU Ala—Thr
coz2 G7E59A, GAU—=AAL Asp—Asn 1/50
CO1 GE3IBEA, GUC—AUC | Val—le 1/50
c03 GOO966A, GUC—-ALUC [ Val=lle 1/50
CO1 GE261A, GUU—AUU | Val—lle 1/50
co3 GO9BEA, GUC—=AUC | Val=le 1/50
CO4 G7TA, GCU-=ACU Ala=Thr
CO1 TE2530C, AUA—ACA Met—=Thr 1/50
Figure 2.

Non-synonymous open reading frame polymorphisms in 50 individuals who under went CO1,
C02, CO3, and CO4 gene sequencing. The listed polymorphisms from the four genes analyzed
define 11 distinct CO enzyme complexes among the 50 individuals. Synonymous
polymorphisms, untranslated region (UTR) polymorphisms, and variation in the other 9 CO
genes are not listed. The nucleotide numbers for CO1, CO2, and CO3 are from the Cambridge
mtDNA sequence. The CO4 polymorphism occurs at nucleotide 77 of the mMRNA. AA=amino

acid.
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Figure 3.

Cytochrome oxidase activities from15 cyb rid cell lines prepared by transferring AD subject
platelet mitochondria to NT2 cells depleted of endogenous mtDNA. Enzyme activities are
plotted as a function of the platelet donor’s age. The ages of the subjects roughly estimates the
ages at which their AD developed, and suggests those with lower cytochrome oxidase activities
had a younger age of onset.
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Anindividual’s cytochrome oxidase activity at a given age reflects their baseline activity minus
an age-dependent activity decline. Activity baselines and rates of decline vary between
individuals. For heuristic purposes we have shown a cytochrome oxidase activity threshold
below which AD symptoms manifest. Those with high baseline activities and slow decline
rates would remain above the disease threshold until a very advanced age, while those with
lower baseline activities and more rapid decline rates would cross the threshold at a much
younger age. CO=cytochrome oxidase.
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Hypothetical scheme in which Akt drives cell growth and division under conditions of trophic
stimulation and low cell energy levels, and drives cell growth without division under conditions
of trophic stimulation and higher energy levels. GSK3B=glycogen synthase kinase 3 beta;
mTORC2=mammalian target of rapamycin complex 2; P=phospho.
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