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Abstract

This review discusses known and speculated relationships between Alzheimer’s disease (AD)
biochemical, molecular, and histologic phenomena. In the AD brain, various pathologies including
neuritic plaques, neurofibrillary tangles, synaptic loss, oxidative stress, cell cycle re-entry, and
mitochondrial changes have all been described. In an attempt to explain what exactly goes wrong
in the AD brain various investigators have proposed different heuristic and hierarchical schemes.
It is important to accurately define the AD pathology hierarchy because treatments targeting the
true apex of its pathologic cascade arguably have the best chance of preventing, mitigating, or
even curing this disease.
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Introduction

Mark Smith was an indispensable member of the Alzheimer’s disease (AD) research
community. A renegade to some and inspiration to others, Mark was not afraid to take an
unpopular position if his data suggested that was the right position to take (Perry et al. 2000;
Castellani et al. 2009). Data generated by Mark and his colleagues questioned the AD field’s
prevailing dogma, and Mark attacked that dogma with both gusto and, somehow, charm.
Mark certainly had a remarkable ability to disagree without being disagreeable. Even during
heated arguments he seemed to be enjoying himself, which made him a joy to be around.
These qualities endeared him to both allies and antagonists alike.

One of Mark’s insights was that in a disease such as AD in which neurons are dying, many
phenomena would manifest but only one could constitute (to borrow a quote from Mark)
“the head of the snake”. He further assumed downstream phenomena would, more often
than not, represent adaptive responses (Lee et al. 2006). Preventing those adaptive
downstream responses without fixing the upstream pathology that drives them would
probably not help, and could conceivably hurt, AD patients. Those working to understand
why AD subjects treated with semagacestat, a gamma secretase inhibitor, showed
accelerated cognitive decline will certainly need to consider this possibility.
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This review will discuss several different AD brain phenomena and the relationships that are
known to exist between these phenomena. In doing so it will discuss pro and con arguments
over which particular pathologic phenomenon constitutes the “head of the snake”.

Does Beta Amyloid Cause AD?

This is certainly the most popular current view. The idea that beta amyloid (AB) protein
causes AD forms the basis of the “amyloid cascade hypothesis” (Hardy and Allsop 1991;
Hardy and Higgins 1992; Hardy and Selkoe 2002). The amyloid cascade hypothesis
proposes accumulation of AB, as either a consequence of increased production or decreased
removal, incites all other downstream AD-associated phenomena and ultimately the disease
itself (Figure 1). Mark was a fierce opponent of this hypothesis (Perry et al. 2000; Lee et al.
2006).

The evolution of this hypothesis is discussed in other reviews but is worth briefly
summarizing (Swerdlow 2007a). Alois Alzheimer’s initial presenile dementia patients, who
were later said to have “Alzheimer’s disease” (Kraepelin 1910), were noted to have
extracellular protein aggregations within their brains (Alzheimer 1907; Alzheimer et al.
1995). These extracellular protein aggregations, called plaques, were also known to collect
within the brains of elderly humans as well as aging animals (Blocq and Marinesco 1892;
Fischer 1907; Redlich 1898; Critchley 1929). These plaques were initially felt to represent a
consequence, and not a cause, of either aging or (in the case of presenile dementia) whatever
causes AD (Davis and Chisholm 1999). Over subsequent decades the main plaque
constituent was shown to be an amyloid protein (Divry 1927). This means that following
Congo red staining, exposure to polarized light generates a green birefringent fluorescence
pattern.

Amyloid proteins generally contain B-sheet folded peptides (Sipe and Cohen 2000).
Eventually the main p-sheet folded amyloid peptide within plaques was determined and this
protein was named the beta amyloid, or AB, protein (Glenner and Wong 1984b). This A
protein was also shown to accumulate in the plaques of aging Down’s syndrome patients
with trisomy 21 (Glenner and Wong 1984a; Masters et al. 1985). It turned out to be the case
that AP derived from processing of a larger protein, the amyloid precursor protein (APP),
which interestingly resided on chromosome 21 (Kang et al. 1987). In 1990, an APP gene
mutation was found to cause the Dutch variant of a devastating autosomal dominant cerebral
hemorrhage syndrome, hereditary cerebral hemorrhage with amyloidosis (HCHWA), in
which carriers develop vascular wall amyloid aggregations that structurally resemble those
which accumulate in AD brain cortex (Levy et al. 1990). The following year, an APP gene
mutation was shown to segregate with disease in a family with autosomal dominant amyloid
angiopathy, cortical plaques, and presenile dementia (Goate et al. 1991).

The amyloid cascade hypothesis soon followed (Hardy and Allsop 1991; Hardy and Higgins
1992). This hypothesis speculated the intact, mutated APP molecule itself did not directly
initiate the essential AD cascade, but rather APP mutation increased A to high levels and at
high levels Ap initiated the cascade. Studies performed over the next twenty years have
concluded AB can be toxic when administered to cultured cells, that the 42 amino acid Ap
species (AB42) is more toxic than other physiologically relevant species, and oligomeric
configurations of Ap42 are more likely to initiate the cascade than fibrillar, protofibrillar, or
monomeric forms (Yankner et al. 1989; Hardy and Selkoe 2002; Walsh and Selkoe 2007).

The amyloid cascade hypothesis was developed from studies of rare, autosomal dominant
AD kindreds with APP mutations. It was extrapolated to also apply to the non-autosomal
dominant pre-senile and also the senile AD variants that comprise over 99% of AD cases
(Swerdlow 2007a). Sporadic pre-senile AD and senile AD patients, however, do not have
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demonstrable APP mutations and APP polymorphisms appear to have no-to-little impact on
the disease (Guyant-Marechal et al. 2007). It has therefore been proposed variants in other
genes that directly influence either APP processing or Ap disposal cause A to accumulate.
Several genes found to associate with AD risk, including some genes implicated through
large scale genome-wide association studies (GWAS), may indeed ultimately impact
amyloidosis but how directly or indirectly these variants do in fact influence amyloidosis is
unclear (Rogaeva et al. 2007; Jun et al. 2010; Castellano et al. 2011; Harold et al. 2009).
Further, unless specific variants in the apolipoprotein E protein turn out to directly affect A
homeostasis (Castellano et al. 2011), genetically-determined variations in Ap-handling
appear to minimally affect AD risk. The obvious conceptual inference, which much of the
AD research field has been reluctant to accept, is that although it is possible early onset,
autosomal dominant and late-onset, non-autosomal dominant AD could ultimately share
common final pathways they may not share a common etiology.

It is important to emphasize this conceptual approach does not claim amyloid protein cannot
initiate and drive central neurodegeneration and cause dementia. There are few reasons to
question whether amyloid protein accumulation initiates a toxic cascade in autosomal
dominant AD arising from APP mutation. Amyloid accumulation also appears to initiate
degeneration in other degenerative dementia syndromes, including familial British dementia
(FBD) and familial Danish dementia (FDD) with amyloid angiopathy (Revesz et al. 2009;
Mead et al. 2000; Holton et al. 2001; Holton et al. 2002). FBD and FDD arise from
mutations in the BRI2 gene, which cause overproduction of a non-Ap amyloid product. A
key question that remains to be settled is whether it is more appropriate to group AD arising
from APP mutation with other identified primary amyloidoses such as FBD and FDD than it
is to group it with late-onset, sporadic AD, which could constitute a secondary amyloidosis.

Observational and experimental data have related and tied Ap to other AD-associated
phenomena. AD subject biomarker studies suggest Ap changes temporally precede tau
changes (Jack et al. 2010). In transgenic mice with concomitant production of Ap and a
mutant tau protein, AP perturbs tau homeostasis (Oddo et al. 2004). Transgenic mice that
overproduce A due to mutant APP overexpression develop synapse damage (Dong et al.
2007). Some of these mouse models also show an increase in the number of neurons that re-
enter the cell cycle (Yang et al. 2006). AB can facilitate the production of reactive oxygen
species (ROS) through reactions mediated by a particular methionine residue (Varadarajan
etal. 1999). Inhibition of the electron transport chain (ETC) enzyme cytochrome oxidase
(COX) is observed in isolated mitochondria or whole cells exposed to A protein, and APP-
mutant transgenic mice have reduced COX activity and other mitochondrial perturbations
(Canevari et al. 1999; Casley et al. 2002; Crouch et al. 2005; Dragicevic et al. 2010; Du et
al. 2010; Hauptmann et al. 2009; Pereira et al. 1998).

The AD and physiologic relevance of these experimental data, though, is unclear. It is
abundantly clear that brain amyloidosis can occur in human brains for years, if not decades,
without concomitant clinical symptoms or neurodegeneration (Sperling et al. 2011). Even if
AP does constitute an upstream AD pathology, it is not sufficient by itself to cause full-
blown AD. Supporters of the amyloid cascade hypothesis have responded to this by
essentially changing the definition of AD so that changes in Ap homeostasis are now the
sole required diagnostic feature; the presence of a dementia or even a dementia prodrome
syndrome is no longer required (Sperling et al. 2011).

Beyond this semantic nuance, though, the biggest problem with the amyloid cascade
hypothesis is that for most AD patients why AR production or disposal changes in the first
place is unknown. Because of this, it seems reasonable to consider that both APP processing
and Ap handling are highly regulated processes that are controlled by upstream physiologic
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events. If it turns out to be the case that a change in any of these upstream events alters Ap
accumulation in AD, then A accumulation cannot constitute the primary cause.

Does Tau Cause AD?

Neurofibrillary tangles were the other hallmark feature described by Alois Alzheimer in his
original presenile dementia clinical-pathological case reports (Alzheimer 1907; Alzheimer
1911). These intracellular formations were later shown to consist of phosphorylated tau
protein (Grundke-Igbal et al. 1986). In subsequent studies primarily consisting of late-onset
AD subjects, tangle counts were shown to correlate better with cognitive status than plaque
counts (Berg et al. 1993; Berg et al. 1998; Giannakopoulos et al. 2003; Nagy et al. 1996),
and both hyperphosphorylated tau and tangles are found in the brains of middle-aged, non-
demented individuals (Braak and Braak 1995; Arriagada et al. 1992; Hof et al. 1996). For
reasons such as these some investigators considered whether tangles, or at least tau protein,
might initiate AD.

Tau protein aggregations are in fact observed in several neurodegenerative diseases. To
recognize this fact the “tauopathy” family of diseases was defined (Lee et al. 2001). In the
tauopathies, aberrant tau physiology is presumed to either cause disease or, by contributing
to neurodegeneration, mediate disease symptoms. The strongest evidence that tau can play
an etiologic role in neurodegenerative diseases comes from genetic studies of families with
autosomal dominant frontotemporal dementia syndromes in which tau gene mutations
segregate with the disease (Seelaar et al. 2011). Neurofibrillary tangles are typically seen in
these families.

Tau also appears to be etiologically relevant, although not causal, in two other related
neurodegenerative diseases, progressive supranuclear palsy (PSP) and corticobasal
degeneration (CBD) (Pittman et al. 2006; Sergeant et al. 1999). This is because
polymorphisms in the tau gene influence disease risk; most PSP and CBD patients are
homozygous for the H1 tau gene haplotype (Baker et al. 1999). Tangles are seen in the
brains of PSP and CBD patients. Additionally, the H1 tau gene haplotype influences
Parkinson’s disease (PD) risk (Elbaz et al. 2011). This is particularly interesting because PD
brain histology studies do not typically emphasize tangles as being characteristic features.

Tau gene mutations have not been implicated in autosomal dominant AD families, and if tau
gene polymorphic variation does contribute to AD that contribution is at most very small
(Myers et al. 2005; Mukherjee et al. 2007). In AD biomarker studies, changes in
cerebrospinal fluid (CSF) tau levels occur after changes in CSF Ap (Jack et al. 2010). For
reasons such as these, while many still suspect aberrant tau protein plays an important role
in AD neurodegeneration cascades few seem to believe tau protein initiates those cascades.

Compared to AB, tau’s relationship to other AD brain phenomena has not been as
extensively studied. Despite this, tau’s normal physiologic role is perhaps better understood
than that of AP (Goedert et al. 2006; Goedert 1998; Lovestone and Reynolds 1997). Tau
interacts with microtubules, constitutes part of the cytoskeleton, and in this capacity tau
likely influences axonal transport (Adalbert et al. 2007). Malfunctioning axonal transport
systems would predictably impair the delivery of mitochondria to synapses, as well as the
return of degraded mitochondria to the cell body. This could lead to synaptic degradation
and oxidative stress.

As is the case with AB, tau homeostasis is an exquisitely regulated process. For example,
during embryonic development, while cells are rapidly dividing and migrating tau is highly
phosphorylated (Lovestone and Reynolds 1997; Goedert 1998). Later on, tau in
differentiated cells is found in its relatively unphosphorylated form. In various situations,
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such as in AD neurons or in tumor cells, tau phosphorylation occurs again. As noted by
Mark Smith, AD neurons actually appear to re-enter the cell cycle, which could relate to
why AD neurons also have phosphorylated tau (McShea et al. 1997; McShea et al. 2007,
Zhu et al. 2004a). In essence, phosphorylated tau may therefore simply be a characteristic of
dividing cells (Swerdlow and Khan 2004).

In the mouse brain, fasting induces tau phosphorylation (Yanagisawa et al. 1999) and tau
phosphorylates during hibernation (Arendt et al. 2003; Hartig et al. 2007). This
phosphorylation is apparently mediated through kinase activation. It is interesting that just as
bioenergetic stress alters APP processing and promotes AP production, bioenergetic stress
also promotes tau phosphorylation (Blass et al. 1990; Szabados et al. 2004). It therefore
seems to be the case that cell bioenergetics constitutes an important upstream regulator of
both AP production and tau phosphorylation.

Does Synaptic Loss Cause AD?

In AD brains, synaptic loss correlates better with cognitive decline than either A plaques or
tau tangles (Coleman and Yao 2003; DeKosky et al. 1996; Terry et al. 1991). Clinical-
pathological surveys of subjects with AD therefore suggest synapse degradation could
constitute a defining event. Despite this, few would place synaptic degradation at the apex of
any potential AD pathophysiologic cascade. Synapse formation and maintenance are highly
regulated processes, so synapse degradation would more likely represent a consequence of
failed synaptic maintenance or induced synaptic damage than it would a primary event. In
other words, failing neuron health in AD is probably not a function of synaptic loss; synaptic
loss in AD is probably a function of failing neuron health.

If synapses are being externally attacked in the AD brain, then Ap could represent a
potential culprit (Walsh et al. 2002). If synapses are being destroyed from within, oxidative
stress or perturbed mitochondria could be responsible. Failed axonal transport due to tau
alterations, or bioenergetic stress due to mitochondrial failure, could also interfere with
synapse maintenance.

Does Oxidative Stress Cause AD?

Mark Smith and colleagues demonstrated how pervasive oxidative stress is within the AD
brain (Smith et al. 1994; Smith et al. 1995; Perry et al. 2002; Nunomura et al. 1999). This
line of influential work represents one of Mark’s major contributions to the AD research
field.

In this respect several seminal observations made by Mark Smith and colleagues are
particularly relevant to the AD etiology debate. One observation is that oxidative stress in
the AD brain is seen independent of plaques. In fact, oxidative stress levels are actually
lower in plague-containing areas than they are in plaque-free areas (Nunomura et al. 2001).
One potential explanation for this is that AR production could actually represent a
compensatory response to increased oxidative stress (Smith et al. 2002; Lee et al. 2006).
This is one of the reasons why Mark predicted removing Ap from the AD brain or
preventing its formation might prove detrimental to AD patients. This further suggests
oxidative stress temporally precedes Ap production (Nunomura et al. 2001). Consistent with
this view is the observation that oxidative stress activates the beta secretase (BACE) enzyme
that helps process APP to AP (Tamagno et al. 2002).

The presence of oxidative stress in the AD brain, though, does not address why it developed
or where it was produced. Oxidative stress is classically considered to represent a
consequence of either ROS overproduction or underscavenging. Free radicals are eliminated
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by families of antioxidant enzymes that include the superoxide dismutases, glutathione
peroxidase and reductase, catalase, and the thioredoxins. Free radical scavenging molecules,
which are commonly referred to as “antioxidants”, also counter oxidative stress because they
can accept and stabilize unstable electrons. Scant evidence, though, suggests critical free
radical scavenging enzyme defects or antioxidant deficiencies occur in AD. For this reason,
oxidative stress in AD is mostly suspected to result from radical overproduction.

ROS are produced through a variety of enzyme-mediated oxidase reactions; xanthine
oxidase, monoamine oxidase, and NADPH oxidase catalyzed reactions are each associated
with oxygen radical production (Bruce-Keller et al. 2010). Because nitric oxide is a radical
molecule, nitric oxide synthase (NOS) produces reactive nitrogen species (RNS). Some ROS
are also produced or modified through non-enzymatic reactions. In the Fenton reaction,
hydrogen peroxide oxidizes ferrous iron (Fe2*) to produce ferric iron (Fe3*) and hydroxyl
radicals. In the Haber-Weiss reaction, hydrogen peroxide reacts with superoxide to produce
hydroxyl radical. Hydroxyl radical also results from the peroxynitrite reaction in which
nitric oxide and superoxide react with each other. Arachidonic acid produced through
phospholipase C or phospholipase A2-mediated phospholipid hydrolysis further promote
hydroxyl radical production (Singh et al. 1981). Isoprostanes, which are used as a clinical
biomarker of oxidative stress, are themselves a byproduct of arachidonic acid auto-
oxidation.

The mitochondrial ETC is commonly cited as the main producer of intracellular oxidative
stress (Shigenaga et al. 1994), and evidence suggests mitochondria also constitute the source
of increased oxidative stress in AD brain (Nunomura et al. 1999). Mitochondrial ROS
production increases when the mitochondrial membrane potential increases (Brand et al.
2004). In this case, mitochondrial ROS likely performs an important signaling function that
informs the nucleus of the cell’s bioenergetic status (Finkel 2001, 2003; Petersen et al.
2007). ETC enzyme defects also cause mitochondrial ROS production, and in the setting of
ETC enzyme defects mitochondrial ROS overproduction occurs in the presence of
depolarized mitochondria (Barrett et al. 2004; Swerdlow 2011).

Mitochondrial dysfunction-oxidative stress relationships, though, can be reciprocal. Free
radicals can inhibit ETC enzymes (Brown 1999; Riobo et al. 2001). Free radicals also
oxidize mitochondrial DNA (mtDNA). During mtDNA replication, oxidized bases are
misread and somatic mutations result (Minnick et al. 1994; Pavlov et al. 1994; Ozawa 1997).

If free radicals are a cause of AD mitochondrial dysfunction, and not a consequence of this,
then where might these radicals arise from? One hypothesis is that Ap itself acts as a pro-
oxidant (VVaradarajan et al. 1999). Data from Mark Smith and colleagues, though, is not
consistent with this view because in the AD brain AP deposition anatomically correlates
with reduced oxidative stress (Nunomura et al. 2001).

Does Cell Cycle Re-entry Cause AD?

Mark Smith was one of the first to report aberrant cell cycle activity in the AD brain
(McShea et al. 1997; McShea et al. 2007; Zhu et al. 2004a; Nagy et al. 1998). Specifically,
in the AD brain neurons appear to re-enter the cell cycle (Vincent et al. 1996; Arendt et al.
2000; Herrup and Arendt 2002; Mosch et al. 2007; Yang et al. 2001; Yang et al. 2003;
Vincent et al. 1998). These cycling neurons proceed through the G1, S, and even the G2
phases of replication but cannot successfully replicate. G2-M arrest and degeneration result
in neurons that make it that far, although abnormal entry into any phase probably reflects
compromised neuron health.
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Work conducted by Mark and colleagues further suggests that from a temporal perspective,
AD brain cell cycle abnormalities are a relatively early pathologic manifestation. Because
data from Mark’s lab also showed oxidative stress constitutes an early pathologic
manifestation, a “two-hit hypothesis” was proposed in which mitotic perturbation was
postulated to induce oxidative stress and oxidative stress was postulated to induce mitotic
perturbation (Zhu et al. 2007; Zhu et al. 2004b; Zhu et al. 2001). According to this
hypothesis, critical dysfunction and degeneration result when oxidative stress and cell cycle
re-entry co-exist within a neuron. The two-hit hypothesis assumes amyloidosis and tau
changes may or may not facilitate neuron loss, but are unlikely to initiate the critical
pathologic cascades. Other investigators have also proposed aberrant cell cycle phenomena
directly contribute to AD pathogenesis (Herrup 2010).

Do Mitochondria Cause AD?

Mitochondria are abnormal in AD patients and increasingly mitochondria are considered to
play an important role in AD (Swerdlow 2009; Swerdlow 2011; Swerdlow and Kish 2002).
In 2001 Mark Smith and colleagues published a highly influential immunochemical and
electron microscopy study of AD brain mitochondria (Hirai et al. 2001). In this study the
number of normal-appearing mitochondria within AD brain hippocampal neurons was
reduced relative to controls, but the number of degraded or degrading mitochondria was
increased. The amount of PCR-amplifiable mtDNA was reduced but mtDNA deletion levels
were increased. In control subject brains levels of a COX protein subunit, COX1, increased
with advancing age and interestingly COX1 protein was even higher in AD brains. All these
characteristics were most prominent in hippocampal neurons that showed the highest degree
of concomitant oxidative stress.

With the exception of its rare autosomal dominant variants, AD and aging are closely
associated (Swerdlow 20073, c). In some elderly demographics the percentage of those with
AD probably exceeds the percentage of those that don’t have AD (Corrada et al. 2010). In
addition to being abnormal in the AD brain, particular mitochondrial alterations are
observed in the brains of aged humans and animals (Boveris and Navarro 2008; Navarro and
Boveris 2007). In some instances age and AD-associated mitochondrial defects overlap but
differ in magnitude. For example, brain COX activity is probably lower in elderly
individuals than it is in young individuals, and COX activity is even lower in AD subjects
than it is in non-demented elderly subjects (Lin et al. 2002; Swerdlow 2011; Swerdlow and
Kish 2002). Observational and experimental data suggest mitochondria may contribute to
the aging process itself (Trifunovic et al. 2004; Kujoth et al. 2005). Mitochondria therefore
constitute a nexus through which aging and AD may relate.

AD-associated mitochondrial defects were recently reviewed in detail elsewhere (Swerdlow
2011). Several of these details, though, seem particularly relevant to the current discussion
of whether mitochondria initiate an AD-typical pathologic cascade. Of note, some AD
mitochondrial defects are not brain-limited. In addition to its reduction in the AD brain,
COX activity is lower in platelet and fibroblast mitochondria from AD subjects than it is in
age-matched control subject platelet and fibroblast mitochondria (Parker et al. 1990; Curti et
al. 1997). From a mitochondrial perspective, then, AD is not a brain-limited condition and
therefore AD-associated mitochondrial characteristics are not simply a consequence of
neurodegeneration or, it appears, any other brain limited pathology.

Data from cytoplasmic hybrid (cybrid) studies suggest AD-specific mitochondrial
dysfunction can initiate key AD-associated pathologies (Swerdlow 2007b, d; Swerdlow
2011). Cybrid cell lines are created when mitochondria from a particular source are
transferred to cultured cell lines (Figure 2). In the case of AD cybrid studies, mitochondria
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from AD subject platelets were transferred to mtDNA-depleted human neuroblastoma or
teratocarcinoma cell lines with neuronal characteristics. Because these cell lines contained
no endogenous MtDNA (such cells are called p0 cells), all mtDNA-encoded proteins in the
resulting cybrid cell lines derive from AD subject mtDNA.

Several respiratory chain holoenzymes contain a mix of both nuclear and mtDNA-encoded
protein subunits. These include complex I, complex 111, complex IV (COX), and complex V.
In newly created cybrid cell lines, a point is eventually reached in which the nuclear-
encoded subunits all derive from the cell line nucleus, and the mtDNA-encoded subunits all
derive from the mtDNA that was transferred with the original platelet mitochondria (Figure
2). All cybrid cell lines produced from a common p0 stock have the same nuclear genes and
therefore their nuclear DNA-derived respiratory chain subunits should be identical.
Differences in respiratory chain function between cybrid cell lines, therefore, most likely
reflect differences in their mtDNA. These mtDNA differences in turn reflect the fact that
each cybrid cell line’s mtDNA originated from a different platelet donor.

COX activity is lower in cybrid cell lines prepared through the transfer of AD subject
platelet mitochondria than it is in cybrid cell lines prepared through the transfer of control
subject platelet mitochondria (Swerdlow 2007b, d; Swerdlow 2011). The most
straightforward interpretation for this is that mtDNA from AD subjects differs from that of
control subjects, these differences result in lower AD cybrid COX activity, and mtDNA at
least partly accounts for low COX activity in AD subjects.

ROS production is also higher in AD cybrid cell lines than it is in control cybrid cell lines
(Swerdlow et al. 1997; Swerdlow 2007b, d; Swerdlow 2011). This occurs despite the fact
that the mitochondrial membrane potential is reduced in AD cybrids. The most likely source
of increased AD cybrid ROS production is a defective AD cybrid ETC.

Compared to control cybrid cell lines, AD cybrid cell lines also generate increased amounts
of AB (Khan et al. 2000; Swerdlow 2007b, d; Swerdlow 2011). Administering antioxidants
prevents this. Overall, cybrid data suggest AD subject mtDNA generates defective ETC
subunits that alter respiratory chain function, altered respiratory chain function produces
oxidative stress, and oxidative stress shifts APP processing towards its Ap derivative.

AD cybrid data in general are consistent with other data that indicate respiratory chain
inhibition or bioenergetic stress shift APP processing away from a secretase-mediated
processing, which should enhance its BACE-mediated processing and produce Af (Gabuzda
et al. 1994; Gasparini et al. 1997; Webster et al. 1998; Khan et al. 2000; Tamagno et al.
2002). Cybrid data are also consistent with other data that show ETC inhibition increases
ROS production (Barrett et al. 2004).

ETC inhibition and bioenergetic stress have also been shown to increase tau phosphorylation
and aggregation (Blass et al. 1990; Szabados et al. 2004). In general, the more aerobic a cell

is the more differentiated it tends to be, and more anaerobic cells tend to be more mitotically
active (Swerdlow and Khan 2004).

For all these reasons, an upstream role for mitochondria in AD pathology cascades seems
feasible, at least for sporadic AD. The “mitochondrial cascade hypothesis” places
mitochondrial dysfunction at the apex of the late-onset, non-autosomal dominant AD
pathology cascade (Swerdlow 2007c; Swerdlow 2011; Swerdlow et al. 2010; Swerdlow and
Khan 2004, 2009) (Figure 3). The mitochondrial cascade hypothesis proposes an
individual’s genetic composition determines their baseline mitochondrial function and
durability. This in turn determines the rate at which age-dependent mitochondrial functional
decline proceeds within that individual. When and if mitochondrial functional capacity falls
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below a critical threshold other AD-typical pathologies ensue. These events are initiated by
mitochondrial dysfunction and include A production, tau phosphorylation, synaptic
degeneration, oxidative stress, and neuron cell cycle re-entry.

Conclusions

Mark Smith’s research into the causes of AD challenged the field’s prevailing wisdom. His
exceptional courage, energy, and intellectual prowess made him one of the AD research
community’s most important and highly regarded gadflies. In losing Mark the field lost an
important voice, and some lost a valued and beloved colleague.

The amyloid cascade hypothesis continues to dominate AD research and how many
investigators conceptually approach this disease. The amyloid cascade hypothesis presumes
all AD variants are primary amyloidoses. According to this hypothesis Ap in all cases
initiates AD neuropathology, neurodysfunction, and neurodegeneration. Indeed, newly
revised criteria define AD as the presence of altered brain Ap (Sperling et al. 2011).
Research conducted by Mark and others, though, raises serious doubts as to whether Ap
could possibly constitute the “head of the snake”. After all, APP processing and AR
handling are exquisitely regulated processes, and some of these regulatory processes are
perturbed in the AD brain. While much research is still required to settle this debate, as far
as AD’s etiology goes the head of the snake is increasingly shaped like a mitochondrion. At
the time of his death, Mark certainly seemed to be headed in this direction (Moreira et al.
2010a; Moreira et al. 2010b).
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Abbreviations

Ap beta amyloid

AD Alzheimer’s disease

APP Amyloid precursor protein
BACE Beta secretase

COX Cytochrome oxidase

ETC Electron transport chain

FBD Familial British dementia

FDD Familial Danish dementia
GWAS Genome wide association study
HCHWA Hereditary cerebral hemorrhage with amyloidosis
MtDNA mitochondrial DNA

NOS nitric oxide synthase

RNS Reactive nitrogen species

ROS Reactive oxygen species
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Figure 1. Theamyloid cascade hypothesis

According to this hypothesis, an unprovoked imbalance in either AR production or removal
rates causes AP accumulation within particular cortical regions. Mutations in the APP gene
or in presenilin genes presumably cause this imbalance in autosomal dominant, familial AD.
Either polymorphisms or mutations in genes whose products directly influence Ap
production, removal, or handling cause the imbalance in non-autosomal dominant, late-onset
AD. This crucial Ap imbalance may ultimately reflect higher total Ap or else an increased
AB42/AB40 ratio. In any case, the AB42 monomer excess results in AB42 oligomer
production. AP oligomers eventually form extracellular fibrils, the fibrils collect to form
plaques, and the plaques themselves may be toxic. Extracellular oligomers also attack
synapses and destroy neurons. Exactly how A oligomers cause most of their other
downstream consequences is not settled. Downstream phenomena, such as oxidative stress,
tangle formation, mitochondrial failure, and cell cycle re-entry may arise due to Ap
intracellular effects, AP extracellular effects, or as a general indirect effect of cell damage.
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Figure 2. Cybrid studies conclude mtDNA isat least partly responsible for low COX activity in
AD subjects
COX has 13 subunits, 10 of which are nuclear-gene encoded and three of which are encoded

on mtDNA genes (A). If a cell’s mtDNA is removed, it cannot produce its three crucial
mtDNA-encoded subunits; these “p0” cells have virtually no detectable COX activity (B).
Transferring mtDNA-containing mitochondria from an exogenous source such as platelets
restores the p0 cell’s mtDNA, allows it to again produce mtDNA-encoded COX subunits,
and creates a complete COX holoenzyme (C and D). Because the ten nuclear subunits are
equivalent between cybrid lines containing mtDNA from different sources, differences in
COX function between cybrid lines reflect differences in their mtDNA. Cybrid cell lines
containing mtDNA from AD subjects (D) have a lower COX activity than cybrid cell lines
containing mtDNA from control subjects (C).

Neurotox Res. Author manuscript; available in PMC 2013 October 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Swerdlow Page 20

T Neurodegeneration
o -~
S

~‘\ s~~ PR

— Ap Production
N And Plaque Formation
Programmed

Cell Death
/ Oxidative
Stress 55
> >
Reduced Axonal
Mitochondrial Transport
Failing

Synaptic

Age-Associated
Mitochondrial

Healthy Decline
Mitochondria

Mitochondria :
. Degradation
Ki T Anaerobic
Inase _—
Activation Aerobic

Tau Phosphorylation

And Tangles
Cell Cycle Re-entry

Figure 3. The mitochondrial cascade hypothesis

According to this hypothesis, an individual’s genetic make-up determines baseline
mitochondrial function and durability. With advancing age mitochondrial function declines.
The rate of mitochondrial decline is determined by a combination of the individual’s genetic
make-up and environmental factors. When mitochondrial function surpasses a critical
threshold beyond which compensation is not possible, AD-associated phenomena occur.
Apoptosis pathways are activated and neurodegeneration results; faulty electron transport
chains produce superoxide, which activates BACE and causes A production; bioenergetic
failure at the synapse causes synaptic degradation; shifting anaerobic/aerobic bioenergetic
flux relationships activate cell cycle re-entry; and oxidative and bioenergetic stresses
activate the kinases that phosphorylate tau.
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