
Amyloid beta, mitochondrial dysfunction and synaptic damage:
implications for cognitive decline in aging and Alzheimer’s
disease

P. Hemachandra Reddy1 and M. Flint Beal2
1 Neurogenetics Laboratory, Neurological Sciences Institute, Oregon Health & Science University,
505 NW 185th Avenue, Beaverton, OR 97006
2 Department of Neurology and Neuroscience, Weill Medical College of Cornell University, Room
F610, 525 East 68th Street, New York, NY 10021

Abstract
Recent studies of postmortem brains from Alzheimer’s disease (AD) patients and transgenic AD
mice suggest that oxidative damage, induced by amyloid beta, is associated with mitochondria
early in AD progression. Amyloid beta and amyloid precursor protein are known to localize to
mitochondrial membranes, block the transport of nuclear-encoded mitochondrial proteins to
mitochondria, interact with mitochondrial proteins, disrupt the electron transport chain, increase
reactive oxygen species production, cause mitochondrial damage and prevent neurons from
functioning normally. Further, accumulation of amyloid beta at synaptic terminals may contribute
to synaptic damage and cognitive decline in patients with AD. This article describes the latest
research in identifying factors that may affect AD progression, particularly synaptic damage and
cognitive decline in AD patients.
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Introduction
Oxidative stress and synaptic damage are known to implicate in Alzheimer’s disease (AD)
pathogenesis [1–6], and may play a critical role in cognitive decline in elderly individuals
and AD patients. Synaptic damage causing cognitive impairment is generally accepted in the
AD field. However, the precise cellular changes at synaptic terminals that ultimately cause
cognitive decline are not fully understood. Based on recent biochemical, cellular, and
molecular biology data from cell and mouse models of AD, and on studies of postmortem
brains from persons with AD, we propose that mitochondrial failure and amyloid beta (Aβ)
accumulation at synapses may cause synaptic damage, impair neurotransmission, and cause
cognitive decline in elderly individuals and AD patients.
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AD is a progressive, neurodegenerative disorder, characterized by an age-dependent loss of
memory and an impairment of multiple cognitive functions. The major pathological features
of AD are extra-cellular Aβ plaques and intracellular neurofibrillary tangles. AD is also
associated with loss of neurons, synapses, and synaptic function, mitochondrial
abnormalities, and inflammatory responses [7–13]. Neuron loss may contribute to 20–30%
of brain-weight loss reported in AD patients [13–14]. The loss of synapses, synaptic
damage, and mitochondrial oxidative damage have been reported as early events in AD
progression [1–4,15,16].

Gene mutations in amyloid precursor protein (APP), presenilin1 (PS1), and presenilin 2
(PS2) are responsible for a small proportion (2% of total) of early-onset familial AD [9].
Apolipoprotein E gene allele 4 (ApoE4) genotype [17] and a genetic variant in the sortilin-
related receptor 1 gene [18] are risk factors for developing late-onset AD. Recent studies
have revealed that diet and environmental exposure are critical factors in the development of
late-onset AD. In addition, aging is considered ‘the number one risk factor’ for the
development of late-onset and familial AD. Estimates are that by the year 2050, 50% of
people 85 years and older will be afflicted with AD [9]. With such a large population poised
to be afflicted, AD is a major health concern for society. Early detection and therapeutic
interventions are urgently needed. Here we discuss the possible role of Aβ accumulation in
the mitochondria of the brain, mitochondrial dysfunction, and synaptic damage in neuronal
processes leading to cognitive decline in aging and AD.

Role of amyloid beta in Alzheimer’s disease
Aβ is a major component of neuritic plaques or amyloid deposits found in AD brain [19].
Aβ is generated by abnormal processing of APP in AD neurons. The APP processing occurs
in 2 pathways -amyloidogenic and non-amyloidgenic: in the amyloidogenic pathway, APP
undergoes sequential proteolysis of β- and γ-secretases, resulting Aβ, and in the non-
amyloidogenic pathway, cleavage occurs by the α-secretase, within the Aβ domain and
prevents the formation of full Aβ (Fig. 1). In early-onset AD, genetic mutations in APP,
PS1, and PS2 genes activate β- and γ-secretases, and cleave Aβ [9,20]. In late-onset AD,
oxidative stress has been proposed to activate β-secretase and to facilitate the secretion of
Aβ [21]. A time-course analyses of Aβ in transgenic AD mice lines revealed that Aβ
production and deposits increase in an age-dependent manner [1,22]. Postmortem brain
studies of the aged humans and patients with AD found an age-dependent increase of Aβ
levels in elderly individuals with mild cognitive impairment and in AD patients [23]. These
findings suggest that aging plays a role in the production and depositing of Aβ in the brains
of AD patients and in transgenic AD mice.

In the last decade, a large body of research has been devoted to understanding Aβ toxicity,
particularly intracellular Aβ. It is now generally accepted that extracellular Aβ deposits are
the by-products of AD pathology. Recent studies of AD patients and transgenic AD mice
found intracellular Aβ present in AD-affected brain regions [22–24] and that Aβ1-42
participates in fibrillogenesis and the formation of Aβ plaques. In AD patients, intracellular
Aβ has been found to precede extracellular Aβ deposits [23]. In addition, several studies of
transgenic AD mice reported that intracellular Aβ accumulates early in AD progression
[22,25–27].

Aβ is generated in neurons, wherever APP and β- and γ-secreteses are present, in particular,
in several intracellular sites, including Golgi apparatus, endoplasmic reticulum, endosomal-
lysosomal systems, and multivesicular bodies [13]. Several lines of evidence suggest that as
AD progresses, Aβ accumulates in cellular compartments, interferes with normal cell
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function [13], and promotes cellular changes. These findings suggest that Aβ plays a major
role in AD development and progression.

Cognitive decline and synaptic damage in elderly individuals and in
patients with Alzheimer’s disease
Cognitive changes

Synaptic damage is a critical factor that may contribute to cognitive decline in aging persons
and persons with AD. Researchers have studied cognitive changes known to occur with age
in humans [28], including changes in learning and memory, and the speed of mental
processing [28–30]. They found that long-term memory changes relatively little with age,
but short-term memory begins declining around the sixth decade. In addition, it takes elderly
persons longer to remember events and people than it takes persons 30 years and younger.
Language has also been known to change with age [30]. Syntax and word usage of 80-year-
old persons are preserved, but naming and verbal fluency decline [30]. It is now generally
accepted that age-related cognitive impairment and language changes are due to cellular
changes in neurons, particularly at synapses [5], but the extent and nature of these age-
related changes are not known.

Synaptic damage
In non-diseased synapses, the terminals transmit signals between cells in order to process
information [31]. During aging, the number of synapses and their transmission of signals
dramatically decrease [32,33]. These decreases have been documented in different brain
regions of elderly persons, supporting the hypothesis that such synaptic changes are
ubiquitous features of the aging brain [31].

In a study of synaptic loss, brain samples were taken at autopsy from the cerebellum
(unaffected in AD) and hippocampus (affected in AD) of adult and elderly persons without
AD, and of patients with AD. The synapse-to-neuron ratio was found to vary according to
the brain regions from which the samples were taken and the individual’s health [34]. No
significant differences in the synapse-to-neuron ratio were found in samples taken from the
cerebellum of adult and elderly persons without AD, and of elderly AD patients. However,
in samples from the hippocampus, the synapse-to-neuron ratio decreased more than 50% in
the adult and elderly persons without AD, compared to the ratio in the elderly AD patients.
In several studies investigating the extent that synaptic loss correlates with cognitive decline
in AD [6,35], researchers found a 25-30% decrease in synapses in the cortex and a 15-35%
decrease in synapses per cortical neuron, suggesting that synaptic loss in AD patients may
correlate more with cognitive decline than with the number of Aβ plaques, neurofibrillary
tangles, neuronal loss, or the extent of cortical gliosis. Further, recent studies of synaptic
proteins revealed decreased levels of presynaptic (synaptophysin) and postsynaptic proteins
(synaptopodin and PSD95) in AD patients compared to age-matched control subjects,
suggesting that presynaptic and postsynaptic proteins are critically involved in AD
progression [15,31,36,37] and that the loss of synapses and the loss of synaptic proteins are
confined to brain regions known to be affected in AD [15,31,36,37].

Evidence of Aβ in synaptic damage
Several recent in vitro and in vivo studies revealed that soluble oligomeric Aβ is responsible
for a decease in the long-term potentiation and disruption of synaptic plasticity in AD
neurons [38–40]. Further, recent electrophysiology data also suggest that a trimeric form of
Aβ inhibits long-term potentiation in rodents [40]. These lines of evidence suggest that
synaptic changes caused by soluble Aβ may contribute to the loss of synapses and of
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synaptic proteins, and may be responsible for cognitive decline in AD patients. However,
the precise mechanisms involved in such synaptic changes– in terms of neurotransmission,
mitochondrial ATP, and cognitive decline – are still unclear. Further, we still need to know
the types of changes occurring at synaptic terminals in elderly persons without AD and in
AD patients.

Role of mitochondria in aging and Alzheimer’s disease
Mitochondrial DNA changes in aging and AD

It is well -documented that mtDNA changes are responsible for aging phenotypes [41-43].
For example, many tissues from aged individuals have a lower respiratory function
compared to those from younger individuals. mtDNA defects (point mutations and
deletions) are highly prevalent in aged cells, and there is evidence that 8-hydroxy-2-
deoxyguanosine (damaged DNA) is more prevalent in aged tissues [41]. Further, mice
carrying a mitochondrial DNA mutation (in DNA polymerase-γ gene) showed features of
aging and reduced life span, suggesting that mtDNA changes are critical for aging
phenotypes [42,43].

Mitochondrial DNA defects have not only been found in elderly persons without AD but
also in AD patients [44,45], and have been associated with decreased cytochrome oxidase
activity in non-AD aging and aging AD brains [44,45]. Recent cytoplasmic hybrid studies
indicate that in AD, reduced cytochrome oxidase activity is associated with increased
mtDNA defects [46]. However, the effects of specific mtDNA changes on cytochrome
oxidase activity have not yet been studied. Overall, findings from these studies suggest that
somatic mtDNA mutations are involved in aging phenotypes and may contribute to AD
development.

Biochemical changes
Compared to other organs, the brain is vulnerable to oxidative stress due to its high lipid
content, its relatively high oxygen metabolism, and its low levels of anti-oxidant defenses
[21]. Mitochondrial oxidative stress occurs early in AD progression, before the onset of Aβ
pathology [1,2,16,47]. Oxidative stress was reported in the mitochondria of the brain,
platelets, and fibroblasts from AD patients [48,49]. Oxidative stress was also found in the
brains of AD patients [50–54] and in those of AD transgenic mice [3,55–58].

Mitochondrial abnormalities have been found both in neurons and astrocytes [47,54,59],
suggesting that both neurons and astrocytes may be damaged by free radicals in the AD
brain. Superoxide radicals (O2 −) may be produced in mitochondrial ETC complexes I and
III (see Fig. 3) [21,50] and in components of the tricarboxylic acid cycle, including α-
ketoglutarate dehydrogenase [11,21]. In addition, O2 - may be generated in the outer
mitochondrial membrane. H2O2 and O2 −, released from the mitochondrial matrix and from
the inner and outer mitochondrial membranes, may be carried to the cytoplasm and,
ultimately, may lead to the oxidation of cytoplasmic proteins [21]. Decreased levels of 3
mitochondrial enzymes – pyruvate dehdrogenase complex, alpha ketoglutarate
dehydrogenase complex, and cytochrome oxidase – have also been reported in AD brain
[49].

Cell body mitochondria in AD neurons
To determine the role of mitochondrial abnormalities in AD, Hirai et al. [54] studied post-
mortem brain specimens from AD patients and healthy persons, using in situ hybridization,
electron microscopy, and immunohistochemistry techniques. They found increased
oxidative damage in AD patients, a striking and significant increase in mtDNA in their
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pyramidal neurons, and cytochrome oxidase in their neuronal cytoplasm. They found that
the increase in oxidative damage was not due to an increase in morphologically normal
mitochondria, but rather due to an accumulation of products from degraded mitochondrial
cell bodies, suggesting that such degradations may be important in AD progression.

Synaptic mitochondria in AD neurons
Synaptic mitochondria are synthesized in the cell body of neurons and are then transported
down the axon or dendrite to serve cellular energy demands [60,61], a phenomenon termed
mitochondrial trafficking [62]. If mitochondria localized in the cell body are damaged or are
otherwise degraded, such as by aging or Aβ, these defective mitochondria may be
transported to synaptic terminals via natural mitochondrial trafficking, where they produce
low levels of ATP due to their degradation. Supporting the hypothesis that Aβ causes
synaptic mitochondrial dysfunction in AD, Mungarro-Manchaca [63] found that the Aβ
peptide potentiates mitochondrial dysfunction in the presence of ryanodine, and induces
morphological changes, including mitochondrial swelling. Further, Gillardon et al. [64]
found Aβ oligomers in synaptosomal mitochondrial fractions and decreased energy
metabolism in AD transgenic mice. The findings from these two studies suggest that in AD,
the Aβ peptide may be responsible for synaptic mitochondrial damage, low ATP production,
and, ultimately, the degeneration of synapses [63,64]. However, further research is needed to
understand the mechanisms of synaptic mitochondrial damage, changes in ATP production,
and the relationship between ATP production and cognitive function in AD patients.

Synaptic terminals are sites of high-energy demand. Synaptic transmission requires high
levels of cellular ATP for neurotransmitter exocytosis and the potentiation of
neurotransmitter release. In addition, synaptic terminals require mitochondria for
sequestering and releasing Ca2+ for post-tetanic potentiation [65]. Therefore, increased
transport of mitochondria to synaptic terminals is necessary to deliver mitochondria with
short morphology. The half-life of a brain mitochondrion is about one month [66]. However,
synaptic mitochondria may be "older" than cell-body mitochondria. It is these older synaptic
mitochondria that may exhibit greater damage from oxidative stress than cell-body
mitochondria [67]. The increase in oxidative damage exhibited by synaptic mitochondria
may affect neurotransmission and synaptic damage and loss, and may ultimately be
responsible for cognitive decline in AD patients. We need further research to determine
whether synaptic mitochondria play a role in synaptic loss in AD neurons.

Amyloid beta and mitochondrial dysfunction in Alzheimer’s disease
Several lines of evidence suggest that APP and Aβ are factors contributing to mitochondrial
dysfunction in AD.

Abnormal mitochondrial gene expression
Increasing evidence suggests that abnormal mitochondrial gene expression is initiated by
mitochondrial dysfunction in AD. The Reddy laboratory investigated gene expression
profiles in brain slices from mice at 3 stages of AD progression: long before (2 months of
age), immediately before (5 months), and after (18 months) the appearance of Aβ plaques in
the cerebral cortex of APP transgenic mice (Tg2576) and age-matched wild-type mice [16].
Our analysis revealed that the genes related to mitochondrial energy metabolism and
apoptosis were up-regulated in 2-month-old Tg2576 mice and that the same genes were up-
regulated at 5 and 18 months of age [16]. We also found decreased cytochrome oxidase,
increased free radicals, and increased carbonyl proteins in 2-month-old APP mice compared
to the age-matched wild-type mice [1], suggesting that mitochondrial energy metabolism
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may be impaired by mutant APP and/or Aβ, and that the up-regulation of mitochondrial
genes may be a compensatory response

Using quantitative reverse transcriptase polymerase chain reaction (RT-PCR) techniques, we
also studied mRNA expression of 11 mitochondrial-encoded genes in patients with early AD
and with definite AD, and in Age-matched control subjects. This analysis revealed a down-
regulation of mitochondrial genes in complex I of OXPHOS in both early and definite AD
brain specimens. Complex I showed a down-regulation of mitochondrial genes, but
complexes III and IV showed increased mRNA expressions in the brain specimens of both
the early and definite AD patients, suggesting a great demand on energy production [47].
Several other studies reported decreased cytochrome oxidase in mitochondria from platelets,
fibroblasts, and brains of AD patients. The connection between decreased cytochrome
oxidase and increased mitochondrial mRNA has been interpreted as a compensatory
response in AD [21] to compensate for the loss of cytochrome oxidase, mitochondrial-
encoded genes may be activated in the surviving brain neurons of AD patients.

Aβ and mitochondrial dysfunction - in vitro evidence
Several in vitro studies have provided compelling evidence that Aβ may cause
mitochondrial dysfunction [8,68]. Sirk et al. [69] reported that the Aβ (25–35) peptide
blocks the entry of nuclear-encoded proteins into mitochondria when Aβ are exposed to
PC12 cells and that this blockage causes decreased mitochondrial membrane potential,
increased ROS production, oxygen glucose deprivation, and altered mitochondrial
morphology [69]. In another study, Aβ was found to increase ROS production, to activate
mitochondrial fission proteins Drp1 and Fis1, and to cause mitochondrial fragmentation
[70]. Recently, Casley et al. [71] reported that when Aβ peptides (25–35) were exposed to
rat brain mitochondria, states 3 and 4 of respiration reduced, and activities of cytochrome
oxidase and TCA cycle enzymes decreased [71]. Moreira et al. reported that in the presence
Ca2+, Aβ peptides induce the permeability transition pore to open, which may play a key
role in apoptosis [72,74]. These and several other in vitro studies [summarized in refs #8,68]
suggest that Aβ plays a role in inducing mitochondrial dysfunction in AD.

APP/Aβ association with mitochondria
The 4 kDa Aβ peptide is a product of APP, cleaved via the sequential proteolysis of aspartyl
β-secretase and presenilin-dependent γ-secretase [7]. APP is synthesized in the cell bodies of
neurons and is anterogradely transported via axons to nerve terminals in the brain [74–76].
The localization of APP in nerve terminals suggests that they are the major source of Aβ in
the Aβ plaques found in AD brain specimens. It is now clear that Aβ originates in neurons
and may be released from synapses to outside the cell [77] (see Fig.2). In APP processing,
monomeric Aβ forms oligomers in synaptic terminals. Oligomeric Aβ, with their sharp
morphology, is hypothesized to enter cell organelles, such as mitochondria, by penetrating
the membrane [78]. Oligomeric Aβ may preferentially enter synaptic mitochondria because
Aβ is enriched at synaptic terminals before leaving the cell via the synapses (see Fig.2).

In support of the hypothesis that APP and Aβ enter mitochondria, several studies have found
APP and its derivatives (monomeric and oligomeric forms of Aβ) in mitochondrial
membranes [Table 1, Ref# 1,2,3,55,56,63,64,79,80,81,82]. Lustbader et al. [55] found Aβ
normally interacting with mitochondrial matrix protein, Aβ-binding alcohol dehydrogenase
(ABAD), leading to mitochondrial dysfunction. Caspersen et al. [3] found Aβ in
mitochondria from postmortem brain specimens of AD patients, and an accumulation of Aβ
in the brain mitochondria from APP transgenic mice. Recently, our laboratory found Aβ
monomers and oligomers in isolated mitochondria from the cerebral cortex of APP
transgenic mice [1] and in isolated mitochondria from N2a cells expressing APP. Our
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digitonin fractionation analysis of isolated mitochondria from APP transgenic mice revealed
Aβ in outer and inner mitochondrial membranes and matrix, and that mitochondrial Aβ
decreases cytochrome oxidase activity and increases free radical production and carbonyl
proteins [1].

Two recent studies found that APP directly interacts with mitochondrial proteins [1,83].
Schmidt et al. (77) found that mitochondrial ATP synthase subunit alpha is a binding partner
of the extracellular domain of APP and Aβ. Transfection of APP-deficient neuroblastoma
cells with APP resulted in increased surface localization of the ATP synthase alpha subunit,
and in extracellular APP/Aβ inhibiting the extracellular generation of ATP. In another study,
Devi et al. [2] found that nonglycosylated full-length and C-terminal truncated APP
accumulates in the protein import channels of mitochondria of human AD brains, but not in
age-matched controls. The accumulation of APP across mitochondrial import channels
inhibited the entry of nuclear-encoded cytochrome c oxidase subunits IV and Vb proteins,
and was associated with decreased cytochrome oxidase and increased free radical production
[2]. Based on recent findings of APP/Aβ and mitochondria [1,2,3,55,56,63,64,79,80,81,82].
we propose that mutant APP/Aβ enter mitochondria and interact with mitochondrial
proteins, disrupt the ETC, increase ROS production, and inhibit the generation of cellular
ATP (Fig. 3).

Synaptic Aβ and mitochondrial dysfunction
There is limited evidence to support the hypothesis that synaptic Aβ causes mitochondrial
dysfunction and cognitive decline in AD. However, two recent studies found Aβ in the
synaptosomal fractions of brain mitochondria and that Aβ diminishes the overall capacity of
the ETC [63,64], suggesting that mitochondrial Aβ, localized at synapses, may be associated
with synaptic damage in AD neurons. However, we do not know whether Aβ enters
presynaptic mitochondria or postsynaptic mitochondria, or both, and we do not know how
Aβ functionally damages synapses. Further, we do not know whether mitochondrial Aβ
ultimately leads to cognitive decline in patients with AD. Further research may provide
answers to these critical issues.

Mitochondrial Therapeutics of Alzheimer’s Disease
Oxidative stress and synaptic damage are early events in AD progression, and aging and Aβ
are key players that may cause mitochondrial dysfunction and synaptic damage. Intracellular
Aβ accumulates in cell organelles, including mitochondria, and causes cellular dysfunction.
Strategies that decrease toxicity caused by age-related mitochondrial dysfunction, Aβ
production, and synaptic damage may be useful in protecting AD neurons from this toxicity.
Initial investigations of calorie-restricted diets and Aβ in AD transgenic mice lines found
that calorie-restricted diets may decrease Aβ production by activating SIRT1 and non-
amyloidogenic α-secretase [84,85]. An advantage of calorie-restricted diets is that toxic
Aβ1-42 production decreases because increased α-secretase activity chops the intact Aβ into
2 small molecules: β-secretase site to α-secretase site (and soluble APP N-terminus to α-
secretase site) and α-secretase site to γ-secretase site and γ site to end of C-terminal APP
(see Fig. 1). These chopped APP molecules are nontoxic. By decreasing Aβ production in
AD neurons, it is possible to minimize intracellular accumulation of Aβ in cell organelles
and to decrease toxicity caused by the intracellular organelle Aβ, and sequential Aβ
formations, including monomers, oligomers, protofribrils and fibrils and deposits. Calorie-
restricted diets reduced defects in the ETC, decreased mitochondrial ROS, and decreased
mitochondrial damage in neurons from the human brain [84,85].

Recent studies of AD transgenic mice and antioxidants have shown decreased Aβ pathology
and ameliorated cognitive deficits in the mice [85]. However, in studies of elderly persons
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and AD patients using antioxidants, results were mixed. Some studies found a reduced risk
of AD in elderly persons treated with natural antioxidants, such as vitamins C and E [86–
89]. Other studies found no effect of antioxidants in elderly individuals and in AD patients
[90]. One reason for these mixed findings is that the naturally occurring antioxidants might
not cross the blood-brain barrier and so cannot reach mitochondria to neutralize free
radicals. In the last decade, significant progress has been made in developing antioxidants
that target mitochondria, including MitoQ, MitoVitE, MitoPBN, MitoPeroxidase, SS-tetra
peptides, choline esters of glutathione, and N-acetyl-L-cysteine [91-94]. Initial studies of
aging and ALS transgenic mice found that these antioxidants enter the mitochondria several
hundred fold, rapidly neutralize free radicals, and decrease mitochondrial toxicity [91–94].
Therefore, such mitochondrially targeted antioxidants may be promising candidates to treat
elderly persons and AD patients.

Conclusions and perspectives
There is increasing evidence to suggest that synaptic damage and mitochondrial dysfunction
play a significant role in aging and AD development. Mitochondria are the major source of
energy for the brain. The accumulation of mtDNA changes may increase ROS production
and reduce mitochondrial ATP in an age-dependent manner. Recent studies of neurons from
postmortem AD brain specimens and from transgenic AD mice brain specimens suggest that
oxidative damage induces Aβ production. Aβ and APP are reported to localize to
mitochondrial membranes, block the transport of nuclear-encoded mitochondrial proteins to
mitochondria, interact with mitochondrial proteins, disrupt ETC activities, increase ROS
production, cause mitochondrial damage, and prevent neurons from functioning normally.
However, the mechanisms of Aβ and APP imported into mitochondrial membranes are
unclear. Experiments that focus on the import of APP/Aβ into mitochondrial membranes
may provide new insights in understanding the mechanisms of APP/Aβ to import to
mitochondria. Further, future experiments that focus on mitochondrial functional association
with APP/Aβ may be useful for developing mitochondrial drug targets.

Aβ accumulates at synaptic terminals and impairs synaptic function. Aβ also enters synaptic
mitochondria and causes damage. Mitochondrial damage is expected to be greater in
synaptic mitochondria (which are isolated) than in cell-body mitochondria (which are
clustered). The damaged, synaptic mitochondria may not satisfy the high energy demands
required at synapses, which may lead to impaired neurotransmission and, ultimately, to
cognitive failure. However, further research is needed to understand the activities at
synapses, particularly how Aβ interferes with functions of: (1) NMDA and glutamate
receptors, (2) synaptic vesicles, and (3) Ca2+ influx. Future in vivo and in vitro experiments
investigating synapses and Aβ, and electron microscopy of synapses in AD neurons may
provide new insights into synaptic damage.

In AD, tremendous progress has been made in developing therapeutic strategies to decrease
Aβ production and toxicity. However, further research is needed to develop molecules that
chop or degrade intact Aβ in brain neurons affected by AD. Further research is also needed
to test the efficacies of mitochondrially targeted antioxidants in AD mouse models.

Outstanding questions

1. In AD, why and how are neurons, in particular those in the hippocampus and
cortex, susceptible to oxidative damage over other neurons, such as Purkinje
neurons of the cerebellum?
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2. Recent studies have provided evidence that, in AD, Aβ enters the mitochondria.
If so, do the Aβ enter presynaptic mitochondria or postsynaptic mitochondria, or
both?

3. Based on findings from in vitro and in vivo studies, it has been proposed that Aβ
plays a significant role in synaptic dysfunction and cognitive decline in AD
patients. If so, what roles do mtDNA changes and mitochondrial dysfunction
play at synaptic terminals?

4. Are synaptic mitochondria more susceptible to mitochondrial fragmentation in
AD?

5. Do synaptic mitochondria cause greater oxidative damage and, ultimately,
synaptic loss in AD.
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Glossary

Endocytosis Endocytos is a process whereby cells absorb molecules such as
proteins from the outside by engulfing it with their cell membrane. It
is used by all cells of the body because most substances important to
them are large polar molecules, and thus cannot pass through the
hydrophobic plasma membrane. The function of endocytosis is the
opposite of exocytosis

Mitochondrial
trafficking

Movement of mitochondria in the neuronal cell - from cell body (or
soma) to axons, dendrites and synapses, and back to cell body

Sirtuin Sirtuin is a class of enzyme, specifically NAD-dependent histone
deacetylases, found in both prokaryotes and eukaryotes. Sirtuins have
been known to affect cellular metabolism through selective gene
expression in eukaryotes. The name comes from silent information
regulator two, the gene responsible for cellular regulation in yeast

Synapse The junction between the axon terminals of a neuron and the
receiving cell is called a synapse

Synaptic
mitochondria

Mitochondria localized at synaptic terminals
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Figure 1. APP processing in non-demented healthy individuals and AD patients
APP processing occurs via 2 pathways. Beta secretase based amyloidogenic and α-secretase
based non-amyloidogenic: In non-amyloidogenic pathway, cleavage occurs by α-secretase
within the Aβ domain and generates the large soluble N-terminal fragment (sAPPα) and a
non-amyloidogenic C-terminal fragment of 83 aminoacid residues (C83). Further cleavage
of this C-terminal fragment by γ-secretase generates the non-amyloidogenic peptide (P3)
and APP intracellular domain (ACID). These products are nontoxic. The non-amyloidogenic
α-secretase pathway occurs in over 90% of humans, and these individuals generally do not
develop dementia. In amyloidogenic pathway, cleavage occurs by β-secretase at the
beginning of the Aβ domain and generates a soluble N-terminus fragment (sAPPβ , and
amyloidogenic C-terminal fragment of 99 residues (C99). This C-terminal fragment, further
cleaved by γ-secretase and generates Aβ. Cleavage by multiple γ-secretases can generate
Aβ1-40 and Aβ1-42 fragments. Amyloid beta can accumulate in cellular compartments such
as mitochondria and lysosomes and impair cellular functions. Amyloidogenic pathway
occurs in about 10% of total humans and these individuals may develop dementia and AD.
Age-dependent decrease of Aβ degrading enzymes such as neprilysin and insulin degrading
enzyme may not clear Aβ in neurons that contribute to Aβ accumulation in the brain.
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Figure 2. Hypothesized changes at the synaptic mitochondria in AD neurons
In AD neurons, Aβ (1–40 and 1–42) are secreted via sequential cleavage of Aβ precursor
protein (APP) by beta secretase (BACE) and gamma secretase. In late-onset AD,
mitochondrially produced free radicals (O2*, H2O2, OH) activate beta secretase and
facilitate the cleavage of APP. The cleaved Aβ may further enter mitochondria primarily
localized at synapses, induce free radicals, cause oxidative damage, and inhibit cellular
ATP. Increased levels of BACE activity have been observed in the postmortem brain
specimens from late-onset AD patients. This increased BACE activity may be primarily due
to decreased energy metabolism – in other words, it may be due to decreased ATP, increased
Ca2+ influx, and increased free radicals. Reduced cellular ATP production, in turn, may
cause the impairment of neurotransmission (glutamate and NMDA receptors). These events
may occur primarily in learning and memory regions of the brain, and ultimately may cause
cognitive decline in AD patients.
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Figure 3. Mitochondrial hypothesis and AD
In early-onset AD, mutant APP and soluble Aβ are hypothesized to localize to synaptic
mitochondria, leading to the generation of free radicals (O2*, H2O2, OH). The free radicals,
in turn, may decrease cytochrome oxidase activity and inhibit cellular ATP. In late-onset
AD, the free radicals that are generated due to aging may activate BACE and facilitate the
cleavage of the Aβ. The cleaved Aβ may enter mitochondria and induce free radicals (O2*,
H2O2, OH), leading to the disruption of the ETC, a decrease in cytochrome oxidase activity,
and the inhibition of ATP. This feedback loop may ultimately lead to neuronal damage, to
the degeneration of neurons, and to cognitive decline in AD patients.
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Table 1

Amyloid precursor protein and Aβ associated with mitochondria and mitochondrial dysfunction in AD

Source of cells/
neurons in AD
patients

Methods determining APP/ Aβ association
with mitochondria

APP/ Aβ associated with
mitochondria and mitochondrial
dysfunction

Study and Ref.

AD patients Immuno-electron microscopy and
immunohistochemistry

APP is associated with the outer
mitochondrial membrane.

Yamaguchi et al. 1992
[79]

AD patients and APP
mice (Tg mAPP-J
mouse line)

Percoll gradient, immunoblotting, immuno-
electron microscopy, and immuno-fluorescence

Aβ binds to the mitochondrial matrix
protein ‘abeta binding alcohol
dehydrogenase’ and causes
mitochondrial dysfunction in AD.

Lustbader et al. 2004
[55]
Takuma et al. 2005
[80]
Caspersen et al. 2005
[3]

Human lymphocytes
treated with Aβ1–42;
APP mice (Tg2576
mouse line)

Immunoblotting Isolated mitochondria from
lymphocytes treated with Aβ1- 42,
inhibits cytochrome oxidase activity in
the presence of Cu2+. Aβ is found in
isolated brain mitochondria, from
Tg2576 mice.

Crouch et al. 2005
[81]

APP mice (Tg2576
mouse line) and APP
cell- lines

Percoll gradient, digitonin fractionation,
immunoblotting, and electron microscopy

Aβ monomers and oligomers are found
in mitochondrial membranes in AD
neurons from Tg2576 mice and in N2a
cells expressing mutant human APP.
Soluble Aβ correlates with increased
H2O2 production. Decreased
cytochrome oxidase and increased
carbonyl proteins are found in Tg2576
mice.

Manczak et al. 2006
[1]

AD patients Immunoblotting and immuno-electron
microscopy

Non-glycosylated, full-length APP and
C-terminal truncated APP, including
Aβ, are found in import channels of
mitochondria of AD brains. AD brains
with ApoE4 genotype have higher
levels of APP in the affected brain
mitochondria than in nonaffected brain
mitochondria.

Devi et al. 2006 [2]

Cell culture
(incubation of rat
brain mitochondria
with Aβ 25– 35)

Immunoblotting and immuno-electron
microscopy

Synaptosomal mitochondria containing
Aβ show morphological changes,
including mitochondrial swelling and
depletion of synaptic vesicles.
Synaptosomal Aβ diminishes
mitochondrial redox functions.

Mungarro- Menchaca
et al. 2002 [63]

APP mice (Tg2576
mouse line)

Synaptosomal fractionation and immunoblotting Aβ oligomers are detected in
synaptosmal fractions from Tg2576
mice, and reduced glucose metabolism
is found.

Gillardon et al. 2007
[64]

APP mice (Tg2576
mouse line)

Immunoblotting, immuno-fluorescence, and
immuno-electron microscopy

APP is targeted to cortical
mitochondria in a transmembrane
arrested form of Tg2576 mice.

Anandatheerthav
arada et al 2003 [56]

Mouse
neuroblastoma cells
expressing (N2a)
ApoE4 fragments

Immunoblotting and immuno-fluorescence ApoE4 protein (1–272 amino acid
residues) interact with mitochondria
and cause mitochondrial toxicity.

Chang et al. 2005 [82]

Aβ, amyloid beta; AD, Alzheimer’s disease; ApoE4, apolipoprotein allele 4; APP, amyloid precursor protein; N2a cells mouse neuroblastoma
cells; and Tg, Transgenic;
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