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Defects in mitochondrial oxidative phosphorylation have fre-
quently been associated with Alzheimer’s disease (AD), and both
inherited and somatic mtDNA mutations have been reported in
certain AD cases. To determine whether mtDNA mutations con-
tribute more generally to the etiology of AD, we have investigated
the sequence of the mtDNA control region (CR) from AD brains for
possible disease-causing mutations. Sixty-five percent of the AD
brains harbored the T414G mutation, whereas this mutation was
absent from all controls. Moreover, cloning and sequencing of the
mtDNA CR from patient and control brains revealed that all AD
brains had an average 63% increase in heteroplasmic mtDNA CR
mutations and that AD brains from patients 80 years and older had
a 130% increase in heteroplasmic CR mutations. In addition, these
mutations preferentially altered known mtDNA regulatory ele-
ments. Certain AD brains harbored the disease-specific CR muta-
tions T414C and T477C, and several AD brains between 74 and 83
years of age harbored the CR mutations T477C, T146C, and T195C,
at levels up to 70–80% heteroplasmy. AD patient brains also had
an average 50% reduction in the mtDNA L-strand ND6 transcript
and in the mtDNA�nuclear DNA ratio. Because reduced ND6 mRNA
and mtDNA copy numbers would reduce brain oxidative phos-
phorylation, these CR mutations could account for some of the
mitochondrial defects observed in AD.

A lzheimer’s disease (AD) is a progressive neurodegenerative
disease resulting in dementia associated with the excessive

deposition in the brain of A� amyloid peptide plaques and neuro-
fibrillary tangles. Early-onset, familial AD has been associated with
mutations in the A� precursor protein (APP) and the Presenilin-
containing APP peptide processing complexes (1). However, mu-
tations in these genes have not been identified in the majority of
late-onset, sporadic AD patients, leaving the molecular basis of
these cases undetermined (2).

One hypothesis for the etiology of late-onset, sporadic AD is that
it is caused by defects in mitochondrial oxidative phosphorylation
(OXPHOS). Structurally abnormal mitochondria have been ob-
served in AD brains (3, 4), and deficiencies in mitochondrial
OXPHOS enzymes, such as cytochrome c oxidase (COX or com-
plex IV), have been repeatedly reported in the brains and other
tissues of AD patients (5, 6). Moreover, mitochondrial OXPHOS
defects have been recovered in cultured human cell cybrids by
fusion of AD patient blood platelets to human cell lines that lack
mtDNA (�o cells) (5–13).

Defects in OXPHOS inhibit ATP production, but they also
increase mitochondrial reactive oxygen species (ROS) production
which, in turn, can activate the mitochondrial permeability transi-
tion pore (mtPTP) and destroy the surrounding cell by apoptosis.
Electrons in the initial steps of the mitochondrial electron transport
chain can be transferred directly to molecular oxygen (O2) to
generate superoxide anion O2

•�. This superoxide anion is converted
to hydrogen peroxide (H2O2) by mitochondrial superoxide dis-
mutase, and the hydrogen peroxide is converted to hydroxyl radical
OH• by electron transfer from reduced transition metals. The
resulting ROS (O2

•�, H2O2, and OH•) damage mitochondrial

proteins and membranes and mutagenize the mtDNA. This inhibits
the electron transport chain, causing the electron carriers to be-
come more reduced, further stimulating mitochondrial ROS pro-
duction. The ultimate result is the activation of the mtPTP and
destruction of the surrounding cell by apoptosis. Consistent with
this scenario, the brains of late-onset, sporadic AD patients have
been observed to have increased oxidative damage (14, 15), in-
creased activated caspase activity (16), and increased numbers of
terminal-deoxynucleotidyltransferase-mediated-dUTP-nick-end-
labeling-positive cells (5).

Inhibition of mitochondrial OXPHOS leading to AD could result
from environmental intoxicants or from acquired or inherited
mtDNA mutations. The mtDNA codes for 37 genes, 13 essential
OXPHOS polypeptides, 22 tRNA genes, and a 12S and 16S rRNA
gene.

Somatic mtDNA rearrangement mutations have been observed
to be increased in AD brains. This includes the common 5-kb
mtDNA rearrangement, which has been observed to be elevated
about 15-fold in AD patient brains up to age 75 years (17). Certain
germ-line mtDNA mutations have also been associated with late-
onset AD. For example, the nucleotide pair (np) 4336 mutation in
the tRNAGln gene has been observed in about 5% of late-onset AD
patients (18, 19), and this association has been supported in three
of four independent European studies (20–23).

AD has been further linked to the mitochondria through reports
that the European mtDNA lineages (haplogroups) J and Uk are
protective of AD and Parkinson’s disease (24, 25) and are also
associated with increased longevity (16). This protection has been
proposed to result from ancient mtDNA variants that partially
uncouple OXPHOS, increasing mitochondrial heat production and
permitting adaptation to colder northern latitudes (6, 7). Both
European subhaplogroup J1 and haplogroup Uk harbor the same
cytochrome b mutation at np 14798, whereas subhaplogroup J2
harbors a different cytochrome b mutation at np 15257. Both of
these cytochrome b mutations alter conserved amino acids in the
two coenzyme Q10 binding sites, and thus could affect the efficiency
of proton pumping by the Q cycle of complex III. Because uncou-
pling mutations that partially depolarize the mitochondrial inner
membrane proton gradient would keep the electron-transport-
chain carriers oxidized, these mutants would also reduce mitochon-
drial ROS production. This would reduce brain oxidative damage
and neuronal somatic mtDNA mutations, explaining the protective
effect of these mtDNA lineages for AD and Parkinson’s disease
(16, 26).
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In addition to its mRNA, rRNA, and tRNA genes, the mtDNA
encompasses a 1,112-np control region (CR). This CR includes the
L- and H-strand promoters (PL and PH); their mitochondrial
transcription factor A (mtTFA) binding sites; the downstream
conserved sequence blocks (CSB) I, II, and III; and the origins of
H-strand replication (OH1 and OH2) (27) (Fig. 1a). Recently,
somatic mutations in this region of the mtDNA have been associ-
ated with aging. A T414G mutation in the mtTFA binding site of
PL accumulates with age in cultured skin fibroblasts (28) and can be
detected at low levels in skeletal muscle, but not in brain, by using
our sensitive protein nucleic acid (PNA)-clamping (PCR) method
(29). The A189G and T408A CR mutations accumulate with age in
skeletal muscle (30), and a T150C mutation accumulates in white
blood cells (31).

Although the risk of AD increases with age, to date no specific
somatic mtDNA CR mutations have been reported for normal or
AD brains (32–34). Consequently, we surveyed the mtDNA CR
sequence of AD and control autopsy brains from subjects 59 to 94
years old. We now report that AD brains exhibit a striking increase
in mtDNA CR mutations. Moreover, these mutations are located
in elements known to be involved in mtDNA L-strand transcription
and�or H-strand replication, and they are associated with reduc-
tions in the mtDNA L-strand ND6 mRNA and in the mtDNA copy
number. Hence, somatic mtDNA CR mutations could account for
the sporadic appearance and mitochondrial defects seen in late-
onset AD and thus may contribute to the etiology of this disease.

Materials and Methods
Brain Samples from AD Patients and Controls. Frontal cortex brain
samples from age-matched AD and control subjects were obtained
from the Department of Neurology of Massachusetts General
Hospital and Harvard Medical School (Boston) and from the
Emory University Center for Neurodegenerative Disease Brain
Bank (Atlanta). The clinical status, AD versus control, of all subject
brain samples was confirmed by staining and counting senile
plaques and neurofibrillary tangles. A total of 23 AD and 40 control
brain samples, all pathologically confirmed, were used in this study.
The mtDNA hypervariable region (np 16000–100) of each brain
sample was sequenced, and those samples belonging to the common
European mtDNA haplogroups H, U, J, and T were chosen for
further cloning and sequencing studies (35). To eliminate the
possibility that the observed CR variants were the product of the
spurious amplification of nuclear-DNA-encoded, mtDNA pseudo-
genes, all PCR protocols were applied to cells lacking mtDNA (�o

cells) to ensure that no mtDNA-like sequences could be amplified.

Detection of the T414G Mutation in AD Brains. The T414G mutation
was sought in the frontal cortex DNAs by the PNA-clamping PCR
procedure (Fig. 2a). PNAs have a peptide bond backbone attached
to nucleic acid bases. Because the protein backbone lacks negative
charges, PNAs bind with high specificity and affinity to homologous
DNA. In the PNA-clamping PCR procedure, a 15-base PNA that
overlaps the target base (414) and was homologous to the common
wild-type sequence (414T) was included in the PCR. This PNA was
mixed with a pair of oligonucleotide primers, one of which binds just
3� to the mutant base. During the PCR procedure, the PNA was first
bound at high temperature, thus blocking all wild-type templates.
The oligonucleotides were then annealed at a lower temperature
and used to prime DNA synthesis, thus selectively amplifying the
mutant sequence (414G). Through this procedure, we were able to
detect one mutant mtDNA in 1,000 wild-type molecules (29). The
presence of the T414G mutation in the resulting 334-np PCR
product was confirmed through cleavage with FokI and by cloning
and sequencing individual PCR molecules (Fig. 2 c and e).

Identification of Novel mtDNA CR Mutations in AD Brains Through
Cloning and Sequencing. Additional somatic mtDNA CR mutations
were identified by PCR amplification of the mtDNA CR between
nps 16527 and 636, cloning, and sequencing (Fig. 1). Frontal cortex
genomic DNA was extracted by using the pure gene kit (Gentra
Systems). The CR was amplified by using the primers np 16527–
16546 (5�-CCT AAA TAG CCC ACA CGT TC-3�) and np
617–636 (5�-TGA TGT GAG CCC GTC TAA AC-3�), together
with high fidelity Epicentre failsafe TaqDNA polymerase (Epicen-
tre Technologies, Madison, WI). The desired PCR fragments were
purified by using agarose gel electrophoresis, extracted by using the
NucleoTrap gel kit (Clontech), and cloned by using the TOPO TA
cloning protocol (Invitrogen), and the desired plasmids were pu-
rified by the minipreparation. Plasmid DNAs were cycle-sequenced
by using BigDye dideoxy chain terminator chemistry (Applied
Biosystems) on an ABI 3100 capillary sequencer, and the sequenc-
ing results were analyzed by using SEQUENCER 4.0.5 (Gene Codes,
Ann Arbor, MI).

Quantification of mtDNA Transcript Levels and Copy Number. To
determine the ratio of mtDNA L-strand to H-strand transcripts,
total RNA was extracted from the cortex tissue by using TRIzol
(GIBCO�BRL) and the L-strand, ND6, mRNA and H-strand,
ND2, mRNAs were reverse-transcribed and quantified by quanti-
tative RT-PCR. ND6 was amplified by using forward primer np
14260–14279 (5�-ATC CTC CCG AAT GAA CCC TG-3�) and
reverse primer np 14466–14485 (5�-GAT GGT TGT CTT TGG

Fig. 1. Representation of the somatic mtDNA CR mutation distribution in AD and control brains. (a) Schematic representation of nps 16000–570 of the mtDNA
CR. The numbers below the line mark the mtDNA nps, and the boxes above the line represent the regulatory elements. The thick horizontal lines below the CR
map represent the locations of the AD (red), control (blue), or common (gold) heteroplasmic mutations. (b) The number of heteroplasmic mutations in mtDNA
CR regulatory elements in AD and control brains.
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ATA TA-3�). ND2 mRNA was amplified by using the same primers
that were used to determine the mtDNA�nuclear DNA ratio, which
involved quantitative RT-PCR amplification of the ND2 mtDNA
gene and the 18S rRNA nuclear DNA genes from genomic
DNA (36).

Results
The T414G CR Mutation Is Found in AD Brains, but Not in Controls.
When the frontal cortex genomic DNAs of 23 AD and 40 control
subjects were tested for the presence of the T414G mutation by
using PNA-clamping PCR, 65% of the AD brains were positive for
the T414G mutation, but none of the controls was (Fig. 2 a and b).
The presence of the T414G mutation was confirmed in the AD
samples by FokI-restriction endonuclease digestion and through
direct cloning and sequencing (Fig. 2 c–e).

Identification and Quantification of AD Brain CR Mutations. To
determine the generality of the increased presence of somatic
mtDNA CR mutations in AD brains, we PCR-amplified, cloned,
and sequenced 10–20 CR clones from each of 16 AD and 17 control
brain samples, giving a total of 250 AD and 235 control clones
analyzed. This analysis revealed an overall 63% increase in the
frequency of heteroplasmic mtDNA CR mutations in AD brains
versus controls (P � 0.01) (Fig. 3a). Moreover, division of the AD
cases into decade age groups revealed that the 59- to 69-year age
group had a 79% increase, the 70- to 79-year age group had an 18%
increase, and the 80-year-and-older age group had a 130% increase
in mtDNA CR mutations relative to controls, with the difference

between the 80-year-and-older AD patients and controls being
highly significant (P � 0.001) (Fig. 3b).

To determine the functional significance of these CR mutations,
we correlated their position with that of the known functional
elements of the mtDNA CR (Fig. 1). No clear difference in
mutation distribution was seen between AD and control samples in
the CR between nps 1 and 100, where few regulatory elements have
been identified. By contrast, a striking increase in CR mutations was

Fig. 2. PNA-clamping PCR assay for T414G mtDNA mutation in AD and control brains. (a and b) Agarose gel results of controls (a) or AD patients (b). The
individual samples in a and b are identified by the age of the subject. Two PCRs are shown for each subject, one in the absence (�) and the other in the presence
(�) of a PNA encompassing the 414 wild-type base, which suppresses amplification of the wild-type mtDNA. (c and d) FokI digestion of the PNA-clamping PCR
products was used to confirm the presence of the T414G mutation from AD brains (c) and from AD and control brains run into same gel for comparison (d). Lanes
in c are labeled with age of AD patients. �c, the FokI digestion result from the PCR product from wild-type plasmid; �c, the result from a T414G mutant plasmid.
The arrow indicates the T414G FokI product. (e) Sequence analysis of CR fragments from a 74-year-old subject. The 414 region was PNA-clamping PCR-amplified,
the resulting fragments were reamplified without PNA, and the final fragments were cloned and sequenced. The mutant nucleotide G (indicated with an arrow)
is seen in three of five clones.

Fig. 3. Total number of heteroplasmic mtDNA CR mutations observed by
cloning and sequencing CR clones from AD and control brain samples. (a)
Number of mutants from all age groups (range 59–94); *, P � 0.01. (b) Number
of mutants from three different age groups: 59–69, 70–79, and 80 & up; for
80 & up DNA mutation frequency, **, P � 0.001.
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seen in the AD brain clones in the region between nps 101 and 570,
which encompasses most of the known mtDNA regulatory ele-
ments (Fig. 1a).

Moreover, the AD mutants, but not the control mutants, were
preferentially located in known functional transcription and repli-
cation elements. For example, seven heteroplasmic CR mutations
were observed in AD brains in CSBI, but none was seen in controls
(Fig. 1b). Likewise, 17 heteroplasmic mutations were found in the
four mtTFA binding sites (two between PL and PH and two between
CSBI and CSBII) in AD brains, whereas only five mutations were
observed in the controls (P � 0.001) (Fig. 2b). Indeed, seven
heteroplasmic mutations were present in the two mtTFA binding
sites associated with PH and PL in AD brains, but none was found
in these mtTFA sites in control brains. Therefore, mtDNA CR
mutations are more common in AD patient brains, and they
preferentially affect functionally important motifs.

High-Level mtDNA CR Mutant Heteroplasmy in AD Brains. Not only
were CR mutations more prevalent in AD brains, they were also

frequently present at exceptionally high proportion of the mtDNAs
of the brain (Fig. 4). Although no marked differences were found
between AD and control brains between nps 1 and 100 (Fig. 4 a
versus b), multiple high-percentage heteroplasmic mutations were
found in AD brains relative to controls in the region between np 100
and 570 (Fig. 4 c versus d).

Two of the identified higher percentage CR mutations proved to
be specific for AD brains. One AD mutation, T414C, was found in
59-, 83-, and 84-year-old AD patients at about 10% mutant but was
not present in any controls. The second AD-specific mutation,
T477C, was found in the 76-, 78-, and 83-year-old AD patients at
70–80% mutant and in an 89-year-old patient at 20% mutant, but
it was not found in controls (Fig. 4 c and d).

Four other high-percentage CR mutations were found predom-
inantly in AD brains, but also in some controls, although at lower
levels and later ages. A T146C mutation was found in 74- and
83-year-old AD patient brains at 70–80% mutant but also in one
94-year-old control at about 50% mutant. A T195C mutation was
found in 74- and 83-year-old AD patients at 80% and 10% mutant,

Fig. 4. Specific somatic mtDNA CR mutants and their percentage of heteroplasmy in AD and control brains. Subjects are listed by age. CR nps 1–100: (a) control
brains; (b) AD brains. CR nps 101–570: (c) control brains; (d) AD patient brains. The specific mutations are listed below the abscissa lines and color-coded. The
percentage of each mutation in each individual’s brain is given by the height of the bar of that color. Homoplasmic germ-line mutations were also observed for
these mutations. For the np 1–100 region, A73G was seen in six ADs and four controls. In the np 101–570 region, T146C was seen in three ADs and two controls;
T152C was seen in three ADs and four controls; A189G was seen in no ADs and one control; and T195C was seen in two ADs and two controls. T414C and T477C
were not found in the homoplasmic state in either AD or control samples.
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respectively, but also in one 77-year-old control at about 10%
mutant. A T152C mutation was found in 67- and 76-year-old AD
patient brains at 5–20% mutant and also in one 87-year-old control
at 5% mutant. A A189G mutation was found in 62-, 67-, and
93-year-old AD brains at 5–20% mutant but also in 59- and 86-
year-old control brains at less than 10% mutant (Fig. 4 d versus c).

These same CR mutants also co-occurred more often in AD
brains than in controls. Four AD brains harbored more than one
heteroplasmic mutation. The 67-year-old AD brain had both the
T152C and A189G mutations, although at low percentages; the
74-year-old AD brain had the T146C and T195C mutations at very
high levels; the 76-year-old AD brain harbored the T152C and
T477C mutations at lower and higher percentages, respectively; and
the 83-year-old AD brain harbored the T146C and T477C muta-
tions at high percentages, as well as the T195C and T4141C
mutations at low percentages. None of the control brains harbored
more than one heteroplasmic CR mutation. Furthermore, six AD
patients were homoplasmic for the T146C mutation, and four of
these were also homoplasmic for the T195C mutation. By contrast,
only two controls were homoplasmic for the T146C mutation, and
none of these had the T195C mutation.

Finally, all of the AD patients that harbored individual mtDNA
CR mutations with mutant levels of 70% or greater occurred in the
age range of 74–83 years (four of seven cases, or 60%), whereas no
patients were found with a very high percentage of mutant between
ages 59 and 72 and between ages 84 and 93. Therefore, mtDNA CR
mutations are more common, accumulate earlier, and can be
present at higher percentages of the mtDNAs in AD patient brains
than in control brains.

Reduced mtDNA L-Strand Transcripts and Copy Number in AD Brains.
Most of the heteroplasmic mtDNA CR mutations observed in AD
brains occurred in proximity to PL, from which L-strand transcrip-
tion is initiated; in CSBI, after which the L-strand transcript is
cleaved by the mitochondrial RNA-processing RNase to yield the
3�-OH replication primer; and around OH1 and OH2, where mtDNA
polymerase � (27) initiates H-strand replication. Therefore, we
would expect that the CR mutations found in AD brains would
reduce L-strand transcription and mtDNA copy number.

A reduction in AD brain L-strand transcription was confirmed
by determining the ratio of the L-strand ND6 mRNA versus the
H-strand ND2 mRNA by using quantitative RT-PCR. The
ND6�ND2 mRNA ratio of 12 AD brains was 0.29 � 0.18, but
that of 11 controls was 0.67 � 0.38, a twofold reduction in the
ND6 mRNA level (P � 0.01). Similarly, analysis of the mtDNA�
nuclear DNA ratio by quantitative RT-PCR of the ND2 and 18S
rRNA gene copy numbers gave an average ratio of 12 � 6.9 for
9 AD brains, but 22 � 18 for 17 control brains, a 50% reduction
in mtDNA copy number (P � 0.03).

Discussion
By analyzing the mtDNA CR sequence variation of the frontal
cortex of pathologically confirmed AD and control brains, we have
discovered that AD brains harbor a high frequency of heteroplas-
mic mtDNA CR mutations in key elements that regulate mtDNA
L-strand transcription and H-strand replication. Consistent with the
functional location of these mutations, AD brains have a marked
reduction in the L-strand ND6 mRNA levels and in the cellular
mtDNA copy number.

Mutations in PL could account for the reduction in ND6,
because ND6 is the only L-strand mRNA. Additionally, muta-
tions in PL and the downstream CSBI and OH1 and OH2 elements
could account for the reduction in mtDNA copy number,
because the L-strand transcript, processed at CSBI, has been
proposed to provide the primer for initiating mtDNA H-strand
synthesis at OH1 and OH2 (31).

A reduction in the ND6 mRNA would preferentially inhibit
respiratory complex I, because ND6 is essential for complex I

assembly (37, 38). Depletion of the mtDNA would diminish the
activities of complexes I, III, IV, and V because the mtDNA
encodes core subunits for each of these complexes (3, 39). Inhibi-
tion of OXPHOS would increase ROS production, sensitize the
mtPTP, and enhance the apoptotic loss of synaptic connections
between neurons (40). Thus, the accumulation of somatic mtDNA
CR mutations provides an explanation for the neurological loss and
resulting dementia associated with late-onset AD.

One unexpected finding about the CR mutations in AD brains
was the apparent dichotomy between AD brains from subjects 74
to 83 years old and those from subjects over 83 years. Brains from
74- and 83-year-old subjects had fewer CR mutations (Fig. 3b), but
with each present in a very high percentage of the brain mtDNAs
(70–80%) (Fig. 4 c and d). AD brains from subjects over 83 years
had many more CR mutations (Fig. 3b), but with each present at
a lower percentage (�20%) of the brain mtDNAs (Fig. 4 c and d).
This phenomenon might be explained by the time in brain devel-
opment when the mtDNA CR mutation arose. In the 74- to
83-year-old cases, one or a few somatic mtDNA CR mutations
could have arisen early in development and subsequently become
widely distributed throughout the cells of the brain through cell
replication. Because deleterious mtDNA mutations in postmitotic
cells are selectively amplified (41–43), these early mtDNA mutants
could come to predominate in each cell that contained mutant
mtDNAs. Because virtually every cell in the brain would contain the
same mutant mtDNA, the majority of the brain’s mtDNAs would
ultimately come to have that mutation.

In the case of the AD brains older than 83 years, somatic
mtDNA mutations could have arisen later in brain development,
with multiple different mtDNA CR mutations arising in differ-
ent cells. Because each mutant would become dispersed into a
smaller number of descendant cells and subsequently be ampli-
fied, these patients’ brains would harbor several different
mtDNA mutations, each in a lower percentage of the brain
mtDNAs. Because these mutations arise later in development,
they would be associated with later-onset symptoms. In the end,
however, the severity of the dementia would be determined by
the overall proportion of the patient’s brain cells that had
acquired a deleterious mtDNA mutation which subsequently
became amplified. When the mutant mtDNA increased within a
synapse sufficiently to cause an OXPHOS defect, then ROS
production would increase, the mtPTP in the synaptic mitochon-
dria would be activated, and the synaptic connections would be
lost.

The question remains: is the increase in somatic mtDNA CR
mutations seen in AD brains simply a reflection of accelerated
aging, or is it a distinct pathological phenomenon? On the side of
accelerated aging, we observed that some very old control brains
also harbored some high-percentage mtDNA mutants. However,
the fact that the T414G, T414C, and T477C mutations were only
found in AD brains might suggest that AD is a distinct disease.

Still, the relationship of these three mutations to the AD brain
pathology needs further clarification. The T414G mutation,
although found in most AD brains, was present in only a small
percentage of the brain mtDNAs. We consistently detected this
mutation by using our highly sensitive PNA-clamping PCR
technology. However, this mutation was not detected by others
using the less sensitive primer extension (32) and CR cloning and
sequencing strategies (34). Furthermore, while the T414C and
T477C mutations were found in a much higher percentage of the
mtDNAs of some AD brains, not all AD brains harbored high
levels of these mutations. Therefore, the best interpretation is
that the T414G mutation is a valuable marker for AD but that
it is the total mtDNA CR mutation load that contributes to the
brain pathology and that this may include mutations such as the
T414C and T477C mutations.

Given this perspective, these two alternate views may not be
very different. It seems likely that somatic mtDNA CR muta-
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tions accumulate with age in all individuals, but that the muta-
tion rate of certain individuals is much higher. These later
individuals, in turn, have a higher probability of acquiring one of
the AD-specific mutations, thus enhancing the probability of
dementia. Are, then, the mtDNA CR mutations a cause or an
effect? We think that the accumulation of somatic mtDNA CR
mutations is an important cause of neuronal mitochondrial
energetic failure and synaptic loss. However, a variety of factors
could modulate the mtDNA CR somatic mutation rate and thus
increase the probability of dementia.

This mitochondrial hypothesis of AD would be consistent with
the observation that individuals that harbor the ApoE �4 allele have
an increased risk of AD (44). The �4 allele has been shown to be
associated with increased oxidative stress (45–47). This would
increase the mtDNA somatic mutation rate and exacerbate mito-
chondrial oxidative stress, mtPTP activation, and synaptic loss.

The association of A� amyloid plaques with AD could also be
consistent with a mitochondrial etiology of late-onset AD. A�
peptide has been proposed to be an antioxidant defense system to
protect neuronal synapses from oxidative damage, but when the A�
concentration becomes high, the peptide aggregates and becomes
a toxic pro-oxidant (48). Moreover, recently, A� has been reported
to enter the mitochondria, bind to mitochondrial alcohol dehydro-
genase, and increase mitochondrial ROS production and propen-
sity for cytochrome c release, presumably initiated by mtPTP
activation (49). These observations suggest that in early-onset,
familial AD, mutations in APP and the presenilin complex genes

would increase A� peptide production, mitochondrial ROS pro-
duction, mitochondrial damage, and apoptosis. By contrast, in
late-onset, sporadic AD, somatic mtDNA CR mutations would
arise by chance, and these would cause increased mitochondrial
ROS production. The increased neuronal oxidative stress would
then induce a compensatory production of A� peptide as an
antioxidant defense. Ultimately, however, the increased ROS gen-
erated by the mutant mtDNAs and excessive A� would inhibit
mitochondrial function, leading to mtPTP activation and synaptic
loss.

In conclusion, our data suggest that a significant factor in the
development of late-onset, sporadic AD could be the accumulation
of somatic mtDNA CR mutations resulting from endogenous
mitochondrial ROS damage. Once these mutations arise, they
would become enriched in the postmitotic cells of the brain and
ultimately result in mitochondrial OXPHOS deficiency, increased
ROS production, activation of the mtPTP in the synaptic mito-
chondria, and loss of synaptic connections through apoptosis. Thus,
the mitochondrial hypothesis could explain many of the unusual
genetic and pathological features of late-onset, sporadic AD.
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