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SUMMARY: Aging is associated with impaired mitochondrial function caused by accumulation of oxygen free radical-induced
mitochondrial (Mt) DNA mutations. One prevailing theory is that age-associated diseases, including Alzheimer’s disease (AD),
may be precipitated, propagated, or caused by impaired mitochondrial function. To investigate the role of MtDNA relative to
genomic (Gn) DNA damage in AD, temporal lobe samples from postmortem AD (n = 37) and control (n = 25) brains were analyzed
for MtDNA and GnDNA fragmentation, mitochondrial protein and cytochrome oxidase expression, MitoTracker Green fluores-
cence (to assess mitochondrial mass/abundance), and 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-OHdG) immunoreactivity.
Brains with AD had more extensive nicking and fragmentation of both MtDNA and GnDNA as demonstrated by agarose gel
electrophoresis, end-labeling, and the in situ terminal deoxynucleotide transferase end-labeling (TUNEL) assay, and only the
brains with AD had detectable 8-OHdG immunoreactivity in cortical neurons. Increased MtDNA damage in AD was associated
with reduced MtDNA content, as demonstrated by semiquantitative PCR analysis and reduced levels of Mt protein and
cytochrome oxidase expression by Western blot analysis or immunohistochemical staining with image analysis. The finding of
reduced MitoTracker Green fluorescence in AD brains provided additional evidence that reduced Mt mass/abundance occurs
with AD neurodegeneration. The presence of increased MtDNA and GnDNA damage in AD suggest dual cell death cascades in
AD. Impaired mitochondrial function caused by MtDNA damage may render brain cells in AD more susceptible to oxidative injury
and thereby provide a mechanism by which systemic or environmental factors could influence the course of disease. (Lab Invest

2000, 80:1323-1335).

ecent evidence suggests that aging and a num-

ber of prevalent age-associated diseases, in-
cluding cancer, heart disease, and neurodegenera-
tion, may be precipitated, propagated, or caused by
impaired mitochondrial function resulting from oxygen
free-radical damage and accumulation of mitochon-
drial (Mt) DNA mutations (Ozawa, 1995, 1997; Richter,
1992, 1995; Schapira, 1994) However, because of the
broad impact that such conclusions could have on the
strategies used to develop compounds for treating or
preventing disease, detailed systematic studies using
both human and experimental models are needed to
formally prove this theory.

The major intracellular source of oxygen free radi-
cals is the mitochondrial respiratory chain because it
continuously produces superoxide under normal
physiological conditions. Metabolic disturbances in
mitochondrial function result in electron escape from
the electron transport chain and attendant formation
of hydroxyl radicals and hydrogen peroxide from su-
peroxide. Increased oxidative stress causes further

Received May 3, 2000.

This work was supported by Grants AA-02666, AA-02169, and AA-
11431 from the National Institutes of Health.

Address reprint requests to: Dr. S. M. de la Monte, Pierre Galletti Research
Building, Rhode Island Hospital, 55 Claverick Street, Room 419, Provi-
dence, Rhode Island 02903. Fax: 401 444 2939; E-mail:

delamonte@hotmail.com

free-radical damage to mitochondria and MtDNA. Un-
like genomic (Gn) DNA, MtDNA is not protected by
histones or DNA-binding proteins, and MtDNA repair
mechanisms have not yet been identified in the central
nervous system. MtDNA damage after exposure to
high levels of reactive oxygen species and free radi-
cals is mediated by intramitochondrial accumulation
of 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-OHdG)
(Richter, 1992, 1995). Incorporation of 8-OHdG into
MtDNA causes base mispairing, random point muta-
tions, and deletions. Importantly, damaged mitochon-
dria can replicate because enzymes required for mi-
tochondrial replication are encoded by GnDNA.
Increased abundance of defective MtDNA that en-
codes respiratory enzymes may lead to impaired elec-
tron transport and enhanced production of reactive
oxygen species, further oxidative stress, and damage
to mitochondria. The problem is compounded by
increased peroxidation of lipids and oxidative modifi-
cation of proteins by reactive oxygen species and
hydrogen peroxide. The exponential age-related ac-
cumulations of intramitochondrial 8-OHdG and mu-
tated MtDNA suggest that the deterioration of organ
function attributed to aging may be caused by somat-
ically acquired MtDNA damage and impaired cellular
energy production.

Increased levels of reactive oxygen species and free
radicals could lead to enhanced apoptosis. In that
context, apoptosis would be mediated by opening of
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the mitochondrial permeability transition pores, cyto-
chrome c release into the cytosol, and activation of
caspases that mediate DNA fragmentation and cy-
toskeletal protein cleavage. Apoptosis is a demon-
strated mechanism of cell loss in Alzheimer’s (AD) and
other neurodegenerative diseases (de la Monte et al,
1997, 1998; Erro and Tunon, 1997; Su et al, 1996,
1997). However, there is also evidence that apoptosis
in the setting of neurodegeneration is caused by
increased susceptibility to oxidative damage and free-
radical injury (Sayre et al, 1997a, 1997b; Smith et al,
1996, 1997; Smith and Perry, 1995; Stadelmann et al,
1998; Yan et al, 1995). Impaired mitochondrial func-
tion and accumulation of MtDNA mutations could
reduce cellular tolerance for free-radical injury and
thereby have a critical role in mediating cell loss in AD
and other neurodegenerative diseases. In the present
study, we used agarose gel electrophoresis, end-
labeling assays, the in situ terminal deoxynucleotide
transferase end-labeling (TUNEL) assay, and Hoechst
H33258 staining to analyze AD and control temporal
lobe samples for evidence of MtDNA and GnDNA
damage. In addition, we assessed MtDNA abundance,
mitochondrial protein and cytochrome oxidase ex-
pression, and mitochondrial mass/abundance using a
semiquantitative polymerase chain reaction (PCR) as-
say, Western blot analysis, immunohistochemical
staining, and fluorescence labeling, respectively.

Results
In Situ Detection of Apoptosis and DNA Fragmentation

Apoptosis and DNA fragmentation were detected in
tissue sections by TUNEL assay for nicked DNA and
Hoechst H33258 staining. The TUNEL assay was used
to label the 3" ends of nicked or fragmented DNA
using [14-biotin]dCTP and terminal deoxynucleotide
transferase enzyme. The labeled DNA was detected
with horseradish peroxidase-conjugated streptavidin
and diaminobenzidine. Although apoptosis with
TUNEL-positive nuclear DNA fragmentation has been
described in AD and other neurodegenerative dis-
eases (de la Monte et al, 1997, 1998), we now provide
evidence that the DNA fragmentation associated with
AD neurodegeneration is not confined to the nucleus.
As shown in Figure 1, control brains exhibited virtually
negative labeling by the TUNEL assay (Fig. 1A),
whereas in AD, TUNEL™ nuclear (Fig. 1, B and E-F)
and cytoplasmic/perinuclear (Fig. 1, C-D and F) label-
ing were readily detected in neurons and glial cells. In
some AD cases, the cytoplasmic TUNEL™ labeling
was more abundant than nuclear labeling, particularly
in white matter glial cells (Fig. 1F), consistent with a
previous report of increased proapoptosis gene ex-
pression involving both neurons and glial cells in AD
(de la Monte et al, 1997).

Hoechst H33258 binds to DNA and after a brief
period of labeling (2 minutes), reveals nuclear conden-
sation and fragmentation associated with apoptosis.
In our experience, H33258 staining is a more sensitive
and reproducible method for in situ detection of DNA
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damage in postmortem tissue. Deparaffinized, rehy-
drated sections of temporal lobe were stained with
H33258 and examined with a fluorescence micros-
copy. H33258 staining of control brains showed low-
level diffuse homogeneous labeling of nuclei (Fig. 1G).
In contrast, all AD cases exhibited conspicuous
H33258 labeling of condensed fragmented nuclei and
apoptotic bodies in scattered cells (Fig. 1 hour), and
corresponding with the TUNEL assay results, numer-
ous cells (neurons and glial) in AD brains exhibited
cytoplasmic (perinuclear) labeling, with or without as-
sociated nuclear labeling (Fig. 1l). To determine
whether the cytoplasmic labeling by the TUNEL assay
and H33258 staining represented mitochondrial DNA
fragmentation, genomic (Gn) and mitochondrial (Mt)
DNA were isolated from the same samples of temporal
lobe tissue and analyzed by agarose gel electrophore-
sis and end-labeling.

Increased Genomic DNA Fragmentation in AD

GnDNA was isolated from fresh snap-frozen tissue
harvested within 18 hours of death. GnDNA (10 ng/
sample) was electrophoresed in a 3% agarose gel that
was subsequently stained with ethidium bromide and
photographed under UV illumination. To quantify nick-
ing or fragmentation of GnDNA, we also employed a
highly sensitive primer-independent end-labeling as-
say based upon incorporation of [«®*?P]dCTP at the 3’
hydroxyl ends of nicked DNA in the presence of
Klenow large fragment DNA polymerase (Moyse and
Michel, 1997). The labeled DNA was separated from
free nucleotides and [a*?P]dCTP incorporation was
measured using a scintillation counter. To ensure
equivalent labeling and permit inter-group compari-
sons, the reactions were carried out simultaneously
using a premix containing radiolabeled nucleotides
and enzyme. In addition, the amount of DNA used in
each reaction was verified by measuring the OD
260/280 in replicate samples.

By agarose gel electrophoresis, control brains (n =
10) manifested predominantly high molecular weight
DNA, although nearly all samples (23 of 25) had faint
laddering patterns consistent with low levels of apo-
ptosis. Among the AD cases, 18 of 37 showed con-
spicuous DNA fragmentation ladders, while the re-
mainder had faint laddering patterns similar to control
brains (Fig. 2A). Using a more sensitive end-labeling
assay, GnDNA fragmentation was detected in both AD
and control samples (Fig. 2B). This result was ex-
pected because the tissues were obtained by au-
topsy. Nonetheless, the mean labeling indices (cpm/
100 ng DNA) were 3-fold higher in AD relative to aged
control brains (p < 0.001). Corresponding with the
agarose gel electrophoresis results, the samples that
showed obvious DNA laddering had the highest label-
ing indices, and those with latent DNA laddering had
relatively low labeling indices (data not shown). Re-
analysis of the samples yielded consistent results, ie,
coefficients of variation less than 10%.
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Figure 1.

Increased DNA fragmentation and nicking in Alzheimer’s disease (AD) brains detected by the in situ terminal transferase end-labeling (TUNEL) assay. The 3’ ends
of nicked or fragmented DNA were labeled with [14-biotin]dCTP and terminal deoxynucleotide transferase enzyme, and incorporated biotin was detected with
horseradish peroxidase conjugated streptavidin and diaminobenzidine. The sections were counterstained with hematoxylin. A, Control cerebral cortex with virtually
no labeling. B to F, Sections of AD temporal cortex (B to D) and underlying white matter (E and F) showing increased nuclear only (single-head arrows, B and E)
or nuclear and/or cytoplasmic/perinuclear (double-head arrows, C, D, and F) labeling in neurons (B to D) and glial cells (E and F). D, The neuron in the center exhibits
low-level cytoplasmic labeling and absent nuclear labeling, whereas the neuron lower in the field exhibits both nuclear and cytoplasmic TUNEL™ labeling. G to |,
Hoechst H33258 labeling of paraffin-embedded sections demonstrating homogeneous nuclear labeling of control cortical neurons (G), and nuclear fragmentation and
condensation in AD cortical neurons (H, arrow). In addition, H33258 dye labeled cytoplasmic/perinuclear DNA in AD brain neurons (I, double-head arrows).

Increased Mitochondrial DNA Fragmentation in AD

Successful isolation of MtDNA was verified by agarose
gel electrophoresis which demonstrated the expected
bands corresponding to Form |, Form Il, and Form C
(Higuchi and Linn, 1995) in all samples (Fig. 2C). In
addition, Southern blot analysis using probes gener-
ated with a full-length Mt cDNA (de la Monte and
Wands, unpublished data) confirmed that the DNA
isolated was indeed mitochondrial in origin (data not
shown). Electrophoresis and autoradiography of end-
labeled MtDNA revealed [o*2P]dCTP incorporation
into high molecular weight MtDNA in the AD samples
(Fig. 2D). In addition, broadly smeared DNA labeling
profiles ranging from approximately 1 kB to 12 kB in
size were detected in both AD and control samples,
but the intensity of labeling was greater in the AD
cases (Fig. 2D). The broadly smeared DNA labeling
profiles most likely reflect the presence of multiple
random breaks in MtDNA, in contrast to the regular
180 to 200 bp cleavage intervals that occur with
GnDNA fragmentation associated with apoptosis.
Quantification of [«*?P]dCTP incorporated by end-

labeling demonstrated that MtDNA fragmentation and
nicking were 2- to 3-fold higher in AD than in aged
control brains (p < 0.005) (Fig. 2E).

Reduced Mitochondrial DNA Content in AD

To determine whether the increased nicking and frag-
mentation of MtDNA were associated with reduced
MtDNA content, the relative abundance of MtDNA was
measured by a semiquantitative PCR assay. The PCR
products were labeled by incorporation of [«*>P]dCTP
during amplification. The labeled PCR products were
electrophoresed in nondenaturing polyacrylamide gels
and analyzed by densitometry (Fig. 3C). To adjust for
differences in template loading, the levels of MtDNA
measured were normalized with respect to actin DNA
amplified in the same samples. Figures 3A and 3B
graphically depict the relative levels (arbitrary densi-
tometry units) of MtDNA measured in individual aged
control (A) and AD (B) samples. Figure 3, C and D,
shows the mean (= sp) relative levels of MtDNA in AD
and control cases. Note that for most of the AD cases,
the MtDNA content was reduced relative to control,
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Figure 2.

Increased fragmentation of genomic and mitochondrial DNA in AD brains. Genomic DNA was extracted from temporal lobe tissue using 7 M guanidine hydrochloride
and Wizard DNA resin. A, Samples (10 wg) of genomic DNA were electrophoresed in 3% agarose gels and stained with ethidium bromide. (A, AD; C, control brains.)
Only the lower portion of the gel is shown in order to visualize the DNA laddering. The blank-appearing lanes indicate the absence of substantial DNA fragmentation.
B, Quantification of genomic DNA fragmentation by solution-based end-labeling. Samples (100 ng) were incubated with [32P]dCTP and Klenow DNA polymerase for
primer-independent labeling of nicked DNA. [32P]dCTP-incorporation was measured with a scintillation counter. The graph depicts the mean = so CPM/100 ng DNA
in control (C) and AD samples (* p < 0.001 by Student  test analysis). Mitochondrial DNA fragmentation was detected by end-labeling. Mitochondrial DNA was
extracted from mitochondria that were isolated by sucrose gradient centrifugation. C, High-molecular weight mitochondrial DNA was isolated from both control (C)
and AD samples (arrow). The DNA was visualized under UV light after staining with ethidium bromide. Samples (100 ng) were end-labeled [*2P]dCTP and Klenow
DNA polymerase. Ten percent of each sample was analyzed by agarose gel electrophoresis and autoradiography (D), and the degree of [3?P]dCTP incorporation was
measured using a scintillation counter (E). Note the end-labeled high-molecular-weight mitochondrial DNA (arrow), as well as the broadly smeared signals (2-10 kB)
in the AD samples. The broad smears correspond to random breaks in the DNA, in contrast to the regular fragmentation of genomic DNA (A). E, Increased
[32P]dCTP-incorporation into mitochondrial DNA in AD relative to control samples, confirming the results shown in Panel D (*p < 0.005 by Student £ test analysis).

and in more than half the AD samples, the relative
MtDNA content was below the 95% confidence
interval limit of the control group (p < 0.001).
Correspondingly, the mean levels of MtDNA were
significantly lower in AD relative to control samples
by Student t test analysis (T = 4.56; p < 0.001).
However, it is noteworthy that several AD cases
manifested increased levels of MtDNA, perhaps
because of excessive glial cell reaction associated
with cell loss, or proliferation of mitochondria in
degenerating neurons.

Increased 8-0OHdG Immunoreactivity in AD Cortical
Neurons

MtDNA damage can be associated with intramito-
chondrial accumulation of 8-OHdG (Richter, 1992,
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1995). Increased 8-OHAG incorporation into MtDNA
can cause base mispairing, random point muta-
tions, and deletions. To determine whether the
increased MtDNA fragmentation and nicking in AD
could be mediated by this mechanism, we per-
formed immunohistochemical staining of AD and
aged control temporal lobe sections to detect
8-OHdG immunoreactivity. However, to exclude in-
advertent detection of degraded RNA, the sections
were treated with ribonuclease (RNAse) A (100
wg/ml) before the primary antibody incubation step.
Immunoreactivity was detected by the avidin-biotin
horseradish peroxidase complex method using True
Blue peroxidase as the substrate. None of the
control brains had detectable 8-OHdG immunore-
activity (Fig. 4A), whereas all of the AD cases
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Reduced mitochondrial DNA abundance in AD brain tissue. Mitochondrial (Mt) DNA was PCR amplified from total DNA extracts. Actin DNA was amplified in separate
reactions. [32P]dCTP-labeled PCR products were analyzed by electrophoresis, autoradiography, and densitometry. Example PCR products are shown in Panel C. The
levels of MtDNA were normalized with respect to the levels of actin DNA to control for differences in target input DNA. The bar graphs in Panels A and B reflect data
obtained from individual AD and control cases, and Panel D shows the mean = sem of the levels (arbitrary densitometry units). The difference between the mean levels
of MtDNA in AD and control cases is statistically significant by Student ¢ test analysis (p < 0.001).

exhibited 8-OHdG immunoreactivity in scattered
cortical neurons (Fig. 4, B and C). Pretreatment of
the sections with deoxyribonuclease (DNAse) | (20
ng/ml) abolished the 8-OHAG immunoreactivity
(Fig. 4D), indicating that the 8-OHdG molecules
were incorporated into DNA.

Reduced Mitochondrial Mass in AD

To determine whether the increased MtDNA frag-
mentation was associated with reduced mitochon-
drial mass in AD, mitochondrial protein expression
and MitoTracker Green fluorescence labeling were
analyzed. Mitochondrial protein was detected by
Western blot analysis and immunohistochemical
staining using monoclonal antibodies that were gen-
erated to human mitochondria. Although the anti-

body immunoreacts with an uncharacterized pro-
tein, a single approximately 65 kD species is
detected by Western blot analysis, and the immu-
noreactivity is characterized as a beaded or granular
profile that is typical of mitochondria and identical to
the labeling patterns observed with antibodies to
cytochrome oxidase, complex IV (COX) and with the
MitoTracker Green FM dye.

Densitometric analysis of the Western blot autora-
diographs revealed significantly lower mean levels of
mitochondrial protein in AD relative to control brains
(p < 0.001) (Fig. 5). Immunohistochemical staining of
formalin-fixed, paraffin-embedded tissue sections re-
vealed abundant coarse granular staining of neuronal
perikarya and neuropil fibers in aged control brains,
and strikingly reduced levels of mitochondrial protein
immunoreactivity in AD cortical and hippocampal
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Figure 4.

Increased 8-hydroxy-deoxyguanosine (8-OHdG) immunoreactivity in AD cor-
tical neurons. Sections of control (A) and AD (B to D) temporal cortex were
immunostained with antibodies to 8-OHdG. Immunoreactivity was detected
using the ABC method and TrueBlue peroxidase as the chromogen (blue
precipitate). The sections were counterstained with Nuclear Fast Red. Before
the primary antibody incubation step, the sections were treated with ribonu-
clease (RNAse) A (100 wg/ml) to avoid detecting 8-OHdG incorporated into
RNA. Control brains exhibited virtually no 8-OHdG immunoreactivity (A)
whereas in AD, scattered cortical cells (mainly neurons) displayed increased
8-0HdG immunoreactivity (B). C, Cellular 8-OHdG labeling in AD at higher
magnification. D, To verify 8-OHdG incorporation into DNA, adjacent sections
were also pretreated with deoxyribonuclease (DNAse) | (20 wg/ml). D, Shows
abolishment of 8-OHdG immunoreactivity following DNAse | pretreatment of a
section adjacent to the one illustrated in Panel C.

(CA1 and CA2) neurons and neuropil fibers (Fig. 6, A
and B). Reduced mitochondrial mass/abundance in
AD brain neurons was further demonstrated by label-
ing adjacent sections with MitoTracker Green FM dye
(Molecular Probes, Eugene, Oregon). MitoTracker
Green is a mitochondria-specific fluorescent dye that
labels fixed mitochondria and is used to assess mito-
chondrial mass. MitoTracker Green fluorescence was
observed in all cell types, but the labeling was most
conspicuous in neuronal perikarya and cell processes.
The main difference between AD and control brains
was that in AD, the intensity of labeling in neurons was
strikingly reduced (Fig. 6, C and D), particularly in
cortical Layers 5 and 6 where neurofibrillary tangles
abounded. However, neuronal labeling in AD was
heterogeneous, rather than uniformly reduced, in that
scattered individual and small clusters of five to seven
cortical neurons exhibited intense levels of mitochon-
drial protein immunoreactivity or MitoTracker Green
fluorescence (data not shown).

1328 Laboratory Investigation ® August 2000 @ Volume 80 ® Number 8

CCCCAAAAAA

- -

~65 KD 3 P »

25000+

Mitochondrial Protein Levels

Figure 5.

Reduced levels of mitochondrial protein expression in AD. Western blot
analysis was performed using temporal lobe extracts and monoclonal anti-
bodies to mitochondrial protein. An example Western blot autoradiograph
demonstrates the approximately 65 kD band corresponding to mitochondrial
protein in both AD (A) and control (C) samples. The levels of mitochondrial
protein were measured by densitometry (arbitrary units), and the mean =+ sp
levels for each group are depicted in the graph (*p < 0.001 by Student ¢ test
analysis).

Reduced COX Expression in AD Cortical Neurons

To determine whether the increased MtDNA fragmen-
tation and reduced mitochondrial mass were associ-
ated with reduced expression of a mitochondria-
specific protein in AD, temporal lobe sections were
immunostained with monoclonal antibodies to COX,
Complex IV. Aged control brains exhibited abundant
coarse granular staining of neuronal perikarya and
neuropil fibers (Fig. 7, A to C). Corresponding with the
patterns of mitochondrial protein immunoreactivity
and MitoTracker Green fluorescence labeling, neurons
in cortical Layers 5 and 6 and in the CA1 and CA2
regions of the hippocampus exhibited the most in-
tense and abundant COX immunoreactivity in control
brains. In AD, the density of COX-positive neurons and
the intensity of the COX immunostaining reaction in
neurons and neuropil fibers were reduced relative to
controls, and many cortical neurons exhibited little or
no COX immunoreactivity (Fig. 7, D to F). However,
corresponding with the mitochondrial protein and Mi-
toTracker Green labeling studies, scattered individual
and small clusters of cortical neurons in AD mani-
fested intense levels of COX immunoreactivity, sug-
gesting heterogeneity in neuronal COX expression
with AD neurodegeneration.

To further characterize the heterogeneous nature of
COX expression in AD brains, we used image analysis
to determine the percentage of cells in the cerebral
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Figure 6.

Reduced levels of mitochondrial protein immunoreactivity and MitoTracker Green fluorescence of AD cortical neurons. Paraffin sections of temporal neocortex were
immunostained with monoclonal antibody to mitochondrial protein. Immunoreactivity was revealed by the avidin-biotin-alkaline phosphatase method using nitro blue
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) as the chromogen. A, Control temporal cortex showing abundant labeling of neuronal perikarya and
neuropil fibers. B, AD temporal cortex showing reduced labeling of neurons and neuropil fibers. Adjacent sections were labeled with MitoTracker Green dye, which
localizes in mitochondria. The sections were examined by fluorescence microscopy using a fluorescein filter. Corresponding with the results shown in Panels A and
B, control brains exhibited bright MitoTracker Green fluorescence in most cortical neurons (C, arrows), whereas most AD cortical neurons displayed reduced levels

of MitoTracker green fluorescence (D, arrows).

cortex that could be classified as COX-positive (++),
COX-low-level (+), or COX-negative (—) (Figs. 7 and
8). Since the qualitative assessments suggested that
in AD, COX immunoreactivity was reduced mainly in
the deeper cortical layers, we quantified the relative
densities of cells exhibiting ++, +, or —COX immu-
noreactivity within Layers 1 to 4 and Layers 5 to 6.
Using the overall percentages of COX ++, +, or
—cells in 20 adjacent X200 magnification fields that
spanned the full-thickness of the regions of interest,
the AD and control group means * sbs were calcu-
lated, and statistical comparisons were made using
ANOVA with the Fisher Least Significant Difference
(LSD) post hoc test. The cases were analyzed under
code. As illustrated in Figure 8, approximately 80% of
control cells within Layers 1 to 4 had ++ or + COX
immunoreactivity, and within Layers 5 and 6, approx-
imately 90% of the cells had ++ or + levels of COX
expression. In AD, approximately 75% of the cells in
cortical Layers 1 to 4 had ++ or + COX expression,
and approximately 70% of the cells in Layers 5 and 6
manifested ++ or + COX expression (p < 0.001).
More specifically, the brains with AD had significantly
lower densities of cells with ++ COX expression

throughout the cortex (p < 0.001), and significantly
increased densities of COX-negative cells in Layers 1
to 4 (p < 0.05) and Layers 5 and 6 (p < 0.001) (Fig. 8).
In AD, 28% of the cells in cortical Layers 5 and 6 were
COX-negative, compared with 9% in control brains
(p < 0.001). Although we did not attempt to classify
the populations of COX-negative and COX-positive
cells, the size (> 6 um diameter) and shape (not round)
threshold criteria used for image analysis resulted in
the inclusion of predominantly neurons (pyramidal-
shaped and bearing a nucleolus).

Discussion

This study demonstrates that brains with AD neurode-
generation exhibit increased fragmentation of MtDNA,
reduced MtDNA content, increased 8-OHdG immuno-
reactivity, and reduced levels of mitochondrial protein,
COX immunoreactivity, and MitoTracker Green fluo-
rescence. End labeling assays detected the increased
MtDNA fragmentation, and semiquantitative PCR
studies showed that MtDNA content was reduced in
AD. The increased levels of 8-OHdG immunoreactivity
in AD cortical neurons is consistent with the finding of
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Reduced levels of cytochrome oxidase (COX) immunoreactivity in AD temporal cortex. Paraffin sections of temporal neocortex were immunostained with monoclonal
antibody to COX, Complex IV. Immunoreactivity was revealed by the ABC method using diaminobenzidine as the chromogen and hematoxylin as the counterstain.
A to G, Control brains exhibited prominent COX immunoreactivity in most cortical neurons and within the neuropil fibers. Note the granular quality of the
immunostaining reaction. D to F, In AD, COX immunoreactivity was strikingly reduced in both neurons and neuropil fibers. In Panels E and F, negative or markedly
reduced COX immunoreactivity is depicted in large pyramidal neurons. Panel F show examples (arrows) of distinct pyramidal neurons with low levels (+) of COX

immunoreactivity.

increased MtDNA damage as demonstrated by the
TUNEL assay and end-labeling of isolated MtDNA.
Increased MtDNA damage and reduced MtDNA con-
tent in AD were associated with reduced expression of
mitochondrial protein and COX, and reduced Mito-
Tracker Green labeling. Although reduced COX ex-
pression in AD has been reported previously (Chan-
drasekaran et al, 1998; Nagy et al, 1999; Wong-Riley
et al, 1997), the present study provides new informa-
tion indicating that in AD, impaired mitochondrial
function with reduced expression of mitochondria-
encoded genes is likely caused by MtDNA damage. In
addition, enhanced MtDNA damage results in reduced
mitochondrial mass (mitochondrial protein expression,
MitoTracker Green labeling) and reduced MtDNA con-
tent. Therefore, this study provides evidence for dual
mechanisms of cell loss in AD, namely apoptosis and
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MtDNA damage with impaired mitochondrial function.
The reduced levels of mitochondrial protein and COX
immunoreactivity in AD neuropil fibers further suggest
that impaired energy metabolism may contribute to
the neuritic and synaptic pathology that correlates
with dementia.

The semiquantitative PCR studies demonstrated
increased MtDNA content in 4 of the 37 AD cases (Fig.
4). In addition, the in situ studies demonstrated
marked heterogeneity in neuronal labeling in brains
with AD. Heterogeneous labeling was characterized
by the presence of many neurons with reduced or
undetectable mitochondrial protein or COX immuno-
reactivity and MitoTracker Green fluorescence, and
scattered individual or small clusters of neurons with
prominent labeling that was similar to or greater than
in control brains, consistent with previous observa-
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Reduced levels of COX expression in AD demonstrated by image analysis. COX-immunostained sections of temporal lobe were used to determine the percentages
of cells with abundant (++), low-level (+) or absent (—) COX immunoreactivity distributed in cortical Layers 1-4 and Layers 5 and 6. For each case, 20-200x
adjacent fields spanning the full-thickness of the region were examined (see “Materials and Methods” section). The neuron in Figure 7C (center) illustrates ++COX
immunoreactivity. The neurons in Figure 7F show +COX immunoreactivity. The graphed data depict the group means =+ sbs corresponding to the percentages of
cells within each category. Intergroup comparisons were made using ANOVA and the Fisher LSD post hoc significance test (*p < 0.05; **p < 0.001).

tions (Nagy et al, 1999). One possible explanation for
the paradoxically increased mitochondrial mass
(abundance), mitochondrial gene expression, and
MtDNA content observed in small populations of AD
brain neurons is that, during the early stages of
MtDNA damage, cellular responses can include com-
pensatory proliferation of mitochondria. Therefore,
heterogeneity in neuronal levels of MtDNA, mitochon-
drial protein, and mitochondrial enzyme gene expres-
sion in AD could reflect variability in the stages of
neurodegeneration.

This study also demonstrated increased GnDNA
damage in AD. GnDNA damage was associated with
fragmentation laddering and approximately 3-fold
higher levels of [a-*?P]dCTP incorporation using an
end-labeling assay. Although GnDNA laddering may
not be specific for apoptosis, it probably does corre-
spond to apoptosis in AD because the density of
TUNEL™ condensed nuclei (de la Monte et al, 1997,
1998), and the levels of proapoptosis, eg, p53, CD95,
and Bax (de la Monte et al, 1997, 1998; Su et al, 1997;
Tortosa et al, 1998), stress-responsive (Stadelmann et
al, 1998) gene expression, and caspase activity (Des-
jardins and Ledoux, 1998; Ivins et al, 1999; Kitamura
et al, 1998) are also increased. An important direction
for future research will be to determine the pre-
existing and acquired abnormalities that are respon-
sible for activating apoptosis cascades and rendering
central nervous system cells more susceptible to
oxygen-free-radical injury in the context of neurode-
generation.

There are several candidate genes and molecules
that may contribute to or be responsible for the

heightened susceptibility to apoptosis in AD. The
accumulation of AB-amyloid in brains with AD may be
important in this regard because increased levels of
Bax and p53 immunoreactivity have been localized
within and around ApB-amyloid deposits in senile
plaques (de la Monte et al, 1997, 1998; Su et al, 1997;
Tortosa et al, 1998). Experimentally, AB-amyloid has
been shown to be neurotoxic or to induce proapopto-
sis and inhibit cell survival gene expression (Davis et
al, 1999; Forloni et al, 1996; Giambarella et al, 1997;
Gunn-Moore and Tavare, 1998; lIvins et al, 1999;
Paradis et al, 1996; Prehn et al, 1996; Sayre et al,
1997a; Yamatsuiji et al, 1996) and activate oxidative
stress-related genes (Pappolla et al, 1998). Moreover,
AB-amyloid-induced cellular degeneration can be res-
cued or prevented by treatment with antioxidant or
free-radical scavenger agents (Prehn et al, 1996).
Together, these observations suggest that AB-amyloid
deposits in the brain may indirectly contribute to cell
loss in AD because of the activation of proapoptosis
genes. Of interest is the fact that only some AB-
amyloid deposits were surrounded by p53- or Bax-
immunoreactive fibrils (de la Monte et al, 1997; Su et
al, 1997; Tortosa et al, 1998), suggesting that other
factors might be required to link Ap-amyloid to neu-
rodegeneration.

Nitric oxide synthase-3 (NOS-3) (de la Monte and
Bloch, 1997) and hemeoxygenase-1 (HO-1) (Premku-
mar et al, 1995) represent two genes that are aber-
rantly expressed in AD, and whose gene products,
when present in excess amounts can enhance cellular
susceptibility to oxidative stress and free-radical in-
jury. NOS activity generates nitric oxide (NO) (Schmidt
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and Walter, 1994), which at physiological levels can
mediate important neuronal functions. However, over-
expression of NOS can lead to the generation of H,0,,
OH-, and superoxides (Leist et al, 1997; Pou et al,
1992; Stamler, 1994; Xia et al, 1996), which promote
DNA damage and neuronal cell death. Aberrantly
increased NOS-3 expression has been linked to neu-
rodegeneration in AD and other diseases (de la Monte
and Bloch, 1997; Sohn et al, 1999).

HO-1 is an inducible microsomal enzyme that oxi-
datively cleaves heme, a pro-oxidant, to biliverdin, an
antioxidant, and carbon monoxide, a potential neuro-
transmitter. Reduced HO-1 activity can result in accu-
mulation of heme, whereas increased HO-1 activity
can cause increased levels of CO, and possibly exci-
totoxic death of neurons (Maines, 1988). Previous
studies demonstrated increased levels of HO-1 mRNA
and immunoreactivity in AD (Premkumar et al, 1995;
Schipper et al, 1995). Since heme is a critical substrate
for NO production, excessive oxidative cleavage of
heme by HO-1 could encourage the generation of
reactive oxygen species in cells with aberrantly in-
creased levels NOS activity. Importantly, HO-1 and
NOS expression can be colocalized in the same cells
and induced by the same stimuli (Durante et al, 1997;
Kurata et al, 1996; Seki et al, 1997). Therefore, the
aberrantly increased expression of NOS-3 and HO-1
in AD could contribute to increased cellular suscepti-
bility to oxidative stress and free-radical injury to
MtDNA.

MiDNA fragmentation in AD was associated with a
broad size range of end-labeled molecules, consistent
with the occurrence of multiple random breaks rather
than specific mutations or deletions. The finding that
aged control brains also showed some degree of
MtDNA fragmentation is consistent with previous re-
ports that demonstrated progressive age-associated
oxidative MtDNA damage and intra-mitochondrial ac-
cumulation of 8-OH-dG (Richter, 1992, 1995). How-
ever, since the degrees of MtDNA fragmentation and
8-OHdG immunoreactivity were higher in AD relative
to control samples, it is unlikely that aging alone could
have accounted for the excessive MtDNA damage
associated with AD. In this regard, aberrant expres-
sion of NOS-3 and HO-1 may represent important
mediators of oxidative free-radical damage to MtDNA
and mitochondria.

The reduced levels of mitochondrial protein, COX,
and MitoTracker Green labeling in AD suggest that AD
neurodegeneration is associated with reductions in
mitochondrial mass (abundance) and function. Im-
paired mitochondrial function could be attributed to
depletion of mitochondria and increased MtDNA dam-
age with attendant disruption of mitochondrial gene
expression. Impaired mitochondrial function could
render neurons more vulnerable to apoptosis medi-
ated by oxidative stress and free-radical injury. Since
the distribution and abundance of mitochondria are
critical for cell function, the reduced levels of mito-
chondrial protein and COX immunoreactivity in neuro-
pil fibers in AD may reflect impaired dendritic function
and synaptic maintenance required for learning and
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memory. These observations support the hypothesis
that AD neurodegeneration can be precipitated and
propagated by free-radical injury, and therefore also
could be prevented or delayed by free-radical scav-
enger or antioxidant therapy.

Materials and Methods
Source of Tissue and Population Profile

The brains were harvested within 18 hours of death
according to the Massachusetts General Hospital Alz-
heimer’'s Disease Research Center protocol (de la
Monte, 1989). The AD group (n = 37) had a mean age
of 76.3 += 8.8 years, brain weight of 1117 = 101
grams, and postmortem interval of 7.3 = 3.9 hours.
The control group (n = 25) had a mean age of 78.0 =
6.2 years, brain weight of 1274 += 115 grams, and
postmortem interval of 8.3 = 3.6 hours. The immedi-
ate causes of death were similar for the two groups,
with most patients succumbing to pneumonia (bacte-
rial or aspiration) or cardiac arrest. Histopathologic
diagnoses were established using paraffin-embedded
sections stained with Luxol fast blue, hematoxylin, and
eosin, Bielschowsky silver impregnation, and Congo
red. The diagnosis of definite AD was rendered using
the criteria established by the Consortium to Establish
a Registry for Alzheimer’s Disease (CERAD) and Braak
and Braak (Esiri and Morris, 1997).

Isolation of DNA

DNA was isolated from temporal lobe tissue. To iso-
late genomic and MtDNA from the same samples, the
brain tissue was dounce homogenized in buffer con-
taining 10 mm Tris, pH 7.5, 50 mm NaCl, and 0.25 M
sucrose. Nuclei were pelleted by centrifuging the
samples at 5000 Xg for 15 minutes at 4° C. Mitochon-
dria present in the supernatant fraction were pelleted
through a sucrose cushion and then digested with 50
ng/ml DNAse-free RNAse A followed by 250 ng/ml of
proteinase K (Ausubel et al, 1998). MtDNA was ex-
tracted with Wizard Maxiprep resin and concentrated
by ethanol precipitation (Ausubel et al, 1998).
Genomic DNA was isolated from the nuclear pellets
using 7 M guanidine HCI and Wizard Maxi-prep resin
(Promega, Madison, Wisconsin) according to the man-
ufacturer’s protocol. DNA concentrations were deter-
mined from the absorbances measured at 260 nm and
280 nm.

Detection of DNA Fragmentation

Apoptosis and DNA fragmentation or nicking were
detected by agarose gel electrophoresis, primer-
independent incorporation of [a-*?P]JdCTP, Hoechst’s
H33258 staining, and the TUNEL assay. To visualize
DNA fragmentation ladders, 10 ug samples of GnDNA
were electrophoresed in 3% agarose gels. The DNA
was stained with ethidium bromide and visualized with
ultraviolet illumination. The degrees of DNA fragmen-
tation or nicking were assessed by measuring
[a-22P]dCTP incorporation into purified GnDNA or



MtDNA in reactions devoid of oligonucleotide primers
(Moyse and Michel, 1997). Briefly, duplicate 100 ng
DNA samples were incubated for 15 minutes at 22° C
in 20 wl reactions containing 1X Klenow buffer, 1 U
Klenow DNA polymerase, and 0.2 uCi of [a-*?P]dCTP.
Labeled DNA was isolated using Wizard DNA
Clean-up resin (Promega), and [a-*?P]dCTP incorpo-
ration was measured in a scintillation counter. This
protocol permits simultaneous quantification of DNA
damage in multiple samples. The pattern of MtDNA
fragmentation was observed by agarose gel electro-
phoresis and autoradiography of end-labeled sam-
ples.

The TUNEL assay was used to detect nicked or
fragmented DNA in formalin fixed, paraffin-embedded
sections of the temporal lobe. The reactions were
performed using [14-biotin]dCTP (Gibco-BRL, Grand
Island, New York) and terminal deoxynucleotide trans-
ferase (de la Monte et al, 1997), and biotin-labeled
DNA was detected with horseradish peroxidase con-
jugated streptavidin and diaminobenzidine. Adjacent
sections were stained with Hoechst H33258 (1 wg/ml
in PBS) for 2 minutes at room temperature. The slides
were rinsed thoroughly in PBS, cover-slipped with
Vectashield mounting medium (Vector Laboratories,
Burlingame, California), and examined by fluores-
cence microscopy.

Determination of Relative Abundance of Mitochondrial
DNA

To determine whether the increased nicking and frag-
mentation of MtDNA were associated with reduced
MtDNA content, the relative abundance of MtDNA was
measured by a semiquantitative PCR assay. Briefly,
total DNA was extracted from tissue using 7 M gua-
nidine HCI and Wizard Maxiprep DNA resin (Promega)
according to the manufacturer’s protocol. Samples
containing 1 ug DNA were analyzed by PCR using the
following primers that amplify a 235 bp sequence of
MtDNA (forward: 5'-ATTTCGTACATTACTG; reverse:
5'-TGTGCTATGTACGGTAAATG) (Hauswirth et al,
1994). Actin DNA was co-amplified using a primer set
that generated a 568 bp fragment (forward: 5'-
ATGGATGACGATATCGCTG; reverse: 5'-
ATGAGGTAGTCTGTCAGGT). Each 50 ul reaction
contained 1x PCR buffer, 200 um deoxyribonucleo-
side triphosphate, 2.5 um MgCl,, 100 pmol of each
primer, 1 uCi of [«®*?P]dCTP, and 1 U of Taq polymer-
ase. After 5 minutes denaturation at 95° C, the sam-
ples were amplified with 15 cycles of 1 minute at
95° C, 2 minutes at 56° C, and 1 minute at 72° C.
Preliminary studies demonstrated linear amplification
of both MtDNA and actin DNA with fewer than 20 PCR
cycles. The reaction products were electrophoresed in
4% nondenaturing polyacrylamide gels and analyzed
by autoradiography. The levels of MtDNA and actin
DNA were measured by volume densitometry using
National Institutes of Health Image software. The
levels of MtDNA were normalized with respect to actin
DNA to adjust for differences in template abundance.

Mitochondrial DNA Damage in AD
Assessments of Mitochondrial Mass

Mitochondrial mass was evaluated by labeling
formalin-fixed, paraffin-embedded tissue sections
with MitoTracker Green FM dye (Molecular Probes).
After deparaffinization and rehydration through graded
ethanol solutions, the sections were incubated (30
minutes, room temperature) with MitoTracker Green
FM diluted 1:5000 in PBS. The sections were rinsed in
3 changes of PBS, cover-slipped with Vectashield
mounting medium (Vector Laboratories), and exam-
ined by fluorescence microscopy using a fluorescein
filter.

Analysis of Mitochondrial Protein Expression

Mitochondrial protein expression was examined by
Western blot analysis and immunohistochemical
staining using the MAB1273 monoclonal antibody to
human mitochondrial protein (Chemicon International
Inc., Temecula, California). Homogenates of fresh fro-
zen temporal lobe tissue (de la Monte and Bloch,
1997; de la Monte et al, 1997) were used for Western
analysis (Ausubel et al, 1998). The tissues were ho-
mogenized in buffer containing Triton lysis buffer
(Ausubel et al, 1998), and insoluble cellular compo-
nents were removed by centrifuging the samples at
15000 Xg for 30 minutes. Samples containing 100 ug
of protein were electrophoresed in 10% sodium do-
decyl sulfate-polyacrylamide gels under denaturing
and reducing conditions along with prestained molec-
ular weight standards (Gibco-BRL) (Ausubel et al,
1998). Proteins transferred to Immobilon-P mem-
branes (Millipore Corporation, Bedford, Massachu-
setts) were probed with 1 ug/ml of antimitochondrial
antibody. Antibody binding was detected with horse-
radish peroxidase-conjugated secondary antibody
(IgG) and enhanced chemiluminescence reagents
(Pierce Chemical Company, Rockford, lllinois). Mito-
chondrial protein levels were quantified by densito-
metric scanning of nonsaturated autoradiographs us-
ing NIH Image Software, v 1.6. Protein concentrations
were determined using the bicinchoninic acid assay
(Pierce Chemical Company).

In Situ Analysis of Mitochondrial Protein and COX
Protein Expression

The cellular distributions of mitochondrial protein and
COX (Complex IV) expression were examined by im-
munohistochemical staining of formalin-fixed,
paraffin-embedded sections of the temporal lobe. The
sections were dewaxed, rehydrated, treated with
0.6% hydrogen peroxide in 60% methanol to quench
endogenous peroxidase activity and then blocked
with normal horse serum. The sections were incu-
bated overnight at 4° C with 1 uwg/ml of monoclonal
antibodies to mitochondrial protein (MCA1273) or
COX (Molecular Probes). Immunoreactivity was re-
vealed using the avidin-biotin horseradish peroxidase
method (Vector Laboratories) and diaminobenzidine
as the chromogen (Kirkegaard-Perry Laboratories,
Gaithersburg, Maryland). The sections were then
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lightly counterstained with hematoxylin and preserved
under coverglass. All sections were stained simulta-
neously using the same reagents, antibody dilutions,
and incubation periods. As a positive control, adjacent
sections were immunostained using monoclonal anti-
bodies to glial fibrillary acidic protein, which was
immunoreactive with all samples. As a negative con-
trol, adjacent sections were incubated with nonrel-
evant antibody to Hepatitis B virus surface antigen,
which produced no immunostaining reaction in any of
the specimens.

Image analysis was used to determine the degree to
which cellular COX expression was reduced in AD and
whether reductions in COX expression were more
pronounced in the deeper (Layers 5 and 6) as com-
pared with the more superficial (Layers 1-4) cortical
regions. Threshold criteria for positive labeling were
set to detect cells larger than 6 um with blue
(hematoxylin-stained) nuclei and brown diaminoben-
zidine perikaryal precipitates. Cellular labeling was
categorized as robust (++), low-level (+), or absent
(—). To reduce bias and permit analysis of the cases
under code, the threshold criteria were set using
sections of temporal cortex from additional control
cases that were simultaneously immunostained but
not included in the study. The laminar boundaries
corresponding to Layers 1-4 and 5 and 6 were de-
fined in digitally captured images. Cells with ++, +, or
—COX expression were enumerated within 20-200X
adjacent microscopic fields (encompassing the full-
thickness of cortical Layers 1-4 and Layers 5 and 6)
using Image-Pro Plus software (Media Cybernetics,
Silver Spring, Maryland). The overall percentages of
cells that exhibited robust (++), low-level (+), or
negative (—) COX expression were computed for each
case, and those results were used to generate mean =
sbs for each group. Intergroup comparisons were
made using ANOVA and the Fisher Least Significant
Difference post hoc test (NCSS Statistical Software,
Kaysville, Utah). Random repeat analysis of samples
yielded a coefficient of variation that was less than
10%.
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