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Alzheimer’s disease (AD) brains exhibit oxidative
stress and a biochemical defect of complex IV (cyto-
chrome oxidase, COX) of the mitochondrial electron
transport chain (ETC). This defect can be transferred
through mitochondrial DNA (mtDNA) into clonal SY5Y
cells depleted of their mtDNA. The resulting cyto-
plasmic hybrids or *“cybrids” retain the complex IV
defect and exhibit oxidative stress. We measured the
mitochondrial membrane potential (Ay,,) in AD and
control cybrids via H3-tetraphenylphosphonium ion
(H3-TPP") accumulation. AD cybrids exhibited a sig-
nificant (about 30%) decrease in H3-TPP* accumula-
tion relative to controls. Acute treatment of normal
SY5Ys with azide, a COX inhibitor, moderately de-
creased H3-TPP* retention and strongly inhibited COX
activity in a dose-dependent manner. As the mitochon-
drial transition pore (MTP) can be activated by reac-
tive oxygen species and ETC inhibitors, and its open-
ing causes Ay, dissipation, we tested the effects of the
MTP inhibitor cyclosporin A (CsA) on TPP* accumula-
tion. 5mM CsA increased basal H*™"F* accumulation in
SY5Y cells about 10-fold, corresponding to about a 2-
fold increase in Ays,. In the AD cybrids, CsA increased
the apparent Ay, to the same final levels as it did in
controls. These results indicate that low-conductance
MTP activity contributes significantly to resting Ay,
in SY5Y cells. We propose the novel hypothesis that
the COX defect and resulting oxidative stress in AD
may pathologically activate the MTP, resulting in
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oxygen species; MTP, mitochondrial transition pore; PT, permeabil-
ity transition; CsA, cyclosporin A; CCCP, carbonyl cyanide m-chloro-
phenyl hydrazone; ATR, atractyloside; MAO, monoamine oxidase; 5-
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lower Ay, and the release of mitochondrial factors
involved in apoptosis. © 1998 Academic Press
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Alzheimer’s disease is a commonly occurring and
devastating neurodegenerative disorder that causes
progressive loss of cognitive abilities in those afflicted.
Although a small subset of AD cases are clearly famil-
ial, involving mutations in the presenilin 1 and 2 (chro-
mosomes 14 and 1, respectively) or amyloid precursor
protein (chromosome 21) genes (1), the majority of AD
cases are late onset and appear to be “sporadic”, not
showing any evidence of autosomal inheritance (1, 2).

Mounting evidence suggests that mitochondrial dys-
function is prominent in AD and may underlie the “spo-
radic” cases of the disease (2—8). A mitochondrial de-
fect of complex IV or cytochrome oxidase (COX) of the
electron transport chain (ETC) is found in multiple tis-
sues, including brain, in sporadic AD (2, 3, 4, 6). Trans-
fer of platelet mitochondrial DNA (mtDNA) from AD
patients into clonal host cells (creating cytoplasmic hy-
brids, or “cybrids”) recreates the COX defect in these
cells, demonstrating its mtDNA origin (6). Impaired
COX activity increases reactive oxygen species (ROS)
production and antioxidant enzyme activities (6) and
disrupts mitochondrial Ca?* handling (7) in the AD
cybrids.

Mitochondrial damage is increasingly being impli-
cated in human disease (2—-9). At the subcellular level,
many different insults lead to mitochondrial depolar-
ization, increased permeability of the mitochondrial
membrane, and release of soluble factors involved in
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cell death (9-13). The mitochondrial permeability
transition (PT) occurs due to high-conductance opening
of a CsA-sensitive megachannel, the mitochondrial
transition pore (MTP) which spans the inner and outer
mitochondrial membranes (10, 11, 14). The PT is inhib-
ited by low concentrations of CsA (10, 14) and induced
by ETC inhibitors (10, 11, 15, 16), elevated ROS and
Ca?* (9-11, 15, 16), and the adenine nucleotide translo-
cator ligand atractyloside (ATR) (10, 11). PT leads to
dissipation of the mitochondrial membrane potential
(A, loss of ATP production, and release of mitochon-
drial stores of Ca®*, glutathione, and cytochrome ¢ (9—
13, 16, 17). Hence, it is not surprising that the MTP
seems to be a controlling factor in many cases of
apoptosis, including those involving ETC inhibition (9,
15, 16), ROS (9, 18-20), and elevated calcium (9, 16,
20). Low-conductance opening of the MTP can also oc-
cur, and may allow changes in Ay, and release of small
molecules without the mitochondria undergoing the PT
and large-amplitude swelling (10, 17).

We have recently shown that the MTP can be opened
by the parkinsonian neurotoxin MPP* in isolated mito-
chondria (21, 22, and in review), and have proposed a
model implicating the MTP in apoptosis in those neuro-
degenerative diseases (including Parkinson's and Alz-
heimer’s), which involve ETC defects and oxidative
stress (22, and in review). To begin to examine the
possible role of this channel in AD, we measured the
CsA-sensitive accumulation of the lipophilic cation tet-
raphenylphosphonium (TPP™), which measures A,
(23), in normal SY5Y human neuroblastoma cells and
in control and AD cybrids created from SY5Y cells.

MATERIALS AND METHODS

Preparation of cybrids. SY5Y cybrids were prepared from
mtDNA-depleted cells as previously described (24). Cells were grown
at 37°C and 5 % CO, in DMEM (Gibco BRL) supplemented with
10% fetal bovine serum, 1X penicillin/streptomycin, and 50 pg/ml
pyruvate. Cells were grown to confluence in 6-well plates (Corning)
prior to TPP* assays.

TPP* assay. The cell media was replaced with DMEM containing
.5 uCi/ml [H®]TPP*. Where indicated, 5 uM CsA, 25 mM carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), or 25 mM ATR was pres-
ent in the media. Cells were incubated for 1 hour at 37°C and 5 %
CO,, then washed with the same media for 10 minutes to remove
nonspecific [H}]TPP*-binding. Remaining nonspecific binding was
calculated from incubations of [H*]TPP* with 100 mM unlabeled
TPP*, and these counts were subtracted. Cells were then washed
with 2 ml PBS and harvested in 625 ml PBS. Two separate 100 ml
aliquots were counted for [H3]TPP* using liquid scintillation count-
ing. Background counts were subtracted from all sample readings.

Monoamine oxidase (MAQO) assay. MAO-A was assayed according
to Paterson et al. (25), using .25 mCi/ml [C*]-5-hydroxytryptamine
(5-HT) bioxalate. Briefly, 400 ml cell homogenates were mixed with
100 mM 5-HT in PBS, and the reaction was run for 2 hours at 37°C.
The acid product of 5-HT oxidation was extracted with ethyl ace-
tate:toluene (1:1, V/V) and aliquots of the organic phase were counted
in duplicate. Under these conditions less than 10% of the [C**]-5-HT
bioxalate was consumed, ensuring linearity. Nonspecific activity was
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determined separately for each sample by preincubation with 50 uM
pargyline and was subtracted.

Cytochrome oxidase (COX) assay. SY5Y cells were harvested in
trypsin-EDTA and transferred to 15 mL conical tubes in mainte-
nance media. The cells were spun down, resuspended and washed
by centrifugation in PBS, and then resuspended in Hanks buffered
saline solution. COX activity was determined spectrophotometrically
as the apparent first-order rate constant and referenced to protein
as previously described (4), except that the reaction was followed for
10 minutes.

Statistics. All statistical analyses were performed using Sigma
Stat software (Jandel Scientific).

RESULTS

SH-SY5Y cells incubated for 1 hour with [H3]TPP*
accumulated this lipophilic Ay,-marker (Fig 1A).
Treatment with 25 mM CCCP, which uncouples mito-
chondrial oxidative phosphorylation and collapses
Ay, demonstrates the predominant mitochondrial-lo-
calization of [H®]TPP* (Fig 1A). In order to test the
effects of the MTP inhibitor CsA on [H3]TPP* accumu-
lation, we included 5 mM CsA in the 1-hour incubation.
Surprisingly, CsA substantially increased [H*]TPP* re-
tention approximately 10-fold above baseline (Fig 1B).
This corresponds to about a 2-fold increase in Ay, ac-
cording to the Nernst equation.

This effect was completely prevented by inclusion of
CCCP or the adenine nucleotide translocator ligand and
PT-inducer ATR (Fig 1B), demonstrating that CsA's ef-
fect on Ay, is due to actions on the mitochondria and the
MTP. We also sought to find the optimal concentration of
CsA to use for our experiments by creating a concentra-
tion-response curve (Fig 1C). The maximal increase in
[H3]TPP* accumulation in response to CsA was obtained
at about 5 M, above which concentration the response
decreases (Fig 1C). Hence, we chose a concentration of
5 uM CsA for our experiments.

In order to verify that the effect of CsA on [H*]TPP*
retention was due prevention of MTP-opening and sub-
sequent washout of [H®]TPP™* (as opposed to increasing
[H3]TPP* uptake or other effects), we observed the
CsA-dependent washout of accumulated [H*]TPP*. We
found that 5 uM CsA substantially reduced the wash-
out rate of accumulated [H*]TPP* from SY5Y cells over
40 minutes following a 1-hour accumulation (Fig. 2).

We next compared [H*]TPP* accumulation in SY5Y
cybrid cells made with mitochondria from either control
or AD patients. The AD cybrids exhibit significantly
depressed complex IV activities compared to control
cybrids (.0186 versus .0236, p = .001; Fig 3). We found
that [H®TPP* accumulation was significantly de-
creased in the AD compared to control cell lines (p =
.01; Fig. 4A). We normalized [H3]TPP* counts to MAO-
A activity to account for potential differences in mito-
chondrial mass between AD and control cells. MAO-A
is a nuclear-encoded mitochondrial membrane protein.
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B CsA Substantially Increases Mitochondrial
TPP* Accumulation in SY5Y Cells
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FIG. 1.

(A) CCCP-sensitive accumulation of TPP* into SY5Y cells. SY5Y cells were incubated for 1 hour in the presence of .5 uCi/ml

TPP™ alone or with 25 mM CCCP, which uncouples oxidative phosphorylation and dissipates Ay,,. Cells were then washed for 10 minutes
in DMEM, and washed and harvested in PBS for counting. (B) CsA substantially increases mitochondrial TPP* accumulation in SY5Y
cells. SY5Y cells were incubated for 1 hour in the presence of .5 uCi/ml TPP* alone or with 5 uM CsA, 5 uM CsA plus 25 uM CCCP, or 5
uM CsA plus 25mM ATR. Cells were then washed for 10 minutes in DMEM, and washed and harvested in PBS. (C) Concentration-
dependence of CsA's effect on TPP* accumulation. Cells were incubated for 1 hour in the presence of .5 pCi/ml TPP* with .5-25 yM CsA.
Data presented are from at least 3 independent experiments, and represent the mean value +/— sem.

Since the cybrids are derived from a clonal cell line,
the nuclear background is identical in each of them.
Addition of CsA to the incubation resulted in an in-
tense increase (about 17-fold) in [H3]TPP* accumula-
tion by the AD cybrids (Fig. 4B), which was greater
than the increase (about 10-fold) seen in controls (p =
.01). There was no difference in the final TPP*/MAO-
A ratios between disease and control cybrids treated
with CsA (p = .49). Hence CsA had a greater relative

effect on Ay, in AD than in control cells, but increased
Ay, to similar absolute values.

As the primary defect in the AD cybrids appears to
be complex 1V dysfunction, we attempted to model this
in normal SY5Y cells with the complex IV inhibitor,
sodium azide. The effects of a 3-day incubation with
50-300 uM azide on complex IV activity, as measured
by a modification of the method of Wharton and Tzaga-
loff (26) are shown in Fig. 5. Azide inhibited complex
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CsA-Sensitive Washout of TPP* from SY5Y Cells
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FIG. 2. CsA-sensitive washout of TPP* from SY5Y cells. Cells
were incubated for 1 hour in the presence of .5 uCi/ml TPP* alone
or with 5 uM CsA. Cells were then washed for 10 minutes in DMEM
which was then replaced with fresh DMEM. Cells were then washed
and harvested in PBS at the indicated times. Data presented are
from at least 3 independent experiments, and represent the mean
value +/— sem.

IV activity significantly at 50 mM, and caused a dose-
dependent inhibition at higher doses. However, the ef-
fects of the same azide treatments on TPP* accumula-
tion were much less dramatic, with 3 days of 300uM

COX Activity is Depressed in AD Cybrids
Compared to Controls
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FIG. 3. Cytochrome oxidase activity in AD (n = 6) and control
(n = 6) cybrids, expressed as a percentage (plus or minus sem) of
the mean control value. The AD cybrids exhibited a significant (p =
.0011) decrease in COX activity. Each cybrid line was grown up and
assayed independently at least twice.
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*H- TPP* Accumulation is Reduced in AD
Cybrids and Increased by CsA
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FIG. 4. (A) Accumulation of TPP* by AD and control cybrids.
TPP™ counts were normalized to MAO-A oxidase activity, a stable
mitochondrial membrane marker. AD cybrids (n = 6) exhibited sig-
nificantly lower (p = .01, unpaired t-test) TPP"/MAO-A ratios and a
greater increase in response to CsA than control cybrids (P < .05,
unpaired t-test). (B) CsA treatment increased the TPP*/MAO-A ra-
tios in AD and control cybrids to similar levels (p = .49). Each cybrid
line was grown up and assayed independently at least twice.

azide only leading to about a 30% decrease in TPP*
accumulation (Fig. 5).

DISCUSSION

By measuring [H]TPP* accumulation, we have
shown that SY5Y cybrids made with mitochrondria
from AD patients exhibit significantly decreased Ay,
compared to control cybrids (Fig. 4A). This decrease
was reversed by CsA, which increased the retention of
TPP™ in both control and AD cybrids (by about 10- and
17-fold, respectively; Fig. 4B). This action of CsA occurs
at the level of the mitochondria and most likely derives
from inhibition of the low-conductance state of the
MTP, as it is reversible by CCCP (uncoupling of oxida-
tive phosphorylation) and ATR (opening of the MTP),
respectively (Fig. 2). This dramatic effect of CsA was
not an artifact of the cybrid technique, as native SH-
SY5Y cells exhibited the same response to CsA as did
the control cybrids. These results raise the novel and
intriguing possibility that there is a high level of MTP
activity in resting cells, which significantly contributes
to basal Ay,,. We have also observed a similar effect
of CsA on an independent measure of Ay, in SY5Y
cells (tetramethylrhodamine fluorescence; C.P. Fall
and J. P. Bennett, in review), excluding the possibility
that this effect is peculiar to TPP™*.

Our results with azide indicate that acute and highly
substantial inhibition of complex IV of the ETC does
not replicate the mitochondrial membrane potential de-
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Comparison of the Effects of Azide
on [H*]TPP* Accumulation and COX
Activity in SY5Y Cells
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FIG. 5. Effects of azide on the accumulation of TPP* and COX
activity in SY5Y cells. Cells were incubated for 3 days with 50 to
300 M Na azide. COX activity was measured as described in the
methods by following the oxidation of cytochrome ¢ at 30° C. Each
azide concentration was assayed at least twice separately.

fect seen in AD cybrids (Fig. 5). Thus, the decrease in
COX activity present in the AD cybrids does not di-
rectly explain their decreased Ay,,. This might be ex-
pected if other, long-term effects of chronic partial inhi-
bition of complex IV, as occurs in AD and in the AD
cybrids, are responsible for the depressed Ays,,,. We hy-
pothesize that accumulating oxidative damage to mito-
chondria and mitochondrial membrane components,
particularly the redox-sensitive sites on the MTP, may
account for the difference in apparent Ay, between
AD and control cybrids.

Pathological MTP-opening has been implicated in
many processes including apoptosis (9, 15, 16, 18-20),
and loss of Ay, appears to be required for apoptosis in
many model systems (9). The possibility that the MTP
may be involved in cell death in neurodegenerative dis-
eases is just beginning to be explored (20—22). Our re-
sults represent the first evidence that mitochondria from
AD patients may have a higher rate of opening of the
MTP. This defect must ultimately result from mtDNA
differences, as the AD cybrids differ from the control
cybrids only in the source of their mtDNA, negating the
influence of any nuclear or environmental factors (6).

Hence, a model for neuronal cellular injury and
death in AD may be proposed in which an ETC defect
in complex IV results in elevated ROS production and
progressive cellular oxidative damage. Oxidation of re-
dox-sensitive sites on the MTP (eg, the thiol site(s) on
the adenine nucleotide translocator) (10, 11) would in-
creasingly lead to pathological pore-opening and re-
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lease of signals including Ca** and cytochrome ¢ which
are known to be capable of inducing apoptosis (9, 12,
13, 16, 17, 27). This theory is consistent with findings
that ETC inhibitors and ROS can induce the mitochon-
drial PT and apoptosis (9, 15, 16, 18—20). Furthermore,
others have demonstrated decreased mitochondrial
membrane fluidity in the AD brain (28), decreased mi-
tochondrial membrane-associated metabolic capacity
in AD fibroblasts (29), and increased oxidative stress
and oxidative mtDNA damage in the brains of AD pa-
tients (5, 28—30). These findings suggest that antioxi-
dants, mitochondrial transition pore inhibitors, and mi-
tochondrial membrane potential stabilizers may be of
therapeutic value in treating AD patients.
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