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Differentiated Alzheimer’s Disease Transmitochondrial Cybrid
Cell Lines Exhibit Reduced Organelle Movement
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ABSTRACT

The axonal transport and function of organelles like mitochondria and lysosomes may be impaired and play
an important role in the pathogenesis of Alzheimer’s disease (AD). Unique cybrid cell lines that model AD pa-
thology were created by fusing platelets containing mitochondria from age-matched AD and control volun-
teers with mitochondrial DNA-free SH-SYSY human neuroblastoma cells. These cybrid lines were differenti-
ated to form process-bearing neuronal cells. Mitochondria and lysosomes in the neurites of each cybrid line
were fluorescently labeled to determine the Kinetics of organelle movement. The mitochondria in AD cybrid
neurites were elongate, whereas the mitochondria in control cybrid neurites were short and more punctate.
The mean velocity of mitochondrial movement, as well as the percentage of moving mitochondria, was signif-
icantly reduced in AD cybrids. The velocity of lysosomal movement was also reduced in the processes of AD
cybrid cells, suggesting that the axonal transport machinery may be compromised in cybrid cell lines that
contain mitochondrial DNA derived from AD patients. Reduced mitochondrial and lysosomal movement in
susceptible neurons may compromise function in metabolically demanding structures like synaptic terminals

and participate in the terminal degeneration that is characteristic of AD. Antioxid. Redox Signal. 7, 1101-1109.

INTRODUCTION

CNS NEURONS are highly differentiated cells with elabo-
rately branched dendritic arbors, as well as an axon that
can extend for up to a meter in length. This polarized mor-
phology makes neurons susceptible to disruption of cellular
transport systems (13). Organelles like mitochondria and lyso-
somes are distributed to postsynaptic structures, including
dendritic spines, by an active transport system. Anterograde
axonal transport is responsible for the delivery of these and
other synaptic components, such as choline acetyltransferase
and amyloid precursor protein (APP), to axonal terminals (6,
40, 44). Retrograde transport delivers trophic factors like brain
derived neurotrophic factor and nerve growth factor, as well
as membrane bound organelles like mitochondria and lyso-
somes, to the cell body (21, 39).

The movement of organelles like mitochondria and lyso-
somes depends on the microtubule-based, ATP-binding motor

proteins, including members of the kinesin family and cyto-
plasmic dynein, which move organelles anterograde and ret-
rograde, respectively (5). Lysosomes are part of a dynamic
system that maintains cell viability by recycling damaged or
dysfunctional cellular constituents and protein aggregates (32).
Lysosomes are up-regulated in Alzheimer’s disease (AD) and
this may represent a neuronal compensatory response against
the accumulation of protein inclusions. Loss of lysosome trans-
port in neurons could restrict this compensatory response and
limit neuronal viability (3, 9). The distribution of mitochon-
dria to distal axons, dendrites, and synaptic terminals is espe-
cially important because neurons require a local supply of ATP
to support the generation of membrane potentials and buffer
local changes in calcium concentration (34, 35). Changes in
the distribution of mitochondria in neuronal processes are dele-
terious and can lead to altered process growth, terminal de-
generation, and cell death (36). Altered axonal transport of
essential cellular organelles and constituents could therefore
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result in the loss of synapses by living neurons and ultimately
neuronal cell death seen in AD (10, 34).

What evidence exists that altered axonal transport plays a
role in AD pathogenesis? Dystrophic neurites in AD cortex
biopsies have cytoskeletal and membrane abnormalities con-
sistent with a disruption of axonal transport (8, 43). AD brain
is also characterized by a progressive loss of synaptic vesicle
protein expression (33). Dai et al. (14) recently visualized a
decrease in temporal cortex axonal transport in AD brain tis-
sue by using a postmortem tracing method. The results of
these studies suggest that a disruption in axonal transport may
play a critical role in the neuronal dysfunction seen in AD.

Numerous studies have shown that human disease can be
caused by defects in mitochondrial DNA (mtDNA) that result
in compromised mitochondrial function. Impaired mitochon-
drial function, especially at the level of the electron transport
chain (ETC), may play a key role in the pathogenesis of AD
(49). Specific decreases in cytochrome ¢ oxidase (CO) activ-
ity, complex IV in the mitochondrial ETC, have been detected
in the brain tissue and platelets of AD patients (for review, see
49). AD brain tissue harbors mtDNA mutations that could ac-
count for the decrease in oxidative phosphorylation seen in
AD (12). Mitochondrial dysfunction in AD has also been as-
sociated with increased levels of oxidative stress and altered
calcium homeostasis (34, 42). Finally, morphologically abnor-
mal mitochondria have been found in neurons and synapses
of AD brains (18, 45).

Cytoplasmic hybrid (“cybrid”) cell models have been used
to demonstrate the role dysfunctional mitochondria play in
the pathogenesis of AD (25, 50). Cybrid cells were created by
introducing mitochondrial genes from the platelets of sporadic
AD patients or symptom-free, age-matched control (CNT)
volunteers into human, SH-SY5Y neuroblastoma cells that have
been depleted of endogenous mtDNA (p° cells). The p° cells
were generated by prolonged incubation in low concentrations
of ethidium bromide (38). Platelets exhibit abnormalities in
calcium regulation and oxidative metabolism and have been
widely used to study AD (15, 22). Platelets also express APP,
accumulate B-amyloid (AR) isoforms, and exhibit a decrease
in CO activity that is comparable to the decrease seen in AD
brain tissue (15,41). Removal of metabolic support following
cybrid fusion selects cybrid cell lines that are adequately re-
populated with platelet mitochondria and are capable of sus-
taining oxidative phosphorylation. Multiple replication cycles
yield cybrid cell lines with constant environmental and nuclear
genetic backgrounds that differ from each other only in the
source of their mitochondrial genes (38, 49).

Cybrid cell lines that have been repopulated with mtDNA
from AD platelets exhibit disruption of many vital cell func-
tions that recapitulate changes seen in AD brain. For exam-
ple, AD cybrid cell lines have increased levels of reactive
oxygen species (ROS) and free radical-scavenging enzymes
(50), altered intracellular calcium signaling with reduced mi-
tochondrial calcium stores (46), increased numbers of enlarged,
disrupted mitochondria (52), and reduced mitochondrial mem-
brane potential that can be partially restored by antioxidant
treatment (7, 24). AD cybrid cells oversecrete AR peptides, have
increased cellular AR peptide levels, and accumulate Congo
red-positive amyloid deposits in culture (24). The chronic
changes in bioenergetic functions typical of AD cybrid cell
lines are reproducible (53). Furthermore, direct comparison
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of mitochondrial morphology and function in low (p = 8-10)
and high (p = 14-16) passage AD and CNT cybrid cell lines
showed that there is a phenotypic drift toward increased mito-
chondrial dysfunction, in part because defective mitochon-
drial genes exhibit a replicative advantage (53). Our results
thus far firmly establish cybrid cell lines as important tools
that can be used to understand sporadic AD, in terms of both
abnormal cell physiology and production of characteristic cy-
topathology.

AD and CNT cybrids can also be differentiated into process-
bearing neuronal cells using chemically defined medium and
retinoic acid (26). Differentiated AD cybrids provide a model
of a process-bearing neuron harboring persisting bioenegetic
defects in mitochondrial ETC function. In this study, we visu-
alized mitochondria and lysosomes in the processes of differ-
entiated AD and CNT (dAD and dCNT) cybrid cell lines to
determine if the ETC defect in AD cybrids alters the kinetics
of mitochondrial and lysosomal axonal transport. Our results
firmly establish that the velocity of mitochondrial and lysoso-
mal movement in the processes of AD cybrid cell lines is sig-
nificantly reduced. These results further suggest that chronic
mitochondrial dysfunction can lead to compromise of the ax-
onal transport system in AD neurons.

MATERIALS AND METHODS

AD and CNT cybrid cell lines were created, and character-
ized as previously described (50). All cell lines were retrieved
from frozen stocks as matched sets so that cells were grown
for comparable periods of time (equivalent numbers of pas-
sages) in culture prior to differentiation. New stocks of all repli-
cating cybrid lines were retrieved from frozen stocks every 2
months to avoid mycoplasma contamination. Replicating, un-
differentiated cybrid cell lines were maintained in serum-
containing culture medium as previously described (52). To
differentiate AD and CNT cybrid cell lines, the cells were plated
at low density into poly-L-lysine-coated coverslip culture dishes
(MatTek, Ashland, MA, U.S.A.) and incubated in 10 pM trans-
retinoic acid (Calbiochem, La Jolla, CA, U.S.A.) in serum-
containing culture medium. After 7-10 days, the serum-
containing culture medium was replaced with a defined medium
consisting of Dulbecco’s modified Eagle’s medium (high glu-
cose), N2 supplement, 1% ovalbumin, sodium pyruvate (100
pg/ml), 0.5 mg/ml uridine, penicillin (100 [U/ml), and strep-
tomycin (50 pg/ml). All medium components except serum
were from Invitrogen (Grand Island, NY, U.S.A.). Movement
was measured in differentiated cybrid cells after 14-21 days
following the beginning of the differentiation procedure.

To measure mitochondrial movement, dAD and dCNT cells
were incubated with 50 nM MitoTracker CMXRos (MTRed;
Molecular Probes, Eugene, OR, U.S.A.) for 10 min at 37°C.
dAD and dCNT cybrid cells were incubated with 200 nM
LysoTracker Red DND-99 (LysoRed; Molecular Probes) for
1 h to visualize lysosomes. Time-lapse recordings of labeled
mitochondrial and lysosomal movement were made on an
Olympus [X70 microscope equipped with epifluoresence and
Nomarski optics, a Lambda 10-2 filter wheel (Sutter Instru-
ments, Novato, CA, U.S.A.), a MicroMax Princeton Instru-
ments digital camera (Roper Scientific, Trenton, NJ, U.S.A.)
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and a heater/controller (World Precision Instruments, Inc.,
Sarasota, FL, U.S.A.) to maintain cybrid cells at 37°C during
image collection. Collection of image stacks and velocity mea-
surements were made using the MetaMorph Imaging System
(Universal Imaging Corp., Downingtown, PA, U.S.A.). For
standard recordings, images of the organelles in one neurite
per cybrid cell were collected every 3 s for 2 min. Unlike
other studies, the velocity of all mitochondria or lysosomes in
each cybrid process was determined whether they moved or
not (28, 29). The run length (distance traveled without stop-
ping), total excursion length (total distance traveled irrespec-
tive of direction during the recording period), average veloc-
ity, percent not moving, and percent of time spent moving
were all determined. The tip-to-tip length of each mitochon-
drion was also measured. Neutral density filters were used to
reduce illumination from the mercury lamp. Exposure peri-
ods (30-50 ms) were kept at a minimum to limit phototoxic-
ity. For each study, dCNT cells were imaged first to establish
optimal conditions.

Mitochondria and lysosomes in each frame of every video
recording were individually tracked using the MetaMorph
Imaging System. The average velocity was calculated for each
organelle during the 3-min recording period. Then the aver-
age velocity of every mitochondrion or lysosome in each cy-
brid neurite (one neurite measured per cell) was averaged to
obtain the average velocity for mitochondrial or lysosomal
movement per neurite. The average organelle velocity per neurite
was used to generate the data shown in Table 1. The data were
analyzed using Statistica software (StatSoft, Tulsa, OK, U.S.A.)
and Excel (Microsoft, Redmond, WA, U.S.A.) ¢ test assuming
equal or unequal variance.

AD subjects met the National Institute of Neurological and
Communicative Disorders and Stroke and Alzheimer’s Dis-
eases and Related Disorders Association (NINCDS-ADRDA)
criteria for probable AD. Individuals in the AD group did not
have indications of any other neurodegenerative diseases, in-

cluding familial AD. CNT subjects were cognitively normal,
age-matched, and sex-matched to AD subjects. All AD and
CNT subjects were recruited after Institutional Review Board
approval as previously described (52).

RESULTS

Subject data

The six CNT and eight AD cybrid lines used to study mi-
tochondrial movement were derived from a larger group of
age-matched (range 55-79, mean age for AD = 69.6 years;
range 49—67, mean age for CNT = 60.2 years) cybrid lines (52).
There were three females and three males in the CNT group
and five females and three males in the AD group. A smaller
subset of three CNT and three AD cybrid lines was used to as-
sess changes in lysosome movement. CO activity was mea-
sured in samples of AD and CNT cybrid lines at low passage
(see 53). CO activity in this subset of AD cybrid cell lines was
not statistically different from that in CNT, although signifi-
cance was achieved in larger studies of AD and CNT cybrid cell
lines generated by our research group (52; see 50 for method).
In CNT cybrids, CO activity ranged from 0.0122 to 0.0547
nM/s/mg (average = 0.0342). CO activity in the AD cybrids
ranged from 0.0139 to 0.0752 nM/s/mg (average = 0.0293).

Mitochondrial morphology and movement in
differentiated cybrid neurites

In cybrid neurites of comparable length (data not shown)
stained with MTRed, the mitochondria in dAD neurites were
long and thread-like, whereas mitochondria in dCNT neurites
were shorter and more punctate (Fig. 1). The number of mito-
chondria in dAD cybrid processes ranged from four to 19,
whereas the number of mitochondria in dCNT cybrid processes

TABLE 1. SUMMARY OF MEASUREMENTS OF MITOCHONDRIAL AND LYSOSOMAL VELOCITY

AD CNT

Mitochondria
Average velocity* (um/s)
Percent not moving?
Total excursion length* (um)
Time moving* (s)
Run length* (um)
Mitochondrial lengtht (um)

Lysosomes
Average velocity* (um/s)
Total excursion length* (um)
Time moving' (s)

n = 69 neurites
0.075 +0.0037
68.36%
4.8 +0.308
53.72+0.913
0.72+0.109

4.61+0.31

n = 31 neurites
0.105+0.014
10.71 £0.501
89.57 £1.64

n =51 neurites
0.106 + 0.0054
51.75%
6.74 +0.471
58.56 £1.14

1.6 £0.207
3.35+0.269

n = 15 neurites
0.141 + 0.0054
14.53 +0.542

109.24 + 0.866

The table summarizes the measurements of mitochondrial and lysosomal velocity determined in this study. The mitochondrial
data were collected from 69 processes derived from individual cells in eight AD cybrid lines that contained from four to 19 mito-
chondria per process. The CNT mitochondrial data were collected from 51 processes of individual cells in six cybrid lines that
contained from seven to 28 mitochondria per process. The lysosome data were collected from three AD and three CNT cybrid
lines. The 15 CNT processes analyzed contained two to 24 lysosomes per process, whereas the 31 AD cybrid processes contained
three to 21 mitochondria per process. Data are given as means + SEM.

*Significant at p < 0.001 using a ¢ test assuming equal or unequal variance.

fSignificant at p < 0.05 using a ¢ test assuming equal or unequal variance.

Significant at p < 0.001 using a ¢ test assuming equal variance.
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FIG. 1. Mitochondria and lysosomes in dAD and dCNT
cybrid neurites were stained with MTRed and LysoRed, re-
spectively. (A and B) The morphology of mitochondria in the
neurites from dCNT and dAD cybrid cells. The mitochondria
in the dAD cybrid neurite were longer and more thread-like. (C
and D) The morphology of lysosomes in the neurites of dCNT
and dAD cybrid cells.

ranged from seven to 28. Quantitative measurements subse-
quently confirmed that the mitochondria in dAD cybrid neu-
rites were significantly longer than mitochondria in dCNT neu-
rites (Table 1). The length of each mitochondrion found in 72
different cell processes in seven dAD cybrid cell lines was
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significantly different (p < 0.05) from the mitochondrial length
in 49 different cell processes in six dCNT cybrid cell lines using
a dependent 7 test (Table 1). In general, the total mass of all the
mitochondria in each cybrid neurite was equivalent, although
the number of mitochondria varied (data not shown). When
mitochondrial length and velocity were correlated for all the
mitochondria tracked in one dAD and one dCNT cybrid cell
line (Fig. 2), the longer, thread-like dAD mitochondria were
also slower than the shorter dCNT mitochondria.

Mitochondrial movement was bidirectional and saltatory, that
is, characterized by frequent starts and stops. Even in CNT cell
processes, a substantial percentage of mitochondria were station-
ary for a portion of the recording period (Table 1, percent not mov-
ing). A histogram of the average velocity of mitochondrial move-
ment was created for JAD and dCNT cybrids and is shown in Fig.
3. The mitochondria in 69 different dAD cybrid neurites moved at
a significantly reduced velocity (p = 0.001) when compared with
mitochondria in neurites from 51 different dCNT cells using a ¢
test for samples assuming equal or unequal variance (Table 1). A
two-sample F test was used to analyze the variance and standard
deviation of the mean mitochondrial velocities per process for
each dAD and dCNT cybrid line. The range in variance for the
dAD cybrid lines (0.0003-0.0143, mean 0.0055) was not signifi-
cantly different from the range in the variance in the processes of
dCNT cybrid lines (0.0055-0.0164, mean 0.0118). The mean mi-
tochondrial velocity calculated for the seven dAD cybrid lines was
0.075 pm/s with a standard deviation of 0.016 and a standard error
(SEM) of 0.0037. The mean mitochondrial velocity for the six
dCNT cell lines was 0.106 pwm/s with a standard deviation of
0.020 and a SEM of 0.0054. The mean AD and CNT mitochon-
drial velocities were significantly different using a # test assuming
either equal or unequal variance at p = 0.01 (two-tail).

The decreased velocity of mitochondrial movement is due,
in part, to a significant increase in the percentage of mito-
chondria that fail to achieve a minimum velocity of 0.05 um/s
(Table 1, percent not moving), a reduction in the total excursion
length (total distance mitochondria traveled during the re-
cording period in 69 dAD and 39 dCNT cybrid neurites), time
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FIG. 2. This scatterplot shows the paired length and velocity of all mitochondria (» = 96) in seven neurites from one dAD
cybrid cell line (gray circles). The mitochondria in this typical dAD cybrid line were longer and moved more slowly than the mi-
tochondria (n = 89) in eight neurites of one typical dCNT cybrid cell line (black circles).
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FIG. 3. This montage shows images of MTRed-labeled mitochondria in a dCNT neurite taken every 3 s (elapsed seconds
shown on each image). The mitochondrion indicated by the wide arrow moved in a retrograde direction. Diffuse staining near the
wide arrow is derived from labeled mitochondria in the cell in another focal plane. The mitochondrion indicated by the straight
thin arrow moved anterograde during the recording period. The mitochondrion indicated by the curved arrow showed minimal
movement during the recording period. The histogram shows that the mean velocity of mitochondrial movement in the processes
of 69 dAD cybrid cell processes (black bars) was significantly reduced (p < 0.01) when compared with movement of mitochon-
dria in the processes of 51 dCNT cybrid cell processes (gray bars) using both the ¢ test for dependent samples and the Wilcoxon
matched pairs test. The same data are shown in the bar and whisker chart (inset).

spent moving (based on 566 dAD and 548 dCNT mitochon-
dria), and run length (distance traveled between stops) of 544
dAD and 614 dCNT mitochondria in cybrid neurites (Table
1). Nevertheless, some mitochondria in both dAD and dCNT
cybrid neurites achieved maximum velocities of 1-2.6 um/s.

Figure 3 includes a montage of images that illustrate the move-
ment of three mitochondria in a differentiated cybrid neurite.
Few mitochondria moved retrograde even in dCNT cybrid neu-
rites. Consequently, the number was not sufficient to allow us
to determine if anterograde and retrograde movements were
differentially affected in dAD cybrids.

Lysosomal morphology and movement in
differentiated cybrid neurites

The LysoRed-stained lysosomes in dAD and dCNT cybrid
neurites of comparable length (data not shown) were spheri-

cal in shape and ranged in diameter from 0.52 to 0.94 um.
The lysosomes in dAD and dCNT cybrid neurites were com-
parable in diameter and shape (Fig. 1). The number of lyso-
somes ranged from three to 24 in dAD cybrid neurites and
three to 21 in dCNT cybrid neurites. In dCNT cells, lysosomes
moved consistently either anterograde or retrograde with far
fewer changes in direction than mitochondria. Only a small
percentage of the lysosomes remained stationary during the
recording period (data not shown). Lysosomes in dAD cybrid
neurites did not travel as far (total excursion length) and also
spent less time moving during the recording period than dCNT
lysosomes. A histogram of the average velocity of lysosomal
movement was created for dAD and dCNT cybrids and is shown
in Fig. 4. The lysosomes in 31 different dAD cybrid neurites
moved at a significantly reduced velocity (p < 0.001) using a
t test assuming equal variance when compared with lysosomes
in the neurites of 15 different dCNT cybrid neurites (Table 1).
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FIG. 4. The histogram shows that the average velocity of lysosome movement in the processes of 31 dAD cybrid cells
(black bars) was significantly reduced (p < 0.05) when compared with movement of lysosomes in 15 processes of dCNT cy-
brid cells (gray bars) using the 7 test for dependent samples and the Wilcoxon matched pairs test. The same data are shown

in the bar and whisker chart (inset).

The range in the variance for lysosome velocity in dAD cybrid
neurites (0.0032-0.0102, mean 0.0057) was not significantly
different from the range in variance in the lysosome velocity
in dCNT cybrid neurites (0.0014—0.0049, mean 0.0037) using
a two-sample F test. The mean lysosome velocity for the six
dCNT cell lines examined as 0.141 pwm/s with a standard devi-
ation of 0.029 and a SEM of 0.0054. The mean lysosome ve-
locity calculated for the seven dAD cybrid lines examined was
0.105 pm/s with a standard deviation of 0.017 and a SEM of
0.014. The mean dAD (n =3) and dCNT (n = 3) lysosome ve-
locities were not significantly different using a ¢ test assum-
ing either equal or unequal variance. This suggests that it will
be necessary to increase the number of cybrid lines studied to
increase the power and achieve significance at the level of cy-
brid lines rather than cybrid cell processes (shown in Table 1).

DISCUSSION

The major finding of this study is that mitochondria and
lysosomes in the neurites of dAD transmitochondrial cybrid
cells exhibit a reduced velocity of axonal transport. The trans-
mitochondrial cybrid cell lines generated for these studies are
unique because the mtDNA from AD or CNT patient-derived
cells (platelets) was transferred into mtDNA-free p® human
neuroblastoma cells. The resulting cell lines were grown for a
minimum of 6 weeks in a selection medium to eliminate in-
completely fused cells that have not been repopulated with the
donor mtDNA. As cybrid lines share a common nuclear back-
ground and identical culture conditions, the phenotypic differ-
ences expressed by AD and CNT cybrid lines are an expres-
sion of mtDNA differences.

Retinoic acid-differentiated human SH-SY5Y neuroblastoma
cells are suitable host cells for this study because they become
postmitotic and express cytological features of neurons in cul-
ture. The neurites elaborated by dAD and dCNT cybrid cells
express neuron-specific B-tubulin, all three neurofilament pro-

teins, the microtubule-associated proteins, MAP-2 and fetal
tau, as well as the microtubule motors, kinesin and cytoplas-
mic dynein (data not shown; 47, 54, 56). The processes of dif-
ferentiated cybrid cells exhibit the morphology of axons (un-
branched with a narrow caliber) or dendrites (tapering and
branching). Previous studies have noted that the kinetics of
organelle transport in axons and dendrites are essentially the
same (28). AD and CNT cybrid neurites express both MAP-2
and tau (data not shown). The failure to segregate tau to the
axon is a characteristic of immature neurons (16).

Like other neuronal cells in culture (28), cybrid mitochon-
drial movement is saltatory and characterized by frequent stops
and direction reversals. In contrast, cybrid lysosomal move-
ment in other culture systems tends to be sustained, unidirec-
tional with few stops, and more closely resembles the move-
ment of other vesicular cargo conveyed by axonal transport
(1). Both mitochondria and lysosomes follow microtubules as
“tracks” for their long-distance excursions into neuronal pro-
cesses and use members of the kinesin family and cytoplasmic
dynein to direct their movement (29). The velocity of lyso-
some movement was affected slightly more than the velocity
of mitochondrial movement in dAD cybrid neurites despite
the fact that an age-matched subset consisting of only three
AD cybrid lines was compared with a subset of three CNT
cybrid lines (Table 1). It will be important to expand the lyso-
some velocity measurements to include the remainder of the
AD and CNT cybrid lines available. Such a differential effect
on axonal transport kinetics may be influenced by the specific
member of kinesin family each organelle uses to drive antero-
grade transport (19).

In the neurites of dAD cybrid cells, the velocity of both mi-
tochondrial and lysosomal transport was significantly reduced
(Table 1). This observation suggests that one or more compo-
nents of the transport machinery used by both organelles are
compromised by the presence of dysfunctional mitochondria
expressing mtDNA from AD patients. AD cybrids exhibit in-
creased levels of ROS, elevated basal cytosolic calcium, in-
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creased production of AP peptides, and a prolonged return to
basal calcium levels following stimulation (46, 50). Compo-
nents of the neuronal cytoskeleton (tubulin, neurofilaments,
and tau), as well as the motor proteins, kinesin and cytoplas-
mic dynein, are highly sensitive to damage from ROS and high
levels of calcium (11, 37). Therefore, increased levels of ROS
or calcium could compromise the neuronal cytoskeleton and/
or motor proteins and their interactions with mitochondria
and/or lysosomes. Cash et al. (8) suggested that oxidative dam-
age from dysfunctional mitochondria may destabilize micro-
tubules, free tau, and destroy the “track™ of axonal transports.
In support of this possibility, exposure of rat hippocampal neu-
rons to a clinically relevant concentration of nitric oxide causes
a significant reduction in organelle transport and neurite out-
growth (data not shown; 51). Axonal transport can also be
transiently inhibited by glutamate exposure, which triggers cal-
cium influx (23). Basal calcium levels and recovery of cal-
cium following influx were compromised in proliferating AD
cybrids (46). Altered calcium homeostasis may therefore play
a role in the reduction of axonal transport of mitochondria
seen in dAD cybrids. Direct application of A342 peptides has
also been shown to inhibit fast axonal transport in sciatic nerve
(23). In cultured hippocampal neurons, AP application re-
sulted in an irreversible inhibition of active transport (20). Al-
though we have not determined the level of AR expression in
differentiated cybrids, undifferentiated AD cybrids generate
increased levels of AR peptides (24).

The mitochondria in dAD cybrid neurites were significantly
longer and more thread-like than the mitochondria in dCNT
cybrid neurites. Bertoni-Freddari ef al. (4) found that enlarge-
ment of mitochondrial size is inversely correlated with CO
activity. This is consistent with our measurement of reduced
CO activity in undifferentiated AD cybrid lines (50). Varadi
et al. (55) disrupted cytoplasmic dynein function with the p50
dynactin subunit. This manipulation unexpectedly caused the
formation of long, interconnected mitochondria. They specu-
lated that cytoplasmic dynein is important for the correct mi-
tochondrial targeting of molecules such as dynamin-related
protein, a protein involved in mitochondrial fission. They fur-
ther suggest that a shift between mitochondrial fission and fu-
sion by interference with dynein-related protein localization
would result in longer, interconnected mitochondria. In dAD
cybrid neurites, long mitochondria appeared to have a reduced
velocity of transport compared with short mitochondria in the
same neurite. This could reflect a reduced ability of the motor
proteins to remain attached to the microtubule, as suggested
by Welte (57), or a reduced ability of mitochondria to reattach
to a new microtubule after reaching the end of the previous
microtubule.

Studies by Mandelkow et al. (31) have also shed light on
the role that microtubules and tau may play in the loss of ax-
onal transport in AD. By overexpressing labeled tau, they were
able to show that tau interferes with the relationship between
microtubules and anterograde motors like kinesin. This results
in a gradual redistribution of cellular organelles like mitochon-
dria out of the neurites and back to the perinuclear region, en-
ergy loss, increased susceptibility to ROS, and neuritic re-
traction. In contrast, the mitochondria and lysosomes in dAD
cybrids continue to occupy neurites. The mechanism of re-
duced organelle movement in dAD cybrid neurites appears to
be different from the effect achieved by overexpressing tau.
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The velocity of both lysosomes and mitochondria was reduced,
but not eliminated. The reduction in run length and excursion
length suggests that the organelles were not able to remain at-
tached to microtubules as long as in dCNT neurites. This
could be a consequence of a reduced ability of kinesin or cy-
toplasmic dynein to remain attached to microtubules, or due
to damage to the microtubules themselves. Further studies will
be directed at understanding how levels of ROS, AB peptides,
and calcium alter the integrity and function of microtubules
and motor proteins and how these changes alter organelle move-
ments in differentiated cybrid neurites.

Perspectives

The association between mitochondrial ETC dysfunction
and AD was made over a decade ago (for review, see 49). Re-
cent articles have increased our understanding of the critical
role that mitochondrial ETC dysfunction and related increases
in the generation of ROS play in AD pathogenesis (27). Muta-
tions and altered processing of the APP to yield AR peptides
generate the plaques that are diagnostic for AD. It is now
known that APP contains a mitochondrial targeting signal (2)
and that mitochondrial dysfunction is directly linked to AP
peptides by the AB-binding alcohol dehydrogenase (30). Fi-
nally, components of the y-secretase that participate in the gen-
eration of AP are present in the mitochondrion (17). The re-
sults of our study showed that mtDNA derived from AD
patients and expressed in an mtDNA-free p°® neuroblastoma cell
resulted in a disruption of the axonal transport of both mito-
chondria and lysosomes. In 1967, Suzuki and Terry (48) re-
ported that AD is characterized by substantial axonal transport
abnormalities. Synaptic terminals and axons are dependent
on axonal transport to sustain their function, and the best cor-
relate of cognitive decline in AD is synaptic loss (27). This study
and the others cited above clearly suggest that mitochondrial
ETC dysfunction, whether due to mtDNA mutation or the ef-
fects of AR peptide generation, can result in reduced axonal
transport in AD. Reduced axonal transport puts synaptic ter-
minals at risk due to a loss of vital constituents and may result
in the terminal degeneration seen early in AD pathogenesis.
Further studies are needed to clarify how these processes in-
teract to generate neuronal dysfunction and death in AD.
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