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Mitochondrial function relies heavily on its morphol-
ogy and distribution, alterations of which have been
increasingly implicated in neurodegenerative dis-
eases, such as Alzheimer’s disease (AD). In this study,
we found abnormal mitochondrial distribution char-
acterized by elongated mitochondria that accumu-
lated in perinuclear areas in 19.3% of sporadic AD
(sAD) fibroblasts, which was in marked contrast to
their normally even cytoplasmic distribution in the
majority of human fibroblasts from normal subjects
(>95%). Interestingly, levels of dynamin-like protein
1 (DLP1), a regulator of mitochondrial fission and
distribution, were decreased significantly in sAD fi-
broblasts. To explore the potential role of DLP1 in
mediating mitochondrial abnormalities in sAD fibro-
blasts, both the overexpression of a dominant nega-
tive DLP1 mutant and the reduced expression of DLP1
by miR RNAi in human fibroblasts from normal sub-
jects significantly increased mitochondrial abnormal-
ities. Moreover, overexpression of wild-type DLP1 in
SsAD fibroblasts rescued these mitochondrial abnor-
malities. Based on these data, we conclude that DLP1
reduction causes mitochondrial abnormalities in SAD
fibroblasts. We further demonstrate that elevated ox-
idative stress and increased amyloid 3 production are
likely the potential pathogenic factors that cause
DLP1 reduction and abnormal mitochondrial distri-
bution in AD cells. (Am J Patbol 2008, 173:470—482; DOI:
10.2353/ajpath.2008.071208)

Alzheimer’s disease (AD) is the leading cause of demen-
tia in the elderly, characterized by neurofibrillary tangles,
senile plaques, and progressive loss of neuronal cells in
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selective brain regions.’ Whereas there are a myriad of
striking alterations in the diseased brain, the pathogene-
sis of the disease is still currently poorly understood.
Among these changes, oxidative stress is one of the
earliest and may play a critical role in the disease.?
Mitochondria can be both targets of oxidative damage
and sources of reactive oxygen species (ROS), and mi-
tochondrial damage occurs during the aging process,®
which is associated with memory loss.* In fact, damaged
mitochondria are less efficient producers of ATP and
more efficient producers of ROS. In AD, metabolic abnor-
malities® as well as damage to both the components and
the structure of mitochondria are evident.°~® Interest-
ingly, quantitative morphometric studies not only confirm
that neurons in AD demonstrate a higher percentage of
damaged mitochondria but also reveal enlarged mito-
chondrial size with decreased mitochondria number in
AD neurons.?® The latter finding suggests that the nor-
mally strict regulation of mitochondria morphology is im-
paired, an assertion supported by work showing that AD
cybrid cells also contain a significantly increased per-
centage of enlarged mitochondria.™®

Mitochondrial morphology is dynamic and controlled
by continual and balanced fission and fusion events that
are regulated by a machinery involving large dynamin-
related GTPases that exert opposing effects, eg, dy-
namin-like protein 1 (DLP1, also referred to as Drpf,
DVLP, dymple, HdynlV and DNM1P)""~"® for fission, and
optic atrophy 1 (OPA1) for fusion.'® By regulating mito-
chondrial fission/fusion, DLP1 and fusion protein control
the morphology and distribution of mitochondria.'” Nor-
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mal mitochondrial fission is critical to meet the energy
demands of cells at particular subcellular locations,
which is of special importance for extremely polarized
cells such as neurons,'® whose synaptic terminals have
abundant mitochondria.'® Of that, impairments in the bal-
ance of mitochondria fission and fusion are being in-
creasingly implicated in neurodegenerative diseases. For
example, Charcot-Marie-Tooth neuropathy type 2A is
caused by mutations in Mfn2,°°2" and the most com-
monly inherited optic neuropathy is caused by mutations
in OPA1, another protein involved in mitochondrial fu-
sion.?*#® However, few studies to date have examined
mitochondrial dynamics in AD.

Fibroblasts are valuable tools to study mitochondrial
abnormalities during aging®* and relate to AD, since
various parameters of altered energy metabolism have
been reported including increased lactate production
and altered glucose utilization as well as defects in var-
ious mitochondrial enzymes.?>2° In this study, we found
profound alterations in mitochondria morphology and dis-
tribution in human fibroblasts from sporadic Alzheimer’s
disease (sAD) patients compared to normal subjects. To
understand the underlying mechanisms of such mito-
chondria alterations in sAD fibroblasts, we either overex-
pressed or knocked down functional DLP1 in fibroblasts
and examined the effects of these manipulations. We
further determined the effect of oxidative stress and over-
expression of amyloid B protein precursor (APP) or Swed-
ish mutant APP on DLP1 levels and mitochondrial alter-
ations. Our findings implicate alterations in mitochondrial
fission/fusion as an underlying mechanism of the mito-
chondrial dysfunction in AD.

Materials and Methods

Cell Lines, Cell Culture, and Transfection

Fibroblasts from nine age-matched normal (age 69 = 9
years; sex, M:F = 5:4) and nine patients with sAD (age
71 £ 9 years; sex, 5:3 and one patient without information
about sex) were obtained from Coriell Institute for Medi-
cal Research with a similar cumulative population dou-
bling level (CPDL) of 11.1 = 3.3. CPDL reflected relative
age of cells in culture. All of the AD patients were clini-
cally diagnosed and six of them were confirmed at au-
topsy. No pathology information was available for the
remaining AD cases and control cases. Depending on its
CPDL, these cells were additionally passed several times
to match their CPDL'®""® before any experiment was
performed. Cells plated on flask or chamber slides
coated with fibronectin (BD, San Jose, CA) were grown in
minimum essential medium (Invitrogen, Carlsbad, CA)
containing nonessential amino acids and 2 mmol/L glu-
tamine, supplemented with 10% or 15% (v/v) fetal bovine
serum, in 5% CO, in a humid incubator at 37°C. Cells
were transfected using the FUGENE HD (Roche, India-
napolis, IN) or Effectene (QIAGEN, Valencia, CA) accord-
ing to the manufacturers’ instructions. For cotransfection,
3:1 ratio (indicated plasmid: mito-DsRed?2) was applied.
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Expression Vectors and Antibodies

Mito-DsRed2 construct (Clontech, Mountain View, CA),
expression plasmids for HA tagged-DLP1 and HA
tagged-DLP1 K38A (from Dr. Yisang Yoon, University of
Rochester), wild-type (WT) APP and Swedish mutant APP
(APPswe) (from Dr. Huaxi Xu, The Burnham Institute), and
dominant negative mutant BACE1 DO2T (from Dr. Rigiang
Yan, Lerner Research Institute) were obtained. DLP1 miR
RNAI vector was generated via pcDNA 6.2-GW/EmGFP-miR
construct (Invitrogen). We designed the 21-mer miR RNAI
sequence (5'-AACCCTTCCCATCAATACATC-3') tar-
geting the open reading frame region of human DLP1
(BLOCK-IT RNAi Designer, Invitrogen). Primary antibod-
ies used included mouse anti-DLP1 (BD), mouse anti-
APP (4G8, Covance, Denver, CO) and anti-a-tubulin and
HA (Cell Signaling, Danvers, MA).

Cell Treatments and Measurements

Fibroblasts grown to 60 to 80% confluence were treated
with 50 umol/L H,O, in normal growth media for 1 hour.
Cells were rinsed at least two times with fresh media and
incubated at 37°C in fresh media for an additional 3 hours
and examined. Vitamin E (Sigma, St. Louis, MO) was
added separately to the medium 1 hour before, during,
and after the H,O,, treatment. H,O,, cytotoxicity was mea-
sured by cytotoxicity detection kit (LDH; Roche) as pre-
viously described.” To measure ROS, fluorescent probe
carboxydichlorodihydrofluorescein diacetate (DCF, Invitro-
gen) was used according to the manufacturer’s instruction.
To induce heme deficiency, fibroblasts were treated with 10
wmol/L N-methylprotoporphyrin IX for 6 days as previously
described.®° One day before drug treatment, fibroblasts
were transfected with mito-DsRed2 to specifically mark-
ing mitochondria. Mitochondrial membrane potential was
measured by red/green fluorescence ratio of 5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine
(JC-1, Invitrogen). Senescence-associated B-galactosi-
dase was assayed by cellular senescence assay kit per
the manufacturer’s instructions (Millipore, Billerica, MA).

Western Blot Analysis

Cells were lysed by cell lysis buffer (Cell Signaling) plus
1 mmol/L phenylmethylsulfonyl fluoride (Sigma) and pro-
tease inhibitor cocktail (Sigma). Equal amounts of total
protein extract (20 or 50 ug) were resolved by sodium
dodecyl! sulfate-polyacrylamide gel electrophoresis and
transferred to Immobilon (Millipore). After blocking with
10% nonfat dry milk, primary and secondary antibodies
were applied as previously described” and the blots
developed with Western blotting luminol reagent (Santa
Cruz, Santa Cruz, CA).

Flow Cytometric Analysis and Fibroblast
Synchronization

To determine the cell cycle phase distribution of normal
human fibroblasts (NHFs) and sAD fibroblasts, flow cyto-
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metric analysis was performed as previously reported."
Experiments were repeated three times for each sample.
To synchronize fibroblasts, cells were seeded at a con-
centration of 2 X 10% cells/cm? in a 75-ml flask and grown
to 60 to 80% confluence to obtain exponentially growing
cells. For serum starvation experiments, cultures were
washed three times with serum-free minimum essential
medium and then cultured in minimum essential medium
with only 0.2% fetal bovine serum for 18 hours.®? For
chemical synchronization, cultures were incubated with
regular minimum essential medium culture media con-
taining 0.5 mmol/L hydroxyurea for 18 hours and then
released into drug-free medium.®® Synchronization was
confirmed by staining fibroblasts with propridium iodide/
RNase staining buffer (BD) 24 hours or 72 hours after
serum addition or drug removal, which was examined by
confocal microscopy.®* To measure mitochondria distri-
bution in synchronized fibroblasts, fibroblasts were
plated on chamber slides after serum starvation or drug
treatment for 24 hours in regular minimum essential me-
dium supplemented with 10% fetal bovine serum and
then transfected with mito-DsRed?2. 48 hours after trans-
fection, cells were fixed, immunostained, and examined
as described below. At least 1000 cells for each condi-
tion were measured. Experiments were repeated twice.

Electron Microscopy

Human fibroblast cells (three lines of NHFs and three
lines of sAD fibroblasts) were cultured on the Aclar em-
bedding film (2 mil thickness, Electron Microscopy Sci-
ences, Hatfield, PA), fixed in 2.0% glutaraldehyde and
4% sucrose in a 0.05 mol/L phosphate buffer, pH 7.4, for
2 hours and then postfixed in 1% osmium tetroxide for 1
hour. Samples were then block-stained in 0.5% aqueous
uranyl acetate, dehydrated, and embedded in Epon 812.
Ultrathin sections (three sections/sample) stained with
2% uranyl acetate in 50% methanol and lead citrate were
examined in a Zeiss CEM902 electron microscope
(Oberkochen, Germany). Each ultrathin section con-
tained 20 to 30 cells.

Immunofluorescence

Fibroblasts were cultured on chamber slides coated with
fibronectin (BD). After treatment, cells were washed twice
with prewarmed phosphate-buffered saline and then
fixed with 4% paraformaldehyde for 45 minutes at room
temperature. Cells were permeabilized with 0.5% Triton
X-100 for 30 minutes, blocked with 10% normal goat
serum for 30 minutes, and incubated with primary anti-
bodies in phosphate-buffered saline containing 1% nor-
mal goat serum overnight at 4°C. After three washes with
phosphate-buffered saline, cells were incubated in 10%
normal goat serum for 10 minutes and then with Alexa
Fluor 488/647-conjugated secondary antibody (Invitro-
gen) (1:300) for 1 hour at 37°C in the dark. Cells were
rinsed three times with phosphate-buffered saline and
mounted with antifade medium (Southern Biotech, Bir-
mingham, AL). All fluorescence images were captured

with a Zeiss LSM 510 inverted fluorescence microscope
or a Zeiss LSM 510 inverted laser-scanning confocal
fluorescence microscope (Zeiss, Oberkochen, Ger-
many). Confocal images of Pc 4 fluorescence were col-
lected using 633-nm excitation light from a HeNe laser
and a 650-nm long-pass filter. Images of mito-DsRed?2
red fluorescence were collected using 543-nm excita-
tion light from an argon laser and a 560-nm long-pass
filter. Green fluorescence was collected using 488-nm
excitation light from an argon laser and a 500- to
550-nm bandpass barrier filter. Image analysis was
performed with open-source image analysis programs
WCIF Imaged (developed by W. Rasband) and Image-
Pro Plus 6.0 (Media Cybernetics, Bethesda, MD).

For quantification of abnormal mitochondrial distribu-
tion, at least 1000 cells were measured for each cell line.
In each cell, the perinuclear area was defined as the area
encircling the nucleus having a radius twofold the length
of the longer arm of the nucleus. The amount, or intensity,
of MitoDs-Red?2 signal was measured both within this
perinuclear area as well as within the entire cell. The ratio
of these two values was calculated, giving the percent-
age of mitochondria within the perinuclear area (see Sup-
plemental Figure S1 at http.//ajp.amjpathol.org). The cell
was classified as having a partially collapsed mitochon-
dria network if at least 60% of the mitochondria were
present in the perinuclear area. If more than 95% of
mitochondria are present in the perinuclear area, the cell
was classified with complete mitochondrial network
collapse.

For quantification of DLP1 levels, high-magnification
pictures of fibroblasts were analyzed by Image-Pro Plus
6.0 (Media Cybernetics) to separate positive and nega-
tive immunolabeling and to calculate the value of intensity
of DLP1 immunofluorescence labeling within each indi-
vidual cell. The background fluorescence intensity was
determined and subtracted from values obtained. DLP1
level of a given fibroblast was determined by relative total
immunofluorescence labeling of DLP1 (total immunofluo-
rescence intensity of DLP1/total area of the fibroblast). To
eliminate the variance of slides, we defined the relative
mean value of DLP1 level in fibroblasts with normal mito-
chondrial network as 1. Each experiment was repeated at
least three times.

Results

Mitochondrial Morphology and Distribution
Change in sAD Fibroblasts

Previous studies have demonstrated abnormal changes
in mitochondrial morphology in AD neurons.® In this
study, we sought to determine whether similar mitochon-
drial changes occur in peripheral cells using fibroblasts
from nine lines of sAD patients and nine lines of age-
matched normal controls. NHFs and sAD fibroblasts,
which had similar growth rates at similar cumulative pop-
ulation doubling levels (CPDL 16 to 18) were plated to
60% to 80% confluence on chamber slides coated with
fibronectin one day before transfection. Twenty-four
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Figure 1. sAD fibroblasts demonstrate abnormal mitochondrial distribution and morphology compared to NHFs. A—C: Three distinct patterns of mitochondrial
distribution were seen in fibroblasts. Representative fluorescence images show mitochondria (red), DLP1 (green), a-tubulin (white) and nuclear (blue). In the
majority of NHFs (>95%), mitochondria are evenly distributed throughout the cytoplasm (A). In approximately 20% of sAD fibroblasts, the mitochondrial network
is partially collapsed with the majority of mitochondria clustering around the perinuclear area (B). In approximately 2% of sAD fibroblasts, the mitochondrial
network is completely collapsed with all mitochondria densely clustering around the nucleus (C). D: Quantitative analysis revealed significantly more sAD
fibroblasts displaying an abnormal mitochondrial distribution pattern (B and C) compared to NHFs (P < 0.05). E: sAD fibroblasts with normal mitochondrial
distribution pattern also demonstrate significantly elongated mitochondria compared to NHFs (left panel) (P < 0.05). Center and right panels show the typical
distribution of mitochondrial length versus mitochondrial size for a typical NHF (center panel) and sAD fibroblast with a normal mitochondrial distribution pattern
(right panel). F: There is a trend of decreased mitochondrial number in sAD fibroblasts with normal mitochondrial distribution pattern compared to that of NHFs

(P = 0.087).

hours after being transfected with mito-DsRed?2, cells
were fixed, stained, visualized by laser confocal micro-
scope, and mitochondrial parameters analyzed in Mito-
DsRed?2 positively transfected cells. Mitochondria were
evenly distributed throughout the cytoplasm (Figure 1A)
in the majority of NHFs (>95%). However, in marked
contrast, significant numbers of sAD fibroblasts (19.34 =
1.64%, P < 0.001) in each of the sAD lines demonstrated
an abnormal distribution of mitochondria with a partially
collapsed mitochondrial network (Figure 1, B and D), ie,
at least 60% mitochondria clustered around the perinu-
clear area, defined as having a radius twofold the length
of the longer arm of the nucleus (see Supplemental Fig-
ure S1 at http://ajp.amjpathol.org). In fact, some sAD fi-

broblasts (2.07 = 0.25%) even exhibited a completely
collapsed mitochondria network, ie, at least 95% of the
mitochondria clustering around the perinuclear area with
a complete loss of mitochondria at more remote regions
of the cell (Figure 1C).

To determine whether the observed mitochondrial dis-
tribution abnormality was due to an altered ratio of cells at
different cell cycle phases, the cell cycle distribution
pattern in NHFs and sAD fibroblasts was measured by
flow cytometric analysis, and no significant difference
was found (not shown), consistent with a previous re-
port.3" In addition, NHFs and sAD fibroblasts were syn-
chronized by serum starvation or hydroxyurea treatment.
Cell cycle synchronization was confirmed by propridium
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Figure 2. EM analysis of abnormal mitochondrial distribution and morphology in sAD fibroblasts compared to NHFs. A and B: Representative micrographs of
NHFs. A: Evenly distributed mitochondria (m) in NHF. B: Higher magnification showing normal distribution and morphology of mitochondria in NHF. C-E:
Representative micrographs of sAD fibroblasts. C: Mitochondria (m) clustered around the nucleus (n). Elongated and branched mitochondria in the perinuclear
area are clearly visible at higher magnification (D and E). Golgi apparatus (g) is present in D. The small round mitochondrion (*) found in D might result from
a transverse section of a cylindrical mitochondrion. F: Quantitative analysis revealed significantly fewer mitochondria in sAD fibroblasts compared to NHFs (*P <
0.05; Student’s t-test). Moreover, those in the former cells exhibited a restricted distribution.

iodide/RNase staining 24 hours or 72 hours after addition
of serum or removal of hydroxyurea. The mitochondria
distribution pattern remained the same in synchronized
cells such that the abnormal ratio in NHFs was 3.93 =
1.1% in contrast to 20.45 *= 2.35% in sAD fibroblasts (not
shown).

We also measured mitochondrial length in mito-
DsRed2-transfected cells. Quantification of 100 randomly
selected cells per line that showed a normal mitochondria
distribution pattern revealed that the mean mitochondrial
length of 9.3 = 2.3 um (mean = SEM) in sAD fibroblasts
was significantly greater than the mean length of 4.5 =
2.1 pm in NHFs (P < 0.01) (Figure 1E, left panel). Figure
1E, center and right panels, shows the individual mito-
chondrial morphology parameters in representative NHF
or sAD fibroblasts. Mitochondrial length and size are
significantly increased in sAD fibroblasts compared to
NHF. Noteworthy is that the extremely long mitochondria
(>30 wm) shown in sAD fibroblast (Figure 1E, right panel)
appear to reflect highly connected networks of two or
more branched or tubular mitochondria. While there was
a trend toward a decrease in mitochondria number in
sAD fibroblasts with normal mitochondrial distribution,
this did not reach significance (P = 0.087) (Figure 1F).

In those sAD fibroblasts with a collapsed mitochondrial
network (Figure 1, B and C), it was very difficult to mea-

sure their mitochondrial length and number using confo-
cal microscopy techniques because the mitochondria
were clustered. Therefore we investigated these cells
(three lines of NHFs and three lines of sAD fibroblasts)
using electron microscopy and, consistent with our find-
ings by confocal microscopy, NHFs show mitochondria
evenly dispersed throughout the cytoplasm with an aver-
age length of 2.6 = 0.71 um, which appeared sausage-
or round-shaped (depending on the angle of cutting
through the mitochondria body) (Figure 2, A and B). In
contrast, in many sAD fibroblasts, mitochondria clustered
around the perinuclear area (Figure 2C) and morpholog-
ically were much longer (6.5 = 1.4 um, P < 0.01), often
forming branch-like structures (Figure 2, D and E). Im-
portantly, the number of mitochondria was significantly
decreased in sAD fibroblasts with a collapsed mitochon-
drial network as compared to NHFs (Figure 2F, P < 0.01).

DLP1 Level Change in sAD Fibroblasts

Because mitochondrial fission and fusion proteins regu-
late mitochondrial morphology and distribution,’ we in-
vestigated whether DLP1, a mitochondrial fission protein,
and OPA1, a mitochondrial fusion protein, was involved in
the abnormal changes of mitochondrial distribution and
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Figure 3. The level of DLP1 changes in sAD fibroblasts. A: A representative immunoblot of cell lysates of sAD fibroblasts and age-matched NHFs probed with
antibody against DLP1. A parallel blot was probed with antibody against OPA1. The same membranes were stripped and reprobed with actin antibody as an
internal loading control. Equal protein amounts (20 ug) were loaded. B and C: Quantification of the DLP1 or OPA1 reactive bands, normalized to actin levels,
reveals significantly decreased levels of DLP1 but no changes in OPA1 levels in sAD fibroblasts (72 = 9) compared to age-matched NHFs (72 = 9). D: sAD fibroblasts
with abnormal mitochondrial distribution demonstrate greater reduction in DLP1 levels compared to those with a normal mitochondrial distribution pattern. DLP1
levels in individual sAD fibroblasts were measured based on quantification of DLP1 fluorescent immunoreactivity (*2 < 0.05; N.S., not significant, Student’s #test).

morphology observed in sAD fibroblasts. By immunoblot
analysis, DLP1 levels were significantly (P < 0.05) re-
duced by 42% in sAD fibroblasts compared to NHFs
(Figure 3, A-C), but no significant changes in OPA1
levels were observed. More interestingly, quantification of
DLP1 fluorescent immunoreactivity in sAD fibroblasts re-
vealed a large variation in DLP1 levels in sAD fibroblasts;
those cells with abnormal mitochondrial distribution dem-
onstrated significantly greater reduction in DLP1 levels
compared to those with normal mitochondrial distribution
in the same sAD fibroblast line (Figure 3D). These cor-
relative analyses suggest that a reduction in DLP1 may
be involved in the abnormal mitochondrial morphology
and distribution in sAD fibroblasts.

Dominant Negative Mutant DLP1 or DLP1
Knockdown Results in Mitochondrial Network
Collapse in NHF

To test the hypothesis that DLP1 reduction causes ab-
normalities in mitochondrial distribution and morphology,
we determined the effect of DLP1 knockdown in NHFs.
We transfected six lines of NHFs (CPDL: 16 ~ 20) with
green fluorescent protein-tagged miR RNAI expression
vector targeted to DLP1, and cells were examined 48
hours after transfection. Positively transfected cells
identified by GFP staining demonstrated an approxi-
mately 40% transfection efficiency. Consistent with
this, immunoblot analysis revealed a 30% decrease in
DLP1 levels in transfected cultures (Figure 4, A and B). In
positively transfected cells, the ratio of cells with mito-
chondria clustering around the perinuclear area was sig-
nificantly increased to around 31.0 = 5.2% compared to
no more than 5% of nontransfected cells or empty-vector-
transfected cells (Figure 4C) (representative pictures of

positively transfected NHFs with normal/abnormal mito-
chondrial distribution are shown in Supplemental Figure
S2 at http://ajp.amjpathol.org). We also transfected three
lines of NHFs (CPDL: 16 ~ 20) with hemagglutinin (HA)-
tagged DLP1-K38A, a dominant negative mutant. Forty-
eight hours after transfection, cells were fixed and
stained with mouse anti-HA antibody to identify the pos-
itively transfected cells. In positively transfected cells, the
ratio of cells with mitochondria clustering around the
perinuclear area was significantly increased to 19.5 +
4.6%, compared to vehicle-transfected NHFs and was
more comparable to sAD fibroblasts (Figure 4C). Further-
more, by analyzing mitochondrial length in positively
transfected fibroblasts with normal mitochondrial distri-
bution by confocal microscopy, we found that overex-
pression of the dominant negative mutant DLP1-K38A or
knockdown of DLP1 led to a significant elongation of
mitochondria (Figure 4D), similar to that found in sAD
fibroblasts. Finally, mitochondria number in transfected
cells was also significantly decreased (Figure 4E).

Mitochondrial Network Collapse in SAD
Fibroblasts Could Be Rescued by
Overexpression of Wild-Type DLP1

To determine whether mitochondrial abnormalities in sAD
fibroblasts could be rescued by overexpressing wild-
type DLP1, we transfected five lines of sAD fibroblasts
(PD: 16 ~ 20) with HA-tagged wild-type DLP1. Consistent
with a previous study,'” the viability of cells was not
affected by overexpression of wild-type DLP1. Forty-eight
hours after transfection, cells were fixed and immuno-
stained with mouse anti-HA antibody to identify DLP1
positively transfected cells (representative pictures of
positively transfected sAD fibroblasts with normal or ab-
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Figure 6. Hydrogen peroxide causes mitochondrial abnormalities and changes levels of DLP1 in NHFs and exacerbated that of sAD fibroblasts, and can be
abolished by vitamin E pretreatment. A: ROS levels in NHFs and sAD fibroblasts (*P < 0.05 compared to vehicle without H,O, treatment. B: Significantly more
NHFs and sAD fibroblasts demonstrate an abnormal mitochondrial distribution pattern with mitochondrial clustering around the nucleus after hydrogen peroxide
treatment, which was totally abolished by vitamin E pretreatment. WT DLP1 overexpression prevents hydrogen peroxide-induced mitochondrial network collapse.
A representative immunoblot (C) and quantification analysis (D) demonstrates that hydrogen peroxide-induced DLP1 reduction in NHFs and further reduction

in sAD fibroblasts is abrogated by vitamin E pretreatment.

significantly increased (Figure 5C). Notably, DLP1 over-
expression in NHFs also led to decreases in the ratio of
cells with abnormal mitochondrial distribution, mitochon-
drial length, and increased mitochondrial numbers (Fig-
ure 5, A-C). These findings further confirm that the
abnormal mitochondrial morphology and distribution ob-
served in sAD fibroblasts can be rescued by overexpres-
sion of DLP1.

Oxidative Stress Causes Abnormal Mitochondrial
Distribution in NHFs and Exacerbates That
in SAD Fibroblasts

Oxidative stress is one of the prominent pathogenic fac-
tors of AD that affects both neuronal and peripheral
cells.285 Consistent with previous studies,*® we found
that cellular ROS levels are increased threefold in sAD
fibroblasts compared to NHFs (Figure 6A, P < 0.05). To
determine whether ROS are involved in DLP1 reduction
and mitochondrial abnormalities, we plated sAD fibro-
blasts (three lines, CPDL: 16 ~ 20) or age-matched NHF
(three lines, CPDL: 16 ~ 20) on chamber slides coated
with fibronectin and then transfected with mito-DsRed?2.
Twenty-four hours after transfection, cells were treated
with 50 umol/L H,O, for 1 hour and examined after 3
hours of recovery. No obvious cell death was observed in
either NHFs or sAD fibroblasts under these conditions as
determined by lactate dehydrogenase assay (data not
shown). Nonetheless, H,O, treatment caused signifi-

cantly increased intracellular ROS levels (Figure 6A) and
increased the ratio of cells with a collapsed mitochondrial
network in NHFs (ie, from 4.4 + 1.4% in untreated cells to
18.1 = 3.8% in treated cells, P < 0.05%) (Figure 6B)
(representative pictures of H,O,-treated NHFs with nor-
mal and abnormal mitochondrial distribution are shown in
Supplemental Figure S4 at http.//ajp.amjpathol.org). Inter-
estingly, H,O, treatment leads to even greater increases
in the ratio of cells with a collapsed mitochondrial network
in sAD fibroblasts (ie, from 17.1 = 1.6% in untreated cells
to 45.3 £ 2.8% in treated cells, P < 0.05%) (Figure 6B).
Since H,O, can induce cellular senescence, to deter-
mine whether senescence plays any role in our observa-
tions, senescence-associated B-galactosidase assay
was performed and the B-galactosidase-positive cells
were counted and the percentage was calculated. There
was no difference in the percentage of senescent cells
between NHFs and sAD fibroblasts nor between H,O.-
treated and -untreated cells (not shown), suggesting that
senescence is not a factor contributing to our observa-
tions. Consistent with a key role of DLP1 in mitochondrial
network collapse, H,O, treatment resulted in a significant
decrease in DLP1 levels in NHFs and an additional de-
crease in sAD fibroblasts (Figure 6, C and D). In fact,
there was a significant negative correlation between lev-
els of intracellular ROS and DLP1 (r = 0.87, P < 0.05)
and between DLP1 levels and the ratio of cells with an
abnormal mitochondrial distribution (r = 0.88, P < 0.05).
Notably, decreases in DLP1 occurred as early as 30
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minutes after H,O, treatment when no apparent mito-
chondrial network collapse was observed in either NHFs
or sAD fibroblasts (data not shown). To further determine
causality, NHFs transiently transfected with WT DLP1
were treated with H,O, and the ratio of cells with abnor-
mal mitochondrial distribution in those WT DLP1 posi-
tively transfected NHFs is 2.2 £ 0.9% compared to
17.4 = 3.9% in those nontransfected cells in the same
culture (Figure 6B). This strongly supports the involve-
ment of DLP1 reduction in mediating the abnormal mito-
chondrial distribution induced by H,O.. In addition, pre-
treatment of cells with vitamin E, which effectively
prevents H,O,-induced intracellular ROS increase (Fig-
ure 6A), completely inhibited the H,O-induced abnormal
mitochondria distribution and DLP1 decrease in both
NHFs and sAD fibroblasts (Figure 6, B-D).

Overexpression of Wild-Type APP or Swedish
Mutant APP in NHFs Causes Abnormal
Mitochondrial Distribution

Mutations in APP cause AD presumably through alter-
ations in amyloid B (AB) production and, since both APP
and AB are present in the mitochondria, may exert dele-
terious effect on mitochondrial function.®”~4° We there-
fore determined the effect of overexpression of WT or
familial AD-causing APPswe on mitochondrial distribution
and DLP1. In NHFs overexpressing WT APP, the ratio of
cells with a collapsed mitochondrial network was in-
creased significantly (ie, 20.6 = 6.4%) compared to ve-
hicle-transfected cells and nontransfected cells (Figure
7A) (representative pictures of APP positively transfected
NHFs with normal/abnormal mitochondrial distribution
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Figure 7. Overexpression of wild-type APP or APP Swedish mutant (APP-
swe) causes abnormal mitochondrial distribution in NHFs (A) and reduction
of DLP1 levels (B). Concurrent overexpression of WT DLP1 prevents APP
overexpression-induced mitochondrial network collapse (A), P < 0.05.

are shown in Supplemental Figure S5 at http.//ajp.amj-
pathol.org). Importantly, this ratio was further greatly in-
creased to 43.1 = 7.9% in NHFs overexpressing APPswe
(Figure 7A). The overexpression of WT APP or APPswe in
NHFs also resulted in a significant decrease in DLP1
protein levels, paralleling abnormal changes in mitochon-
drial distribution (Figure 7B). To determine whether APP-
induced DLP1 reduction underlies the APP-induced ab-
normal mitochondrial distribution, a cotransfection experiment
was performed. The overexpression of WT DLP1 com-
pletely prevents the APP overexpression-induced abnor-
mal mitochondrial distribution (Figure 7A). These data
strongly support the involvement of DLP1 reduction in
mediating abnormal mitochondrial distribution induced
by APP overexpression.

Discussion

In this study, we show a significant increase in abnormal
mitochondrial morphology and distribution in fibroblasts
from sAD compared to age-matched NHFs. Specifically,
mitochondria were significantly longer and clustered
around the perinuclear area in many sAD fibroblasts. The
difference in mitochondrial distribution is not likely due to
different phases during cell cycle, since there was no
significant difference in the distribution pattern of cells at
different cell cycle phases between sAD fibroblasts and
NHFs, nor were there differences after cell cycle synchro-
nization. However, by manipulating the expression of
DLP1, the mitochondrial fission protein that regulates
mitochondrial morphology and distribution, we demon-
strated that the mechanism underlying mitochondrial ab-
normalities in sAD fibroblasts appears to involve ROS-
dependent and/or AB-dependent reduction in DLP1.

DLP1 Reduction Underlies Mitochondrial
Changes in sAD Fibroblasts

The major observation of this study is that mitochondria
demonstrate abnormal changes in morphology and dis-
tribution in a significant number of sAD fibroblasts. It
remains to be determined whether these abnormalities
contribute to peripheral, non-neuronal manifestations in
AD. Two factors likely complicate our discussion: 1) the
abnormal mitochondrial morphology and distribution are
observed in approximately 20% sAD fibroblasts; and 2)
we have measured mitochondrial membrane potential as
a mitochondrial functional parameter but failed to find
significant difference between sAD and control fibro-
blasts (not shown), which is consistent with previous
studies. Furthermore, we also failed to find any significant
difference in mitochondrial membrane potential between
sAD fibroblasts with abnormal mitochondria and sAD
fibroblasts with normal mitochondria (not shown), which
is not unexpected since manipulations of mitochondrial
fission/fusion proteins in fibroblasts that cause changes
in mitochondrial morphology and distribution do not nec-
essarily cause changes in mitochondrial membrane po-
tential.*' Even though a more subtle functional conse-



quence such as deficiency of local ATP production
cannot be ruled out, it is not clear whether such subtle
functional consequences in approximately 20% of fibro-
blasts will make a peripheral manifestation in AD patients.
Nevertheless, our findings demonstrated for the first time
that mitochondrial fission and fusion imbalance occurs in
cells from AD patients and, given the potential adverse
effects of these mitochondrial abnormalities in polarized
cells like neurons, suggested more detailed scrutiny of
this aspect of mitochondrial parameters in affected neu-
rons are needed.

Mitochondria were significantly longer in sAD fibro-
blasts as evidenced by both confocal and electron mi-
croscopy. There were also extremely long mitochondria
in sAD fibroblasts, reflecting highly connected networks
of two or more branched mitochondria. These findings
suggested that the balance of mitochondria fission and
fusion, a process that controls mitochondria morphology,
is tipped toward less fission. Indeed, we found reduced
levels of DLP1, a mitochondrial fission protein, but no
changes in the levels of OPA1, a mitochondrial fusion
protein, in sAD fibroblasts. Moreover, in contrast to the
even distribution throughout the cytoplasm in the majority
of NHFs, mitochondria were clustered around the perinu-
clear area in around 20% of the sAD fibroblasts and, in
fact, mitochondria number was also significantly de-
creased in these cells. Among the proteins involved in
mitochondrial fission/fusion, DLP1 is also involved in the
regulation of mitochondria distribution.’” In this regard,
we found significantly decreased levels of DLP1 in sAD
fibroblasts, especially in those cells with abnormal mito-
chondrial distribution, consistent with reduced fission in
these cells, suggesting a potential involvement of DLP1
reduction in mitochondrial changes in sAD fibroblasts.
Further, we found a significant negative correlation be-
tween DLP1 levels and cells with abnormal mitochondrial
distribution changes. The fact that DLP1 knockdown and
expression of dominant negative DLP1 in NHFs caused
changes in mitochondrial morphology and distribution
comparable to those seen in sAD fibroblasts and the fact
that overexpression of wild-type DLP1 rescues the ab-
normal mitochondrial morphology and distribution in sAD
fibroblasts strongly suggests that DLP1 reduction causes
mitochondrial abnormalities in sAD fibroblasts. Notably,
fibroblasts from Parkinson’s disease patients bearing
PINK-1 mutations also demonstrated abnormal mito-
chondrial morphology,*? which is likely due to de-
creased DLP1 function,*® suggesting that abnormal
mitochondrial dynamics may be a common pathway
leading to cellular dysfunction critical to different neu-
rodegenerative diseases.

That only approximately 20% of sAD fibroblasts dem-
onstrated abnormal changes in mitochondrial distribution
likely reflects the fact that human fibroblasts are hetero-
geneous cell populations. Indeed, despite the significant
overall reduction in DLP1 levels in sAD fibroblasts com-
pared to NHFs as shown by immunoblot, levels of DLP1
in different cells in the same line of heterogeneous pop-
ulation of sAD fibroblasts are likely different as evidenced
by the large variation in DLP1 levels based on the quan-
tification of DLP1 fluorescent immunoreactivity in sAD
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fibroblasts. In fact, DLP1 levels in those sAD fibroblasts
with a partially collapsed mitochondrial network were only
approximately 50%, while in those sAD fibroblasts with a
completely collapsed mitochondrial network were ap-
proximately 20% of the DLP1 levels in those cells with
normal distribution. Therefore, we suspect that only those
sAD fibroblasts with the most severe reduction in DLP1
levels, on reaching a certain threshold, demonstrate the
phenotype of abnormal mitochondrial distribution, which
accounts for the observation that only a subset of the
fibroblasts from AD demonstrate abnormalities. In sup-
port of this notion, several stable lines of M17 cells with
different residual expression levels of DLP1 after miR
RNAi knockdown were established and mitochondrial
network analyzed. We found that significant mitochon-
drial distribution abnormalities begin to occur only when
DLP1 levels drop below 65%, and the severity negatively
correlates with residual DLP1 levels such that those cells
with nearly 20% residual DLP1 demonstrate a complete
collapsed mitochondrial network (X. Wang and X. Zhu,
unpublished results).

ROS and APP Overexpression Cause DLP1
Reduction and Abnormal Mitochondrial
Distribution

As a potential pathogenic factor, oxidative stress is one of
the earliest prominent features in AD and affects both
neuronal cells and peripheral cells.?8°% Indeed, sAD fi-
broblasts demonstrated 3 times higher basal level cellu-
lar ROS than NHFs, even though they were maintained at
a similar condition in vitro. A likely source for increased
oxidative stress in sAD fibroblasts is abnormal mtDNA in
AD peripheral cells, since sAD cybrids demonstrated
heightened ROS levels compared to control cybrids.** It
is known that mitochondrial dynamics can be affected by
ROS. In this study, we found that 50 umol/L H,O, treat-
ment, which increases cellular ROS in NHFs, induced
DLP1 reduction and altered mitochondrial distribution
comparable to sAD fibroblasts. H,O, treatment induced
a further increase in ROS levels in sAD fibroblasts ac-
companied by a further decrease in DLP1 levels and
even greater mitochondrial abnormalities. Indeed, there
is a significant negative correlation between ROS levels
and DLP1 levels and also a significant negative correla-
tion between DLP1 levels and cells with mitochondrial
changes. Moreover, DLP1 reduction occurs before
changes in mitochondrial distribution. Most importantly,
DLP1 overexpression completely prevented H,O.-
induced abnormal mitochondrial distribution. Moreover,
vitamin E pretreatment rescued the DLP1 reduction and
the mitochondrial changes induced by H,O, in treated
NHFs and sAD fibroblasts. Based on these data, we
conclude that external oxidative stress causes DLP1
reduction that in turn causes abnormal mitochondrial dis-
tribution. While apoptosis can affect mitochondrial fis-
sion/fusion,*® DLP1 reduction and mitochondrial changes
observed in both NHFs and sAD fibroblasts induced by
H,0, are unlikely due to apoptotic effect, since this level
of H,O, was insufficient to induce cell death in either
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NHFs or sAD fibroblasts. The lack of cell death is further
evidenced by the fact that abnormal mitochondrial distri-
bution can be reversed in these cells after 24 hours when
H.O, was cleared by cells from medium (not shown).
Since there was no difference in the percentage of se-
nescent cells in our experiments, H,O,-induced cellular
senescence is unlikely a contributing factor to abnormal
mitochondrial distribution. The characterization of mech-
anisms of how ROS induces DLP1 reduction is currently
underway in our laboratory.

Finally, we found that overexpression of WT APP and
familial AD-causing APP mutant also induces DLP1 re-
duction and mitochondrial network collapse. The charac-
terization of mechanisms underlying APP-induced DLP1
reduction obviously warrants further investigation. Since
APP is present in mitochondria,®”-3® APP overexpression
may directly interfere with mitochondrial fission and fu-
sion balance. Recent evidence suggested that mutant
APP may block mitochondrial import channels and affect
mitochondrial function®® that may indirectly affect mito-
chondrial dynamics. Another possible mechanism is
through the increased AB production. Indeed, we found
that AB,_,» caused reduced DLP1 levels in M17 cells in
a dose- and time-dependent manner (X. Wang and X.
Zhu, unpublished results). AB may exert its adverse ef-
fect on mitochondria through multiple mechanisms. First,
since AB is present in mitochondria,3%4C it is possible that
AB directly induces mitochondrial changes. Also, since
ABis a well defined intrinsic ROS generator, it is possible
that AB induces DLP1 reduction and mitochondrial
changes via ROS production. Nevertheless, the possible
involvement of other mechanisms cannot be excluded. In
this regard, it is worth mentioning that AB causes cleav-
age of dynamin, a protein related to DLP1, by inducing
calpain activation.”® Moreover, AB may also indirectly
affect DLP1 and mitochondria; for example, excessive AB
binds to regulatory heme that triggers functional heme de-
ficiency and indirectly causes mitochondrial dysfunc-
tion.®94748 Nevertheless, involvement of other cleavage
products of APP in APP-induced DLP1 reduction and mito-
chondrial network collapse also cannot be ruled out at this
time. These mechanisms may also play a role in sporadic
AD cases, since sAD cybrids secrete twice as much AB,_,q
and AB,_.», have increased intracellular AB,_,q (1.7-fold),
and develop Congo red-positive AB deposits,** suggesting
that it is possible APP metabolism may be different in sAD
peripheral cells and thus contribute to DLP1 reduction and
mitochondrial abnormalities in these cells.

DLP1 Reduction, Mitochondria Changes, and
Their Functional Significance and Implications in
Neurodegeneration

Mitochondrial function largely relies on a highly dynamic
balance of both morphology and distribution, which can
be affected by cellular redox status.*® In this regard, sAD
fibroblasts demonstrated 3 times higher basal level cel-
lular ROS than NHFs, which suggests that sAD fibro-
blasts are exposed to a chronic and low dose of oxidative
stress. Notably, these cells are more resistant to ROS-

induced apoptosis,®® suggesting that they achieve an
altered redox homeostasis with a heightened basal intra-
cellular level of ROS presumably by provoking some
adaptive responses. Interestingly, up-regulation of DLP1
and excessive mitochondria fission is implicated in apo-
ptosis,®' while down-regulation of DLP1 renders cells
more resistant to apoptosis.®2°2 Thus, it is possible that
sAD fibroblasts, by down-regulating DLP1 and decreas-
ing mitochondrial fission in response to chronic oxidative
stress, effectively lower their susceptibility to further in-
creases in oxidative stress. In addition, mitochondrial
elongation and increased fusion in sAD fibroblasts could
decrease mitochondria respiration rate and diminish ROS
production,®* which would effectively lower the oxidative
stress in such a chronic situation. Therefore, DLP1 reduc-
tion and mitochondrial elongation in sAD fibroblasts may
serve as a protective adaptation to chronic oxidative
stress. In this regard, it is thought that susceptible neu-
rons in AD are also subject to chronic oxidative stress.®®
Likely not coincidentally, mitochondria are also signifi-
cantly decreased and larger in these neurons,® and our
preliminary results show that DLP1 is also decreased in
AD brains compared to age-matched controls (not
shown), suggesting a similar adaptive mechanism in re-
sponse to chronic oxidative stress in these susceptible
neurons. However, it must be emphasized that reduc-
tions in DLP1 levels, presumably once reaching a certain
threshold, also results in changes in mitochondrial distri-
bution. Although no significant differences in mitochon-
drial membrane potential were found in those sAD fibro-
blasts with abnormal mitochondrial distribution compared
to those with normal mitochondrial distribution (not
shown), a more subtle functional consequence such as
deficiency of local ATP production cannot be ruled out.
This may not be a problem for fibroblasts, however, given
that neurons are extremely polarized cells that rely
heavily on mitochondria for energy support for local
needs,'® it is possible that DLP1 reduction, despite its
beneficial effect on reducing ROS and apoptosis, would
have deleterious effect on mitochondrial distribution in
remote neuronal structures such as synapses. In this
regard, others found that expression of DLP1 dominant
negative mutant that causes depletion of mitochondria
from remote sites such as synapse leads to subtle
changes in Ca®" buffering in synapses following nerve
stimulation maintained at high intensity for extended time
periods that appears to be due to a dysfunctional sub-
population of synaptic vesicles, the reserve pool, and can
be partially rescued by exogenous ATP in DLP1 mutant
Drosophila.®® Reduced expression of DLP1 or expression
of DLP1 dominant negative mutant also causes depletion
of mitochondria from dendrites, which leads to loss of
synapses and dendritic spines.'® Indeed, among all of
the early changes that occur in AD, synaptic loss is the
more robust correlate of AD-associated cognitive defi-
cits,®” leading to the notion that synaptic dysfunction
plays a critical role in the pathogenesis of AD.® There-
fore, the functional significance of mitochondrial distribu-
tion as well as fission/fusion balance in AD neurons and
its potential contribution to synaptic dysfunction and neu-
ronal degeneration warrants further investigation.
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