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Impaired Balance of Mitochondrial Fission and Fusion in
Alzheimer’s Disease

Xinglong Wang,' Bo Su,! Hyoung-gon Lee,! Xinyi Li,' George Perry,'2 Mark A. Smith,! and Xiongwei Zhu'
'Department of Pathology, Case Western Reserve University, Cleveland, Ohio 44106, and 2College of Sciences, University of Texas at San Antonio, San Antonio,
Texas 78249

Mitochondrial dysfunction is a prominent feature of Alzheimer’s disease (AD) neurons. In this study, we explored the involvement of an
abnormal mitochondrial dynamics by investigating the changes in the expression of mitochondrial fission and fusion proteins in AD
brain and the potential cause and consequence of these changes in neuronal cells. We found that mitochondria were redistributed away
from axons in the pyramidal neurons of AD brain. Imnmunoblot analysis revealed that levels of DLP1 (also referred to as Drp1), OPA1,
Mfn1, and Mfn2 were significantly reduced whereas levels of Fis1 were significantly increased in AD. Despite their differential effects on
mitochondrial morphology, manipulations of these mitochondrial fission and fusion proteins in neuronal cells to mimic their expres-
sional changes in AD caused a similar abnormal mitochondrial distribution pattern, such that mitochondrial density was reduced in the
cell periphery of M17 cells or neuronal process of primary neurons and correlated with reduced spine density in the neurite. Interestingly,
oligomeric amyloid-3-derived diffusible ligands (ADDLs) caused mitochondrial fragmentation and reduced mitochondrial density in
neuronal processes. More importantly, ADDL-induced synaptic change (i.e., loss of dendritic spine and postsynaptic density protein 95
puncta) correlated with abnormal mitochondrial distribution. DLP1 overexpression, likely through repopulation of neuronal processes
with mitochondria, prevented ADDL-induced synaptic loss, suggesting that abnormal mitochondrial dynamics plays an important role
in ADDL-induced synaptic abnormalities. Based on these findings, we suggest that an altered balance in mitochondrial fission and fusion

is likely an important mechanism leading to mitochondrial and neuronal dysfunction in AD brain.

Introduction

Characterized by neurofibrillary tangles, senile plaques, and pro-
gressive loss of neuronal cells in selective brain regions, Alzhei-
mer’s disease (AD) is a fatal degenerative dementia with initial
memory impairment that progresses to a total debilitating loss of
mental and physical faculties (Smith, 1998). Evidence suggests
that memory failure in AD is a result of synaptic loss and, among
all the early changes that occur in AD, is a robust correlate of
AD-associated cognitive deficits, leading to the notion that syn-
aptic dysfunction plays a critical role in the pathogenesis of AD
(DeKosky and Scheff, 1990; Terry et al., 1991; Coleman et al,,
2004). A myriad of studies have focused on the central role of
amyloid- (AB) in the pathogenesis and progression of AD. Af3
oligomers may bind to dendritic spines, causing synaptic dys-
function (Lacor et al., 2004); however, the molecular mechanism
remains elusive.

In mammals, mitochondria are vital organelles known for
their essential role in energy metabolism and cell survival (Delet-
tre et al., 2000; Benard et al., 2007). Neurons are particularly
vulnerable to mitochondrial dysfunction because of their high
metabolic rate dependence and complex morphology (Delettre et
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al., 2000; Benard et al., 2007). More specifically, mitochondria are
of pivotal importance for synaptic development and plasticity,
and changes in mitochondria distribution and/or function can
result in synaptic dysfunction and loss (Li et al., 2004; Verstreken
etal., 2005). Notably, whereas defects in mitochondrial function
are a prominent early event in AD (Blass et al., 2000; Swerdlow
and Kish, 2002; Zhu et al., 2004; Bubber et al., 2005), whether and
how mitochondrial defects contribute to synaptic dysfunction in
AD neurons is unclear.

Emerging evidence suggests that mitochondria are dynamic
organelles undergoing constant fission and fusion regulated by a
machinery involving large dynamin-related GTPases (Chan,
2006). Mitochondrial dynamics not only determines mitochon-
drial morphology and size, but also regulates mitochondrial dis-
tribution and function (Chan, 2006). Given the critical role of
mitochondria in neurons, impaired mitochondrial dynamics is
increasingly implicated in neurodegenerative diseases including
Parkinson and Huntington diseases (Exner et al., 2007; Deng et
al., 2008; Mortiboys et al., 2008; Poole et al., 2008; Yang et al.,
2008; Park et al., 2009; Wang et al., 2009). In relation to AD, A3
caused rapid and severe impairment of mitochondrial transport
(Rui et al., 2006). More recently, we demonstrated an abnormal
mitochondrial morphology and distribution in AD fibroblasts
compared with normal healthy fibroblasts from age-matched
controls (Wang et al., 2008a) and found that amyloid- 3 protein
precursor (ABPP) overexpression, through A overproduction,
caused abnormal mitochondrial dynamics in neurons (Wang et
al., 2008b). In this study, we aimed to determine whether an
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imbalance in mitochondrial fission and fusion occurs in vivo in
AD neurons by exploring the expression of mitochondrial fis-
sion/fusion proteins [i.e., DLP1 (also referred to as Drpl), Fis1,
OPA1 and Mfn1/2] in AD brain and identifying the potential
cause and consequence of changes in these proteins related to
mitochondrial dynamics and synaptic function.

Materials and Methods

Cell culture and transfection. The human neuroblastoma cell line, M17,
was grown in Opti-MEM medium (Invitrogen), supplemented with 5%
or 10% (v/v) fetal bovine serum and 1% penicillin-streptomycin, in 5%
CO, in a humid incubator at 37°C. Cells were transfected using Effectene
(Qiagen) according to the manufacturer’s instructions. For cotransfec-
tion, a 3:1 ratio (indicated plasmid: Mito-DsRed2) was applied. Regular
culture medium containing 300 wg/ml Geneticin (Invitrogen), 20 pug/ml
Blasticidin (Invitrogen), or 150 ug/ml of hygromycin B (Calbiochem)
was used for stable cell line selection. The selective medium was replaced
every 3 d until the appearance of foci, each apparently derived from a
single stably transfected cell. Stable cell lines were then picked and main-
tained with 100 ug/ml Geneticin, 5 pg/ml Blasticidin, or 30 wg/ml
hygromycin. Primary neurons from embryonic day 18 (E18) rat hip-
pocampus (BrainBits) were seeded at 30,000—-40,000 cells per well on
eight-well chamber slides coated with poly-p-lysine/laminin (BD Bio-
sciences) in neurobasal medium supplemented with 2% B27 (Invitro-
gen)/0.5 mm glutamine/25 mm glutamate. One-half of the culture
medium was changed every 3 d with neurobasal medium supplemented
with 2% B27 (Invitrogen) and 0.5 mM glutamine. All cultures were kept
at 37°Cin a humidified 5% CO,-containing atmosphere. More than 90%
of the cells were neurons after they were cultured for 7-17 d of culture in
vitro (DIV), which was verified by positive staining for the neuronal
specific markers microtubule-associated protein-2 (MAP2, dendritic
marker) and Tau-1 (axonal marker). At DIV 7—12, neurons were transfected
using Neurofect (Genlantis) according to the manufacturer’s protocol.

Expression vectors and antibodies. Mito-DsRed2 construct (Clontech),
green fluorescent protein (GFP)-tagged wild-type DLP1 (DLP1wt), mu-
tant DLP1 K38A and Fisl constructs (gifts from Dr. Yisang Yoon,
University of Rochester, Rochester, NY), yellow fluorescent protein
(YFP)-tagged postsynaptic density protein 95 (PSD-95) (gift from Dr.
Ann Marie Craig, University of British Columbia, Vancouver, British
Columbia, Canada), and wild-type OPA1 (OPAlwt) and mutant OPA1
K301A constructs (gifts from Dr. Luca Scorrano, Venetian Institute of
Molecular Medicine, Venice, Italy) were obtained. The expression plas-
mids for Myc-tagged wild-type DLP1/DLP1 K38A were constructed
based on the pPCMV-Tag3 vector (Stratagene), whereas Myc/GFP-tagged
wild-type OPA1/OPA1 K301A was based on pCMV-Tag vector (Strat-
agene) and pcDNA3.1 (Invitrogen), respectively. The micro-RNA (miR)
RNA interference (RNAi) vector was generated via the pcDNA 6.2-GW/
EmGFP-miR construct (Invitrogen). The miR RNAi sequence targeting
the open reading frame region of human or rat mitochondrial fission or
fusion proteins are as follows: human OPA1 (ATCACTTGCAAGATA-
AGCTGG), rat OPA1 (GCGCAGTATTGTTACAGACTT), human
Mifn2 (CTCCTTAGCAGACACAAAGAA), rat Mfn2 (GCTGGA-
CAGCTGGATTGATAA), human Mfnl (ATTTCTTCCCATACCATC-
CTC), rat Mfnl (GCAAACAAGGTTTCTTGTGCA), human Fis1 (TTACG-
GATGTCATCATTGTAC), and rat Fis1 (TGGTGCCTGGTTCGAAGCAAA).
miR RNAI construct targeting both human and rat DLP1 was described as pre-
viously (Wang et al., 2008a). Primary antibodies used included mouse anti-
DLP1/OPAL1 (BD Biosciences), mouse anti-Mfn1 (Novus Biologicals), mouse
anti-Mfn2/cytochrome ¢ oxidase subunit 1 (COX I) (Sigma), rabbit anti-Fis1
(Imgenex), mouse anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) (Chemicon), rabbit anti-a-tubulin (Epitomics), rabbit anti-
phospho-DLP1 (Ser616) (Cell Signaling), and mouse anti-a-tubulin/Myc/
COX 1V (Cell Signaling).

Immunocytochemical procedures. Hippocampal, frontal cortical, and
cerebellar brain tissue obtained postmortem was fixed and consecutive
6-pum-thick sections were prepared essentially as described previously
(Zhu et al., 2000). Cases used in this study included AD (n = 5) and
control (n = 5) cases. Immunocytochemistry was performed by the per-
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oxidase—antiperoxidase protocol as described before (Zhu et al., 2000).
Absorption experiments were performed to verify the specificity of anti-
body binding. Each case was examined on a Zeiss Axiophot microscope
for neurons stained with DLP1, OPA1, Mfnl, Mfn2, Fisl, COX I (Mo-
lecular Probes), and tubulin. Positively stained neurons were counted.

Western blot analysis. Brain samples from gray matter of temporal cortex
of AD (n = 13; ages = 60—89 years, postmortem interval = 1-24 h) and
age-matched control (n = 12, ages = 5892 years; postmortem interval =
2-23 h) cases [based on clinical and pathological criteria established by
CERAD (the Consortium to Establish a Registry for Alzheimer’s Disease)
and an National Institute on Aging consensus panel (Khachaturian and Emr,
1984; Mirra, 2000)] or cells were lysed with 1X Cell Lysis Buffer (Cell Sig-
naling), plus 1 mM PMSF (Sigma) and Protease Inhibitor Cocktail (Sigma).
Equal amounts of total protein extract (5 ug or 20 ug) were resolved by
SDS-PAGE and transferred to Immobilon-P (Millipore). After blocking
with 10% nonfat dry milk, primary and secondary antibodies were applied as
previously described (Wang et al., 2008a) and the blots developed with Im-
mobilon Western Chemiluminescent HRP Substrate (Millipore).

Electron microscopy. Hippocampus tissue fixed in 2% paraformalde-
hyde was embedded in London Resin gold after ethanol dehydration and
polymerized with UV exposure. Sections (60—100 nm) were placed on
nickel grids and incubated with COX antibody followed by gold-
conjugated secondary antibody. Grids were stained with uranyl acetate
and lead citrate and viewed in a Zeiss electron microscope at 80 kV
(CEM902; Zeiss, Oberkochen, Germany).

Cell treatments and measurements. Amyloid-B-derived diffusible li-
gands (ADDLs) were prepared using Af3,_,, peptide (California Peptide)
as described before (Klein, 2002), except that phenol red free neurobasal
medium (Invitrogen) was used instead of phenol red free F12 medium.
Primary hippocampal cells were usually treated at DIV 7-16. The nega-
tive control AB,,_; peptide (Anaspec) was subject to the same prepara-
tion procedure as ADDLs were. Cytotoxicity was measured by use of a
cytotoxicity detection kit (LDH; Roche). For differentiation of M17 cells,
serum content was reduced to 2%, and 1 uMm retinoic acid (Sigma-
Aldrich) was included in the culture medium.

To measure mitochondrial reactive oxygen species (ROS), the fluores-
cent probe MitoSOX (Invitrogen) was used according to the manufac-
turer’s protocol. Briefly, neurons were incubated with 2.5 um MitoSOX
in culture medium for 10 min, followed by three washes with prewarmed
Hanks’ balanced salt solution (Invitrogen). Cells were fixed in 4% para-
formaldehyde for 30 min and then stained and observed using a Zeiss
LSM 510 inverted fluorescence microscope.

Mitochondria were harvested from human brain samples or cells by
use of a mitochondrial isolation kit (Pierce) following the manufacturer’s
protocol. The cytosolic extracts were also used to determine DLP1 levels.
The biotin-switch assay was performed using an S-nitrosylated protein
detection assay kit (Cayman) following the manufacturer’s protocol. Bi-
otinylated DLP1 was immunoprecipitated with anti-DLP1 antibody in
radioimmunoassay precipitation buffer using Protein G-agarose beads
(Roche Diagnostics) according to the manufacturer’s protocol and ana-
lyzed by Western blot using avidin—-HRP (Cayman).

Immunofluorescence. Cells were cultured on chamber slides. After treat-
ment, cells were fixed and stained as described previously (Wang et al.,
2008a). All fluorescence images were captured with a Zeiss LSM 510 inverted
fluorescence microscope or a Zeiss LSM 510 inverted laser-scanning confo-
cal fluorescence microscope. Confocal images of far-red fluorescence were
collected using 633 nm excitation light from a HeNe laser and a 650 nm
long-pass filter; images of Mito-DsRed2 red fluorescence were collected us-
ing 543 nm excitation light from an argon laser and a 560 nm long-pass filter;
and green fluorescence images were collected using 488 nm excitation light
from an argon laser and a 500550 nm bandpass barrier filter. Image analysis
was performed with open-source image analysis program Wright Cell Im-
aging Facility (WCIF) Image] (developed by W. Rasband; NIH).

Time-lapse imaging. Neurons were seeded in glass-bottom dishes
(MatTek) and then transfected with Mito-Dendra2. Forty-eight hours after
transfection, cells were placed in a well-equipped live imaging station (Zeiss
CTI-Controller 3700) with controlled CO, content, humidity, and temper-
ature of stage, objective, and the air. Images were captured with a Zeiss LSM
510 inverted laser-scanning confocal fluorescence microscope. Images of red
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Mitochondrial fission and fusion protein expression and distribution in AD hippocampus. A, B, Representative immunoblot (4) and quantification (B) analysis revealed that in AD

hippocampus (n = 13), levels of DLP1/0PA1/Mfn1/Mfn2 were reduced significantly, whereas levels of FisT were increased significantly compared with age-matched controls (n = 12) (*p << 0.05,
Student's t test). Equal protein amounts (30 w.q) were loaded and confirmed with actin staining (4). €, Representative immunocytochemistry of DLP1, 0PAT, Mfn1, Mfn2, and FisT in hippocampus
from AD (right) and age-matched controls (left). Scale bars, 50 wm. D, Positively stained neurons were categorized into three groups: neurons with soma staining only, neurons with axon staining
only, and neurons with both axon and soma staining. Quantification in five AD brains and five age-matched controls indicated that Fis1, 0PA1, Mfn1, and Mfn2 demonstrated soma staining in >80%
of pyramidal neurons in AD hippocampus, significantly different from what was seen for control hippocampal neurons.

signal were collected using 543 nm excitation light from an argon laser and a
560 nm long-pass filter; those of green fluorescence were collected using 488
nm excitation light from an argon laser and a 500550 nm bandpass barrier
filter. During time-lapse imaging, frames were captured every 10 s for at least
1 h without apparent phototoxicity or photobleaching. Image analysis was
also performed with open-source image-analysis programs WCIF Image]
(developed by W. Rasband; NIH).

Results

Changes in levels and distribution of mitochondrial
fission/fusion proteins in neurons from AD hippocampus

We investigated the expression pattern of mitochondrial fission
proteins (i.e., DLP1 and Fisl) and fusion proteins (i.e., OPAI,

Mfn1, and Mfn2) in hippocampal tissues from 13 AD patients
and 12 age-matched normal subjects. Immunoblot analysis re-
vealed significant changes in the levels of all five proteins: DLP1
levels were dramatically reduced by 74.3% in AD brains, and
OPAI, Mfnl, and Mfn2 levels were also reduced by 61.4%,
27.8%, and 33.6%, respectively. Interestingly, unlike other fis-
sion/fusion proteins, Fisl levels were significantly increased 4.8-
fold in AD brains compared with age-matched control brains
(Fig. 1A, B). No significant changes in overall mitochondrial con-
tents were noted between AD and control samples, as evidenced
by the constant expression levels of COX IV, a mitochondrial
marker (Fig. 1 A). Real-time PCR studies of five control and five
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Altered distribution of mitochondria in AD. A, Representative immunocytochemistry of COX | confirmed that in AD hippocampus, COX | staining of neuronal processes was significantly

reduced compared with age-matched controls (*p << 0.05, Student's ¢ test). B, A representative immunoelectron micrograph of COX | gold labeling of mitochondria is shown. €, A representative
immunofluorescence picture of COX | staining (green) and tubulin (red) in AD hippocampus (bottom) and age-matched control (top). D, Quantification revealed that mitochondria were evenly
distributed in the control (1 = 5), whereas they were significantly constricted in the soma in AD hippocampus (n = 5) (*p << 0.05, Student’s £ test).

AD cases confirmed a 60% increase in Fis] mRNA levels in AD
but no changes in mRNA levels of other mitochondrial fission/
fusion proteins (not shown). Immunocytochemical analysis of
these proteins revealed extensive immunoreactivity of each of
these proteins in pyramidal neurons in hippocampal tissues from
age-matched control patients (Fig. 1C). Interestingly, only back-
ground neuronal immunoreactivity of DLP1 was noted in the
hippocampus from AD patients (Fig. 1C), consistent with the
greatly reduced levels revealed by immunoblot analysis. In con-
trast, extensive neuronal immunoreactivity was noted for the
other four mitochondrial fission/fusion proteins in hippocampal
tissues from AD patients; however, they displayed a distinctive
distribution pattern compared with that of control hippocampus
(Fig. 1C). Although all these proteins demonstrate a uniform
distribution throughout the soma and neurites of pyramidal neu-
rons in age-matched control hippocampus, in AD hippocampal
neurons, they accumulated in the soma and were depleted in the
neurite (Fig. 1C). Positively stained neurons were counted and
categorized into three groups: neurons with only soma staining,
neurons with only axon staining, and neurons with both axon
and soma staining. Indeed, all of these four proteins (i.e., Fis1,
OPA1, Mfnl, and Mfn2) demonstrated only soma staining in
>80% of pyramidal neurons in AD hippocampus, significantly
different from what was seen for control hippocampal neurons
(Fig. 1D). Antibodies against each of these fission/fusion proteins
from two different sources were used in both immunocytochem-
ical and immunoblot studies, and similar results were obtained
(not shown). The specificity of each antibody was confirmed by

preabsorption of primary antibodies with their immunizing pep-
tides. Since Fis1, Mfn1, and Mfn2 are mitochondrial outer mem-
brane proteins and OPA1 is a mitochondrial inner membrane
protein, the consistent pattern of their redistribution to soma in
AD pyramidal neurons implies that mitochondria are redistrib-
uted in these neurons.

Mitochondria are redistributed in AD pyramidal neurons

To confirm the altered distribution of mitochondria in AD neu-
rons, we used a widely used mitochondrial marker, COX I, which
also demonstrated exclusive neuronal staining in both AD and
age-matched control cases (Fig. 2 A). The mitochondrial localiza-
tion of COX I in pyramidal neurons was confirmed by electron
microscopy (Fig. 2B). Notably, immunocytochemical analysis
also revealed striking changes in the distributions of COX I im-
munoreactivity within neurons between AD and control cases:
localization of COX I in control cases is seen throughout the
soma and processes of most pyramidal neurons (>85%) of the
hippocampus, whereas in AD cases, the immunoreactivity is es-
sentially limited to the soma with no more than 20% neurons
demonstrating positively stained processes. Since some neurons
may lose processes in sections as a result of the angle of cutting in
both AD and control cases, which may mask the difference, to
further clarify the changes in COX I distribution, immunofluo-
rescence analysis of tubulin and COX 1 double staining of AD and
age-matched control hippocampal tissues was performed (Fig.
2C). Quantitative analysis of tubulin staining revealed no signif-
icant difference in the percentages of neurons with soma staining
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Previously we reported shorter mitochon-
dria in AD neurons (Wang et al., 2008b),
suggestive of enhanced mitochondrial fis-
sion. DLP1 is known to play a critical role
in the fission process; however, our results
indicated reduced levels of DLP1 in AD
neurons. Given that the majority of DLP1
in mammalian cells is cytosolic and it is
the mitochondrial DLP1 that participates
in mitochondrial fission (Smirnova et al., 2001), we hypothesized
that there may be comparable or even increased levels of mito-
chondrial DLP1 in AD compared with control brain samples. To
test this hypothesis, we conducted subcellular fractionation ex-
periments from AD and control brain homogenates, and the re-
sultant fractions were analyzed by probing immunoblots with
anti-DLP1 antibody as well as antibodies for GAPDH to track
cytosolic fractions, and with COX 1V to track mitochondrial frac-
tions. We found slightly increased levels of mitochondrial DLP1
(not significant) in AD brain samples (Fig. 3A4). The immunoblot
analysis also confirmed significantly reduced levels of cytosolic
DLP1 in AD samples (Fig. 3A). Phosphorylation of DLP1 at sev-
eral sites regulates its mitochondrial fission activity: whereas
there is still debate over whether phosphorylation of DLP1 at
Ser637 enhances or inhibits mitochondrial fission activity (Ce-
reghetti et al., 2008; Han et al., 2008), it appears that phosphory-
lation of DLP1 at Ser 616 activates mitochondrial fission activ-
ity (Taguchi et al., 2007). Given the known imbalance of kinase
and phosphatase activities such that increased phosphorylation
of multiple proteins was identified in AD brain, we determined
the levels of DLP1 phosphorylated at Ser616 in AD brain and
found significantly increased phosphorylated DLP1 at this site in
both mitochondrial and cytosolic fractions from AD brains com-
pared with control brains (Fig. 3A). A recent study suggested that
S-nitrosylation of DLP1 activates GTPase activity and mitochon-
drial fission and reported increased S-nitrosylation of DLPI in
AD brain tissues (Cho et al., 2009); we also determined DLP1
nitrosylation in our studies by biotin-switch assay. Indeed, we
confirmed significantly increased S-nitrosylation of DLP1 in AD
brain tissues (Fig. 3B). These data suggest that, despite the reduc-
tion in overall levels of DLP1, there were comparable levels of
mitochondrial DLP1 in AD neurons, which likely contributes to
enhanced mitochondrial fission.
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Changes in subcellular localization and modification of DLP1 in AD brain. 4, Representative immunoblot and quan-
tification analysis of DLP1and phospho-DLP1 (Ser616) (p-DLP1) in the mitochondrial and cytosolic fraction from AD brains (n = 8)
and age-matched control brains (n = 8) indicated that, although relative mitochondrial DLP1 level (DLP1/COX IV) did not change
significantly, the relative ratio of p-DLP1 to DLPT increased significantly in both mitochondrial and cytosolic fractions from AD brain
samples. All samples were also immunoblotted with antibodies to detect mitochondrial (COX IV) and cytoplasmic (GAPDH) mark-
ers. The absence of GAPDH in the mitochondrial fraction confirms the purity of preparations from brain tissues. B, Representative
immunoblot and quantification analysis of S-nitrosylated DLP1 (SNO-DLP1) by biotin-switch assay of AD brains (n = 8) and
age-matched control brains (n = 8) showed that relative SNO-DLP1 formation increased significantly in AD. All experiments were
repeated three times (*p < 0.05, Student’s £ test).

Modulations of mitochondrial fission/fusion proteins,
mimicking changes in AD neurons, cause abnormal
mitochondrial distribution in M17 cells

Since mitochondrial fission/fusion proteins not only control mi-
tochondrial morphology but also regulate mitochondrial distri-
bution, we hypothesized that changes in mitochondrial fission/
fusion proteins may also change mitochondrial morphology and
distribution in AD neurons. To test this hypothesis, we evaluated
whether changes in these proteins, mimicking the changes found
in AD neurons, affected mitochondrial morphology and distri-
bution in the M17 human neuroblastoma cell line. Stable M17
cell lines were generated with reduced expression of DLPI,
OPA1, Mfnl, and Mfn2, i.e., mitochondrial fission/fusion pro-
teins that demonstrated reduced levels in AD neurons, and over-
expression of Fisl, i.e., the mitochondrial fission/fusion protein
that demonstrated increased levels in AD neurons. The overex-
pression or reduced expression of mitochondrial fission/fusion
proteins was confirmed by Western blotting (Fig. 4 A). There was
no increase in basal cell death in any of the cell lines compared
with control cells (i.e., untransfected or empty vector-transfected
cells) (data not shown). To visualize mitochondria, stable M17
cell lines were transiently transfected with Mito-DsRed2. Forty-
eight hours after transfection, cells were fixed, stained, and eval-
uated using laser confocal microscopy (Fig. 4 B). Detailed analysis
of mitochondrial length revealed that these manipulations, mim-
icking changes in AD neurons, caused differential effects on mi-
tochondrial morphology: the majority of the M17 cells in control
lines demonstrated short tubular-form mitochondria, while al-
most 100% of stable M17 cells with reduced DLP1 expression
demonstrated elongated mitochondria, and the majority of M17
cells with reduced OPA1, Mfn1, or Mfn2 expression or increased
Fisl expression demonstrated fragmented mitochondria (72.6 =
8.1%, 77.4 = 7.3%, 63.2 = 4.2%, or 84.7 £ 6.4%, respectively)
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Modulations of mitochondrial fission/fusion proteins, mimicking changes in AD neurons, cause abnormal mitochondrial distribution in M17 cells. A, Representative immunoblot

analysis of M17 cells stably knocking down or overexpressing mitochondrial fission and fusion proteins. Equal protein amounts (15 wug) were loaded. Tubulin immunoblot was used as an internal
loading control. B, Representative confocal pictures of mitochondria in M17 cells either stably overexpressing (OE) or knocking down (RNAi) mitochondrial fission/fusion proteins. Cells were
transfected with Mito-DsRed2 to label mitochondria. For knockdown experiments, GFP was tagged to the micro-RNAi construct. For overexpression experiments, tubulin was immunostained as
green to label the cell shape. €, D, Quantifications of mitochondrial morphology (€) and abnormal distribution (D) in M17 cell either stably overexpressing or knocking down mitochondrial
fission/fusion proteins revealed differential effects on mitochondrial morphology but similar effects on abnormal mitochondrial distribution for those manipulations mimicking changesin AD. Scale
bars, 20 pum. At least 500 cells were analyzed in triplicate for each cell line (*p << 0.05, Student's ¢ test).

(Fig. 4C). Most notably, despite their differential effects on mor-
phology, all manipulations caused a similar abnormal effect on
mitochondrial distribution when compared with untransfected
or empty vector-transfected control cells: in control cells, mito-
chondria were distributed evenly throughout the cytoplasm
(>95% cells) (Fig. 4D). However, in stable M17 cells with re-
duced DLP1 expression, almost 100% of the cells demonstrated
an abnormal mitochondrial distribution with mitochondria
aggregating in the perinuclear area, whereas more remote cyto-
plasmic areas were devoid of mitochondria; 63.5 * 3.2%, 87.8 =
3.2%, 78.3 * 5.3%, or 82.5 £ 7.3% of cells in the stable M17 cell
lines with reduced OPA1, Mfn1, or Mfn2 expression or increased
Fis1 expression, respectively, demonstrated similar abnormal mi-
tochondrial distributions (Fig. 4 D).

We also generated stable M 17 cell lines overexpressing domi-
nant negative DLP1 or OPA1 mutants. As expected, they caused
effects similar to those of DLP1 or OPA1 knockdown on mito-
chondrial morphology and distribution (Fig. 4C, D): overexpres-
sion of the DLP1 K38A mutant caused elongated mitochondria,
whereas overexpression of OPA1 K301A mutant caused frag-
mented mitochondria (Fig. 4C), but both caused abnormal mi-
tochondrial distribution with mitochondria accumulating in the
perinuclear area (Fig. 4 D).

In addition, we further generated stable M 17 cells lines over-
expressing DLP1 or OPA1 or with reduced expression of Fis1, i.e.,
changes opposite to those observed in AD neurons (Fig. 4C, D).
The analysis of mitochondrial morphology and distribution in
these cell lines revealed that DLP1 overexpression caused primar-
ily fragmented mitochondria, and Fisl knockdown caused pri-
marily elongated mitochondria, whereas overexpression of
OPAL in cells resulted in a heterogeneous population of mito-
chondria that varied in shape (Fig. 4C). However, neither of these
manipulations caused abnormal perinuclear accumulation of
mitochondria (Fig. 4 D).

Modulations of mitochondrial fission/fusion proteins,
mimicking changes in AD, cause abnormal mitochondrial
distribution in differentiated primary neuronal cells

To study the effect of modulating this mitochondrial fission/
fusion expression in differentiated cells, primary rat hippocam-
pal neurons (DIV 7-12) were transfected with GFP-tagged miR
RNAI expression vectors targeting DLP1, OPA1, Mfn1, or Mfn2
or a Myc-tagged Fisl expression vector. Cells were fixed and
stained 3 or 4 d after transfection. Positively transfected cells can
be identified by GFP fluorescence or Myc immunostaining. In
nontransfected control hippocampal neurons, mitochondria
were abundant and overlapping in soma and proximal neurites
but were separated from each other and evenly distributed in
distal neurites and usually demonstrated short tubular forms
with an average length of 2.1 * 0.08 wm (Fig. 5A, B). In DLP1
knockdown neurons, many mitochondria in neurites became ex-
tremely long (>10 wm) and the average mitochondrial length
increased significantly (4.1 * 0.56 um) (Fig. 5B). However,
mitochondrial number was significantly reduced in neuronal
processes (Fig. 5C), leaving large lengths of neurites devoid of
mitochondria (Fig. 5E). Indeed, the neurite mitochondrial index
(total mitochondrial length/neurite length) in neuronal pro-
cesses 200 wm in length beginning from the cell body, used as an
index for mitochondrial coverage in neuronal processes, was sig-
nificantly decreased (Fig. 5D). OPAI, Mfnl, and Mfn2 knock-
down as well as Fisl overexpression caused mitochondria to
become globular and significantly shorter in positively trans-
fected neurons (Fig. 5A, B). Mitochondrial aggregates were often
observed in the neuronal processes of Mfn1 knockdown or Fis1-
overexpressing neurons. Most importantly, despite their differen-
tial effect on mitochondrial morphology compared with DLP1
knockdown, manipulations of OPA1, Mfn1, Mfn2, or Fis1 all caused
significantly reduced neuritic mitochondrial density (Fig. 5C), de-
creased neurite mitochondrial index (Fig. 5D), and increased length
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Modulations of mitochondrial fission/fusion proteins, mimicking changes in AD, cause similar abnormalities in differentiated primary neuronal cells. A, Representative pictures of

mitochondria in primary rat E18 hippocampal neurons (DIV 7—12) transiently transfected with GFP-tagged miR RNAi expression vector targeting DLP1, OPAT, Mfn1, or Mfn2 (DLP1, OPA1, Mfn1, or
Mfn2 RNAi) or a Myc-tagged Fis1 expression vector (Fis1 OE) and Mito-DsRed2 (Red) to label mitochondria. For Myc-tagged Fis1 overexpression, a GFP-expressing vector was also cotransfected to
show neurites and soma. Positively transfected cells were identified by GFP fluorescence (green) or Myc immunostaining (white). B—E, Quantification of mitochondrial length (B), number (C),
neurite mitochondrial index (total mitochondrial length/neurite length) (D), and axial length of neurites devoid of mitochondria (E) in a segment of neuronal process 400 wm in length beginning
from the cell body of neurons either overexpressing or knocking down mitochondrial fission/fusion proteins (*p << 0.05, Student’s ¢ test). Scale bars, 20 um. At least 20 cells were analyzed in each

experiment, and experiments were repeated three times.

of neurites devoid of mitochondria in the neuronal processes (Fig.
5E) in positively transfected hippocampal neurons, a phenomenon
also observed in DLP1 knockdown neurons, consistent with the re-
distribution pattern of mitochondria in M17 cells.

Differentiated hippocampal neurons were also transiently
transfected with dominant negative DLP1 or OPA1 mutants and
essentially caused effects similar to DLP1 or OPA1 knockdown
on mitochondrial morphology and distribution (Fig. 5B—E). In con-
trast, overexpression of DLP1 caused fragmented mitochondria but
increased mitochondrial number in neuronal processes with an
overall increase in neurite mitochondrial index (Fig. 5B—E). OPA1
overexpression led to a heterogeneous effect on mitochondrial mor-

phology and Fis1 knockdown caused mitochondria elongation, but
neither changed mitochondrial density in neuronal processes or
neurite mitochondrial index in rat primary neurons (Fig. 5B—E).

Effect of mitochondrial fission/fusion proteins on

dendritic spines

As one approach to determine whether alterations in mitochon-
drial dynamics correlate with neuronal changes, we compared
the number of dendritic spines, an important index of synaptic
plasticity. Rat E18 primary hippocampal neurons (DIV 9) were
transfected with GFP-tagged miR RNAi expression vectors tar-
geting DLP1, OPA1, Mfn1, or Mfn2 or a Myc-tagged Fis1 expres-
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Effects of A3 on mitochondrial
dynamics in primary neurons

Itis believed that soluble A3 oligomers are
involved in the pathogenesis of AD. We
previously demonstrated that ABPP over-
expression, likely through AB overproduc-
tion, induces mitochondrial dysfunction
through altered mitochondrial dynam-
ics (Wang et al., 2008b). It was reported
that AB,5;5 induced mitochondrial
fragmentation before cell death. To di-
rectly examine the potential effect of AB
oligomers on mitochondria, rat hip-
pocampal neurons (DIV 7-9) were co-
transfected with a GFP expression vector
to label cell shape and Mito-DsRed2 to
highlight mitochondria. Two days after
transfection, neurons were incubated
with 800 nM oligomeric ADDLs. As a con-
trol, in parallel experiments, neurons
were treated with 10 um AB,, ;; the re-
verse peptide was subjected to the same
preparation steps as ADDLs. After treat-
ment for 24 h, cells were fixed, stained,
and imaged by laser confocal microscopy.
Treatment with ADDLs led to signifi-

Control Control DLPI1
RNAi  RNAi

OPA1
RNAi

Mfnl
RNAi

Mfn2 Fisl OE

RNAi RNAi

Figure 6.

least 20 cells were analyzed in each experiment, and experiments were repeated three times.

sion vector together with Mito-DsRed2 to label mitochondria.
Three days later, neurons were fixed and stained. Positively trans-
fected neurons were identified by GFP fluorescence or Myc im-
munostaining. For each neuron, dendritic segments with 100—
200 pum in length beginning 100 um from the cell body were
selected. In dendrites with large diameters, mitochondria were
overlapping and abundant in the proximal area but separated
from each other in the distal area similarly to what was seen for
dendrites with small diameter. Protrusions of 0.5-5 wm in length
that had a clear neck and expanded mushroom-like heads or a
stubby shape were defined as dendritic spines. At DIV 12, den-
drites of control neurons were extensively covered with dendritic
spines (Fig. 6A). However, neurons with DLP1 downregulation
showed a markedly reduced spine density (1.1 = 0.35/10 um)
compared with nontransfected or control RNAi-transfected neu-
rons (4.2 * 0.46/10 wm). Similarly OPA1, Mfn1, or Mfn2 knock-
down as well as Fisl overexpression also caused markedly re-
duced spine density (Fig. 6A, B). To determine whether these
changes correlated with a loss of mitochondria in the vicinity of
the spine, the frequency of spine occupancy by mitochondria was
measured. It was found that the number of spines containing at
least one mitochondrion in a 1-um-diameter region centered in
the middle of the spine was significantly reduced in all neurons
with DLP1/OPA1/Mfn1/Mfn2 knockdown or Fisl overexpres-
sion (Fig. 6C).

Control Control DLP1
RNAi

Effect of mitochondrial fission/fusion proteins on dendritic spines. Primary rat E18 primary hippocampal neurons
were transfected at DIV 9 with the indicated plasmids. For each neuron, dendritic segments of 100 —200 m in length beginning
100 wum from the cell body were selected. 4, Representative pictures of positively transfected neurons are shown. B, €, Quantifi-
cation of spine number and the percentage of spines supported by mitochondria (*p << 0.05, Student’s t test). Scale bars, 5 em. At

%
: I cantly reduced mitochondrial length in
neurites, suggestive of enhanced mito-
chondrial fragmentation (Fig. 7A, B).
More importantly, unlike the vehicle-
e or AP,, -treated controls, large seg-
RNAi  RNAi  RNAi ments of neurites were devoid of mito-

chondria (Fig. 7E). In fact, the neuritic
mitochondrial density and the neurite
mitochondrial index were also signifi-
cantly reduced in neuronal processes of
ADDL-treated primary neurons (Fig.
7C, D). The negative control, AB,,_;,
had no effect on any of these mitochondrial parameters.

The readily discernible individual mitochondrion in distal
neurites makes it possible to measure the occurrence of mito-
chondrial fusion and fission events. A fusion event was defined as
two separate mitochondria moving toward each other, forming a
physical connection into one intact organelle and moving to-
gether. A fission event was recognized by the division of a single
mitochondrion into two distinct mitochondria. Both fission and
fusion events were counted in the segment of axon ~100 wm in
length beginning 300 wm from the cell body of control or ADDL-
treated neurons during 20 min time-lapse recordings. Mitochon-
dria rapidly underwent constant fission and fusion in control
neurons (0.0263 = 0.0102 events/um in 20 min for fusion and
0.0399 = 0.0098 events/um in 20 min for fusion) (Fig. 7F, G).
Similar rates were seen in neurons treated with the reverse pep-
tide, AB,4,_;. In contrast, mitochondrial fission and fusion oc-
curred at amuch lower frequency in neurons treated with ADDLs
(0.0036 = 0.0019 events/um in 20 min for fusion and 0.0048 =
0.002 events/um in 20 min for fusion), suggesting that both mi-
tochondrial fission and fusion were impaired in ADDL-treated
primary neurons (Fig. 7F, G). Further, the ratios of the total time
each mitochondrion involved in fission/fusion spent in the post-
fission “single state” (defined as the time interval from fission to
fusion) and post-fusion “fused state” (defined as the time interval
from fusion to fission) during the 20 min recording time were
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Figure 7.  Effects of ADDLs on mitochondrial morphology and distribution in primary neurons. Primary rat E18 hippocampal neurons (DIV 9—12) transfected with GFP and Mito-DsRed2 were
treated with 800 nm ADDLs for 24 h. Twenty-four hours of treatment of A3,,,_;, subject to the same procedure that produces ADDLs, was used as a control. A, Representative pictures of positively
transfected neurons. Red, DsRed; green, GFP; white: tubulin staining. B—E, Quantification of mitochondrial length (B), density (C), neurite mitochondrial index (D), and axial length of neurites devoid
of mitochondria (E) in a segment of neuronal process 400 m in length beginning from the cell body of neurons (*p << 0.05, Student’s ¢ test). At least 20 cells were analyzed in each experiment,
experiments were repeated three times. F, Demonstration of the effect of ADDLs on mitochondrial fission and fusion events. Rat E18 hippocampal neurons (DIV 9) were transfected with
Mito-DsRed2. Twenty-four hours after incubation with or without 800 nm ADDLs at DIV 11, neurons were imaged in time lapse (10 s interval, 20 min). Representative thresholded time-lapse pictures
showed active mitochondrial fission and fusion in the segment of axon ~100 m in length beginning 300 1.m from the cell body of control or ADDL-treated neurons. Active mitochondrial fission
(filled arrows) and fusion (empty arrows) and fast-moving mitochondria (asterisks) are marked. G, H, Both fusion and fission were impaired significantly by ADDLs (G), and mitochondria spent
significantly less time in the post-fusion fused state than in the post-fission single state (H). At least 20 neurons were analyzed in three independent experiments (*p << 0.05, Student's t test). I-L,
Immunoblot and quantitative analysis of DLP1and OPA1 levels in neurons treated at the indicated dosages of ADDLs for 24 h (1, J) or at 800 nu for the indicated periods of time (K, L) revealed that
ADDLs induced a dose- and time-dependent decrease in DLP1 and OPA1 levels (*p << 0 0.05, Student’s ¢ test). C, Control, UNT, untreated. M, Unlike ADDLS, 10 um AB,,., had no effect on the
expression of DLP1 and OPA1. Equal protein amounts (15 wg) were loaded. Actinimmunoblot was used as an internal loading control.

determined. In both control neurons and those treated with  significantly less time in the post-fusion state compared with
AB,,.;, the total times each mitochondrion spent in the post-  the post-fission state (Fig. 7H).

fusion state and post-fission state were similar (Fig. 7H). We next sought to determine whether A oligomers induced
However, in the ADDL-treated neurons, mitochondria spent  changes in the expression of these mitochondrial fission and fu-
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pocampal neurons (DIV 9) were tran-
siently transfected with Myc-tagged

DLPIwt or GFP-tagged OPAlwt. Mito-
DsRed2 was cotransfected to label mito-

A Mitochondrial fraction Cytosolic fraction
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DLP1 m— * | e——

COX TV e —

chondria. Two days after transfection,
neurons were treated with 800 nm ADDLs
for 24 h, fixed, and stained. Positively
transfected cells were selected based on
DsRed fluorescence signal and Myc im-
munoreactivity (or GFP fluorescence sig-
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sion proteins in rat hippocampal neurons. Primary neurons (DIV
7~12) were incubated with different doses of ADDLs (50 nmM—10
uM) for 24 h or with 800 nm ADDLSs for various period of time
(0—24 h) and cell lysates were prepared for immunoblot analysis
of mitochondrial fission and fusion proteins. As a negative con-
trol, neurons were also treated with 10 um AB,,_, for 24 h. No
apparent cell death under these conditions with either ADDLs or
AB,,., treatment was observed, as determined by LDH assay
(data not shown). Interestingly, ADDL treatment caused a signif-
icant decrease in DLP1 and OPA1 levels in a dose-dependent
manner (Fig. 71, ), whereas there was no significant change in
Mifn1, Mfn2, or Fis1 level (data not shown). In fact, 800 nM ADDL
treatment induced a significant reduction in DLP1 or OPA1 lev-
els as early as 2 h, and the effect lasted for at least 24 h (Fig. 7K, L).
In contrast, AB,,_; treatment did not change mitochondrial fis-
sion and fusion protein levels compared with what was seen for
untreated or vehicle-treated neurons (Fig. 7M ).

We further determined the levels of DLP1 in the mitochon-
drial fraction and found that A oligomers induced significantly
increased levels of mitochondrial DLP1 (Fig. 8 A). Similar to what
was seen for AD brain, increased mitochondrial DLP1 was ac-
companied by AB oligomer-induced increased levels of phos-
phorylation (Fig. 8A) and S-nitrosylation (Fig. 8 B) of DLP1.

Effects of DLP1 and OPA1 on AB-induced alterations in
mitochondrial dynamics

To determine the role of DLP1 and/or OPA1 in AB-induced
abnormal mitochondrial morphology and distribution, rat hip-

Effects of ADDLs on subcellular localization and modification of DLP1 in primary rat E18 hippocampal neurons. 4,
Representativeimmunoblot and quantification analysis showed that both relative mitochondrial DLP1 level (DLP1/COX V) and the
relative ratio of phospho-DLP1 (p-DLP1) to DLP1 increased significantly in primary rat E18 hippocampal neurons (DIV 12) treated
with 800 nm ADDLs for 24 h. Unlike ADDLS, 10 um AB,,., had no effect on either relative mitochondrial DLP1 level (DLP1/COX V)
or the relative ratio of p-DLP1/DLP1 (not shown). All samples were also immunoblotted with antibodies to detect mitochondrial
(COX1V) and cytoplasmic (GAPDH) markers. The absence of GAPDH in the mitochondrial fraction confirms the purity of preparations
from cell lysates. B, Representative immunoblot and quantification analysis further revealed that S-nitrosylated DLP1 (SNO-DLP1)
formation was also enhanced in primary rat E18 hippocampal neurons (DIV 12) treated with 800 nm ADDLS for 24 h. As a control, 10
M AB,, , did not affect SNO-DLP1 formation. All experiments were repeated three times (*p << 0.05, Student’s ¢ test).

processes were increased in neurons over-
expressing DLP1 but unchanged in neu-
rons overexpressing OPA1 (Fig. 94, B). In
control primary neurons expressing only
vector, ADDLs induced mitochondrial
fragmentation, reduced mitochondrial
number and neuritic mitochondrial in-
dex, and increased the average length of
neuritic segments devoid of mitochondria
in the neuronal processes (Fig. 9B-E).
Interestingly, in the presence of
ADDLs, OPA1l overexpression restored
mitochondrial length to a level compara-
ble with what was seen for untreated con-
trols (Fig. 9C). However, OPA1 overex-
pression had no effects on ADDL-induced
decrease in mitochondrial number and
neurite mitochondrial index or increase
in average length of neuritic segments devoid of mitochondria in
the neuronal processes in positively transfected primary neurons
(Fig. 9A-E). On the other hand, in contrast to OPAIl-
overexpressing neurons, in the presence of ADDLs, DLP1 over-
expression did not change mitochondrial length but restored mi-
tochondrial number, the neurite mitochondrial index, and the
average length of neuritic segments devoid of mitochondria to alevel
comparable with untreated controls in positively transfected neu-
rons (Fig. 9A-E).

Effects of DLP1 and OPA1 on AB-induced functional changes
Mitochondria serve as the primary source of endogenous ROS.
By using a fluorescence red dye, MitoSOX, to measure mitochon-
drial ROS production, we were able to demonstrate that treat-
ment of rat hippocampal neurons with ADDLs resulted in a large
increase of mitochondrial ROS levels in rat hippocampal neurons
(Fig. 10A, B). In the absence of ADDL treatment, OPA1 overex-
pression led to a significantly decreased basal level of mitochon-
drial ROS, as evidenced by the lower fluorescence signal in
positively transfected cells compared with those of neighboring
nontransfected cells and GFP vector-transfected control cells
(Fig. 10A, B). However, DLP1 overexpression did not signifi-
cantly change the basal mitochondrial ROS levels. Similarly, in
the presence of ADDL treatment, OPA1 overexpression signifi-
cantly lowered mitochondrial ROS levels to a level comparable
with that of untreated controls, whereas DLP1 overexpression
had no effects (Fig. 10A, B).
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Consistent with previous findings A
demonstrating that ADDL treatment neg-
atively impacted synaptic function (Lacor
etal., 2004), we found that 24 h treatment
with 800 nM ADDLs also induced a signif-
icantly reduced dendritic spine number in
rat hippocampal neurons (DIV 12) (Fig.
10C, D). Notably, in the presence of
ADDL treatment, DLP1 overexpression
significantly alleviated ADDL-induced
decreases in dendritic spine number (Fig.
10C, D). In contrast, OPA1 overexpres-
sion had no effects on dendritic spine
number with or without ADDL treat-
ment. We further studied the effects of
ADDL treatment on excitatory synapses
by measuring the expression of PSD-95 in
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ADDLs+DLP1

primary neurons (Fig. 10E, F). We trans- B 035 1
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whereas OPA1 overexpression had no ef- 7w .
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expected, ADDL treatment significantly ' |+| |+|
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(Fig. 10E, F). Interestingly, ADDL-

induced reduction in the number of Figure9. Effects of DLP1and OPA1 on ADDL-induced mitochondrial dynamics changes. A, Representative pictures of neurons

PSD-95 puncta was effectively prevented
by DLP1 overexpression but not by OPA1
overexpression. Overall, these data sug-
gested that DLP1-regulated mitochon-
drial distribution played an important
role in ADDL-induced change of den-
dritic spine and synapse plasticity.

Discussion

In this study, we demonstrated significant alterations in the ex-
pression pattern of mitochondrial fission/fusion proteins in hip-
pocampal tissues from AD compared with age-matched control
brain. We found reduced levels of DLP1/OPA1/Mfn1/Mfn2 and
increased levels of Fisl in AD hippocampus, consistent with the
notion that mitochondrial dynamics are altered in AD. More
importantly, all of these proteins accumulated in the soma and
were depleted in neuronal processes in AD neurons. Given that
OPA1, Mfn1/2, and Fis1 are mitochondrial membrane proteins,
these data suggest a potential redistribution of mitochondria in
AD neurons. In this regard, we also demonstrated that COX I, a
widely used mitochondrial marker, was redistributed in a similar
pattern, confirming that mitochondria are redistributed in AD
neurons. To explore the consequence of changes in the expres-
sion levels of mitochondrial fission/fusion proteins, the expres-
sion of these proteins was manipulated in M17 cells and primary
hippocampal neurons in a way that mimicked their expression
changes in AD. Although these manipulations caused different

(DIV12) cotransfected with GFP-, Mito-DsRed2-, and Myc-tagged wild-type DLP1 or wild-type OPA1 after 24 h treatment with 800
num ADDLs. Areas enclosed in white boxes are shown at higher magnification in Inset panels (right) to allow better appreciation of
changes in mitochondrial morphology and density. Red, DsRed; green, Myc; white, Tubulin staining. B-E, Quantification of
mitochondrial number (B), length (C), neurite mitochondrial index (D), and axial length of neurites not covered by mitochondria
(E) in neurons with indicated treatment or manipulation (*p << 0.05, when compared with the nontransfected or empty vector-
transfected normal control cells; *p << 0.05, when compared with control or empty vector-transfected cells with ADDL treatment;
Student's  test). At least 20 neurons were analyzed in three independent experiments. UNT, Untreated.

effects on mitochondrial morphology, they all caused reduced
mitochondrial density in the cell periphery (M17 cells) or neuro-
nal processes (primary neurons) which correlated with reduced
spine numbers (primary neurons), suggesting that the altered
expression of these proteins may play an important role in mito-
chondrial redistribution and synaptic dysfunction in AD neu-
rons. In an attempt to address the potential cause of abnormal
mitochondrial dynamics, we found that ADDL treatment led not
only to mitochondrial fragmentation, consistent with previous
studies (Barsoum et al., 2006), but also to mitochondrial deple-
tion from neuronal processes. ADDLs likely caused abnormal
mitochondrial dynamics directly through adverse effects on
DLP1 and OPALI expression, since DLP1 overexpression rescued
ADDL-induced abnormal mitochondrial distribution, whereas
OPA1 overexpression restored ADDL-induced mitochondrial
fragmentation. Most importantly, we found that ADDL-induced
mitochondrial depletion from dendrites correlated with reduced
dendritic spine density and PSD-95 puncta number, which could
be effectively reversed by DLP1 overexpression through repopu-
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Effects of DLP1 and OPA1 on ADDL-induced changes in mitochondrial function and neuronal function. A, B, Representative fluorescent pictures and quantification of

mitochondrial ROS in neurons (DIV 12) transfected with GFP-tagged wild-type DLP1 or wild-type OPAT with or without ADDL treatment. Mitochondrial ROS was labeled by MitoSOX;
Positive transfected cells were selected by GFP signal. C, D, Representative pictures and quantification of dendritic spine in neurons with or without ADDL treatment. Neurons (DIV 9) were
cotransfected with GFP- and Myc-tagged wild-type DLP1 or OPA1. Positive transfected cells were selected on the basis of GFP and Myc staining. E, F, To study the effect of A3 on PSD-95,
neurons (DIV 9) were cotransfected with YFP-tagged PSD-95 to label excitatory synapses, Mito-DsRed2 to label mitochondria, and Myc-tagged DLP1 or OPA1 constructs. Shown are
representative pictures and quantification of PSD-95 puncta in neurons with or without ADDL treatment and manipulation. Red, DsRed; green, YFP; blue, MAP2A. Scale bars, 5 m. At
least 20 neurons were analyzed in three independent experiments (*p << 0.05, when compared with the nontransfected or empty vector-transfected normal control cells; *p < 0.05,
when compared with control or empty vector-transfected cells with ADDL treatment; Student’s ¢ test).

lation of neuronal processes with mitochondria, suggesting that
abnormal mitochondrial dynamics plays an important role in
ADDL-induced synaptic dysfunction and loss.

Our previous finding of reduced mitochondrial length in the
soma of AD neurons compared with controls suggested that an
abnormal mitochondrial dynamics toward enhanced fission may
be involved in neuronal dysfunction in AD (Wang et al., 2008D).
The major finding of the current study is an altered expression
pattern of mitochondrial fission and fusion proteins in vivo in AD
brain, confirming that the balance of mitochondrial fission and
fusion is indeed tipped in AD neurons, which thus likely contrib-
utes to mitochondrial dysfunction and neurodegeneration in
vivo. However, although OPA1/Mfn1/Mfn2 reduction or Fisl
overexpression could lead to mitochondrial fragmentation,
DLP1 reduction could cause mitochondrial elongation and thus
may make the net effect on mitochondrial morphology uncertain
(Chan, 2006). Interestingly, despite the overall reduction in

DLP1 levels, we found mitochondrial DLP1 levels remained sim-
ilar between AD and control samples and were increased in
ADDL-treated neurons. In this regard, it is of interest to note that
DLP1 phosphorylation at Ser616 and S-nitrosylation activate its
mitochondrial fission activity (Taguchi et al., 2007; Cho et al.,
2009), and we found increased DLP1 phosphorylation and
S-nitrosylation in AD and ADDL-treated neurons. Given that the
majority of DLP1 in mammalian cells is cytosolic and it is the
mitochondrial DLP1 that participates in mitochondrial fission
(Smirnova et al., 2001), the comparable or increased mitochon-
drial DLP1 levels in AD or ADDL-treated samples, coupled with
increased DLP1 S-nitrosylation, suggested that changes in DLP1
in AD and ADDL-treated neurons, along with changes in other
fission/fusion proteins, likely contributes to enhanced mitochon-
drial fission. Such a notion is obviously supported by the net
outcome of mitochondrial fragmentation in ADDL-treated
neurons.
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Interestingly, a detailed measurement of mitochondrial fis-
sion and fusion events in ADDL-treated primary neurons re-
vealed that although neuronal mitochondria are still capable of
fusing and dividing, they fuse and divide at a significantly slower
rate, suggesting that both fission and fusion are impaired, consis-
tent with altered expression of both fission and fusion proteins. It
is unclear whether a slower but still balanced mitochondrial fis-
sion and fusion process has any effect on mitochondrial function.
Notably, although both fission and fusion slowed down at similar
rates, we found that mitochondria switched from spending sim-
ilar amounts of time in the post-fusion fused state and post-
fission single state in control cells to spending the majority of
their time in the post-fission single state in ADDL-treated cells,
which is likely the reason that a net outcome of decreased mito-
chondrial length was observed in these cells. Such a switch of
steady-state morphology is likely attributable to the reduced ex-
pression of OPA1 caused by ADDL treatment, because recent
studies demonstrated that nonfusing mitochondria are charac-
terized by reduced OPA1 expression and that OPA1 depletion in
individual mitochondrion may preclude its fusion even if sur-
rounded by fusion-competent mitochondria (Twig et al., 2008).

Our results also showed that the distribution of mitochondrial
membrane proteins OPA1/Mfn1/Mfn2/Fisl was altered in AD
neurons such that neuronal processes were devoid of these pro-
teins, a mitochondrial redistribution in AD neurons that was also
confirmed with a more widely used mitochondrial marker, COX
L. Intracellular mitochondria distribution is of critical impor-
tance to neurons since the great morphological complexity and
dependency on mitochondria for energy at multiple selective
sites make neurons particularly sensitive to perturbations in mi-
tochondrial distribution (Kann and Kovacs, 2007). The loss of
mitochondria from axon terminals leads to synaptic dysfunction
in flies (Stowers et al., 2002; Melov, 2004; Guo et al., 2005). Most
interestingly, in relation to mitochondrial distribution, we dem-
onstrated in M17 neuroblastoma cells that knockdown of DLP1/
OPA1/Mfn1/Mfn2 or overexpression of Fisl, conditions that
mimic changes in AD neurons, all caused perinuclear accumula-
tion of mitochondria, leaving more remote areas of the cell de-
void of mitochondria. Similarly, all of these manipulations also
resulted in a significant reduction of mitochondrial density and
uneven mitochondrial coverage in neuronal processes in differ-
entiated primary hippocampal neurons with significantly greater
axial neurite length devoid of mitochondria. Our data suggest
that changes in the expression of these mitochondrial fission and
fusion proteins likely underlie abnormal mitochondrial distribu-
tion in AD neurons.

Many in the field believe that AB plays a central role in the
pathogenesis of AD (Kamenetz et al., 2003). Early changes in the
AD brain include loss of synapses and synaptic loss is the most
robust correlate of AD-associated cognitive deficits. AB is a ho-
meostatic regulator of synaptic strength (Kamenetz et al., 2003),
suggesting that perturbations in soluble A3 levels might be linked
to the learning and memory deficits in AD patients (Masliah et
al., 2001). Indeed, AD mouse models with elevated AB levels
exhibit decreased neuronal synaptophysin and PSD-95 staining
as well as dendritic spine loss (Mucke et al., 2000; Lanz et al., 2003;
Almeida et al., 2005; Spires et al., 2005) along with learning def-
icits well before the formation of senile plaques. Application of
AP or soluble oligomers (e.g., ADDLs), either in vitro or in vivo,
adversely affects LTP and synaptic transmission (Lambert et al.,
1998; Walsh et al., 2002; Wang et al., 2002; Cleary et al., 2005).
Along these lines, AB overexpression decreases spine density
(Hsieh et al., 2006) and ADDLSs directly bind to dendritic spines
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(Lacor et al., 2004) and induce abnormalities in spine composi-
tion, shape, and abundance (Lacor et al., 2007). However, it re-
mains unclear how these A effects are transduced to synaptic
dysfunction. In this study, we found that ADDLs induced mito-
chondrial fragmentation accompanied by a decrease in mitochon-
drial coverage in neurites. At the same time, ADDL treatment also
caused significant decreases in the levels of both DLP1 and OPAL.
Functionally, ADDL treatment increased mitochondrial ROS
levels and decreased spine density and PSD 95-positive puncta. It
was reported that number of dendritic mitochondria affected the
number and plasticity of spines and synapses and, indeed, there is
a correlation between dendritic spine morphogenesis and re-
cruitment of nearby mitochondria (Li et al., 2004). In our study,
we found that DLPI overexpression could not prevent mito-
chondrial ROS overproduction induced by ADDLs but could
efficiently alleviate synaptic loss or dysfunction caused by AD-
DLs, suggesting that mitochondrial distribution regulated by
DLP1 probably accounted for the synaptic dysfunction induced
by ADDLs. On the other hand, we showed that OPA1 could
alleviate ADDL-induced ROS overproduction by mitochondria.
These data suggest that OPA1 plays an important role in ADDL-
induced mitochondrial dysfunction, and yet one cannot rule out
the possibility that OPA1 is also involved in ADDL-induced syn-
aptic abnormalities through its effect on mitochondrial function.

Together, our data demonstrate significant changes in the ex-
pression and distribution of mitochondrial fission and fusion
proteins in vivo in AD and suggest altered mitochondrial dynam-
ics likely contribute to mitochondrial and neuronal dysfunction
in disease pathogenesis. We further found that AB-induced ab-
normal mitochondrial dynamics plays an important role in AS-
induced mitochondrial and synaptic dysfunction. Modulating
the expression of mitochondrial fission and fusion proteins likely
represents a potential novel therapeutic strategy for treating AD.
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