
RESEARCH ARTICLE

Mitochondrial dysfunction in iPSC-derived neurons of subjects with chronic
mountain sickness

Helen Zhao,1 Guy Perkins,2 Hang Yao,1 David Callacondo,7,8 Otto Appenzeller,9 Mark Ellisman,2

Albert R. La Spada,1,3,4,5,6,10 and Gabriel G. Haddad1,3,10

1Department of Pediatrics (Respiratory Medicine), University of California San Diego, La Jolla, California; 2National Center
for Microscopy and Imaging Research, University of California San Diego, La Jolla, California; 3Department of
Neurosciences, University of California San Diego, La Jolla, California; 4Department of Cellular and Molecular Medicine,
University of California San Diego, La Jolla, California; 5Institute for Genomic Medicine, University of California San
Diego, La Jolla, California; 6Sanford Consortium for Regenerative Medicine, University of California San Diego, La Jolla,
California; 7School of Medicine, Faculty of Health Sciences, Universidad Privada de Tacna, Tacna, Peru; 8Instituto de
Evaluación de Tecnologíasen Salud e Investigación (IETSI). EsSalud. Lima, Peru; 9New Mexico Health Enhancement and
Marathon Clinics Research Foundation, Albuquerque, New Mexico; and 10The Rady Children’s Hospital,
San Diego, California

Submitted 26 July 2017; accepted in final form 12 December 2017

Zhao H, Perkins G, Yao H, Callacondo D, Appenzeller O,
Ellisman M, La Spada AR, Haddad GG. Mitochondrial dysfunction
in iPSC-derived neurons of subjects with chronic mountain sickness.
J Appl Physiol 125: 832–840, 2018. First published December 21,
2017; doi:10.1152/japplphysiol.00689.2017.—Patients with chronic
mountain sickness (CMS) suffer from hypoxemia, erythrocytosis, and
numerous neurologic deficits. Here we used induced pluripotent stem
cell (iPSC)-derived neurons from both CMS and non-CMS subjects to
study CMS neuropathology. Using transmission electron microscopy,
we report that CMS neurons have a decreased mitochondrial volume
density, length, and less cristae membrane surface area. Real-time
PCR confirmed a decreased mitochondrial fusion gene optic atrophy
1 (OPA1) expression. Immunoblot analysis showed an accumulation
of the short isoform of OPA1 (S-OPA1) in CMS neurons, which have
reduced ATP levels under normoxia and increased lactate dehydro-
genase (LDH) release and caspase 3 activation after hypoxia. Improv-
ing the balance between the long isoform of OPA1 and S-OPA1 in
CMS neurons increased the ATP levels and attenuated LDH release
under hypoxia. Our data provide initial evidence for altered mitochon-
drial morphology and function in CMS neurons, and reveal increased
cell death under hypoxia due in part to altered mitochondrial dynam-
ics.

NEW & NOTEWORTHY Induced pluripotent stem cell-derived
neurons from chronic mountain sickness (CMS) subjects have altered
mitochondrial morphology and dynamics, and increased sensitivity to
hypoxic stress. Modification of OPA1 can attenuate cell death after
hypoxic treatment, providing evidence that altered mitochondrial
dynamics play an important role in increased vulnerability under
stress in CMS neurons.

chronic mountain sickness; mitochondrial dysfunction; neuron; OPA1

INTRODUCTION

Chronic mountain sickness (CMS) is a disease that threatens
a large segment of the high-altitude population (more than 140

million highlanders) during extended living at altitudes of over
2,500 m. Patients with CMS suffer from severe hypoxemia,
excessive erythrocytosis, and neurologic manifestations in-
cluding migraine, mental fatigue, confusion, and memory loss.
In Andeans, the prevalence of CMS is about 15–20%; the
majority of highlanders (non-CMS) keep physically healthy
and well adapted at high altitude (27). Therefore CMS is
believed to be a maladaptation to hypoxia.

Mitochondria have been shown to play an important role in
hypoxia tolerance or adaptation in mammals, including rats,
Drosophila, and humans (13, 21, 29). For instance, mitochon-
drial haplogroups G and M9a1a1c1b, with especially the
T3394C (ND1) and G7697A (COXII) variants, are believed to
be the cause of hypoxic adaptation in Tibetans (21). Therefore
we hypothesize that mitochondrial genetic modification may be
involved in hypoxia adaptation in Andeans, with mitochondrial
differences between non-CMS and CMS accounting for the
clinical differences observed between the two groups.

Mitochondria are not only key organelles for energy pro-
duction but also play an important role in aging and aging-
related diseases such as diabetes, cancer, Alzheimer’s disease
and Parkinson’s disease (15, 23, 31). As dynamic organelles,
mitochondria undergo constant fission and fusion, which are an
important mechanism for modulating redox status, mitochon-
dria integrity, function, and cell death signaling pathways (22).
Of interest is that mitochondrial fragmentation and dysfunction
are an early event in neurodegeneration and likely contribute to
the progressive loss of neurons in patients with Alzheimer’s or
Parkinson’s disease (31, 45). CMS subjects have a number of
neurological signs and symptoms, including migraine, mental
fatigue, confusion, and memory loss in central nervous system,
as well as mild demyelination on pathologic examination of the
peripheral nervous system (41). However, due to the lack of ex
vivo samples and techniques, our understanding of CMS neu-
ropathology is still very limited. Induced pluripotent stem cell
(iPSC) technology enables us to investigate the morphology
and function of iPSC-derived CMS neurons. We report that
CMS neurons exhibit altered mitochondrial morphology and
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mitochondrial dynamics, accompanied by increased mitochon-
drial fragmentation and disrupted ATP levels. In addition,
CMS neurons have increased lactate dehydrogenase (LDH)
release and caspase 3 activation after hypoxic treatment, and
this susceptibility to hypoxic stress can be attenuated through
the manipulation of OPA1, which promotes mitochondrial
fusion.

MATERIALS AND METHODS

Neuronal culture. All subjects in the present study were adult
native men residing in the Andean mountain range their entire life, in
Cerro de Pasco, Peru, at an elevation of ~4,338 m. CMS patients
fulfilled the diagnostic criteria for CMS based on their hematocrit, O2

saturation, and CMS score (�12) (43). Those with CMS score �5
were chosen as non-CMS subjects (Table 1). Each subject signed an
informed, written consent form under protocols approved by the
University of California San Diego and the Universidad Peruana
Cayetano Heredia. As described before, skin biopsies from non-CMS
(n � 4) and CMS (n � 5) subjects were collected in Peru. Fibroblasts
from the skin biopsies were cultured and were reprogrammed into
iPSCs in San Diego. iPSC-derived NPCs were generated following an
embryoid body formation protocol. Neural differentiation was initi-
ated by withdrawing FGF2 when cells reached 70% confluence (48).

Transmission electron microscopy. Neurons were fixed using 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacody-
late, pH 7.4, for 1 h on ice. The fixed cells were then washed three
times with ice-cold 0.1 M sodium cacodylate for 5 min on ice
followed by postfixation in 1% osmium tetroxide and 0.8% potassium
ferrocyanide in 0.1 M sodium cacodylate for 2 h on ice. After three
washes in ice-cold ddH2O for 5 min each, the cells were stained in 2%
uranyl acetate for 1 h. Samples were dehydrated in an ethanol series
of ice-cold 20, 50, 70, 90% then three washes in 100% ethanol at room
temperature (RT) for 5 min each. Samples were infiltrated in 50%
ethanol-50% Durcupan ACM for 3 h at RT with agitation, followed by
three changes of 100% Durcupan for 8 h each at RT with agitation.
The Durcupan resin was polymerized at 60°C for 2 days under
vacuum. Sectioning was performed using a Leica ultramicrotome.
Sections were cut at a nominal thickness of 70 nm and were post-
stained with uranyl acetate (5 min) and lead salts (2 min) before
imaging using an FEI Spirit transmission electron microscope (EM)
operated at 120 kV. Sampling bias was avoided by first selecting the
area of the culture dish randomly from which the sections were cut.
The EM images were taken strictly randomly. The images were
collected with a charge-coupled device digital camera with 2 � 2 k
pixels at a magnification of �4,400 corresponding to a pixel resolu-
tion of 2.9 nm. Each electron micrograph covered an area of 6 by 6
�m, and each section appeared to slice through several neurons each
with a number of dendrites. The density of neurons was similar across
subjects, including non-CMS and CMS.

Mitochondrial volume density (volume fraction), cristae abun-
dance, and length were measured on the EM images. The mitochon-
drial volume density, defined as the volume occupied by mitochondria
divided by the volume occupied by the cytoplasm, was measured
using stereology with the aid of Adobe Photoshop. Point counting was
used to determine the mitochondrial volume densities by overlaying a
grid on each digitized image. Mitochondria and cytoplasm lying under
intercepts were counted. The relative volume of mitochondria was
expressed as the ratio of intercepts coinciding with this organelle to
the intercepts coinciding with cytoplasm and reported as a percentage.
Mitochondrial cristae abundance is defined as the sum of the cristae
membrane surface divided by the outer membrane surface area with
the aid of the ImageJ free-hand tool. Mitochondrial lengths were
measured on these same images by using the ImageJ line segment
tool. T
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Real-time PCR. Total RNA was extracted using the RNase Mini kit
(Qiagen, CA). After removing genomic DNA with DNase I digestion
(Ambion, TX), 500 ng of total RNA was converted to complementary
of DNA by using SuperScript First-Strand Synthesis System for
RT-PCR (Life Technologies, CA). Quantification was performed
using an Applied Biosystems 7500 Real Time Sequence Detection
System with Power SYBR Green qPCR Master Mix (Life Technol-
ogies, CA) and actin as a loading control.

Western blot analysis. Neurons were homogenized in RIPA buffer
plus protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl
fluoride and 1 � protease inhibitor cocktail). Homogenates were then
centrifuged for 10 min at 10,000 g and 4°C. The supernatants were
collected and protein concentration was determined using a Bio-Rad
protein assay kit (Bio-Rad, CA). Fifteen micrograms of protein was
separated following the standard protocol with anti-OPA1 (1:1,000;
BD Bioscience) or anti-Casp3 (1:500; Biolegend, CA); immunoreac-
tive bands were visualized using Bio-Rad ChemiDoc XRS with
enhanced chemiluminescence (PerkinElmer, MA). Equal loading was
assessed using anti-actin (1:1,000; Santa Cruz Biotechnology, CA),
and data were analyzed using ImageLab software (version 3.0, Bio-
Rad).

ATP assay. Intracellular ATP level was determined by ATPlite
assay (PerkinElmer), following the manufacture’s protocol. The pro-
duction of luminescence light caused by the reaction of ATP with
added luciferase, and D-luciferin was proportional to the intracellular
ATP level. In brief, the same number of cells (1 � 105) was collected
and lysed. After adding substrate, the luminescence signal was mea-
sured by Wallac Victor2 1420 multilabel counter (PerkinElmer). ATP
data were presented as percentage changes relative to non-CMS or
CMS as indicated.

LDH cytotoxicity assay. Neurons were treated with 1 or 1.5% O2

for 2 to 4 days, and LDH release from the cells was determined in the
cell-free culture supernatant by using a LDH cytotoxicity detection kit
according to the manufacturer’s protocols (Clontech). The percentage
of LDH vs. the maximal LDH in each sample was compared.

Fluorescence imaging of mitochondria. To image the mitochon-
drial morphology in both CMS and non-CMS neurons, Neurons that

were cultured on the coverslip were loaded with 1 �M of MitoTracker
Green FM (Invitrogen, CA) for 1 h in the incubator and then mounted
with antifade regent for imaging. Mitochondrial imaging was per-
formed to examine the fragmentation of mitochondria by using a
two-photon confocal laser scanning microscope (Olympus Fluoview
1000, Olympus). Each sample was scanned with a �63 Plan-Neofluar
oil objective with a high numerical aperture (1.4) lens at 1,600 �
1,600 pixel resolution. Mitochondrial particles with strong labeling
(compared with background) and clear edges confined in soma were
used to measure the mitochondrial length. All measurements were per-
formed using ImageJ. Approximately ~450 mitochondria were measured
each group.

Lentivirus transfection. The pMSCV-OPA1 construct was a gen-
erous gift from Dr. David Chen’s laboratory (University of Southern
California, Los Angeles, CA). The packaging and retrovirus genera-
tion was done by Burnham Institute Gene Transfer, Targeting and
Therapeutics Core (La Jolla, CA). After transfection, iPSCs were
selected with 1 �g/ml of puromycin (Sigma). The OPA1 expression
was confirmed by immunoblot.

Statistics. All experiments were repeated at least twice, and data
were collected from four to five individuals in each group. Results
were expressed as group means � SE, and data were graphed using
GraphPad Prism 4.02 (GraphPad Software, CA). Differences were
considered statistically significant when P � 0.05, using both para-
metric (t-tests) and nonparametric (Wilcoxon rank sum test) statistics.

RESULTS

Altered mitochondrial structure in CMS neurons. To test the
hypothesis that mitochondrial modifications contribute to hyp-
oxia adaptation in non-CMS subjects, we examined the struc-
ture of mitochondria in the iPSC-derived neurons by employ-
ing transmission electron microscopy. Figure 1A shows an
example of a typical non-CMS mitochondrion (top) and
smaller, clustered CMS mitochondria (bottom). A significantly
decreased mitochondrial volume density (Fig. 1B, P � 0.02),
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Fig. 1. Altered mitochondrial structure in
chronic mountain sickness (CMS) neurons. A:
representative transmission electron microscopy
images of mitochondria from non-CMS and
CMS. B: a decreased mitochondrial (Mito) vol-
ume density in CMS neurons. C: a decreased
mitochondrial cristae area in CMS neurons.
D: a decreased mitochondrial length in CMS
neurons. The scale bar is 250 nm; n � 3, P �
0.05.
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cristae abundance (Fig. 1C, P � 0.02), and shorter mitochon-
dria (Fig. 1D, P � 0.03) were observed in CMS neurons,
indicating fewer and smaller mitochondria in CMS neurons.

Altered mitochondrial dynamics in CMS neurons. Homeo-
stasis of mitochondrial mass is maintained by the balance
between biogenesis and mitophagy, which are tightly coordi-
nated and reciprocally interacting processes. Peroxisome pro-
liferator-activated receptor-� (PPAR�) coactivator-1	 (PGC-
1	) is a master regulator of mitochondrial biogenesis, whereas
PARK2 is mainly responsible for mitophagy. Using real-time
PCR, we found a significantly decreased PGC-1	 mRNA
expression and significantly increased PARK2 mRNA expres-
sion in CMS neurons compared with non-CMS neurons (Fig.
2A, P � 0.03), suggesting an imbalance in mitochondrial mass
homeostasis due to decreased mitochondrial biogenesis and
increased mitophagy.

Dynamic regulation of mitochondria through fission and
fusion is an important mechanism for modulation of redox
status, mitochondria integrity, function, and cell death signal-
ing pathways (22). Both fission genes DRP1 and FIS1 and
fusion genes optic atrophy 1 (OPA1) and MFN2 were signif-
icantly underexpressed in CMS neurons (Fig. 2B, P � 0.04).
OPA1 is a dynamin-related guanosine triphosphatase protein
and plays a critical role in regulating mitochondrial innermem-
brane fusion and cristae structure. In mitochondria, the N-ter-
minal mitochondrial targeting sequence of the OPA1 precursor
is cleaved to the OPA1 long isoform (L-OPA1), which is
further cleaved to the short isoform of OPA1 (S-OPA1).
L-OPA1 promotes fusion and S-OPA1 promotes fission (35).
Using Western blot analysis, we found that S-OPA1 accumu-
late significantly in CMS neurons compared with non-CMS
neurons, evidenced by increased S-OPA1 expression relative

A B
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- L-OPA1
- S-OPA1

non-CMS           CMS

- Actin

D

Non-CMS

CMS 

F

Fig. 2. Altered mitochondrial gene and protein
expression in CMS neurons. A: mRNA gene
expression profiles of mitochondrial biogenesis
gene PGC-1	 and mitophagy gene PARK2. B:
mRNA gene expression profiles of mitochon-
drial fission genes (FIS1 and DRP1) and fusion
genes (OPA1 and MFN2). C: a representative
blot of OPA1 in non-CMS and CMS neurons.
D: quantification of OPA1 between the two
groups; n � 3. E: a representative image of
mitochondria labeled with MitoTracker Green
FM in non-CMS and CMS neurons. F: quanti-
fication of mitochondrial length between non-
CMS (n � 4) and CMS (n � 5). The scale bar
is 10 �m; *P � 0.05, **P � 0.01.
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to actin and total OPA1 as well as a decreased L-OPA1/S-
OPA1 ratio (Fig. 2, C and D, P � 0.007), suggesting more
fission, fragmented and shorter mitochondria in these cells.
Shorter mitochondria were also observed by immunostaining
with fluorescence marker MitoTracker Green FM (Fig. 2, E
and F, P � 0.003).

Altered mitochondrial function in CMS neurons. Previous
studies have shown that mitochondrial fragmentation can lead
to energy disruption, cytochrome c release, caspase activation,
and eventually cell death after exposure to ischemia-reperfu-
sion (33, 38). Therefore we speculated that similar changes
might occur in CMS neurons. As shown in Fig. 3A, we indeed
observed a significant decrease in ATP levels in CMS neurons
compared with non-CMS neurons, indicating energy disruption
in CMS neurons. By exposing neurons to 1% O2 for 72 h, we
found that LDH release was significantly increased in CMS
neurons compared with non-CMS neurons (Fig. 3B, P � 0.04),
indicating an increased susceptibility to hypoxic stress in CMS
neurons. Since hypoxia treatment is well known to induce
caspase pathway-mediated apoptosis (19, 49), we measured
expression of cleaved caspase 3 as a marker of caspase 3
activation by immunoblot analysis and observed significantly
increased caspase 3 activation in CMS neurons after 2 days of
hypoxia treatment (Fig. 3, C and 3D, P � 0.02). Furthermore,
increased caspase 3 activation in CMS neurons was correlated
with an increased cleavage of L-OPA1 and accumulation of
S-OPA1 (Fig. 3C).

Modification of OPA1 expression attenuates LDH release in
CMS neurons under hypoxia. Previous studies have shown that
hypoxic treatment induces S-OPA1 accumulation and caspase
3 overactivation (39); therefore we hypothesize that S-OPA1
accumulation observed in CMS neurons renders cells to com-
mit to caspase 3-mediated cell death and leads to an increased
vulnerability under hypoxia. We altered OPA1 gene expression
in CMS neurons, exposed these modified CMS neurons

(mCMS-OPA1) to hypoxia, and studied their LDH release. As
shown in Fig. 4, A and B, by transfecting iPSC with OPA1, we
were able to increase the amount of L-OPA1 and improve the
balance between L- and S-OPA1 (L-/S-OPA1 ratio) (Fig. 4, A
and B, P � 0.03). These mCMS-OPA1 neurons have an
increased ATP level compared with CMS cells alone (Fig. 4C,
P � 0.003), demonstrating an improved balance between L-
and S-OPA1 promotes energy maintenance.

In addition, a significantly decreased LDH release was
observed in mCMS-OPA1 neurons compared with CMS neu-
rons after 2 and 4 days of 1.5% O2 treatment (Fig. 4D, P �
0.01), and a significantly decreased caspase 3 activation was
confirmed at day 2 (Fig. 4, E and F, P � 0.04), demonstrating
that modification of OPA1 can delay the initiation of caspase
3-mediated cell death in mCMS-OPA1 neurons. However,
modified OPA1 does not restore the survival of mCMS-OPA1
neurons back to the level of non-CMS neurons, as non-CMS
neurons still have a significantly lower LDH release than
mCMS-OPA1 neurons under 4 days of hypoxia, indicating that
modification of OPA1 expression can attenuate LDH release in
CMS neurons, but the altered mitochondrial dynamics, due to
imbalanced L- and S- isoforms of OPA1, contribute partially to
the increased susceptibility in CMS neurons under hypoxia
stress.

DISCUSSION

Chronic mountain sickness (CMS) was first described by
Carlos Monge in 1925. The disease potentially threatens �140
million highlanders during extended living over 2,500 m.
Compared with healthy highlanders, CMS subjects have a
number of neuropathological features, including migraine,
mental fatigue, confusion, memory loss (43), reduced cerebral
blood flow, and delayed cerebral circulation, with the decrease
in cerebral blood being correlated with the increasing severity

A B

C D

- Pro-Casp 3

non-CMS                CMS

- Actin

- L-OPA1
- S-OPA1
- S-OPA1

- Cleaved-Casp 3

Fig. 3. Increased susceptibility to hypoxia in
CMS neurons. A: a decreased ATP level in CMS
neurons (n � 5) compared with non-CMS neu-
rons (n � 4). B: an increased LDH release in
CMS neurons (n � 5) after 3 days of 1% O2

treatment compared with non-CMS neurons
(n � 4). C: a representative blot of caspase 3
and OPA1 in non-CMS and CMS neurons
after 1% O2 treatment for 2 days. D: quantifi-
cation of cleaved caspase 3 between the two
groups; n � 3, * P � 0.05, **P � 0.01.
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of CMS score across all subjects (4). In the peripheral nervous
system, CMS subjects have a mild demyelination neuropathy
in sural nerve biopsies (burning feet-burning hand syndromes)
(41), suggesting that neuropathology of CMS might result from
susceptibility to environmental stress. Over the past two de-
cades, CMS research has shifted from physiology to genetics
with the development of new technologies such as microarrays
and genome sequencing. Although genetic signature of high-
altitude adaptation has been demonstrated through many stud-
ies (2, 28), our understanding of CMS pathology at the cellular
level is still lagging behind because of the lack of human
samples and study techniques.

The availability of induced pluripotent stem cell technology
can now help to overcome these limitations. Disease-specific
iPSCs have been well accepted as a means for a better under-
standing of the basis of genetic diseases (40). As a proof of
concept, our laboratory has confirmed that iPSC-derived blood

cells from CMS subjects have remarkable polycythemic re-
sponse under hypoxia treatment compared with non-CMS
subjects under the same conditions, which precisely mimics the
CMS polycythemia in vitro (3), further proving that studies
using CMS-specific iPSCs can lead us to unravel the basis of
CMS pathology.

There are potentially a number of questions that could be
asked about our present findings in this work, for example: 1)
Are there differences between CMS and non-CMS populations
that would predispose the CMS population to disease pheno-
type, especially in the CNS, at high altitude? 2) Although iPS
cell technology is an important advance and often helpful to
study a disease phenotype without obtaining tissue from the
specific organ under consideration, what is the specific ratio-
nale for our use of these cells and for the use of neurons
subsequently? And 3) are the changes observed in CMS cells
as a result of hypoxia, inherent properties of the cells, or other

A B

C D

E
CMS      mCMS-OPA1

- Pro-Casp 3
- Cleaved Casp 3

- Actin

F

- L-OPA1
- S-OPA

- Actin

mCMS-OPA1 
-           +        -         +

Fig. 4. Improved survival rate after hypoxia
treatment by modification of OPA1 expres-
sion in CMS neurons. A: representative blot
of OPA1 expression in CMS and mCMS-
OPA1 cells. B: quantification of OPA1 be-
tween the two groups. C: an increased ATP
level in mCMS-OPA1 neurons compared with
CMS neurons. D: survival curve of mCMS-
OPA1 neurons compared with non-CMS and
CMS neurons after 1.5% O2 treatment for 4
days. E: representative blot of caspase 3 in
mCMS-OPA1 and CMS neurons after 1.5%
O2 treatment for 2 days. F: quantification of
cleaved caspase 3 between the two groups;
n � 3, *P � 0.05, **P � 0.01, ***P � 0.001
compared with non-CMS; #P � 0.05, ##P �
0.01 compared with CMS neurons.
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types of stresses of high altitude? To address such questions,
we should highlight the context and background of the research
that we have undertaken for the past several years (2, 3, 18, 29,
32, 36, 37, 42, 48, 50, 51). In particular, we have done a large
number of whole genome sequencing on high-altitude dwellers
to investigate genetic differences between CMS and non-CMS
(32, 51). Through these studies we have learned, for example,
that non-CMS subjects have adapted to high altitude via germ
line beneficial mutations that occurred over prolonged periods
(e.g., thousands of years), but these specific mutations are not
existent in CMS subjects, hence the maladaptation of the CMS
population to high altitude and their manifestation of disease in
such environments. This led us to conclude that the CMS
population is genetically different and predisposed to disease
phenotype. Interestingly, they manifest the disease phenotype
only at high altitude. Our hypothesis that hypoxia is the major
environmental stress condition that uncovers the predisposition
is borne out by our already published results. For example, red
blood cells (generated from CMS and non-CMS fibroblasts and
subsequent iPS cells) proliferate tremendously in vitro only on
exposure to hypoxia in CMS cells but not in non-CMS cells
(3). Hence we believe that the different genetic makeup of
CMS cells predispose them to disease only during certain
conditions (hypoxia seemingly being one major stress factor).
Hence our rationale for the use of iPS cells is that the genetic
differences that we detected between CMS and non-CMS (by
whole genome sequencing) (37) would be maintained in these
iPS cells (or their derivatives such as neurons) and would allow
us to determine any differences between these two populations.
The fact that hypoxia was a major factor in inducing the
disease phenotype in our previous studies does not preclude
other forms of stress (such as radiation exposure) on these
populations, although we do not have any evidence so far for
the effect of such stresses. Furthermore, that CMS subjects
cease to have major symptoms after descent to low altitude
should not imply that their tissues have no abnormalities, such
as the ones we have shown in the present work. So far, there
have been no investigations of mitochondria of CMS and
non-CMS at the level of detail we have provided herein. The
usefulness of acute hypoxia in our studies relates to our interest
to perturb the system to better understand its vulnerability and
not as much to mimic long-term hypoxia as in CMS.

Mitochondrial has been shown to play an important role in
adaptation (13, 21, 29). For instance, Li et al. (21) found that
mitochondrial haplogroups G and M9a1a1c1b, especially with
the T 3394C (ND1) and G7697A (COXII) variants, might be
the cause of hypoxic adaptation in Tibetans. In animal models,
rats that were preconditioned with mild intermittent hypobaric
hypoxia can adapt and protect themselves from subsequent
severe hypobaric hypoxia-induced injury. This adaptation is
obtained through stabilization of mitochondrial function by the
PGC-1	/ERR	/MFN2 regulatory pathway (13). Therefore we
hypothesized that mitochondrial modification could be in-
volved in hypoxia adaptation in highlanders, and the differ-
ences of mitochondrial morphology and function between
CMS and non-CMS neurons may provide us with clues to
better understand hypoxia adaptation and maladaptation

As highly dynamic organelles, mitochondria are constantly
undergoing fission and fusion (11), and well-maintained mito-
chondrial homeostasis is critical for maintaining normal cellu-
lar function. Alterations in various aspects of mitochondrial

biology could disrupt mitochondrial homeostasis and result in
mitochondrial dysfunction. Such dysfunction has been shown
to be one of the predominant features in neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis (34).

Previous work from our laboratory has shown that hypoxia-
adapted Drosophila, which can survive under extreme lethal
hypoxic conditions (4%) for over many generations, exhibit an
increased mitochondrial volume density and cristae abundance
(29). In contrast, loss of mitochondrial volume density can be
observed in rat hippocampal neurons after acute hypobaric
hypoxia treatment (e.g., 3 and 7 days) (17), suggesting that
increased mitochondrial density and cristae abundance might
be beneficial and promote survival. Therefore the decreased
mitochondrial volume density, and cristae abundance, ob-
served in CMS neurons might be detrimental and lead to a
predisposition to stress sensitivity.

PGC-1	, a master regulator of mitochondrial biogenesis, has
been shown to regulate mitochondrial density in all subtypes of
neurons (46) and is downregulated in CMS neurons. Previous
studies have shown that PGC-1	 knockout mice have a re-
duced number of functional mitochondria, reduced capacity of
sustaining running exercise, and a lower fatigue resistance
index (20, 34), leading us to speculate that certain CMS
neurologic symptoms, such as mental and physical fatigue,
might be due to loss of functional mitochondria in CMS
neurons.

Interestingly, Bao et al. (4) reported that CMS patients
experienced reduced cerebral blood flow and delayed cerebral
circulation, in which the reduction of cerebral blood flow are
correlated with the increasing severity of CMS score across all
subjects. Global hypoxia leads to mitochondrial ultrastructural
changes (9) and an imbalance in mitochondrial dynamics in rat
hippocampus neurons (17). Therefore it is not surprising to find
smaller mitochondria in CMS neurons. Mitochondrial size is
determined by a balance between fusion and fission, and both
fission genes (DRP1 and FIS1) and fusion genes (OPA1 and
MFN2) were underexpressed in CMS neurons. Loss of DRP1
rapidly eliminates dopaminergic neuron terminals in midbrain
and causes cell body degeneration (8), and loss of MFN2
contributes to the age-dependent progressive loss of dopami-
nergic neurons in the striatum (30), suggesting that loss of both
fusion and fission genes could interrupt mitochondrial homeo-
stasis and affect mitochondrial functions. Although both fission
and fusion genes were downregulated in CMS neurons, the
shorter mitochondrial length suggested that fission may pre-
dominate over fusion in CMS neurons.

OPA1, which is one of the most well studied mitochondrial
dynamic genes, not only plays an important role in mitochon-
drial fusion but also in mitochondrial biogenesis, cristae re-
modeling, and cell death. Under physiological conditions, a
similar amount of L- and S-OPA1 are formed (44), with
L-OPA1 promoting fusion and S-OPA1 promoting fission,
such that the relative amount of L-OPA1 and S-OPA1 deter-
mines the balance of mitochondrial fusion and fission as well
as mitochondrial morphology and function (24, 35). Under
pathological conditions, such as oxygen and glucose depriva-
tion or hypoxia/ischemia, the loss of L-OPA1 and accumula-
tion of S-OPA1 lead to the loss of cristae structures and
mitochondrial fragmentation, which disturb oxidative phos-
phorylation, reduce ATP production, and sensitize cells to
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excitotoxicity, eventually inducing apoptosis and cell death (5,
6, 10, 16, 25, 35). Indeed, we observed significantly increased
S-OPA1 accumulation in CMS neurons with decreased ATP
levels and increased cell death under hypoxia compared with
non-CMS neurons, suggesting that CMS neurons might be
under pathological conditions.

The mitochondrial-mediated intrinsic cell death pathway
involves Bax and Bak, cytochrome C release, and downstream
caspase 3 activation (26). Overexpression of cleaved caspase 3
in CMS neurons further confirmed caspase 3-mediated cell
death in CMS neurons under hypoxic stress. Restoration of
L-OPA1 can inhibit hypoxia ischemia-induced retinal injury by
conserving ATP production, blunting mitochondrial dysfunc-
tion, and inhibiting cytochrome C release (7, 14, 39). Here,
through manipulation of OPA1 expression and improving the
balance between L-OPA1 and S-OPA1 in mCMS-OPA1 neu-
rons, the survival rate is significantly improved compared with
that in the CMS neurons after hypoxic treatment, showing that
an appropriate ratio of L-OPA1 and S-OPA1 is important for
maintaining normal cellular functions in CMS neurons. Previ-
ous studies have demonstrated that activation of caspase 3 can
be detected as early as 2 h after hypoxia treatment and
maximized at 24 or 48 h (1, 12, 47, 49). In the present study,
cleaved caspase 3 in the mCMS-OPA1 neurons was signifi-
cantly lower than in CMS neurons after 2 days of hypoxic
treatment, illustrating that an improved balance between L- and
S-OPA1 in mCMS-OPA1 can delay the early initiation of
caspase 3-mediated cell death in CMS neurons and therefore
improve the survival rate under hypoxia. Of particular interest is
that the survival rate in mCMS-OPA neurons under hypoxia is
still significantly lower than in non-CMS neurons, suggesting that
mitochondrial fragmentation due to the loss of balance between
L-OPA1 and S-OPA1 in CMS neurons contributes only par-
tially to the vulnerability of the phenotype in CMS neurons.
We used iPSC-derived disease-specific neurons as a model to
investigate the mechanisms of neuropathology in CMS neu-
rons. We report that CMS neurons exhibit altered mitochon-
drial morphology and dynamics that renders CMS neurons
more vulnerable to hypoxic stress compared with non-CMS
neurons. Our data are the first to provide evidence demonstrat-
ing the relationship between mitochondrial dysfunction and
neuropathology in CMS subjects.

We conclude that CMS neurons have altered mitochondrial
morphology and dynamics, accompanied by increased cell
death under hypoxia when compared with non-CMS neurons.
By manipulating the OPA1 gene, we demonstrate that altered
mitochondrial dynamics is one of the reasons for the increased
susceptibility of CMS neurons to stress conditions.
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