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Abstract

Monge's disease, also known as chronic mountain sickness (CMS), is a disease that potentially
threatens more than 140 million highlanders during extended time living at a high altitude (over
2500m). The prevalence of CMS in Andeans is about 15-20%, suggesting that the majority of
highlanders (non-CMS) are rather healthy at the high altitude; however, CMS subjects experience
severe hypoxemia, erythrocytosis and many neurologic manifestations including migraine,
headache, mental fatigue, confusion, and memory loss. The underlying mechanisms of CMS
neuropathology are not well understood and no ideal treatment is available to prevent or cure
CMS, except for phlebotomy. In the current study, we reprogrammed fibroblast cells from both
CMS and non-CMS subjects’ skin biopsies into the induced pluripotent stem cells (iPSCs), then
differentiated into neurons and compared their neuronal properties. We discovered that CMS
neurons were much less excitable (higher rheobase) than non-CMS neurons. This decreased
excitability was not caused by differences in passive neuronal properties, but instead by a
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significantly lowered Na* channel current density and by a shift of the voltage-conductance curve
in the depolarization direction. Our findings provide, for the first time, evidence of a neuronal
abnormality in CMS subjects as compared to non-CMS subjects, hoping that such studies can pave
the way to a better understanding of the neuropathology in CMS.
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Introduction

Chronic mountain sickness (CMS), also known as Monge's disease, was first described in
1925 by Carlos Monge. CMS is a disease that develops after an extended sojourn at high
altitude, where highlanders are exposed to extreme hypobaric hypoxia as compared to
lowlanders. In Andeans, the prevalence of CMS is about 15-20%, demonstrating that the
majority of highlanders are rather healthy at the high altitude; in contrast, CMS subjects
experience severe hypoxemia, excessive erythrocytosis and a panel of neuropathological
symptoms including migraine, headache, mental fatigue, confusion, and memory loss
(Monge, 1942, 1953). At high altitude, CMS subjects not only have difficulty in daily
activities but also they suffer from increased mortality and morbidity due to moderate or
severe pulmonary hypertension, cardiac pathology and stroke (Jha et al., 2002, Leon-
Velarde, 2003, Leon-Velarde et al., 2010). Therefore, many researchers believe that CMS is
a disease of “maladaptation” to high altitude. Currently, there is no ideal treatment available
to prevent or cure CMS, except for phlebotomy (Richalet et al., 2005, Rivera-Ch et al.,
2007, Rivera-Ch et al., 2008), and CMS has been classified as one of the global public
health concerns that potentially threatens more than 140 million people living at high
altitude (over 2500m) (Pasha and Newman, 2010).

Although hypobaric hypoxia at high altitude has been shown to cause structural and
functional changes in human brain, such as neuropsychological changes and memory loss
(Cavaletti et al., 1987a, Cavaletti and Tredici, 1993, Jeong et al., 2002, Hota et al., 2008,
Dickinson et al., 2014), non-CMS subjects have a normal physical life without any evidence
of neuropathological symptoms. Therefore, we hypothesize that CMS subjects may exhibit
abnormal neuronal properties as compared to non-CMS subjects. Although previous studies
have demonstrated that genetic causes play an important role in CMS subjects (Buroker et
al., 2012a, b, 2013, Zhou et al., 2013), studies of CMS neuropathology, especially at the
cellular level, have not been done. In the current study, we have used induced pluripotent
stem cells (iPSCs) to generate neurons from non-CMS and CMS subjects’ fibroblast cells;
we then compared the neuronal properties between the two groups, in the hope that such
studies shed light on the function of neurons in both populations. This is the first step in
investigating the underlying mechanisms of CMS susceptibility and their neurologic
manifestations in humans.
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Experimental procedures

Preparation of dermal fibroblasts from human skin biopsies

All subjects in the current study were adult males residing in the Andean mountain range, in
Cerro de Pasco, Peru, at an elevation of more than 4,300 m. CMS subjects fulfilled the
diagnostic criteria for CMS, or Monge disease based on their hematocrit, O, saturation and
CMS score (> 12). Those with CMS score < 7 were chosen as non-CMS subjects (Table 1).
Each subject signed an informed written consent under protocols approved by the University
of California San Diego and the Universidad Peruana Cayetano Heredia.

Three mm skin punch biopsy samples were obtained from male highlanders with CMS (n =
3) and without CMS (n = 3) in Cerro de Pasco, Peru. The skin biopsies were mechanically
dissociated and plated for dermal fibroblast expansion in DMEM medium supplement with
20% fetal calf serum, 2.5% penicillin/streptomycin and 1% fungizone antibiotic (Life
technologies, CA). Fibroblasts grew from explants after 2-3 weeks and were passaged when
they achieved 80% confluence.

Reprogramming of human fibroblast cells and generation of induced pluripotent stem
cells (iPSCs)

Retrovirus vectors containing the Yamanaka factors (OCT4, SOX2, KLF4 and c-MYC
human cDNAs) (Takahashi et al., 2007) were manufactured by Salk Institute Gene Transfer,
Targeting and Therapeutics Core (La Jolla, CA). Fibroblast cells were infected followed by
two one-hour SpinFection protocol. The infected fibroblast cells were plated onto the
irradiated mouse embryonic fibroblast feeder cells 24 hrs later with human embryonic stem
cell medium containing 20% knockout serum replacement, 1% non-essential amino acids,
0.2% beta-mercaptoethanol, and 30ng/ml FGF2 in DMEM/F12 medium. Valproic acid
(Sigma, MO) was added at day 5-9. Three weeks after SpinFection, compact colonies
containing iPSC colonies appeared and were mechanically picked, transferred to a matrigel-
coated dish (BD Bioscience, CA) and expended in mTeSR™ medium (StemCell
Technologies, Canada). Three clones were picked from each individual and clone #3 from
each subject was used for further differentiation and characterizations.

Generation of neural progenitor cells and induced neuronal differentiation

To obtain neural progenitor cells (NPCs), embryoid bodies (EBs) were formed following an
EB spin protocol (Kim et al., 2011) with minor modifications. In brief, iPSCs were
pretreated with 5uM Y-27632 (Stemgent, CA) one hour before detachment with accutase,
iPSCs were triturated to single cells after resuspension in N2 medium containing 0.5x N2,
0.5x B27, 1% penicillin/streptomycin in DMEM/F12 medium plus 5uM Y-27632, 1uM
dorsomorphin, 10 pM SB431542 (Tocris Bioscience, MN). Then an AggreWell plate (Stem
Cell Technologies, Canada) was used to generate EBs following the manufacturer's
instruction. At day 2, EBs were lifted and transferred to an ultra low attachment petri dish
for another day using the same medium as above. At day 3, EBs were transferred to a
matrigel-coated plate and cultured using N2 medium. After 7-10 days, rosettes were visible
and rosette-bearing EBs were manually removed and dissociated into individual cells using
accutase, and dissociated cells were then plated into a poly-L-ornithine/laminin coated plate
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to generate a monolayer of NPC culture with N2 medium plus 20 ng/pl FGF2. To obtain
neurons, the earlier passage (< passage 10) of NPCs was used to induce neuronal
differentiation by withdrawing FGF2 from N2 medium (Shi et al., 2012).

DNA fingerprinting and high-resolution of Karyotyping

DNA was extracted from fibroblasts and iPSCs lines using a DNase blood and Tissue Kit
(Qiagen, CA). DNA fingerprinting analysis and stem array, a high-resolution karyotyping,
were performed by the Cell Line Genetics (Madison, WI).

Alkaline phosphatase staining and immunocytochemistry

The iPSCs were fixed with 4% paraformaldehyde for 20 min and alkaline phosphatase
staining was performed using a Stemgent® Alkaline Phosphatase Staining Kit (Stemgent,
CA) following the manufacturer's protocol. For immunocytochemistry, iPSCs, rosette, and
neurons were fixed with 4% paraformaldehyde followed by blocking with 10% normal goat
serum in PBST for 1 hour. Cells were then incubated with the appropriate primary
antibodies against NANOG (1:500), TRA-1-81 (1:100), PAX6 (1:100, Stemgent), SOX1
(1:1000, BD Biosciences), MAP2 (1:1000, Sigma), TUJ-1 (1:1000, Covance), and VGLUT1
(1:5000, Syanptic System) overnight at 4°C and followed by proper FITC 488- or Alexa
Fluor 568-labeled secondary antibodies (Molecular Probes, CA) for 1 hour. Antifade
mounting medium with DAPI (Life Technologies, CA) was used for nuclear
counterstaining. Fluorescent signals were detected using a Zeiss inverted Axiovert 200M
microscope. Co-localizations of MAP2* and DAPI* as well as VGLUT1" and MAP2* were
determined on all three individuals from each group, and at least 150 cells per subject were
counted and data were analyzed using Image J (Version 1.45s, NIH, USA).

Embroid body-mediated in vitro differentiation of iPSCs

As described by Takahashi et al. (Takahashi et al., 2007), EBs were prepared as above
without adding dorsomorphin and SB431542 and EBs were expended on the matrigel coated
plates (BD Bioscience, CA) for additional 7 days. Then all cells were harvested for
validating the in vitro differentiation using RT —PCR.

Reverse transcriptase PCR and genomic PCR

Total RNA from iPSCs (n = 6), human embryonic stem (ES) cell line H9 (a generous gift
from Dr. Alysson Muotri, UCSD), EBs, fibroblasts, retrovirus-infected fibroblasts and
neurons was extracted using the RNase Mini kit (Qiagen, CA). After removing genomic
DNA with DNase | digestion (Ambion, TX), 1 ug of total RNA was converted to
complementary of DNA using SuperScript First-Strand Synthesis System for RT-PCR (Life
Technologies, CA). DNA from iPSCs and fibroblast cells was extracted using a DNase
blood and tissue Kit (Qiagen, CA). Semi-quantitative PCR was performed on either
complementary DNA or genomic DNA using Tag DNA polymerase (Life Technologies,
CA) and real time PCR was then performed using POWER SYBR Green chemistry
(Applied Biosystems, CA). Gene expression of GAPDH levels was used a loading control.
H9 cells and retrovirus-infected fibroblasts were used as positive control and fibroblasts
alone were used as negative control. Real time PCR data were presented after normalization
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as a percentage of the non-CMS control. Primer sequences used in the current study was
listed in table 2.

Immunoblotting

Neurons were homogenized with a glass-teflon homogenizer (Thomas Scientific, NJ) in
RIPA buffer plus protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride,
1 mM sodium orthovanadate, 10 ug/ml leupeptin, 1 pg/ml aprotinin, and 1 pg/ml antipain).
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). Twenty micrograms of protein was separated on NUPAGE 4-12% Novex Bis-Tris
gels and then transferred to polyvinylidene difluoride membranes (Millipore, CA). The
membranes were probed with pan-Na channel antibody (1:1000, Alomone Labs, Israel) in
PBST overnight at 4 °C and followed by a horseradish peroxidase-conjugated secondary
antibody (anti-rabbit 1gG, 1:10000, Zymed Laboratories, CA). Immunoreactive bands were
visualized using Bio-Rad ChemiDoc XRS with enhanced chemiluminescence (Perkin-
Elmer, MA). Equal loading was assessed using actin antibody (1:750, Santa Cruz
Biotechnology, CA) and data were analyzed using ImageLab software (version 3.0, Bio-
Rad, CA).

Dendrite size measurements

Electron microscope images taken at 1100 magnification were used to measure the width of
dendrites. Proximal dendrite diameters were determined by measuring their width
perpendicular to a line drawn from the center of the dendritic shaft to the nucleus that was
the same distance to the edge of the nucleus for each cell measured. A total of 11 images
were used for each group.

Whole-cell electrophysiology recordings

Electrodes for whole cell recording were pulled on a Flaming/Brown micropipette puller
(Model P-87, Sutter Instrument, CA) from filamented borosilicate capillary glass (1.2 mm
OD, 0.69 mm ID, World Precision Instruments, FL). The electrodes were fire-polished, and
resistances were typically 2-5 M2 for voltage-clamp experiments and 7-9 MS for current-
clamp experiments. Before experiments, the N2 media were removed from the neuronal
culture dish and replaced with a bath solution comprised of (in mM): 130 NaCl, 3 KClI, 1
CaCly, 1 MgCl,, 10 HEPES, and 10 glucose (pH 7.4). The pipette solution contained (in
mM): 138 KClI, 0.2 CaCl,, 1 MgCl,, 10 HEPES (Na* salt), and 10 EGTA, (pH 7.4). The
osmolarity of all solutions was adjusted to 290 mOsm. All recordings were performed at
room temperature (22-24°C). All chemicals were purchased from Sigma-Aldrich except
MgCl, (J.T. Baker, PA). In some experiments, pharmacological ion channel antagonists
were bath applied: Na* channels were blocked by tetrodotoxin (TTX, 2 uM).

The tested neurons (89 neurons from non-CMS and 42 from CMS) were obtained from all
three individual subjects of each group. Neurons were selected for recording if they had a
smooth surface and a three-dimensional contour; and if the patch seal resistance was > 1
G2, the holding current was < 0.1 nA (at a command potential of -80 mV), and the series
resistance was < 10 MS2. The series resistances were compensated at 90% level with the
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Axopatch 1C amplifier (Molecular Devices, CA), and under these conditions, the error
caused by uncompensated series resistances was < 0.1 mV. This error was not corrected. To
obtain adequate voltage clamp and minimize space-clamp issues, only small neurons with
short processes were used in our experiments. Membrane potential (Vi) was recorded in the
current-clamp mode with zero current. Input resistance (Ry,) was calculated in the current
clamp mode by dividing the evoked voltage by a command current. Current traces in voltage
clamp were leak-subtracted. Liquid junction potentials were nulled for each individual cell
with the Axopatch 1C amplifier. Whole cell capacitance was assessed when capacitance
transients were nulled in the whole cell configuration. Rheobases were assessed as the
minimum injected current required to evoke an action potential in the current clamp mode.
Na* currents were determined by injecting voltage in voltage steps of 10 mV between the
range of =70 mV to 80 mV.

All experiments were repeated at least twice and data were collected from three individuals
in each group. Immunocytochemistry and electrophysiological data were analyzed using
student t-test or one-way ANOVA and graphed using Origin 3.78 (OriginLab, MA) or
GraphPad Prism 4.02 (GraphPad Software, Inc., CA). Results were expressed as group mean
+ SEM. Difference in means were considered statistically significant when p < 0.05.

Generation of iPSCs from non-CMS and CMS subjects

Fibroblast cells were generated from skin biopsies that were obtained from high altitude
male, non-CMS (n = 3) and CMS (n = 3) subjects respectively. The hematocrit, O,
saturation and CMS score of these individuals were listed in table 1. To generate iPSCs,
fibroblast cells were transfected with retroviral reprogramming factors (OCT4, SOX2, KLF4,
and c-MYC). Three weeks after transduction, compact iPSC colonies appeared, which were
similar to human ES cells and characterized by large nuclei and scant cytoplasm. The iPSCs
colonies were manually picked and cultured on the matrigel-coated plates for expansion
(Fig. 1). A total of three clones were collected from each individual and one clone was used
for further characterization and neural differentiation. DNA fingerprinting analysis of short
tandem repeat confirmed that the obtained iPSCs line was identical to their parental somatic
cell lines. Stem array, a higher resolution of karyotyping, confirmed that all iPSC colonies
had a normal karyotype (Fig. 3A). In addition, to validate that the iPSCs lines were fully
reprogrammed, the following evidence was provided, including 1) positive staining for
pluripotency markers including NANOG and Tumor-related antigen (TRA)-1-81 (Fig. 2A),
2) positive staining for alkaline phosphatase (Fig. 3B), 3) similar expression of prominent
endogenous pluripotency genes such as OCT4, SOX2, c-MYC, KLF4, NANOG, and LIN28
was observed in iPSCs and H9 cells (Fig. 3C), 4) in vitro embryoid body-mediated
differentiation with expression of multi-lineage differentiation markers including ectodermal
markers (microtubule-associated protein 2/MAP2 and paired box 6/PAX6), mesodermal
markers (Msh homeobox1/MSX1 and -smooth muscle actin /a-SMA), and endodermal
markers (cytokeratin 8/CK8 and cytokeratin 18/CK18) (Fig. 3D), and last, 5) presence of
exogenous reprogramming factors in the genomic DNA of iPSCs (Fig. 3E), but the
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expression of transgenes in the mRNA of iPSCs was low or undetectable (Fig.3F). These
data suggested that iPSCs were pluripotent and have ability to differentiate into three germ
layers in vitro.

Generation of neural progenitor cells and induced neuronal differentiation

To generate NPCs, we first used an AggreWell to form free-floating spheres following an
EB spin protocol. EBs were then seeded onto matrigel coated plates and NPCs-containing
rosettes appeared after 7-10 days (Fig. 1E & F). At this stage, rosettes were confirmed to be
positive labeled for neural progenitor markers such as PAX6 and SOX1 (Fig. 2B) and were
then manually picked and dissociated; a monolayer of NPCs was then seeded into poly-
ornithine/laminin coated plates (Fig. 1G). Neural differentiation was initiated by
withdrawing FGF2 when cells reached about 70% confluency (Marchetto et al., 2010, Shi et
al., 2012). Neuronal morphology started to appear about ten days after differentiation (Fig.
1H). Three weeks after withdrawing FGF2, neurons that were positively labeled for
neuronal markers such as MAP2 and TUJ1 started to be detected (Fig, 2C).

As described by Shi and his colleagues (Shi et al., 2012), the current neural differentiation
protocol was used for cortical neurogenesis, the majority of neurons were glutamatergic
neurons and the GABAergic interneurons were not generated under the cortical induction
conditions unless specific factors were added. Similarly, we did not detect positive staining
of GABA antibody in our neuronal cultures using immunocytochemistry. To characterizing
the neuronal subpopulation in our iPSCs-derived neuronal cultures, we compared MAP2*/
DAPI* and VGLUT1*/MAP2*-stained neurons in the mixed cultures from both groups (Fig.
2D). The ratio of MAP2*/DAPI* and VGLUT1*/MAP2* neurons was not different between
the two populations (Fig. 3G, p > 0.05) and most of the iPSCs-derived neurons using the
current protocol were glutamatergic (> 90%) neurons. Real time PCR analysis further
revealed a similar differentiation and developmental gene expression profiles in the neuronal
cultures from both groups (Fig. 3H). This panel of genes includes NES SOX2 (for NPC),
MAP2, RBFOX3, TUBB3 (for neurons), DLG4, SYNL1 (for synapse), GFAP, S100B (for glia),
GABRRL, GAD1, SL.C32A1 (for GABAergic neurons), GRIAL, GRIN1, SLC17A7 (for
glutamatergic neurons), CUX2, FOXG1, RELN, STAB2, and TBR1 (for cortical layers).

Characterization of iPSCs-derived neurons using electrophysiology

To confirm that the differentiated neurons were functional and to study the properties of
these neurons, we used the whole cell patch clamp. Around 25% of iPSCs-derived neurons
fired action potentials spontaneously, but all neurons had evoked action potentials upon
stimulation (Fig. 4A &B). These neurons had a rapid inward current and this current was not
inhibited by bath application of 0.2 mM CdCl, but was eliminated completely by bath
application of 2 uM TTX (Fig. 4C), indicating that these neurons possessed Na* currents.

Decreased excitability in CMS neurons—- In the current clamp mode, we observed
that neurons derived from CMS subjects’ fibroblasts had a significantly more depolarized
action potential threshold than non-CMS neurons (Table 3, p < 0.05), and the minimum
current (rheobase) required to evoke an action potential in CMS neurons (63.3 £ 9.1, from
41 neurons) was much higher than that in non-CMS neurons (25.1 + 2.2 pA, from 88
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neurons) (Fig. 4D, p < 0.05). In addition, the number of evoked action potentials during 162
ms command current for the CMS group was also significantly smaller than that in the non-
CMS group (Table 3, p < 0.05), suggesting that the excitability of neurons derived from
CMS subjects is much lower than that from non-CMS individuals.

To explore the reason(s) of the significantly different excitability between CMS and non-
CMS neurons, we first measured the membrane passive properties, including resting
membrane potential (V) and whole cell input resistance (Ry,). No difference was found in
Vi (—39.6 £ 2.0 mV for CMS and —39.6 = 1.7 mV for non-CMS, p > 0.05) or Ry, (2947
432 M for CMS and 3450 * 274 for non-CMS, p > 0.05), indicating that differences in
passive membrane properties could not explain the lower excitability of CMS neurons.
Using the whole cell patch clamp, we observed that the Na* currents from CMS neurons
(216.9 £ 32.5 pA, from 42 neurons) were around 50% smaller than those from non-CMS
neurons (392.1 + 48.2 pA, from 89 neurons) (Fig. 5A & B, p < 0.05). This significant
difference in the Na* current was still present when we normalized the Na* current to
capacitance of the neurons (34.0 + 6.0 pA/pF vs. 70.9 + 8.3pA/pF) (Fig. 5C, p < 0.05).

Decreased Na* channel expression in CMS neurons—To determine whether a
decreased Na* current density in CMS neurons is due to a decrease in Na* channel protein
expression on the plasmalemma, we examined the abundance of Na* channel by a pan-Na
channel antibody using western blotting. As expected, we found that CMS neurons had
significantly less abundance of pan-Na* channel protein expression as evidenced by a
decreased ratio of pan-Na*/actin in the CMS group as compared to the non-CMS group (Fig.
5D & E, p <0.05).

Previous studies have shown that neurons with thick dendrites tend to have high densities of
Na* channels and those with thin dendrites have few or no dendritic Na* channels
(Bischofberger and Jonas, 1997, Migliore and Shepherd, 2002). To examine whether
dendritic size has effects on Na* channel density, we measured proximal dendrite diameters
from neurons in each group and did not observe a significant difference in the dendritic
width between two groups (1.87 + 0.23 pm for non-CMS vs. 1.66 + 0.23 um for CMS, p >
0.05), suggesting that the decreased Na* density in CMS neurons was not caused by a
decreased dendritic size.

Characterization of Na* current activation and inactivation—Whole cell Na*
current at a particular voltage can be expressed as a product of a single channel amplitude,
numbers of single channels in the whole cell, and single channel open probability. Whole
cell equivalence of single channel open probability is a voltage conductance relationship or
Na* channel activation curve. We then decided to test the activation characteristics of the
Na* channel in the two populations of neurons. In the voltage clamp mode, we held the cell
at -130 mV using a 48 ms command voltage from -70 to +80 mV with 10 mV increments
and we obtained current curves at different voltages (Fig. 5A). We then plotted the
normalized conductance against the membrane potentials and fit the points with Boltzmann
equation. The mid-point of the voltage-conductance curve showed that there was a
difference of 6.6 mV shift in the depolarization direction between the two groups (-23.4 mV
for non-CMS vs. —16.8 mV for CMS) (Fig. 6A, p < 0.05). For example, at Vi, =-30 mV,
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G/Gpax for the CMS neurons (0.09 + 0.02) was significantly smaller than that for non-CMS
neurons (0.30 = 0.07). The slope factor was similar for CMS and non-CMS (6.71 vs. 6.25, p
> 0.05).

Na* channel availability can be measured using a steady state inactivation curve. We used
500 ms prepulse potentials from =130 mV to -20 mV with increments of 10 mV and
measured the peak currents at =20 mV (Fig. 6B). For both non-CMS and CMS neurons, if
prepulses were between —130 and —80 mV, Na* currents were almost 100% available (Fig.
6C). When plotting the normalized current amplitudes vs. prepulse potentials, the
relationship could be fit with a Boltzmann equation. The midpoint of steady state
inactivation was —50.0 mV for non-CMS neurons and —48.7 mV for the CMS neurons (p >
0.05). The slope factors for both groups were 6.0 and 5.9 (p > 0.05) for non-CMS and CMS
respectively.

Characterization of Na* current recovery from inactivation—Using variable
durations between the two identical pulses of 25 ms at 0 mV from a holding voltage of —100
mV, we tested the characteristics of Na* current recovery from inactivation by measuring
the ratio of current amplitudes of the second pulse over the first (Fig. 6D & E). Although
there was no difference in the time constant of recovery (2.73 ms for non-CMS vs. 3.48 ms
for CMS neurons, p > 0.05), when two pulses were 10.8, 13.6, 16.2 and 21.6 ms apart,
recovery from inactivation was significantly slower in CMS neurons than that of non-CMS
neurons (Fig 6E, p < 0.05).

Discussion

Since the iPSC technique was first introduced by Yamanaka (Takahashi et al., 2007), it has
been rapidly used by many laboratories to study a variety of disease models in culture, such
as Rett syndrome (Marchetto et al., 2010), Alzheimer's disease (Kondo et al., 2013), and
Parkinson's disease (Hargus et al., 2010). Using a similar approach, we generated iPSCs
from skin biopsies of non-CMS and CMS subjects and then differentiated them into
different cell types, including neurons. The current study focuses on neurons because CMS
subjects often experience migraine headache, mental fatigue, confusion, memory loss, as
well as paresthesias, signs and symptoms that are believed to be caused by cerebral
hypobaric hypoxia (Arregui et al., 1991, Arregui et al., 1994) and exacerbated by excessive
erythrocytosis (Heinicke et al., 2006). In spite of the fact that hypobaric hypoxia (high
altitude) has been shown to cause structural changes such as frontal subcortical and globus
pallidus lesions as well as retinal hemorrhages(Cavaletti et al., 1987h, Jeong et al., 2002,
Dickinson et al., 2014), and induce deleterious functional effects on the human brain (e.g.,
neural degeneration and memory loss) (Sorensen et al., 1974, Arregui et al., 1991, Cavaletti
and Tredici, 1993, Jaillard et al., 1997, Hota et al., 2008), our understanding of CMS
neuropathology at the cellular and molecular level is still limited. Indeed, to our knowledge,
this study is the first to use iPSC-derived disease-specific human neurons as a model system
to study the neuropathology of CMS.

Starting with skin biopsies obtained from non-CMS and CMS subjects, we were able to
successively generate fibroblast cells, iPSCs, NPCs and then neurons without noticing any
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major difference between two groups. All iPSCs lines have normal karyotyping and were
fully reprogrammed from fibroblast cells, as evidenced by the absence of exogenous
transcription factor expression but the presence of endogenous prominent pluripotency
marker expression through either immunocytochemistry or RTPCR. The pluripotency of
iPSCs were also confirmed by the alkaline phosphatase staining and embryoid body-
mediated differentiation into three germ layers in vitro. The cells obtained from both
populations had a similar morphology at all stages and a similar percentage of neural
subtypes, suggesting that cells obtained from both groups have a similar reprogramming and
differentiation ability, and characteristics that were not affected by the intrinsic differences
as we have discovered here between the two groups.

As documented by Monge, CMS has an impressive familial character and is more frequent
in men of European descent than men of any other genetic background in the Peruvian
Andeans (Ergueta et al., 1971). The preferential ethnic backgrounds, familial character, and
heritability of CMS suggested that genetic factors play an important role in the pathogenesis
of CMS (Mejia et al., 2005, Moore et al., 2007). For instance, using SNP analysis, Buroke
and others found that vascular endothelial growth factor (VEGF), v-akt murine thymoma
viral oncogene homolog 3, Endothelial PAS domain-containing protein 1 and Egl nine
homolog 1 SNPs were significantly associated with CMS pathology (Buroker et al., 2012a,
b, 2013). Using whole genome sequencing, we have identified two genes, including sentrin
specific peptidase 1(SENP1) and Acidic leucine-rich nuclear phosphoprotein 32 family
member D (ANP32D), out of eleven regions in the genome that have significant differences
in haplotype frequencies between CMS and non-CMS (including the same subjects that
were used for the current reprogramming studies). Real time PCR analysis confirmed that
SENP1 and ANP32D genes in CMS fibroblasts had a significantly higher transcriptional
response under hypoxia as compared to that in non-CMS fibroblasts. Similar findings were
also observed in neuronal cultures as well (Fig.7, p < 0.05). Decreased expression of SENP1
and ANP32D orthologs in Drosophila also revealed an enhanced hypoxia tolerance in flies
(Zhou et al., 2013), further providing evidence for the importance of these genes in hypoxia
acclimatization. Interestingly, as reported by others, SENP1 acts as a positive regulator of
hypoxia-driven VEGF production and angiogenesis and was increased in endothelia cells
under hypoxic conditions (Xu et al., 2010). Furthermore, decreased SUMOQylation by
overexpression of SENP1 (as in CMS subjects) increases hippocampal neurons’
vulnerability to oxygen-glucose deprivation-induced cell death (Cimarosti et al., 2012).

It is well known that sodium channels play an important role in axon development and
neuronal circuit formation (Herrmann and Shatz, 1995, Zhang and Poo, 2001, Salthun-
Lassalle et al., 2004, Uesaka et al., 2005, Black et al., 2006). Sodium channel abnormal
expression and channelopathies can cause migraine headache (Frosk et al., 2013), poor
memory performance (Dickinson et al., 2014), seizure, skeletal muscle paralysis, fatal
cardiac arrhythmia, inflammatory pain, as well as neurodegeneration (Waxman, 2001,
Wada, 2006), many of symptoms that are observed in CMS subjects. Our data showing that
Na* current is decreased in CMS neurons as compared to non-CMS neurons, which lead us
to believe that there is a causal link between CMS symptoms and sodium channel
abnormalities and neuronal excitability. Modulations of ion channel properties have been
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previously reported in response to hypoxia. For example, prolonged exposure to anoxia
(Perez-Pinzon et al., 1993) or 10% O, (Xia and Haddad, 1999) decrease sodium channel
abundance and density in neurons. However, since both CMS and non-CMS subjects have
been living in the same hypoxic environments at high altitude for a prolonged period of
time, and all our experiments were performed under the same room air conditions, the
decreased Na* currents and current density observed in CMS neurons can be explained by
either a different response to hypoxia by the CMS subjects or by an intrinsic difference
between the two groups of neurons, likely to be genetic in nature.

The decreased Na* channel protein expression and altered properties are intriguing and are
the major differences accounting for the decrease in excitability in CMS neurons. One might
ask in light of these results whether these CMS neurons “benefit” from the decrease in
excitability or is this decrease in excitability deleterious to these neurons? Is this decrease in
excitability tantamount to an adaptive measure, possibly aimed at reducing the mismatch
between cellular metabolic demand and O, supply and leading to an enhancement of
neuronal survival? A decrease in energy consumption in the face of a decreased O,/energy
supply has been considered to be one of surviving strategies for long-term anoxia tolerance
animals such as turtle, goldfish and Drosophila (Bickler et al., 2002, Wilkie et al., 2008,
Zhou et al., 2008). In fact, we have demonstrated what genes and pathways are important for
this survival in flies when deprived of O, (Zhou et al., 2008). Although CMS neurons have a
decrease in neuronal excitability in comparison to non-CMS neurons, these individuals do
not seem to be as well adapted to the hypoxic environment as the non-CMS neurons. Hence,
there must be potentially other explanations and other mechanisms at play.

In summary, we used the iPSC technique to generate neurons from non-CMS and CMS
subjects’ fibroblast cells and then used these subjects-specific neurons as a disease model to
investigate the CMS neuropathology in vitro. We report that the excitability of CMS
neurons was much lower than that of non-CMS neurons and further demonstrate that the
decreased excitability was not caused by neuronal passive properties but instead, by a
significant lowered Na* channel current density and abundance, in addition to alteration in
Na* channel properties. Our data, for the first time provide evidence of dysfunction of
sodium channels in CMS neurons and suggest that the decreased sodium channel expression
and altered Na* channel properties might be one of the underlying mechanisms of CMS
pathobiology.
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Figure 1. Generation of iPSCs-derived neurons from fibroblasts
A) Morphology of human fibroblasts obtained from skin biopsies. B-D) Formation of iPSC

colonies through reprogramming processes. E) Formation of EBs from iPSCs and F-G)
rosettes were picked to generate NPCs. H) Morphology of induced neurons from NPCs.
Scale bar = 200 pm unless otherwise stated.
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Figure 2. Characterization of iPSCs, NPCs and neurons
A) Representative images of iPSCs expressing pluripotency markers including NANOG and

TRA-1-81. B) Rosettes expressing neural precursor markers including PAX6 and SOX1. C)
iPSCs-derived neurons expressing neuronal markers including MAP2 and TUJ1. Scale bar
for A-C =200 um. D) Representative images of iPSCs-derived neurons from CMS subjects
expressing glutamatergic neuronal markers including MAP2 and VGLUT1, Scale bar = 50
pm.

Neuroscience. Author manuscript; available in PMC 2016 March 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhao et al.

Page 19

A £ C iPSCs HE Fibro
-——————— OCT/
b - - S0x2
i -- - . c-MYC
i SEEeme.
5 F - - MANOG
— - - - LIN2E
. ——— CAPDH
D EB 18 Fibro E F
- - - - - Maez iPSCs Fibro IPSCs F  F+OSKM
e e e - PAXE - - Tg OCT4 & Tp0CT4
- - s - Ty SOxX2 - Tgs0x2
- - SMA - - Tg KLF4 s Tg KLF4
- - CKa P faohce - et
[ cita - GAFDH - - S EERs GaeDH
WEEEEEEE o
G H 3 non-CMs
[ non-CMS - ClE

CMS

Percentage of Cells

MAP2/DAPI VGLUT1/MAP2

Figure 3. Characterization of iPSCs and neurons
A) No karyotypic abnormalities were observed in iPSC lines. B) Alkaline phosphatase

staining of iPSCs. Scale bar = 200 um. C) RT-PCR analysis of iPSC lines detected the
transcripts of endogenous pluripotency embryonic stem cell markers. D) RT-PCR analysis
of EBs detected the variety of differentiation markers for the three germ layers. E) Genomic
RT-PCR revealed integration of all four retrovirus factors in iPSCs lines. F) The expression
of transgenes was low or undetectable in the mRNA of iPSCs. Lane 1-6 was either iPSCs or
EBs obtained from non-CMS (n = 3) and CMS (n = 3) subjects. Fibroblast cells (Fibro) were
used as negative control, H9 cells and retrovirus-infected fibroblasts (F + OSKM) were used
as positive control accordingly. G) Similar percentages of MAP2*/DAPI* neurons and
VGLUT1*/MAP2* neurons observed in CMS and non-CMS neuronal populations. H)
Similar neuronal differentiation and developmental stages between non-CMS and CMS
neuronal cultures. Real time PCR results confirmed that neuronal cultures from both groups
had a similar gene expression profile (p > 0.05).
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Figure 4. Characterization of action potentials from 33.7 days old non-CMS neurons and 32.8

days old CMS neurons after differentiation

A) A representative image of neurons from CMS neurons for patch clamping. B)
Representative traces of evoked action potential from non-CMS (left) and CMS (right)
neurons. C) 2 uM TTX completely eliminates the rapid inward current in neurons. D) CMS
neurons (42) have a higher rheobase than non-CMS neurons (89). * indicates p < 0.05.
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Figure 5. Decreased Na* currents, current densities and protein expression in CMS neurons
A) Representative Na* current traces from non-CMS (left) and CMS (right) neurons. B)

Decreased Na* currents from non-CMS neurons (89) and CMS neurons (42), C) current
densities and E) protein expression in CMS neurons. D) Representative immunoblots probed

with anti-pan Na and -actin. * indicates p < 0.05.
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Figure 6. Na* current activation and inactivation

A) Activation of Na* currents from non-CMS neurons (29) and CMS neurons (15). B)
Representative steady state inactivation of Na* currents from non-CMS (left) and CMS
(right), data summarized in C). D) Recovery from inactivation of Na* currents from non-
CMS (left, 18) and CMS neurons (right, 10), data were summarized in E). * indicates p <

0.05.
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Figure 7. Gene expression profiles of SENP1 and ANP32D in non-CMS and CMS neurons under
normoxia and hypoxia
A) Real time PCR analysis confirmed that expression of SENP1 was not different between

non-CMS and CMS neurons under normoxia (p > 0.05), but there was a significantly
different response between the two groups to 1% hypoxia treatment for 24 hrs (p < 0.05).
Hypoxia treatment significantly decreased SENP1 expression in non-CMS neurons as
compared to that under normoxia (p < 0.05), but not in CMS neurons. B) Real time PCR
analysis confirmed that expression of ANP32D was not different between non-CMS and
CMS neurons under normoxia (p > 0.05), but there was a significantly different response
between the two groups to 1% hypoxia treatment for 24 hrs (p < 0.05). Hypoxia treatment
significantly decreased ANP32D expression in both non-CMS and CMS neurons as
compared to that under normoxia (p < 0.05). * indicates p < 0.05.
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Table 2
Primers used in the current study.
For RT-PCR
Forward Reverse
Tg OCT4 CTGGCGGCAGCCTACCAAGA GGCGAAATCCGAAGCCAGGT
Tg SOX2 CTGGCGGCAGCCTACCAAGA GCGGGACCACACCATGAAGG
TgKLF4 CTGGCGGCAGCCTACCAAGA TCCTCCCGCCAGCGGTTATT
Tgc-MYC | CTGGCGGCAGCCTACCAAGA GCAACGTAGGAGGGCGAGCA
OCT4 GACAGGGGGAGGGGAGGAGCTAGG CTTCCCTCCAACCAGTTGCCCCAAAC
SOX2 GGGAAATGGGAGGGGTGCAAAAGAGG TTGCGTGAGTGTGGATGGGATTGGTG
KLF4 AATAACCGCTGGCGGGAGGA TCCAATTCTGGCCGCAGGAG
c-MYC GCGTCCTGGGAAGGGAGATCCGGAGC TTGAGGGGCATCGTCGCGGGAGGCTG
NANOG GGCTGCCTTGGAAGCTGCTG AACCCGGGAGACGGAGCTTG
LIN28 GACGACCATGGGCTCCGTGT GGCCGCCTCTCACTCCCAAT
MAP2 CAGGTGGCGGACGTGTGAAAATTGAGAGTG | CACGCTGGATCTGCCTGGGGACTGTG
PAX6 ACCCATTATCCAGATGTGTTTGCCCGAG ATGGTGAAGCTGGGCATAGGCGGCAG
MSX1 CGAGAGGACCCCGTGGATGCAGAG GGCGGCCATCTTCAGCTTCTCCAG
SMA CTGAGCGTGGCTATTCCTTC GCTGGAAGGTGGACAGAGAG
CK8 CCTGGAAGGGCTGACCGACGAGATCAA CTTCCCAGCCAGGCTCTGCAGCTCC
CK18 AGCTCAACGGGATCCTGCTGCACCTTG CACTATCCGGCGGGTGGTGGTCTTTTG
GAPDH GCACCGTCAAGGCTGAGAAC CGCCCCACTTGATTTTGG
For real time PCR
Forward Reverse
NES GCTGCGGGCTACTGAAAA CTGAGCGATCTGGCTCTGTA
SOX2 CATGAAGGAGCACCCGGATTA CGGGCAGCGTGTACTTATCC
MAP2 CAACGGAGAGCTGACCTCA CTACAGCCTCAGCAGTGACTA
RBFOX3 | GAAGACGGGGAACCCCTACA GCATAGAATTCAGGCCCGTAGAC
TUBB3 GAGCGGATCAGCGTCTACTA GGTTCCAGGTCCACCAGAA
DLG4 AGCTGGAGCAGGAGTTCAC ACACGCTTCACCTTGTGGTA
SYN1 GCAAGGACGGAAGGGATCA TGTCTTCATCCTGGTGGTCAC
GFAP GCCAGTTGCAGTCCTTGAC GCGCATCTGCCTCTCCA
S100B GGAGACAAGCACAAGCTGAA CCATGACTTTGTCCACAACC
GABRR1 | GCCTGATGGGAAAGTGCTCTA TCCAAGGGAAATCGGCTGAA
GAD1 ATCCTGGTTGACTGCAGAGAC CCAGTGGAGAGCTGGTTGAA
SLC32A1 | AGGCTGGAACGTGACCAAC GAGAAACAACCCCAGGTAGCC
GRIAL CGCTCCACGTGATTGAAATGAA | TGGCTGCAGGGACAAACTTA
GRIN1 GGCAACACCAACATCTGGAA CCATCCGCATACTTGGAAGAC
SLC17A7 | GCCATCTCCTTCCTGGTCCTA GGCTATGTCCAGGTGGTTCAC
CUX2 TCCATCACCAAGAGGGTGAA CAGGATGCTTTCCCCAAACA
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For real time PCR

Forward Reverse
FOXG1 GCCAGCAGCACTTTGAGTTA TGAGTCAACACGGAGCTGTA
RELN TCCAGAATTGGAAGCGGATCA GTTGGCCTGAATCCATCTGAAC
SATB2 TTTGCCAAAGTGGCTGCAAA TTTCTGGGCTTGGGTTCTCC
TBR1 ACGAACAACAAAGGAGCTTCA TGGTACTTGTGCAAGGACTGTA
GAPDH GCACCGTCAAGGCTGAGAAC CGCCCCACTTGATTTTGG
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Characteristics of evoked action potential.

non-CMS CMS

Delay (ms) 70.949.7 69.5£11.0
Threshold (-mV) | 35.0+1.7 28.842.3 *
t to peak (ms) 3.1+0.2 2.9+0.2
Y% Width (ms) 3.0+0.2 3.4+£0.3
Amplitude (mV) 63.7+3.6 59.7+£3.7
# of AP 2.1+0.2 1.410.1*
n 25 20

*
p<0.05
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