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Yoshida, Mizuko, Akira Yonetani, Toshihiro Shirasaki, and
Keiji Wada. Dietary NaCl supplementation prevents muscle necrosis
in a mouse model of Duchenne muscular dystrophy. Am J Physiol
Regul Integr Comp Physiol 290: R449-R455, 2006. First published
September 22, 2005; doi:10.1152/ajpregu.00684.2004 —The mdx
mouse is an animal model for Duchenne muscular dystrophy. Mdx
mice fed a 12% NaCl diet from birth up to 20 days of age (mdx-Na

mice) had an ~50% reduction in serum creatine kinase (CK) activity”

compared with mdx mice fed a standard diet. Most notably, necrotic
fibers in tibialis anterior (TA) muscle of mdx-Na mice were reduced
by 99% and were similar in control mice. These mdx mice displayed
significantly elevated blood Ca®* and Na* levels, while the total
calcium content of their TA muscle was reduced to the level of control
mice. In addition, mdx-Na mice had elevated zinc and magnesium
contents in their TA muscle. These results suggest that elevated serum
Na™* leads to Ca®* extrusion from muscle via the Na*/Ca®* ex-
changer causing a decrease in intracellular Ca®* levels and an in-
crease in blood Ca?* levels. Extracellular Ca2™ and, in addition, Zn**
and Mg?* might also contribute to the stabilization of the cell
membrane. Other possibilities explaining the surprisingly efficacious
beneficial effect of dietary sodium exist and are discussed.

therapy; calcium and zine; potassinm; blood; serum creatine kinase
activity

DUCHENNE MUSCULAR DYSTROPHY (DMD), a severe X-linked
recessive muscle-wasting disease, is a health problem with an
incidence of 2-3 per 10,000 males in the world population
(15). The disease is caused by a defect in the gene encoding
dystrophin, a protein located on the inner surface of the plasma
membrane (44). The exact function of dystrophin is unknown,
and the prospects for successful treatment of DMD remain
uncertain, although numerous studies of gene therapy for DMD
(21, 22, 42, 43) and of pharmacological treatment (8, 17, 23,
33, 37, 40, 46) have been published.

In DMD patients and in mdx mice, an animal model of
DMD, the disease is characterized by necrosis of muscle fibers
that causes increased serum levels of the muscle enzymes
creatine kinase (CK) and pyruvate kinase (32, 48).

Dystrophin-deficient muscle membranes allow excess Ca®*
influx, causing calcium accumulation in necrotic muscle fibers
(6, 11). The total calcium content of skeletal muscle fibers in
DMD patients (3, 4, 24, 29) and mdx mice (19, 30, 34) is
higher than that found in normal muscle fibers. The causes
leading to excess Ca** influx into dystrophin-deficient muscle
fibers are still unclear, although the following mechanisms
have been proposed: I) because dystrophin is thought to have
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a mechanical function, dystrophin-deficient muscle fiber mem-
branes are predisposed to rupture (2, 10); 2) Ca®* leak chan-
nels or stretch-activated channels open more easily in dystro-
phic myotubes, leading to poor Ca?* regulation (18); and 3)
the function of L-type Ca®™ channels is abnormal (12, 47).

We found earlier that serum CK activity in mdx females
more than 60 days of age is less than 50% of that observed in
males in agreement with published observations (38). Also, we
previously found that mdx mice given saline from ages 7 to 24
days exhibit significantly reduced serum CK activity by day
25. These interesting findings led us to ask the following
questions: J) How does saline decrease serum CK activity and,
presumably, prevent muscle necrosis in mdx mice? 2) Why is
serum CK activity in mdx females lower in males? The
answers to these questions may lead to effective therapies for
halting the progression of DMD.

We hypothesize that I) saline may affect the concentration
of some ions in the extracellular space (ECS), as well as in
muscle fibers differently in mdx and control mice, and 2) these
changes may be different between mdx female and male mice.

MATERIALS AND METHODS

Materials. Blood and tibialis anterior (TA) muscles of mice were
used; mdx (C57BL/10ScSn-mdx) and control (C57BL/10ScSn; B10)
mice were fed a standard diet (CE-2, Clea Japan, Tokyo, Japan) or a
standard diet supplemented with 12% (wet wt) NaCl (NaCl diet).
These mice are termed “mdx-Na” and “B10-Na.” The diet containing
12% NaCl was given to pregnant mice beginning 2-3 days before
delivery and continued throughout the life of the offspring. Thus NaCl
passed from mothers to their offspring via milk until the pups were 20
days old. Some mice also consumed the NaCl diet directly as of about
day 17.

Blood for measurement of serum CK activity and TA muscle for
morphological analysis, as well as for determination of inorganic ion
concentration and TA muscle fibers for metal elements, was collected
from the same mouse. The number of mice used in this study is shown
in the results. Our male and female B10, as well as mdx mice that
were fed a standard diet (CE-2, Clea Japan), are able to produce
offspring for 6 to 14 mo. Mouse experiments were performed in strict
accordance with the guidelines of the National Institute of Neuro-
science, National Center of Neurology and Psychiatry of Japan and
were approved by the Animal Investigation Committee of the Insti-
tute.

Measurement of serum CK activity. The blood of mice (day 7 to 90)
was withdrawn by inserting a syringe into the vena cava inferior of
mice under deep ether anesthesia. The blood was then transferred to
a 1.5-ml Eppendorf tube, allowed to stand for 2 h at room temperature,
and centrifuged at 8,000 rpm using 2a TOMY MRX-150 centrifuge at
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Table 1. Mice serum creatine kinase (CK) activity, blood K™ and Ca*™ concentration in male
and female mdx and B10 mice from days 7 1o 90

Age, days Strain Sex CK activity X 10%, U/ K+, mM Ca?*, mM
7 mdx M 0.360=0.122 (n=28)"
F 0.347%0.107 (n=29)®
M+ F 3.9+0.29 (n=31)" 1.51+0.0387 (n=131)
BI10 M 0.355%+0.160 (n=32)
F 0.397%0.178 (n=26)
M+ F 3.820.30 (n=29) 1.54=0.0695 (1=29)
20 . mdx M 7.80+4.58 (n=33)°
- F 7.86£4.31 (n=33)¢ .
M+ F 49+0.44 (n=28)° 1.31£0.0417 (n=28)
B10 M 0.235+0.0598 (n=37)°
F 0.244+0.0442 (n=33)"
M+F 3.7£0.30 (n=29) 1.30£0.0363 (1=29)
60 mdx M 15.3%13.1 (n=32)8 ' 1.23+0.0431 (n=31)*
F 6.73%£3.97 (n=33)" 1.25+0.0330 (n=32)
M+F ) 5.020.47 (n=56)"
B10 M 0.105%0.0771 (n=23) 1.2020.0334 (n=30)"
F 0.051=0.0145 (n=28) 1.23+0.0344 (n=31)"
M+F 3.6+0.31 (n=60)
90 mdx M 16.8:£10.1 (n=233) 1.17£0.0334 (n=27)¢
F 7.9124.97 (n=32) 1.19+0.0353 (n=30)°
M+ F 5.0£0.61 (n=58)"
B10 M 0.0840.0500 (n=34) 1.17£0.0243 (n=30)
F 0.0650.0542 (n=34) 1.20x0.0280 (n=29)¢
M+F 3.6+0.32 (n=59)°

Values are presented as means = SD, Mice were fed a standard diet. M, male; F, female; n, number of mice examined. CK activity (serum): a vs. ¢, b vs.
d,cvs.e,dvs. f, gvs. h,ivs. j, P<0.001;cvs. g, P <0.004, K* concentration: a vs. b, b vs. ¢, P < 0.001. Ca®" concentration: a vs. b, P < 0.002; b vs.

¢, P < 0.001; d vs. e, P < 0.01; fvs. g, P < 0.001.

4°C (Tomy Seiko, Japan). Serum CK activity was determined with a
Cica liquid CX test (Kanto Chemical, Japan) using Synchron CX7
(Beckman Coulter, Fullerton, CA).

Measurement of K*, Ca?*, and Na™ concentrations in blood.
Blood was collected into 1-ml syringes without anticoagulants by
heart puncture under ether anesthesia. The blood was placed imme-
diately in an i-STAT cartridge (EC6™) (i-STAT, Princeton, NI). The
measurement of Ca®*, Na*, and K* concentrations was performed
within 2.5 min after drawing blood.

Measurement of total potassium, calcium, sodium, magnesium, and
zinc contents in muscle and food. The muscle was excised under
deep ether anesthesia. TA muscle or food was placed in Tefion
tubes and digested with 0.5 ml of ultrapure HNO3 (Kanto Chem-
ical) at 100°C for 2 h. The samples were diluted to 10 ml with
ultrapure water. Potassium, calcium, sodium, magnesium, and zinc
contents were determined using inductively coupled plasma emis-
sion spectrometry (P-4010, Hitachi High-Technologies, Tokyo,
Japan).

Morphological analyses of TA muscle tissue. TA muscles of mice
at day 20 were excised and frozen immediately in isopentane cooled
in liquid nitrogen. Cryostat transverse sections were stained by Car-
razi’s hematoxylin and eosin Y (1% solution; Muto Pure Chemical,
Tokyo, Japan). Necrotic areas of muscle fibers were identified as
described (6, 16) and analyzed with a Color Image Analyzer (SP-500
Otympus Optical, Tokyo, Japan). Necrotic areas correspond to the
whole TA muscle area minus the white color area and normal
(peripherally nucleated) fibers.

Statistics. Data are expressed as means * SE or = SD. The data
were analyzed using the two-tailed Student’s r-test.

RESULTS

Critical starting point of muscle fiber degeneration and
differences between adult males and females. At the start of
the study of the effect of NaCl on the degeneration of mdx
muscle fibers, we decided to inhibit mdx muscle degenera-

tion before the onset of muscle fiber necrosis. As shown in
Table 1, the serum CK activity and blood K™ concentration
of mdx mice at day 7 were similar to those of control B10
mice. Average serum CK activity and blood K* concentra-
tion in mdx mice began to increase only after day 7, and the
K* concentration at day 8 (day 8: 4.2 = 0.1 mM, P < 0.02)
and CK activity at day 10 (day 10: 499 = 28 U/1, P < 0.001)
were significantly different from those at day 7. Serum CK
activity and blood K™ concentration also were significantly
different for mdx mice between days 7 and 20 (P < 0.001;
Table 1). The results shown in Table 1 show that the serum
CK activity and the K* concentration in blood of mdx mice
began to increase after day 7 compared with those of B10
mice, suggesting that the mdx cell membrane started to
rupture after day 7, causing the CK and the K™ to leak from
muscle fibers to ECS. On the basis of these results, we
started NaCl administration before day 7.

Blood Ca** concentration of both mdx and B10 female
mice at day 90 was significantly higher than that of males
(Table 1). Although the differences of Ca** concentration
between female and male mdx and B10 mice were small, the
differences may be advantageous for the discussion, since
blood Ca®* concentration is strictly controlled (36). Serum
CK activity of female mdx mice was about half of males’
serumn CK activity, as described in the introduction (Table
1). The values for serum CK activity in adult mdx mice are
consistent with those reported by Suh et al. (38) and Takagi
et al. (40).

Female TA muscle zinc contents of mdx and B10 mice were
significantly higher than those in males of mdx and B10 mice.
Muscle Zn content of mdx males was markedly higher than
that of B10 males (Table 2).
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Table 2. Total zinc content in the tibialis anterior muscle of
mdx and B10 male and female mice on day 60

Sex mdx B10
M 13.7£0.216" (n=30) 12.2£0.216° (n=30)
F 14.8+0.272% (n=28) 15.7+0.339¢ (n=30)

Values are means = SE. Zinc content is given in mg/kg wet weight. Mice
were fed a standard diet. a vs. b, P < 0.005; ¢ vs. d, a vs. ¢, P < 0.001; b vs.
d, P < 0.04.

Effect of NaCl ingestion on serum CK activity and on
morphology of mdx mice. We preliminarily examined whether
a diet containing 1, 3, and 5% Na weight/weight (wt/wt) fed to
mothers reduced serum CK activity of the offspring. Although
1 and 3% Na was insufficient, the diets containing 5% Na (In
the following expression, a diet with 12% NaCl was used.)
effectively reduced serum CK of mdx mice at day 20 (Fig. 1).
Therefore, these conditions were used in this study:. The effect
of NaCl ingestion on serum CK activity of mdx on day 20 is
shown in Fig. 1. The activity of this marker enzyme of muscle
fiber degeneration was reduced to about 60% of that of mdx
mice fed control food.

TA muscle fibers of mdx mice showed variations in fiber
size, shape, and the incidence of large, dark fibers, and necrotic
fibers were increased (Fig. 2, mdx). In contrast, the TA muscle
fibers of mice whose mothers ate a diet with elevated NaCl
were nearly normal in appearance (Fig. 2, mdx-Na). The area
of necrosis in TA muscle sections from mdx-Na mice was
drastically lowered (0.46% of total area, n = 12) compared
with mdx mice (46%, n = 17) (P < 0.001). In addition,
sections from the mdx-Na mice showed a nearly normal
muscle pattern.

Effect of NaCl ingestion on blood K*, Ca®*, and Na™
concentrations. The effect of NaCl ingestion (via mothers’
milk) on blood K™ and Ca?* concentration of mdx-Na and
control mice is shown in Fig. 3. Although NaCl had no effect
on blood K™ concentration in control mice, this ion was 11%
lower in mdx-Na than in mdx mice (P < 0.001; Fig. 3A).
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Fig. 1. Effect of NaCl ingestion on serum CK activity in mdx-Na mice at day
20. Mdx mice (n = 16) were fed a standard diet. Mdx-Na (n = 13) mice were
fed a diet containing 12% NaCl (wt/wt); *P < 0.001. Horizontal lines indicate
mean values.
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Fig. 2. Tibialis anterior muscle fibers from 20-day-old mdx mice fed a
standard diet (mdx) and mdx-Na mice fed a diet containing 12% NaCl
(mdx-Na). Muscle fibers from the mdx mouse show size variation, round
shape, and large dark fibers (*), as well as necrotic fibers (arrows). Scale bars
indicate 100 pm.

Blood Ca?* and Na™ levels in mdx-Na and contro] mice were
significantly elevated compared with those on the control diet
(Ca?*: Fig. 3B, Na*: data not shown).

Effect of NaCl ingestion on calcium, sodium, potassium,
magnesium, and zinc content in TA muscle. The calcium and
sodium content of TA muscles from mdx mice were markedly
higher than those from B10 mice (Fig. 4, Ca and Na). NaCl
administration significantly increased B10-Na muscle calcium
(P < 0.02) and Na contents (P < 0.001). However, muscle
calcium and sodium contents of mdx-Na mice were dramati-
cally lower than those of mdx mice (both P < 0.001) and close
to the levels in B10-Na mice.

Muscle potassium and magnesium contents in mdx mice
were significantly lower compared with B10 mice (both P <
0.001; Fig. 4, K and Mg). In mdx-Na mice, muscle potassium
and magnesium contents were noticeably higher as a result of
NaCl supplementation (both P < 0.001).

The zinc content of muscle from mdx mice was significantly
lower than that of the B10 controls (P < 0.001; Fig. 4, Zn).
NaCl administration markedly elevated the muscle zinc content
of both mdx-Na and B10-Na mice (both P < 0.001). Muscle
7n content of mdx-Na mice was close to that of B10 mice, but
the difference was significant (P < 0.01).
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Fig. 3. Effect of NaCl ingestion on blood K* and Ca®* con-
centration in mdx-Na and in B10-Na mice at day 20. A: K*
concentration; mdx (n = 28) and B10 (n = 28) were fed a
standard diet, mdx-Na (7 = 29) and B10-Na (n = 29) were fed
a diet containing 12% NaCl. a vs. b, P < 0.001. B: Ca?*
concentration; mdx (n = 27), mdx-Na (n = 28), B10 (n = 30),
and B10-Na (n = 31),avs.b,c vs. d, P < 0.001. Bars are mean,
and vertical lines are SE.

DISCUSSION

We found earlier that mdx mice given saline by injection
exhibited significantly reduced serum CK activity. We have
now investigated whether oral supplementation of NaCl re-
duced serum CK activity and inhibited mdx muscle degener-
ation if given before the onset of muscle fiber necrosis.

Results in Table 1 show that the serum CK activity and the
K™ concentration in the blood of mdx mice began to increase
after day 7 compared with those of B10 mice, suggesting that
the mdx cell membrane started to rupture after day 7, causing
the CK and the K™ to leak from muscle fibers into ECS. On the
basis of these results, we started NaCl administration before
day 7. NaCl-supplement administration significantly reduced
muscle fiber degeneration of mdx mice at day 20 (Figs. 1 and
2). NaCl administration also reduced blood K¥ concentration
(Fig. 3A) and muscle sodium content (Fig. 4, Na), and in-
creased potassium and magnesium in muscle fibers in mdx-Na
mice (Fig. 4, K and Mg). The muscle calcium content of
mdx-Na mice decreased drastically compared with that of mdx
mice (Fig. 4, Ca) and close to the levels in B10-Na mice. The
99% decrease in the area of necrotic fibers in mdx-Na mice
shows that NaCl supplementation almost completely inhibits
mdx TA muscle fiber necrosis (Fig. 2). In mdx-Na and B10-Na
mice, blood Na™ and Ca** concentrations (Ca®*: Fig. 3B) and
muscle zinc content (Fig. 4, Zn) increased on day 20 relative to
the control. It is unknown why NaCl administration increased
both zinc content in muscle fibers and blood Ca** concentra-
tion concurrently,

These results may have important implications for the inhi-
bition of muscle necrosis, as Ca®*, Na™ and Zn>" play critical
physiological roles. We expect that the process of muscle
degeneration in DMD or mdx mice causes excess Ca’" to
accumulate gradually in fibers after reaching a critical point in
time, because their muscle fibers appear to function normally
until a critical period is reached (47). In the case of mdx mice,
the serum CK activity and K™ concentration do not increase
until around age 7 days (Table 1). When muscle fibers, with
high levels of accumulated calcium, receive stimulation, the
fibers subsequently undergo extreme hypercontraction at the
critical point (after age 7 days) and may lead t©o membrane
rupture (47). At this moment, K™ may leak into the ECS and
might produce the contraction of other muscle fibers around the
ruptured fibers [potassium-induced contracture (27)),

NACL SUPPLEMENTATION TO mpx MICE

1.35

Ca® fmM]

We believe that group necrosis of muscle fibers following
the efflux of K™ may be one of the causes of necrosis of muscle
fibers, in addition to the “theories on grouped necrosis” de-
scribed by Gorospe et al. (20). The TA muscles of mdx-Na
mice did not show group necrosis except in one case. Aside
from the Ca?*-stabilizing effect, reduced serum CK activity,
blood K* concentration, and the group necrosis fibers of
mdx-Na mice may have been cansed by a quick, excessive K*
excretion with excessive Na* excretion in urine, as the urinary
potassium excretion rate depends on urinary volume (35). The
mice that ingested the Na supplement drank excessive water
and evacuated a large amount of urine, although we do not
have data on the volume of their urine. Atrial natriuretic
peptide (ANP) in the blood of the mice that ingested the Na
supplement might have increased, since the high-salt diet
induces an increase in ANP plasma levels (28). ANP has been
also known to block sarcolemmal L-type Ca?* channel activity
and the Ca®>* release from the sarcoplasmic reticulum (SR)
(25). The L-type Ca®* channels and the Ca®* release from the
SR in mdx-Na muscle fibers may have been inhibited by the
ANP, which prevents calcium accumulation in mdx-Na muscle
fibers.

Mouse skeletal muscle fibers possess a Na*/Ca®* exchange
mechanism (1). High Na* levels in the ECS serve to force
efflux of Ca®>* from fibers via the Ca®*/Na™ exchanger and
inhibit Ca®* release from the SR (13). The average blood Na*
concentration in mdx-Na and B10-Na mice was significantly
elevated. Thus the Na™¥/Ca®" exchanger of mdx-Na muscle
fibers may have prevented calcium accumulation in mdx-Na
muscle fibers and might contribute to increase Ca®" concen-
tration in blood (and ECS).

Lijnen and Petrov (26) demonstrated reduction of the total
calcium content of erythrocytes and the intraplatelet Ca®*
concentration by calcium supplementation. The mean value of
serum Ca?* concentration and the plasma total calcium content
of the treated calcium group was higher than in the placebo
group, although there are no significant differences between
the calcium and placebo groups. They also showed a reduction
in the plasma concentrations of intact parathormone and 1,25-
dihydroxyvitamin D3 that raise calcium uptake in cells (7, 9).
Increased Ca”* concentration in the blood of mdx-Na might
have been produced to reduce the activity of parathormone and
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Fig. 4. Effect of NaCl ingestion on total calcium, sodium, potassium, magnesium,
at day 20. Mdx and B10 were fed a standard diet; mdx-Na and B10-Na were fed a diet containing -12%
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and zinc content in the tibialis anterior muscle of mdx-Na and B10-Na mice
NaCl. Ca, calcium content; mdx (n = 29), B10 (n =

31), mdx-Na (n = 25) and B10-Na (n = 27);avs. b,avs. ¢, P < 0.001; b vs. d, P < 0.02. Na: sodium content; mdx (n = 29), B10 (n = 31), mdx-Na (n =
25), and B10-Na (1 = 27); 2 vs. b, a vs. ¢, b vs. d, P < 0.001. K: potassium content: mdx (n = 30), B10 (n = 31), mdx-Na (n = 25) and B10-Na (n = 27).

avs. b, avs ¢, P < 0.00l. Mg: magnesium content; mdx (n = 29), B10 (n =

31), mdx-Na (n = 25) and B10-Na (n = 30); 2 vs. b,avs. ¢, P < 0.001. Zn:

zinc content; mdx (n = 30) and B10 (n = 31), mdx-Na (n = 27) and BI10-Na (n = 30); a vs. b, a v&. ¢, b vs. d, P < 0.001. Bars are means, and vertical lines

are SE.

1,25-dihydroxyvitamin D3 and may have prevented calcium
accumulation in muscle fibers of mdx mice.

Activation of Ca**-ATPase of erythrocytes by calcium sup-
plementation (49) and high activity of Ca?*-ATPase in dys-
trophic muscle sarcolemma (14, 39) were demonstrated. High
Ca2* concentration in the blood of mdx-Na mice may have
induced Ca?*-ATPase to higher activity for the prevention of
Ca?* accumulation in muscle fibers and might have protected
them from calcium accumulation in muscle fibers of mdx mice.
From the above discussions, it is conceivable that higher Ca®*
in the blood (or in ECS) of female mdx mice reduced the
calcium accumulation in their muscle fibers, inhibited necrosis
of muscle fibers, and stabilized membrane effects of Ca?t,

The zinc content of TA muscle of mdx-Na or female mdx
mice was higher than that of muscle of mdx mice fed a control

diet or of male mdx mice. Zinc may be important to inhibit
muscle necrosis because Zn2™ stabilizes cell membranes (5)
and blocks L-type Ca®>* channels (45). One of the reasons why
serum CK activity in mdx females is lower than in males may
be higher zinc content of muscle than that of muscle of males.
Muscle zinc content of mdx males was markedly higher than
that of B10 males (Table 2). These results suggest the impor-
tance of zinc in mdx mice surviving as long as control B10
mice. Mdx males seem to require higher muscle zinc content to
survive as long as B10 mice. Zn** also plays a role in protein
synthesis and may contribute to the regeneration of muscle
fibers. Therefore, Zn** may be important for muscle regener-
ation in mdx mice. The assumption is supported by the results
of Tameyasu et al. (41), which suggest that the administration
of a zinc compound ameliorates muscle function in the mdx
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mouse. The standard feed used in this study and in the Labo-
ratory Animal Facility of the National Institute of Neuro-
science, NCNP, contains approximately two times the calcium,
six times the potassium, six times the magnesiuni; seven times
the sodium, and six times the zinc as the estimated minimal
mineral requirements for mice (31). Hence, the mice in this
study and at our institute may have ingested necessary calcium,
sodium, and zinc in their diet to survive as long as B10 mice.

Our results suggest that blood Ca®* concentration, muscle
zinc content, and potassium excretion are important for the
inhibition of muscle fiber necrosis in mdx mice.

In future studies, we will further investigate the cause-and-
effect relationship of NaCl supplementation to identify effec-
tive therapies for reducing the rate of muscle degeneration and
improving the quality of life of DMD patients.
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Mitochondrial DNA (mtDNA) is highly polymorphic, and its variations in humans may contribute to individual

differences in function as well as susceptibility to various

diseases such as Parkinson disease, Alzheimer disease,

bipolar disorder, and cancer. However, it is unclear whether and how mtDNA polymorphisms affect intracelluiar
function, such as calcium signaling or pH regulation. Here we searched for mtDNA polymorphisms that have
intraceliular functional significance using transmitochondrial hybrid cells (cybrids) carrying ratiometric Pericam (RP), a
fiuorescent calcium indicator, targeted to the mitochondria and nucleus. By analyzing the entire miDNA sequence in 35
cybrid lines, we found that two closely finked nonsynonymous polymorphisms, 8707A and 703984, increased the basal
fluorescence ratio of mitochondria-targeted RP. Mitochondrial matrix pH was lower in the cybrids with 8707A/10398A
than it was in those with 8707G/70398G, suggesting that the difference observed by RP was mainly caused by
alterations in mitochondrial calcium levels. Cytosolic calcium response to histamine also tended to be higher in the
cybrids with 8707A/70398A. it has previously been reported that 70398A is associated with an increased tisk of
parkinson disease, Alzheimer disease, bipolar disorder, and cancer, whereas 70398G associates with longevity. Our
findings suggest that these mtDNA poiymorphisms may piay a role in the pathophysiology of these complex diseases
by affecting mitochondrial matrix pH and intracellular calcium dynamics.

Citation: Kazuno A, Munakata K, Nagai T, Shimozona S, Tanaka M, et al. (2006) identification of mitochondrial DNA polymorphisms that alter mitochondrial matrix pH and
intracellular calcium dynamics. PLoS Genet 2(8): e128. DOL: 10.1371/journal.pgen.0020128

introduction

The central importance of mitochondria in ATP produc-
ton s well established [1.2] The pH gradient across the
mitochondrial membrane and rthe inner witochondrial
membrane potential make up ihe electrochemical gradient,
which regulates the efficiency oft ATP synthesis and other
mitochondrial activity, Recent studies are also focusing on
the roles of mitochondria in vegulation of intracellular
calcium dynamics. Mitochondrial calcium uptake affecrs
vavious importnt celiular processes such as apoptosis [3-5)
exocytosis [68.7] synaptic plasticity [®], and possibly spine
dynamics [9].

Mitochondria have theiv own DNAL mitochondrial DNA
(mthNA), which encodes the genes of 22 wansfer RNAs

(IRNAs), 2 ribusomal RNAs (rRNAs) and 13 subunits ol

cuzames related 10 oxidative phaosphorviation [10]. Other
subunits of mitochondrial proteing are encoded in the
nuclear genome.

Muations in mDNA are known to cause varvious mito-
chondrial diseases such as mitochondrial myopathy. ence-
phulapathy. factic acidosis. and strake-like episodes (MELAS).
which is causcd by the 3273445 mutation in miDONA [TL12]
The mechanisms by which these mtDNA mittarions cause
tunctional impairment are well studied [13.14). On the other
hand, miDNA is highly polymorphic, and cerrain polymaor-
phisms arc thought 1o he risk factors in complex discases such
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as diabetes mellitus {15], Alzheimer discase [16,17), Parkinson
discase [18-21), bipolar disovder 122,28, and some kinds of
cancer [24.25]. 1t has also been reported that mtNDNA
polvmorphisms are related to interindividual functional
variability in human cognition [26], personality [27), athletic
performance [28], and lomgevity [29] Flowever. these a88OCH-
ations are solely dependent on population genedes. It is
difficult to draw a definite conclusion from genetic associa-
tion analyses alone hecause the high variability of miDNA
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among individuals makes such analysis susceptible to con-
founding effects of population stratification; in addition, the

effects of orher polymorphisms in mirachondvial or nuciear
genes are difficult to control, Al though functional anulyses of

these polymorphisms are needed, ro date there ave few
reports that identify functional effects of miDNA poly-
morphisms. This is mainly due to methodalogical difficulries.
as conventional molecular biologicul techniques are not
reuadily applicable 1o miDNA,

We examined the phenotypic effect of mitochondrial DNA
without interference from nuclear genes by analysing trans-
mitochondrial hybrid cells (cvbrids), which were made by
fusing a cell line lacking miDNA, called p" (rho zero) cells (301,

with platelets from humans, Although the consequences of

pathogenic mtNNA mutagons have been examined using this
technique, the functional significance of miDNA polymor-
phisms has not been well investigived yet

In this study, we searched for tfunciousl mitDNA poly-
morphisms using the following strategies: (1) by turgeting o
caleium indicator, ratiomerric Pericam (RP) [31] to mito-
chondria and the nucleus in the same cell. mitochondrial and
eviosaolic calcium levels were monitored simuluneously; (2) to
reduce celtular vartability, a p” cell line was subcloned before
generation of cybrids; (3) by sequencing the whole mDNA
genome in 35 cybrids, functional mtDNA polymorphisms
were comprehensively analyzed, and two nonsynonymous
mINA polvmarphisms. J039841G and 8§701AIG, were iden-
tified: and (1) using 4 pH indicior, we confivmed that these
AUDNA polymorphisms altered both mitochondrial matrix
pH and intracellular caleium levels.

Results

Generation and Confirmation of Cybrid Cell Lines

First, we established o H3BTK p"206 cell line that stably
expresses two RPs. RP is o ratiometric fluorescent protein
developed as a calcium indicator [31]. The Quorescence rario
of 10 nm emission ar 480 nm excitation ro that at 410 nm
excitation is reported to reflect caleium concentration at a4

@ PLOS Genetics | www.plosgenetics.org
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congrant pH. Mitochomdria-rargeted RP is also sensitive to pH
because there is a higher pH (32,33} in the mitachondrial
MATIY (appro.\'im;u.c]y 7.7-8.0) [84.35] thun in the cyrosol. In
this study, two RPs, one rgeted Lo mitochondria (miRP)and
the othm" o the nucleus (nucRP) were expressed in the same

fiving cell. Thug, we were able o simultaneously monitor
mitochondrial and cytosolic calcium concentrations {311,
Pecause calcium levels in the nucleus were reported o be
similitr to those in cytosol, vuclear calcium levels were used 10
indicate cytosolic calcium level.

We subcloned several p" cell lines carrying RPs and selecied
one that showed a rveproducible calcium  response. We
confirmed by mtDNA-specific POR and Southern blot
analysis that this cell line lncked mIDNA, We {uxed this cell
line with platelets taken from %5 human  valunteers and

confirmed the integration of mHNA from the volunteers by

Southern blot analysis.

Measurements of Fluorescence Ratio of mtRP in all Cybrid
Cell Lines

Using these cybrids, we measured Auorescence ratios of
mRP and nuckP. In Huarescent images of cybrids, mitochon-
driz had a higher 480 nm/Al0 nm vatio than the nucleus
(Figure 1A), possibly reflecting higher calcium levels and pH
in mitochondrial matrix than in cytosol. This vesull 18
consistent with previous observarions in Hela cells [32] At
first, baseline fluorescence ratios were recovded for 2
minutes. Subseguently, cells were stimulated by M
histamine, which elicits inositol trisphosphare-mediated
calcium release from the endoplasmic reticujum [36] In the
first B0 s following stimulation. the fluorvescence ratio of
mRP and nucRP initally increased and then retumed 1o
basal levels (Figure 1B). The miRP fluorescence ratio wus
measured in 11-42 cells for cach of the 35 cell lines by
fluarescent microscopy.

Using « one-way analysis of variunce. we Lested whether or
not interindividual variation of mINA causes differences in
busal meRP fuorescence ratios. A statistically significant
variation of basal miRP Huorescence ratios was found among
these cybrid lines (p < 0.001, F=0.228),

Entire Sequences of mtDNA in All Cybrid Cell Lines

To identify the mDNA polvinorphisms that cause hetero-
geneity among cybrids, we determined the entire 16.5-kbp
sequence of miDNA in each of the 35 cybrids, nuDNA
polymorphisms were selecred in compurison with the revised
Cambridge Reference Sequence [1037]0 A towal of 2106
palymorphic sites. including 13 novel polvmorphisms, were
identified. All cybrids had different sequences.

identification of MtDNA Polymorphisms Altering the
Fluorescence Ratio of mtRP

To identify the polymorphisms with functional signifi-
cance. all nonsynenymous polymorphising or polymarphisms
in tIRNA or rRNA fuund in more than three cybrids o= 16)
were selecied (Table 1), For each polymorphism. the average
mtRP fAuorescence mtios for two genotypes at the particular
polymorphic site were compared (Table 1. The polymar-
phisms at only wwo positions. R701 and 10398, showed
nominally significant diffevences of basal i RP fluorescence
ratios. Basal mtRP fluorescence ratios in cybrids wirh miDNA
J0398A were significantly higher than those with 103986
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Figure 1. Typical Excitation Ratio Image of a Cybrid and Histograms Showing Responses to Histamine

(A) image of a typical cybrid showing fluorescence ratios of excitation at 480 nm to 410 nm in pseudocolors. Mitochondria had a higher 480 nm/410 nm
ratio than the nucleus, possibly reflecting higher calcium jevels and pH in mitochondrial matrix than in cytosol. Scale bar, 10 pm.

{B) Representative fluorescence ratio responses of 8701A/10398A cybrids (left) and 8701G/10398G cybrids {right) evoked by 10 jiM histamine. The y axis
shows the ratio of the 525 nm fluorescence at 480 nm to that at 410 nm. Blue traces show the ratio in the nucleus and red traces show the ratio in
mitochondria. Histamine (10 j1M) was added at time 0 s and was not washed out during the experiment. )

DOL: 10.1371 journal.pgen.0020128.g001

(103984, 1.67 £ 0.09 [mcan = S|, n = 117 710398C, 1.59 & fluorescence rvatio in cybrids with miDNA S70IALIN398A

0.12 [mean * SDL n= 24 p < 0.05, Mann-Whitney I test). (8701A110398A, 178 = 0.04 jmean = SDI three cell lines:
Basal mtRP fluorescence ratios in the cybvids with 87014 R701GI0398G, 1.67 = 0.01 [mean = S, three cell lines).
were also significantly higher than those with 8701¢C (S701A, Peak miRP fuovescence ratios after the histamine stimula-
.67 = 0.1 fmean £ 8D, n= 13 870, 1.5 £ 011 fmean = fion also showed a similar rrend (S701AT703984, 189 2 (L0
SD), m= 22 p < 0.05), Because S70/A was linked ro 105984 in {mean x SD) three cell lines: §701GITO398C, 188 = 0.02
all hut two cvhrids, it was difficult ro assess the independent fmean = SD). three cell tines),

effects of these polymorphisms. Since these two cybrids
showed intermediate values (average uorescence rario. 1G4,

Replication Study Using Independently Established Cybrid

ir suggests that both of these polymorphisms may contribute Cell Lines '

to the observed difference. Becuuse there were only two . ro f”f'“.’“' <:cmﬁ;m lbu: the ohserved difference is caused
subjects with 87071103984, further analyses were performed Y (:‘u d}ﬂt\(‘n;(_ ol m ﬂ’?r\;\ su]ulu\c)L. we pcll'fc)rmcd m?nth(:r

. - A . eplication study usir v established ey .
using only 8701AI10398A and 8701G110398G cybrids, replication study using independently cstablished cybrid ccll

lines, In this experiment. the native 148B.TK™ p'206 cell line

Basal miRP fuorescence ratios in cybrids with S70IA/ R . .
4 was used without any further subcloning. We established

105984 mtDNA were significantly higher than those with indenendent cvbrid coll Tines by using platelets derived £
iy o . . . o . o {ependent ¢ 1 ce es by using platelets derived from
Q701GIT0398C mDNA (S701AIIU398A, 1.67 £ 0,09 [mcan = ! : inas by Usits | 2 o e

. g L o . a subgroup of the ariginal 35 donors (Tuble $1). By
8D, n= 1L S7OIGITO398C, 1.59 % 011 fmean = SDLn=2%p ki e euhrids wi o . M
- 005, Mo Whitne U test: Fieurcs 1 and 2), Peak P transiently transtecting the evbrids with vadiometric coxlV-
< (.05, Mann-Whitney U test Figures 1 oand 2). Peak mit Pericam ¢DNA, Auorescence imaging was performed. Morc-
over. cells were stimulated by 10 pM histmine, and in vivo
calibration was performed using calibration buffers with
ionamycin, which cquilibrate intramitochondrial and extrac-
elivtar calcium. To minimize the cell-to-cell variability. an
index for calcium tevel, (R Ry 7 (R~ R) (sce Miaterials
and Methods), was analyzed in cells responded to histamine,

Huorescence ratios after the  histamine stimulation  also
showed a similar but nonsignificant wend (8701AH03984,
186 = 0.11 {mecan £ SDJ; STNIGIT0398¢C, 1.78 = 0.14 fmean
£ 8D} p=0.03)

Replication Study Using Cybrid Cell Lines Stably

c .
Expressing RP . o . . As 2 result our initial observation in cybrids with mtDNA
Because the nominally signiticant effects of polymorphisms — ws0141703084 was confirmed ($701AT 03954, 107 = 01,40

at positions 10398 and R701 on hasal miRP fluorescence ratio fmean % SD]. three cell lines: QIOICGIT 0398, 051 = 0.0

were found after mulidple sttistical analyses, we performed a [mean % $D). three cell ines: Figure S1.

second study o ensure ibowas not i falsc-positive finding,
Three cvbrid lines with 870741103984 mINA and three with Generation of pH Indicator for Measurements of
7016105986 mDNA were chosen from among the 35 Mitochondrial Matrix pH

cybrids for the veplicarion study {Table §1). The results’ It has been reportted that the fuorescence ratio of RP is
confirmed our initial observation of a higher buasal miRP dependent not only on caleium levels but also an pH [32.331
ot o
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Table 1. The mtDNA Polymorphisms in 35 Cybrids

Nucleotide Gene® Amino Acid Number of Subjects* Basal Fluorescence Ratio of Statistical Disease
Change Change® Mitochondria-Targeted RP' Analysis® Related”
Anderson Non-Anderson Anderson Non-Anderson p
Sequ‘enced Sequence® Sequence Sequence
AG33T tRNA Pro 34 i — —_ —_
AB63G 125 rRNA 3 4 1,61 1.70 0.213
G709A 125 rRNA 30 5 1.63 1.58 0.962
A750G 125 rRNA 0 kH - - -
C7527 125 rRNA 34 1 — - el
A8276G 125 rRNA 32 3 1.62 1.65 —
co227 125 rRNA 34 1 - — -
T1107C 125 rRNA 34 1 — — -
13107 125 rANA 33 2 — — — oM
A1382C 125 rRNA 34 1 — e —
Ti413C 125 rRNA . 34 1 —_ — —
AY438G 125 rRNA 1 34 — — — DM
G1442A 125 rRNA 34 1 —_ — -
T1452C 128 rRNA 34 1 — — -
G1598A 128 rRNA 34 1 — — —
A17366G 165 rRNA 31 4 1.61 1.70 0.213
A2109T 165 RNA 34 1 — — —
T2150-51TA 165 rRNA 31 4 161 1.70 0.213
T2404C 165 rRNA 34 i — — —
T2626C 165 rRNA 30 5 1.62 1.59 0.480
A2706G 165 rRNA 1 34 — —_ —_
C27667 165 rRNA 34 1 — —_ —
C27727 165 rRNA 30 5 1.62 1.59 0480
G2831A 165 rRNA 34 1 —— — -
G3010A 165 rRNA 24 1 1.62 1.62 0.74%9
C3204T 165 rRNA 34 1 e — .
C3206T 165 rRNA 32 3 1.62 1.65 -
G3391A ND1 G29S 34 1 — — —_
A3434G NDY Y43C 34 1 — - ——
T3644C ND1 V113A 4 1 — - -
GAD48A ND1 D248N 13 2 — - -
T4386C tRNA Gin 30 5 1.62 1.59 0480
A4824G ND2 T119A 31 4 1.61 1.70 0213
‘A4833G ND2 T122A 32 3 1.63 1.46 —
C5178A ND2 L237M 23 12 1.62 1.62 0677
C5263T ND2 A265V 34 1 — — -
A5301G ND2 1278v 34 1 — — —
T5418C ND2 F317L 33 2 — — —
G5460A ND2 A331T 32 3 1.63 148 —_ AD, PD
G5773A tRNA Cys 33 2 —_— . —_—
AG6040G ol N46S 34 1 —_ — —
ce318T col P1395 34 1 — - —_
G7269A [de]] V456M 34 1 — — —
T7270C ol V456A 34 1 — — —
T7297C col V4654 34 1 — — —
G7444A col Ter314K 34 1 - - — LHON, SNHL
G7521A tRNA Asp 34 1 — — —
G7664A cot ATT 34 1 - - —
A7673G col T30V 34 1 _ — -
G7853A cot \:lel 33 2 — — —
G7859A col Do2N 34 1 _ —_ —
c8a4T ATPS L17F 24 1" 1.62 1.62 0.749
AB563G ATPS T13A 31 4 1.61 1.70 0213
GB8584A ATPS A20T 34 1 — — -
AB701G ATP6 T59A 13 22 167 159 0.037
GS764A ATP6 AB0T 34 1 — — -
C8794T ATPE HeoY n 4 1.61 1,70 0213
AB860G ATP6 T112A 0 35 — -— —
coonT ATP6 A2V 34 1 — — —
A93556 con NSOS 34 1 - — —
GS477A con vail 34 1 — o —
ASE70G conm N1555 34 1 — - -
T10345C ND3 1967 33 2 — — —
A10398G ND3 TI114A 11 24 1.67 1.59 0.036
T10410C tRNA Arg 32 3 1.62 1.65 —
@ PL0S Genetics | www.plosgenetics.org 1170 August 2006 | Volume 2 | issue 8| @128, =

-609-



mtDNA Alters pH and Calcium Levels

Table 1. Continued

Nucleotide Gene’ Amino Acid Number of Subjects® Rasal Fluorescence Ratio of Statistical Disease

Change Change® Mitochondria-Targeted RPf Analysis® Related”
Anderson Non-Anderson Anderson Non-Anderson p
Sequence" Sequencee Sequence Sequence

G10427A tRNA Arg 34 \ — _ —_

G11016A ND4 S86M 34 3 — — -

A11084G ND4 T109A 30 5 162 1.59 0.480 MELAS

T11255C ND4 Y166H 34 1 —_— — —

A12026G NDA4 1423V 34 1 —_— — — DM

C12135T7 ND4 S459F 33 2 — — —_

G12236A tRNA Ser 34 i —_ — -

A12358G ND5 T8A 32 3 162 1.65 -—

A12361G ND5 TO9A 34 1 _— — —

T12811C NDS Y159H 33 2 —_ — —_—

T12880C ND5 F182L 33 2 — — —_

A13651G ND3 T439A 34 1 — —_— —

G13928A ND3 SE31N 34 1 —_ - e

A13542G NODS TS36A 33 2 — — —

A14053G ND3 T573A 34 1 — —_ —

T14178C ND6 1166V 34 1 — — —_

A14693G tRNA Glu 34 1 — — -

A14696G TRNA Giu 34 1 — —_— —

C14766T Cyb ™ 0 35 — — —

G14858A Cyth G38s 34 1 —_ - —

T14979C Cytb 1787 32 3 162 1.65 —

A152186G Cytb T158A 34 i - — —

A15236G Cytb 1164V 34 1 — _ —_

G15314A Cytb A190T 34 1 — — —

G15323A Cytb A193T 33 2 —_ — _

A15326G Cytb T194A 0 i5 —_ — _

C15468T Cytb T241M 34 1 — - —

T15479C Cytb F245L 34 1 — — —

G15497A Cytb G515 33 2 —_ - — PIE!

A15662G Cytb 1306V 34 1 — —_ —_

A15758G Cytb T338v 34 1 — — —_

A15851G Cytb 1369V 34 1 — - _—

A15860G Cytb 1372v 33 2 — — —

A15901G' 1RNA Thr 34 1 — — —

G15927A tRNA Thr 34 1 _ —_ —

G15930A tRNA Thr 33 2 — _ —

T15940C tRNA Thr 34 1 — — —

G16000A tRNA Pro 34 1 —_ - —

Boldface entries, p ~ 0.05.

“ND1. ND2, ND3, ND4, ND5, ND6, genes encoding subunits of complex | (NADH dehydrogenase); COL COH, Colll, subunits of complex |V (cytochrome ¢ oxidase): ATPS, ATPS, subunits of
complex V (ATP synthase): and Cytb, 2 subunit of compiex il (ubiquinol: cytochrome ¢ oxidoreductase).

"Eor example, G295 means that the G3391A causes substiwrion from glycine {G) 1o serine ($) a1 the 29th amino acid of the ND1 gene.

“The number of subjects among 35 cybrids.

“The revised Cambridge Reference Sequence.

“Ouly the bases that differed from Anderson sequence are shown.

*Each value indicates the excitation ratio (480 nm/410 nm).

IpMann-Whitney U test was applied only when the number of subjects in both groups were larger than three.

“The polymorphisms denoted as “disease related” in the MITOMAP database, 2 human mitochondrial genome database {hitpi//www.mitomap.orgl.

Polymarphisms newly identified in this study.

iinsertion,

AD. Alzheimer disease; DM, disbetes mellitus: LHON, Leber hereditary optic neuropathy; MELAS, mitochondrial encephatomyopathy, lactic acidosis, and stroke-like episodas:
SNHL, sensonneuronal hearing loss: PIE, paracrystaliine inclusions with exercise intolerance.

DOk 10.1371/journalpgen.00201 281001

csp(‘ciall_\;‘ at the higher pH range found in the mitachondrial for measuring mitochondrial matrix pH. Since DsRed is 2
matrix. To test the relative contributions of these factors to pH-insensitive protein, it can he used as a refevence [43).
the abserved finding, we artempted 1o measure mitochondrial We confivmed that this pH indicator, mi pH-GFPMsRed.

3 . . L. . Y SUCCESS 3 sused 10 CASUTCe e S AR )
pH using mitochondria-targeted. pH-sensitive green fluores- could be successfully nsed 1o measure mitachondrial pH

cent protein (imt pH-GFP) [38.397 and mitochondria-targeted Measurements of Mitochondrial Matrix pH in Cybrids with
red Nuorescent protein from Digowna (mt NsRed) expressed mtDNA 8701A/10398A and 8701G/10398G

under the conwnl of a bidivectonal promoter [40-42]. For the measurcments of mitochondiial matrix pH, we
Because the pRa of pH-GFP is approximately 8.0, it uscful used the ahove-mentioned independently established lines of
@ PLOS Genetics | www.plosgenetics.org 1171 August 2006 | Volume 2 | Issue 8 | e128
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Figure 2. Effects of 70398A/G on Basal Fluorescence Ratios of
Mitochondria-Targeted RP

Differencas between the basal fluorescence ratios in 10398A and 10398G
cybrids are shown. All cybrids with 8701A have 10398A (left), While most
cybrids with 8701G had 10398G (right), two cybrids had 87014 and
103986 (the data of these two cybrids were 1.52 and 1.77). For each
cybrid, data taken from 11-42 cells (average, 26 cells) were averaged. The
y axis shows the ratio of the 525 nm fluorescence at 480 nm to that at
410 nm. Horizontal bars indicate the mean values for each type of cybrid.
*p < 0.05 (Mann-Whitney U test).

DO 10.1371/journal pgen.0020128.9002

cvhrids generated from the native HSBTK™ p 206 cell line
that does not carry RPs (four with S701A1103984 and four
with 87011103980y, By transiently cotransfecting the mt pH-
GFPMsRed and Ter-Off vectors, basal mitochondrial matrix
pH was recorded far several minutes in each cybrid cell line
We performed in vivo calibration of mitochondrial busal
matrix pH in each cell by using four calibration buffers (pH
7.0, 7.5, 8.0, and B.5) with the ivnophores nigericin and
monensin, which equilibrate invumirochondrial and exirac-
ellutar pH. The calculated basal mitochondrial matrix pH wis
about 8.0, which is consistent with previous reports using
Mela cells and BOV304 cells [34.85] Compared with the
§701GI10398C cybrids, the hasa! mitchondrial mawix pH
was significantly lowey in the 8701AI110598A cybrids (87014
JU3Y8A. R.0% = 003 Jmean = SD] four cell lines: 870161
JU3YRG, B % 0.07 pmean = SD). four cell lines: p < .05,/

test; Figure 8.

Cytosolic Calcium Dynamics
T test whether or not these mIDNA polymorphisms affect
cviosolic calcium dynamics, we examined the effects of

@ PLpS Genetics | www.plosgenetics.org
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Figure 3. Basal Mitochondrial Matrix pH in the Cybrids with 87014/
10398A or 8701G/10398G .

Data from 11-18 cells in a triplicate experiment were averaged for each
of four cell lines in each group. The y axis shows mitochondrial matrix pH
calculated by calibration in vivo. Horizontal bars indicate the mean
values for each type of cybrid. *p < 0.05 (t test).

DO 10.1371 journal.pgen.0020128.g003

Q701AITU398A and 8701 GO9S genotypes on the cyiosolic
calcium levels.

The nucRP data from the first experiments indicated that
the 870TAII0398A cvbrids tended to have higher peak
eytosolic calcium levels after the histamine stimulation
compared with the 8701 GI10398G cybrids (S701AIT0398A,
9.10 = 0.14 {mean = 8DJ, 11 cell Jines: 8701 GIHO398C, 2.02 %
0.15, 22 cell lines, [mean % 8D} p = U.08, Mann-Whimey [V
1est: Figure 4). There wus no significant difference o basal
cytosolic caleium level (S7UIAIIOZI8A, 1.20 = 007 [mean =
S, 11 cell lines; 8701 GI10398C,, 1.25 = 0.07 {mean = §DJ, 22
cell lines: p > 0.10, Mann-Whitney U7 rest), This resulr suggests
that cytosalic calcium response may be enhanced in the
870 1AIT0398A cybrids.

The nucRP duts From the replication swudy using cybrid
cell lines stably expressing RP confirmed that peak cytosolic
calcium levels after histamine srimulation were higher in the
S701AIT0U398A cybrids than in 8§70/ GITUSISG cvbrids (8701A1
103984, 2.56 = 0.03 [mean = 8D thvee cell lines: 870161
JO398C, 2.26 + 0.16 [mean = 8D three cell Hines).

Discussion

In the present study. we comprehensively searched fov
mtDNA polymorphisms that alter the fluovescence ratios of
miRP. and we identified two miDNA single nucleotide

August 2006 | Volume 2 | issue 8 | 2128

-611-



2.6 +
E 24+
o .
322‘ i ™)
£ o A
E. T3
oo .
= e
o 18r ¢
©
.5 16
E§ o
S 14r
1

1.2 ! ! |

AA GG
8701/10398

Figure 4. Peak Cytosofic Calcium Level after Histamine Stimuiation in
Cybrids with 87014/10398A and 8701G/10398G

The vatues of two cybrids with 87014/10398G were 1.92 and 2.20. For
each cybrid, data taken from 11-42 cells (average, 26 cells) were
averaged. The y axis shows the ratio of the 525 nm fluorescence at 480
nm to that at 410 nm. Horizonta! bars indicate the mean values for each
type of cybrid. +p = 0.08 (Mann-Whitney U test).

DOI: 10.137V/journal.pgen.0020128.g004

pulymnrpl‘)isn‘\s (MISNPs), 107984 and §7014, that increase
the hasal Nluorescence ratios of MRP.

In the JO398A1G mISNT, threonine is substituted by alanine
at the ¢ rerminus of NS, a subunit of compiex 1 (NADH:
ubiguinone  oxidoreductase) [10]. In the 870JAIG miSND,
there is an amino acid substitution from threonine to alanine
at ATPase6. the FO subhunit 6 of complex V (ATP synthasc)
[10]. Complex T generates a proton gradient across mitochon-
drial inner membrane by exporting protons. whercas ATP
synthase produces ATP by using this proton gradient, The
proton gradient is also the driving foree of calcium uptake hy
mitochondria. Therefore, both polvmorphisms can affect the
proton gradient across mitochondrial inner membrance and
caleium levels,

During the course of our study, it was reported that the
fluorescence ratio of RP is dependent not only on calcium
levels but also on pH at the higher pH vanges in
mitochondrial matrix {3233 Thus. we measured basal
mitochondrial matrix pH in cyvbrids with §707AI103984 and
ST01GIT0398C, Basal mitachondrial matrix pH was signifi-
cantly lower in cyvhrids with §70JANT0398A than in those with
871G 0398G. Aheration in mitochondrial pH has also been
hvpothesized to madulate ATP production. apoptosis, and
the opening of the mitochoncdrial membrane permeability
Lransit

ion pore [44]. Transport of protons is coupled with
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clectron transport hy @ vespiruory chain consisting ol
complexes L 1L and 1V, As described above. the mDNA
10348 polymorphism affeers the aminn acid compasition in
subtmit of complex 1 When the activity of complex 1in the
clectron-transport chiin was measured using citvate synthase
activity as a reference 431 the activity of 8707AII03984
cvbrids wended to be lower than that af 870 1GITOF98C evbrids
(,§‘7()MII()39.\’A. 5,77 = 141 [mean £ 8D, four cell lines:
S?()IG/I()S'F)R(.L 758 = 1.97 pmean * 8D, four cell linest p =
0.10. ¢ rest), This finding suppovts the above-mentioned
difference in mitochondrial marrix pH.

The difference in busal mirochendrial matrix pH could nnt
contribute to the inital finding of higher miRP fuorescence
vatio in the cvbrids with 8701AII0398A beeause lower pH
could only decrease the miRP fluorescenae rate, not increase
it 'Thc'rc'fm'c, the maost pr()bublc interpretation for the
difference in basal imRP fluarescence vatio s higher
mitochondrial calcium levels in cybrids carrying 870741
J0398A. In addition, the calcium responses o histamine
stimulation rended o be higher in the cytasol of 87014
10398A cvbrids than S7HGITN3980 cybrids, both in the initist
experiment and the veplication swudy using cybrid cell tines
stably expressing RP. These findings suggest that altevations
i mitochondrizl function cause the enhanced cytosolic
caleivm response and higher basil mitochondrial calcium
levels in cybrids with & FOIAITO398A. )

Mitochandria have several caleium transport mechanisms,
Galeium uptake is attvibwable 10 4 mitochondrial calcium
uniporter in inner mitochondrial membrane, Caleium ¢ffiux

from mitochondria is mediated by the NaCa™ exchanger
and the HTCa* antiporter. The opening of the membrance
permeability transition pore also allows effiux of calcium
from mitochondria. Clarification of mitochondrial calcium
transport systems at the molecular level would facilitate the
understanding of biochemical mechanism of how the 10308
polymorphism alters mitochondrial calcium dynamics. Fur-
ther stucy is necded to reveal how these two miSNPs alter
mitachondrial matrix pH and caleium fevels.

Amaong the two polymarphisms we found to have func-
tional significance, 10398AIC has previously been associated
with human health and discases. The 7TO398C polymorphism
is reportedly associated with a reduced visk of Parkinson
disense [19], whercas 103984 was reported to increase the risk
of Alzhcimer discase in men [17], invasive breast cancer in
Alrican-American women [24], and prostate cancey in
African-American men [25] 1o addition, 703984 is reporiedy
associated with an increased risk of bipolar disorder
[92.05.46]. According to the mISNP database (hutpdhwwwgii-
borjphusapindex_chiml), most Europeans have §70/1A,
but it is polymorphic in the Japanese populaton, In contrasy,
J0398A is polymarphic both in Europeans and Japanese. The
10398A1G chavacterizes the European haplogroup L] and K
[17), and Asian-specific super haplogroup M [47]. Thus. the
present findings can be transtiated that Asian-specific super
haplogroup M is associated with different mitochondrial pH
and calcium from other Asian-specific haplogroups.

The frequency of 703984 is much smaller in the Jupanese
population (approximatcly 28% in the mSNP database)
compared with Furopeans (approximately 74% tn the mtSNP
database). The average life expectancy in Japan is the highest
in the world, and its hiological basis is not yvet well under-
stood. Tanaka ot al. sequenced the whole mINNA sequence in
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{1 Jupanese centenarians and reported that a subset of

haplogroup M characrevized by several mIDNA polymor-
phisis is maoye frequently seen in centenarians (48] Among
these polymorphisms, they have mainly focused on the 57784
polymorphism  rhat chavactervizes haplogroup D in super
haplogroup M. The 5778/ s associated with several
common diseases such as Parkinson disease [98), atheroscle-
rosis in patients with diabetes mellitus [49], and myocardial
infarction [50). A recent study, however, suggested thal
association of 37784 with longevity is ethnicity dependent
(51]. Therefore, it might be possible that these apparent
clfects of 5178CIA in the Japanese population may be
mediated by the other linked polymorphisms rthat cause
functional change. Although 37784 did nor affect the
fluorescence rtio of mIRP in this study, moest subjects with
57784 have 70398G. Thus, it could be possible that J0398C
mediates these apparent associations of 3778CIA with com-
plex diseuses and longevity. In fact, based on the mtSNP
dutabuse. 10398 was significantly morve frequently seen in
centenarians (76 of 46 [79%]) compared with young Japunese
(199 of 192 [679.1; = 1.03). A recentstudy by Niemi et al. also
suggested that 103986 affects longevity [52].

To dare. there has been no swudy on the associution of

S7OTAIG with health and disease. and information on S70LAIG
is limited, Most of the thove-noted associations with the 3178
polymorphism observed in the Japunese population could
also be medinted by 8701, since it is closely linked with 10348
and 5178 In fact, 870G is also more frequency seen in
centenariuns (68 of 96 [719]) compared with voung Japanese
(111 of 192 [B8%): p= 0.08).

It was difficult to assess the funcrional effects of these wwo
mtSNPs separately, because there were only two subjects
carryving 870IAL10398C in ouv sample seL. Although it is stil}
an open question whether or not §701AIC causes some
functional change. at least 10398AIC seems to have some
functional significance. The tendency of ahered complex |
activity between the 870141103984 and 87016:110398C cybrids
suggest that the observed difference between 8701 A110398A
and &7016110398C is mediared at least partly by the
functional alteration of complex | by JOF9SAIG.

Because there was considerahle overlap. including an
outlier. with regard w the basal mRP fluorescence herween
SFOIANO398A and 870101710398C:, theve might be a cancern
that the observed difference may be caused by those outliers,
Thus. we applicd the Smirnov-Grubbs test for the detection
of outliers. One cell line, having the lowest value in the 870161
101398(; group. was found ro be an outlier (T=%17; < 0.03).
Fven after this cell line was omitted, basal mtRP Huorescence
ratios in cybrids with 8701 AIT0398A were significantly higher
tian those with 8700 GITU398C (S7TOIAITOFISA, 1.67 = 0.09
fmeun * SD) n =14 S7016G110398CG, 1.60 = 0.049 fmean X
SD] n = 21 p < 0.05 Mann-Whitney U/ test). Thus, the
abserved difterence was not due to the effect of the outlier.
One might suspect that observed variation of basal mtRP
Auorescence ratios might not be caused by mtDNA sequence
variation bur resulied from an experimental variation.
However, the interassiy wirianee within one cybrid cell line
having the same mtDNA sequence was significantly smaller
than the variation among cybrid cell lines having different
mtDNA sequences. This indicates that observed variation of
miRP fluorescence ratios mnong cvbrid cell lines were not
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caused by experimental wariiion but cawsed by the differ-
ence of MDNA sequence.

There might be the other concen that the present finding
s sumehow affected by the process of subcloning, and such a
tinding cannot be generalized. However, in our replicaion
study using independently established cybrid cell lines, it was
confirmed that the observed finding wus not specific w this
particular subcloned cyhrids, but was actually caused by
differences of mtDNA sequences.

In summary, we identified two mtSNPs that were suggested
1o alter mitochondrial matrix pH aud intracellular calcium
dynamics. To our knowledge. this is the first report of mIDNA
polymorphisms affecting these intraceliulur functions.
Amaong the two mtSNPs examined, the 105YSAIC polymor-
phism was previously reported o be associated with
Parkinson disease. Alzheimer disense, some kinds of cancer
bipolar disorder. and jongevity. A drug that affects mito-
chondrial matrix pH or caleium levels might he a promising
strategy for headth and disease, :

Materials and Methods

Subjects. Cybrids weve generited from plutelets derived from 55
volunteers, 17 patients with bipolar disorder (meuan age, 4R year
men and § wamen) and 18 healthy vongrols (nean age, 48 vea
men and # women). Al were Jupanese Padents with bipolar disorder
were inchided in this study because these bload samples were
callected as a part of a project study the geneties of bipolar
disorder. None of the experimenta) parameters reported in this
paper showed a significant difference between patients and controls.
Diagnoses were made by the consensus of two senior psychiatrists
using the DSM-TV criterin. Written informed consent was obrained
from ull volunteers. The Ethics Committees of the RIKEN Brain
Science Institute and other participating institutes approved the
study. For the replication study using cvbrid cell lines stably
expressing RV, we selected cybrids fram three subjects with S701.41
103984 mtDNA (meun age, 48 vears: | man und 2 women) and three
subjects with 8701G110398C nDNA (mean age, A1 years: | man and 2
waomen). Cyvbrids for replication studies using independently estib-
lished cybrid cell ines and measurements of mitochondrial matrix
pH were generated using platelets from four S7OIAIT0398A subjecs
(mean age, 52 yeurs; 9 men and 2 women) and four 8704 GHO39SG
subjects (mean age, 56 vearss 2 men and 2 women). Cybrids for
replication studies and the measurement of mitochondrial smatrix pH
were derived from healthy controls. Although these cell fines have
several mDNA polvmarphisms in additon o 8701 and J0398. they
were carefully selected so that they have minimum difference inother
positions of MDNA,

Generation of the 143B.TK" p®206 cell fine stably carrying calcium-
sensitive probes, The HMEBTRY p'206 cell line derived from the
usteosarcoma cell fine (JA3BTK™) was established by Auardi and
King [30), The M3RTRT P06 cells were grawn in DMEM
(Invitrugen, Carlsbad, California, United States), supplemented with
1%, FRS. A0 U penicilling 30 pghnl strepromyein, and 50 pgfmi
uridine. The cells were grown on dishes 35 mm in diameter w 509
confluence, The cells were cotransfected with Lipofect AMINE
PLUS (Invitrogen) with vatiometric Pericom-nue (L85 DNAlbish)
and retivmeric coxf¥-Pericam (075 pe DNAldish) ¢INAs, After 2 L
these cells were replated onto coverslipy 14 mm in diameter and
allowed to grow 1w 2 confluence with selection medium.
supplemented  with 109 FRS. 1000 ppimi geneticin (Invitrogen).
and A0 pgiml uridine. After 2wk, single colony with Ruorescence
in nuclei and mitochondria was picked up under o fluorescent
microscope. meDNA-specific POR and Southern blor analysis were
used to confirm that the cells lacked miDNA, The eell lines were
replated  onto coverslips and stimulated by histamine (Sigma-
Aldvich. Saint Louis, Missouri, United Suues) as deseribed below,
One of the ten cell lines had a veproducible calcium response
without spontancous calcium oscillation, This Jine was sclected for
further examination.

Generation of cybrid cell lines. Peripheral blood was drawn intoa
10 ml Vactainer tube containing L5 ml acid cicrate dextrose (B
Biosciences. Palo Alto, Californiy, United Staesi Plaelets were
separated by cenrrifugation ar a speed of 1200 rpm for 20 min. The
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FABTK %200 colis that had been stbly expressing RPs were fused
with platelets from individuals wsing a polvethviene glyeol solution
53], Afier % d ol fusion. the medium was repluced by a sclection
mediom without uridine, After 2 whe surviving cells were eollected.
The integration of mNNA was verified hy Southern blop analysis as
previously deseribed with some modifications [54). Cybrids for the
veplication study using independently cstablished cybrid cell lines
sl measuretents of mitochondrial matrix pH were gencraced by
fusing the native H3RTRT p"06 cells snd platelews from individuals
as deseribed ahove, ’

Mensurements of fluorescence ratios of RP. Cybrids in modified
R bulfer (195 mM NaGlL 5 mM KCL 5.5 mM glicose, 20 mM
and | inM MgCly [pH 7.4 were imuged at room temperature
an an Olympus TX-70 (Olympus, Tokvo, Japan) with a CoulSNAPHQ
CeD emmers (Roper Scientific, Tieson, Avizona, United States)
controlled by Uiniversal hnaging Meta series 4.05H.6 (Universal
Imaging. Media, Pennsylvania, United States). Dual-excitation imag-
ing with RP used owo excitation filters (A8ODFID and 410DFIO)
alternated by o Lambda 10-2 filter exchanger (Sutter Instruments,
Novato, California, United States). o A0ADRLE-XR dichroic mirror,
and 1 325AF4H emission flter, The cvbrids were stimulated by hath-
application of 10 pM histamine applied o the coverslip, The vatio of
the 395 nm Muoreseence at 480 mm to that at 410 nm was us d for
further analysis, The regions of interest for measuving caleinm
response in each cell were the mitachondria and nacleus.

For cach cell line, 11-42 cells were measured. At st the basal
fuorescence ratios of mURP abmined from cach cell were used for
} is by one-wav analysis ol variance, Using one-way
sis of variance (@ = 34, we tested whether or not the variation
among 85 cvbrid cell lines having difTerent muDNA was larger than
the variation within ane cell tine, Then, the Ti=42 data points in cach
cell fine were averaged 1o caletlate the representative value for cach
cell ine,

The encficient of variation in fuorescence tatio of mRP in cach
coll line was 12,24, = 2% (mean = SD in 35 cybrids).

For the replication study using ciglt independently established
cybrid cell lines ffour with SFTAITO3984 miDNA and four with
S$301G10398G mIDNA), cvbrids were transiently rransfected with
veutinmetvic coxTV-Pericam (1 pyg DNAIdish) cDNA using Lipofect AMINE
PLUS. After 2 d measurements were performed in these cell lines,
Nifferent from the case in the cells stably-expressing RP, there is no
assurance that the exp !

sion level of RD is constant acrass cells in

this experiment, which may porentially affect the stability af

Huereseence vacia, To avoid the effect of variability of cxpression
levels of RP among cells, we performed in vive calibration for cach
cell, Ton exactly estimate caleium levels. we applied histamine
stimulation to the cells, and only those responded to histamine were
further analvzed, Cells responded 1o caleium could he fuund in three
of four cell tines for each group. Celly were stimulated by 10 pM
histamine. and calibration was performed using calibration buffers.
Caleium-free buffer consisted of modilicd Krehs R huffer with 10 pM
jnnamyein (Calbiochem. San Dicgo. California. United States), 50 pM
RAPTA-AM (Dojindo Labaratories, Kumamoo, Japun). and 10 mM
ECGTA Maojindo Laboratortes), Caleium smuration bufler was made of
moditicd Krehs R buffer with H M jonomyein and 1) mM CaCla
[Ca™ ) measured by in sity calibration was caleulated by the equation
[Ca®™ ] = K R~ Rind | Renan = RiT'™. where K'q i the apparent
dissociation constant corresponding to the caleitm concenteation
and s the Hill coefficient [A5) Because K’ and 71 are constants but
R, of RP in mitochondria is no knenwen, we simply used the value of
(1 Rypied | (Roas = RI fov the assessment of mitachondrial calcium
Jevel, The condition for imaging is basically similar o those described
ubove,

Analysis of entire sequences of mtDNA. Total DNA was exeracted
from cach cvbrid using standard pratocals. The entire miDNA was
sequenced as deseribed [36] A computer pragram, Sequencher
version 4,11 Gene Godes, Ann Arbar, Michigan, United States), was
used (o indicate possible SNT loci, Far verification, visual inspection
of ench candidate SNP was carvied out At least iwo overlapping DNA
emplates amplificd with different primer pairs were used for
identification ol cach SNP. mtSNTPx were identif by comparison
with the revised Cambridge sequence (G 1628) reported by
Andrews et al, [87) For all polinarphisms that resulted in changed
amino acid sequence or those within rRNA or 1RNA regions,
averaged fluorescence vatios of mtRP were compared bhetween
genotypes by Mann-Whitey L west, This analvsis was performed
only when three or morg ¢V riedks had the same pn‘ymnrphism. Far
ctatistical analvsis. Mann-Whitney U tests were applied using SPSS
safrware (8PS kv, Japan).
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Construction of pH indicator for measurements of mitochondrial
matrix pH. GFP vavianis werc prepared as dlesc ~m.<:_d‘{.~17]‘ As u
remiplate, the orviginal GFF mutinion was (‘mpl()y d. This L‘c.m])h\u'
incarporates the mutation [ARAR] M‘uc:uum.s were \j(‘l:lf‘!c‘d A
sequencing the eative gene. The pH-GFP [39] with polvhistidine
al the N Lerminus was expressed in Fxcherichio wli IM104 (VE3)
(Promewga, Madison, Wisconsin, United Stiu,cs,). purif_i(-d. und s}?(irn-n-
scopically characterized as described [33] The gene for mfjo-»MP wus
amplified by PCR using the GFP variants as atem plate, with # forwind
primer containing enmplex TV mitochandrial tirget sequences anvd an
Ml site, und a reverse primev containing an FeoRVsite, Thegene fur
mi DsRed was amplificd by POR using pDsRed 1= 1 Mitn s 2 emplate
with a forwied primey comaining a Notl site and a reverse priner
containing a Sallsite. The rest icLed mi pH-GFP productwas subcloned
in-frame inin multiple coning site 1, and mit DsRed was subheloned into
multiple cloning sice 1 of the pl bidirectional ‘Tet veetor (Clonteeh
Laboraiaries, Mountain View, Cadifornia, United States).

Transient expression of pEl indicator in cybrid cell lines using the
Ter system. To ensure the same oxpt sion levels of two genes, mt pH-
GFP and mt DsRed, the bidivectional Tet CXPUCSKION VOCLOT Wits used in
Ter-Off Gene expression systems [40.41). The pBI bidirecrional Tel
CXPression VeCTor Containg # “hidirectional” promaoter composed of
rerracycline-response clement flanked by teo minimal cyomegalovi-
rus promoters in apposite arientnions M2] To induce these two
genes, the other vector expressing the wetracveline-contiolled trans-
activatar under the cvtomegalavirus promoter control wis cotrans-
fected,

Cybrids were grown i DMEM (Sigmu-Aldrich) supplemented with
e Tet systcm—appmvcd FRS (Clontech), 100 U penicillin and 100
pghnl streptamycin. The cells were grown an dishes mm in
dinmeter to about 80%: confuence. The cells were cotransfecied with
Ter-Off veetor (Clomeeh) and pB=tmt pH-GFP)~tnl DsRed) fatal b opg
NNAMish) using Lipoleet AMINE PLUS (Invitrogen), Alter 2 d.
mitachondrial marrix pH was imeasured in these cells,

Mitochondrial matrix pH measurements and in vivo calibration.
Cybrids in modified Krebs R buffer were imaged at room temper-
ature. The imaging system is described above. Imaging with mt pH-
GFPMsRed nsed two excitation flters (48OTIFI) and 836
dichroic mirror for GFPMsRed, andd emission fileers (¢
SB20/60).

It was confirmed that the fluorescence vatio (325 nml620 nny
decreased after the treaument with FCCP (Sigmma-Aldrich), suggesting
that tos set of luorescent indicators is sensitive to the mitochondrial
matrix pH.

For in situ calibration. cvbrids weve perfused with the following plii
ditration buffer (125 mM KCL 20 mM NaQl 0.5mM CaCly, 1.3 mM
MygCily, and 25 mM pH buffer IMOPS was used {or pH 7.0, TEPES for -
pH 7.5 and RO, and glvevlglyeine for pH 8.5)) (A1) Al calibration
experiments were carried out in the presence of 10 pM nigericin and
10 pM monensin (Sigma-Aldrich). Afley baseline measuromnents were
recorded for several minutes, calibration wus performed in vivo, The
uorescence Tatio of 525 nm emission ac 480 mm excitadon o 620 nm
emission al 565 nm excitnion reflected the dynamics of mitochon-
drial matrix pH. Mitochondrinl matrix pH was calculated by plotting
the calibration curve of cach cell.

Supporting information

Figure Sl Effects of S701ANI039SA and $701CGHA398G on Basal
Mitochondrial Caleium Levels Measured by mtRP

The y axis shows the basal mitochondria) caleium Jevels indicated by
the value of (R = Ruyed | (Ruas = 1) measured by miRP, 1n sic
calibration for [Ca“'""] uses the equation [Ga” V= K0 R~ Ruind 1 e
— RIY™. R s the basal ratio of the 525 mm fluorescence at 480 ny o
that at 410 0. Ryge i the ratio at free caloium. Ry is the ratio at
saturating calcium. K. 1s the apparent dissaciation constnt, n s the
Hill cocfficient. Bars indicate the standard ervor of mean for cach
evbrid call line.

Found at DOL 10,137 Ujournul.pgen 0120128 5¢001 (120 Kp POFY,
Table §1. mIDNA Polymarphisms in Fight Cybrids

Found a¢ DOT: 10137 Hjournalpgen (020128 5001 (97 Kb X1.8).
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