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Approximately half of older patients with congestive heart failure have normal left ventricular (LV) systolic '
but abnormal LV diastolic function. In mammalian hearts, aging is associated with LV diastolic dysfunction.
Caloric restriction (CR) is expected to retard cellular senescence and to attenuate the physiological decline in |
organ function. Therefore, the aim of the present study was to investigate the impact of long-term CR on
cardiac senescence, in particular the effect of CR on LV diastolic dysfunction associated with aging. Male 8-

Keywords: month-old Fischer344 rats were divided into ad libitum fed and CR (40% energy reduction) groups. LV
Aging function was evaluated by echocardiography and cardiac senescence was compared between the two groups |
Autophagy at the age of 30-month-old. (1) Echocardiography showed similar LV systolic function, but better LV diastolic
Calcium function in the CR group. (2) Histological analysis revealed that CR attenuated the accumulation of
Cardiac function senescence-associated B-galactosidase and lipofuscin and reduced myocyte apoptosis. (3) In measurements
Nutrition

of [Ca*; transients, the time to 50% relaxation was significantly smaller in the CR group, whereas F/Fo was
similar. (4) CR attenuated the decrease in sarcoplasmic reticulum calcium ATPase 2 protein with aging. (5) CR |
suppressed the mammalian target of rapamycin (mTOR) pathway and increased the ratio of conjugated to |
cytosolic light chain 3, suggesting that autophagy is enhanced in the CR hearts. In conclusion, CR improves
diastolic function in the senescent myocardium by amelioration of the age-associated deterioration in

intracellular Ca?* handling. Enhanced autophagy via the suppression of mTOR during CR may retard cardiac |
senescence.

Sarcoplasmic reticulum

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The clinical problem of congestive heart failure (CHF) is increasing
in developed countries confronted with an aging society [1,2]. The
morbidity of CHF increases with aging, as does mortality. Interest-
ingly, approximately half of older patients with CHF show normal LV
systolic but abnormal LV diastolic function. Recent studies have
revealed that the prognosis of CHF associated with LV diastolic
dysfunction is similar to that associated with LV systolic dysfunction
[3]. However, therapeutic strategies aimed at improving LV diastolic
dysfunction have not been established. In mammalian hearts, aging is
associated with impaired cardiac relaxation [4-6]. Senescent cardio-
myocytes are characterized by prolonged relaxation, diminished
contraction velocity, a decrease in B-adrenergic response, and
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increased myocardial stiffness. This impairment in diastolic function |

contributes, in part, to the increased incidence of CHF in the elderly

[2].

Caloric restriction (CR) is the established intervention for which |

anti-aging effects have been proven scientifically [7,8]. CR can retard
cellular senescence and attenuate the physiological decline in organ

function. Hearts become more susceptible to various stresses with |

aging [5,6.9]. We have demonstrated that short-term (4 weeks) and
prolonged (6 months) CR confers cardioprotection in aged and
middle-aged rats, respectively [9,10). These results indicate that CR

retards cardiac senescence from the aspect of myocardial ischemic

tolerance.
In addition, recent clinical studies have demonstrated that CR,
when accompanied by significant body weight loss, has cardiac-

specific effects that ameliorate LV diastolic function in healthy |
subjects (11,12}, as well as in patients with type 2 diabetes mellitus |

(T2DM) [13]. Thus, clinical application of CR and the development of

CR mimetics that can replicate the effects of CR have considerable '

potential as novel therapeutic approaches for the treatment of
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patients with diastolic dysfunction. However, the exact mechanism(s)
by which CR improves cardiac diastolic dysfunction remains un-
known. Furthermore, how long-term CR modulates cardiac senes-
cence has not been fully evaluated.

Therefore, the aim of the present study was to investigate the
impact of long-term CR, which started at the age of 8-month-old and
continued till the age of 30-month-old, on cardiac senescence, in
particular the effects of CR on cardiac diastolic dysfunction associated
with aging. Our results strongly suggest that long-term CR improves
diastolic function in the senescent myocardium by ameliorating the
age-associated deterioration in myocyte relaxation. Furthermore, our
results indicate that attenuation of the decrease in sarcoplasmic
reticulum calcium ATPase (SERCA) 2 with aging and enhanced
autophagic flux are associated with functional improvements in the
aged heart.

2. Materials and methods

All procedures in the present study conformed to the principles
outlined in the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996) and were approved by the Institutional Animal
Care and Use Committee of Keio University School of Medicine.

2.1. CR protacols

Seven-month-old male Fischer344 rats were obtained from
Charles-River Japan. Rats were housed in individual cages according
to institutional protocols at Keio University Experimental Animal
Centre and fed ad libitum for 2 weeks with a modified semipurified
diet A (Oriental Yeast Co.) (Supplemental Table 1). The average caloric
intake was calculated from daily food intake over this 2-week period.
After weaning, rats at the age of 8-month-old were randomly divided
into two groups: AL rats (n=24) continued to be fed ad libitum with
control diet A, whereas CR rats (n=20) were fed first with 90% of the
average caloric intake during the 2-week run-in period (10%
restriction), followed by 60% of the average caloric intake (40%
energy reduction) till the age of 30-month-old using modified
semipurified diets B and C. Modified semipurified diets B and C
comprised the same calorie per weight, but were enriched in vitamins
and minerals by 11% and 67%, respectively, compared with diet A
(Supplemental Table 1). We reduced the daily calorie intake by
decreasing food weight to 90% and 60% in the modified semipurified
diets B and C, respectively. Three-month-old rats were used as the
young controls (YC).

2.2. Echocardiography

At the age of 29-month-old, rats were anesthetized with 1.5%
isoflurane inhalation and were anchored to a positionable platform in
the supine position. Short axis echocardiography and Doppler
echocardiographic measurements from the apical 4-chamber view
were performed using the Vevo2100 echocardiography (VisualSo-
nics). To obtain tissue Doppler imaging (TDI), sample volume was
placed at the septal side of the mitral annulus and early (E’) and late
(A’) diastolic mitral annular velocities were measured.

2.3. Histological examination

Senescence-associated B-galactosidase and lipofuscin were
assessed in fresh frozen tissue sections. Briefly, cryostat sections
were fixed in 3% formaldehyde and washed in phosphate-buffered
saline (PBS) at room temperature. Slides were immersed in freshly
prepared B-galactosidase staining solution [1 mg/mL X-gal in
dimethylformamide, 40 mM citric acid, sodium phosphate (pH 6.0),
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM
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NaCl, and 2 mM MgCl,] and incubated at 37 °C overnight. Stained
slides were washed with PBS and counterstained with nuclear fast
red. Other frozen tissue sections were fixed with 3% formaldehyde and
viewed immediately by fluorescence microscopy with a 590 nm filter
to assess autofluorescence of the myocardium [14]. Apoptotic
cardiomyocytes were assessed using the ApopTag In Situ Apoptosis
Detection Kit (Serologicals). Tissue sections were also stained with
4’ 6-diamidino-2-phenylindole (DAPI) to visualize nuclei. Percentage
of TUNEL-positive myocytes was calculated by counting 10,000 nuclei

in each group. Part of the heart was fixed overnight in 10% formalin at .

4 °C, dehydrated with 70% ethanol, mounted in paraffin, and sectioned
(5 um). Sections were stained with Hematoxylin and Eosin, Masson's
trichrome, and Picrosirius red (for fibrosis). The proportion of the
fibrotic area was determined in slides stained with Picrosirius red
using a BIOREVO fluorescence microscope (BZ-9000, Keyence).

2.4. Lipofuscin assay

Heart tissue was ground in liquid nitrogen and homogenized in
chloroform-methanol (1:20, w:v). After centrifugation, the chloro-
form-rich layer was mixed with the methanol. The fluorescence in this
fraction was measured at an excitation wavelength of 350 nm and
emission wavelength of 485 nm using a spectrofluorimeter [15].
Fluorescence intensity at 485 nm was expressed as units/100 mg
tissue.

2.5. Isolation of cardiomyocytes

Ventricular cardiomyocytes were isolated from AL and CR rats as .

described previously [16] (n =6, each). Briefly, hearts were mounted
on a Langendorff apparatus and perfused with Tyrode solution
containing 0.1 mM Ca?*. Type Il collagenase (Worthington) was
then added to the perfusate. After 30 min, the hearts were taken
down, ventricles minced, and myocytes dissociated by trituration.
Subsequently, myocytes were filtered, centrifuged, and resuspended
in MEM containing 1 mM Ca®*. Myocytes were used within 6 h of
isolation.

2.6. Measurement of [Ca®*];

Myocytes were loaded at 22 °C with Fluo-4 AM (10 pM; Molecular
Probes) for 30 min, washed out, and then allowed to sit for a further
30 min to allow for intracellular deesterification. The cell fluorescence
measurement was performed at room temperature using a Zeiss LSM-
510 confocal microscope (5-Live mode). Laser excitation (488 nm)
and emission (543 nm) were used for detecting Fluo-4 fluorescent
signal [17]. Myocytes were incubated with 1.0mM Ca?* Tyrode
solution and stimulated via platinum electrodes connected to a
stimulator at a frequency of 1 Hz. Contraction amplitude and rates of
contraction and relaxation were recorded online with a video edge-
detection system and data acquisition software as described previ-
ously [17]. SR Ca®* content was evaluated after rapid application of
caffeine (10 mM) [18] and expressed as relative value of baseline F/Fo.

2.7. SERCA activity

SERCA activity was assayed based on a pyruvate/NADH coupled
reaction as described previously [19]. Oxidation of NADH was
assessed at 37 °C in the membranous fractions from heart homoge-
nate according to the difference between the total absorbance and
basal absorbance at a wavelength of 340 nm. SERCA activity was
expressed as nmol ATP/mg protein/min.
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2.8. Western blotting

Total protein was extracted from frozen hearts. Equal amounts of total
proteins (20-40 pg) were subjected to SDS-PAGE [9,10]. The primary
antibodies used in the present study were anti-SERCA2, anti-phospho-
lamban (PLB) (Affinity BioReagents), anti-phosphorylated PLB (Ser'®)
(ThermoScientific), anti-Na*-Ca?* exchanger (NCX) 1 (Abcam), anti-
troponin |, anti-phosphorylated troponin I (Ser?*?*), anti-Beclin1, anti-
mammalian target of rapamycin (mTOR), anti-phosphorylated mTOR
(Ser***), anti-p70 S6 kinase (S6K), anti-phosphorylated S6K (Thr*®®)
(Cell Signaling Technology), anti-p16™%** (Santa Cruz Biotechnology),
anti-light chain (LC) 3 (Medical & Biological Laboratories), and anti-
glyceraldehydes 3-phosphate dehydrogenase (GAPDH) (Chemicon Inter-
national). To assess protein carbonyls, protein extracts were reacted with
24-dinitrophenylhydrazine (DNPH) using the Oxyblot kit (Millipore)
with a modification as described previously [20].

2.9. Chloroquine treatment

We evaluated the effect of chloroquine, a lysosomal protease
inhibitor, on the expression of LC3-II using male 20-month-old rats
fed with either AL or CR for 12 months. Alzet osmotic pump was
implanted subcutaneously in the infrascapular region of either AL or CR
rat. Chloroquine (10 mg/kg per day; Sigma) or saline vehicle was
continuously administered for 4 weeks [14]. Three hearts from each
group were used for Western immunoblotting.

2.10. Statistical analysis

Data are presented as the mean 4 SEM. For intergroup comparisons,
data were analyzed by one-way ANOVA, followed by Student's t tests for
unpaired data with Bonferroni's correction. P<0.05 was considered
significant.

3. Results

3.1. Mortality

During the 22-month observation period, thirteen out of 24 rats in
the AL group and 5 out of 20 rats in the CR group died. Thus, as
expected, mortality was significantly less in the CR group than in the
AL group (P<0.05, Supplemental Fig. 1).

3.2. Echocardiographic findings

Aged hearts in the AL group exhibited an increase in LV mass and
slightly reduced LV systolic parameters (Table 1). Although the E/A ratio
was significantly higher in the AL group than that in the YC group, the
deceleration time of the E wave and isovolumic relaxation time were
longerin the AL group. In addition, TDI showed a remarkable decrease in
peak E’ velocity, a modest decrease in peak A’ velocity, and a subsequent
decrease in the E'/A’ ratio in the AL group. These results indicate that LV
diastolic function was severely impaired in aged hearts.

Echocardiographic parameters of LV systolic function were similar
between AL and CR hearts (Table 1). CR attenuated the increase in LV
mass with aging. As expected, long-term CR preserved LV diastolic
function. The E/A ratio was similar between AL and CR hearts, but the
deceleration time of the E wave and isovolumic relaxation time were
significantly shorter in the CR group. TDI showed a higher E’ velocity
and a greater E'/A’ ratio in the CR group.

3.3. Body weight and ventricular weight
Since rats were randomly divided into two groups, there was no

difference in body weight (BW) at the age of 8-month-old between AL
and CR [AL: 355+5 (n=16) vs. CR: 356 =8 (n=14) g; n.s.]. BW at
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Table 1
Echocardiographic parameters.

YC AL CR
LV mass (mg) 587+£19 691 +21* 616+ 12"
(n=5) (n=8) (n=10)
Ejection fraction (%) 768+22 T14+17° 69.8+1.5%
(n=5) (n=38) (n=10)
% Fractional shortening 468+17 415+18" 399+14"
(n=5) (n=8) (n=10)
Peak E velocity (mm/s) 758 +24 825+35 811+£22
(n=5) (n=6) (n=8)
Deceleration time of the E wave (ms) 376+13 436+15" 38.0+13"
(n=5) (n=6) (n=8)
Peak A velocity (mm/s) 522+21 445 +34 475+23
(n=35) (n=6) (n=8)
E/A ratio 146+006 1.88+007" 1.73£0.07%
(n=5) (n=6) (n=38)
Isovolumic relaxation time (ms) 228+1.1 333+£19%  275+1.7°*
(n=5) (n=6) (n=8)
Peak E’ velocity (mm/s) 570+£19 375+21° 449+427%"
(n=5) (n=6) (n=38)
Peak A’ velocity (mm/s) 557+14 467 £157 476+1.8"
(n=5) (n=6) (n=8)
E'/A’ ratio 1.03+004 080+004" 0.94+0.02"
(n=5) (n=6) (n=8)
E/E’ ratio 133£03  221+04" 184+047"
(n=5) (n=6) (n=8)

Data are the mean £ SEM. *P<0.05 vs. the YC group, *P<0.05 vs. the AL group.

LV mass (uncorrected) (mg) = 1.053 x [(LVIDd + LVPWd + IVSd)? — (LVIDd)?].

LV, left ventricular; LVIDd; LV internal diameter (diastole) (mm), LVPWd; LV posterior
wall (diastole) (mm), IVSd; interventricular septum (diastole) (mm), YC, young
controls; AL, rats fed the normal control diet ad libitum; CR, rats fed a caloric-restricted
diet. Because of technical difficulty, Pulse-wave Doppler evaluation was achieved in 6
AL and 8 CR rats.

the age of 30-month-old was significantly heavier in the AL group
than that in the CR group [AL: 348 =5 (n=8) vs.CR: 290+ 4 (n=10)
g: P<0.05]. The ventricular weight was also heavier in the AL group
[AL: 1.16 £0.02 (n=28) vs. CR: 0.95+0.02 (n=10) g; P<0.05], but
the ratio of ventricular weight to BW was similar between AL and CR
[AL: 0.326 £ 0.009 (n=8) vs. CR: 0.329 +0.006 (n=10) %; n.s.].

3.4. Histological examination and lipofuscin content

Histological analysis revealed that long-term CR significantly
reduced cardiomyocyte size (Figs. 1(A and B)) and attenuated the
accumulation of lipofuscin (Figs. 1(Cand D)) and senescence-associated
3-galactosidase (Fig. 1(E)). Aged AL rats showed an 8-fold increase in
myocardial lipofuscin content, compared with young rats, and CR
attenuated this increase by 40% (Fig. 1(D)). CR also reduced TUNEL-
positive cells (Figs. 2(A and B)). However, the degree in cardiac fibrosis
was similar between AL and CR (Figs. 2(C-E)).

3.5. Measurement of [Ca®*];

We isolated an average of 1x 107 ventricular myocytes, 80% of
which are rod-shaped, from the young heart. In contrast, fewer
isolated ventricular myocytes were obtained from aged rat heart. Of
these, approximately one third were rod-shaped, indicating that aging
attenuates the myocyte isolation yield. However, we did not find any
difference in the myocyte isolation yield between the AL and CR aged
hearts. ‘

Fig. 3(A) shows the representative Fluo-4 line scan images, their
corresponding [Ca® | transients, and the traces of myocyte contractions
in isolated myocytes obtained from AL and CR rats. There were no
differences in peak amplitude of [Ca®*]; transients, expressed as F/Fq
(Fig. 3(B)) between the two groups. In contrast, cardiomyocytes
obtained from CR rats exhibited better Ca** uptake, as evidenced by a
significantly decreased time to 50% relaxation (RTsg; Fig. 3(C)) and the
tendency for a decrease of the T of [Ca?*]; decline in cardiomyocytes
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Fig. 1. Histological examination. (A) Hematoxylin and Eosin staining. (B) Cross-sectional view of cardiomyocytes in ALand CR rats. (C) Lipofuscin. (D) Myocardial lipofuscin content.
(E) Senescence-associated B-galactosidase. Bar: 50 pm. YC: young controls, AL: rats fed the normal control diet ad libiturn, CR: rats fed a caloric-restricted diet. Data are the mean +
SEM. Quantitative data are pooled data from 5 AL hearts and 5 CR hearts. "P<0.05 vs. the YC group. *P<0.05 vs. the AL group.

obtained from CR rats (Fig. 3(D)). Corresponding with these results,
cardiomyocytes obtained from CR rats exhibited better relaxation, as
evidenced by a decreased RTso (Fig. 3(F)), although there was no
difference in fractional shortening between the groups (Fig. 3(E)) These
results suggested that better Ca®* uptake results in better myocyte
relaxation in hearts from CR rats. However, CR did not increase the SR
Ca®* content in the aged heart (Fig. 3(G)).

3.6. SERCA activity

SERCA activity significantly decreased with aging, but CR enhanced
SERCA activity by 30% in the aged heart {YC: 205+6 (n=5), AL:
88+5 (n=3),CR: 114 +6 (n=5) nmol/mg protein/min; P<0.05 YC
vs. AL, P<0.05 AL vs. CR}.
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3.7. Western immunoblotting

The oxyblot analysis demonstrated that protein carbonyls in-
creased with aging and CR attenuated this increase (Fig. 4(A)),
suggesting that long-term CR reduces oxidative stress in the aged
heart.

Expression of senescence markers was compared among three
groups. The expression of p16™* increased with aging in the AL
group, and this increase was attenuated in the CR group (Figs. 4(B and
C)). In contrast, CR failed to attenuate the decrease in phosphorylated
troponin I at the Ser?*** residue (P-troponin I) with aging (Figs. 4(B
and D)). It is well known that the expression of SERCA2 protein
decreases with aging and this phenomenon contributes, in part, to
impaired cardiac diastolic dysfunction associated with aging [5.21]. In
the present study, long-term CR significantly attenuated the decrease
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Fig. 2. Histological examination. (A) TUNEL staining. (B) Percentage of TUNEL-positive nuclei to total nuclei in AL and CR rats. (C) Picrosirius red staining. (D) Percentage of fibrotic
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AL hearts and 5 CR hearts. *P<0.05 vs. the YC group. ‘P<0.05 vs. the AL group.

in SERCA2 protein expression, but had no effect on the expression of
NCX1 and phosphorylated and total PLB (Figs. 4(B and E)), both of
which are involved in Ca? " uptake during myocyte relaxation.

The amount of conjugated LC3 (LC3-Il) correlates with the
number of autophagosomes. More recently, it was reported that an
increase in the ratio of LC3-II to the cytosolic form of LC3 (LC3-I) is a
better biochemical marker by which to assess ongoing autophagy
[22]. The expression levels of LC3-1I and the LC3-II/LC3-] ratio
decreased with aging (Figs. 5(A-C)). Although the expression levels
of LC3-I were similar between AL and CR, the expression of LC3-Il was
significantly higher in hearts from CR rats, consequently increasing
the ratio of LC3-II to LC3-I comparable with that in young hearts
(Figs. 5(A-C)). In addition, the expression levels of beclinl were
higher in hearts from CR rats compared with that in hearts from AL
rats (Figs. 5(A and D)).
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To examine the possible involvement of the mTOR pathway as an
upstream signaling of enhanced autophagy, the expression levels of
phosphorylated and total mTOR and S6K were compared among three
groups. There was no difference in the expression levels of phosphor-
ylated and total mTOR and S6K between yqung and aged hearts (Fig. 6).
However, long-term CR significantly attenuated phosphorylated forms
of mTOR and S6K without affecting total protein levels (Fig. 6).

To clarify which mechanism is mainly responsible for the increase
in LC3-II expression in the CR group, enhanced autophagic influx or
lysosomal dysfunction, we evaluated the effects of chloroquine on the
expression of LC3-1I using male 20-month-old rats fed with either AL
or CR for 12 months (Fig. 7). Because autophagic activity is
represented by the flux in autophagosomes, this can be estimated
by comparing LC3-Il expression in the presence of the lysosomal
protease inhibitor chloroquine [23]. Chloroquine treatment resulted
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Fig. 3. Measurement of [Ca®]; and myocyte contractions in isolated myocytes. (A) Representative Fluo-4 line scan images and traces of Ca’* transients and myocyte contractions in
isolated myocytes obtained from AL and CR rats. (B) Ratio of peak to basal [Ca?*|;amplitude, expressed as F/F,. (C) Time to 50% relaxationin Ca* transient (RTs). (D) T of [Ca? "] decline.
(E) Fractional shortening. (F) Time to 50% relaxation in myocyte contraction (RTse). (G) SR Ca®* content. Data are the mean + SEM. "P<0,05 vs. the YC group. *P<0.05 vs. the AL group.

in a significant increase in LC3-II expression in both the AL and CR
groups. However, the LC3-1I/LC3-1 ratio remained higher in hearts
from CR rats compared with AL rats, suggesting that autophagic flux is
enhanced in hearts from CR rats.

4. Discussion

The major findings of the present study are: (1) long-term CR
improves LV diastolic function without affecting LV systolic function;
(2) long-term CR attenuates myocyte apoptosis and the cardiac
expression of markers of senescence, such as P-galactosidase,
lipofuscin, and p16™%%?; (3) long-term CR fails to reduce cardiac
fibrosis and to prevent decreases in p-troponin [ and p-phospolam-
ban; (4) long-term CR attenuates the decrease in SERCA2 protein and
ameliorates age-associated deterioration of intracellular Ca>* han-
dling; (5) long-term CR suppresses the mTOR pathway; and (6) long-
term CR enhances autophagic flux in the heart.

The impact of long-term CR on cardiovascular senescence has not
been fully evaluated. Taffet et al. reported that long-term CR improved
age-associated changes in late diastolic function in mice [24]. More
recently, Barger et al. demonstrated that CR prevents the age-related
increase in isovolumic relaxation time and the decrease in the
myocardial performance index in mice (25]. In the present study,
long-term CR improved LV diastolic function without affecting LV
systolic function in senescent rats. Furthermore, our results suggest
that long-term CR ameliorates the age-associated deterioration of

early diastolic function by maintaining the function of the sarcoplas-
mic reticulum (SR). Our findings differ from those of Taffet et al. [24]
because those authors found no improvement in early diastolic
cardiac function in mice. However, our results are consistent with
those of Seymour et al. [26], who reported that CR improves cardiac
remodeling and diastolic dysfunction in Dahl-SS rats.

The age-associated impairment in cardiac diastolic function is
complicated. There is ample evidence from studies using senescent
rats implicating slowed cardiac relaxation and altered Ca>* handling
in the impaired diastolic function [5,6,21]. In particular, impaired
SERCA activity, which is mainly responsible for controlling [Ca®*]; by
taking up Ca®* into the SR during relaxation, has been identified as
contributing to the abnormalities in‘cardiac relaxation. The decrease
in SR Ca®" uptake during relaxation, which results in prolonged
contraction, has been shown to be associated with decreased SERCA2
content and activity in experimental‘ models of senescence [5.6.2‘1 ]
More recently, SERCA2a protein levels have been reported to be
significantly decreased in the senescent human myocardium [27].
Changes in active cardiac relaxation impact on early diastolic
parameters, such as peak E velocity and E deceleration time, rather
than on late diastolic parameters (28]. In the present study,
attenuation of the decrease in SERCA2 protein and its activity in
senescent CR hearts was associated with an improvement in RTsq and
7, indicators of a decline in [Ca®*];. Schmidt et al. (21] demonstrated
that overexpression of SERCA2a by gene transfer improved diastolic
function in senescent rat hearts. Therefore, we speculate that long-
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Fig. 4. Oxyblots and Western immunoblotting for senescence markers and proteins related to Ca®* uptake during relaxation. (A) Representative oxyblots showing protein carbonyls
(upper panel) and the corresponding Ponceau § staining (lower panel). (B) Representative Western immunoblots showing the expression of p16™X4 total troponin I, troponin |
phosphorylated at the Ser®*’>* residue (P-troponin I), sarcoplasmic reticulum calcium ATPase (SERCA) 2, Na * -Ca®* exchanger (NCX) 1, total phospholamban (PLB), phospholamban
phosphorylated at the Ser'® residue (P-PLB), and glyceraldehydes 3-phosphate dehydrogenase (GAPDH). (C) Densitometric analysis of p16'™%*_(D) Densitometric analysis of total
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term CR ameliorates the age-associated deterioration of myocyte
relaxation by attenuating the decrease in SERCA2 protein with'aging.

It was demonstrated recently that mice with cardiac-specific
excision of the SERCA2 gene present only moderate contractile
dysfunction because of an SR-independent compensatory mechanism
[18]. These results might argue against a major role of SERCA2 for
diastolic dysfunction. Similarly, enhanced SERCA2 activity is usually
associated with enhanced Ca®* transient and contractility [29].
However, these findings were not consistent with our results. In
contrast to cardiac-specific SERCA2-deficient mice, the decrease in
SERCA2 proteins might develop very slowly in aged rats. The
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induction of cardiomyocyte-specific Serca2 gene excision resulted in
less than 5% SERCA?2 protein expression [ 18], although the expression
levels of SERCA2 protein in the AL aged heart remained at 30% of levels
in the young heart (Fig. 4(E)). Thus, based on the results of Anderson
etal.[18], we propose that the change in SERCA2 expression impacted
markedly on myocyte Ca’* homeostasis so the compensatory
mechanism was strongly invoked in cardiomyocyte-specific Serca2-
deficient mice. As shown in Figs. 3 and 4, there was no difference in
peak Ca’" transient or in expression levels of Na*-Ca®* exchanger
between the AL and CR hearts, suggesting that the compensatory
mechanism regarding SR Ca? * handling was not sufficiently evoked in
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the aged heart. Although CR enhanced SERCA2 protein expression and Overall, we speculate that CR could improve SR Ca’?* uptake rate
activity in the aged heart, there was no difference in the SR Ca®* during myocyte relaxation, but would not impact sufficiently to
content between myocytes obtained from the AL and CR hearts. increase total SR Ca®* content because the magnitude of the increase
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in SERCA2 protein by CR was only slight compared with previous
reports in which SERCA2 was overexpressed in the failing human
heart [29] and the senescent rat heart [21]. Therefore, enhanced
SERCAZ protein expression by CR was not associated with enhanced
Ca®* transient and contractility in the present study.

In addition, decreased size of cardiomyocytes might contribute to
the amelioration of LV diastolic dysfunction in CR rats. Myocyte
hypertrophy is associated with changes in the cytoskeletal proteins
that could alter the microtubule architecture and heighten organiza-
tion of sarcomeres within individual myocytes. An increased collagen
volume fraction, larger cardiomyocyte diameter, and higher resting
cardiomyocyte tension have been correlated with LV diastolic
stiffness [30]. With aging, the myosin heavy chain isoform shifts
from o to B in the rodent heart [5]. Lieber et al. [31] demonstrated that
a- and B-tubulin were significantly increased and desmin was
decreased in aged rats, and this finding might explain the observed
cardiac dysfunction with aging. Posttranslational modification of
myofilament proteins including titin might play an important role in
diastolic heart failure associated with aging [32]. Our results indicated
that cardiomyocyte responsiveness to Ca?* estimated from the
relationship between Ca?* transient and myocyte shortening is
similar between isolated myocytes obtained from AL and CR rat
hearts (Fig. 3). This finding supports our hypothesis that inhibiting the
SERCA2 expression decline is a major factor in preserving LV diastolic
function by CR. However, it is also possible that CR affects these age-
associated alterations in cytoskeletal proteins. Thus, we would
evaluate the changes in myofilament proteins in aged rats treated
with long-term CR in future studies. '

The accumulation of myocardial collagen and extracellular
matrix increases with aging, cantributing to increased cardiac
fibrosis, myocardial stiffness, and cardiac diastolic dysfunction
[5.6]. Dhahbi et al. demonstrated that long-term CR reduced
myocardial collagen and extracellular matrix content and attenu-
ated cardiac fibrosis associated with aging [33]. Thus, CR-induced
changes in cardiac connective tissue may contribute, in part, to the
amelioration of diastolic function, especially late diastolic function,
as observed by Taffet et al. [24]. However, we could not find a

187

significant decrease in cardiac fibrosis in CR rat hearts (Figs. 2(C-
E)). We speculate that the discrepancy between the study of Taffet
et al. [24] and the present study could be due, at least in part, to
species differences and large individual variations with physiolog-
ical aging. In addition, this discrepancy could be related to species
functional differences including the metabolic rate and heart rate.
These differences must be considered with regard to fibrosis,
extracellular matrix composition, and fibrosis-renin-angiotensin-
aldosterone system (RAS) interactions. Recent investigations
revealed an essential role of RAS on the development of cardiac
fibrosis with aging. Both pharmacological inhibition of RAS and
targeted disruption of the angiotensin type 1 receptor prolonged
lifespan and significantly attenuated cardiac fibrosis associated
with aging [34.35]. Thus, our results may suggest that CR is not
sufficient to suppress the activation of RAS with aging. Further
investigations are necessary to clarify this issue.

The mechanisms by which long-term CR retards cellular senes-
cence and attenuates the physiological decline of organ function have
not been fully elucidated. Aging occurs, in part, as a result of the
accumulation of oxidative damage caused by oxidative free radicals
that are generated continuously during the course of metabolic
processes [5,6,8]. In contrast, CR decreases the age-associated
accumulation of oxidative damage to lipids, proteins, and DNA
[7.8.26]. In the present study, the expression of protein carbonyls
was less in CR hearts compared with AL hearts (Fig. 4A). Thus, it is
possible that long-term CR retards cellular senescence and amelio-
rates age-related functional decline by attenuating oxidative damage
in the aged heart. However, there is still no direct evidence that
attenuation of oxidative damage is the primary means by which CR
prevents cardiac senescence.

Another possible mechanism by which long-term CR retards
cardiac senescence is enhancement of autophagy. Although the role
of autophagy under stressed conditions is yet to be elucidated,
autophagy under basal conditions plays a housekeeping role in the
turnover of cytoplasmic constituents [22,23|. Thus, enhanced
autophagy during CR is considered to be protective by degrading
and removing damaged organelles and accumulated protein
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aggregates. Our results indicate that autophagic flux is enhanced in
CR hearts and this finding is consistent with previous studies [36].
[nuzuka et al. demonstrated that suppression of phosphoinositide 3-
kinase preserved cardiac function and attenuated the expression of
senescence makers associated with enhanced autophagy [14].
Temporal inhibition of autophagy in tamoxifen-treated Atgsflox/flox.
MerCreMer* mice leads to LV hypertrophy, LV dilatation, and
contractile dysfunction [37]. Because autophagy is not inhibited but
is only somewhat imperfect in the aged heart [38], the accumulation
of impaired SR and mitochondria is sublethal and may result in
diastolic dysfunction only. Impaired autophagy in the aged heart may
contribute, in part, to the accumulation of lipofuscin, further
inhibiting autophagy [38]. [n the present study, long-term CR
attenuated the accumulation of lipofuscin, suggesting that long-
term CR disrupts this cycle in the aged heart. In addition, we
demonstrated that enhanced autophagy was associated with sup-
pressed the mTOR pathway in the hearts. Activation of mTOR exerts a
negative regulatory effect on the induction of autophagy [39].
Rapamycin, an inhibitor of mTOR, has been shown to regress existing
cardiac hypertrophy induced by pressure overload [40] and, more
recently, has been reported to prolong lifespan in mice if it was
started after middle age [41]. However, the exact mechanism by
which enhanced autophagy preserves LV diastolic function remains
to be resolved in the future. Further studies are also necessary to
determine the upstream pathways of mTOR such as AMP-activated
protein kinase and phosphoinositide 3-kinase/Akt in CR hearts.

Meyer et al. demonstrated that CR was beneficial for LV diastolic
function in humans, because the E/A ratio was greater in their CR
group than in the group fed a Western diet, with no significant differ-
ences in LV systolic function between them [11]. Meyer et al. speculated
that CR has a beneficial effect on LV diastolic function by lowering
systolic blood pressure and decreasing systemic inflammation and
probably myocardial fibrosis. Although it is difficult to compare the data
from human studies with those obtained in experimental animal
models, it seems reasonable to assume that a common mechanism is
involved in CR-induced improvements in LV diastolic function. Recent
investigations suggest that myocardial triglyceride content is an inde-
pendent predictor of diastolic function in the elderly [42] and patients
with T2DM [43]. The decrease in myocardial triglyceride content pro-
duced by CR was associated with an improvement in LV diastolic
function [13]. It is plausible that enhanced autophagy contributes to the
degradation of potentially toxic fatty acid intermediates.

In conclusion, the present study has demonstrated that long-term CR
partially retards cardiac senescence and attenuates the functional decline
of the aged heart. Because the increased incidence of CHF in the elderly is
becoming an urgent health problem in developed countries (2], CRand CR
mimetics may provide a novel therapeutic strategy for reducing patients
with LV diastolic dysfunction. Although we cannot yet conclude that there
is a common mechanism underlying the effects of CR in humans and
animal experimental models, the results of the present study do suggest
the usefulness of enhanced autophagy as a novel therapeutic strategy to
maintain cardiac diastolic function.

Supplementary materials related to this article can be found online
at doi:10.1016/j.yjmcc.2010.10.018.
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Abstract Mouse embryonic fibroblasts (MEFs) are the most commonly used feeder cells for pluripotent stem cells. However,
autogeneic feeder (AF) cells have several advantages such as no xenogeneic risks and reduced costs. In this report, we
demonstrate that common marmoset embryonic stem (cmES) cells can be maintained on common marmoset AF (cmAF) cells.
These cmES cells were maintained on cmAF cells for 6 months, retaining their morphology, normal karyotype, and expression
patterns for the pluripotent markers Oct-3/4, Nanog, SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81, as well as their ability to
differentiate into cardiac and neural cells. Antibody array analysis revealed equivalent protein expression profiles between
cmES cells maintained on cmAF cells and MEFs. In addition, similarly prepared human embryonic stem (hES) and induced
pluripotent stem (hiPS) cell-derived AF cells supported the growth of and maintained the morphology and pluripotent marker
expressions of hES and hiPS cells, respectively. DNA microarray analysis revealed that these hES and hiPS cells had mRNA
expression profiles similar to those of hES and hiPS cells maintained on MEFs, respectively. Taken together, these findings imply
that AF cells can replace MEFs in the routine maintenance of primate pluripotent stem cells.

© 2010 Elsevier B.V. All rights reserved.

Introduction

- = — Since human embryonic stem (hES) cells were first established
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by Thomson et al. in 1998, promising results have been
obtained with these cells (Thomson et al., 1998). However,
owing to ethical problems and concerns about clinical safety,
hES cells have not yet been used in clinical studies. Nonhuman
primates and their ES and induced pluripotent stem (iPS) cells
are expected to be effective preclinical models given their
close genetic relationships to humans, as compared with
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rodents (Hearn, 2001; Nakatsuji and Suemori, 2002). Sasaki
and co-workers recently established common marmoset ES
(cmES) and iPS cell lines, and green fluorescent protein (GFP)-
transgenic marmosets (Sasaki et al., 2005; Sasaki et al., 2009;
Tomioka et al., 2010), and described the efficient differenti-
ation of neural cells from cmES cells (Sasaki et al., 2005). Chen
et al. also reported successful differentiation of cardiomyo-
cytes from cméES cells and described their characterization
(Chen et al., 2008).

Recently, iPS cells have been established in rodents
(Takahashi and Yamanaka, 2006), nonhuman primates (Tomioka
et al., 2010; Wu et al., 2010; Liu et al., 2008), and humans
(Takahashi et al., 2007). Clinical applications for these cells are
also eagerly awaited, since iPS cells with a genetic background
identical to that of the patient can be generated with less
ethical concerns. Even though several improvements have been
made to combat initial problems, clinical application of human
iPS (hiPS) cells is still controversial due to a number of safety
concerns.

Common technical constraints for the therapeutic applica-
tion of hES and hiPS cells also remain. One such limitation is
avoiding the use of xenogeneic materials, since there is a risk of
cross-transfer of potential pathogens and unexpected genes. To
date, various xenogeneic factor-free culture methods have been
developed to replace the MEFs used for culturing hES cells, such
as immortalized MEFs (Choo et al., 2006), Matrigel (Xu et al.,
2001; Akopian et al., 2010), mixed extracellular matrix (Amit
and Itskovitz-Eldor, 2006), human-derived primary (Cheng et
al., 2003; Lee et al., 2005) and immortalized feeder cells (Unger
et al., 2009), suspension culture systems (Steiner et al., 2010;
Singh et al., 2010; Olmer et al., 2010; Amit et al., 2010), and
autogeneic feeder (AF) cells (Amit and Itskovitz-Eldor, 2006;
Choo et al., 2008; Stojkovic et al., 2005; Wang et al., 2005), as
well as several xenogeneic factor-free media (Akopian et al.,
2010) which can be combined with xeno-free feeders and
feeder-free methods. Nevertheless as shown in the report from
the International Stem Cell Initiative, most xenogeneic factor-
free culture systems based on feeder-free conditions are biased
toward hES cell lines (Akopian et al., 2010), suggesting that the
MEF feeder system remains the standard because it ensures
stable and reliable maintenance for every pluripotent stem cell
line. Also in our hands, the MEF feeder system is still the most
reliable and general method for maintaining cmES and hES cells,
and hiPS cells. Therefore, it is necessary to develop further
options for alternative human feeder cells.

AF systems for hES cells have been reported by two groups;
the first group derived AF cells via embryoid body (EB) formation
(Stojkovic et al., 2005), while the second group generated a
stable cell line from differentiated hES cells (Choo et al., 2008).
In the present report, we describe a novel method for the
preparation of AF cells derived from spontaneously differenti-
ated cells for use in the routine maintenance of pluripotent stem
cells. In addition, we report a common method for the
preparation of AF cells for different nonhuman primate and
human pluripotent stem cells.

Results

Under our routine experimental conditions, cmES, hES, and
hiPS cells stably self-renew on MEFs. However a small
fraction of each colony contains spontaneously differentiat-
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ed cells that have sprouted from the edges of the colonies.
During routine passaging, we found that the weak trypsin and
collagenase treatment detached preferentially the undiffer-
entiated cells of the colonies, leaving the differentiated cells
attached to the plate (Fig. 1a). Since the detached cells had
features typical of fibroblasts, we expected that they could
be used as AF cells. Previously, these cells would have been
discarded, so we term our AF preparation the “cell recycling
system.” The principle underlying this phenomenon is shown
in Fig. 1b.

We cultured the residual cells for 2-4 weeks until they
reached subconfluence. The cultivation period to the first
passage varied depending on the initial concentration of
differentiated cells. The period of time between the passages
was approximately 3-5 days. Between the first and third
passages, we estimated that the cells had a doubling time of
about 20 h. To investigate the relationship between passage
number and ability to maintain the undifferentiated state of
the cmES cells, we seeded cmES cell clumps onto mitomycin C-
treated cmAF cells of various passage numbers, and observed
the morphology of the cells under the microscope (Fig. 1c). We
found that the cmAF cells that underwent up to three passages
maintained the cmES cells without any obvious morphologic
alteration of the cmES cells (Fig. 1c). In contrast, when we
used cmAF cells after the fourth passage, we found a
significant decrease in their maintenance capability. There-
fore, we used cmAF cells at the third passage for routine
culturing of cmES cells. cmAF cells that were freshly treated
with mitomycin C could maintain ¢cmES cells for 1 week;
thereafter, they showed decreased viability and maintenance
ability. To investigate whether residual MEFs were diluted
during cmAF expansion, we performed immunohistochemical
analysis for human nuclear antigen (Chen et al., 2008) on
cultures of cmAF cells. We found no human nuclear antigen-
negative cells (residual MEFs) by fluorescent microscopy
(Fig. 1d), which meant that the MEFs had been eliminated
during the three passages. The mitomycin C-treated and
untreated cmAF cells were successfully stored in the long-term
using slow-freezing methods. The viability of the recovered
CmAF cells was typically 80 to 90%.

We prepared consecutive batches of cmAF cells from cmES
cells that had been cultured on cmAF cells, and maintained the
cmeES cells in this system for more than 6 months. The cmES cells
cultured on cmAF cells for 6 months expressed Oct-3/4, Nanog,
SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81 (Fig. 2a). We also
confirmed that the cmES cells possessed alkaline phosphatase
activity, which is a typical feature of pluripotent stem cells
(Fig. 2a). Cytogenetic analysis of the cmES cells that were long-
term-cultured on cmAF cells revealed that they retained the
normal karyotype of 46XX (Fig. 2b).

To investigate the differentiation ability of the cmES cells
cultured on cmAF cells, we induced cardiogenic and neurogenic
differentiation. The cmES cells differentiated into cardiomyo-
cytes via embryoid body formation (Fig. 3a). We partially
dispersed the EBs and attached them to fibronectin-coated
dishes. Immunohistochemical analysis revealed that the EBs
expressed Nkx2.5 and sarcomeric a-actinin, indicating that they
were cardiomyocytes (Fig. 3b, left panel). We induced
neurogenic differentiation by serum withdrawal and retinoic
acid stimulation. Thus, we observed sprouting filamentous cells
from the attached core of the EBs (Fig. 3b, right panel). We
demonstrated immunofluorescence staining for plil tubulin,
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Preparation and application of cmAF cells to cmES cell culturing. (a) Spontaneously differentiated cells that remain on the

culture dish are expanded. (b) Schematic representation of the preparation of cmAF cells and the culturing of cmES cells.
(c) Morphology of cmES cells cultured on either MEFs (Left) or cmAF cells (right). (d) Absence of MEF contamination in the CmMAF cells
(p3). The right panel shows MEFs used as a negative control in the immunohistochemical detection of human nuclear antigen (hNA).

Scale bars: (a and c) 500 pm; (d) 200 um.

which is a marker for mature neurons, and confirmed that some
of the cells expressed Blil tubulin.

Furthermore, to demonstrate the similarity of cmAF cells and
MEFs, we analyzed the protein expression profiles of cmES cells
cultured on cmAF cells and MEFs, taking advantage of antibody
(protein) arrays that are applicable to a broad range of species
from rodents to humans. We used the Panorama antibody
microarray XP725 kit, which consists of 725 antibodies that have
been validated by the manufacturer for studies of mouse and
human samples. These antibodies represent families of proteins
known to be involved in a variety of important biological
pathways, including cell signaling, matrix processing, cell
growth, and apoptosis. We analyzed Cy3 labeling of the total
protein extracts from cmES cells cultured on cmAF cells or MEFs.
Each Cy3-labeled protein was bound to an individual antibody-
arrayed glass slide. The fluorescent signals were evaluated using
a scanner (Fig. 3c, left). Few proteins had greater than twofold
expression changes between cmES cells cultured on cmAF cells
and MEFs, indicating that cmES cells cultured on cmAF cells and
MEF's have similar protein expression profiles (Fig. 3c, right). We
also compared cmES cells cultured on cmAF cells with purified
common marmoset ES cell-derived cardiomyocytes as a control
experiment. Several differences in protein expression were
observed between the cmES cells and purified cardiomyocytes;
these included proteins reported.to be expressed in cardiomyo-
cytes, such as histone deacetylase 2 (Lu and Yang, 2009),
estrogen receptor, and in pluripotent stem cells, such as
mitogen and stress activated kinase (Arthur and Cohen, 2000),
C-src tyrosine kinase, and Coffilin (Fig. 3d).

Next, we applied our feeder preparation method to hES and
hiPS cells (Fig. 4). The hAF and hiAF cells prepared from hES and

hiPS cells were found to maintain hES and hiPS cells for more
than 2 months, respectively (Fig. 4a). To investigate whether
the MEFs were diluted during the expansion of hiAF cells, we
performed immunofluorescent staining for human nuclear
antigens with analysis by FACS. Almost all the prepared hiAF
cells were positive for human nuclear antigen (Fig. 4b). To
further investigate whether the MEFs were diluted during the
expansion of hAF cells, we used a stably GFP-expressing hES cell
line for hAF cell preparation. We randomly observed five visual
fields under the microscope. As a result, no GFP-negative cells
(MEFs) were found in the prepared hAF cells (Supplementary
Fig. 2). Taken together, these findings show that residual MEFs
are eliminated in hiAF cells. Next, we investigated the
pluripotency of hiPS cells maintained on hiAF cells by
immunofluorescent stainings including microscopic observation
(Supplementary Fig. 3) and FACS analysis of SSEA-4, TRA-1-81,
Nanog, and Oct-3/4, and confirmed that almost all the hiPS cells
expressed the four pluripotent markers (Fig. 4c). We also
performed DNA expression array analysis of the hES and hiPS
cells that were maintained long-term on hAF and hiAF cells,
respectively. Equivalent mRNA expression levels of the plur-
ipotency-related genes including oct-3/4, nanog, sox-2, lin28,
and c-myc were observed. Global gene expression profiles were
also quite similar in both cases (Fig. 4d, left). In contrast, two
comparative expression profiles between hES and hiPS cells and
their differentiating EBs indicated the marked existence of
differentially expressed genes (Fig. 4d, right). In addition, a
similar magnitude of difference to the results shown in the left
panel of Fig. 4d was seen when comparing global gene
expression profiles for hES and hiPS cells during different
passage numbers (Supplementary Fig. 4). All these results show
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Figure 2 Pluripotent marker expression and cytogenetic
analyses of cmES cells cultured on cmAF cells. (a) Immunoflu-
orescence staining for Oct-3/4, Nanog, SSEA-3, SSEA-4, TRA-1-
30, and TRA-1-80 of cmES cells cultured on cmAF cells for
6 months. Alkaline phosphatase activities of cmES cells cultured
on either cmAF cells (left panel) or MEFs (right panel).
(b) Cytogenetic analysis of cmES cells cultured on cmAF cells
for 6 months. Scale bar: (a) 300 pm.

that our hAF and hiAF cells can maintain hES cells in an
undifferentiated state and in a condition quite similar to that
achieved with MEFs.
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Discussion

We have demonstrated the preparation of AF cells from three
different cell sources using a common method. These AF cells
succeeded in effectively maintaining their pluripotent stem
cells.

In this study, we used antibody array analyses to characterize
cmES cells. Quite similar protein expression profiles were
observed between cmES cells cultured on cmAF cells and
MEFs. However, in contrast, various differentially expressed
proteins were observed in purified cmES cell-derived cardio-
myocytes compared to cmES cells. These results validate the
usefulness of this system, and indicate a similar efficacy of cmAF
cells compared to MEFs for the maintenance of cmES cells. The
mRNA expression profiles produced by global gene array
analyses comparing hES cells cultured on hAF cells and MEFs
and hiPS cells cultured on hiAF cells and MEFs revealed an overall
high similarity in profiles; however, they were not perfectly
identical. The differential gene expression profiles comparing
different passage numbers of the same human pluripotent stem
cells maintained with the same feeder cells showed a similar
dispersion to those observed between human pluripotent stem
cells maintained with MEF and AF cells. These results suggest
that some allowable gene expression changes might spontane-
ously occur during long-term culture in pluripotent stem cells,
although the genes related with pluripotency must be
maintained.

Using our routine preparation of cmAF cells, approximately
1x 108 cells can be obtained from a single 10-cm dish and three
cell passages. This number of cmAF cells is sufficient to prepare
100 10-cm dishes for cmES cell culturing. In contrast, 1x107.
MEFs are typically obtained from a single mouse embryo under
our experimental conditions. Thus we believe that our AF system
has a comparable cell yield to that of the MEF system.

As potential therapies using personalized iPS cells become
possible, it may be reasonable to maintain an individual's hiPS
cell line using their AF cells, because there would be no concerns
of transfer of allogenic antigens or infectious viruses from the
feeder cells. Even in the case of mass production of therapeutic
cells from banked pluripotent stem cells, techniques have not
yet been established for maintaining pluripotent stem cells
under xenogeneic factor-free conditions at a reasonable cost.

Conclusions

The present study establishes an effective method for preparing
AF cells which is applicable to cmES, hES, and hiPS cells. We
believe that the results of the present study pave the way for the
reliable and economic production of alternative feeder cells for
pluripotent stem cells.

Materials and-methods

Maintenance of undifferentiated cmES, hES cells,
and hiPS cells

The cmES cells (cell line No. 20; Central Institute of
Experimental Animals, Kawasaki, Japan), hES cells (khES-2;
Institute for Integrated Cell-Material Sciences, Kyoto Universi-
ty), and hiPS cells (G4; Center for iPS Cell Research and
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In vitro differentiation abilities of the cultured cmES cells and antibody array analysis of cmES cells cultured on either

cmAF cells or MEFs. (a) EB formation of cmES cells during long-term culturing on cmAF cells. (b) Cardiomyocytes and neurons
differentiate from cmES cells during long-term culturing on cmAF cells. (c) Antibody array analysis was performed on Cy3-labeled total
protein extracts from cmES cells cultured on either cmAF cells or MEFs for 50 days. The left panels show the raw images of the Cy3
signals. The scatter plot shows the relative fluorescence levels for the antibodies used to stain cmES cells cultured on cmAF cells (y-
axis) and MEFs (x-axis). (d) Antibody array analysis was performed on protein extracts from cmeES cells cultured on cmAF cells and
purified cmES cell-derived cardiomyocytes. The scatter plot shows the relative fluorescence levels for the antibodies used to stain
purified cmES cell-derived cardiomyocytes (y-axis) and cmES cells cultured on cmAF cells (x-axis). Twofold differences, representing
the threshold in this experiment, are indicated as lines in the plots (c, d). Scale bars: (a) 300 pm; (b) 100 pm.

Application, Institute for Integrated Cell-Material Sciences,
Kyoto University) were maintained as described previously
(Chenet al., 2008; Hattori et al., 2010). Briefly, cmES cells were
maintained on feeder cells in cmES cell medium, which
consisted of 80% Knockout Dulbecco's modified Eagle's medium
(KO-DMEM; Invitrogen, Carlsbad, CA, USA), 20% Knockout Serum
Replacement (KSR; Invitrogen), 0.1 mM nonessential amino
acids (Sigma Chemical Company), 2 mM L-glutamine (Sigma, St.
Louis, MO), 0.1 mM p-mercaptoethanol (Sigma), and 4 ng/mL
basic fibroblast growth factor (Wako Pure Chemical Industries,
Osaka, Japan). hES and hiPS cells were similarly maintained,
except that Dulbecco's modified Eagle’s medium/Nutrient
Mixture F-12 Ham's (1/1 ratio, DMEM-F12; Sigma) was used
instead of KO-DMEM. The cmES and hES cells were passaged
every 5-7 days. Typically, we cultured pluripotent stem cells in
15-cm dishes (Becton—Dickinson, NJ, USA). Using this method,
all reagent amounts were suitable for 15-cm dish cultures.

Passage of pluripotent stem cells

All cmES, hES, and hiPS cells were treated with 2 mL of 0.25%
trypsin (Becton-Dickinson), 0.1% collagenase type 3 (Worthing-
ton Biochemical Corp., NJ, USA), 20% KSR, and 1 mM CaCl, in
phosphate-buffered saline at 37 *C for 5-15 min, which resulted
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in disruption of the boundaries between the pluripotent stem
cells and the feeder cells. Then, 5 mL of DMEM supplemented
with 10% fetal bovine serum (FBS; Biowest, FL, USA) was added
and the cells were gently pipetted several times, which
detached all the pluripotent stem cell colonies and most of
the feeder cells from the dish. The cells were separated into
three fractions by size, <40 um, between 40 and 100 um, and
>100 pum, using cell strainers with mesh pore diameters of 40
and 100 um (Becton-Dickinson). These procedures are illustrat-
ed in Supplementary Fig. 1a. This process eliminated feeder
cells (Supplementary Fig. 1b). The collected pluripotent stem
cell colonies of the correct size (larger than 40 pm and smaller
than 100 pm) were seeded onto a new plate with feeder cells.

Preparation of AF cells

A low number of differentiating cells remained on the culture
dish after passage (Fig. 1a). These cells were the seeds of the
AF cells, and they were propagated in DMEM (Wako)
supplemented with 10% FBS. Typically, propagation to near
confluence took 10-15 days for cmAF cells and 20-30 days for
human AF (hAF) and iAF (hiAF) cells. For passaging, the cells
were detached and dispersed by treatment with 0.25% trypsin-
EDTA solution (TE; Invitrogen) at 37 °C for 10 min. A cell
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Figure 4  Application of hAF and hiAF cells to the cultivation of hES and hiPS cells, and DNA microarray analysis. (a) Morphology of
hES (upper panels) and hiPS (lower panels) cells cultured on either MEFs (left panels) or hAF and hiAF cells (right panels). (b) Human
nuclear antigen was immunofluorescently detected and analyzed by FACS (red histogram) in the hiAF cells. The negative control
(second antibody only) is shown as the blue histogram. (c) Human iPS cells which were maintained long term by hiAF cells were
passaged, as described under Materials and methods, enzymatically dispersed, immunofluorescently stained for TRA-1-81, SSEA-4,
Oct-3/4, and Nanog, and then analyzed by FACS. The negative control (second antibody only) is shown as the blue histogram. (d) DNA
microarray analysis of mRNA extracted from hES (upper left panel) and hiPS (lower left panel) cells that were cultured on either hAF
and hiAF cells (y-axis) or MEFs (x-axis) for 32 or 35 days, respectively. Similarly, comparisons between hES cells grown on hAF cells
(upper) or hiPS cells grown on hiAF cells (lower) and their EBs are shown in the right panels. The scatter plot shows the relative
expression level (threshold:10) for each gene. Twofold differences are indicated as lines in the plot. Scale bars: (a) 300 pm.

strainer with mesh pore diameter of 40 um (Becton-Dickinson)
was used to eliminate the residual large cell clumps (diameter
>40 pm). The purified AF cells were plated onto new 0.1%
gelatin-coated dishes that contained DMEM supplemented
with 10% FBS. For all the cmES, hES, and hiPS cells, confluence
was achieved in 3-5 days, and these cells were subsequently
passaged to the next generation using a 5-times dilution. The
second or third generation of AF cells were treated with 10 pg/
mL of mitomycin C at 37 °C for 3 h, and cryopreserved at
-150 °C in Cellbanker solution (Mitsubishi Chemical, Tokyo,
Japan). The cmAF, hAF, or hiAF cells recovered from the cryo-
stocks were seeded onto 0.1% gelatin-coated dishes at a
concentration of 2x 10 cells per 15-cm dish.

Supplementary materials related to this article can be
found online at doi:10.1016/j.scr.2010.09.003.
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G-CSF influences mouse skeletal muscle
development and regeneration by stimulating

myoblast proliferation
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After skeletal muscle injury, neutrophils, monocytes, and macrophages infiltrate the dam-
aged area; this is followed by rapid proliferation of myoblasts derived from muscle stem
cells (also called satellite cells). Although it is known that inflammation triggers skeletal
muscle regeneration, the underlying molecular mechanisms remain incompletely under-
stood. In this study, we show that granulocyte colony-stimulating factor (G-CSF) receptor
(G-CSFR) is expressed in developing somites. G-CSFR and G-CSF were expressed in myo-
blasts of mouse embryos during the midgestational stage but not in mature myocytes.
Furthermore, G-CSFR was specifically but transiently expressed in regenerating myocytes
present in injured adult mouse skeletal muscle. Neutralization of endogenous G-CSF with a
blocking antibody impaired the regeneration process, whereas exogenous G-CSF supported
muscle regeneration by promoting the proliferation of regenerating myoblasts. Further-
more, muscle regeneration was markedly impaired in G-CSFR-knockout mice. These find-
ings indicate that G-CSF is crucial for skeletal myocyte development and regeneration and
demonstrate the importance of inflammation-mediated induction of muscle regeneration.

Adult skeletal muscle has resident stem cells,
called satellite cells, which are responsible for
generating new muscle under both physiologi-
cal and pathophysiologic conditions. Although
these muscles have the capacity to regenerate,
this capacity has some limitations (Le Grand
and Rudnicki, 2007). There are several skeletal
muscle diseases such as skeletal muscle dys-
trophy, myopathy, severe injury, and disuse
syndrome for which there are no effective
treatments (Shi and Garry, 2006). Although sev-
eral studies have 1dentified various growth fac-
tors and cytokines that regulate skeletal muscle
development and regeneration, effective con-
trol of regeneration hasn’t been achieved using
these factors in the clinical setting (Buckingham
and Montarras, 2008). Therefore, it is worth
elucidating the mechanisms of skeletal muscle
regeneration and developing novel regenera-
tion therapies.

M. Hara and S. Yuasa contributed equally to this paper.

After injury to skeletal muscle, neutrophils,
monocytes, and macrophages infiltrate the
damaged area. Concomitantly, satellite cells dif-
ferentiate into transient-amplifying myoblasts,
which rapidly proliferate, fuse with one another,
and regenerate skeletal myotubes. During these
processes, inflammation and regeneration are
tightly linked. Therefore, it is reasonable to as-
sume that some factors expressed during the
inflammatory process influence skeletal muscle
regeneration. However, the precise mechanisms
remain unknown.

Previously, when we looked for potent dif-
ferentiation-promoting factors during embry-
onic stem cell differentiation (Yuasa et al., 2005,
2010), we noted a marked elevation in the ex-
pression of G-CSF receptor (G-CSFR; encoded
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