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Renin-
Angiotensin
System:

¥ i, EEE—
BESBAY EREAR

55O RAS BRI EBZEDIELSH
—ﬂbﬁﬁﬂﬁé:RAS—-

DS L B

DRLDABARERODUF LU TE S, BARDFHRFENABELDELALNTEL
CTRESBW. DTPEMEILTF oL ELRNFORLBENFRICBVEERIZTS
CEDS, DRICODBEMEERLAUDRLABIROOSNI LI ESTETWS,

Key words

cardiorenal syhdrome (DWEREY), AKI (REBRE), ﬁfﬁ#ﬁ??"b—*‘/é v, h

WRYFK, bITEL

Lo

4 O TR R T KN R T B LR e

BRL A EBIBRIC b & O BRE{LERE R o

Iz, Zhond YRsoBEICHEEGICERAA
SRFR, AT —TF VA VI —R_RUYarks&l) 28

IR R ARBEIFEUFREEL BE
THRENEEoTE. COLI LEROLA, S
S0EEEMED, B ICEBEROBSTENET
RIELALMER SN G572 0.3mg/dIBEODLT
PRMEI/VTF_/ELATS 2L BEOTEZE(L
BEHIEFWMESN, LV EMH I VEBEORE)
BYAY L L bR THENICBE - Bl AT 5 BN
BY EHF-TES. BEICHBEREL X - TREBIL,

SHEFEEE (acute kidney injury : AKI) & E&Sh, m

W LT ML RRC L > CRMESIBRES R

(iOW.:@ﬁ%%ﬁ@%%ﬁﬁ%@&@é(@ﬁ%
WRIZL > THRIESNTETWVS. ‘

LTELRINARNEORE .

B 042 (acute décompensated heart failure : ADHF)
DBETHBEAET LTy 26 % AR Bk
Bt HEFIEEBERICBWLWTLE L EEBT 2. AD-

HERE MIRIZ & 5 L B LR EARBEZED ) b ARE
DIFEZ VT7F=v 27975 (CCr) BEF (290
m//min/1.72 m?) TH o ERIZ DT H 9% T EF
BEET (CCr 60~8Im//min/1.72 m") T o 724EH
12 27%, HHEET (CCr 30~59 m//min/1.72 m?) T
&b o 7IERIE 43%, HEET (CCr15~29 ml/min/1.72
m?) Tk o HERIE 13%, BFR4£ (CCr<15m//min/
1.72m%) ThoERIZ 7% Thor. F7, ABEHIC
AT BALT HER % 0% REEICHRD Y.

@$£cﬁiﬁwﬁME®E§

S e B Y P R TR e TR R )

FREIEN RMFEARLATRRTIBRLEELM
ALAEERETFOLO2THS, FREILEHHER
NYHA B0 E LV DAL TFEREARERET 5EK
HFTd%. ADHERE Wﬁ?li?fi (BRRA%ET) FRIE
+& LT BUN=43 fng/dl. Cr=2.75mg/dl, SBP<115
mmHg A% b HEAE L 8% LT 3. BUN243
mg/dl, Crz2.75mg/dl, SBP<115mmHg 5% b %"
AV ETHYIRALTEIL 21.94%, BUN<43 mg/d!,
Cr<2.75mg/dl, SBP=115 mmHg A& A 7 B TH Y
BERFECEIE 2.14% Th - 7270

ME7 L7 F = MENR—Z 54 v CTEEDERT

23(79)
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O AKI OEMFE

RE

1 m;E Cr A1 0.3 mg/dl
HAWNF1.5BLLEICER

FR& 0.5 mi/kg/hr LITH 6 85

2 ;& Cr H* 2 B LIC LR

FRE 0.5 mi/kg/hr LITH 12 B5R

3 | mEFCrNAIBUUEICER

FRE 0.3 mi/kg/hr LU 24 B5R, S/ 3RO
12 658

(Lassnigg A et al, 2004 X 0 51H)

#0O (L REM—Ronco NHFH—
PEs e RE
Type | RO BERE B DI T~ B RAEE T
Type 2 BIEOBER 1B DG T~ B E T
Type 3 SHELERE B (B E T~ O BaEE T
Type 4 BB OERR 1A T~ DA E T
Type5s 2 REEDBIERE LHMREEBD 1 EREUTE - DHES

T, BEOBRLEELORIARPODT H 2 ME
JVTF= /EO LRFARMEOBEL, HeBAR
K BWRCRLMHABETA2EETH 5. Gottlieb H i
ADHF TARLZBED 47% 128V TARBRAO 3
AMCHEET v R L B L TwaY. bbbl
1BMEEM®IR (chronic kidney disease : CKD) AL T
WHIZAKIORENDYY A 71385 IEL &Y EELT
5. bLHEERBEFERETHo THARPD AKI R
EIFEAROFARTFLLS. 0.3mg/dBEDDT
PRMEZ VT TV EEAPTFRICERE T RIZTHE
BBABOKEBIZOAEZTTRL, ACSIZX B AR
BE, cardiothoracic surgery BOBEIZSHTILE 5.
BRI REZLRARFTO—BH]D AKITHoTHR
MAGRCEVEBLE522EETHLY. £ cardi-
othoracic surgery ? 7z 7> Ti3 CABG * aortic surgery
BT AKI DBEDHEVNFRARBFL2DD
& BEC A BYE D FM I T AKI OREDF B
FRICEBERIZE h ol

Cardiorenal syndrome

TILD S DT TUDST SV AT R T TR

Cardiorenal syndrome (%, National Heart, Lung, and

24(80)

(Ronco Cetal, 2008" & W 31 )

Blood Institute {2 & o T “A state in which therapy to
relieve heart failure symptoms is limited by further
worsening renal function” & E#EZ N Tw5s (NHLBI
Working Group, 2009). Ronco 5 i3/UE#EB% 52125
HL7 Type IR OHBRBABECETTLA2Z EICE
TEEE® X7234, Type TIXBHIZLHBRIVMET
THIEICE o THREXETHEE L. Type I
TEREFZERIET T LICL > TLBEMET 3
534, Type VIITHeEIBHICETLA-ER OB
BAMET 3 23& L L7z, Type VIIHERKE, BER M
MEED & § 2 EHHRBIC L ZEENCHE & BRICFRIC
BCAHAELELN ZLTType I, Type I 2dbt
T cardiorenal syndrome (:UEJEMS), Type I, Type
V % % b+ T renocardiac syndrome (FOEHE) & X
RERETHHERBLTWE (EO)".

Cardiorenal syndrome € Z@ L z 0T &M

DREDERSEROBE ST T2, BAKOFH;
PFHROUELOSLDDTELTEES RV, b
DM s VT F = ELRPOAEBEOTFRICEY
BERIZTIEASORICOEERLEE L 2 0FAEH

Angiotensin Research vol.8 no.2 2011
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ETIEDUHEEIEE

1

[ )

HEO RAS RO EBZ DR CH—DEERE RAS—

ZRBPHEEE)

DFE

Lz 7ooAF ooy - PIVEZFTOURDEE(L
NV TL oD

|

} |

“afFOEn

[
“

IREHDET

ST

| %a ]

b

b b b

CHREBOET

B{EAMLZ

L_ﬁﬁmmaom

|

|

}

V.

BROET/GFRET

N |

J }

N ETHOR RIS .

BERDONDEH IR -TETVS (HQ)Y.

LR E FRITEVICHAL 220 BRNEER ME D
F—X 2 CGEEMEER) %8R L TIE P &#E~0
MR EHFTRABL T 5. EFLTROEENLR
T5LESERENLTHEEEED vasopressin D4
W, STREAFEPE D O FAEEIE A~ DAL R,
EERmEEOL=ZY - FTrIFF LYY - TURATFT
% (RAAS) E##l s h, LEH S O natriuretic
peptide DT WA TLEL THEL S DXKRLF P Y LD
EtIMEE S NG, LAEOBRETIAVERMLEED
BETHS5EZEEL T2 2D negative feedback Kt
PRTNTRE Mo, &+ by amES X727,

ADHF 2 & o THMKEAET 35 L Fl2» 5 K&
MREFBEANDROPEA > 70V 2 A8 L T AR R P AR
TRBEIEIHE EREESOCFRBORERABETHTT
ELEBNOL=Y - 7Ty IVFF Y% (RAS) OiF
‘ﬁm,&wzbvxmgﬁ;&4bﬁ4y-7%ﬁ4y.
HEENEVERE 7 & BRI DD R 2 B TTEAE S )
HRICHBZEN ) EFY 2 e AT REES |
ARz

E@ Cardiorenal syndrome O REH#F
(Bock JS et al, 2010 X » 51H)

1) RORBOET

HlRE (FREE) DETR2OOMETRE S L
EXONTWE. 1 DB REDAEL D LHBEOET
I BEMREDOETTHA. LirL, 433 A ADHF
DBEC Swan-Ganz # 7 — 7 V& A L THATBIEE:
=% — U756 il L7 ESCAPE BF2EC 2 0RO
ET & BREREDS AN S AT, MRRO
HHFILT LOEREOUEBICRIBE 20 Rd o727
SMIRNELETHS I VY LR RO LT
WL % B4 #ERI 5% 5 4%, OPTIME-CHF BF& T
ADHF O#CEMM I VY 7 v & H LT AR
HMOERHR, RCRLEAREOYLEDRIEDO
do M I ) v EERLTHITHEE L) R
IS ZEAL S5 T 2 AT SHULBBEAT £ T ACE B
EROMARE BT TLT S LATHTHD L B
SR, ERCEARREMICEEMI N ) YR ER
LT ACE MEEDHRIIZBU DA EA o7 ACE
HERDOHEDOTRIIME & BHEEEDRREIIKFE L
TUBEEAGN, ZOBRTEMMINLY A HE
LCLHHEE LT T b BREICIHION

25(81)
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Mol TREEERET 5.
2oBRBPLBREOLEATHS. ERICERERE
b OLTERED S VIEARSIC AKI 2 RAEL 2L
FeBZEOPLHREIFREITV I ERESATY
52 ESCAPE W% T b .02 B % pulmonary capillary
wedge pressure (I EEEBEDEE L HBITIALOIE
o T, W ARE AR REE & BT 5 = L AR
HEENSY, BBIRES LR S 45 L REFRD LEM
RAETT 5L BEALHWERTRZS AT
B %7, PEELEOSREWHOH D BELEHO
R L BN EORE MK S NLS & DBED
25",

2) HBMHEROBRLEEL

OB EOET I8 L EBIRE O LR+ & Bk i
PET T 5 & Bl O ZRAEIEAORLEL ¥/ Ov
AL CRBBEIR L RE S €D, ZORR, 2
F~DERUERBRHEREHHSTNEL, FRTIALZ
BHELALIEL YOS50, ol SEEEHLRAE
THF LY Y AFRINTE, FHRONMEE & 727
CKD mBECixEm, 7vy47 vy 10 (ALL), B

LA b U A% EDFRAROEEREL N L TRRMRE

P % B S ZFORBEEF DR LR BEMERTEEH
FRELTHBY. 20k ROEERELSDAL ¥
POV A RBRBRARPEOFHE L HHTH2EER2Y T
Ve oTwna,

RES-, HEGM S ME 233 5 B AR ablation (G
DEMEI|E Shiz. BB ablation RIZERD S
NZBEEHRICE-TFREBYEBER T norepi-
nephrine (NE) O spill over (ZZREAHAEIES) % B H M5
AIETHA) R VigEHEIsShTw/, 25
5, &80 NE O spill over EF LTV L5 5 H
2 B #E ablation 12 & o THRAE & OO BRED
FhEbBESN, ZOKR KRMETROREL S
F 5O RS B DI VLA S 7z = & 2R
LTW5a, FEBREWT & IR ablation iEE* =
13 - BEIA YRR I B 0D 24% 12 5V T 20% A £ GFR
N EX AT EHIED ablation BREE L UEKD
BEECHT L CHRENIZIZ S LV BB ITEMER

26(82)

THHASN TR, LA2BE L HRICHRRM
#% ablation BRI B I b T vy, DLEORKRIL
cardiorenal syndrome % ZR L 720 HRIC BV TR
TP ERT R T O 2 RE L) AR ERLTW S,
18 ¥ A4\ B\ T MERIT-HF®, U.S. Carvediol
HF study’®, COPERNICUS™, b#*E® MUCHA® 7z &
BE D5 v ¥ AMULBRBRT B ENEDOH AT
ENTw5S, BREEELZET L OAESBEIC [ EE
D GAME % 5 DN EARS & B RS
LIETF20THEVD L OBENSH DL LBb
nH. UL, EBICE B ENEARE CRBEAET
THEEREIL L, AR LAL)ICOHHEEOET L
BRETOBEICRLTLOHENEREBD VL) T
b5, BERRECS LERT LRSS L UFRE
DA OEH S ARETE B2 BMH S B EWED
BERBBTSETHLLEELS. '

3) L=y - PrIFFT % (RAS)

e (BEMRE) AMEFT T 5 L juxtaglomerular
cell (BRI 6D = > OFWHFI X&L%RY
BRMA D RAS pIER LS h 5. —A/T, BRAO
RAS D& ¥Atix NAD (P)H oxidase % A L 7= & 1B %
DREE, REOBRIE, RHLEEILE X2 LETYE
B EHELS| RS T. ACE HEES ARB IZIHR
RUEBEOET 2 T 25R0H 5. OFARBECS
T ACE HEE S ARB ALY €7 ¥ 7 #WIGIZR
NS THREERIH L HENASL TRV, £/
AKI # &k L7: ADHF 8% 28 L T ARSI 5 ACE
FE# ARB 2 &5 TXEHLE,LENTIRAW.

LaL, BREOALEEDOTHRY ACE FAEES ARB
AHESELZLERVORBIEILVEETHS. DT
PARMES LT F = EERPLREEEOFRICER
WERIZTIEDECHONS LD SR, WK
PEVTARRENEXET 3¢5, MBI GFR
*ET X5 ACEHEE® ARBORGRBLHEEIC
s EE LS CERING. Lo L, iHERRRE
7 & ACE FEES ARB 548 & & 5 EHIS
i3, BELFREORS %L THERBIACEAI L%

WEBHEHW2S ACE FHE# % ARB 1B T

Angiotensin Research vol.8 no.2 2011
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CIEA LT AEVEELYRAADENPLETH B,

4) hBETHE

ADHF BAEZFME LF 0K MK L 2 ERA
B EIC 72D, B KRR ISARHE A0 I2 534§ 5 central
volume shift (2 % & D L LEEBIZ L > TEFIHEE
AE® ¥ % volume retention |2 £ % 2 DDMEFIH 5.
A& & vascular failure & X ITh 2 EEHREE & &
EBKICREE T 5 ikiE T NIPPV & & REAE
BOPLTHREZLELETHZ L3R, %REIE
MR ARSI IS L THREEROFLE LTHY
bhb.
a. Zat3IF

70+t 3 MG OREEEICUENEY, 7023 FofE
RIZE o THRENGET S — A KA BT S
r—AHLBETH. BHIROS - MAT L L THBEES K

ETL00b L. —FT, RAASZIZLDET S

MR T OB, BEZHRIC L 2 BEBRED
BT, MEETICE-> CEBEIET T2 053,
JutI FOBEELNMES VT F = MEERRLEER
DETLHMET 2 L ®E NP, CoBHIEAE
D70t FEAESE 2BV OREBERERET
HolzZEERBLTVADRd Lk, 7083 F
24253 5 L RAAS ASTEMAL S MO BIE (L ASEFT
T5. 5y FOKBIRBECX 5L0BEEFEFVICSE
WwWT7atI FREEFIBVWTHET 7V FAF0 Vg

EAEC &) RHICREBRE (OAR) 2RI T LA

HEhTWwa, /4, 7043 FIFHORME TS
i+ 5 118-hydroxy-steroid dehydrogenase-2 @ i& % %
#MHl LT, glucocorticoid A% mineralocorticoid receptor
RERLT 2 L)L BEsSRhTVAY. 7
I MR EZ ST ORERRICE W THOIR
HERTH, 7o FOEARIGREREIZL &0
AHENEHIRETHD. W) FTHRLLEEL» L MG
RICKTHR-> TS AR — & EF B 2 ¥ — FTHIR
EDBDIERANETHS.

b. Mineralocorticoid receptor & 38

ACE FAE#¥ X ARB ##%5 L T RAS %:EW L T4 al-

dosterone DigEHH A3 5 aldosterone breakthrough

RO RAS BIDEBZ DR SH—LEER L RAS—

HEFEBEIND. bhbhid, BERZNET Y MZE
BEEZAMTALMBEFOL = VKL AT BENK
CHIZonTwaIZb b o T OREICAS LMl
# aldosterone BENFH Y EVIZ LR LT 2 HE %
B&LTwa. Aldosterone I3 BIEAHFAET 5 & 21213
Lo TREFEEREICIERT . Aldosterone 2&KTH
% mineralocorticoid receptor #% aldosterone JEAKFEME(Z
BEHALSNHAHAZIHRES AT B,

RALES, EMPHASIS-HF ® 7 v ¥ A {b b8 8%
(RCT) T mineralocorticoid receptor JERFE N 513
EWER ACEFHEE ARBAFHES EhTwns
NYHATEL EOEZEREORT L BELFLEE
DFHZEOICHET S ENEF SN, BERK
[ minexialocorticoid receptor EME D ENMHIIHEZT
Eleds, AL TED LI ORI ZbwTY
BOPIEOV TRV ELERBAS ATV R, FRRAE
PoDF MY T AOBRINEBEEL T2 I LAMRAR
WCEREZOD», LEBLLE BEROELERMBEO
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Nongenetic m‘ethod for purifying stem cell—deﬁved

cardiomyocytes

Fumiyuki Hattori"2, Hao Chen!®, Hiromi Yamashita', Shugo Tohyama'»?, Yu-suke Satoh'4, Shinsuke Yuasa',
Weizhen Li', Hiroyuki Yamal(awal 3, Tomofumi Tanaka'2, Takeshi Onitsukal” , Kenichiro Shimoji'?,

Yohei Ohno'*3, Toru Egashira!?, Ruri Kaneda!, Mitsushige Murata'»3, Kyoko Hldaka5 Takayuki Mom;alu5
Erika Sasaki®, Takeshl Suzuki4, Motoaki Sano!, Shinji Makino!, Shinzo Oikawa? & Keiichi Fukuda!

Several applicatidns of pluripotent stem cell (PSC)-derived
cardiomyocytes require elimination of undifferentiated cells.
A major limitation for cardiomyocyte purification is the lack
of easy and specific cell marking techniques. We found that a
fluorescent dye that labels mitochondria, tetramethylrhodamine
methyl ester perchlorate, could be used to selectively mark
embryonic and neonatal rat cardiomyodcytes, as well as mouse,
marmoset and human PSC-derived cardiomyocytes, and that
the cells could subsequently be enriched (>99% purity) by
fluorescence-activated cell sorting. Purified cardiomyocytes
transplanted into testes did not induce teratoma formation.

. Moreover, aggregate formation of PSC-derived cardiomyocytes
through homophilic cell-cell adhesion improved their survival
in the immunodeficient mouse heart. Our approaches will aid
in the future success of using PSC-derived cardiomyocytes for
basic and clinical applications.

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) could prove to be an unlimited source of cardio-
myocytes. Several studies have achieved directed differentiation of
mouse, monkey and human ESCs into cardjomyocytes!'~ but with
variable efficiency. Some protocols describe up to 60% differentia-
tion efficiency, but none achieve >99% of cells differentiating into
cardiomyocytes without the use of genetic selectlon methods®.
Transplantatlon of undifferentiated ESCs results in'the forma-
tion of teratomas®. Thus, it is necessary to purify ESC-derived
cardiomyocytes before transplantation.

ESC lines with various combinations of cardiomyocyte-
specific reporters can be used to.obtain highly pure ESC-derived
cardiomyocytes#6-19, but this requires genetic modification of
the cells. Also, discontinuous Percoll density gradient centrifuga-
tion could be used to enrich for mouse and human ESC- derlved
cardiomyocytes, but the purity of the cardiomyocytes in thesej prep-
arations is relatively low!!12, Here we show that cardiomyocytes
in early mouse embryos or those differentiated from pluripotent

stem cells (PSCs) have high mitochondrial content and can
be purified without the need for genetic modification, using
fluorescent dyes that label mitochondria.

RESULTS :

Characterization of mitochondrial dyes

In primary cultures of neonatal rat heart cells stained with
MitoTracker Red (Invitrogen) the fluorescence intensity of
cardiomyocytes was much higher compared to that of non-
myocytes (Fig. 1a). MitoTracker Red and tetramethylrhodamine
methyl ester perchlorate (TMRM) specifically accumulated
in both the subsarcomeric mitochondria, located around the
nucleus and in the intermyofibrillar mitochondria (Fig. 1a and
Supplementary Fig. 1). To confirm specific mitochondrial stain-
ing of MitoTracker dyes, we'stained neonatal rat cardiomyocytes
with MitoTracker Red and JC-1 (a mitochondrial voltage-sensitive
dye; Supplementary Fig. 2).

Fluorescence-activated cell sorter (FACS) analysis of cells dis-
sociated from neonatal heart revealed three main populations
(Fig. 1b). We sorted the populations with the highest (designated
as fraction 1), the middle (fraction 2) and the lowest (fraction 3)
fluorescence intensity and cultured them separately. All the cells
in fraction 1 showed rhythmic beating and were immunostained
with an antibody to a.-actinin (Fig. 1¢), indicating they were car-
diomyocytes. We identified very few cardiomyocytes in fraction 2
(Fig. 1c). Fraction 3 consisted of red blood cells and dead
cells. We confirmed the neonatal rat cardiomyocyte content in
fraction 1 by immunofluorescence staining for o.-actinin to be

 99.4 + 0.6% (Fig. 1d), and the yield was approximately 5 x 103

cells from a single heart.

Next, we compared the efficacy of various mitochondrial dyes
for separating the neonatal rat cardiomyocyte population from
the nonmyocytes and found that TMRM was the most effective
(Fig. 1e,f). We then evaluated the washout efficiencies of the dyes

and found that TMRM disappeared completely within 24 h, whereas
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Figure 1 | Mitochondrial dyes for cardiomyocyte purification. (a) Fluorescence images of neonatal rat cardiomyocytes prestained with MitoTracker Red
and immunostained for a-actinin (top) or prestained with MitoTracker Red and immunostained for mitochondrial electron transfer chain complex II
(complex II) and a-actinin (bottom). DAPI, nuclear stain. Scale bars, 100 um (top); 20 um (bottom); and 10 pum (bottom inset). (b) FACS analysis
of neonatal rat heart-derived cells stained with MitoTracker Red. The sorted cells were divided into fractions 1-3 (boxed). FSC, forward scatter.

(c) Immunofluorescence staining for a-actinin of cells from fractions 1 and 2. Blue, DAPI staining. Scale bars, 100 pm. (d) Cardiomyocyte content in
fractions 1 and 2. Data are shown as mean + s.d. (n = 3). (e) Representative FACS plots of dissociated cells from neonatal rat heart stained

with mitochondrial dyes. (f) Relative fluorescence intensity of the indicated mitochondrial dyes in fractions 1 versus 2. Data are shown as

mean + s.d. (n = 3). (g) Washout of the indicated mitochondrial dyes from neonatal rat cardiomyocytes. Data are shown as mean + s.d. (n = 3).

other dyes remained for at least 5 d (Fig. 1g and Supplementary
Fig. 3a). TMRM and JC-1 at 100 nM did not affect cell viability
using 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, whereas other dyes affected viability differ-
ently (Supplementary Fig. 3b). Based on these results, we selected
TMRM for subsequent experiments.

Purification of cardiomyocytes from heart and whole embryos
To investigate the mitochondrial content of cardiomyocytes at
different developmental stages, we performed FACS analysis
of rat hearts at embryonic day 11.5 (E11.5) to postnatal day 8
(P8); the hearts had been dissociated and labeled with TMRM
(Fig. 2a). The mean ratio of TMRM fluorescence in fraction 1
to fraction 2 gradually increased with increasing embryonic
stage and rapidly after birth (Fig. 2b). FACS analysis followed
by immunofluorescence staining confirmed over 99% cardio-
myocyte purity at all stages (Fig. 2¢,d).

We then stained live embryos (E11.5 and E12.5) with TMRM. The
heart showed markedly stronger fluorescence compared with other
tissues (Fig. 2e and Supplementary Video 1). Intraplacental injection
of MitoTracker Red also resulted in the strongest accumulation of
fluorescence in the heart via embryonic circulation. However, other
tissues had much weaker fluorescence (Supplementary Fig. 4).

To assess why there was strong TMRM fluorescence in the
embryonic heart, we compared expression levels of complex
-V of the 36 kDa mitochondrial outer membrane protein porin
(also known as the voltage-dependent anion channel) and of heat
shock protein 70 between cardiac and various noncardiac tissues
in rat E12.5 embryos; we detected markedly stronger expression in
the myocardium (Supplementary Fig. 5). Furthermore, immuno-
staining of the fetal heart area for ai-actinin, manganese superoxide
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dismutase (MnSOD) and platelet endothelial cell adhesion mol-
ecule (PECAM) (markers of cardiomyocytes, mitochondria and
the endothelium, respectively), revealed that MnSOD immuno-
staining overlapped that for a-actinin but not for PECAM (Fig. 2f).
Taken together, the accumulation of fluorescent dyes that label
mitochondria may reflect high mitochondria abundance in
the heart.

Next, we treated dissociated cells obtained from E11.5 to E13.5
whole rat embryos with TMRM and analyzed them on a FACS
(Fig. 2g). Some cells in this preparation were autofluorescent,
which was due to the presence of lipopigments and flavins'>. To
obtain only TMRM-fluorescent cells and eliminate contamina-
tion by autofluorescent cells, we adopted pseudo-two-dimensional
separation (Fig. 2g and Online Methods). We isolated populations
with the highest TMRM-fluorescence from dispersed cells of E11.5,
E12.5 and E13.5 whole rat embryos. The sorted cells from E11.5
embryos were immunostained for ot-actinin (purity 99%, n = 3
embryos; yield, ~5 x 10 cells per embryo). We obtained similar
results with E12.5 and E13.5 embryos. At these embryonic stages
(E11.5-E13.5), the embryos contain skeletal myoblasts only and not
mature myotubes. We found that mature skeletal myotubes, which
could not pass through the FACS, could be marked with TMRM,
whereas skeletal myoblasts, which do pass through the FACS, were
not marked by TMRM (Supplementary Fig.6).

Purification of PSC-derived cardiomyocytes

We first observed cardiomyocytes differentiated from mouse
ESCs on day 7 of differentiation; the cells had marked TMRM
accumulation. After TMRM staining, we fixed the cells and immuno-
stained them for Nkx2.5 and o-actinin (Fig. 3a). The Nkx2.5- and
o.-actinin—positive areas and TMRM-positive area in the mouse
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Figure 2 | Purification of cardiomyocytes from embryonic heart and whole embryo. (a) Representative FACS analysis of TMRM-stained rat embryonic
heart cells at the indicated ages. Fractions 1 and 2 were typical gates for cardiomyocytes and noncardiomyocytes, respectively. (b) Relative fluorescence
intensity of fraction 1 versus fraction 2 in the developing rat heart. Data are shown as mean + s.d. (n = 3). (¢) Immunofluorescence staining for
a-actinin in the fraction 1 gated cells from E11.5 rat heart. (d) Cardiomyocyte content of the fraction 1-gated cells obtained from E11.5-P8 rat

hearts. Data are shown as mean + s.d. (n = 3). (e) Bright field (left) and fluorescence (right) images of whole rat embryos of indicated ages.

(f) Immunofluorescence staining of rat E11.5 embryo for the indicated markers, PECAM, c-actinin and MnSOD. Images show pericardiac area (left four)
and magnification of the boxed areas is shown on the right. (g) FACS analysis (left) of dissociated cells from whole embryos in the absence (not stained)
or presence of TMRM at the indicated stages. Boxes indicate fractions 1 and 2; percentages of fraction 1 cells are shown. Immunofluorescence staining
(middle) for a-actinin in the cells obtained from fraction 1 of E11.5 embryos. Cardiomyocyte content of fractions 1 and 2 at £11.5 is shown (right).

Data are shown as mean + s.d. (n = 3). Scale bars, 100 um (c,g.e); 200 um (f left);

and 20 pum (c inset, f right,.g inset).

ESC—derived cardiomyocytes were colocalized completely,
although the intracellular localization of TMRM, Nkx2.5 and
o-actinin was clearly different. Notably, TMRM dissociated
rapidly into the bulk solution compared with other dyes upon fixa-
tion (Supplementary Fig. 7), indicating that there is likely to be no
effect of TMRM on subsequent immunohistochemical analysis.

We applied pseudo—two-dimensional FACS analysis to the embry-
oid body-derived cells (Fig. 3b). We first observed fraction 1 cells 7 d
after embryoid body formation. Both the ratio of the mean TMRM
fluorescence in fraction 1 (cardiomyocytes) to fraction 2 (noncardio-
myocytes) and the percentage of cells in fraction 1 increased gradually
until day 15 (Fig. 3c,d), suggesting that the best time for obtaining
mouse ESC—derived cardiomyocytes was at day 15.

We sorted approximately 5 x 10° to 9 x 10° cells from day 15
embryoid bodies. The viability of the sorted cells was 99.1 % 1.5%,
as confirmed by trypan blue staining (Supplementary Fig. 8).
This high viability may be due to the fact that the cells were
sorted based on TMRM accumulation (and thus contained active
mitochondria). We cultured the sorted cells for 7 d to allow the
cells to attach to the substrate and to elongate (Online Methods).
Immunofluorescence staining for a-actinin and Nkx2.5 in three
independent experiments confirmed that these cells were high-
purity cardiomyocytes (99.5 + 0.3%; Fig. 3e). We obtained >99%
pure ESC-derived cardiomyocytes from day 12-25 embryoid bodies
(Fig. 3f). We also obtained highly pure cardiomyocytes from
mouse iPSCs (Fig. 3g,h).

To investigate the possibility of isolating cardiac progenitor cells,
we stained whole E7.5 and E7.75 embryos. We found that TMRM
faintly, but distinctly, marked the cardiac crescent, which contains
cardiomyogenic precursor cells, indicating a possible applicability
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of our method to obtaining progenitor cells. Next, we carried out
time-lapse fluorescence microscopy on attached mouse embry-
oid bodies stained with TMRM (Supplementary Fig. 9). We first
observed TMRM-positive cells on day 6.5. Fluorescence in these
cells increased gradually between days 6.5 and 7 and they started
beating on day 7.0. In contrast, TMRM-negative cells did not
beat during the experiments. We then performed FACS analysis
on dissociated cells obtained from day 3-6.5 embryoid bodies
and stained with TMRM. There were no cells in fraction 1. The
higher TMRM-fluorescence cells in fraction 2 from day 3 and 4
embryoid bodies did not differentiate into cardiomyocytes, even
after subsequent culture of attached cells for up to 8 d. In the case
of day 6.5 embryoid bodies, some of the isolated cells differenti-
ated into cardiomyocytes upon subsequent culture for 3 d. We also
stained Nkx2.5-GFP knock-in mouse ESCs®, which we and others
have used frequently to isolate cardiomyocytes. After embryoid
body formation, we first observed GFP fluorescence on day 7,
whereas we observed TMRM staining on day 6.5 (Supplementary
Fig. 10). Our observations indicate that our method can be
used to purify differentiated cardlomyocytes but not cardiac
progenitor cells.

We differentiated common marmoset ESCs, human ESCs
and human iPSCs into cardiomyocyte-containing embryoid
bodies by conventional floating cell culture. We transferred the
embryoid bodies into the cell-attachment dishes with 10 nM
TMRM. Beating embryoid bodies had extremely high TMRM
fluorescence compared with that of nonbeating embryoid bod-
ies derived from marmoset and human ESCs (Fig. 4a). Then we
dispersed embryoid body-derived cells, stained them with TMRM
and analyzed them on a FACS (Fig. 4b). We fixed sorted human
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TMRM fluorescence and Nkx2.5 and o-actinin immunofluorescence in 9 80
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boxed regions. (b) FACS analysis of embryoid body-derived cells at 2 H 40
. . . . . . o
indicated times after embryoid body formation. Fraction 1 (box labeled bt 5% 2
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fraction 1 cells are shown. (c,d) Relative fluorescence intensity of the Fraction

fraction 1 versus fraction 2 cells (c) and percentage of cells in fraction 1 (d) over time. Data are mean + s.d. (n = 3). (e-h) Immunofluorescence staining

for Nkx2.5 and o-actinin in cultured fraction 1 cells sorted from day 15 embryo

id bodies differentiated from mouse ESCs (e) and from mouse iPSCs (g)

-

and cardiomyocyte content in cultured cells sorted from day 9-25 embryoid bodies differentiated from mouse ESCs (f) and in cultured cells sorted from
day 15 embryoid bodies differentiated from mouse iPSCs (h). Data are mean + s.d. (n = 3). Scale bars, 1 mm (a); and 100 pm (ainset, e,g).

cells in fraction 1, immunostained them for Nkx2.5 and sub-
jected them to a second FACS analysis. The results showed that
over 99.9% of cells in fraction 1 were cardiomyocytes (Fig. 4c).
Furthermore, we compared expression of cardiac and noncar-
diac genes in human ESC-derived cardiomyocytes isolated by
our method and in unpurified cells from embryoid bodies using
real-time PCR. We observed a marked increase in the expression
of myocardial genes and a decrease in the expression of non-
myocardial genes in purified human ESC-derived cardiomyocytes
(Supplementary Fig. 11).

We also cultured the sorted cells for 5 d and immunostained
them for Nkx2.5 and o-actinin (Fig. 4d). Common marmoset
ESC, human ESC and human iPSC fraction 1 comprised 99.0
+1.0%, 99.0 £ 0.9% and 99.3 + 0.2% cardiomyocytes, respec-
tively; in contrast, fraction 2 had 2.3 + 0.6%, 2.5 + 0.2%
and 1.7 + 1.6% cardiomyocytes, respectively (Fig. 4e). To estimate

a C .

Marmoset

the acquisition efficiency in the sorting experiments, we
compared by FACS analysis the cardiomyocyte fraction obtained
by TMRM with that obtained by immunofluorescence stain-
ing for a-actinin. The number of cardiomyocytes isolated by
TMRM staining was 60-90% of the number defined by ct-actinin
staining (Supplementary Fig. 12). To rule out the possibility
of skeletal muscle contamination in the sorted cardiomyocyte
population, we extracted total mRNA from sorted cardiomyo-
cytes and evaluated it for myoD expression using real-time
PCR. We confirmed that there was no amplification of myoD
(Supplementary Fig. 13).

No teratoma formation

We cultured the purified mouse ESC-derived cardiomyocytes
and noncardiomyocytes for 7 d and found that although non-
cardiomyocytes formed piled-up colonies, in which some cells

Figure 4 | Purification of PSC-derived

e Marmoset
100 - cardiomyocytes in human and marmoset.
%g 80 (a) TMRM fluorescence (left) and phase contrast
£z (right) images of marmoset and human embryoid
25 ‘z‘g bodies containing beating cardiomyocytes. Arrows,
O 5 . beating areas; arrowheads, nonbeating areas.
Eriction (b) FACS separation of TMRM-stained cardiomyocytes
Human ESC derived from common marmoset ESCs, human ESCs
2 400 - and human iPSCs. Fractions 1 and 2 are boxed;
g 5_\: 80 percentages of fraction 1 cells are shown.
é b ’_—l (c) Immunofluorescence staining of fraction 1 cells
b 8 20 for a-actinin and Nkx2.5. ToPro-3 represents
b d o= 2 nuclear staining. (d) Histogram showing
Marmoset Human ESC Human iPSC Human ESC Fraction immunodetection of Nkx2.5 (gray) and negative
8 o Bl B "Rg Human BSC control (without first antibody; black) in sorted
S IRV A A | 7 8 I g, human ESC-derived fraction 1 cels. (€) The
°§' / 3 2 7 3 5 "_’:. 2 cardiomyocyte content of fractions 1 and 2 in common
- s z 2 99_9% £ % 40 marmoset ESCs, human ESCs and human iPSCs. Data
E g , z st 8° 2g are mean +5.d. (1 =3). *P < 0.01 (Student t-test).
Autofluorescence Autofluorescence Autofluorescence Nkx2.5 Ft;ctvin Scale bars, 500 um (a); and 100 pm (c).
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were positive for Oct3/4, the cardiomyocytes did not (Fig. 5a).
Further, we transplanted 1.9 x 10° aggregated mouse ESC-
derived cardiomyocytes and 250 undifferentiated mouse ESCs
as a control into the testes of immunocompromised nonobese
diabetic—severe combined immunodeficient (NOD-SCID) mice.
Two months later, 90% of the control mice developed teratomas
(9 of 10 mice), but we did not detect teratomas in any of the
mice transplanted with purified mouse ESC—derived cardiomyo-
cytes (0 of 40 mice) (Fig. 5b). We tried to verify that there was
no teratoma formation in the heart by directly injecting mouse
ESC—derived cardiomyocytes (1 X 10°) into the myocardium of
five NOD-SCID mice immediately after sorting. Two months
later, we found few (<1%) of the transplanted cardiomyocytes
in the heart (data not shown).

To understand the mechanism underlying this cell loss, we
injected purified and MitoTracker Red-labeled neonatal rat
cardiomyocytes into the left ventricular free wall of ex vivo-
perfused hearts. We found one-third to one-half of injected
cells in the postperfusion solution, indicating that the neonatal
rat cardiomyocytes were washed out within the first 10 min
(Supplementary Fig. 14). Next, we compared the tissue adhesive-
ness of purified mouse ESC~derived cardiomyocytes and mouse
embryonic fibroblasts (MEFs) by counting cells in continuous
sections of whole ventricles 24 h after injection into the left ven-
tricular free walls. We found that less than 1% of the grafted ESC-
derived cardiomyocytes had adhered to the host myocardium,
compared with 50% of MEFs.

Transplantation of PSC-derived cardiomyocytes

From the above observations, we reasoned that loss of trans-
planted ESC-derived cardiomyocytes may be due to rapid wash:
out and low adhesiveness of the cells. Because ESC-derived
cardiomyocytes existed as homophxhc cell aggregates (dlameter
100-500 wm) in mouse, marmoset and human embryoid bodies
(Supplementary Fig. 15), we suspected that re-aggregated puri-
fied ESC-derived cardiomyocytes may be more resistant to rapid
washout. We generated cardiomyocyte aggregates by seeding
313-10,000 purified mouse ESC-derived cardiomyocytes onto
nonadhesive 96-well plates. One day after seeding, the cells adhered
to each other, aggregated and started synchronized beating; 5.d later,
cardiomyocyte aggregates formed with diameters of 100-450 um
(Fig. 5¢, Supplementary Fig. 16 and Supplementary Video 2).
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Figure 5 | Transplantation of purified mouse ESC-derived cardiomyocytes.
(a) Immunofluorescence staining for Oct3/4 (red) in the sorted cells from
the noncardiac fraction (left),-and numbers of mouse ESC-like colonies
obtained from 10° sorted cells (right). Data are mean +s.d. (n = 3).

(b) Transplantation of 250 undifferentiated mouse ESCs into testes resulted
in teratoma formation (testis), whereas transplantation of 1.9 x 10°
purified mouse ESC-derived cardiomyocytes did not (8 weeks). Incidence
of teratoma formation was quantified (right). (c) Phase contrast image

of mouse cardiomyocyte aggregates. (d) Immunofluorescence staining of
engrafted mouse cardiomyocyte aggregates for o-actinin and Nkx2.5 8 weeks
after transplantation (left); transplanted cells expressed EGFP. Mouse ESC-
derived cardiomyocytes in vitro and 3 and 8 weeks after transplantation
immunostained for Nkx2.5 and o-actinin (right). (e) Transplanted mouse
ESC-derived cardiomyocyte survival. Data are shown as mean +s.d. (7 = 5).
Scale bars, 100 um (a,c); 5 mm (b); and 20 um (d).

Propidjum iodide staining revealed that a high proportion of
re-aggregated mouse ESC—derived cardiomyocytes were viable
(98.8 + 0.2% of seeded cells; Supplementary Fig. 16).

We transplanted mouse cardiomyocyte aggregates into the
ventricular free walls of NOD-SCID mice and killed the mice
at 3 and 8 weeks (n = 5 for both groups). We observed no tera-
toma formation in either group. Immunofluorescence stain-
ing revealed that cell aggregates positive for the tracers Nkx2.5
and o-actinin were located in the left ventricle (Fig. 5d). The
number of cells that survived in the heart was greater than
90% (Fig. 5e). Furthermore, we repeated these experimental
procedures using purified human ESC—derived cardiomyocytes
(Supplementary Video 3). Two months after transplantation,
we detected a large amount of human myocardial tissue in
NOD-SCID mouse heart (Supplementary Fig. 17).

Finally, we investigated which autoparacrine factors are impor-
tant for the survival of ESC-derived cardiomyocytes. Human
cardiomyocyte aggregates remained viable under serum-free
culture conditions; moreover, their diameters increased by
approximately twofold by day 25. Supplementation of the cul-
tures with physiological concentrations of basic fibroblast growth
factor (bFGF), epidermal growth factor (EGF), platelet-derived
growth factor beta dimer (PDGF-BB) and endothelin-1 (ET-1)
strongly enhanced the growth of the cardiomyocyte aggregates
(Supplementary Fig. 18a and Supplementary Video 4). We con-
firmed expression of these growth factors and their receptors by
real-time PCR (probe and primer sets are listed in Supplementary
Table 1). We also confirmed that these growth factors were
expressed in adult human and mouse hearts (Supplementary
Fig. 18b). Autoparacrine stimulation with these growth factors
may be one reason why grafted cardiomyocyte aggregates survived
and grew in the host myocardium.

DISCUSSION

Our method for cardiomyocyte isolation has two advantages.
First, it does not require genetic modification of the cells. Genetic
modifications using nonviral or viral systems have several disad-
vantages: extrinsic genes may be silenced, the number of integra-
tion events in one cell is difficult to control, targeted integration
is not straightforward, and line selection as well as verification
of proper expression of extrinsic genes'* is time-consuming.
Furthermore, genetic modification carries risks such as pos-
sible tumor formation!>~!7. Second, our method is likely to be
widely applicable. We demonstrated that it may be used to purify
ESC-derived cardiomyocytes in four species, including human,
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and that it is also applicable to mouse and human iPSCs. High
abundance of cellular mitochondria is likely to be a common
characteristic of cardiomyocytes irrespective of species. [n contrast,
most genetic modifications require species-specific constructs.
Our simple purification strategy should facilitate basic studies
using embryonic heart and stem cell-derived cardiomyocytes;
furthermore, this strategy can also allow isolation of noncardio-
myocytes, which may open up new approaches to studying devel-
opmental interactions.

The ESC-derived cardiomyocytes purified using our method
did not induce teratoma formation in either the heart or testes.
Although from the viewpoint of clinical safety, further studies
using large animal models with a much larger number of ESC-
derived cardiomyocytes will be required, we believe that our puri-
fication method may have considerable advantages over existing
methods for eventual clinical translation as well.

Our results suggest that induction of mitochondrial biogenesis
begins shortly before beating of cardiomyocytes. This indicates the
tight relationship between cardiomyogenesis and mitochondrial
biogenesis. A combination of our strategy and other marking tech-
niques for cardiac progenitor cells may facilitate study in this field.

Unpurified fetal and neonatal rat cardiomyocytes and bone
marrow mesenchymal and ESC-derived cardiomyocytes have been
shown to survive in the recipient heart'8-2°, In contrast, puri-
fied and dispersed cardiomyocytes differentiated from ESCs did
not achieve a high survival rate®. Re-aggregation augmented the
long-term survival of purified mouse and human ESC-derived
cardiomyocytes. Our results indicate that ESC-derived cardiomyo-
cytes might be highly anchorage-dependent, and that homophilic
cell-to-cell adhesion and autoparacrine signaling may be impor-
tant factors contributing to their survival.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemethods/.

Note: Supplementary information is available on the Nature Methods website.
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