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Figure 7. (A) Immunohistochemical staining for hHHGF in transplanted NIH3T3 cells (panel a) and NIH3T3 + hHGF + TK cells {pancl b} in the
skeletal muscle. Scale bars = 50 um. (B) The NIH3T3 + hHGF + TK (107) cells were transplanted, and two weeks later, various concentrations of
ganciclovir were administered for another four weeks. (C) Hematoxylin-cosin staining. (Panels a to ) The natural history of the wransplanted NIH3T3
+ hHGF + TK (10") cells is shown. (Pancls d to f) Beginning two weeks after transplantation, ganciclovir {50 mg/kg/day) was administered orally for
two to four weels. The cells had completely disappeared after four weeks of ganciclovir treatment. Arrows indicate the microvessels. Scale bars = 100 um.

Abbreviations as in Figure 1.

We used NIH3T3, 2 fibroblast line derived from fetal
NIH/Swiss mice, for the following reasons: 1) the transfec-
tion efficiency of the plasmid is high; and 2) their growth
rate is relatively high in vitro, making it easy to expand the
cells. However, their growth rate in vivo is not as high as
that of carcinoma cell lines, probably because NIH3T'3 cells
have a mechanism of growth inhibition by cell-cell contact.
To apply this method in clinical medicine, the selection of
a human cell fine will be requried. Considering the time and
cost for preparation of the cells, an autograft might require
a long time and be expensive. It took at least two months to
prepare the hHGF- and TK~double-transfected cells, and
a number of additional experiments were needed to confirm
their effectiveness and safety. We think that allograft cells
should be used to prepare gene-modified cells. In view of
the time, cost, effectiveness, and safety of the cells, allografts
would be much better than autografts.

Regenerative medicine has recently been the subject of
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investigations in many fields, and a number of regenerative
cells have been established. The authors have reported that
regenerative cardiomyocytes can be generated from marrow
mesenchymal stem cells, and transplantation of the regen-
erated cells will be examined in various organs. One of the
reasons why we are considering angiogenic gene-modified
cell transplantation therapy is the need for a rapid blood
supply to the transplanted cells. To achieve that goal, we can
co-transplant target organs with these gene-modified cells
in combination with the regenerated cells. Once the blood
supply has become established, the angiogenic cells are no
longer needed, and they can be climinated by ganciclovir.
Bone marrow mononuclear cells have recently been used
to induce angiogenesis as a means of treating arteriosclerosis
obliterans (27). Although bone marrow mononuclear cells
contain endothelial cells, the population of endothelial
progenitor cells is <1%. The effectiveness of this therapy
may be exphined not only by the presence of endothelial
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progenitor cells but also by the fact that bone marrow
mononuclear cells produce various cytokines and angiogenic
growth factors. The advantage of angiogenic therapy with
bone marrow mononuclear cell autografts is that the cells do
not undergo immunorejection. The drawback of this ther-
apy is that the cells may contain a variety of types of cells,
such as osteogenic or chondrogenic stem cells, or induce
inflammation by secreting cytokines. Using angiogenic
gene-modified cells avoids the problem of transplanting
different types of cells; however, the efficiency and safety of
this procedure needs to be fully investigated before clinical
application can become a reality.
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Endothelin-1 regulates cardiac sympathetic

innervation in the rodent heart by controlling
nerve growth factor expression
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The cardiac sympathetic nerve plays an important role in regulating cardiac function, and nerve growth fac-
ter {(NGF) contributes to its development and maintenance. However, little is known about the molecular
mechanisms that regulate NGF expression and sympathetic innervation of the heart. In an effort to identify
regulators of NGF in cardiomyocytes, we found that endothelin-1 specifically upregulated NGF expression in
primary cultured cardiomyocytes. Endothelin-1-induced NGF augmentation was mediated by the endothe-
lin-A receptor, Gifly, PKC, the Src family, EGFR, extracellular signal-regulated kinase, p38MAPK, activator
protein-1, and the CCAAT/enhancer-binding protein 8 element. Either conditioned medium or coculture with
endothelin-1-stimulated cardiomyocytes caused NGF-mediated PC12 cell differentiation. NGF expression,
cardiac sympathetic innervation, and norepinephrine concentration were specifically reduced in endothelin-1-
deficient mouse hearts, but not in angiotensinogen-deficient mice. In endothelin-1-deficient mice the sym-
pathetic stellate ganglia exhibited excess apoptosis and displayed loss of neurons at the late embryonic stage.
Furthermore, cardiac-specific overexpression of NGF in endothelin-1-deficient mice overcame the reduced
sympathetic innervation and loss of stellate ganglia neurons, These findings indicate that endothelin-1 regu-

lates NGF expression in cardiomyocytes and plays a critical role in sympathetic innervation of the heart.

Introduction

Cardiac tissues are extensively innervated by autonomic nerves, The
cardiac sympathetic nerve plays an important role in modulating
heart rate, conduction velocity, myocardial contraction, and relax-
ation. Although several molecules that regulate the development of
the heart have been well characterized, little is known about the
mechanism that regulates sympathetic innervacion of the heart. The
cardiac sympathetic nerve exrends from the sympathetic neuron in
stellate ganglia (SG), which is detived from the neural eresc (1). Nerve
growth factor (NGF) is a prototypic member of the neurotrophin
family, members of which are critical for the differentiation, survival,
and synaptic activity of the peripheral symparhetic and sensory ner-
vous systems (2, 3}. Levels of NGF expression within innervared ris-
sues roughly correspond to innervation density (4). The volume of

Nonstandard abbreviations used: activaror protein-1 (AP-1); angiotensinogen-
deficient (mouse) {Arg ©'); B-type natriuretic pepride (BNPY; carboxyl rerminus of
B-adrenergic receptor kinase (BARK-ct); cardiac-specific overexpression of NGF gene
under the control of the cardiac-specific &-myosin heavy chain prometer (mouse)
(MHC-NGF), CCAAT /enhancer-binding protein & (C/EBP8); C-terminal Src kinase
(Csk); deletion mutant of EGFR (533delEGFR); dominant-negative mutant adenovirus
of excracetlular signal-regulared kinase {DN-ERK); dominant-negative mutane
adenovirus of p3BMAPK (DN-p38}); embryonic day {E); endothelin-1 {(ET-1);
endothelin-A {ET.); ET-1-deficient (mouse) (Ednd 7 }; exrracellular signal-regulared
kinase {ERK); growrh-associated protein 43 {GAP43); leukemia inhibirory faceor (LIF);
nerve growth factor (NGF), pertussis toxin (PTX); protein gene product 9.5 (PGP9.5);
protein kinase A (PKA); scellare ganglia (SG); tytosine hydroxylase (TH).

Conflict of interest: The authors have declared that no conflict of interesr exists.

Citation for this article: . Clin. Invest. 113:876-884 (2004). doi10.1172/FC1200419480,

878 The Journal of Clinieal Investigation

-616-

heep:/fwww.jci.org  Volume 113

sympathetic ganglionis reduced by at least 80% ar postmatal day 3 in
mice with a disruprion of the NGF gene. In mice that lack the NGF
receptor TrkA, no neurons remain at postriatal day 9 (2). Deletion of
a single copy of the NGF gene results in a 50% reduction in sympa-
thetic neurons (5), while overexpression of NGF in the heart results
in cardiac hyperinnervation and hyperplasia in SG neurons (§).
These results demonstrate the importance of NGF in the regulation
of sympatheric neuron development and innervation,

In pathologjcal states, NGF production in the heart is vadable. In
ischemic hearts, an increase in cardiac NGF leads to regeneration of
sympathetic nerves (7, 8). In a previous experiment, we found that
NGF was upregulated in streprozotocin-induced diabetic murine
hearts (9). In contrast, it was reported that NGF and sympathetic
innervation were reduced in congestive heart failure (10). Despite their
importance, the molecular mechanisms that regulate NGF expression
and sympatheric innervation in the heart remain poorly understood.

Endothelin-1 (ET-1) is believed to play a criticat role in the patho-
genesis of cardiac hypertrophy, hypertension, and atherosclerosis.
Gene rargetirig of ET-1 and its receptdr endothelin-A (ET,) result-
ed in unexpected craniofacial and cardiovascular abnormalities.
These phenorypes are consistent with interference of neural crest
differentiation. The influence of ET-1 on neural crest development
remains undetermined {11-13).

We hypothesized that ET-1 could affect the inducrion of neu-
rotrophic factors, and that its disruption might contribute to the
immature development of neural crest-derived cells. In this study,
we found ET-1-specific inducrion of NGF in cardiomyocytes, iden-
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tified the signaling pachways involved, and studied the ET-1-NGF
pathway-mediated development of the sympathetic nervous system
in the heart. In ET-1-deficient (Edn1--) mice, the sympathetic nerve
density and norepinephrine concentration were markedly reduced,
and a loss of SG neurons by excess apoprosis was observed due to
downregulation of eardiac NGF. Moreover, we demonstrated that the
sympathetic nerve retardarion was restored in Ednl~/~ mice, which
overexpressed the NGF gene under the transcriptional control of the
cardiac-specific a-myosin heavy chain promorer (Ednl~/MHC-NGF
mice). These findings show that ET-1 is a key regulator of NGF
expression in cardiomyocytes, and that the ET-1-NGF pathway is
crirical for sympathetic innervation in the heart.

Methods
Cell culture. Primary culture for cardiomyocytes and cardiac fibroblasts
and the cultures for PC12 cells were as described previously (14, 15).

RNA extraction, Northern blot, and quantitative RT-PCR. RNA and
quantitative RT-PCR were performed as described previously (14). To
detect the four murine NGF alternarively spliced transcripts, four
primer sets were designed as follows: the exon 2-specific forward
primer {for eranscript a) was 5"-CTCCTAGTGAAGATGCTGTGCC-
¥, the forward primer specific to exons 1B-3B (for transcript b) was
5-AGCGCATCGAGTTTTGGCCTGT-3, the exon 1A-specific for-
ward primer {for transcript ¢) was 5" TGGCTITTCCTGGCTAT-
GTCC-¥', the exon 3A-specific forward primer (for transcript d) was

-AGTGCTTGCCTTATTGGGAC-3, and the same reverse primer
was used in four primer sets, 5'-CTGTGGCTGTGGTCTTATCTC-3".
For Northern blot analysis, 2 pg of poly(A)* RNA was used. Rat NGF,
B-type natriuretic peptide (BNP), and GAPDH ¢cDNA were obrained
by RT-PCR from the heart, Rat NGF primers were 5-GCAGACCCG-
CAACATCACTG-3"and 5 TCTCCAACCCACACACTGACA-3". The
primers and probes for murine NGF were forward, 5"-GCCAAG-
GACGCAGCTTTCTA-Y; reverse, 3-GCCTGTACGCCGATCAAAA-
3'; and probe, 5-FAM-CCGCAGTGAGGTGCATAGCGTA ATGTC-
TAMRA-3’. Primers for NGF expression in Edn1/~/MHC-NGF mice
were forward, 5-GATCGGCGTACAGGCAGAA-3"; reverse, §'-
TGGGCTTCAGGGACAGAGTCT-3; and probe, 5'-FAM-CGTA-
CACAGATAGCAATG-MGB-3'. Primers for neurotrophin-3 were for-
ward, S5-AACATAAGAGTCACCGAGGAGAGTACT-3', reverse,
§-ATGTC AATGGCTGAGGACTTGTC-3" and probe, 5'-FAM-CAC-
CCACAGGCTCTCACTGT CACACA-TAMRA-3'. The mRNA levels
were normalized by comparison to GAPDH mRNA.

Reagents, Reagents were supplied by the following sources: Sigma-
Aldrich (St. Louis, Missouri, USA) supplied ET-1 (107 M),
angiotensin II (10-7 M}, phenylephrine (10-5 M}, BQ123 (10-5 M),
HB89 (2x 104 M), PD98053 (5 x 10-5 M), SB203580 (10-5 M), PMA (10-
M), chelerythrinie (10-5 M), IGF-1 (10 ng/ml), pertussis toxin (PTX; 100
ng/ml), wortmannin {108 M), KN62 (105 M), EGTA (4 X 10-3 M}, 1,2-
bis(2-aminophenoxy) ethane-N,N,N',N"-tecraacetic acid retrakis
{acetoxymethyl ester) (BAPTA-AM) (10-* M), and anti-NGF block-
ing anribody (1:10,000). Calbiochem-Novabiochem Corp. (San
Diego, California, USA) supplied PP2 (10-* M) and AG1478 (S x 107
M}. Santa Cruz Biotechnology Inc. (Sanra Cruz, California, USA)
supplied leukemia inhibitory factor {LIF; 1,000 U/ml}. Takeda
Chemical Industries Ltd. (Osaka, Japan) supplied TAK044 (10-5 M),

Adenoviruses. B-Gal (LacZ) and the recombinant adenovirus for the
carboxyl terminus of f-adrenergic recepror kinase (BARK-cr) were
provided by H. Kurose (University of Tokyo, Tokyo, Japan). Domi-
nant-niegative murant adenoviruses of exrracellular signal-regulat-
ed kinase (DN-ERK) and p38MAPK (DN-p38) were provided by S.
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Mitsuyama (Kumamoto University, Kumamoto, Japan). Infection
was performed as described previously (16, 17).

Preparation of conditioned medium. Cardiomyocytes were incubated
in medium concaining serum for 24 hours. The medium was
replaced with fresh serum-free medium, and then the cells were stim-
ulared with several factors, After 6 hours, the conditioned medium
was collected and assayed.

ELISA for NGF. An ELISA kit was purchased from Promega Corp.
(Madison, Wisconsin, USA).

Plasmids and luciferase assay. Luciferase plasmids conraining various
lengths of NGF promoter were provided by P.F. Johnson (National
Cancer Institute-Frederick Cancer Research and Development Cen-
ter, Frederick, Maryland, USA} (18). C-terminal Sre kinase (Csk) and
the deletion mutant of EGFR (533del EGFR) were provided by H. Sabe
(Kyoto University, Kyoto, Japan) and H. Martsubara {Kyoto Prefectural
University of Medicine, Kyoto, Japan} (19).

Differentiation of PC12 cells. Cells were examined under a phase-con-
trast microscope. The number of differentiated cells was counted in
six randomly selected fields. The criterion for distinguishing differ-
entiated from undifferentiated cells was neurite outgrowth grearer
in length than two cell-body diamerers.

Coculture of PC12 cells with cardiomyocytes. PC12 cells (4 % 103/em?)
transfected with adenoviral LacZ were overlaid onto the cardiomy-
ocytes (4 x 104/cm?), Cells were fixed and stained with X-gal reagent,

Animals. Edn1-/-, angiotensinogen-deficient (Asg-), and MHC-NGF
mice were generated as described previously (6, 11, 20). Osmotic
minipumps containing BQ123 or candesartan were implanted in the
pregnant EdnI** ot Atg* mice as described previously {12, 21). Edn1+-
mice were crossed with MHC-NGF mice to generate Ednl*/~/MHC-
NGF mice, which were in turn crossed with Ednl*~ to generate
Edn1-~{MHC-NGF mice. The Keio University Ethics Committee for
Animal Experimencts approved all experiments in this scudy.

Norepinephrine measurement. Norepinephtine concentration was
determined by HPLC as described previously (22).

Immunohistochemistry in hearts. To detect nerve fibers in hearrs,
paraffin-embedded sections were incubared with antibody zgainst
tyrosine hydroxylase {TH; Chemicon International Inc,, Temecula,
California, USA), growth-associated protein 43 {(GAP43; Chemicon
International Inc.), and protein gene product 9.5 (PGP9.5; Cam-
bridge Bioscience, Cambridge, United Kingdom). Following
hybridization with the secondary antibody, sections were incubat-
ed with diaminobenzidine. Nerve density was determined using
NIH Image, as described previously (7, 8).

Histology in sympatbetic ganglia. For whole-mount immunostaining,
embryos were fixed with paraformaldehyde and stained with anti-TH
antibody as described previcusly (23). Paraffin-embedded secrions
were stained with cresyi violet, antibody against TH and Ki-67 (DAKO
Corp., Carpinteria, California, USA); neuronal cell apoptosis was
detecred using ApopTag kit (Chemicon International Inc,) according
to the manufacrurer’s instructions. The total number of neurcns and
the neuron area were determined as described previously (24),

Statistical analysis. Values ate presented as means  SEM, Differences
between groups were examined for sratistical significance using Stu-
dent’s ¢ test or ANOVA with Fisher’s protected least significanc dif-
ference rest. Pvalues less than 0.05 were regarded as significant.

Results
ET-1, but not angiotensin II, phenylephrine, LIF, or IGF-1, increases NGF
expression in cardiomyocytes. Transcription of the NGF gene results in
four different sizes by alternative splicing (25). The levels of the four
Volume 113 Number§
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Figure 1

Spocific augmentation of NGF expression by ET-1 in cardiomyocytes. (A) Gene expression of four NGF alternatively spliced transcripts (a—d} in murine
heart (H}, brain (BR), and submaxiliary gland (S} was determined by RT-PCR. The number cf PCR cycles is 35. m, markar. (B) Cardiomyocyles wero
stimulated with ET-1, angiotensin Il (Ang It), phemyephrine (PE), LIF, or IGF-1 for 2 hours. Northem biot analysis for NGF was performed. (C) Stimu-
lation of cardiomyocytes with ET-1 for specified time intervals. (D) Stimulation of cardiomyocytes with various concentrations of ET-1. (E) Cardiomy-
ocytes were pretrealed with BQ 123 (BQ) or TAK044 (TAK) for 30 minutes; then RNA was isolated 2 hours after ET-1 stimulation. (F) Induction of NGF
expression by ET-1 in cardiomyocytes (CM), but not in cardiac fibroblasts (CF). Resulls similar to those shown in A-F were obtained in four separate
axperiments. (G} NGF protain levels in conditioned medium. Augmentation of NGF protein was inhibited by pretreatment with BQ123. {n = 4.) (H) Secre-
tion of NGF by cardiomyocytes was not induced by angiotensin I, phenylephrine, LIF, or IGF-1 (n = 4). *P < 0.001. NS, not significant vs. control.

NGF transcripts in the murine heart, brain, and submaxillary gland
were determined by RT-PCR using the four primer sets to distin-
guish each transcripr (Figure 1A). All cranseripts were detected in the
heart. Consistenc with a previous study (25), transeript b was the
major NGF mRNA species in the heart. Cardiomyocytes were stim-
ulated with various cardiac hypertrophic factors, and NGF expres-
sion was ascertained by Northern blor analysis (Figure 1B). Of these
facrors, only ET-1 augmenred NGF expression, which was induced
by a 30-minute incubation and peaked after 2 hours in a dose-depen-
dent manner (Figure 1, C and D}. Preincubation with BQ123 (an
ETa receptor antagonist} and TAK044 (an ETp receptor antago-
nist) completely inhibited ET-1-induced NGF expression (Figure
1E), indicating that ETa mediares this induction. To determine the
cell rype responsible for NGF induction, cardiomyocytes and eardiac
fibroblasts were prepared separately (14}, and the induction experi-
ments were repeated. We found thar NGF induction occurred only
in cardiomyocytes (Figure 1F), indicating thar the induction process
occurs in a cell type-specific manner.

The NGF protein in ET-1-stimularted cardiomyocyte-conditioned
medium increased 2.2-fold. BQ123 completely inhibired this aug-
mencarion (Figure 1G}. Other hypertrophic factors had no effecr on
NGF expression {Figure IH).

B78 The Journal of Clini¢al Investigation

-618-

hetpiffwww.jei.org  Volume 113

Intracellular signaling of ET-1-induced NGF augmentation is distinct
from the ET-1-induced BNP pathway. The ET, receptor binds to chree

types of G proteins: Gs, Gq, and Gi (26). To determine the specif-
ic G protein subtype, we pretreated the cells with the Gi inhibitor
PTX or the protein kinase A (PKA) inhibitor H89. Contrary to the
well-known hypertrophic-signaling pathways, NGF induction was
complerely repressed by PTX {Figure 2A). To determine whether
Gia or Gify is involved in this process, we transfected the cells
with the BARK-ct adenovirus and stimulated them with ET-1.
BARK-ct significantly artenuared induction of NGF (Figure 2B),
showing thac GiPy plays an important role in this pathway.
Expression of the hypertrophic markers atrial natriuretic peptide
(dara not shown) and BNP was unaffected in these experiments
(Figure 2, A and B).

The Gify-mediated pathway is known to activate various signal-
ing molecules in other cell types {16, 27). We examined the effects of
various signal transduction inhibitors and found that ET-1-induced
NGF augmentation was attenuated by chelerythrine, PMA (long pre-
treatment), PP2, AG1478, PD98059, and SB203580, but unaffected
by woremannin or KN62 (Figure 2, D-G). Transient stimulation
with PMA also induced NGF expression (Figure 2C). BNP was down-
regulared wich PD98059 precreatment bue was unaffected by other

MNumber5  March 2004
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Figure 2

The ET-1/ETa receptor augments NGF expression via Gifly, PKC, EGFR, ERK, p38MAPK, and AP-1 and C/EBPS elements, (A} Preincubation of car-
diomyocytes with either PTX or H89. NGF mRNA expression was determined 2 hours after ET-1 stimulation. (B) Cardiomyocytes were pretreated with
LacZ or BARK-ct to inhibit the function of Gify, and stimulated with ET-1. PARK-¢t attenuated ET-1-induced NGF expression, but not BNP. (C and D)
Stimulation with PMA (a PKC activator) for 2 hours augmented NGF expression. In contrast, pretreatment with chelerythrine (che; a PKC inhibitor) for
30 minutes or PMA for 24 hours inhibited ET-1-induced NGF expression. {E and F) Pretreatment with PD28059 (PD; an MAPK inhibitor), AG1478 (AG;
an EGFR inhibitor), SB203580 (SB; a p38MAPK inhibitor), or PP2 (an Src family inhibitor}, but not with wortmannin (WM; a PI3K inhibitor} or KNE2 (a
calmodulin kinasa Illv inhibitor) attenuated ET-1-induced NGF mRNA expression. BNP was affected only with PD98052 pretreatment. (G) The results
of the densitometry of four separate experiments ars shown. *P < 0.001 vs. control; *"P < 0.01 vs. ET-1 alone. NS, not significant vs. ET-1 alone. (H and
1) Cardiomyocytes were pretreated with DN-ERK or DN-p38MAPK. {J and K) Identification of ET-1-responsive elements in the NGF promoter using
luciferase assay. Black bars, control; white bars, ET-1 stimulation (7 = 4). (L) Specific negative regulatory plasmid of the EGFR (533delEGFR) or the

Sre family (Csk) inhibited NGF transcription (rt = 4). *P < 0.001, ""P < 0.01, *P < 0.05 vs. relative control. NS, not significant.

inhibicors, indicating thar this pathway is clearly distinct from
pathways that mediate hypertrophy. Transfection of DN-ERX or
DN-p38 strongly attenuated NGF induction, showing that excra-
cellular signal-regulared kinase (ERK) and p38MAPK are critical in
this augmentation (Figure 2, H and I}.

The NGF promoter contains both activator protein-1 (AP-1) and
CCAAT /enhancer-binding protein § (C/EBP3) elements (18). ET-1
augmented luciferase activity from the full-length NGF promoter
{-615/+50) 4.0-fold, but deletion of the AP-1 element markedly
decreased this augmentarion (Figure 2J). The truncation plasmids
revealed that the C/EBPS element was also involved in this induc-
tion, burt that the AP-1 element was more critical. Other hyper-
trophic factors did not induce NGF transcription {Figure 2K},
Cortransfection of luciferase under the influence of the NGF pro-
moter with a mock plasmid or with rhe Csk or the 533delEGFR
plasmid revealed that Src- and EGFR-mediated signaling was
involved in NGF induction (Figure ZL), These results indicate that
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Gipy, PKC, the Sre family, EGFR, ERK, p38MAPK, C/EBPS, and the
AP-1 site are critically involved in this signal transducrion pathway.
ET-1 augments NGF-induced differentiation of PCI2 cells through NGF
secretion from cardiomyocytes. PC12 cells, a rat pheochromocytoma
cell line thar responds with neurite extension to NGF, was used to
assay conditioned medium. To determine whether ET-1-induced
NGF production in cardiomyocytes is a biologically relevant phe-
nomenon, we stimulated PC12 cells with conditioned medium for
3 days and examined cell morphology (Figure 3A). Medium con-
ditionied with ET-1-stimulated cardiomyocytes significancly
induced neurite outgrowth compared with medium conditioned
with unstimulated cardiomyocyres (Figure 3B). Pretrearment of
PC12 cells with anti-NGF blocking antibody strongly suppressed
cell differentiation (Figure 3C). To mimic sympathetic innervation
in the heart, we cocultured PC12 cells with cardiomyocytes and
stimulared them wich ET-1. PC12 cells showed differentiation that
was inhibited by precreatmenc with anti-NGF blocking antibody
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ET-1 causes NGF-mediated differentiation of PC12 calls. (A) PC12 cell morphology was observed after incubation for 3 days in mock medium or medi-
um conditioned with unstimulated cardiomyocytes (U-CM) or ET-1-stimulated cardiomyocytes (ET-CM). Medium conditioned with ET-1-stimulated car-
diomyocytes strongly induced neurite extension in PC12 cells comparned with medium conditioned with unstimulated candiomyocytes. (B) Percentage of
differentiated cells in A {n = 4). (C) PC12 cells were pretreated with anti-NGF blocking antibody for 30 minutes, then incubated with the conditioned medi-
um {n = 4). (D) PC12 cells transfected with LacZ were cocultured with cardiomyocytes, then stimulated with ET-1 of ET-1 pPlus anti-NGF blocking anti-
body for 3 days. PC12 cells were identified using X-gal staining. (E) Percentage of differentiated cells in D (1 = 4). (F) NGF protein levels in medium cor-

ditioned with Edn?++ or Edn7~+ cardiomyocytes wene measured by ELISA (n = 4).*P < 0.0001; "*P < 0.001; *P < 0.01. Scale bar: 100 um,

(Figure 3, D and E), indicaring thar the NGF secreted by car-
diomyocytes is capable of stimulating neuritogenesis in PC12 cells.

To investigate whether endogenous ET-1 secreted by cardiomy-
ocytes is critical for NGF production, we measured the NGF protein
level in medium conditioned with Edn1~- or Edn1*/* cardiomyocytes
and found it to be reduced by half in medium conditioned with
Edn1~- cardiomyocytes (Figure 3F).

Disruption of ET-1, but not angiotensinggen, reduces NGF expression, sym-
Dpathetic nerve density, and norepinephrine concentration in the beart. To
investigate whether ET-1-specific induction of NGF in cardiomy-
ocytes participated in cardiac sympathetic nerve development, we
analyzed Ednl~- mouse hearts at embryonic day (E) 18.5. Atz mice
were used as a control. The levels of NGF mRNA in Ednl~- mouse
hearts were downregulated to 32% of those in EdnI** hearts {Figure
44), while those in Atg~~ mice showed no change (97% of those in
Atg** mice). The mRNA levels of neurotrophin-3, another neu-
rorrophic factor known to induce sympathetic innervation (28}, were
unaffected in Ednl~- and Arg~~ mice (Figure 4B).

To determine the cardiac sympathetic nerve density in these mice,
immunostaining was conducted using antibodies to TH, a marker
for sympathetic nerves, GAP43, 2 marker for nerve sprouting, and
PGPY.5, a general marker for peripheral neurons. Immunostaining
for TH, GAP43, and PGP9.5 was performed on serial sections and
labeled che same structures in several areas of the heart (dara not
shown), as deseribed previously (7, 8). At E18.5, most sympatheric
nerve endlings were restricted to the epicardium in both Edni-*- and
Atg™" mice. Surprisingly, GAP43, PGP9.5, and TH immunoreactivi-
ties were markedly decreased only in Ednl~- mice (Figure 4, C-F).
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The concentracion of toral cardiac norepinephtine was signifi-
cantly lower in Edni~- mice than in Ednl*/* littermates but was
unaffected in Arg~- mice (Figure 4G). These results indicated that
NGF expression and cardiac sympathetic innervation are specifi-
cally reduced in Edn1-- hearts.

ET-I-deficient mice display a loss of SG newrons by apoptosis during periods
of NGF dependence. The cardiac symparthetic nerve extends from the
sympathetic neurons in G, which are derived from neural crest cells.
Neural crest cells migrate and form sympathetic ganglia by E11.5, then
proliferare and differenciate into mature neurons. To examine
whether ET-1 affects the early stage of sympathetic trunk formation
in SG, we immunostained whole-mount Ednl~/- embryos with anti-
TH antibody at E12.5 (Figure 5A). TH* neurons formed normal gzn-
glia and sympathetic crunks bilaterally to the vertebra. Next, we exam-
ined the size and cellularity of G by cresyl violet staining and
immunostaining for TH (Figure §, B, C,and F). AtE12.5 and E15.5,
neuronal cell counts and area were unaffected in Ednt~- SG compared
with WT. Moreover, TH immunoreactivities were not changed in
Edn1*- 8G, indicarting that migration and differentiarion of neural
crest cells in SG were not disrupted in the early stages. Ar E18.5, how-
ever, Ednl~- SG were markedly smaller than those found in WT
embryos, contained fewer neurons (55% of WT), and had a mean neu-
ronal area that was 73% smaller than that of WT embryos. Thus,
Edn1~-5G exhibited a dramaric loss of sympathetic neurons between
E15.5 and E18.5. To examnire the cause of the loss of $G neurons in
Edn1- embryos, sections were processed with Ki-67 immunostaining
to assess the level of proliferation (Figure 5, D and G). Ednl~~ §G dis-
played nearly identical levels of proliferation compared with WT ac
Volume 113
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Figure 4

Disruption of ET-1, but not of angiotensinogen,
reduces NGF expression, sympathetic nerve den-
sity, and norepinephrine concentration in murine
hearts. {A) NGF expression in Ednt++, Edni-+,
Atg*+, and Atg~- hearts at E18.5 was dstermined
by quantitative RT-PCR (n = 10). (B} Neurotrophin-
3 (NT-3) expression in the heart was measured by
quantitative RT-PCR. The same revarse transcrip-
tion products used in A wera analyzed. {n = 10.)
{C) Immunostaining for GAP43, PGP2.5, and TH

1.2 -
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55 04 T % 041
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Ednt Atg
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in the heart. Nerves were restricted to the epi-
cardium in both genotypes, and levels of GAP43,
PGP9.5, and TH ware lower in Edn 7= mice, but
not in Atg~ mice, compared with WT litermates.
(D-F) The immunopositive nerve areas for
GAP43, PGPS.5, and TH were determined using
NIH Image (n = 8). {G) Cardiac norepinephrine
{NE} concentrations were measured by HPLC
{rr = 10). "P < 0.0001; **P < 0.005; *P < 0.01. NS,
not significant. Scale bar: 100 um.

detecred from E12.5 and increased sequentially,
but levels were similar in Ednl~/- and Ednl1**
hearts ar the early stages. Sympathetic nerve end-
ings were not detected ar E12.5 (data not shown)

. o “+>  and appeared from E15.5, but no difference was
D E 14 . NS obsetved at this stage. These findings suggested
. 14 —— —_ n 12 ] — L that sympathetic nerve fibers initially reached the
? - 1.2 1 2 s 10d heart and that disruption of subsequent innet-
%9 101 g O-B | varion was coincident with NGF downregulation
© 5 081 22, in Edn1 hearts between E15.5 and E18.5.
2z 50861 &3 ] Cardiac-specific overexpression of NGF overcomes
I Co4 e = 04 : : .
© (4 the defects of the cardiac sympathetic nervous system in
< o2 0.2 1 Ednl~- mice. It is possible that the low sympa-
0 — e+ pro— 0O — i Y thetic netve density in the heart and excess apop-
Edn1 Atg Eant Alg tosis in SG neurons in Ednl~/- mice are a direct
F . NS G o . NS effect of ET-1 deficiency. To address this ques-
1.2 4 r “7 1 = tion, we initiated a genetic rescue of cardiac NGF
. 104 g __C:) 1.0 1 expression in Edn ]~ mice to investigate whether
= 2 08 4 g 208 the defects were caused by reduced NGF expres-
:Z_’ 0.6 b gcg 0.6 4 sion. Transgenic mice overexpressing rat NGF
-4 0.4 - % § 0.4 - under the control of a-myosin heavy chain pro-
@ c- B W moter were bred onto the Edni/- background to
02 1 €z 024 restore NGF activity specifically to the hearts of
0 PYRE 0 pr— Edn1-* embryos. Ednl/-/MHC-NGF mice died
=T ™ Eani Al postnatally and had craniofacial defects similar

each stage. Given that the requirement of NGF for the survival of sym-
pathetic neurons begins at E16.5, we used TUNEL staining to address
‘whether excess apoptosis accounts for the loss of neurons. At E12.5
and E15.5, excess apoptosis was not detecred, buc ar E18.5, Ednl~~ 3G
displayed a fourfold increase in the number of TUNEL" cells com-
pared with those of WT littermates (Figure 5, E and H). These results
indicated that loss of sympathetic SG neurons in Edn1-/- mice results
from excess neurortal apoptosis in late gestarion but not from a fail-
ure in neuronal migration, differentiation, or proliferation.

Next, we analyzed the time course of cardiac innervation and NGF
levels in Ednl/- and Edn!** hearts (Figure 5, I-K). NGF mRNA was

The Journal of Clinical Investigation  heepy//wwwjciorg  Volume 113 Numbers  March 2004

to those observed in Edn !~ mice. Quanditarive

RT-PCR revealed that strong NGF expression,

14.5-fold thar of the control mice, was detected
in Edn1--/MHC-NGF hearts at E18.5 (Figure 6A). Immunostaining
for TH {Figure 6, B and C}, GAP43, and PGP9.5 (data not shown)
showed that EdnI--/MHC-NGF mice had hyperinnervation com-
pared with Ednl~/- littermates. The norepinephrine concentration
was markedly increased in Ednl-/-/MHC-NGF hearts (Figure 6D).
These results show that cardiac-specific NGF overexpression resrores
sympathetic nerve density in Edn1-/- hearts. Next, Edn1~-/MHC-NGF
5G were examined by cresyl violet staining, immunestaining for TH
and Ki-67, and TUNEL staining at E18.5 (Figure 6, E-G). Loss of symn-
pathetic neurons and reduced neuronal area were completely over-
come, and che level of TUNEL" cells also decreased. These results sup-
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Edn1+ embryos display a loss of SG neurons due to excess apoptosis. {A) EdnT+* and Edn1-- whole-mount embryos at E12.5 were Immunos-
tained with anti-TH antibody. 8CG, superior cervical ganglion; i, forelimb. Similar results wera obtained from four separate experiments. (B—E) TH
immunostaining, cresyl violet staining (CV), Ki-67 immunostaining, and TUNEL staining of Edn++ and Edn1+ SG at E12.5, E15.5, and E18.5 at the
same level of section. Note that at £18.5, Edn1+ SG were considerably smaller than Edn7++ §G and increased apoplosis was detected. (F=H) Time
course of the number of neurons, Ki-67+ eells per 100 neurons, and TUNEL* cells per 1,000 neurons in SG was shown (n = &), {I) Time course of
NGF expression in Edn7+* and Edn1-- hearts was determined by quantitative RT-PCR {n = 3). (J and K) Immunastaining for TH in the heart of
Edn1++ and Edn1-- embryos at £15.5 and E18.5. TH-immunopositive narve fibers wers slightly detected from E15.5. LA, left atrium: LV, left ventri-
cle. The immuncpositive nerve areas tor TH were determined using NIH tmage. (n = 4.) *P < 0.001; *"P < 0.01; *P < 0.05. NS, not significant vs. rel-
ative control. Scale bar: 500 um (A), 100 pm (B and J), 10 um (€ and D}, 50 um (E). Black bars, £dn+*; white bars, Edn1-.

port the hypothesis that the ET-1-NGF pathway plays a critical role
in development of the cardiac sympathetic nervous system.

Discussion

Cardiac performance is rightly conrrolled by the autonomic nervous
system. NGF is the best-characterized and most well-known member
of the neurotrophin family, which conrribures ro the development and
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maintenance of sympathetic innervation. The level of NGF syrithesized
in the target organ determines its innervation densiry (2, However, the
molecular mechanisms that regulate NGF expression and sympathet-
ic innervation remain poorly understood. In this study, we found that
(a) ET-1, but not angiotensin I, phenylephrine, LIF, or IGF-1, induces
NGF augmentation in cardiomyocytes; (b) ET-1-induced NGF aug-
mentation is mediared by the ET, receptor, Gify, PKC, the Src family,
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Cardiac-specific overexpression of NGF overcomes the defects of the candiac sympathetic nervous system in Edn7-- mica, (A) NGF expression in Edni++,
Edn1+, and Edn1+/MHC-NGF hearts is shown (n = 6). The reduced NGF expression in the Edn7+- heart was completely overcome by cardiac-specific
overaxpression of NGF. (B) Immunostaining for TH in the hearts of Edn1++, Edni-, and EdnT--MHC-NGF mice. Scala bar: 100 pm. (€} The immunopos-
itive nerve areas for TH were quantitated (n = 6). (D} The cardiac norepinephrina {NE) concentration was incraased in Edn1--MHC-NGF mice compared
with Edn1+- mice {7 = 6). (E) TH immunostaining, cresyl violet staining {CV}, Ki-67 immunostaining, and TUNEL staining of Edn1++, Edn1+-, and
Edn1+MHC-NGF SG at E18.5 at the same level of section. Note that the reduction of the size of SG and the increase in TUNEL* cells in Edn?~ mice
wera completely reversed in Edn?-/MHC-NGF mice. {F and G) The number of neurons and the number of TUNEL* cells per 1,000 neurons in each SG
are shown (n = 3-6). *P < 0.0001; P < 0.01; £ < 0.05. TG, transgenic. Scale bar: 100 um (TH), 50 um (TUNEL), 10 pm (CV and Ki-67).

EGFR, ERK, and p38MAPK, bur not by PKA, PI3K, or calmodulin
kinase I or IV; {c) AP-1 and C/EBPS elements are essential cis-elements
for ET-1-induced NGF transcription, with AP-1 being the more criti-
cal of the two; (d) ET-1-induced NGF augmentation in cardiomyocytes
stimulartes the differentiation of PC12 cells; and (e) the analysis of
Ednt~- and Ednl--/MHC-NGF mice demonstrated that ET-1 is
required for induction of NGF expression and for promotion of sym-
pathetic innervation and survival of SG neurons. These results show
that ET-1-specific regulation of NGF in cardiomyocytes plays a criti-
cal role in the development of the cardiac sympathetic nervous system.

Of the cardiac hypertrophic factors investigated in this study, only
ET-1 augmenred NGF expression, and the ET-1-NGF pathway was
mediated by the ET, receptor and Gify. The ET, recepror is known
to activate Gs, Gq, and Gi proteins, while phenylephrine and
angiotensin I activare Gq and Gs proteins (29). The characreristic
coupling of the ET receptor to G protein subunits might explain
the specificity of ET-1-induced NGF augmentation. In contrast to
the present study, a previous study reported that the cAMP-PKA
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pathway was involved in B-adrenoreceptor-mediated NGF augmen-
tation in astrocytoma cells {30). The finding rthat ET-1 does not
induce NGF augmentation in cardiac fibroblasts suggests that the
NGF inducrion pathway is mediated in a cell type-specific manner.
In this study, we found that the differentiation of PC12 cells was
enhanced when the cultures contained medium conditioned with
ET-1-stimulated cardiomyocytes or were cocultured with car-
diomyocytes treated with ET-1. Our results point to a critical role for
ET-1-induced NGF production in the promotion of neurite exten-
sion. This is based on our finding that ET-1-induced neutite exten-
sion is comnpletely blocked by anti-NGF antibody, and that ET-1
alone did not augment PC12 cell differentiation {dara not shown).
The blocking, by anti-NGF blocking antibody, of neurite extension
induced by medium conditioned with unstimulated cardiomyocytes
shows that cardiomyocytes secrete a basal amount of NGF.
Expetimental sympathectomy does not alter the onset or extent of
NGF mRNA accumulation in target organs, which indicates that reg-
ularion of NGF synthesis during development is independent of inner-
Number 6
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vation or norepinephrine secreted from sympathetic nerves (31).
Upstream molecules that regulate NGF expression in vivo remain
undetermined. The present study demonstrated that NGF was down-
regulated and symparthetic innervation in the heart was reduced in
Ednl~- mice,but notin Atg- mice. Moreover, in Ednl-~ mice, SG that
contribute to the sympathetic innervation of the heart revealed neu-
ronal loss due ro excess apoptosis at the late embryonic stage, but not
due to failure in neuronal migrarion, differentiation, or proliferation.
These findings are consistent with previous reports that increased
pyknosis is detected from E16.5 in NGF-targeted mice and that NGF
transported from targer organs acts on survival of innervating neurons,
but not on proliferation or differentiation of symparhetic neurons {24).
Developing axons are guided o their targets and maintained by extra-
cellular molecules. Neurorrophin-3 is also a eritical factor for the sur-
vival and differentiation of sympathetic neurons (2, 35, 28), However,
neurotrophin-3 was not downregulated in £dnl1- heart, and the sym-
patheric neuronal defects revealed in Ednl- mice were restored by
overexpression of NGF in the heart. Taken rogether, these findings sug-
gest thar ET-1 is a key regulator of NGF induction in the heart and
plays a specific and eritical role in construction of the cardiac sympa-
thetic nervous system via the regularion of NGF production. To our
knowledge, this is the first report to identify a molecule thart regulates
NGF production in sympathetic target organs.

From a clinical perspective, ET, receptor antagonists are known
to improve the prognosis of heart failure by preventing cardiac
remodeling and vencricular dysfunction {32). ET, receptor antag-
onists also have an antiarrhythmic effect in pathological hearts,
although the mechanism remains unclear (33). Neural remodel-

A
4

ing in symparhetic nerve sprouting results in ventricular tachy-
arrhythmia in diseased human hearts and in animal models (7, 8).
In contrast, B-blocker therapy decreases the risk of sudden death
secondary to ventricular tachyarrhythmia in ischemic heart dis-
ease or congestive heart fajlure. Given that ET-1 is strongly
induced in the process of heart disease, the beneficial effects of
ET, receptor antagonists as antiarthythmic agents may be relat-
ed to the remodeling of the sympathetic nervous system that is
mediared by the ET-1-NGF pathway. Further studies are needed
to investigate whether ET-1 augmentation leads to an increase in
NGF in the diseased heart.

In conclusion, these findings indicate thar ET-1 regulates NGF
expression in cardiomyoecytes and plays a critical role in sympathet-
ic innervation of the heart.
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Leukemia Inhibitory Factor Activates Cardiac L-Type Ca**
Channels via Phosphorylation of Serine 1829 in the Rabbit
Ca, 1.2 Subunit

Eiichi Takahashi, Keiichi Fukuda, Shunichiro Miyoshi, Mitsushige Murata, Takahiro Kato, Makoto Ita,
Tsutomu Tanabe, Satoshi Ogawa

Abstract—We have previously reported that leukemia inhibitory factor (LIF) gradually increased cardiac L-type Ca®*

channel current (I, ), which peaked at 15 minutes in both adult and neonatal rat cardiomyocytes, and this increase was
blocked by the mitogen-activated protein kinase kinase inhibitor PD98059. This study investigated the molecular basis
of LIF-induced augmentation of I, in rodent cardiomyocytes. LIF induced phosphorylation of a serine residue in the
ay. subunit (Ca,1.2) of L-type Ca®* channels in cultured rat cardiomyocytes, and this phosphorylation was inhibited by
PD98059. When constructs encoding either a wild-type or a carboxyl-terminal-truncated rabbit Ca,1.2 subunit were
transfected into HEK293 cells, LIF induced phosphorylation of the resultant wild-type protein but not the mutant
protein, Cotransfection of constitutively active mitogen-activated protein kinase kinase also resulted in phosphorylation
of the Ca,1.2 subunit in the absence of LIF stmulation. In in-gel kinase assays, extracellular signal-regulated kinase
phosphorylated a glutathione S-transferase fusion protein of the carboxyl-terminal region of Ca,1.2 (residues 1700
through 1923), which contains the consensus sequence Pro-Leu-Ser-Pro. A point mutation within this consensus
sequence, which results in a substitution of alanine for serine at residue 1829 (S1829A), was sufficient to abolish the
LIF-induced phosphorylation, LIF increased I; in HEK cells transfected with wild-type Ca,1.2 but not with the
mutated version. These results provide direct evidence that LIF phosphorylates the serine residue at position 1829 of the
Ca,1.2 subunit via the actions of extracellular signal-regulated kinase and that this phosphorylation increases I, in
cardiomyocytes. (Circ Res. 2004;94:1242-1248.)

Key Words: cardiomyocytes @ extracellular signal-tegulated kinase s leukemia inhibitory factor
m L-type Ca®* channels m phosphorylation

he cardiac L-type Ca®* channel is the predominant jon
channel within the heart, with each cardiomyocyte ex-
pressing ~30 000 copies.! Cardiac L-type Ca** channels play
essential roles in cardiac excitability, in coupling excitation to
contraction, and in arrhythmogenesis. The channel is com-
posed of four subunits, a,, @, B, and §, and some channel
functions are regulated by phosphorylation of the a,, subunit
(Ca,1.2).2 Protein kinase A (PKA) has been shown to phos-
phorylate the serine residue at the carboxyl end of Ca,1.2,24
and protein kinase C (PKC) may phosphorylate Ca,1.2 at the
amino terminal.’ These findings suggest that phosphorylation
of the intracellular domain of the cardiac L-type Ca* channel
may be the critical mechanism for modulating its current.
Leukemia inhibitory factor (LIF) is a member of the
interleukin-6 family ‘aid has a potent hypertrophic effect on
cardiomyocytes.® We and others have demonstrated that

JAK/STAT,*" mitogen-activated protein kinase,® phosphati-
dylinositol 3 kinase,® and calmodulin-dependent kinase'® lie
downstream of gpl30 in cardiomyocytes and that these
pathways play important roles in mediating cardiac hypertro-
phy. While investigating the molecular mechanism of LIF-
induced cardiac hypertrophy, we found that this cytokine
increases the L-type Ca** current (I, ) in cardiomyocytes.!!
Although the molecular mechanisms by which LIF stimulates
ey remains unknown, we have shown it to be independent of
PKA and PKC and have shown that the mitogen-activated
protein kinase kinase (MEK) inhibitor PD98059 specifically
inhibits the LIF-induced amplification of fcy. We also iden-
tified two extracellular signal-regulated kinase (ERK) con-
sensus sequences (Pro-X-Ser and Thr-Pro) at the carboxyl
end of Ca,1.2 and showed that they are conserved among
different species (human, rat, mouse, and rabbit). Based on
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Figure 4. LIF phosphorylated the Ca,1.2 subunit of the L-type
Ca?* channel in vitro at the carboxyl terminal via the MEK/ERK
pathway. A, Wild-type-Ca,1.2 was cotransfected with constitu-
tive active MEK1 (caMEK1) and Ba, subunit, and phosphoryla-
tion of Ca,12 was detected. The caMEK1-transfected cells
showed phosphorytation of Ca,1.2 in the absence of LIF stimu-
lation, indicating that the MEK1/ERK1 pathway was sufficient to
induce phosphorylation. A represertative autoradiogram from 4
independent experiments is shown. B, Wild-type (WT) or a dele-
tion mutant (Del) lacking the carboxyl terminal of Ca, 1.2 was
transfected into HEK293 cells with the B, subunit, and the cells
were stimutated with LIF, The wild-type Ca,1.2 was phosphory-
lated with LIF, but the deletion mutant was unaffected by LIF.
Results wera the mean of 5 separate experiments, in which
each experiment showed similar results. ns indicates not signifi-
cant vs control [LIF(-), PD98059(-)], *P<0.05 vs control.

with LIF. Although the wild-type Ca,1.2 was phosphorylated
2.5-fold greater than the control (n=35, P<0.03), the deletion
mutant was not phosphorylated by LIF at all (n=35, not
significant) (Figure 4B).

LIF Phosphorylates the Carboxyl-Terminal of

Ca,1.2 From Amino Acids 1812 through 2171

To identify the phosphorylation site, we prepared deleted
GST-fusion proteins of Ca,1.2 as a substrate and performed
in-gel kinase assays. The three deleted fusion proteins con-
tained either no ERK1/2 consensus sequences, the Pro-Leu-
Ser-Pro sequence, or the Pro-Ala-Thr-Pro sequence (see also
Figure 1). Serum-starved primary cultured rat neonatal car-
diomyocytes and rat aortic smooth muscle cells were incu-
bated for 15 minutes with LIF and angiotensin II, respec-
tively, and in-gel kinase assays were performed using myelin
basic protein (MBP), GST, or deleted Ca,1.2 GST-fusion
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proteins. ERK1/2, which was activated by LIF, phosphory-
lated the MBP and the protein containing the Pro-Leu-Ser-
Pro consensus sequence, and this phosphorylation was
blocked by preincubation with PD98059 (Figure 5). These
findings indicate that activated ERK1/2 can phosphorylate
the carboxyl terminal of Ca,1.2 between amino acids 1700
and 1923.

Ca,1.2 Is Specifically Phosphorylated by LIF at
Serine 1829

To confirm that the LIF-induced phosphorylation of the
carboxyk-terminal of the L-type Ca® channel actually oc-
curred at the ERK target sequence (Pro-Leu-Ser-Pro, 1827
through 1830), we cotransfected HEK293 cells with the 8,
subunit and constructs encoding either the S1829A mutant
Ca,1.2 or wild-type Ca,l.2. Cells were then metabolically
labeled with ®P.orthophosphate, After treatment with LIF,
the wild-type Ca,1.2 was phosphorylated 2.9-fold over the
control, whereas the mutant Ca,1.2 remained unphosphory-
lated (Figure 6), indicating that Ca,1.2 was specifically
phosphorylated at serine 1829,

LIF Increased Ig, in the Wild-Type Ca,1.2 but
not in the S1829A Mutant Ca,1.2

To confirm that the S1829A point mutation in Ca,1.2 abol-
ished the response to LIF, we measured the peak inward
current in HEK293 cells cotransfected with the B, subunit
and either wild-type or mutant Ca,1.2. In our preliminary
conventional whole-cell patch clamp experiment, the peak
inward curreat varied from 0 to 6 nA in wild-type (n=57) and
from O to 2 nA in mutant (n=30) cells, but the difference was
not statistically significant. Little or no inward current (<50
pA) was observed in 10 GFP-positive wild-type cells or in
four GFP-positive mutant cells. Although some cells dis-
played large currents (>1InA; n=2 in wild-type, n=1 in
mutant), the current density was generally similar between
the two groups. In the perforation patch-clamp experiment,
the amplitude of the curment was stable during the observation
period, suggesting no natural run down. The amplitude of the
peak current 5 minutes after exposure to LIF increased in the
wild-type Ca,1.2 celis (38+40%, n=T7), whereas there was a
small decrease in current in mutant cells (—16+10%, n=7,
P<0.05 versus wild-type). A representative lime course of
the increase in I; is shown in Figure 7. The representative
original current trace was shown in online Figures | and 2
(available in the online data supplement at http://circres.a-
hajournals.org). Cells transfected with wild-type showed an
increase in the amplitude of the current 5 minutes after
exposure to LIF that reached a maximem after 20 minutes.
Cells transfected with mutant showed a small decrease
immediately after the change of solution that was stable for
>30 minutes. Furthermore, extracellular application of 10
pmol/L dB-cAMP or 8Br-cAMP did not increased the I in
wild-type cells, suggesting there is no PKA pathway to
phosphorylate the L-type Ca** channel in HEK293 cells (data
not shown), These results indicated that the LIF-induced
increase in I, was mediated by the phosphorylation of serine
1829.
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Discussion
This study investigated the molecular mechanisms of the
LIF-induced increase in [0y . LIF was found to induce specific
phosphorylation of serine 1829 of rabbit Ca,1.2, the a,
subunit of the cardiac L-type Ca** channel. Because LIF
failed to induce any increase in current when the subunit
contained an $1829A point mutation, we have shown that this
phosphorylation event is necessary for the observed increase
in Joy. The serine residue at position 1829 lies within an
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Figure 6. Ca,1.2 is specifically phosphorylated by LIF at serine
1829. Wild-type Ca,1.2 (WT) or the point mutant Ca,1.2 (serine
1829 to alanine substitution, MT) was transfected together with
the B, subunit into HEK293 cells and metabolically labeled with
ortho-*P, Cells were stimulated with LIF for 15 minutes, and the
wild-type or mutant Ca,1.2 was immunoprecipitated. The
increased intensity of the phosphorylation of the Ca,1.2 was
nomalized by the intensity of the phosphorylation in the
absence of LIF stimutation in wild-type and mutant cells,
respectively. Results are the mean of 3 separate experiments, in
which each experiment showed similar results. ns indicates not
significart vs control [LIF(—), PD98059(-)], “P<0.05 vs control.
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unit of the L-type Ca** channel in vitro at the
carboxyl terminal from positions 1700 through
1923 via the MEK/ERK pathway. GST-fusion
proteins were prepared for 3 regions of the
carboxy! terminal of Ca,1.2. Part |, 1472
through 1699; part Il, 1700 through 1923; and
part 1ll, 1924 through 2171. In—gel phosphory-
lation of the GST-fusion proteins was
assessad by using LIF-stimulated cardiomyo-
cyte lysates {top) or angiotensin ll-stimulated
RASM cell lysates (bottom). Arrows indicate
that 42- and 44-kDa ERK1/2 phosphorylated
the substrates (MBP and part If). A representa-
tive autoradiogram from 3 independent experi-
ments s shown.

ERK1/2 consensus phosphorylation sequence and is therefore
phosphorylated either by ERK1/2 or kinases activated by
ERK1/2. In agreement with a previous study,z® PKA activa-
tion by the cell-permeable cAMP compound failed to in-
crease Iy in HEK293 cells because of the lack of A-kinase
anchoring protein. This also suggests that the LIF.induced
increase in oy in this system follows a pathway independent
of the PKA pathway.

Ca,1.2, which is critical for the modulation of the I, is
regulated via phosphorylation by various kinases at different
positions in the intracellular domains, especially the long
carboxyl-terminal domain. De Jongh et al? showed that PKA
phosphorylates the serine residue at position 1928 of the
carboxyl terminal of Ca,1.2 and that this phosphorylation
enhances cellular Ca?* entry in response to B-adrenergic
receptor stimulation. Leach et al** reported that PKA also
phosphorylates serine 1627 and serine 1700 in the carboxyl
terminal of Ca,l.2 in response to B-adrepergic stimulation.
These findings suggest that PKA-activating pathways modu-
late the Iy in cardiac muscle and that the C-terminal of
Ca,1.2 is a substrate for PKA. Shistik et al5 demonstrated that
PKC inhibits I, by phosphorylating threonine 27 and thre-
onine 31 at the N-terminal of Ca,l.2, whereas Jiang et al2s
reported that cGMP inhibits I, by phosphorylating serine
533 of Ca,1.2 via the action of protein kinase G. Recent
studies have revealed that the B8 subunit of the L-type Ca®*
channel also plays an important role in modulating the I, .
Haase and colleagues?s#? reported that PKA phosphorylates
the B subunit and increases Ca®* entry in response to
B-adrenergic stimulation both in vivo and in vitro. Biinemann
et 2128 showed that phosphorylation of serine 478 and serine
479 of the B, subunit is involved in this PKA-dependent
augmentation of Iy .

This study has identified a novel regulatory mechanism of
cardiac f,. To our knowledge, this is the first repott of
ERK1/2 involvement in the regulation of cardiac ... There
seem to be several reasons why this involvement has not been
previously recognized. After ligand stimulation, PXA, PKC,
and protein Kinase G are rapidly activated following the rapid
increase of the upstream second messengers cAMP, DG, and
cGMP. As a result, these kinases can phosphorylate Ca,1.2
and modulate the /., at an early stage, €g, 1 to 5 minutes after
the stimulus. By contrast, ERK1/2 is activated through
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various signaling molecules, such as sos, she, Gib2, rafl, and
MEK, and its activation does not peak until 8 10 15 mimutes
after the stimulus. The activation by LIF peaked at 15
minutes. In addition, the ERX-mediated increase in lew Was
only ~25% to 30% greater than baseline, far smaller than the
increase by PKA. Presumably, this rclatively small and slow
increase in Ca® curent caused by ERK or its downstream
kinases was easily masked by the other stimuli. For example,
endothelin-1 is known o increase foy in cardiomyocytes.
Because the ET-A receptor is linked to G/G/G,, endothelin-1
stimulation rapidly increases cAMP and IP3, resulting in
rapid activation of PKA and PKC at as early as 1 to 3
minutes. 253 Endothelin-1 also activates ERK, but its activa-
tion peaks at 8 to 10 minutes,* and thus the rapid activation
of PKA or PKC may mask the ERK-mediated augmentation
of Icy by endothelin-1. By contrast, the signaling pathway via
LIF uses rafl/MEK/ERK, JAK/STAT, and phosphatidylino-
sitol 3-kinase/ACT pathways through gp130 and not the PKA
or PKC pathways. Presumably we were able to detect
ERK1/2-mediated modification of cardiac L-type Ca®* chan-
nels because LIF activates ERK and not PKA or PKC.
ERK1/2 is a ubiquitously expressed member of the
mitogen-activated protein kinase family, which is activated in
response to a variety of extracellular stimuli. It has been
implicated in both growth and apoptosis in the cardiovascular
system. The downstream substrates of ERK include other
kinases, transcription factors, and membrane receptors and
other cell mediators. The only evidence of ERK functioning
in the regulation of the activity of membrane ion channels has
come from neurological studies. Adams and colleaguesiz3
reported that the A-type potassium channel Kvd.2 is a
substrate for ERK in hippocampal neurons and demonstrated
that ERK phosphorylates threonine 602, threonine 607, and
serine 616 within the cytoplasmic domain. Shi et al** dem-
onstrated that ERK phosphorylates the carboxyl terminal of
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Figure T. LIF increased /o, in the
Ca,1.2 but not in the S1829A mutant Ca, 1.2

(mv) The function of the transfectad L-type Ca®*
40 20 o 22 channeis was analyzed by ic3

perforated patch clamping. Time courses of

dca for transfected L-type Ca?* channels

oun {wid-type [A] and mutant [B]) in HEK203
cels are shown. The points in the figures are

peak inward curent armplitudes at 0 mV
Vimaxfbesolna) |*  “F every 10 seconds. Voltage protocol is shown
{ratio) in the inset. Solid bar at the top of the figure

2 indicates the duration of exposure to LF.
P<0.08.v8 beesire Currert trace for each time point was super-

- :rrpcsedioreaimm&spomhgswbda-d

in mutant L-type Ca?* channels, Amplitude
of inward currents before (baseine) and after
LIF administration was normalized to the
maximal inward cument gt the baseline.
Averaged data are plotted against the test
membrana potential in right panets (wikd-type
[C) and mutant [0F). LIF increased the /oy,
only in wikd-type L-type Ca** charmels, with-

the B (threonine 613) and y (threonine 623) subunits of the
cpithelial Na* channel, thereby facilitating their interactions
with the ubiquitin ligase Neddd, which ultimately inhibits
channel activity. These findings indicate that the phosphory-
lation of membrane ion channels by ERK1/2 is perhaps not an
uncommon regulatory mechanism. This study is the first to
demonstrate involvement of ERKI/2 in modifying cardiac
ion channels.

In the present study, the phosphorylation status of the g,
subunit was not investigated, because preliminary experi-
ments showed that LIF does not cause phospherylation of this
subunit Our finding that the point mutation of Ca,1.2 at
serine 1829 completely abolishes the increase in [, suggests
that it is unlikely that phosphorylation of the B,, subunit plays
a critical role in the regulation of the LIF-induced increase in
Icu. Because cardiac L-type Ca®* channels are critical ion
channels in the control of cardiac function, additional inves-
tigations are needed to precisely identify all of the regulatory
mechanisms involved.
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Objective: We have previously isolated cardiomyogenic cells from murine bone marrow (CMG cells). Regenerated cardiomyocytes are
important candidates for cell transplantation, but as they are stem cell derived, they can be contaminated with varicus cell types, thereby
requiring characterization and purification. Our objectives were to increase the efficiency of cell transplantation and to protect the recipients
from possible adverse effects using an efficient and effective purification process as well as to characterize regenerated cardiomyocytes.
Methods: Noncardiomyocytes were eliminated from a mixture of stem-cell-derived cells using a fluorescence-activated cell sorter to
specifically isolate CMG cells transfected with a recombinant plasmid containing enhanced green fluorescent protein (EGFP) cDNA under
the control of the myosin light chain-2v (ML.C-2v) promoter. Gene expression and the action potential were investigated, and purified celis
were transplanted into the heart of adult mice.

Results: Six percent to 24% of transfected CMG cells expressed EGFP afier differentiation was induced, and a strong EGFP-positive fraction
was selected. All the sorted cells began spontaneous beating after 3 weeks. These cells expressed cardiomyocyte-specific genes such as a-
skeletal actin, B-myosin heavy chain, MLC-2v, and CaV1.2 and incorporated bromodeoxyuridine for 5 days. The isolated EGFP-positive
cells were expanded for 5 days and then transplanted into the left ventricle of adult mouse hearts. The transplanted cells survived for at least 3
months and were oriented in parallel to the cardiomyocytes of the recipient heart,

Conclusions: The purification and transplantation of differentiated cardiomyocytes from adult stem cells provides a viable model of tissue
engineering for the treatment of heart failure.

© 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved,

Keywords: Cardiomyocytes; Heart failure; Transplantation; Stem cell; Bone marrow

This article is referred to in the Editorial by B. Dawn 1. Introduction
and R. Bolli (pages 293-295) in this issue,

Necrotic cardiomyocytes in infarcted ventricular tissue are
progressively replaced by fibroblasts leading to the formation
of scar tissue and this loss of cardiomyocytes leads to
regional contractile dysfunction. Transplanted fetal cardio-
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E-mail address: kfukuda@sc.itc keio.ac.jp (K. Fukuda). P pre g posi-iniarction heart fatlure
! Nacichiro Hattan and Haruko Kawaguchi contributed equally to this [1-3]. The transplantation of cultured cardiomyocytes into
paper. damaged myocardium has been proposed as a novel method
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for treating heart failure. While this is a revolutionary idea, it
remains clinically unfeasible due to the difficulty in obtaining
donor fetal hearts. For this reason, research has focused on
the development of a cardiomyogenic cell line to treat heart
failure by transplantation therapy.

Advances in regenerative medicine have enabled the
generation of various cell types from embryonic stem (ES)
cells or adult stem cells [4,5]. We recently reported the
generation of cardiomyocytes from marrow mesenchymal
stem cells in vitro (CMG cells) and demonstrated that these
cells spontaneously beat, express atrial natriuretic factors,
and possess a fetal ventricular cardiomyocyte-like phenotype
[6]. We also reported that cardiomyocytes regenerated from
marrow mesenchymal stem cells express o4, 8, &1p, Bi,
and B, adrenergic receptors and M, and M, muscarinic
receptors [7]. Stimulation of the o receptors with phenyl-
ephrine caused cardiomyocyte hypertrophy, and stimulation
of the B receptors with isoproterenol increased the beating
rate and contractility of the regenerated cardiomyocytes.
These findings demonstrate the suitability of bone-marrow-
derived regenerated cardiomyocytes as a candidate for use in
cell transplantation therapy.

Purification of regenerated cardiomyocytes is required
prior to use for cardiomyocyte transplantation. The popula-
tion of cardiomyocytes in ES-cell-derived embryoid bodies is
less than 10%, and the population of cardiomyocytes in 5-
azacytidine-exposed CMG cells is less than 10-30%. To
increase the efficiency of transplantation and protect recip-
ients from possible adverse effects, regenerated cardiomyo-
cytes need to be purified from the population of differentiated
cell types prior to cell transplantation. Klug [8] and Muller [9]
independently reported that embryonic stem-cell-derived
cardiomyocytes could be purified using a cardiomyocyte-
specific gene promoter-druig-resistant gene expression sys-
tem. In this study, we purified bone-marrow-derived cardi-
omyocytes using a recombinant plasmid containing enhanced
green fluorescent protein (EGFP) ¢cDNA under the control of
the myosin light chain-2v (MLC-2v) promoter. Purified cells
were then transpianted into recipient mice hearts and the
success of transplantation was analyzed histologically.

2. Methods

All experimental procedures and protocols were
approved by the Animal Care and Use Committees of the
Keio University, Japan, and the investigation conforms to
the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIF
Publication No. 85-23 revised 1996).

2.1. Preparation of bone marrow-derived regenerated
cardiomyocytes

Murine bone-marrow-derived mesenchymal stem cells
(CMG cells}) were cultured in Iscove’s modified

Dulbecco’s medium (IMDM) supplemented with 20%
FBS as previously described [6,7]. The cells were exposed
to 3 pmol/l of 5-azacytidine for 24 h to induce cell
differentiation [6].

2.2, Construction of myosin light chain 2v-promoted EGFP
plasmid

An expression vector, pMLC2v-EGFP, was constructed
by cloning a 2.7-kb HindlII-EcoR1 fragment of the rat
MLC-2v promoter region {10,11] into the HindIlI-EcoRI
site of pEGFP-1 (Clontech, Palo Alto, CA), so that EGFP
would be expressed under the control of MLC-2v promoter
(Fig. 1a). This plasmid also contains the neomycin-
resistance gene to enable selection of permanently trans-
fected clones. MLC-2v is specifically expressed in ven-
tricular cardiomyocytes.

2.3. Transfection of MLC2v-EGFP expression plasmid and
cell selection

The MLC2v-EGFP plasmid was transfected into CMG
cells by liposomal transfection. After 24 h when cells are
about 20% confluent, a mixture containing 2 pg of plasmid
DNA and 4 pl of LT1 TransIT Polyamine Transfection
Reagent (Mirus Corporation) in OPTI-MEM (Life Tech-
nologies, Gaithersburg, MD) were added to each 35-mm
culture dish. After selection with 1000 pg/ml of G418 for 4
weeks, stably transfected colonies derived from single cells
were cloned and pooled. EGFP fluorescence was observed

under a fluorescence microscope (Olympus TMD300,
Tokyo, Japan).

2.4. Flow cytometry and cell sorting

Flow cytometry and sorting of EGFP(+) cells were
performed on a FACS Vantage (Becton Dickinson, Cockeys-
ville, MD). Cells were analyzed by light forward and side
scatter and for EGFP fluorescence through a 530 nm band
pass filter as they traversed the beam of an argon ion laser
(488 nm, 100 mW}. Nontransfected control cells were used to
set the background fluorescence. Cell sorting was performed
3 days after 5-azacytidine exposure at 500 cells/s as EGFP(+)
cells displaying fluorescence higher than the background
level were observed at this time point,

2.5. Infection of recombinant adenovirus vectors

Replication-deficient recombinant adenovirus vector,
pAdex-LacZ, was constructed by cloning LacZ c¢DNA
into the Swal site of pAdex1CAwt as previously
described [12]. In this vector, E. coli B-galactosidase is
expressed under the control of a strong, ubiquitously
expressed, promoter-derived from the cytomegalovirus
enhancer-chicken PB-actin hybrid [13]. On day 3 afler
seeding, EGFP(+) cells isolated by FACS were incubated
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skeletal actin, a-cardiac actin, myosin light chain-2v
{MLC-2v), MLC-2a, Cavl.2, myoD, calponin, and o-
smooth muscle actin genes. The primers and PCR cycles
used were as described previously [6,15,16]. Primers for
Cavl.2 were CTGCAGGTGATGATGAGGTC for the
forward primer and GCGGTGTTGTTGGCGTTGTT for
the reverse primer.

2.9. Immunostaining

Cells were attached to gelatin-coated glass slides, fixed in
4% paraformaldehyde, and then stained with primary
antibodies against anti-GATA4, anti-troponin I, and anti-
MEF2C antibodies (all from Santa Cruz Biotechnology), or
anti-connexin43 antibody (Sigma). Anti-goat-IgG conju-
gated with Texas red or anti-rabbit IgG conjugated with
Rhodamine (1:500, Pharmingen) was use as a secondary
antibody.

2.10. Action potential recording

Electrophysiological studies were performed in IMDM
containing (mmol/L) CaCl, 1.49, KCl 4.23, and HEPES 25
(pH 7.4). Cultured cells were placed on the stage of an
inverted phase contrast optic (Diaphoto-300, Nikon) at
23 °C. Action potentials were recorded using conventional
microelectrodes as described previously [8]. Intracellular
recordings were taken from MLC2v-EGFP-purified cells 3
weeks following transfection.

2.11. Cell transplantation

Animal Care and Use Committees of Keio University
approved all experimental procedures and protocols.
Female scid mice (12 weeks) were anesthetized initially
with ether and placed on a warm pad maintained at 37 °C.
The trachea was cannulated with a polyethylene tube
connected to a respirator (Shinano, Tokyo, Japan) with a
tidal volume set at 0.6 ml and a rate set at 110/min. Mice
were then anesthetized with 0.5-1.5% isoflurene under
controlled ventilation with a respirator for the remainder
of the surgical procedure. A left thoracotomy was
performed between ribs 4 and 5, and the pericardial sac
was removed. Isolated EGFP(+} cells that had been
expanded for 5 days were resuspended in PBS at a
concentration of 5x107 cells/ml. A total cell suspension
volume of 50 pl was drawn into a 50 pl Hamilton syringe
with a 31-gauge needle, and 10 pi was injected into the
anterior wall of the left ventricle. Following the trans-
‘plantation, residual cells in the syringe were collected and
stained with trypan blue. The total and living cell numbers
were counted. The number of living cells to inject was
calculated by the following formula. (The injected living
cells)=[(Total injected cells)—(Residual cells in the syri-

nge)](Percent of living cells). Injection of PBS was used
as a control.
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2.12. Histological studies

The mice were sacrificed, and the hearts were
dissected and fixed in 2% formaldehyde and 0.2%
glutaraldehyde in PBS at room temperature for 5 min.
The hearts were then washed in PBS and then incubated
overnight in X-gal solution (1 mg/ml X-gal, 15 mmol/L
potassium ferricyanide, 15 mmol/L potassium ferrocya-
nide, and 2 mmol/L. MgCl, in PBS). The hearts were
refixed in the same fix solution, embedded in paraffin, and
sectioned into G-pm-thick slices for hematoxylin-eosin
staining. The numbers of X-gal-stained CMG cells were
counted using serial sections of the transplanted heart
(more than 200 slices/mouse), and an estimate of total
transplanted cell survival was obtained using the follow-
ing formula. (Percent of cells surviving in the recipient
heart)=[(Total surviving cells in the recipient heart)/
(Injected living cells)]100.

To observe EGFP fluorescence, the hearts were embed-
ded in OCT compound and frozen with liquid nitrogen. A
cryostat was used to generate 6-pm-thick sections. The
samples were examined with a confocal LASER microscope
(ESMS510; Carl Zeiss, Jena, Germany). The GFP signal was
confirmed by emission finger printing, using the LSM 510
Meta spectrometer (Carl Zeiss).

2.13. Electrocardiography (ECG) recording

ECG recordings were performed 2 and 4. weeks after
transplantation. Mice were anesthetized with ether, needle
limb leads were fixed, and the ECG was recorded for 1 h.

2.14, Statistics

Values are presented as mean®SD. The significance of
differences among mean values was determined by
ANOVA. Statistical comparison of the control and treated
groups was camried out using the nonparametric Fisher’s
multiple comparison tests, The level accepted for signifi-
cance was p<0.05. '

3. Results

3.1, Regenerated cardiomyocytes, but not other cell types,
express EGFP

(G418-resistant cells were exposed to 5-azacytidine and
after 3 days EGFP(+) cells exhibited a fibroblast-like
morphology (Fig. 1b,c), and were difficult to distinguish
from other cell types. After 7 days, the EGFP(+) cells
displayed a spindle-like morphology (Fig. 1d,e), but did not
spontancously beat at this stage. After 3 weeks, the
EGFP(+) cells began to appear mote rod-like and form
inter-cell connections and after 4 weeks spontaneous beating
was observed (Fig. 1f,g). Some fractions of the EGFP{—)
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3.3, Character of the sorted EGFP(+) regenerated
cardiomyocyles

A total of 768 single EGFP(+) cell clones were isolated
using FACS analysis. Although EGFP(+) cells undergo cell
division after 5-azacytidine exposure, a cardiomyocyte cell
line could not be generated as cells stop proliferating after
several cell divisions. The cells were exposed to BrdU to
confirm their mitogenicity, and double immunostaining was
performed with antisarcomeric myosin and anti-BrdU anti-
bodies. Myosin-positive cells incorporated BrdU until day
5, but stopped incorporating it after day 7 (Fig. 3a). This
finding shows that the mitogenicity of the isolated EGFP(+)
CMG cells is limited, so it can be assumed that the risk of
cardiomyosarcoma formation is negligible.

RT-PCR analysis of cardiac contractile proteins revealed
that the isolated EGFP(+) CMG predominantly express the
p-myosin heavy chain, a-skeletal-actin, and MLC-2v,
indicating that the phenotype of these cells represents fetal
ventricular cardiomyocytes. These cells also express cardiac
L-type Ca®* channels but did not express myogenic genes
such as myoD, or smooth-muscle-specific genes, such as
calponin or a-smooth muscle actin genes (Fig. 3b).

3.4. Action potential recording

MLC2v-EGFP-selected cells showed regular sponta-
neous beating 3 weeks following selection. The action
potentials of these cells had a relatively shallow resting
membrane potential with a late diastolic slow depolariza-
tion, like a pacemaker potential. They also displayed peak-
notch-plateau characteristics representative of ventricular
cardiomyocyte-like action potentials (Fig. 3c).

3.5. Immunostaining and transmission electron microscopy

Immunostaining revealed that EGFP(+) but not EGFP(-)
CMG cells express cardiac troponin I (Fig. 4a—d). EGFP(+)
CMG cells express both GATA4 and MEF2C, respectively
(Fig. 4e,D). Interestingly, EGFP(—) CMG cells express
GATA4 and Nkx2.5. These findings are consistent with
the previous report that these cardiac transcription factors
are expressed before final 5-azacytidine exposure [6).
EGFP(+) CMG cells also express connexind3 (Fig. 4g).

The sorted GFP(+) celis were cultured for 2 weeks, fixed,
and processed for transmission electron microscopy. The
typical contractile apparatus of the sarcomeres, including
striation pattern, was observed (Fig. 4h).

3.6. Cell transplantation study

Animals with transplanted EGFP(+) cells were sacrificed
at 2, 4, 8, and 12 weeks. Confocal LASER microscopy
revealed that the EGFP(+) transplanted cardiomyocytes
survived in the recipient heart (Fig. 5a—c). The control
experiment revealed no EGFP(+) transplanted cardiomyo-
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Fig. 3. Characteristics of the sorted CMG cardiomyocytes. (a) BrdU
incorporation of EGFP(+) CMG cells after cell sorting. BrdU was loaded
for 5 h, and its incotporation was detected. BrdU incorporation was
observed until 5 days after cell sorting (8 days after 5-azacytidine
exposure). (b) Phenotype of the EGFP(+) CMG cells. RT-PCR was
performed for e-MHC, -MHC, MLC-2v, MLC-2a, a-skeletal actin, a-
cardiac actin, and cardiac celc Ca®* channel. The expression pattern of the
cardiac contractile protein indicated that these cells had the fetal ventricular
phenotype. MLC-2v-EGFP selected cells did not express myoD, calponin,
and a-smoeoth muscle actin genes. Femoral muscle, which includes vascular
smooth muscle cells, were used as a positive control. M: 1-kb DNA ladder.
RT: reverse transcription, {¢) The representative tracing of the action
potentials at 3 weeks after cell sorting was shown. These action potentials
show ventricular cardiomyocyte-like action potentials.

cytes (data not shown) [17]. The orientation of the trans-
planted cells was consistent with the cardiomyocytes of the
recipient heart. The EGFP(+) cells were observed only at the
site of injection in the left ventricle and in no other parts of
the heart. We also confirmed that these green signals were



