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Fig. 2. Histological examination. (A) TUNEL staining. (B) Percentage of TUNEL-positive nuclei to total nuclei in AL and CR rats. (C) Picrosirius red staining. (D) Percentage of fibrotic
areato LV area in AL and CR rats calculated in Picrosirius red staining. (E) Masson's trichrome staining. Bar: 50 pm. Data are the mean + SEM. Quantitative data are pooled data from 5

AL hearts and 5 CR hearts. *P<0.05 vs. the YC group. “P<0.05 vs. the AL group.

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

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

To clarify which mechanism is mainly responsible for the increase
in LC3-1l expression in the CR group, enhanced autophagic influx or
lysosomal dysfunction, we evaluated the effects of chloroquine on the
expression of LC3-II using male 20-month-old rats fed with either AL
or CR for 12 months (Fig. 7). Because autophagic activity is
represented by the flux in autophagosomes, this can be estimated
by comparing LC3-II expression in the presence of the lysosomal
protease inhibitor chloroquine [23]. Chloroquine treatment resulted



122

K. Shinmura et al. / Journal of Molecular and Cellular Cardiology 50 (2011) 117-127

B E (%)
&0 YC AL CR = YC AL CR
& 150
o or o
& 30r 3 100}
w ©
CR 20} 5
S s0r
10 - —
6.0 —_— w
0g (n=30) (n=24) (n=25) 00 (n=30) (n=21) (n=28)
5.0‘ =, = =
C (ms) F (ms)
4.0
° ; YC AL CR YC AL CR
= 307 AL 300} . 300F +
o | e : o :
\ 200 | = 200}
1.0 R Mf“'*%f’ Wiy B ﬂ ﬂ i I
r T T T T T 1 100 - 100 L
0 100 200 300 400 500
20.0- Time (ms) 0 0
9 (n=30) (n=24) (n=25) (n=30) (n=21) (n=28)
o 16.01 D (ms) G
£ >
§1zo- 00k YC AL CR ‘—ﬁ YC AL CR
15} cJ 60|
% 8.0 AL 400} g2
! 8% +
S 4.0 CR v 300 F + o 40F
s L ﬁh‘%
@ 200 3]
w 9401 T o 20F
T T T T 1 100 - [} g
0 100 200 300 400 500 =
Time (ms) 2 o0

(n=30) (n=24) (n=25)

(n=15) (n=12) (n=12)

Fig. 3. Measurement of [Ca®*]; and myocyte contractions in isolated myocytes. (A) Representative Fluo-4 line scan images and traces of Ca®>* transients and myocyte contractions in
isolated myocytes obtained from AL and CR rats. (B) Ratio of peak to basal [Ca®*|; amplitude, expressed as F/Fy. (C) Time to 50% relaxation in Ca®* transient (RTs). (D) T of [Ca%*|; decline.
(E) Fractional shortening. (F) Time to 50% relaxation in myocyte contraction (RTsp). (G) SR Ca?* content. Data are the mean + SEM. *P<0.05 vs. the YC group. ‘P<0.05 vs. the AL group.

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

4. Discussion

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

The impact of long-term CR on cardiovascular senescence has not
been fully evaluated. Taffet et al. reported that long-term CR improved
age-associated changes in late diastolic function in mice [24]. More
recently, Barger et al. demonstrated that CR prevents the age-related
increase in isovolumic relaxation time and the decrease in the
myocardial performance index in mice [25]. In the present study,
long-term CR improved LV diastolic function without affecting LV
systolic function in senescent rats. Furthermore, our results suggest
that long-term CR ameliorates the age-associated deterioration of
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early diastolic function by maintaining the function of the sarcoplas-
mic reticulum (SR). Our findings differ from those of Taffet et al. [24]
because those authors found no improvement in early diastolic
cardiac function in mice. However, our results are consistent with
those of Seymour et al. [26], who reported that CR improves cardiac
remodeling and diastolic dysfunction in Dahl-SS rats.

The age-associated impairment in cardiac diastolic function is
complicated. There is ample evidence from studies using senescent
rats implicating slowed cardiac relaxation and altered Ca%* handling
in the impaired diastolic function [5,6,21]. In particular, impaired
SERCA activity, which is mainly responsible for controlling [Ca®*}; by
taking up Ca®* into the SR during relaxation, has been identified as
contributing to the abnormalities in cardiac relaxation. The decrease
in SR Ca** uptake during relaxation, which results in prolonged
contraction, has been shown to be associated with decreased SERCA2
content and activity in experimental models of senescence [5.6,21].
More recently, SERCA2a protein levels have been reported to be
significantly decreased in the senescent human myocardium [27].
Changes in active cardiac relaxation impact on early diastolic
parameters, such as peak E velocity and E deceleration time, rather
than on late diastolic parameters [28]. In the present study,
attenuation of the decrease in SERCA2 protein and its activity in
senescent CR hearts was associated with an improvement in RTsp and
7. indicators of a decline in [Ca®*];. Schmidt et al. [21] demonstrated
that overexpression of SERCA2a by gene transfer improved diastolic
function in senescent rat hearts. Therefore, we speculate that long-
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Fig. 4. Oxyblots and Western immunoblotting for senescence markers and proteins related to Ca>* uptake during relaxation. (A) Representative oxyblots showing protein carbonyls
(upper panel) and the corresponding Ponceau S staining (lower panel). (B) Representative Western immunoblots showing the expression of p16'™%*3, total troponin I, troponin |
phosphorylated at the Ser?*/2* residue (P-troponin I), sarcoplasmic reticulum calcium ATPase (SERCA) 2, Na* -Ca* exchanger (NCX) 1, total phospholamban (PLB), phospholamban
phosphorylated at the Ser'® residue (P-PLB), and glyceraldehydes 3-phosphate dehydrogenase (GAPDH). (C) Densitometric analysis of p16'%%_ (D) Densitometric analysis of total
troponin | and P-troponin I. (E) Densitometric analysis of SERCA2, NCX1, total PLB and P-PLB. Densitometric measurements of protein immunoreactivity are expressed as a
percentage of the average value measured in YC rats. Data are the mean + SEM. *P<0.05 vs. the YC group. “P<0.05 vs. the AL group. YC: young controls.

term CR ameliorates the age-associated deterioration of myocyte
relaxation by attenuating the decrease in SERCA2 protein with aging.

It was demonstrated recently that mice with cardiac-specific
excision of the SERCA2 gene present only moderate contractile
dysfunction because of an SR-independent compensatory mechanism
[18]. These results might argue against a major role of SERCA2 for
diastolic dysfunction. Similarly, enhanced SERCA2 activity is usually
associated with enhanced Ca®* transient and contractility [29).
However, these findings were not consistent with our results. In
contrast to cardiac-specific SERCA2-deficient mice, the decrease in
SERCA2 proteins might develop very slowly in aged rats. The
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induction of cardiomyocyte-specific Serca2 gene excision resulted in
less than 5% SERCA2 protein expression 18], although the expression
levels of SERCA2 protein in the AL aged heart remained at 30% of levels
in the young heart (Fig. 4(E)). Thus, based on the results of Anderson
etal.[18], we propose that the change in SERCA2 expression impacted
markedly on myocyte Ca’?" homeostasis so the compensatory
mechanism was strongly invoked in cardiomyocyte-specific Serca2-
deficient mice. As shown in Figs. 3 and 4, there was no difference in
peak Ca* transient or in expression levels of Na*-Ca®* exchanger
between the AL and CR hearts, suggesting that the compensatory
mechanism regarding SR Ca®* handling was not sufficiently evoked in
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Fig. 5. Western immunoblotting for light chain 3 (LC3) and beclin1. (A) Representative Western immunoblots showing the expression of conjugated (LC3-I1), cytosolic (LC3-1) LC3,
beclin1 and GAPDH. (B) Densitometric analysis of LC3-1 and LC3-IL (C) The LC3-1I/LC3-I ratio. (D) Densitometric analysis of beclin1. Densitometric measurements of protein
immunoreactivity are expressed as a percentage of the average value measured in YC rats. Data are the mean +SEM. *P<0.05 vs. the YC group. *P<0.05 vs. the AL group. YC: young
controls.

the aged heart. Although CR enhanced SERCA2 protein expression and Overall, we speculate that CR could improve SR Ca®* uptake rate
activity in the aged heart, there was no difference in the SR Ca?* during myocyte relaxation, but would not impact sufficiently to
content between myocytes obtained from the AL and CR hearts. increase total SR Ca?* content because the magnitude of the increase
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Fig. 6. Western immunoblotting for mammalian target of rapamycin (mTOR) signalings. (A) Representative Western immunoblots showing the expression of total mTOR, mTOR
phosphorylated at the Ser?**® residue (P-mTOR), total p70 S6 kinase (S6K), S6K phosphorylated at the The?®? residue (P-S6K) and GAPDH. (B) Densitometric analysis of total mTOR
and P-mTOR. (C) Densitometric analysis of total S6K and P-S6K. Densitometric measurements of protein immunoreactivity are expressed as a percentage of the average value
measured in YC rats. Data are the mean £ SEM. ‘P<0.05 vs. the AL group. YC: young controls.
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Fig. 7. Western immunoblotting for LC3 in 20-month-old AL and CR rats treated with either saline or chloroquine. (A) Representative Western immunoblots showing the expression
of LC3-1 and LC3-I1. (B) Densitometric analysis of LC3-1 and LC3-I1. (C) The LC3-11/LC3-I ratio. Densitometric measurements of protein immunoreactivity are expressed as a percentage
of the average value in AL rats treated with saline. Data are the mean + SEM. "P<0.05 vs. the AL group; *P<0.05 vs. the corresponding saline-treated group.

in SERCA2 protein by CR was only slight compared with previous
reports in which SERCA2 was overexpressed in the failing human
heart [29] and the senescent rat heart [21]. Therefore, enhanced
SERCA2 protein expression by CR was not associated with enhanced
Ca®* transient and contractility in the present study.

In addition, decreased size of cardiomyocytes might contribute to
the amelioration of LV diastolic dysfunction in CR rats. Myocyte
hypertrophy is associated with changes in the cytoskeletal proteins
that could alter the microtubule architecture and heighten organiza-
tion of sarcomeres within individual myocytes. An increased collagen
volume fraction, larger cardiomyocyte diameter, and higher resting
cardiomyocyte tension have been correlated with LV diastolic
stiffness [30]. With aging, the myosin heavy chain isoform shifts
from o to B in the rodent heart [5]. Lieber et al. [31] demonstrated that
o- and P-tubulin were significantly increased and desmin was
decreased in aged rats, and this finding might explain the observed
cardiac dysfunction with aging. Posttranslational modification of
myofilament proteins including titin might play an important role in
diastolic heart failure associated with aging [32}]. Our results indicated
that cardiomyocyte responsiveness to Ca** estimated from the
relationship between Ca®* transient and myocyte shortening is
similar between isolated myocytes obtained from AL and CR rat
hearts (Fig. 3). This finding supports our hypothesis that inhibiting the
SERCA?2 expression decline is a major factor in preserving LV diastolic
function by CR. However, it is also possible that CR affects these age-
associated alterations in cytoskeletal proteins. Thus, we would
evaluate the changes in myofilament proteins in aged rats treated
with long-term CR in future studies.

The accumulation of myocardial collagen and extracellular
matrix increases with aging, contributing to increased cardiac
fibrosis, myocardial stiffness, and cardiac diastolic dysfunction
[5,6]. Dhahbi et al. demonstrated that long-term CR reduced
myocardial collagen and extracellular matrix content and attenu-
ated cardiac fibrosis associated with aging [33]. Thus, CR-induced
changes in cardiac connective tissue may contribute, in part, to the
amelioration of diastolic function, especially late diastolic function,
as observed by Taffet et al. [24]. However, we could not find a
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significant decrease in cardiac fibrosis in CR rat hearts (Figs. 2(C-
E)). We speculate that the discrepancy between the study of Taffet
et al. [24] and the present study could be due, at least in part, to
species differences and large individual variations with physiolog-
ical aging. In addition, this discrepancy could be related to species
functional differences including the metabolic rate and heart rate.
These differences must be considered with regard to fibrosis,
extracellular matrix composition, and fibrosis-renin-angiotensin-
aldosterone system (RAS) interactions. Recent investigations
revealed an essential role of RAS on the development of cardiac
fibrosis with aging. Both pharmacological inhibition of RAS and
targeted disruption of the angiotensin type 1 receptor prolonged
lifespan and significantly attenuated cardiac fibrosis associated
with aging [34,35]. Thus, our results may suggest that CR is not
sufficient to suppress the activation of RAS with aging. Further
investigations are necessary to clarify this issue.

The mechanisms by which long-term CR retards cellular senes-
cence and attenuates the physiological decline of organ function have
not been fully elucidated. Aging occurs, in part, as a result of the
accumulation of oxidative damage caused by oxidative free radicals
that are generated continuously during the course of metabolic
processes [5,6,8]. In contrast, CR decreases the age-associated
accumulation of oxidative damage to lipids, proteins, and DNA
[7,8.26]. In the present study, the expression of protein carbonyls
was less in CR hearts compared with AL hearts (Fig. 4A). Thus, it is
possible that long-term CR retards cellular senescence and amelio-
rates age-related functional decline by attenuating oxidative damage
in the aged heart. However, there is still no direct evidence that
attenuation of oxidative damage is the primary means by which CR
prevents cardiac senescence.

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

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

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

Supplementary materials related to this article can be found online
at doi: 10.1016/j.yjmcc.2010.10.018.
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Neural Crest-Derived Stem Cells Migrate and Differentiate
Into Cardiomyocytes After Myocardial Infarction

Yuichi Tamura, Keisuke Matsumura, Motoaki Sano, Hidenori Tabata, Kensuke Kimura, Masaki [eda,
Takahide Arai, Yohei Ohno, Hideaki Kanazawa, Shinsuke Yuasa, Ruri Kaneda, Shinji Makino,
Kazunori Nakajima, Hideyuki Okano, Keiichi Fukuda

Objective—We recently demonstrated that primitive neural crest-derived (NC) cells migrate from the cardiac neural crest
during embryonic development and remain in the heart as dormant stem cells, with the capacity to differentiate into
various cell types, including cardiomyocytes. Here, we examined the migration and differentiation potential of these
cells on myocardial infarction (MI).

Methods and Results—We obtained double-transgenic mice by crossing protein-0 promoter-Cre mice with Floxed-enhanced
green fluorescent protein mice, in which the NC cells express enhanced green fluorescent protein. In the neonatal heart, NC
stem cells (NCSCs) were localized predominantly in the outflow tract, but they were also distributed in a gradient from base
to apex throughout the ventricular myocardium. Time-lapse video analysis revealed that the NCSCs were migratory. Some
NCSCs persisted in the adult heart. On MI, NCSCs accumulated at the ischemic border zone area (BZA), which expresses
monocyte chemoattractant protein-1 (MCP-1). Ex vivo cell migration assays demonstrated that MCP-1 induced NCSC
migration and that this chemotactic effect was significantly depressed by an anti-MCP-1 antibody. Small NC cardiomyocytes
first appeared in the BZA 2 weeks post-MI and gradually increased in number thereafter.

Conclusion—These results suggested that NCSCs migrate into the BZA via MCP-1/CCR2 signaling and contribute to the
provision of cardiomyocytes for cardiac regeneration after MIL. (Arterioscler Thromb Vasc Biol. 2011;31:582-589.)

Key Words: biology, developmental m cytokines @ ischemic heart disease @ molecular biology
® cardiac regeneration

everal types of stem cells have been identified in adult cardiomyocytes. Furthermore, when these sphere-forming
heart, including c-Kit-positive, Sca-1-positive, Isl-1- cells were transplanted into the neural crest of a chick
positive, and side-population cells.’-* All of these cau differ- embryo, they migrated and differentiated into neurons and
entiate into various cell types, including cardiomyocytes. glial cells at the sympathetic ganglia, dorsal root ganglia, and
However, the developmental origins of these cardiac stem spinal nerves. They also migrated into the developing heart
cells remain unclear. region via the lateral pathway.!! These results suggested the
Neural crest—derived (NC) cells constitute the fourth germ existence of a pool of NCSCs that are dormant in the adult
cell layer in the developing embryo. Cells from the neural myocardium. The regenerative potential of such a cell popu-
crest are characterized by extensive migration and can differ- lation in injured heart remains to be determined.
entiate in various developing tissues into neurons, glial cells, This study traced the fate of NC cells in heart during
endocrine organs, bone, tooth, cartilage, pigmented epithe- postneonatal growth and after myocardial infarction (MI)
lium, cornea, and aortic smooth muscle cells.5-7 In addition, using double-transgenic (Tg) mice harboring protein-0 (PO}
some NC cells are retained in the adult tissues as dormant promoter-Cre!? and Floxed—enhanced green fluorescent pro-
stem cells, referred to as NC stem cells (NCSCs).8-10 tein (EGFP).'* The PO glycoprotein was originally identified
We recently isolated the side-population cells from mam- as a Schwann cell-specific myelin protein,'S but it is also
malian heart.'t These cells formed a neurosphere-like struc- expressed in migrating neural crest cells during the early
ture that expressed nestin and Musashi-1, which is a marker embryonic period in chicks.’s In the double-Tg mice, tran-
of undifferentiated neural precursor cells'? and could differ- sient activation of the PO promoter induces Cre-mediated
entiate into neurons, glial cells, smooth muscle cells, and recombination, which tags subsets of the NC cells with
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EGFP."314+17 The EGFP-positive NCSCs were concentrated
in the outflow tract, although they were also detected in the
ventricular myocardium during the perinatal period. Time-
lapse video analysis of living tissue from these mice revealed
migratory NCSCs in the ventricular myocardium. EGFP-
positive, NCSC-derived cardiomyocytes appeared during the
postnatal period and increased in number as the heart grew.
Although there was a corresponding decrease in the number of
the EGFP-positive NCSCs as the heart grew, these cells per-
sisted in the adult heart. On MI, the EGFP-positive NCSCs
accumulated in the ischemic border zone area (BZA), which
expresses monocyte chemoattractant protein-1 (MCP-1). Ex
vivo cell migration assays demonstrated that this zonal MCP-1
gradient induced the migration of NCSCs, which then contrib-
uted (o the regeneration of cardiomyocytes following injury.

Methods

Animals

The PO-Cre and plasminogen activator—Cre recombinase Tg mice
were provided by K. Yamamura!3 and S. Dufour,'® respectively. The
Whnt-1-Cre recombinase Tg mice'® were purchased from the Jackson
Laboratory. The CAG-CAT-EGFP Tg mice were a gift from J.
Miyazaki.'* All experimental procedures and protocols were ap-
proved by the Animal Care and Use Committee of Keio University,
Japan, and conformed to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Flow Cytometry

Neonatal hearts from PO-cre/EGFP Tg mice were enzymatically
digested in preparation for flow cytometry analysis. Cells were
washed twice with phosphate-buffered saline (PBS) and then fixed
with 2% paraformaldehyde for 10 minutes on ice. Cells were
resuspended to a concentration of 10° cells/mL in PBS. In all
experiments, 5X 10* events were analyzed. To isolate EGFP-positive
cells from the neonatal hearts, we adopted pseudo-2-dimensional
separation using 2 band-pass filters, for green fluorescent protein
(515 to 545 nm) and allophycocyanin (650 to 670 nam). By this
method, autofluorescing nonstained cells were distributed on the
diagonal line, whereas the EGFP-positive cells were localized above
the diagonal line. We then sorted the EGFP-positive cells and
confirmed their emission phenotype by fluorescence microscopy.
The EGFP-positive cells were stained using mouse anti-nestin
antibody (Abcam, 1:100), phycoerythrin-labeled rat anti-mouse
CD117 (c-kit, BD Bioscience, 1:200), and phycoerythrin-labeled rat
anti-mouse Ly-6A/E (Sca-1, BD Bioscience, 1:200). Alexa Fluor
594 -conjugated donkey anti-mouse immunoglobulin (Molecular
Probes, 1:500) was used as a secondary antibody to detect the
anti-nestin antibody binding. Cell analysis and sorting were per-
formed on a triple-laser BD FACSAria (Becton Dickinson).

Generation of MI

MI was generated as described previously.®® Briefly, 8-week-old
mice were lightly anesthetized with diethyl ether, intubated, and then
fully anesthetized with 0.5% isoflurane gas while being mechani-
cally ventilated with a Harvard respirator. A thoracotomy was then
performed at the fourth intercostal space to expose the heart, and the
left coronary artery was ligated at the mid—left ventricular level with
7-0 silk. The chest was then closed, and the mice were maintained
under standard conditions. Control mice were subjected to sham
operations. The mice were euthanized at 1, 2, 3, 4, 8, and 12 weeks
postsurgery, and their hearts were isolated.

Histology and Immunostaining

Mice were euthanized using pentobarbital injection before perfusion
of the hearts from the apex with PBS and perfusion fixing with 4%
paraformaldehyde in PBS. The hearts were then dissected, cryopro-
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tected in sucrose at 4°C, embedded in OCT compound (Miles
Scientific), and snap-frozen in liquid nitrogen. The fixed-frozen heart
tissue was sectioned (8-um thickness) using a CM30508 cryostat
(Leica) and short-axis sections at the mid-(left ventricle) level were
stained with Azan. For immunostaining, sections were blocked in 5%
bovine serum albumin for 30 minutes at room temperature and
stained with anti-a-actinin (clone EAS3, 1:800, Sigma), anti-GATA4
(N-19, 1:400, Santa Cruz Biotechnology), anti-connexin 43 (CX43,
1:400, Sigma), anti-nestin (Rat 401, 1:200, Hybridoma Bank),
anti-PQ (1:500, Pzo Aves Laboratories) or anti-c-Kit (AF1356,
1:200, R&D Systems) antibodies overnight at 4°C. Secondary
antibodies conjugated with Alexa Fluor 488, Alexa Fluor 594, or
Alexa Fluor 633 (1:500; Molecular Probes) were applied for | hour
at 4°C. Nuclei were stained with TO-PRO-3 or 4',6-diamidino-2-
phenylindole (Molecular Probes) in mounting medium. Slides were
observed on a confocal laser-scanning microscope (LSM510, Carl
Zeiss) equipped with a Ti-Sapphire 2-photon femtosecond laser
(MaiTai, Spectra-Physics) using appropriate emission filters. The
EGFP signal was confirmed by emission fingerprinting using the
LSM 510 META-spectrometer (Carl Zeiss). At least 100 sections for
each heart were immunostained, and the results were evaluated by 3
independent observers. For the quantitative analysis of cardiomyo-
cytes, each area was examined in at least 10 sections (80 um), to
avoid duplication in the counting.

Time-Lapse Imaging

Short-axis heart slices (200 um thick) from the neonatal heart were
placed on a Millicell-CM (pore size, 0.4 um, Millipore, Bedford,
MA), mounted in collagen gel, and cultured in Neurobasal medium
containing B27 (Invitrogen, San Diego, CA). The dishes were then
mounted in a CO, incubator chamber (5% CO, at 37°C) fitted onto
a FV300 confocal microscope (Olympus Optical, Tokyo, Japan). The
interventricular septum, left ventricular free wall, and right ventric-
ular region of the neonatal heart were analyzed. Approximately 10 to
20 optical Z sections were obtained automatically every 30 minutes,
and ~20 focal planes (~50 pm thickness) were merged to visualize
the shape of the entire cell.

Cell Migration Assay

Cell migration assays were conducted in 24-well, 6.5-mm internal-
diameter Transwell cluster plates (Corning Costar) on cells prepared
from the ventricles of I-day-old neonatal mice by enzymatic disso-
ciation. After the cells were fully suspended, the EGFP-positive cells
were sorted by flow cytometry as described, and 1.0X10%100 uL
were loaded onto polycarbonate membranes (8-pm pore size)
separating the 2 Transwell chambers. B27/0.1% fetal bovine serum
(500 uL) containing recombinant human CCL2/MCP-1 (R&D Sys-
tems) was added to the lower chambers, and rabbit polyclonal
anti-MCP-1 antibodies (100 ng/mL, Abcam) were used to neutralize
the MCP-1. Predesigned mouse CCR2 small interfering (si) RNA
(MSS203051; Invitrogen) was transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Briefly, 6
uL of Lipofectamine 2000 was diluted in | mL of Opti-MEM i
Reduced Serum Medium (Invitrogen), incubated for 15 minutes at
room temperature, and mixed with an appropriate amount of CCR2
siRNA (final concentration, 30 nmol/L). After 15 minutes of
incubation at room temperature, the mixture was added to each well
of sorted NCs. After 24 hours, cells migrating into the lower chamber
were counted.

Cell Proliferation Assay

Immediately after MI, mice were injected intraperitoneally with
5-bromo-2'-deoxyuridine (BrdU) (BrdU labeling kit 1296 736,
Roche, Basel, Switzerland). Mice were killed 7days after MI and
fresh frozen sections were prepared. After antigen retrieval with
histoVT One (L6F9587; Nacalai Tesque, Kyoto, Japan) and block-
ing, BrdU staining was performed according to the manufacturer’s
instructions.
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GFP’ cells/ 10* cells

Reverse Transcription-Polymerase Chain

Reaction Analysis

Isolation of RNA and reverse transcription-polymerase chain reac-
tion were performed as described previously.'" MCP-1 and CCR2
were detected using 0.01 pg of total RNA and the following primers:
MCP-1, 5-GGATCAGAGATACTCATGAT-3' (forward) and 5'-
GAGAAGATTACCTGAGTACA-3' (reverse); CCR2, 5'-GAGGT-
CTCGGTTGGGTTGTA-3’ (forward) and 5'-CCACATAGGGAT-
CATGACCC-3' (reverse).

Statistical Analyses

The values are presented as mean*+SEM. Statistical significance was
evaluated using unpaired Student  tests for comparisons of 2 mean
values. Multiple comparisons among 3 of more groiips were per-
formed using ANOVA. A value of P<0.05 was considered
significant.

Results

NC Cells Migrate to and Survive in the Heart

To trace the fate of NC cells, we generated PO-Cre/Floxed-
EGFP double-Tg mice (Supplemental Figure I, available
online at http://atvb.ahajournals.org). Our initial screening
revealed that EGFP-positive cells in these mice were consis-
tent with known NC populations, including those found in the
peripheral nervous system, adrenal glands, epidermis, and
sympathetic nerve ganglion (Supplemental Figure II).

At postnatal day 1, EGFP fluorescence was observed in the
aorta, pulmonary artery, and outflow tract of the heart in each
PO-Cre/Floxed-EGFP mouse (Figure 1A). On postnatal day 1
and embryonic day 17.5, immunohistological analyses re-
vealed EGFP-positive cells densely distributed at the septum
between the aorta and pulmonary artery, as well as in the
outflow tract (Figure 1B). Notably, nucleated EGFP-positive
cells were detected in the interventricular septum, left ven-
tricular free wall, apex, and both atria (Figure 1C); these
EGFP-positive cells were small and immunonegative for
actinin.

LVFW

Figure 1. Distribution and characteriza-
tion of NCSCs in the heart. A, Fluores-
cence microscope image of the P0O-Cre/
Floxed-EGFP double-Tg mice heart.
Note that the aorta (Ao) and pulmonary
artery (PA) are EGFP positive. B, Triple-
immunofluorescent staining of the heart.
NC cells express the EGFP signal. AV
indicates aortic valve; PV, pulmonary
valve; OFT, outflow tract; IVS, interven-
tricular septum; LVFW, left ventricular
free wall; RVFW, right ventricular free
wall; LA, left atrium; RA, right atrium.
TO-PRO-3 was used for nuclear stain-
ing. C, Distribution of NC cells in the
heart. E17.5 indicates embryonic day
17.5.

GFP Toproi i

™~

The Dynamic Movement of NCSCs in

Murine Heart

We next attempted to isolate EGFP-positive cells from the
neonatal hearts by fluorescence-activated cell sorting. Using
pseudo-2-dimensional separation with 2 band-pass filters for
green fluorescent protein and allophycocyanin, the EGEP-
positive cells were localized above the diagonal line as a
distinct population (population 1) (Figure 2A). Among the
total cells in a whole heart dissected from 1-day-old PO-Cre/
Floxed-EGFP mice, 0.2%0.02% cells were EGFP positive.
These cells were then sorted again using specific antibodies
against nestin, c-kit, and sca-1 (Figure 2B), resulting in
37.5%1.5% nestin/EGFP-positive cells, 2.2+0.4% c-kit/
EGFP-positive cells, and no sca-1/EGFP-positive cells. The
existence of cells positive for both nestin and EGFP was
confirmed by immunohistological analyses (Figure 2C). The
outflow tract of 1-day-old PO-Cre/Floxed-EGFP mice showed
most EGFP-positive cells expressing nestin. None of these
double-positive cells expressed actinin. Furthermore, we
performed a sphere-forming assay, in which EGFP-positive
cells were collected from the ventricles of 1-day-old PO-Cre/
Floxed-EGFP mice by flow cytometry and cultured at a
clonal density of 5x10° cells/mL in serum-free sphere-
forming medium that contained human epidermal growth
factor, human fibroblast growth factor 2, and B27. The
EGFP-positive cells proliferated to form spheres that were
morphologically similar to neurospheres after 14 days (Sup-
plemental Figure III). These spheres expressed nestin and P75
nerve growth factor receptor (p75N°"®)
either c-kit or sca-1.

Next, we sought to visualize any NCSC migration in the
myocardium in vivo. Time-lapse video imaging of slice cultures
from postnatal PO-Cre/Floxed-EGFP mice revealed that the
EGFP-positive NCSCs were indeed dynamic (Figure 2D and
Supplemental Video). The migration rate of these EGFP-

but did not express
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Figure 2. Number of NCSCs in
the heart and the ratios of
stem cell markers. A, The

“Thestin_ckit sca-1

positive NCSCs was higher in the interventricular septum than
that in the left or right ventricular free wall (Figure 2E).

NCSCs Spontaneously Differentiate Into
Cardiomyocytes in Postnatal Heart

We next investigated whether the EGFP-positive NC cells could
differentiate into cardiomyocytes in vivo under physiological
conditions. EGFP-positive cardiomyocytes were not detected
during the neonatal stage or in the first week after birth but
appeared at 2 weeks postnatally and increased in number
thereafter (Figure 3A). At 10 weeks of age, the EGFP-positive
cardiomyocytes were detected throughout the heart, being most
abundant at the basal interventricular septum (Figure 3B and
3C). Although there was a corresponding decrease in the number
of actinin-negative nucleated EGFP-positive cells as the heart
grew, these cells persisted in the adult heart (Figure 3D), where

37.5%

EGFP-positive cells were sep-
arated as a distinct population
(population 1) from the non-
stained cells with autofluores-
cence using 2 band-pass fil-
ters for green fluorescent
protein and allophycocyanin. A
representative 2-dimensional
separation is shown. B, The
EGFP-positive cells were sec-
ondarily sorted using antibod-
ies against nestin, c-kit, and
sca-1. Representative
2-dimensional separation is
shown. Numbers of cells posi-
tive for nestin as a proportion
of the EGFP-expressing cells
are summarized in the bar
graph (n=3). C, Quadruple im-
munofluorescence of heart
from a 1-day-old P0-Cre/
Floxed-EGFP mouse. Ph indi-
cates phase-contrast image;
DAPI, 4’ ,6-diamidino-2-
phenylindole. D, Tracing of cell
movement. The time-lapse
images obtained from slice
culture samples (200 um thick-
ness) of neonatal PO-Cre/
Floxed-EGFP mouse. Repre-
sentative images from
interventricular septum are
shown. Schematic drawing
shows the positional tracing of
the cell movement. RV indi-
cates right ventricle; IVS, inter-
ventricular septum; LV, left
ventricle. Note that some
EGFP-expressing cells are
moving (arrows). E, Quantifica-
tion of migrating cells in left
ventricular free wall (LVFW),
interventricular septum (IVS),
and right ventriculum (RV)
(n=5).

2.2%
" 0%

% of migrating cells

25% 19.4%

10.5%

OTVEW VS RV

they tended to form clusters and expressed connexin 43 (Figure
3E) and GATA4 (Figure 3F).

To confirm whether NCSCs contribute to the provision of
cardiomyocytes during postneonatal maturation, we examined
the hearts from 2 different Tg murine models with genetically
tagged NC cells. NCSC-derived cardiomyocytes (actinin-
positive, EGFP-positive cells) were observed in the left ventri-
cles of both plasminogen activator-Cre'*/Floxed EGFP mice
(Figure 3G) and Wnt-1'°-Cre/floxed-EGFP mice (Figure 3H).

NC Cells Accumulate in the BZA After MI

We also investigated the pathophysiological role of cardiac
NC cells by inducing MI and observing the contribution of
these cells to the repair process. Many EGFP-positive cells
were observed in the ischemic BZA and infarct area (Figure
4A), with 10-fold more EGFP-positive cells in the BZA than
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in the nonischemic area (Figure 4B). Emission spectrum
measurements confirmed that the green fluorescence was
produced by EGFP and were not due to autofluorescence
from inflammatory cells (Figure 4A, right). The BrdU incor-
poration study revealed that most EGFP-positive cells in the
BZA were proliferating (Supplemental Figure 1V). However,
BrdU incorporation was barely detectable in nestin-positive
cells. The EGFP-positive cell numbers in the BZA were
increased by | week post-MI, peaked at | month post-MI, and
then decreased gradually thereafter (Figure 4C). These cells
were particularly concentrated in the vicinity of the surviving
cardiomyocytes facing the necrotic area (Figure 4D). Some
nucleated EGFP-expressing cells were also nestin-positive
(Figure 4E). These cells were negative for c-Kit. The c-Kit-
positive cells tended to be in different clusters and were
negative for EGFP (Figure 4F).

MCP-1 Induces NCSC Migration

The nestin-positive NC cells accumulated in the BZA and
infarct area after MI. We then asked how the EGFP-positive
NCSCs could migrate toward these foci of active myocardial
injury after MI. MCP-1 expression was also detected at 1|
week post-MI in the ischemic BZA, peaking at 2 weeks
post-MI, and decreasing thereafter (Figure 5A). In addition,
the MCP-1 receptor CCR2 was constitutively expressed on
the surface of NCSCs, although at lower levels than on bone

Actinin GFP Topro3
10w

LVFW

Figure 3. NCSC-derived cardiomyocytes
emerge and increase in number during
postneonatal growth. A, Immunofluores-
cence of NCSC-derived cardiomyocytes
from 10-week (W)-old P0O-Cre/Floxed-
EGFP mice. IVS indicates interventricular
septum; LVFW, left ventricular free wall;
GFP, green fluorescent protein. B, Kinet-
ics of EGFP-positive cardiomyocyte
appearance ("P<0.01; **P<0.001; NS
indicates not significant compared with
the number observed on neonatal day 1).
C, Distribution of EGFP-positive cardio-
myocytes. D, EGFP-positive nonmyocytes
in 10-week-old PO-Cre/Floxed-EGFP mice.
E, Immunostaining of EGFP-positive car-
diomyocytes with anti-connexin 43 anti-
body (Cx43, red) and 4',6-diamidino-2-
phenylindole (DAPI). F, Immunostaining

of EGFP-positive cardiomyocytes with
anti-GATA4 antibody and DAPI. G and H,
Immunostaining of EGFP-positive cardio-
myocytes in plasminogen activator (tPA}-
Cre/Floxed EGFP mice and Wnt-1-Cre/
Floxed EGFP mice.

10w

marrow cells (Figure 5B).To examine whether this MCP-1
expression in the BZA could drive the NCSC migration via
interactions with CCR2, NCSCs were isolated from postnatal
hearts and subjected to cell migration assay (Figure 5C).
MCP-1 at the lowest dose of 0. ng/mL induced NCSC
migration in vitro, with the maximum migration rate reached
at 1.0 ng/mL MCP-1. This cell migration was completely
abolished in the presence of neutralizing antibodies against
MCP-1 or by the addition of CCR2 siRNA into the media
bathing the sorted cells (Figure 5D and SE). These results
suggested that MCP:1 provides important guidance cues for
NCSC migration after MI.

NCSCs From Adult Heart Contribute to
Regeneration After MI

We finally investigated whether NCSCs could differentiate
into cardiomyocytes after MI. EGFP-positive cardiomyocytes
were observed in the BZA of PO-Cre/Floxed-EGFP mice
(Figure 6A), adjacent to both the surviving cardiomyocytes
and the infarcted area, and no EGFP-positive cardiomyocytes
were observed at the center of the infarcted area. These
EGFP-positive cells were smaller than the surrounding car-
diomyocytes (Figure 6B). The EGFP-positive cardiomyo-
cytes first appeared at 2 weeks post-MI, and gradually
increased in number to peak at 4 weeks post-MI (Figure 6C).
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Discussion
During embryogenesis, NC cells migrate into tissues and
differentiate into various cell types, although some persist as
NCSCs in the adult. Using genetically tagged cells arising
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Figure 5. Chemotactic effect of MCP-1 on NCSC migration. (A)
Expression of MCP-1 in the heart by reverse transcription-poly-
merase chain reaction analysis. Samples represent normal con-
trol heart (not infarcted) and ischemic BZA at 1, 2, and 4 weeks
(W) after MI. B, The expression of CCR-2 in NCSCs by reverse
transcription—-polymerase chain reaction analysis. Cornea and
bone marrow are used as negative control and positive control
samples respectively. C, Schematic representation of cell migra-
tion assay. GFP indicates green fluorescent protein. D, Quantita-
tive analyses of the chemotactic effect of MCP-1 on NCSC
migration. MCP-1 antibodies or CCR2 siRNA reduced the
migration of NCSC (n=10; “P<0.05 compared with MCP-1-free
conditions). E, Reverse transcription—polymerase chain reaction
analysis of CCR2 expression in NC cells.
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Figure 4. NCSCs accumulate at the is-
chemic border zone after MI. A, Immu-
nostaining of the nonischemic area (NIA),
BZA, and infarct area (IA) with anti-
actinin antibody (red) and TO-PRO-3.
The right panel shows the emission
spectrum values for the EGFP-positive
cells. B, Quantitative analysis of EGFP-
positive cells in the NIA, BZA, and 1A
(""P<0.001, NIA vs BZA; "P<0.01, BZA
vs IA; #P<0.05, NIA vs IA). C, Kinetics of
EGFP-positive cell appearance in the
BZA and NIA (*P<0.01, NIA vs BZA;
#P<0.05, 1 week vs 1 month; NS indi-
cates not significant, 1 month vs 2
months). GFP, green fluorescent protein.
D, Immunostaining of EGFP-positive
cells in the BZA. Note that the EGFP-
positive cells are concentrated in the
vicinity of the surviving cardiomyocytes.
E, Immunostaining of EGFP-positive
cells for nestin (left). Note that the
EGFP-positive cells in the BZA are posi-
tive for nestin, which suggests that they
are NCSCs. F, c-Kit-positive small car-
diomyocytes also emerged as a distinct
cluster.

from neural crest, we demonstrated that NC cells migrated
into the developing heart. Flow cytometric analysis of cells
isolated from the whole heart of 1-day-old mice revealed that
0.2£0.02% of total cells were NC cells. Of these, 37.5+1.5%
expressed nestin, a marker of undifferentiated neuronal pre-
cursor cells, indicating that they are retained in the hearts as
dormant NCSCs. NCSCs were localized predominantly in the
outflow tract, but they were also distributed throughout
ventricular myocardium in a decreasing gradient from base to
apex. Notably, we successfully visualized the dynamic nature
of NC cells in the ventricular wall by time-lapse imaging of
living myocardial slice cultures. The number of NCSCs
decreased as the heart grew, but some cells persisted in the
adult heart. Interestingly, these cells were strikingly accumu-
lated in the ischemic border zone after MI and contributed to
the regeneration of injured myocardium, at least in part, via
differentiation into cardiomyocytes. Ex vivo migration assays
further suggested that MCP-1 secreted from the BZA acts as
an important guidance molecule for NC cell migration.

In the present study, we used PO to trace the fate of the
neural crest cell lineage. In the PO-Cre/Floxed EGFP mice,
we confirmed that the EGFP-expressing cells were consistent
with known NC populations. As a negative control, we
examined the immunofluorescence patterns in PO-Cre and
floxed-EGFP single-Tg mice and detected no EGFP-positive
cells. We also ruled out autofluorescence from irrelevant
cells. We do not believe that the appearance of EGFP-positive
cells in the hearts of PO-Cre/Floxed EGFP mice simply
reflects unanticipated induction of PO expression in the
postnatal mesoderm-derived cardiomyocytes, as EGFP-
positive cardiomyocytes were also observed in hearts from
other Tg mice models that can trace the fate of NC-cells, such
as tissue plasminogen activator-Cre'8/Floxed EGFP mice and
Wnt-1-Cre'/floxed-EGFP mice.
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The nestin-positive NC cells accumulated in the BZA and
infarct area after MI. This phenomenon resembles the behav-
ior of neural stem cells in brain, where they remain in the
subventricular zone as dormant stem cells.2! On differentia-
tion into neuroblasts, these neural stem cells migrate to the
olfactory bulb under normal physiological conditions,??
whereas they migrate and differentiate into mature neurons in
the poststroke adult striatum?® under the influence of chemo-
kines (chemotactic cytokines) secreted from the infarct area.2*

We previously demonstrated primitive NC cells migrating
from the cardiac neural crest during embryonic development and
remaining in the heart as dormant stem cells.'! Although NCSCs
were localized predominantly in the outflow tract, they were also
distributed throughout ventricular myocardium and were obvi-
ously dynamic. On the basis of these similarities, we propose
that the migration of cardiac NCSCs in the BZA is induced by
paracrine factors from the infarct area.

Chemokines are small heparin-binding proteins whose
main function is to regulate cell trafficking. Once induced,
the direct migration of cells expressing the appropriate
chemokine receptors occurs along a chemical ligand gradient,
whereby cells move more strongly toward the higher concen-
tration of chemokines.2> MCP-1 is a key chemokine in the
regulation of migration and infiltration of monocyte/macro-
phages.?s MCP-1 expression and function has also been
implicated in the pathogenesis of cardiovascular diseases.?’
MCP-1 causes diapedesis of monocytes from the lumen to the
subendothelial space, where they become foam cells, initiat-
ing fatty streak formation that leads to atherosclerotic plaque
formation. Studies in Tg mice expressing MCP-1, the knock-
out MCP-1 gene, or the MCP-1 receptor CCR?2 indicated that
the MCP-1/CCR2 system functions in recruiting monocytes
to atheroma.>-32 The pathogenesis of restenosis after balloon
angioplasty involves the migration of medial smooth muscle
cells across the internal elastic Jamina to form a neointima.
Accumulating evidence indicated that balloon injury induces
local MCP-1 production and anti-MCP-1/CCR?2 approaches
could cause significant reduction in neointimal hyperpla-
sia.33-35 MCP-1 also has a critical role in the early recruitment
of macrophages to the healing infarct. MCP-1-deficient
animals exhibit reduced and delayed infiltration of mononu-
clear cells into infarcted heart, resulting in impaired replace-
ment of injured cardiomyocytes with granulation tissues,

March 2011

PO/EGF

Figure 6. NCSCs contribute to the
regeneration of cardiomyocytes after MI.
A, Azan staining of an infarcted heart
and serial sections immunostained for
actinin. Right panel shows a high-
magpnification image of the inset in the
left panel. B, Immunostaining for actinin
in the BZAs of PO-Cre/Floxed-EGFP
mice and their littermates (P0-Cre and
CAG-CAT"*P"o<®_EGFP mice) at 8
weeks (W) post-MI. Note the relatively
small EGFP-positive cardiomyocytes
appearing at the BZA. C, Kinetics of
EGFP-positive cardiomyocyte appear-
ance in the nonischemic area, BZA, and
IA after Ml ("P<0.01, “*P<0.001 com-
pared with 1 week post-Ml).

50 um

impaired macrophage differentiation, and diminished myofi-
broblast infiltration.3¢

In the present study, we demonstrated a novel function of
MCP-1 via its chemotactic activity. The MCP-1 receptor CCR2
is constitutively expressed on the surface of NCSCs, and ex vivo
cell migration assays demonstrated that MCP-1 induces NCSC
migration in a dose-dependent manner that was completely
abolished by neutralizating antibodies against MCP-1. These
results suggested that direct migration of NCSCs expressing
CCR2 occurs along an chemotactic MCP-1 gradient. How-
ever, the production of MCP-1 could in turn elicit blood cell
migration into the heart. Thus, EGFP-positive NCSCs from
bone marrow should also be considered as an alternative
source of EGFP-positive cardiomyocytes.3” Future studies are
necessary to clarify the quantitative contribution between
cardiac-resident and bone marrow-derived NCSCs in terms of
myocardial regeneration after MI.

NCSCs have a capacity for self-renewal, migration, and
differentiation. The factors supporting NCSC self-renewal
and differentiation have been described previously: the syn-
ergistic activity of Wnt and brain natriuretic peptide signaling
regulates NCSC self-renewal, whereas each individual factor
alone promotes lineage decision.®® The transforming growth
factor-B family promotes autonomic neurogenesis and the
development of smooth muscle-like cells, whereas
neuregulin-1 induces the generation of peripheral glia. In the
present study, we found that MCP-1/CCR2 signaling plays a
key role in NCSC migration following the ischemic insult.
Whether MCP-1/CCR2 signaling also stimulates NCSC self-
renewal remains unknown. In the ischemic border zone,
BrdU incorporation into the NCSCs was barely detectable.
Most of the BrdU-positive NC-derived cells are lineage-
committed cells. Thus, we do not think that MCP-1/CCR2
signaling stimulates NCSC self-renewal.

In conclusion, cardiac NCSCs represent a source of car-
diomyocytes for postneonatal heart growth and cardiac re-
generation after MI. NCSCs may have clinical importance
and should be studied further, because cardiosphere culturing
is a feasible method for the isolation of cardiac stem cells
from human heart biopsies.
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Kimura et al Evolving Technology/Basic Science

Safety and efficacy of pericardial endoscopy by percutaneous
subxyphoid approach in swine heart in vivo

Takehiro Kimura, MD,” Shunichiro Miyoshi, MD, PhD,? Seiji Takatsuki, MD, PhD,* Kojiro Tanimoto, MD,
PhD,* Kotaro Fukumoto, MD, PhD,* Kyoko Soejima, MD, PhD,” and Keiichi Fukuda, MD, PhD*

Objective: A nonsurgical approach from the epicardial surface is useful for various cardiac interventions, such
as positioning of the left ventricular lead for cardiac resynchronization therapy and epicardial ablation. Stem cell
delivery on the epicardial surface can be considered in the future if good quality of visualization can be obtained.
However, because the pericardial space is limited, hemodynamic conditions may deteriorate with pericardial
endoscopy. Therefore, the feasibility and efficacy of pericardial endoscopy were examined by using ready-
made endoscopes.

Methods: Anesthetized swines (26-61 kg; n = 6) were used for the experiment. Electrocardiogram, femoral
artery blood pressure, and oxygen saturation by pulse oximetry were continuously monitored during the proce-
dures. Guided by the fluoroscopy, sheaths were advanced to the pericardial space using the modified Seldinger
technique from the subxyphoid space.

Results: After insertion of an endoscope with a maximum diameter of 6.9 mm, hemodynamic parameters were
stable during the procedure with atropine. Stable and acceptable endoscopic images were obtained. Minor op-
erations can be performed with pericardial endoscopic-guided laparoscopic forceps with no complications.

Conclusions: The endoscopic pericardial procedure is effective and feasible. This procedure can increase the
possibility and efficacy of nonsurgical treatment for cardiac diseases. (J Thorac Cardiovasc Surg 2010; M :1-10)

Video clip is available online.
el

Recent progress in minimally invasive therapy has dramati-
cally changed the treatment of heart disease. Percutaneous
transluminal approaches (eg, coronary angioplasty'; catheter
ablation™®; pacemaker, implantable cardioverter defi-
brillator, and cardiac resynchronization therapy*; and percu-
taneous heart valve replacement’) have provided significant
therapeutic benefit to patients with a minimal burden. How-
ever, it is still difficult to reach the epicardial targets by
the transluminal approach. Minimally invasive epicardial
approaches may aid epicardial biopsy, implantation of left
ventricular epicardial pacing lead for cardiac resynchroniza-
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tion therapy, and ablation for epicardial arrhythmic
substrate. Furthermore, such approaches are also applicable
for transplantation of stem cells into the myocardium.
Although significant progress in research for cardiac stem
cells has been made, research for optimization of the trans-
plantation procedures is sparse. Compared with catheter-
based transluminal stem cell transplantation,® epicardial
transplantation poses less risk for infusion of stem cells
into the bloodstream and systemic dissemination and micro-
embolization of overflowed stem cells.”® Pericardial
endoscopy is also applicable to direct genetic transfection
of the gene to the local myocardium, so-called gene therapy.”

Pericardiocentesis using the Seldinger maneuver from the
subxyphoid to the pericardial space without obvious pericar-
dial effusions is safe'® and allows the epicardial target to be
reached with minimal invasion.' "' However, itis difficult to
perform the operation within the pericardial space because of
numerous obstacles: the coronary vessels, adipose tissue,
lung, and phrenic nerves. Therefore, endoscopic guidance
is required for the operation. Epicardial biopsy,' ™"
epicardial ablation,'> pulmonary vein isolation,'® and im-
plantable cardioverter defibrillator lead placemcm|7 using
pericardial endoscopy have been reported, but risk of injury
to arteries, organs, and nerves still remains. The relation
among the diameter of the endoscope, material of the sheath,
and hemodynamic parameters has not been extensively de-
scribed. Epicardial inflammation as a chronic effect should
be further evaluated. Techniques to obtain a more refined
view for critical procedures are not well developed.
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