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Distinction Between Two Populations of Islet-1-Positive
Cells in Hearts of Different Murine Strains

Patricia Khattar, ™ Felix W. Friedrich? Giséle Bonne,*® Lucie Carrier,® Thomas Eschenhagen?®

Sylvia M. Evans,” Ketty Schwartz,™*" Marc Y. Fiszman,*" and Jean-Thomas Vilquin'~*

Islet-1 expression identifies populations of progenitor cells in embryonic, fetal, and newborn murine hearts that
are able to give rise to all cardiac cell lineages ex vivo and in vivo. Using systematic immunohistochemistry, we
investigated whether islet-1-positive cells are present in adult mouse heart from the perspective of their potential
therapeutic utility. The presence, localization, and nature of islet-1-positive cells were assessed in mice of
different strains, ages, and conditions. Islet-1-positive cells were present in mouse heart from postnatal day 1 to
young adulthood. Depending on the strain, these cells were organized in either 1 or 2 types of clusters localized
to restricted areas, at a distance of 6%—35% of the heart length from the base. The first type of cluster was present
in all strains and consisted of neural crest-derived cells that formed cardiac ganglia. The number of cells
remained stable (a few hundred) from neonatal up to adult ages, and variations were noted between strains
regarding their long-term persistency. The second type of cluster was essentially present in 129Sv] or Balb/C
strains and absent from the other strains tested (C57BL/6], C3H, SJL). It consisted of cells expressing highly
ordered sarcomeric actin, consistent with their having cardiomyocyte identity. These cells disappeared in ani-
mals older than 4 months. Neither the number nor the type of islet-1-positive cells varied with time in a mouse
model of dilated cardiomyopathy. Our studies demonstrate that islet-1-positive cells are relatively few in
number in adult murine heart, being localized in restricted and rather inaccessible areas, and can represent both
neural crest and cardiomyocyte lineages.

Introduction

C ARDIOVASCULAR DISEASES are the primary cause of death
in developed countries, and heart failure represents a
major life-threatening condition. Pharmacological treatments,
although ameliorative, are unable to prevent heart failure, and
cardiac transplantation remains the ultimate therapeutic op-
tion. Unfortunately, heart transplantation faces 2 major
drawbacks, shortage of potential donors and immunological
problems. Autologous cell transplantation has become a
promising new therapeutic strategy. A number of clinical
trials have been performed using a variety of cell types, but
true cardiac regeneration has never been observed. This fail-
ure probably reflects the intrinsic lack of cardiac differentia-
tion of the presently elected candidates, that is, mainly bone
marrow or skeletal muscle-derived cells [1]. This observation
mandates the identification, isolation, and use of bona fide
cardiac precursor cells.

Islet-1 is a transcription factor of the subfamily of Lin-11,
Isl-1 and Mec-3 (LIM) homeodomain transcriptional regula-
tors. First identified as an enhancer in the insulin gene [2],
islet-1 is expressed in a variety of cell lineages of pancreatic
endocrine origin during embryogenesis, as well as in normal
adult islet cells [2,3]. Islet-1 also controls organogenesis of the
pituitary and pancreas [4]. Islet-1 function is critical in the
development and differentiation of the nervous system and
the control of motoneuron identity [5-9], but is not restricted
to neuroendocrine lineages [10]. Yuan and Schoenwolf [11]
demonstrated that islet-1 is expressed asymmetrically in the
early heart rudiments and during rotation of the foregut,
thereby providing a new candidate in the left/right heart
asymmetry signaling pathway. Islet-1 is required for for-
mation of the heart, as islet-1 null mutant mice are missing
outflow tract (OT), right ventricle, and much of the atrial
tissue [12,13]. Lineage tracing showed that islet-1-expressing
cells colonize the OT, the right ventricle, part of the atria, and
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a minor portion of the inner curvature of the left ventricle,
thereby contributing substantially to embryonic heart for-
mation. It was further demonstrated that murine or human
islet-1-expressing cells not only contribute to cardiac con-
tractile tissue, but also to the conduction system and endo-
thelial/smooth muscle cells [14-18]. Further, Islet-1 is
directly required for differentiation of cardiac progenitors
into cardiomyocytes and smooth muscle cells [19]. Recently,
a longitudinal study in fetal, neonatal, and young adult rats
documented the contribution of these cells to the second
heart field. Of note, some islet-1-positive cells persisted in
young adulthood in OT areas and coexpressed the cardiac
marker TnT [20]. Finally, murine and human islet-1-expres-
sing cells can be purified, expanded, and differentiated into
mature cardiomyocytes [15,21,22]. All these results identified
cardiac islet-1-expressing cells as candidates for future car-
diac stem cell therapy.

A candidate cell type for preclinical and clinical trials
should fulfill specific requirements. To avoid viral safety is-
sues and overcome immunological rejection, autologous
approaches are preferred. This implies an ease of cell pro-
curement, that is, small-volume biopsies may be obtained
from anatomic sites dispensable for vital function. Further, the
cells should be present in adulthood. Finally, cell selection
should be based on a robust marker that will unambiguously
identify the cell type of interest. Therefore, we asked whether
islet-1-positive cells persist in the hearts of young and adult
animals of different strains and so set up a thorough spatial
and temporal investigation of islet-1-positive cells in mice
from postnatal day 1 to early and late adulthood. We show
that islet-1-positive cells were present in small numbers after
birth, were organized as 1 or 2 types of clusters localized in
very restricted areas, and disappeared between the ages of
4-12 months. Lastly, given the role of islet-1-expressing cells
in cardiac formation and growth, a defect could be postulated
to result in cardiomyopathy in adult life [23,24]. We observed
that neither the number of islet-1-positive cells nor their
localization varied during the development of a dilated car-
diomyopathy in lamin A/C mice carrying a homozygous
Lmna H222P missense mutation [25].

Methods
Animals

129Sv], C57BL/6], Balb/C, C3H, and SJL mice were pur-
chased from Charles River (L’arbresle, France). The mouse
model of cardiomyopathy, KI-Lmna'?*?*/H222" mice and
their wild-type littermates KI-Lmna"™""/WT were produced on
a 129Sv]xC57BL /6] background and bred in our facility [25].
The islet-1-lacZ mouse model was created by the group of S.
Evans by a knock-in of the sequence of nuclear lacZ (nlacZ)
into the islet-1 locus in a C57BL/6] mouse background to
generate heterozygous islet-1 nlacZ knock-in mice [16].

All the procedures were conducted according to the Guide
for the Care and Use of Laboratory animals (DHAW publi-
cation no. 85-23, Office of Science and Health Reports, DRR/
NIH, Bethesda, MD). Mice were anesthetized (80mg/kg
ketamine, 16 mg/kg xylazine) and sacrificed at an age of 1, 5,
10, 15, 20, 25 days or 3, 4, 6, 7, 8, 10, 12 months (all wild-type
strains and KI-Lmna animals), and 1.5-4 months (nlacZ
knock-in mice). Hearts” weight and length were measured.
Heart, thymus, and pancreas were collected and frozen in
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nitrogen-cooled isopentane. Pregnant wild-type female OFA
rats were purchased from Charles River, anesthetized, and
the spinal cords of E18 fetuses were collected and frozen in
nitrogen-cooled isopentane.

Tissue immunohistology

Mouse hearts were systematically sectioned on cryostat
from the base to the apex and all sections were collected (5-
um sections). Mouse pancreas sections (10 um) were always
used as positive controls for islet-1 labeling. Fetal rat neural
tube sections (5 pum) were used for second validation of islet-1
labeling, and thymus (5 pum) sections for validation of Ki67
labeling. Islet-1 immunostaining was performed at room
temperature on cryostat sections fixed in 4% paraformalde-
hyde (pH 7.4, 15min), permeabilized with 0.1% Triton X-100
(20 min), blocked with 10% goat serum or 3% phosphate-
buffered saline bovine serum albumin (1h), and then incu-
bated in rabbit polyclonal anti-islet-1 antibody (Ab) (Abcam,
Cambridge, UK; 1/2000; 2h) or mouse monoclonal 39.4D5
IgG2b and 40.2D6 IgGl1 anti-Islet-1 Ab (DSHB, Iowa City,
Iowa; 1/200; 2h), respectively. A goat anti-rabbit or anti-
mouse FITC-conjugated (Sigma, L’Isle d’Abeau, France;
1/2000; 1h) secondary Ab was incubated to detect islet-1-
positive cells. Slides were mounted with Vectashield® con-
taining DAPI (Abcys, Paris, France) to visualize cell nuclei.
Serial sections were stained with hematoxylin and eosin. The
same staining procedure was used for colabeling of islet-1
(polyclonal Ab) and Ki-67 (rat monoclonal Ab; Dako AS,
Glostrup, Denmark; 1/50; 1h), or 165-kDa neurofilaments
(DSHB, clone 2H3, 1/500, 1h). Cardiomyocytes were iden-
tified by fluorescence using phalloidin-Fluoprobe 547H (In-
terchim SA, Montlucon, France) for staining actin according
to manufacturer’s instructions. a-Actinin staining was per-
formed by employing the ZytoChem Plus AP Polymer Kit
according to manufacturer’s instruction (Zytomed Systems,
Berlin, Germany) using an anti-a-actinin Ab (Sigma; clone
EA53; 1/800; 1h). Histological imaging was obtained using a
Leica DMR Microscope and a Tri-CCD color video camera
Sony DXC-950P driven by the TRIBVN ICS 1.3 (2002) soft-
ware. Cell imaging was done using an Olympus IX10 mi-
croscope. Fluorescence imaging on tissue was done using a
Zeiss Axioplan 2 Microscope and a Photometric CoolSnap fx
Camera (Roper Scientific, Evry, France) controlled by the
Metavue 6.2r6 (2004) software. Confocal microscopy was
performed on a Leica TCS SP2 AOBS confocal laser-scanning
microscope. When indicated, for a given heart representative
of the group under study, the total number of islet-1-positive
cells was obtained by adding up all the positive cells counted
on every section of the heart.

LacZ staining of cardiac sections

Twelve-week-old heterozygous islet-1 nlacZ knock-in
mice were sacrificed, hearts were frozen in a 30% sucrose/
tissuetek mixture (1/1) immersed in liquid nitrogen. Ten-
micrometer serial cryostat sections were cut. For staining,
sections were air-dried for 30min, fixed for 10min with 4%
paraformaldehyde, permeabilized in 0.02% NP40, 0.01% so-
dium deoxycholate, and 20 mM Tris (pH 7.4) for 1 h at 37°C, and
then incubated in X-gal solution (5 mM potassium ferrocyanide,
5mM potassium ferricyanide, 2mM MgCl,, 2.5mM X-gal;
Sigma-Aldrich, Munich, Germany) in phosphate-buffered
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saline. For hematoxylin—eosin staining, sections were immersed
in light hematoxylin and eosin after paraformaldehyde fixation.

Cholinesterase activity

Briefly, the sections were fixed in 2.5% glutaraldehyde
for 1h on ice and then incubated for 15min in a solution
containing acetic acid (100 mM), sodium acetate (100 mM),
glycine (25mM), and cupric sulfate (5mM) in a Soerensen
buffer. Then the sections were incubated in the same solu-
tion also containing acetylthiocholine iodide (4mM) for
45 min. Following one rinse in water, the sections were in-
cubated in ammonium sulfide (1%) for few minutes and
rinsed in water. Cholinesterase activity is characterized by a
brown staining.

Results

Distribution of the islet-1-positive cells in C57BL/6J
and 129SvJ mouse heart

We set up a standardized protocol for the detection of
islet-1-positive cells in sections from rat embryo neural tube
and murine pancreas, serving as positive controls. Using
mouse monoclonal 39.4D5 or 40.2D6 anti-islet-1 Ab, we
consistently observed a high background because of the
secondary anti-mouse Ab. This technical problem was cir-
cumvented using a rabbit polyclonal anti-islet-1 Ab, fol-
lowed by a secondary anti-rabbit Ab. The specificity of
the staining has been ascertained by a colabeling study of
the same cells using both Abs and by western blot valida-
tion of the control recombinant protein (data not shown).
All further experiments were then performed using the
polyclonal Ab.
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The distribution of islet-1-positive cells was first analyzed
in the hearts of C57BL/6] mice, at different time points after
birth. In 1-7-day-old mouse hearts, islet-1-positive cells were
gathered in small clusters of 1025 cells, characterized by
large round nuclei and strong and homogeneous nuclear
staining (Fig. 1a—c). Similar results were obtained at all time
points up to 7 months of age (Fig. 1d—f and Table 1; n =27/28
animals analyzed). By counting all the positive cells on all the
serial sections covering entire hearts in representative ani-
mals, we could determine the total numbers of islet-1-
positive cells in the given hearts. These numbers remained
stable between 150 and 300 cells and then declined in oldest
animals (Table 1). Beyond 7 months of age, no islet-1-positive
cell could be detected in this strain (n=0/3 animal ana-
lyzed). These numbers may be slightly overestimated, as the
thickness of the sections (5pum) was less than the average
nucleus diameter.

At all time points, clusters of islet-1-positive cells were
neither detected on all the sections nor randomly distributed
along the entire length of the heart. As indicated in Table 1,
sections containing clusters of islet-1-positive cells were
gathered in areas located between 6%-12% and 27% of the
heart length from the base to the apex. Further, within a
section, the clusters were not randomly distributed (Table 1).
The low number of islet-1-positive cells, as well as their lo-
calization deep inside the myocardium in areas that would
not be dispensable for the survival of animals, may hamper
their use for autologous cell therapy.

Surprisingly, we observed a different distribution in
129Sv] and 129Sv]xC57BL/6] mice (n=35 animals ana-
lyzed). In agreement with our initial results, we detected
islet-1-positive cells in approximately the same restricted
area of the heart as in C57BL/6] mice. However, at variance
with the previous observation, these cells were organized

£
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FIG. 1.

Cluster of islet-1-positive cells in C57BL/6] mouse heart. Immunostaining was performed at 1 day postnatal (a—c) and

7-month-old heart (d-f). The a and d panels show the entire heart section (at the depths of 535 and 470 pm, respectively) and the
positive area is delimited (red square). The b and e panels show the clusters of islet-1-positive cells. The nuclear colocalization of
islet-1 and DAPI signal is presented in ¢ and f panels. Arrows indicate islet-1-positive cells. Scale bars: (a, d) 100 pm; (b, ¢, e, f)
50 pm. RA, right atria; LA, left atria; RV, right ventricle; IAS, interatrial septum; Ao, aorta; PA, pulmonary artery. Color images

available online at www liebertonline.com/scd
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TABLE 1. NUMBER AND LOCALIZATION OF ISLET-1-PosITIVE CELLS IN C57BL/6] MOUSE HEART
Mouse age n? Number of cells® Localization® Level®
D1 10/10 302 101 OT, 201 RA 12%-18%
D5 5/6 222 222 LV 15%-23%
D10 2/2 163 131 OT, 32 IVS 13%-27%
D15 1/1 306 192 RA, 54 IAS, 60 LA 8%-19%
D20 5/5 180 14 RV, 133 IAS, 33 IVS 12%-27%
D25 2/2 311 303 RA, 8 LV 13%-26%
4-7 months 2/2 177; 30 149 RA, 28 LA; 30 RA 17%-22%; 6%
8-12 months 0/3 0 NA NA

“Number of animals positive for Islet-1 labeling out of the total number in the group.

PRepresents the total number of cells counted in a given heart.

‘Number of cells in a specific localization: OT, outflow tract; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; IAS,

interauricular septum; IVS, interventricular septum.

The levels are normalized relatively to the height of the heart, from base to apex.

NA, not applicable.

into 2 types of clusters, illustrated in Fig. 2. The first type
corresponded to the type described in C57BL /6] hearts (Fig.
2a, b) and persisted beyond 10 months of age, that is, later
than in C57BL/6] mice. The second type presented distinct
features (Fig. 2c, d). The latter clusters were larger, con-
taining up to 100 islet-1-positive cells with smaller more
elongated nuclei, which had less homogeneous islet-1
staining. A typical distribution of the 2 types of clusters is
presented in Table 2. This second type was observed in
half of the animals before the age of 4 months (n=17/31
animals analyzed) and disappeared later (n=0/4 animals
analyzed).

To investigate whether this result was a peculiar, unique
feature of the 129Sv] strain, we looked for the presence of
islet-1-positive cells in hearts of 3 other mouse strains fre-
quently used in biological studies: C3H, Balb/C, and SJL.

a — cluster 1

FIG. 2. Clusters of islet-1-
positive cells in 129Sv] and
129Sv]xC57BL/6] mouse
hearts. Both day 1 postnatal
129Sv] (b, d) and 129Sv]x
C57BL/6] (a, ¢ hearts con-
tained clusters of the first type
(a, b) and the second type
(c, d). Scale bars: (a, ¢) 50 um;
(b, d) 5um. Color images .
available online at www
liebertonline.com/scd

¢ — cluster 2

Balb/C, but not C3H or SJL strains, also showed the presence
of 2 types of clusters (data not shown). Therefore, the pres-
ence of 2 types of clusters of islet-1-positive cells is not an
exclusive feature of the 129Sv] strain.

As one of our goals was to determine whether the number
and localization of islet-1-positive cells would be altered in
the course of heart failure, we repeated these experiments
using mice that harbor a knock-in mutation in the Lamin
A/C gene and develop progressive cardiomyopathy, the KI-
Lmna222P/H222P m5del. This mouse line was derived from
embryonic stem cells produced by the 129Sv] strain and was
backcrossed into the C57BL/6] strain [25]. The 2 types of
clusters were detected, and neither the number of islet-1-
positive cells nor their localization exhibited differences that
could be attributed to the development of dilated cardio-
myopathy (data not shown).

b — cluster 1

d — cluster 2
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TABLE 2. NUMBER AND LOCALIZATION OF ISLET-1-POsITIVE CELLS IN 129Sv]xC57BL/6] MoUSE HEART

Cluster 1 Cluster 2
Age, n n? Number® Localization, level® n? Number® Localization, level®
D1-2 months 24/27 487 RA, LA 15/27 1748 RA, IAS
n=27 22%-35% 13%-23%
3-4 months 3/4 719 RA, LA, IAS, IVS 2/4 841 IAS
n=4 21%-33% 21%—-26%
6-10 months 4/4 426, 258, RA, IAS, IVS 0/4 0 NA
n=4 381 11%—-29%

“Number of animals positive for islet-1 labeling out of the total number in the group.

PRepresents the total number of cells counted in a given heart.

‘Number of cells in a specific localization: RA, right atrium; LA, left atrium; IAS, interauricular septum; IVS, interventricular septum. The
levels are normalized relatively to the height of the heart, from base to apex.

Characterization and distinction of the 2 types
of clusters

Islet-1-positive cells are quiescent. We tested whether islet-
1-positive cells in adult hearts were proliferating, using an
anti-Ki-67 Ab (n=>5 animals analyzed). As illustrated, nei-
ther the first type of cluster (Fig. 3a—c) nor the second (Fig.
3d—f) showed any significant costaining with anti-Ki-67 and
anti-islet-1 Abs, indicating that islet-1-positive cells were in a
mitotically quiescent state. This result was further confirmed
using bromodeoxyuridine staining coupled with anti-islet-1
staining following a pulse administration of bromodeox-
yuridine. No colocalization was observed (n=2; data not
shown).

Islet-1-positive cells in the first type of cluster express neurofi-
lament protein. ~ As it has been recently described that cardiac
ganglia cells express islet-1 in hearts of E14.5 and 3-day-old
mice [16], we tested which type of cluster corresponded to
these cells. Using an Ab directed against the 165-kDa neu-

Islet-1

DAPI

rofilament protein, we found that only cells in the first type
of cluster were labeled. Indeed, these cells were costained
with Abs directed against islet-1 and neurofilament protein
(Fig. 4a—c). Acetylcholinesterase-positive staining of the same
area suggested the cholinergic nature of these cells (n = 6). Of
note, more cells were stained for acetylcholinesterase than for
islet-1. Taken together, these observations suggest a role for
some islet-1-positive cells in the composition of the cardiac
ganglia.

Islet-1-positive cells in the second type of cluster express a
cardiomyocyte-specific marker. Using phalloidin, we analyzed
the expression of actin. As expected, most cells on the heart
sections, being differentiated cardiomyocytes, exhibited a
typical sarcomeric organization. However, cells in the second
type of islet-1-positive cluster also exhibited a sarcomeric
organization of actin (Fig. 4f, g; n=>5), whereas this was not
the case for cells in the first type of cluster (Fig. 4d, e). This
result was surprising, as islet-1 transcription is generally
turned off as cells differentiate into a cardiac type [26].

Ki-67

FIG. 3. Research of proliferating cells in clusters of islet-1-positive cells. Coimmunostaining for islet-1 and Ki-67 were
performed on 21-day-old 129Sv] mouse heart sections. No Ki-67-positive cells (¢, f) could be observed within islet-1-positive
cells constituting the first type (a—c) or the second type (d—f) of clusters. Scale bars: 50 pm. Color images available online at

www liebertonline.com/scd
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FIG. 4. Characterization of islet-
1-positive cells. Costainings for
islet-1 (a), 165-kDa neurofila-
ments (b), acetylcholinesterase
activity (c), and phalloidin (d-g)
were performed on 5-day-old
129Sv] xC57BL/6] serial mouse
heart sections. A cluster con-
taining islet-1-positive cells (a)
stained positively for 165-kDa
neurofilaments (b) and acetyl-
cholinesterase (¢, arrows). In this
first type of cluster, islet-1-
positive cells (d, e, stars) were
negative for phalloidin staining,
whereas the surrounding cardiac
tissue was positive (d, e, asterisks).
Sarcomeric features colocalized
with islet-1 expression in nuclei
in the second type of cluster (f).
Islet-1-positive cells stained by
phalloidin (asterisks) are intricated
within myocardial tissue and in
close contact with phalloidin-
positive and islet-1-negative nu-
clei of cardiomyocytes (g, arrows).
Scalebars: (a—c) 50 pm; (d—g) 5 pm.
Color images available online at
www liebertonline.com/scd

LacZ-positive cells in the islet-1 nlacZ mouse model

Our data were confirmed using an islet-1 nlacZ mouse
model. Clusters of lacZ-positive cells were detected in 1.5-4-
month-old animals (1 =6/6), on serial sections located in a
very similar region as observed in other mouse models, be-
ing situated between the atria and next to the OT (Fig. 5a—d),
or close to the atria (Fig. 5e—g). Multiple labeling on adjacent
sections showed colocalization of nlacZ, acetylcholinester-
ase-positive staining, and Islet-1 expression, although all the
cells in clusters may not be at the same level of commitment,
differentiation, and organization (Fig. 5e-g). In these clusters,
cells were negative for o-actinin and sarcomeric actin. The
clusters were arranged in a nest-like fashion (n=3/3).

Discussion

Using a rabbit polyclonal Ab directed against the tran-
scription factor islet-1, we have identified islet-1-positive
cells in the mouse heart from birth to adult stages. These cells
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are organized in 1 or 2 types of clusters that are localized to a
consistent position situated between 6% and 35% of the
height of the heart from the basal plate, covering the OT,
restricted areas of the right atrium and left atrium, of the
interventricular septum and interauricular septum, and of
the upper part of the left ventricle. The number of islet-1-
positive cells is limited to a few hundred, and it remains
stable for 2 (second cluster) or several (first cluster) months
after birth.

Two different types of clusters were observed. Both types
consisted of quiescent cells, but each type contained cells
with a homogeneous and distinct phenotype. One type of
cluster was previously described up to the 3rd day postbirth
and likely consists of cardiac ganglia cells [16,27]. The other
type of cluster was present essentially in given strains of
mice (129Sv] and Balb/C) and consisted of cells deeply em-
bedded in the myocardium. Cells of this type presented a
sarcomeric organization of actin and were presumably car-
diomyocytes.
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FIG. 5. LacZ-positive cells in islet-1 nlacZ knock-in mouse model. (a-d) LacZ-positive cells are located around the outflow
tract in a 12-week-old islet-1 nlacZ knock-in mouse. (b—d) Serial sections showing magnifications of the insets delineated by
small (b, c) or large (d) squares in a. Cells are arranged in a cluster (b, hematoxylin—-eosin staining); some of them express islet-1
in the nucleus (¢, X-gal staining), and they are a-actinin negative (d). Asterisks indicate similar areas in b—d; arrows point out
remote cardiac areas positive for o-actinin in d. (e-g) Adjacent sections showing a cluster located in RA, containing cells
expressing islet-1 in the nucleus (e), nlacZ (f, pointed by arrows), and/or acetylcholinesterase (f), but no sarcomeric structures
(g, phalloidin staining). Scale bars: (a) 800 um; (b, ¢) 100 pm; (d) 200 um; (e—g) 75pum. Color images available online at

www liebertonline.com/scd

The presence and nature of islet-1-positive cells were de-
pendent on murine strain. Indeed, the first, neural-like type
of cluster was present in all strains, but persisted longer in
life in adult 129Sv] animals, whereas the second, cardiogenic-
like type of cluster was present only in young animals of
129Sv] and Balb/C strains. Differences in neural progenitor
cells” proliferation, migration, and survival have been re-
ported between C57Bl/6] and 129Sv] strains [28], and the
genetic background affects cardiac cell biology and physi-
ology [29]. Strikingly, C57Bl/6] mice have been described to
develop earlier and more severe heart failure pathologies
than 129Sv] mice in induced [30] and transgenic [31] models.
Whether the differential presence of islet-1-positive cells re-
lates to differences in late fetal developmental kinetics or to
different cardiac performances between strains is not known
and would deserve further studies.

Some differences were noted between the present results
and the original descriptions. Laugwitz et al. illustrated the
presence of clustered islet-1-positive cells in a postnatal day 1

rat heart [21]. The localization of these clusters and number
of cells involved are similar to what we have observed. These
clusters were not further characterized, so that we cannot
conclude whether they would be equivalent to our first or
second type. Also, taking advantage of an inducible islet-1-
Cre and an islet-1-mER-Cre-mER xR26-LacZ double hetero-
zygous mouse model, Laugwitz et al. [21] were able to
identify islet-1-expressing cells from postnatal hearts by lin-
eage tracing, which have the potential to give rise to func-
tional cardiomyocytes when selected and expanded in vitro.
Upon tamoxifen injection in their inducible model, isolated
and dispersed LacZ-expressing cells were observed in post-
natal animals. In our present study, we did not identify
isolated and dispersed islet-1-positive cells. We can only
hypothesize that isolated cardiogenic progenitors would
transiently express islet-1 up to shortly after birth, but
would still be amenable to characterization because of the
persistence of lacZ activity for a short time in the inducible
model [21].
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Genead et al. detailed the presence and localization of is-
let-1-positive cells in rat embryos, neonates, and young
adults (up to 13 weeks old) [20]. In adult animals, they ob-
served persistent islet-1-positive cells around the OT area.
Similar to our description, the cells were mainly gathered in
the upper part of the heart. At variance with our results, their
cells mainly expressed cardiac markers and therefore may
correspond to the second type of cluster observed in some,
but not all, mice strains. We observed that this type of cluster
disappeared between fourth and sixth month of adulthood,
which exceeds the duration of their study. Genead et al. also
described the presence of a minority of so-called undiffer-
entiated islet-1-positive cells, which may correspond to the
ganglia cells observed in our first type of cluster. Indeed,
ganglia cells represent a minority in 129Sv] and BalbC mice
strains (both first and second types of cluster are present),
but the totality in C57B1/6], C3H, and SJL mice strains (first
type of cluster is only present). Taken together, these ob-
servations suggest species and strain variations regarding
the persistence of islet-1-positive cells in adult animals.

Our data suggest that islet-1 is expressed, in both cases, by
noncycling, quiescent cells, that is, peripheral nervous sys-
tem ganglia in the first type of cluster and cardiomyocytes in
second type. In chick embryos, cells from the neural tube and
dorsal root ganglia express islet-1 after cell cycle exiting,
whereas islet-1-positive cells from the sympathetic ganglia
are still dividing [32]. In mouse, the expression of islet-1 is
generally considered to be shut-off upon commitment into
cardiac cells [12,16,21,26,33]. Indeed, lineage tracing studies
indicate that most cells previously expressing islet-1 did not
express it after E9 and formation of cardiac structures.
However, islet-1 is still expressed in distinct heart sub-
domains at postnatal day 3, including the sino-atrial node,
the base of aorta and pulmonary arteries, and cardiac ganglia
[16]. In rat, some differentiated islet-1-positive cells ex-
pressed cardiac markers [20], and a few dividing islet-1-
positive cells were observed at postnatal stage. Our data
indicate that, in the first type of cluster, islet-1 expression
coincided with the presence of neurofilaments and acetyl-
cholinesterase activity, suggesting a parasympathic nature of
these ganglia. In the second type of cluster, islet-1 expression
coincided with the presence of actin cross-striation, a hall-
mark of cardiomyocyte differentiation. Both observations
argue against the idea that islet-1 expression is always
shutdown during the process of cardiac differentiation. At
least, a significant number of cells still have been expressing
islet-1 for weeks or months after birth, and noteworthy, the
second type of cluster may be considered as the most tran-
sient, as no islet-1-positive cells of this type were found after
the age of 4 months. Our finding that this type of cluster is
present in some strains of mice only (129Sv], Balb/C) may
explain why these cells are not systematically identified.

Given the role postulated for islet-1-expressing cells in
cardiac formation and growth, a mutation of the gene itself
or a defect in pathways leading to its expression could result
in alterations of cardiogenesis, leading to cardiomyopathy
[23,24]. Indeed, we recently identified a mutation within the
islet-1 gene in a patient presenting with dilated cardiomy-
opathy [34]. Here, we did not observe any variation in the
number and organization of islet-1-positive cells in a mouse
model of dilated cardiomyopathy due to a mutation in
the lamin A/C gene. This observation suggests that islet-1-
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positive cells in adult heart are not depleted in the context of
this model of cardiomyopathy and that lamin A /C mutation
did not impact the developmental expression of islet-1.

This study was initiated with a goal of identifying and
localizing a specific cell type that could potentially be used as
a tool to reconstitute heart tissue following transplantation in
a failing heart. The rationale for focusing on islet-1-positive
cells was based on previous results showing that the tran-
scription factor islet-1 was expressed by cells that not only
contribute to the formation of cardiac contractile tissue but
also to the conduction system and the emergence of endo-
thelial/smooth muscle cells [12-18,21,33]. Our hypothesis
was that islet-1-expressing cells could represent, in the adult,
a remnant population of cardiac precursor cells, which might
be mobilized in the setting of cardiomyopathy or might be
useful for transplant. Our results underline the phenotypic
and functional heterogeneity of islet-1-positive cells. Indeed,
islet-1-positive cells are not numerous, their number de-
creases with age, and their localization precludes their ex-
traction from living subjects. Moreover, in a clinical context,
these cells were not observed in remote heart biopsies pre-
pared from cohorts of aged patients amenable to cell therapy
[35]. Finally, the most persistent clusters of islet-1-positive
cells coexpress neural markers, suggesting that islet-1 alone,
as a marker, would not be sulfficient to select and isolate pure
cardiac precursors.

In conclusion, our results show that islet-1-positive cells
are present and organized in clusters in postnatal and adult
mouse heart and may disappear later in adulthood. These
cells do not represent a pure cardiac precursor population
and cannot be used immediately as tools for cell transplan-
tation in regenerative heart medicine. Yet, their transient
expression and peculiar organization suggest a specific bio-
logical role in the postnatal heart that warrants further in-
vestigation.
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