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Abstract Brain natriuretic peptide (BNP) contributes to
heart formation during embryogenesis. After birth, despite
a high number of studies aimed at understanding by which
mechanism(s) BNP reduces myocardial ischemic injury in
animal models, the actual role of this peptide in the heart
remains elusive. In this study, we asked whether BNP
treatment could modulate the proliferation of endogenous
cardiac progenitor cells (CPCs) and/or their differentiation
into cardiomyocytes. CPCs expressed the NPR-A and
NPR-B receptors in neonatal and adult hearts, suggesting
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their ability to respond to BNP stimulation. BNP injection
into neonatal and adult unmanipulated mice increased the
number of newly formed -cardiomyocytes (neonatal:
423 %, p = 0.009 and adult: 468 %, p = 0.0005) and the
number of proliferating CPCs (neonatal: +142 %,
p = 0.002 and adult: +134 %, p = 0.04). In vitro, BNP
stimulated CPC proliferation via NPR-A and CPC differ-
entiation into cardiomyocytes via NPR-B. Finally, as BNP
might be used as a therapeutic agent, we injected BNP into
mice undergoing myocardial infarction. In pathological
conditions, BNP treatment was cardioprotective by
increasing heart contractility and reducing cardiac remod-
elling. At the cellular level, BNP stimulates CPC prolif-
eration in the non-infarcted area of the infarcted hearts. In
the infarcted area, BNP modulates the fate of the endoge-
nous CPCs but also of the infiltrating CD45™ cells. These
results support for the first time a key role for BNP in
controlling the progenitor cell proliferation and differenti-
ation after birth. The administration of BNP might, there-
fore, be a useful component of therapeutic approaches
aimed at inducing heart regeneration.

Keywords Brain natriuretic peptide - Cardiac progenitor
cells - Heart regeneration - Cardiomyocytes -
Differentiation - Proliferation - Natriuretic peptide receptor

Abbreviations
BNP Brain natriuretic peptide

BrdU 5-Bromo-2’'-deoxyuridine
CPCs Cardiac progenitor cells

GFP Green fluorescent protein
NMCs Non-myocyte cells

NPR-A Natriuretic peptide receptor A
NPR-B  Natriuretic peptide receptor B
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Introduction

Brain natriuretic peptide (BNP) is a cardiac hormone,
secreted mainly by ventricular cardiomyocytes. BNP
binding to two guanylyl cyclase receptors denoted NPR-A
and NPR-B, leads to the generation of intracellular cGMP.
The accumulation of cGMP in the cytoplasm activates the
protein kinase G (PKG) and the phosphodiesterases 2, 3 or
5 [33].

Brain natriuretic peptide was shown to induce cardio-
protection in animal models of heart failure [7, 10, 14, 18,
34, 45]. In human hearts, although BNP is immediately
secreted in the blood in large amounts after heart injury, a
large part of it is in a form devoid of biological activity
[11], suggesting that pharmacological treatment using
recombinant BNP could be beneficial for patients devel-
oping acute heart failure. The first clinical trials using ne-
siritide (recombinant human BNP) highlighted positive
hemodynamic and clinical effects but also severe adverse
effects, such as hypotension, renal failure and higher
mortality rate in the group of BNP-treated patients [3].
Recently, new clinical studies demonstrated that low doses
of Nesiritide administered to patients with acute heart
failure could improve cardiac function without inducing
hypotension, nephrotoxicity or increase in the rate of death
or rehospitalization [3, 12, 13, 20, 26, 31, 38]. Furthermore,
treatment of patients suffering from heart failure with an
inhibitor of the receptor for Neprilysin, an endopeptidase
able to degrade natriuretic peptides, reduced the risks of
death and of hospitalisation when compared to patients
treated with enalapril [28]. Altogether, these new results
reopened the debate about the usefulness of BNP therapy
for patients with heart failure [21].

The present uncertainty concerning the usefulness of
BNP therapy for patients with heart failure may in part
reflect the lack of knowledge about the mechanisms by
which BNP acts on cardiac cells. Nevertheless, its cardiac
protective role in animals was attributed to fibrosis inhi-
bition, to KATP channel opening, as well as to reduction
of cardiomyocyte apoptosis and hypertrophy [14, 19, 29,
40, 43, 45]. Interestingly, Abdelalim and his group
highlighted an unexpected role of BNP in murine
embryonic stem cells (ES), which surprisingly secrete
BNP and also express both of its receptors, NPR-A and
NPR-B [1, 2]. They demonstrated that BNP controls ES
cell fate depending on the receptor to which it binds [1,
2]. Another member of the natriuretic peptide family, the
atrial natriuretic peptide, seems also to be able to activate
or repress cardiomyocyte proliferation during embryo-
genesis in zebrafish and this, in a concentration-dependent
manner [5]. These results are in line with several studies
suggesting that BNP in the developing embryo does not
only contribute to the homeostasis of salt, water and
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blood pressure, but also has a role in controlling the
differentiation of embryonic cells into cardiomyocytes [9,
40]. Whether this effect of BNP continues after birth, is
unknown.

We investigated in this report the effect of BNP
treatment in physiological (i.e. on neonatal and adult
“healthy” murine hearts) and in pathophysiological (i.e.
in infarcted murine hearts) conditions. We demonstrate
here for the first time that cardiac progenitor cells (CPCs)
are able to respond to BNP stimulation in a neonatal and
even in an adult mouse heart. In vivo, BNP injections
lead to increased CPC proliferation and increased number
of Nkx2.5" cardiomyocytes. In vitro experiments show
that BNP can directly act on CPCs via NPR-A to stim-
ulate their proliferation and via NPR-B to induce their
differentiation into cardiomyocytes. Finally, in patholog-
ical conditions in vivo, BNP is able to increase the
number of Nkx2.5" cells in both the infarcted and non-
infarcted areas of BNP-treated infarcted hearts 1 week
after surgery.

These results highlight a new role for BNP in the heart
after birth. BNP has thus, to be considered as an essential
factor able to induce cardiac cell regeneration following
cardiac injury.

Materials and methods
Mice

All the experiments were approved by the Swiss animal
welfare authorities (Veterinary Office of Lausanne, Swit-
zerland). Neonatal C57BL/6 pups (3—4 days) and adult
male C57BL/6 (age 10 and 18 weeks) were purchased from
Janvier (Le Genest-Saint-Isle, France) and were housed in
the animal facility until use for experiments. Myh6-
MerCreMer mice (JAK-5657) and Tomato-EGFP mice
(JAK-7576) were purchased from The Jackson Laboratory.
Heterozygous MerCreMer/Tomato-EGFP mice were used
in this study at the age of 3 or 10 weeks. NPR-A (—/—)
(NPR-A KO) and NPR-B deficient (C57BL/6 J-Npr2°™)
pups (1-2 days) were used in this study. NPR-B deficient
mice do not survive more than 3 days.

In vivo experimental design

Neonatal (3—4 days old) and adult (10 weeks old) C57BL/6
mice were injected intraperitoneally (ip) with BNP (1 pg/
mouse in the neonatal mice and 2 pg/mouse in the adult
mice) (recombinant mouse C 1-45 peptide; American
Peptide Co, Sunnyvale, CA, US) or NaCl. Three injections
were carried out weekly during 2 weeks. These doses of
BNP had been shown to be effective on mobilisation,
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proliferation and differentiation of endothelial precursor
cells in BNP-injected mice [23, 41].

Neonatal and adult mice had the same time of BNP
exposure. Neonatal mice were sacrificed 3 days after the
end of BNP injections, whereas adult mice were sacri-
ficed 3 weeks after the end of injections to assess for the
sustainability of BNP effect. Blood pressure was mea-
sured with the non-invasive tail cuff method, every
2 days during the 5 weeks of experiment in adult mice.
The mice were trained 1 week before the onset of
measurement.

Myocardial infarction was induced in 10-week-old
C57 BL/6 mice by ligation of the left anterior
descending coronary artery (LAD). Briefly, mice were
anaesthetised (ketamine (65 mg/kg)/xylazine (15 mg/kg),
acépromazine (2 mg/kg)), intubated and ventilated. The
chest cavity was entered through the third intercostal
space at the left upper sternal border, and myocardial
infarction was induced by ligature of the LAD with a
7-0 nylon suture at about 1-2 mm from the atria. Sham-
operated mice underwent the same operation but without
tightening the knot. Directly after the surgery, NaCl or
BNP (1 pg/20 g in 20 pl) was injected into the myo-
cardium. Thereafter, BNP (2 pg/mouse) was injected ip
every 2 days. Echocardiographies were performed at
baseline (i.e. before surgical procedure) or 1 or 4 weeks
after surgery.

Mice were sacrificed 10 days or 4 weeks after infarct
induction and hearts were removed. The infarction zone
(Infarction zone) was separated from rest of the heart (Non-
infarcted zone).

Echocardiography and measurements

Transthoracic echocardiographies were performed on adult
unmanipulated or infarcted mice using a 30 M-Hz probe
and the Vevo 770 Ultrasound machine (VisualSonics,
Toronto, Ontario, Canada) as described [37]. All mea-
surements were done from leading edge to leading edge
according to the American Society of Echocardiography
guidelines.

Briefly, cardiac parameters, including diastolic and
systolic-free wall thickness, internal diastolic and systolic
left ventricular diameter, as well as ejection fraction (EF)
and fractional shortening, were evaluated on lightly
anaesthetised mice (1 % isoflurane). We computed EF as
an index of contractility. However, EF is depending on
preloading conditions. Since we noted that after myocardial
infarction, the preloading conditions were different
between the BNP-treated and untreated mice, we calcu-
lated the ratio of EF on LV Vol;d (EF@LYV Vol;d) as a new
index of contractility, taking into account of these differ-
ences of preload. Such correction is indeed in agreement

with comparable approaches used in volumetric technology
to assess cardiac function [25]. Furthermore, according to
the fact that changes in left ventricle volume can be con-
sidered as an index of remodeling [22], we calculated the
percentage of increase of the left ventricle volume 1 and
4 weeks after surgery, which is the ratio between (LV
Vol;d 1 or 4 weeks — LV Vol;d before surgery) and LV
Vol;d before surgery x 100.

Cell culture

Neonatal cardiac cells were isolated as previously descri-
bed [36] and cultured in specific media favouring cell
proliferation (medium P) for up to 11 days or cell differ-
entiation (medium C) for up to 3 weeks. Cells were treated
or not with 1 uM murine BNP (recombinant mouse C 1-45
peptide; American Peptide Co, Sunnyvale, CA). A dose
response of BNP on NMCs was performed in both media
(medium P and C) to choose the optimal BNP concentra-
tion able to modulate CPC’s fate. According to our results,
the following experiments will be done using 1 pM BNP
in vitro (Supplemental Fig. 4).

BrdU incorporation in vivo

18 h before sacrifice, 40 pl BrdU (10 mg/ml) was injected
ip into neonatal mice treated or not with BNP for 2 weeks
to assess for cell proliferation. For adult healthy or
infarcted animals, BrdU (1 mg/ml) was added to drinking
water 48 h before sacrifice. In adult animals, to assess for
cardiomyocyte proliferation, BrdU (1 mg/ml) was added to
drinking water 9 days before sacrifice as previously
described [6].

Statistical analysis

All results were presented as mean = SEM. Statistical
analyses were performed using the unpaired Student T test
or the Wilcoxon test. The alpha level of all tests was 0.05.

A more complete description of the methods is included
in the supplementary methods file.

Results

In a preliminary step, we demonstrated that BNP and its
receptors are expressed more abundantly in neonatal
compared to adult mouse hearts, suggesting an involve-
ment of BNP pathways in heart physiological growth
(Supplemental Fig. 1 and data 1). We determined also that
cardiomyocytes and non-myocyte (NMCs) cardiac cells
express BNP receptors in neonatal and adult hearts (Sup-
plemental Fig. 2). Among NMCs, we clearly established
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that Nkx2.5" cells, which are not cardiomyocytes,
expressed NPR-A and/or NPR-B receptors (Fig. 1).

BNP injections to neonatal mice lead to increased
number of CPCs and newly formed cardiomyocytes

To determine whether BNP administration was able to
modulate CPC’s fate in vivo, BNP or saline was injected
intraperitoneally 3 times per week for 2 weeks into
C57BL/6 neonatal mice, starting at an age of 3—4 days. At
sacrifice, 3 days after the last injection, no difference in
the body weight, heart weight or their ratio was apparent
between the BNP injected and the control mice (data not
shown). The number of cardiomyocytes and NMCs were
compared between BNP- and saline-injected neonatal
mice after enzymatic digestion of the hearts (Fig. 2a).
Higher numbers of cardiomyocytes (434 %, p = 0.003)
were detected in BNP-treated hearts. The higher Troponin
I level (Fig.2c) and the reduced cross-sectional area

NPR-A Nkx2.5

Merge /laminin

Q

Neonatal hearts

Adult

M oar

NPR-A/a-actinin

B N5 NPR-A or NPR-B

o
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Neonatal hearts

Adult

O nkxes

M oar

Fig. 1 Cardiac precursor cells express NPR-A and/or NPR-B recep-
tors in neonatal and adult murine hearts. Representative pictures of
immunostainings of neonatal or adult hearts. Scale bars represented

NPR-A or NPR-B
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(=14 %, p < 0.0001) (Fig. 2b) of the cardiomyocytes in
BNP-treated hearts corroborated the fact that more
cardiomyocytes were present after BNP treatment in
neonatal hearts. Staining for laminin and Nkx2.5 was also
used as above to discriminate between newly formed
cardiomyocytes (large cells positive for Nkx2.5, white
arrows on Fig. 2d), mature cardiomyocytes (large cells
negative for Nkx2.5), NMCs (small cells negative for
Nkx2.5) and CPCs (small cells positive for Nkx2.5, yel-
low arrows on Fig. 2d). BNP treatment increased the
number of newly formed cardiomyocytes (in control mice
173 £ 10 Nkx2.57 cardiomyocytes/0.16 mm?  versus
212 £+ 6 in BNP-injected mice; p = 0.009) and CPCs (in
control mice 10 £ 1.5 CPCs/0.16 mm? versus 25 + 3 in
BNP-treated mice; p = 0.002) (Fig. 2d, e). In correlation
with the higher number of CPCs found in the neonatal
hearts of BNP-injected mice, was the increase of mRNAs
coding for Nanog, Nkx2.5, Gata-4 and Sca-1 but not c-kit
(Supplemental Fig. 3).

Neonatal hearts

Adult

. laminin

Nkx2.5/a-actinin

Neonatal hearts

Adult

. o-actinin

10 pm. The yellow arrows point to CPCs expressing NPR-A or NPR-
B, where CPCs are identified as being small Nkx2.5" laminin™ cells
(a) or Nkx2.5" a-actinin™ cells (b)
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Fig. 2 Higher numbers of newly formed cardiomyocytes and CPCs
in the heart of 3-week-old BNP-injected mice compared to saline-
injected mice. a Neonatal mice (3 days old) were treated or not with
BNP for 2 weeks. Mice were sacrificed 3 days after the last injection
and the hearts were removed and digested to isolate and count all of
the cardiac cells, the cardiomyocytes and the non-myocyte cells
(NMCs). n =6 mice per group. b The area of cardiomyocytes
(without discriminating between Nkx2.5% or Nkx2.5~ cardiomyo-
cytes) was measured in the hearts of control or BNP-injected mice.
Data were obtained from at least 4—6 different pictures per mouse,
n = 4 mice per group. Each picture covered an area of 0.16 mm?. 600
cardiomyocytes were measured in each group. ¢ Western blot of

BNP stimulates the proliferation of cardiac progenitor
cells in neonatal hearts

The mechanism by which BNP treatment led to increased
number of CPCs was investigated. Neonatal mice were

. control

[ B8NP injected

Troponin I protein expression and quantification relative to tubulin in
hearts from control or BNP-injected mice. d Representative pictures
of hearts from control or BNP-injected mice stained for laminin
(green), the nuclear transcription factor Nkx2.5 (pink) and DAPI
(blue). Scale bars represent 100 um. White arrows: newly formed
cardiomyocytes. Yellow arrows: CPCs. e Total number of Nkx2.5
cells, of newly formed cardiomyocytes and of CPCs counted on heart
sections from control or BNP-injected mice. Data were obtained from
at least 6 different pictures per mouse, n = 6 mice per group. Each
picture covered an area of 0.16 mm®. Results expressed as fold
increase above the numbers in control hearts. All data are mean =+
SEM, *p < 0.05; **p < 0.01; ***p < 0.005

injected with BNP during 10 days and, 18 h before sacri-
fice, with BrdU to determine whether BNP stimulated CPC
proliferation (Fig. 3). We used immunostainings against
BrdU, laminin and Nkx2.5 to detect: (a) proliferating
cardiomyocytes or newly differentiated cardiomyocytes

@ Springer
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originating from CPCs which were proliferating at the time
of BrdU injection (large Nkx2.5% BrdU" cells, white
arrows in Fig. 3b), (b) proliferating NMCs (small Nkx2.5™
BrdU™ cells, green arrows in Fig. 3b) and (c) CPCs (small
Nkx2.5% BrdU™" cells, yellow arrows on Fig. 3b). BNP
induced cell proliferation in vivo, as assessed by higher
number of BrdU™ cells in the hearts of BNP injected versus
control mice (control: 102 + 4 BrdU™ cells/0.16 mm?
versus 121 & 7 cells in BNP-treated hearts; p = 0.03).
This effect concerned specifically the CPCs whose prolif-
eration was particularly increased (control: 27 £ 2 CPCs/
0.16 mm? versus 36 & 1 in BNP-treated mice, p = 0.004).
The number of proliferating cardiomyocytes was slightly
increased after BNP treatment (+18 %), an effect that did
not reach significance (p = 0.12), suggesting that in our
conditions BNP did not directly stimulate cardiomyocyte
proliferation. BNP treatment did not affect the proliferation
of other NMCs.

BNP stimulates CPC proliferation via NPR-A in vitro

In vitro experiments were performed to assess whether
BNP is directly able to stimulate CPC proliferation. NMCs
were isolated from neonatal mouse hearts and cultured up
to 11 days with or without BNP in a medium favouring cell
proliferation and inhibiting cell differentiation (i.e. medium
P). Among NMCs, Nkx2.5" cells were identified as CPCs
[36]. To determine which BNP concentration has to be
used in vitro to modulate CPC’s fate, several BNP con-
centrations were tested for their ability to increase or
decrease mRNA expression of CPC-specific genes, such as
Nkx2.5, c-kit and Sca-1 (Supplemental Fig. 4A). All fol-
lowing experiments in vitro were performed using 1 pM
BNP.

Immunostainings using antibodies against the prolifer-
ating cellular nuclear antigen (PCNA) and the nuclear
transcription factor Nkx2.5 were performed (Fig. 4a) to
evaluate the percentage of proliferating CPCs in the pre-
sence or absence of BNP. BNP specifically stimulated the
proliferation of the CPCs (+91 % of Nkx2.5TPCNA™ cells
in BNP-treated cells in comparison with untreated cells
4 days after the onset of treatment, p = 0.005) (Fig. 4b).
Consequently, increased percentages of Nkx2.5" cells
were detected in BNP-treated NMCs 4 (471 %,
p = 0.004) and 11 days (+58 %, p < 0.00001) after the
onset of BNP treatment (Fig. 4b). Accordingly to these
results, were the increased Nkx2.5 mRNA levels (Fig. 4c).

As CPCs expressed both BNP receptors (see Fig. 1), we
investigated via which receptor BNP stimulates CPC pro-
liferation. NPR-A KO and NPR-B deficient NMCs were
isolated from neonatal hearts and cultured in the same
conditions as previously described for wild-type mice. In
absence of NPR-A, BNP no longer stimulated CPC
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proliferation as shown in Fig. 4d. Interestingly, the per-
centage of Nkx2.5% cells in the NPR-A KO NMC culture,
even in the absence of BNP, was higher than in cell culture
of wild-type cells after 11 days (60.1 £ 4.7 % in NPR-A
KO cells versus 24.6 =32 % in wild-type cells,
p < 0.0001), suggesting that in the absence of NPR-A,
CPCs proliferated extensively. NPR-A appears also as a
regulator of CPC proliferation in vitro.

Nkx2.5" NMCs deficient for the expression of NPR-B
proliferated, as did wild-type cells, in the presence of BNP
(Fig. 4e).

BNP injections to adult mice also lead to increased
number of CPCs and newly formed cardiomyocytes

In C57BL/6 adult mice, BNP or saline was injected intra-
venously 3 times per week for 2 weeks, starting at an age
of 10 weeks. To assess for the sustainability of BNP effect,
we sacrificed the mice 3 weeks after the last injection. No
difference in systolic blood pressure (measured daily dur-
ing the BNP treatment) was detected between BNP treated
and saline-treated mice (Supplemental Table 2). Cardiac
parameters and structure were measured by echocardiog-
raphy (Supplemental Table 2) and were not different
between both groups. In particular, heart rate, cardiac
output, left ventricular diastolic volume (LV Vol;d) as well
as the index of systemic vascular resistance were similar
between BNP and saline-injected mice. These results
suggest that BNP treatment (at the dose used in this study)
had no significant effect on volumia and no peripheral
vascular effect.

At sacrifice, the heart weight and its ratio to body weight
were significantly reduced (respectively, of —11 and
—7 %, p < 0.05) in BNP-injected mice compared to con-
trols (Fig. 5a). The mRNA expression of genes coding for
Nkx2.5, Mlc2v, Sca-1, Troponin T, ANF, oo SMA, as well
as the o/ MHC ratio did not differ between BNP injected
and control animals, suggesting that BNP injections
induced no hypertrophy in adult hearts (data not shown).

However, BNP treatment increased the total number of
Nkx2.5" cells in the heart (control: 74.5 + 6 Nkx2.5"
cells/0.16 mm? versus 131 % 1 cells in BNP-treated hearts,
p = 0.0001) (Fig. 5b, c) and this effect concerned both the
newly formed cardiomyocytes (i.e. cardiomyocytes
expressing Nkx2.5) (control: 66 4+ 6 Nkx2.5" cardiomyo-
cytes/0.16 mm? versus 111 + 3 Nkx2.5" cardiomyocytes
in BNP-treated mice; p = 0.005) and the CPCs (control:
10 & 2 CPCs/0.16 mm? versus 25 = 3 CPCs in BNP-
treated hearts; p = 0.04). Consistent with these observa-
tions, the cardiomyocytes of BNP-injected mice had a
reduced cross-sectional area (—6 %, p = 0.008) (Fig. 5d),
and the BNP-treated hearts tended to express higher levels
of the Troponin I protein (Fig. Se).
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stained with antibodies against BrdU (green), laminin (red), Nkx2.5
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BNP induces the differentiation of CPCs
into cardiomyocytes in vivo

In the adult hearts of BNP-treated mice, the higher
number of cardiomyocytes expressing Nkx2.5 could be
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due either from differentiation of CPCs into cardiomyo-
cytes or from proliferation or de-differentiation of mature
cardiomyocytes [46]. This latter possibility is, in our
study, not supported by the mRNA levels coding for
Nkx2.5, c-kit, Troponin T, and o« MHC, which did not
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«Fig. 4 BNP stimulates via NPR-A cardiac progenitor cell prolifer-
ation in vitro. a. Representative immunostainings of NMCs cultured
4 days in proliferation medium (medium P) in the presence (BNP
treated) or absence of BNP (untreated) and stained with antibodies
against proliferating cell nuclear antigen (PCNA) in green, Nkx2.5 in
red and DAPI in blue. White arrows represent proliferating CPCs (i.e.
PCNA™' Nkx2.5% cells). b, d, e The numbers of cells positive for
Nkx2.5 and positive for Nkx2.5 and PCNA were counted after 4 and
11 days of culture and related to the total number of nuclei. The
numbers of positive cells were counted on at least six different
pictures per cell culture, n = 4 different cell cultures at least. These
experiments were performed with wild-type cells (b), or cells
deficient for the NPR-A receptor (NPR-A KO cells d) or deficient
for the expression of NPR-B (NPR-B deficient cells e) The results of
BNP-treated cells were related to those of untreated cells (100 %).
¢ Quantitative relative expression of mRNAs coding for Nkx2.5 in
untreated and BNP-treated cells after 4, 7 and 11 days of culture in
proliferation medium. n = 7 different experiments at least. Results
expressed as fold increase above the levels in untreated cells. All data
are mean + SEM, *p < 0.05; **p < 0.01, ***p < 0.005

differ between hearts of treated and untreated mice (data
not shown).

To further investigate an hypothetical effect of BNP
treatment on cardiomyocyte proliferation as already
described in vitro [5], BrdU was added in the drinking
water of the adult mice, 9 days before sacrifice to assess for
cardiomyocyte proliferation. The number of cardiomyocyte
positive for the BrdU staining was extremely low and no
difference can be detected between mice injected with
saline or BNP: saline injected: 0.0008 % of the cardio-
myocytes proliferated; BNP injected: 0.0013 % (data not
shown).

Finally, the possibility that BNP stimulates the differ-
entiation of CPCs into Nkx2.5% cardiomyocytes in adult
hearts was evaluated. Cell lineage tracing experiments were
performed using heterozygous Myh6 MerCreMer/Tomato-
EGFP mice. These mice expressed the Green fluorescent
protein (GFP) only in Myh6 positive cells (i.e. mature
cardiomyocytes) after the activation of the Cre recombinase
with tamoxifen injection (Supplemental Fig. 5A). Hetero-
zygous mice without tamoxifen injection expressed the
Tomato protein in all cells (Supplemental Fig. 5A, +peanut
oil). As previously shown by others [30], 2 weeks after
tamoxifen injection, the large majority of the cardiomyo-
cytes expressed the GFP alone. However, because of the
perdurance of the Tomato protein, some cardiomyocytes
co-expressed the GFP and Tomato proteins (yellow cells,
Supplemental Fig. 5A, +4tamoxifen). Fusion events have
also been evoked by the group of Molkentin [44]. It is to
note that the NMCs involving the CPCs, expressed the
Tomato protein even after tamoxifen injection.

2 weeks after a single dose of tamoxifen injection (to
prevent cardiac fibrosis induced by several injections of
tamoxifen [24]), heterozygous Myh6 MerCreMer/Tomato-
EGFP mice were injected with BNP or NaCl for 2 weeks.

Immunostainings using antibody against o-actinin, a car-
diomyocyte specific marker, were performed (Supple-
mental  Fig. 5B). In  NaCl-injected mice, the
cardiomyocytes (a-actinin™) expressed the GFP protein
alone or with the Tomato protein (Supplemental Fig. 5B),
rare o-actinin® cells expressed the Tomato protein alone.
In BNP-treated mice, numerous cardiomyocytes (o-
actinint) expressed the Tomato protein without the
expression of GFP (white arrows), supporting the fact that
the newly formed cardiomyocytes observed in increased
number after BNP treatment could originate from the dif-
ferentiation of CPCs. Quantification of the newly formed
cardiomyocytes was performed 2 weeks after the last
injection (Supplemental Fig. 5C). Among cardiomyocytes,
in saline-injected mice, 0.16 % of cardiomyocytes
expressed Tomato protein but not GFP protein. For the
same conditions in BNP-treated mice, 3 % of cardiomyo-
cytes were GFP negative and Tomato positive, demon-
strating that BNP clearly stimulates cardiomyocyte
differentiation in adult mice (p = 0.001).

BNP stimulates CPC differentiation
into cardiomyocytes via NPR-B in vitro

To precise the role of BNP in the process of CPC differ-
entiation into mature cardiomyocytes, we cultured neonatal
NMCs after expansion with or without BNP in medium C
favouring CPC differentiation into cardiomyocytes
(Fig. 6). In the presence of BNP, differentiation into
cardiomyocytes occurred, as assessed by the increased
expressions of mRNAs coding for Nkx2.5, Mlc-2v, § and o
MHC (Fig. 6a) compared to the levels detected in untreated
cells. The presence of mature differentiated cardiomyo-
cytes was also illustrated by immunostaining against Tro-
ponin I (Fig. 6d). Troponin I positive cells represented
7 £ 0.8 % of the NMCs (n = 3 different experiments)
7 days after the onset of BNP treatment.

To determine which receptor is involved, NMCs isolated
from neonatal hearts of NPR-A or NPR-B deficient mice
were treated with BNP (Fig. 6b, c). The effects of BNP on
wild type and NPR-A KO cells did not differ substantially
(Fig. 6b). Some cardiomyocyte differentiation occurred in
the NPR-B deficient cells (Fig. 6¢), however, this effect of
BNP was far lower than in either NPR-A KO or wild-type
cells (Fig. 6e).

BNP treatment increases the number of Nkx2.5" cells
in the infarction zone of infarcted hearts

In anticipation that BNP might be used as a therapeutic
agent, we injected BNP into mice undergoing myocardial
infarction. Myocardial infarction was induced or a sham
operation carried out in 10-week-old C57 BL/6 mice. Mice
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Fig. 5 Treatment of adult mice with BNP leads to higher numbers of
newly formed cardiomyocytes and CPCs in the heart compared to
saline-injected mice. a Heart weight, body weight and the heart/body
weight ratio are shown in control and BNP-injected mice. n = 8 mice
in control group and n = 9 mice in BNP-injected group. b Represen-
tative pictures of hearts from control or BNP-injected mice stained for
laminin (green), the nuclear transcription factor Nkx2.5 (pink) and
DAPI (blue). Scale bars represent 10 pum. White arrows: large cells
expressing Nkx2.5: newly formed cardiomyocytes. Yellow arrows:
small cells expressing Nkx2.5: CPCs. ¢ Total number of Nkx2.5"
cells, number of newly formed cardiomyocytes and of CPCs were
counted on heart sections originating from control or BNP-injected
mice. Data were obtained from at least six different pictures per

were then treated for 10 days with injections of BNP or
saline.

Cardiac function and structures evaluated by echocar-
diography 1 and 4 weeks after surgery to assess for the
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mouse, n = 4 mice per group. Each picture covered an area of
0.16 mm?. Results expressed as fold increase above the numbers in
control hearts. d The area of cardiomyocytes (without discriminating
between Nkx2.5% or Nkx2.5~ cardiomyocytes) was measured in the
hearts of control or BNP-injected mice. Data were obtained from at
least 5-6 different pictures per mouse, n = 4 mice in the control
group and n =5 mice in the BNP-injected group. Each picture
covered an area of 0.16 mm?. 1183 cardiomyocytes for the control
mice and 1198 cardiomyocytes for the BNP-injected mice were
measured. e Quantification of Troponin I protein expression in hearts
from control or BNP-injected mice obtained by western blot analysis.
For all results, data are mean + SEM, *p < 0.05

protective role of BNP after myocardial infarction (Fig. 7).
After 1 week of treatment, no statistically significant effect
of BNP was detected in heart structure or function. For this
reason, we carried out an additional experiment where
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Fig. 6 BNP induces CPC differentiation into cardiomyocytes in vitro
via the NPR-B but not the NPR-A receptor. a—c Quantitative relative
expression of mRNAs coding for CPC and cardiomyocyte specific
genes in wild-type cells and cells deficient for the NPR-A receptor
(b) or NPR-B receptor (¢) and cultured for 7 or 21 days with (green,
yellow or red bars) or without (blue bars) BNP. Results expressed as
fold increase above the levels in cells cultured without BNP
(untreated cells). n = 10 different experiments for wild-type cells,
n = 6 different experiments per groups for NPR-A KO cells and

Nkx2.5 Mic-2v. B MHC o MHC

n = 9 different experiments per groups for NPR-B deficient cells.
d Wild-type NMCs cultured 21 days with BNP and stained with
Troponin I (green) and DAPI (blue). e Comparison by quantitative
RT-PCR of mRNAs coding for Nkx2.5, Mlc-2v, beta and alpha MHC
in wild-type cells, in NPR-A KO (yellow bars) or NPR-B deficient
cells (red bars) after 3 weeks of BNP treatment. Results expressed as
fold increase above the levels in wild-type cells. n = 5-6 different
experiments per groups. For all results, data are mean + SEM,
*p < 0.05
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mice were subjected to MI, treated or not with BNP for
10 days and kept until 4 weeks postsurgery. At this time,
left ventricular volume and left ventricular end diastolic
diameter were significantly lower in treated mice (Fig. 7).
As the conditions of preload were different between treated
and untreated mice, we corrected the EF for the preload
conditions: EF@LV Vol;d. Thus, contractility (EF@LV
Vol;d) was twofold increased 4 weeks after MI in BNP-
treated groups.

Heart rate and cardiac output did not change 1 and
4 weeks after infarction in BNP treated or saline-injected
mice. These results added to the results in unmanipulated
adult mice (see paragraph 3.4 and Supplemental Table 2)
which showed that BNP at the dose used in this study did
not modulate blood pressure, suggest that most BNP effect
after MI depends on cardiac rather than on vascular effects.
Furthermore, if we consider the percentage of changes of
the left ventricle volume as an index of remodeling [22],
BNP clearly protected, even after 1 week, the hearts from
remodeling (Fig. 7, remodeling index). Taken together,
these results indicate that BNP treatment has a cardiopro-
tective effect which develops in a time-dependent manner,

consistent with previous observations in a similar model of
MI in rats [32].

BNP treatment prevented the increase of heart weight to
body weight ratio induced by infarction (Fig. 8a). At the
cellular level, in the infarcted zone, the number of Nkx2.5"
cells was increased after BNP treatment (4+39 %, n = 5-6
hearts per group, p = 0.03) (Fig. 8c, d), reflecting higher
numbers of CPCs, but also higher number of myocytes as
shown by the increased mRNA levels of genes coding for
Nkx2.5, Gata-4, Mlc-2v, Troponin T and o MHC (Fig. 8b).
In the non-infarcted zone, BNP treatment increased the
number of CPCs (4106 %, p = 0.07) and newly formed
cardiomyocytes (+56 %, p = 0.02).

The origin of the Nkx2.5" cells in the infarcted zone was
investigated, i.e. of endogenous (CD457) or from the blood
or bone marrow origin (CD45™). Interestingly, more CD45"
Nkx2.5% cells were detected in BNP treated than in saline-
injected infarcted hearts (Supplemental Fig. 6). Thus, in
infarcted tissue, progenitor cells both positive and negative
for CD45 were found indicative of mixed origin, both extra
cardiac and resident. The resident cells may either have
survived within the ischemic zone or have infiltrated it from
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Fig. 7 Cardiac structures and function were measured by echocar-
diography 1 and 4 weeks after myocardial infarction. Echocardio-
graphic parameters were measured 1 and 4 weeks after myocardial
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infarction in saline (MI; n = 6 1 week after MI, and n = 7 4 weeks
after MI) or BNP-treated mice (MI + BNP; n = 7 1 week after MI
and n = 6 4 weeks after MI). *p < 0.05



Basic Res Cardiol (2015) 110:455

Page 13 of 17

a Heart/ Body weight b

*
*k*

Heart weight (mg) / body weight (g)
N
mRNA fold induction

sham (n=4) [_] Sham + BNP (n=4)
Mi(n=6) [ MI+BNP(n=7)

Infarcted zone

(%) 3 N\ N RN O QO \ed &
- % S Q

Q@ >
& ,ng‘\

c Mouse with Ml Mouse with MI+BNP
1 ) U A RS ; Il DAPI

g \ M 1aminin
N

9 B \kx2.5
3

K

£

)

[

S

N

°

Q

©

8

c

=

<)

4

[

d 3 Number of cells/0.16 mm? e g % of BrdU* CPCs
£ 600 5 160 *
% Infarcted Noninfarcted zone © 120
‘g 400 p=10.07 E
2 * * * § 80
g 200 S 40
2 £
5 5 0
= Total Total Nkx2.5* CPCs S Infarcted Noninfarcted

Nkx2.5* Nkx2.5* myocytes zone
Il M I Ml+BNP

Fig. 8 Increased number of Nkx2.5" cells in the infarcted and non-
infarcted zone of BNP-treated infarcted hearts. a Heart weight to body
weight ratio in sham and infarcted mice (MI) treated or not with BNP.
b Quantitative relative expression of mRNAs coding for CPC and
cardiomyocyte specific genes in the infarction zone in saline (blue
bars) and BNP-treated (red bars) mice. n = 67 mice per group.
Results expressed as fold increase above the levels in the infarction
zone of saline mice. ¢ Representative pictures of the infarcted and
non-infarcted zones of infarcted hearts from NaCl treated (MI) or
BNP-treated mice (MI + BNP) stained for DAPI (blue), laminin
(green) and the nuclear transcription factor Nkx2.5 (pink). Scale bars
100 um. d Total number of Nkx2.5" cells, Nkx2.5" cardiomyocytes

neighbouring niches. This latter hypothesis was supported by
the fact that a migration gradient of Nkx2.5" cells was
detected as shown in Fig. 8c (infarcted zone).

and CPCs, counted on heart sections from infarcted NaCl or BNP-
injected mice. Data obtained from at least six different pictures per
mouse, n = 5-6 mice per group. Each picture covered an area of
0.16 mm?. Results expressed as fold increase above the numbers in
the same area in untreated infarcted hearts. e Percentages of BrdU™
CPCs in the infarcted and non-infarcted zone of infarcted hearts with
or without BNP treatment. The number of BrdU" CPCs was related to
the number of nuclei. Data obtained from at least six different pictures
per mouse, n = 5-6 mice per group. Each picture covered an area of
0.16 mm?. Results expressed as fold increase above the numbers in
the same area in untreated infarcted hearts. All data are mean + SEM,
*p < 0.05; ***p < 0.005

In non-infarcted tissue of infarcted hearts immunosta-
inings revealed very few or no cells comitantly positive for
Nkx2.5 and CD45 (Supplemental Fig. 6).
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BNP stimulates CPC proliferation in the non-infarcted
but not in the infarcted zone of infarcted hearts

Ten days after infarct induction, higher number of Nkx2.5"
CPCs was detected in the infarcted and non-infarcted area
of infarcted hearts treated with BNP (Fig. 8d). The impact
of BNP treatment on CPC proliferation was tested by
adding BrdU to drinking water 48 h before sacrifice. At
sacrifice, the BrdU" CPCs were counted. As shown in
Fig. 8e, a statistically significant increase in proliferation
of CPCs was detected in the non-infarcted, but not in the
infarcted zone: 69 + 4.6 % of the CPCs proliferated in the
non-infarcted area of BNP-treated hearts in comparison to
48 + 8 % of CPCs in untreated infarcted hearts (p = 0.04,
Fig. 8e). Few cardiomyocytes (less than 1 cell per
0.16 mm? of the section) proliferated in the non-infarcted
zone of the infarcted hearts and no difference was apparent
between hearts of BNP treated and untreated mice (Sup-
plemental Fig. 7).

Discussion

In the present study, we highlighted a new function for
BNP in the heart. Our major new finding is that BNP can
modulate cardiac progenitor cell proliferation and differ-
entiation in vivo and in vitro in neonatal and adult hearts.
These results are (1) of high interest for understanding the
role of BNP in the heart and (2) of great relevance to
regenerative therapy of heart diseases, since we identify an
agent able to stimulate the proliferation of cardiac pro-
genitor cells in vitro, but also in vivo.

The first clue for an involvement of BNP in CPC pro-
liferation and differentiation into cardiomyocytes comes
from our data indicating age-modulation of BNP expres-
sion in the heart (Supplemental Fig. 1). This result is
consistent with the fact that in humans, BNP concentration
in blood is high at birth and then progressively declines,
until the age of 10, to levels found in adults [9, 15, 39].
Furthermore, it has been reported that, during embryo-
genesis, peaks of myocardial BNP concentrations correlate
with the different steps of heart formation [8]. Recently, the
implication of the natriuretic peptide receptors has been
demonstrated in the proliferation of cardiomyocytes during
embryogenesis in zebrafish [5]. All these results suggest
that BNP could play a role during physiological growth of
the heart, both before and after birth.

Further indications for a role of BNP in cardiac growth
and/or regeneration come from our finding that CPCs
identified in vivo, in neonatal and adult hearts, express the
BNP receptors, NPR-A and/or NPR-B (Fig. 1). Although
BNP can share these receptors with other members of the
natriuretic peptide family (NPR-A can also bind the atrial
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natriuretic peptide and NPR-B the C-type related natri-
uretic peptide) [33], these data strongly support that CPCs
are able to respond to BNP. Interestingly, the expression of
these receptors is also modulated by ageing, with the levels
of NPR-A and NPR-B being higher in neonatal hearts
compared to adult hearts (Supplemental Fig. 1).

These results are in accordance with those of other
groups demonstrating that BNP could influence the fate of
immature precursor cells, such as mouse embryonic stem
cells and human or murine endothelial precursor cells
(EPCs). In adults, high circulating levels of BNP correlate
with high numbers of EPCs in peripheral blood, whereas in
mice, BNP treatment leads to a significant increase in bone
marrow EPCs expressing Sca-1 and Flk-1 [41]. Interest-
ingly, the angiogenic process in ischemic hind limb of
NPR-A KO mice was altered, suggesting that angiogenesis
is initiated via NPR-A [6, 23]. Thus, Kuhn et al. showed
that BNP was secreted only by activated, and not quiescent,
satellite cells in the ischemic hind limb. Secreted BNP acts
on EPCs, localised near the satellite cells, to induce their
differentiation into blood vessels.

The major new finding of our study is that BNP is able
to modulate “endogenous” (i.e. CD457) precursor cell
proliferation and differentiation into cardiomyocytes in
hearts during physiological growth and under pathophysi-
ological conditions.

In the BNP-treated hearts, increased number of CPCs
resulted from the stimulation of their proliferation as
shown by the BrdU experiments in vivo in neonatal and
adult infarcted hearts (non-infarcted area) (Figs. 3, 8e) and
in the in vitro studies (Fig. 4). In pathological conditions
(i.e. after infarction in this study), BNP treatment did not
stimulate the CPC proliferation in the infarcted zone but
seems to modulate the fate of the “exogenous” (i.e.
CD45™) infiltrating cells. More Nkx2.5" CD45™ cells were
detected in the infarcted area of BNP-treated hearts when
compared to the same zone of untreated mice. This finding
thus provides in vivo evidences that infiltrating bone
marrow cells in a damaged heart are able to acquire a CPC
phenotype as described in vitro [4, 16]. Higher number of
Nkx2.5% CD45" cells in BNP-treated hearts originated
either from increased mobilisation and migration of the
CD45™ cells from the bone marrow to the heart as already
demonstrated [41], or from increased differentiation of
these bone marrow cells into CPCs (i.e. Nkx2.5" CD45"
cells).

Increased number of Nkx2.5" cardiomyocytes was also
detected by immunohistology but also by western blot and
cell counting (Figs. 2a, ¢, 5e) in BNP-treated neonatal and
adult hearts. The origin of this higher number of Nkx2.5"
cardiomyocytes in the BNP-treated hearts is under debate.
In healthy and infarcted adult hearts, cardiomyocytes
expressing the nuclear transcription factor Nkx2.5 can be
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considered as newly formed cardiomyocytes originating
either from CPC differentiation or from the proliferation of
the mature cardiomyocytes, or dedifferentiating cardio-
myocytes [46]. This latter possibility was not supported in
our work (see the results paragraph 3.5).

The majority of our results suggest that BNP is able to
stimulate the differentiation of CPCs into mature cardio-
myocytes. Indeed, mature cardiomyocytes appeared in the
NMC BNP-treated culture in vitro (Fig. 6). In vivo, more
cardiomyocytes expressing only the tomato protein and not
the GFP protein (i.e. thus originating from CPCs) were
detected in MerCreMer/Tomato BNP-treated mice when
compared to the same mice injected with saline (Supple-
mental Fig. 5).

Finally, in our conditions, we detected rare proliferating
cardiomyocyte after BNP treatment in adult healthy or
infarcted hearts (Supplemental Fig. 7). Recently Becker
et al. [5] demonstrated in vitro that the atrial natriuretic
peptide (ANF) was able to induce the proliferation of
neonatal murine cardiomyocytes in a concentration-
dependent manner. Thus, high doses of ANF (higher than
500 nM) had no effect on cardiomyocyte proliferation. The
concentration of BNP used in this study is around 200 nM
in adult mice. Thus, we cannot exclude that lower doses of
BNP in vivo, could stimulate the proliferation of the
cardiomyocytes in the treated mice.

If, as our results indicate, the pathway activated by BNP
is important to the function of CPCs and could be a target
to induce myocardial regeneration, it is essential to identify
its receptor. In our study, we observed clearly that BNP
acts via NPR-A to induce CPC proliferation and via NPR-
B to induce CPC differentiation into mature cardiomyo-
cytes in vitro. The fact that both BNP receptors have dif-
ferent role was already described for embryonic stem cells.
BNP ligation to the NPR-A is essential to maintain self-
renewal and pluripotency of ES cells, whereas BNP bind-
ing to NPR-B will induce their proliferation [1, 2]. That
NPR-B which mediates the effect of BNP on CPC differ-
entiation is of high interest for further therapeutical usage
of this peptide. In failing human hearts, an abnormally low
density of NPR-A in the myocardium and coronary arteries
has been documentated [42] and Dickey et al. demonstrated
that NPR-B is the predominant natriuretic peptide receptor
in the failing mouse heart after transaortic constriction
[17]. An agonist, such as the chimeric natriuretic peptide
CD-NP, which already demonstrated cardioprotective
effect without inducing hypotension, could thus be an
alternative to BNP therapy [27, 35].

BNP has been previously shown to reduce cardiomyo-
cyte apoptosis, fibrosis and to increase angiogenesis in
damaged hearts [10, 18, 23, 45]. Here in this report, we
described a new effect of BNP on CPCs. BNP is able to
stimulate CPC proliferation and CPC differentiation into

mature cardiomyocytes. This was associated in infarcted
hearts with increased cardiac contractility and reduced
cardiac remodeling. Thus, BNP or the targeting of its
pathway could be useful in cardiac regenerative therapy,
either in vitro to foster expansion and priming of isolated
precursor cells before their injection to the patient, or
in vivo to stimulate the proliferation and differentiation of
endogenous CPCs. This new role of BNP is compatible with
the new results demonstrating that short BNP treatment or
inhibition of the degradation of BNP has cardioprotective
effects in patients with heart failure [13, 28]. Thus, in future
therapeutic trials of natriuretic peptides or analogues in
heart diseases, it would be important to evaluate the impact
of treatment on cardiac regeneration [38].
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