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Abstract

dependent contractile function of the heart.

phagocyte system (MPS)

Macrophages are traditionally viewed as a key component of the immunity defense system. Recent studies have
identified resident macrophages in multiple organs including the heart, in which the cells perform their crucial role
on tissue repair after myocardial infarction (MI). The cardiac-specific macrophages interdigitate with cardiomyocytes
particularly at the atrioventricular node region. The integrative communication between macrophage and cardiomyo-
cytes can modulate the contractile function of the heart. Coordinated control of intracellular calcium signaling and
intercellular electrical conduction via the syncytium network underlie the synchronized beating of the heart. In this
review article, we introduce the concept the syncytium calcium signaling in the cardiomyocytes can modulate gene
expression in the resident macrophages and their integration with the cardiomyocytes. The cardiac macrophages
originate from bone marrow stem cells, migrate to local via vessel, and settle down as a naturalization process in
heart. As the macrophages perform on regulating electrical conduction, and accomplish post Ml non-scared com-
pleted regeneration or partial regeneration with fibrotic scar at different stage of postnatal development, we under-
stand that multiple functions of cardiac macrophage should carry on with diverse linages. The naturalization process
in heart of macrophages to the cardiomyocytes serves important roles to control of electrical signaling and calcium-
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Introduction

As a major component in the first line of immunity
defense, macrophages are distributed in almost every
tissues, including cardiac macrophages in the heart,
cerebellum microglia cells in the brain, hepatic Kupffer
cells in the liver, alveolar macrophages in the lungs,
and Langerhans cells in the epidermis. Although mac-
rophage functions in the immune system have been
investigated extensively [1-3], the tissue-specific func-
tions of macrophages in the heart are largely unknown.
As the ATM/mTOR signaling, Rac1-GTPase, and PI3 K/
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AKT pathways play critical roles in controlling migra-
tion of cell [1-4], the multiple cell surface antigens such
as CCR2/CD192, CD64/FcyR1, CX3CR1 and Mac3 were
linked to origination of monocyte-macrophage differenti-
ation and polarization in post myocardial infarction (MI)
[5-9], but the molecular basis of macrophages migrating
into specific tissues under physiological or pathological
conditions, and fundamental knowledge of cell-cell rec-
ognition are much more obscure.

The cardiac macrophages developed from bone mar-
row stem cells (plus spleen stem cells as well in mouse),
migrated through cardiac vessel from circulated blood,
and settled down with polarization in heart could com-
prehend as a naturalization process in heart. The mac-
rophages play crucial role on regulating electrical
conduction by associating with AV node [10], and they
are also critical for post MI repair and recovering of
cardiac function after MI. This macrophage associated
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repair would be accomplished with no-scard completed
regeneration in neonatal heart or with a partial regenera-
tion with fibrotic scar after P7 [5, 6]. The cardiac mac-
rophages could perform diverse functions on promoting
stem cell-cardiomyocyte regeneration and angiogenesis
with different cell linages. Here we propose that con-
trol of intracellular calcium signaling contributes to the
naturalization process of macrophages in the heart and
to modulating the contractile function of the cardiomyo-
cytes in the context of a syncytium network.

Macrophages facilitate cardiac electrical
conduction and promote cardiac regeneration

A recent study by Hulsmans et al. showed that resi-
dent macrophages were enriched in human and mouse
atrioventricular (AV) node and can regulate the elec-
trophysiological activity of cardiomyocytes through the
gap-junction protein, connexin 43 (Cx43), at the “linking”
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portion of the conducting cardiomyocyte and the mac-
rophage [10, 11]. This pilot study reveals the critical role
of tissue-specific macrophages that has never before been
recognized in cardiac function, and raises many interest-
ing research subjects about the physiological and patho-
logical bases of human cardiovascular diseases.

Using GFP labelled cardiac macrophages, cardiomyo-
cytes located in the lower nodal or AV bundle were fre-
quently interspersed with macrophages that have an
elongated, spindle-shaped appearance [12, 13]. These
macrophages longitudinally distribute along the AV-
His bundle, with their cytoplasmic portion extending
and reaching cardiomyocytes across long distances [10]
(Fig. 1).

In heart tissue, Cx43 is located on the intercalated discs
responsible for electrical conduction through neighbor-
ing cardiomyocytes, and is essential for the synchronized
contraction of the heart. The Cx43-mediated cell—cell
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Fig. 1 Sketch of the association between resident macrophage and cardiomyocytes in the heart. Cardiomyocytes are aligned longitudinally in
the heart (a) with actin-myosin apparatus and carry contraction controlled by CICR (b). Resident macrophages are naturalized in cardiac tissue
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linkage provides the connection between resident mac-
rophages and cardiomyocytes [10] and forms the struc-
tural framework to couple these two types of cells along
with extracellular matrix. Such connection complex
could guarantee synchronization of cardiomyocyte con-
traction and its control by the resident macrophages at
the AV His-bundle in the heart.

Although more detailed information on the mecha-
nisms of how resident macrophages facilitate the con-
duction system in the heart remained to be explored, the
physiological function of the macrophages on maintain-
ing AV conduction were supported by several animal
model studies where AV blocks were introduced through
loss-of-function investigations. With deletion of Cx43 in
the macrophages, the Cx3crl Cx43~'~ mice developed
severe 1st degree and 2nd degree AV block. With CSF1
deletion in the macrophages, the CSFI”’ mice could
develop non-matured macrophages with a lack of nor-
mal function and exhibited 1st degree and 2nd degree
AV block. Deletion of macrophage Cd11b [12, 14] in the
Cd11b°™® mice produced 1st degree, 2nd degree, and
even life threatening 3rd degree AV block [10]. These
three experiments proved the function of the cardiac res-
ident macrophages on maintaining normal conduction in
the heart.

The recent study by Hulsmans et al. [10] revealed that
the external macrophage can bond to the conducting
cardiomyocyte in AV node to regulate the electrophysi-
ological activity of the heart via the gap-junction protein,
connexin 43 (Cx43). However, before this discovery, the
most researches mainly focused on the repair function
of macrophages recruited from blood flow circulating [6,
15, 16, 17]. After MI, circulated monocyte-macrophages
were recruited by the infarct zone, and then the natural-
izing cells play their critical function on cleaning apop-
totic death clashes and promoting cardiac stem cell to
regenerate cardiomyocyte. Among those studies, the
neonatal repair in 7 day post MI revealed an interest-
ing phenomenon that on P7 neonatal heart, the post MI
repair carried by macrophages generated no-scar heal-
ing. After P7, the repair could perform a partial regenera-
tion and generate fibrotic scar in the MI zone [6]. Severe
difficulty on the completed regeneration post MI was
detected within the cardiac macrophage knockout ani-
mals. These data suggest the critical roles of the resident
cardiac macrophage on cardiomyocytes and angiogenesis
[6]. We would like to emphasize that more investigation
on this no-scar regeneration in this timing frame could
provide us more opportunities to unveil detailed molecu-
lar mechanism of the naturalization from circulated cell
to resident cardiac macrophage through migration and
polarization within the heart early development.
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Surface antigens reflect functional complexity

of cardiac macrophages

Rationally, cell surface antigens on specified mac-
rophages would be critical for the cell migration, polari-
zation summarized as naturalization in heart although
the related molecular mechanisms are still under investi-
gation. These cardiac macrophage antigens plus intracel-
lular markers of the cell are utilized biomarkers for us to
discover function of macrophages in cardiac tissues. The
cell surface antigens distribute on monocyte-macrophage
include CCR2/CD192, CD64/FcyR1, CX3CR1 and Mac3
[5-9]. Some macrophage specific antigens are also dis-
tributed in macrophage cytoplasmic location within
endosomal/lysosomal compartment, or secreted to extra-
cellular microenvironment along with their cell surface
distribution. The representative antigens in this category
are CD68/macrosialin, CD163 and Galectin 3/Mac2 [5,
18, 19].

In adult mammals, cardiac macrophages origin from
their bone marrow as well as spleen in mouse. While
how macrophages differentiating from monocyte dur-
ing embryonic development is still a mystery (dis-
cussed below), many information are discovered from
myocardial infarction mouse model. For tracking the
macrophage differentiation and settlement in heart
after MI, many gating strategies employed with com-
bined different antigens. The combination Ly6Chigh-
CCR2highCX3CR1lowCD62 L+ used to examines
classical monocytes [20], and MHCIlowCCR2+
and Lineage—CD11 b+F4/80lowLy6C+ for cardiac
monocyts in mouse model [21, 22]. The CD45+CD11
b+F4/804+CD206— and CD4+CD11 b+F4/80+CD206+
used to detect mouse classic M1 and M2 macrophage
[23], and CD45+4CD11 b+F4/80+Ly6Clow for Resident
cardiac macrophages [22]. The CD45+F4/804+MHC-
[MlowCCR2— and CD45+F4/80+MHC-IThighCCR2— is
routine representative for cardiac resident macrophages
[6, 22]. Many others were developed for investigating the
mechanism of diverse function of macrophage function
in heart.

Syncytium calcium signaling underlies
synchronized contractile activity of the heart
Synchronized contractile function of the heart is essen-
tial to life. Exactly how resident macrophages in the heart
evolved as a fail-safe way to guarantee robust cardiac
output under physiological and pathological conditions
remains an important area of research.

Calcium (Ca) ions are important second messengers
modulating many cellular functions. In the heart, entry
of extracellular Ca via Ca channels located on the plasma
membrane triggers opening of the ryanodine receptor
(RyR) located in the sarcoplasmic reticulum (SR) through
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Ca-induced Ca release (CICR) [24-27]. The elementary
units of Ca release from SR in cardiomyocytes are dis-
creet, localized events known as Ca sparks. Ca sparks
are quantal Ca release events that originate from parac-
rystalline arrays of RyR channels on the SR surface [13,
14, 24]. The discovery of Ca sparks has revolutionized
understanding of the physiology and pathophysiology of
Ca signaling in the heart.

Synchronized elevation of intracellular Ca triggers
contraction of the actin-myosin apparatus by diastolic
depolarization, and the crosstalk of electrical conduction
between neighboring cardiomyocytes via the intercon-
nection of their intercalated discs through the connexin
complex. Longitudinal flow of Ca signaling via the syncy-
tium network characterizes the heart as an efficient cir-
culation pump.

Macrophage functions in calcium-dependent
manner

Although we normally consider that macrophages func-
tion as cells in the front line of the immune system,
these macrophages also play critical roles in many other
aspects, including cardiac electrical activity, wound
repair, embryonic development, and many more [1-3].
All these roles can be categorized into three biologi-
cal processes: migration, endocytosis and phagocytosis.
Cytoskeletal regulated migration drives cell movements
in tissues and through endothelial cells to their final des-
tinations, where they will carry out functions involved
with Capg, Mppl, Myolf, Myo5a and Wipl [4, 27-29].
Endocytosis accomplished by macrophages is a receptor-
mediated uptake process for liquids [30]. The internal-
ized materials will interact with diverse receptors such as
Alcam, CD9, CD84, Mamdac2, Itgfg3 and Lgals, and are
then degraded rapidly after lysosomal fusion. Phagocyto-
sis as a first defense against pathogen attack is defined as
the uptake for solid particles about a few micrometer in
diameter. Phagocytosis involves recognition of endocytic
receptors, vesicle trafficking and protein degradation,
carbohydrate/lipid/DNA digestion and many other pro-
cesses [4, 31-33]. It is obvious that cell surface antigens
are important for all three processes, whether for the
cells to execute their tasks, or to distinguish which pro-
tocol to initiate.

Recent research demonstrated that Ca may contribute
to modulation of gene expression in the macrophage.
Using monocyte-derived macrophages (MDMs) from
patients with chronic obstructive pulmonary disease
(COPD), Provost et al. showed that extracellular Ca could
enhance phagocytosis and cytokine secretion associated
with IL-8, TNF-a, and macrophage inflammatory protein
(MIP) subunits MIP-1a and MIP-1b [34]. Additionally,
the bacterial challenge of MDMs increased cell surface
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expression of bacterial recognition receptors, CD16 and
MARCO, which led to increased recognition by the mac-
rophage to more potential pathogens, initiating more
phagocytosis. This study provides the base for the ther-
apeutic use of Ca to increase macrophage phagocytosis
and decrease chronic bacterial infection [34]. It appears
that the expression patterns of cell membrane integrated
proteins are critical factors that determine how the cells
behave (Table 1). Thus, delineating the communication
between extracellular Ca homeostasis with intracellular
Ca signaling represents an important area of investiga-
tion for the tissue-specific function of macrophages.

Extracellular Ca influxes through plasma membrane
Ca channels take the responsibility for the cytoplas-
mic phagosomal oxidative reaction and inflammatory
cytokine reaction [29, 40, 42]. When specific Ca channel
inhibitors were applied, cytokine secretion by Ca-medi-
ated endocytosis were inhibited [34]. The immune effec-
tiveness can be improved with elevation of extracellular
Ca concentrations in the range of physiologic levels of Ca
signaling [46, 47]. In vitro studies with macrophage-like
cell lines U937 and MH-S [48] demonstrated that mac-
rophage recognition to elevated Ca involves a sensor
zone on the carbohydrate chains of CD43 [49].

Although the Ca-dependent manner of macrophage
function was discovered in monocyte-derived mac-
rophages or macrophage-like U937 and MH-S cells, it is
possible that the resident macrophages would behavior
according to Ca levels in the micro-environment of their
niche in the heart tissue.

Development and differentiation of macrophages
require colony-stimulating factor

Macrophages are developed and differentiated from the
mononuclear phagocyte system (MPS) [3, 50]. While
myeloid progenitor/granulocytes develop to monoblasts,
promonocytes and then monocytes migrate into spe-
cific tissues, colony-stimulating factors (CSF) can direct
differentiation of MPS. These CSFs include macrophage
CSF (CSF-1), granulocyte macrophage (GM-CSF) and
fms-like tyrosine kinase 3 ligand (FIt3-ligand) [51-53].
The development and differentiation of tissue-specific
resident macrophages have many distinct pathways in
both normal development and pathological progress.

The characteristics of macrophages with deletion of
CSEF-1 in the mouse model pinpoint many critical func-
tions of macrophages in somatic differentiation and
the development of the pancreas and nervous system
in mammal [53, 54]. Genetic ablation of CSF-1 in mice
produced infertility in both males and females due to
macrophages failing to adapt to the indigenous tissue
and failing to settle down as resident macrophage to
build the necessary functional architecture of primary
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reproduction organs and tissues. Resident macrophages
are critical in adult individuals and even more impera-
tive during the differentiation process in mouse embryos.
This crucial function of macrophages during animal
development also contributes to the configuration of the
conduction system in the heart [10].

The mononuclear phagocyte lineage differentiating
progress is under the control of macrophage CSF, how-
ever, no research has reported the direct involvement of
Ca signaling with CSFE. An earlier data revealed that the
concentration of cytosolic Ca pre-incubated with gran-
ulocyte—macrophage CSFs can effectively activate an
oxidative burst of granulocytes measured with the pro-
duction of intracellular superoxide (O27) anions [55].
Release of Ca-containing crystals could change extra-
cellular Ca in the micro-environment and potentially
enhance macrophage CSF-mediated osteoclastogenesis
[56]. These data demonstrate the possibility that CSF plus
Ca could re-pattern cell membrane integrated proteins
[34]. It is possible that the micro-environment Ca could
affect CSF function during tissue settlement of mac-
rophages in organogenesis along with other type of cells.

Prospect: Ca dependence could be a mechanism

of MPS-to-resident macrophage in heart

In the heart, CICR and syncytium cell-cell communica-
tion underlie the synchronized contractions of the car-
diomyocytes to drive blood circulation throughout the
entire body (Fig. 1a, b). Electrical impulses are carried
longitudinally through cardiomyocytes linked by N-cad-
herin, connexins, and other associated proteins [57, 58]
(Fig. 1d). As discussed above, resident macrophages can
facilitate this electrical conduction within the AV node
[10]. If these is any lineage-tracing data to classify the
role of resident cardiac macrophages is the valuable ques-
tion we have to clear in future investigation, the answer
could be mysterious up-to-date. As we discussed, more
than 30 surface proteins involve in the functional dif-
ferentiation from blood monocyte to cardiac monocyte,
and from circulated macrophage to resident cardiac mac-
rophage. Meanwhile, the P7 non-scar regeneration and
conducting signal promotion by macrophages enlighten
that multiple lineage of macrophages could exist for these
divers functions.

The concept of resident macrophages facilitating elec-
trical conduction in the heart raises many interesting
subjects that should be explored further about the role
of macrophages in other cardiac functions such as how
pre-mononuclear phagocytes differentiate along with
conducting cardiomyocytes, what principle role they
play during co-developmental architecture, how these
resident macrophages function in adult heart, what
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maintains their role in continuous contracting tissue
as a non-contractile cells, and whether anchoring pro-
teins and extracellular matrix proteins are required to
direct and connect resident macrophage to conducting
cardiomyocyte.

It should not be a coincidence that there is both a Ca-
dependency of macrophages and CICR dependency
of cardiomyocytes for contraction. The intracellular
Ca in both cells should provide coordination for their
integration, and the extracellular Ca should provide a
micro-environment for homeostasis. The syncytium Ca
signaling would allow for a more efficient macrophage
niche within the cardiomyocytes and consequently for
the synchronized contraction of the heart.
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