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Abstract

Cardiac fibroblasts are the most abundant cell in the mammalian heart. While they have been
historically overlooked in terms of functional contributions to development and physiology,
cardiac fibroblasts are now front and center. They are currently recognized as key protagonists
during both normal development and cardiomyopathy disease, and work together with
cardiomyocytes through paracrine, structural, and potentially electrical interactions. However, the
lack of specific biomarkers and their heterogeneous nature currently convolutes the study of this
dynamic cell lineage; though, efforts to advance marker analysis and lineage mapping
technologies are ongoing. These tools will help elucidate the functional significance of fibroblast-
cardiomyocyte interactions /7 vivo and delineate the dynamic nature of normal and pathological
cardiac fibroblasts. Since therapeutic promise lies in understanding the interface between
developmental biology and the postnatal injury response, future studies to understand the
divergent roles played by cardiac fibroblasts both /n utero and following cardiac insult are
essential.
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Introduction

The composition of the mammalian heart is often described in the context of two categories:
“cardiomyocytes” and “non-cardiomyocytes”—the majority of which are cardiac fibroblasts.
Despite being lumped into the relatively nondescript “non-cardiomyocyte” category, cardiac
fibroblasts make up anywhere from one-third to two-thirds of cells in the adult heart
depending upon the species. But what are cardiac fibroblasts? Morphologically, they are
spindle-shaped cells that often lack a basement membrane and feature a round, elongated
nucleus surrounded by vast endoplasmic reticulum; however, there is still discussion
surrounding the diverse origins of the cardiac fibroblast lineage. In the mammalian embryo,
cardiac fibroblasts are thought to be primarily derived from the proepicardial organ via
epithelial-to-mesenchymal transition (EMT) [1-7] although it has also been proposed that
there may be some subsequent contribution from bone marrow derived precursors [8,9]. In
the adult, it is not well established how the cardiac fibroblast population is maintained
during normal homeostasis but it is generally thought that resident fibroblasts and epithelial
cells undergoing EMT are the primary source of the low level of turnover within the adult
heart [1,9,10]. Conversely, in the event of injury, there is a drastic increase in the number of
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fibroblasts, which can be derived from multiple sources including endothelial cells
undergoing endothelial-to-mesenchymal transition (EndMT) [11], bone-marrow derived
circulating progenitor cells (mainly monocytes and fibrocytes) [12-17], and pericytes [18]
(reviewed in [9,10,19]). Thus, the cardiac fibroblasts present at birth are not necessarily the
same as those present within the adult heart, which may in turn not be the same as those
present following injury. Comparison of fibroblasts at these different stages could divulge
clues as to the varying functional roles that cardiac fibroblasts play. For example, fibroblasts
have been described as lacking a basement membrane [21], but it is unclear if this is
universally the situation in embryonic, normal adult, and/or injured adult hearts? The more
sophisticated our understanding of fibroblasts within a given environment becomes, the
more capable we will be able to modulate their action. The fact that cardiac fibroblasts seem
to be derived from different populations under different conditions (summarized in Figure 1)
presents a novel potential therapeutic opportunity for the regulation of the fibrotic response
following injury. Significantly, inhibiting EndMT following cardiac injury in mice has
already been shown to decrease fibrosis throughout the repair process, whilst maintaining
tissue homeostasis in the uninjured heart [11].

Functionally, the notion of cardiac fibroblasts has transitioned over the past several years
from the classification of fibroblasts as a cell lineage primarily responsible for contributing
to the extracellular matrix (ECM) to our current understanding of cardiac fibroblasts as a
dynamic, multi-functional lineage critical for both developmental and postnatal repair
pathways. Cardiac fibroblasts not only produce and remodel the ECM in response to
different physiological cues(reviewed in [1,20-23]), but also regulate cardiomyocyte
proliferation and growth during development [24,25], directly connect to cardiomyocytes
via connexins [21,26-29], electrically isolate various portions of the conduction system in
the heart [1,23,30], secrete factors to regulate signaling of cardiomyocytes in a paracrine
fashion (reviewed in[1,9,20,22,23,31]), as well as induce cardiomyocyte hypertrophic and
fibrotic responses to injury in the adult heart (reviewed in [19,23]). Within the impressive
breadth of cardiac fibroblast functions, this review focuses on the roles of cardiac fibroblasts
in the context of development and injury, in order to compare and contrast these two
physiologic processes and emphasize the dynamic nature of cardiac fibroblasts.

Cardiac fibroblast markers: attempts at identifying an elusive target

Although a substantial amount of research has been carried out to delineate the pathogenesis
of fibrosis following injury in the adult heart and the role of cardiac fibroblasts within that
process, we have only just begun to investigate the developmental role of cardiac fibroblasts
and how their early role transitions into their adult role. It is the fibroblast's dual role both as
a stimulus for growth and proliferation of cardiomyocytes during development and as the
initiator of the injurious fibrotic response in pathology of the adult heart that begs the
question: what is the key to modulating these two disparate responses? Understanding this
physiologic switch could potentially lead to novel treatments aimed at minimizing the
morbidity and mortality often associated with myocardial infarctions and heart failure.
Despite a growing interest in the field, the study of cardiac fibroblasts has been hindered by
the lack of definitive markers that are simultaneously sensitive and specific (reviewed in
[1,10,19,32,33]). For example, vimentin exhibits tremendous sensitivity as a fibroblast
marker; however, it is not specific as it labels other cell types such as the endothelial
lineage. Other markers such as discoidin domain receptor 2 (Ddr-2), fibroblast-specific
protein 1 (Fsp-1), Thyl cell-surface antigen, fibroblast activation protein, and periostin all
have similar limitations. For instance, they are also expressed in lineages other than cardiac
fibroblasts, and some of these markers (Ddr-2 and Fsp-1 in particular) only mark a small
subset of postnatal cardiac fibroblasts (reviewed in [10,19]). In terms of identifying
activated fibroblasts (aka myofibroblasts), a-smooth muscle actin (a-SMA) is still the
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primary marker; however, it is also expressed in vascular smooth muscle cells and pericytes,
which are both present in close proximity to fibroblasts, blighting its ability to distinguish
fibroblasts in some cases [10,34]. The absence of comprehensive markers has greatly
impeded the study of the dynamic functional nature of the cardiac fibroblast lineage as well
as the study of the complex interactions between fibroblasts, ECM, and the surrounding
cells. Our work suggests that, currently, periostin is the most consistent marker of /n utero
and early postnatal fibroblasts and is drastically upregulated within the cardiac fibroblast
response to injury [1,20,35,36]. Conversely, Fsp-1 is the current best marker of resting and
activated cardiac fibroblasts within the adult heart [11]. It may be that the diverse origins of
cardiac fibroblasts preclude the discovery of a universal “one size fits all” marker, but by
better understanding which markers are reliable under certain conditions and which
combinations of markers best encompass the normal, quiescent cardiac fibroblast versus the
transient, activated fibroblast, we may begin to probe this intricate system in greater detail
and with increased precision.

The paucity of markers to definitively identify cardiac fibroblasts, unlike cardiomyocytes,
endothelial, and pericyte lineages at a single time point is one issue facing the field. A
related challenge involves finding a way to accurately lineage map cardiac fibroblasts to
determine where they come from, how stable they are, and what they give rise to. Presently,
there are two lineage reporter lines available for mouse transgenic manipulation and
fibroblast identification purposes. Firstly, Fsp-1 (also called S100A4) is considered a marker
of fibroblasts in various organs undergoing tissue remodeling, and FspZ-Cre mice have been
used to identify fibroblasts derived from EMT and EndMT in several organs including the
adult heart [11]. Using combinatorial 77eZ-Creand FspI lineage mapping approaches, it was
elegantly demonstrated that Tiel-expressing endothelial cells undergo TGFp-mediated
EndMT and contribute to the total pool of adult cardiac fibroblasts in response to aortic
banding [11]. Similarly, utilizing a partial periostin promoter to drive Cre recombinase
expression in a subset of endogenous periostin-expressing cells, we demonstrated that
3.9kbPeriostin-Cre mice are a useful tool to lineage map these elusive cells [35,36]. In
combination with the ROSAZ6-lacZ, ROSAZ26-YFPand ROSAZ6-Tomato reporter mouse
lines (all readily available from Jackson Labs), 3.9kbPeriostin-Cre positive cardiac
fibroblasts have been characterized in the context of the adult heart [35,36]. Significantly,
within the heart itself this Cre is expressed (as indicated via ROSAZ6-lacZ reporter) in all
four embryonic valves from E12 onwards, as well as in the suspensory apparatus and the
annulus of fetal, newborn, and adult hearts of these mice (Conway lab, unpublished data).
Subsequently, 3.9kbPeriostin-Cre is expressed in E16 cardiac fibroblasts, most of the
newborn cardiac fibroblasts (~90% as detected via fluorescence-activated cell sorting using
Thyl1+ marker), but it is only found in a minority of quiescent cardiac fibroblasts in the
uninjured heart of an adult mouse. However, following injury, 3.9kbPeriostin-Cre is robustly
induced in adult “activated cardiac fibroblasts.” Importantly, while this Creis expressed in
lineages other than cardiac fibroblasts, like endogenous periostin it is never expressed in
cardiomyocytes [37,38] rendering it a useful tool for differentiating fibroblast versus
cardiomyocyte interactions. In addition to marking fibroblasts for lineage mapping, the
3.9kbPeriostin-Cre can also be used to knockout or knock-in genes specifically within
cardiac fibroblasts but not adjacent cardiomyocytes. Importantly, since 3.9kbPeriostin-Cre
positive cardiac fibroblasts can be detected from E16 onward (Conway lab, unpublished
data), this tool enables /n utero conditional ablation of non-cardiomyocyte genetic targets
prior to the postnatal transition. One example of the utility of 3.9kbPeriostin-Cre was
demonstrated in Takeda ef a/. (2010) through the generation of a conditional knockout
(cKO) of KlIf5 (a transcription factor involved in tissue remodeling) to delineate the roles of
fibroblasts versus cardiomyocytes in the context of injury-induced tissue remodeling. When
exposed to low-intensity transverse aortic constriction, 3.9kbPeriostin-Cre mediated K/f5
cKO mice demonstrate a decreased level of hypertrophy and fibrosis compared to controls.
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However, when exposed to high-intensity transverse aortic constriction, the cardiac
fibroblast-specific knockouts die more rapidly than controls because they are unable to
compensate and manage acute mechanical stress [35]. As cardiomyocyte-specific K/f5cKO
deletion did not alter the hypertrophic responses, these findings clearly demonstrated that
KIf5 expression and its resulting effects within fibroblasts can have both adaptive and
maladaptive results; it merely depends upon the nature and duration of the insult.
Modulation of cardiac fibroblast function may provide a novel strategy for treating patient
heart failure, with KLF5serving as an attractive target.

In utero cardiac fibroblasts and cardiomyocytes: setting the stage for
proliferation and heart morphogenesis

Cardiac fibroblasts have been hypothesized to be involved in cardiomyocyte proliferation
due to the temporal link between the developmental début of cardiac fibroblasts in the
compact myocardium (at E12) and the critical phase of cardiomyocyte proliferation involved
in ventricular formation (beginning at E11.5 and continuing throughout gestation) [1,7,24].
Several factors have been implicated in regulating fibroblast differentiation via EMT and
colonization of the adjacent myocardium during development including: platelet derived
growth factor (PDGF)-B, Sox9, Tbx5, thymosin p4, Ets factors, and fibroblast growth
factors (FGFs) [6,22,39,40]. In particular, Fgf10 regulates the migration of epicardially-
derived cells destined to become cardiac fibroblasts into the compact myocardium during
development by stimulating the fibroblast growth factor receptors: FGFR1 and FGFR2b.
The exact downstream mechanism leading to this migration has not been fully elucidated,
but FGFs are known to act through Ras/MAK, phospholipase Cy/Ca%*, and the P13 kinase/
Akt pathways [41]. Inactivation of the critical FgfZ0signaling pathway at either the ligand
or receptor level leads to both a decreased number of fibroblasts within the compact
myocardium and a smaller heart size overall [41]. Conversely, overexpression of Fgfi10
results in an increase in the number of cardiac fibroblasts in the compact myocardium and an
increase in heart size [41]. This indicates that the number of cardiac fibroblasts present in
the compact myocardium controls overall heart size, possibly via regulation of
cardiomyocyte proliferation. While much remains to be uncovered regarding the reciprocal
interactions between cardiac fibroblasts and cardiomyocytes leading to the proliferation of
the latter, detailed studies by leda et a/. (2009) implicated a role of fibroblast-secreted
factors in regulating the mitotic activity of cardiomyocytes during late embryonic
development. Specifically, fibronectin, heparin-binding epidermal growth factor-like growth
factor (HBEGF), and the matricellular protein periostin were all found to stimulate
cardiomyocyte proliferation through 1 integrin signaling [24]. These factors are of
particular interest because of their temporal expression pattern, namely high expression
during development and relatively low expression within the adult heart. Due to the fact that
cardiomyocytes lose the ability to proliferate at the same developmental time point that the
levels of periostin, fibronectin, and HBEGF are decreasing (i.e. postnatally), it is possible
that these cardiac fibroblast factors help to regulate the physiologic shift of cardiomyocytes
from a proliferative cell type during development to a postnatal lineage that responds to
stress with a hypertrophic growth pattern complicated by fibrosis. Similarly, insulin-like
growth factor-1 (/gfZ), produced and released mainly from /n utero cardiac fibroblasts,
promotes collagen synthesis by cardiac fibroblasts and can function as a paracrine factor to
modulate subsequent cardiac myocyte hypertrophy [42]. As hypertrophy and fibrosis are
hallmarks of many cardiac pathologies, understanding how the microenvironment of the
heart influences the phenotype of cardiomyocytes could be key to future treatments of
various cardiomyopathies.
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Postnatal cardiac fibroblasts and cardiomyocytes: potential for
reprogramming and regeneration

After birth, tremendous plasticity is observed within the early postnatal heart. The heart
adapts to the substantial increase in systolic pressures by increasing the thickness of the
ventricular wall as well as its tensile strength; the latter of which is thought to be largely
achieved by a two-fold increase in the number of cardiac fibroblasts [43]. The ECM
components also reorganize to better distribute the force that is subsequently generated by
the postnatal ventricle [44]. This period of active remodeling lasts for the first week of life
and then the mouse heart transitions relatively rapidly to the adult phenotype which becomes
fully apparent 30 days after birth [8]. During this dynamic restructuring process, the ECM
and cardiomyocytes are not merely adapting to the changing environment independently, but
are synergistically modifying how they interact with each other. For example, neonatal
cardiomyocytes are capable of adhering to ECM components of either the basement
membrane or the interstitial matrix, whereas adult cardiomyocyte attachments are restricted
to basement membrane specific components [44]. In rats, the switch from a hyperplastic
(increase in cell number) to a hypertrophic (increase in cell size) response in injured/stressed
cardiomyocytes occurs between postnatal day 3 and 4 [45]. This finding has been
corroborated in mice by demonstrating the capacity of 1-day-old mice to recover from apical
cardiac resection via full regeneration of functionally and histologically normal
cardiomyocytes by 21 days post resection [46]. This regenerative ability was lost by 7 days
after birth as apical cardiac resection of 7-day-old pups resulted in massive fibrosis without
any evidence of attendant cardiomyocyte proliferation. The one-week window of cardiac
regeneration correlates with the time-point at which rodent cardiomyocytes are reported to
exit the cell cycle and undergo proliferative arrest [45].

The allure of harnessing cardiac regenerative capacity as a means to alleviating the damage
caused by myocardial infarction and other fibrotic pathologies that all too often affect the
heart has been a long-time aspiration that is slowly being realized. Developmental biology
research has opened important avenues for converting fully differentiated cells into various
lineages via reprogramming technologies. As a crucial player in cardiac development, the
cardiac fibroblast has recently been exploited as a key target to accomplish cardiac
regeneration. Expression of three transcription factors (Gata4, Mef2c, Thx5, collectively
referred to as GMT) mediated by retroviral gene transfer was shown to be sufficient to
directly reprogram adult fibroblasts to become adult cardiomyocytes both in vitro [47], and,
most significantly, in vivo[36]. Identifying the derivatives of these reprogrammed cardiac
fibroblasts was accomplished using the 3.9kbPeriostin-Cre and Fsp1-Crelineage reporters,
in concert with various /acZand fluorescent indicator mice [36]. Importantly, it was
demonstrated that in the absence of genetic reprogramming, no cardiomyocytes expressed
any /acZeither before or after myocardial infarct; however, the retroviral-induced GMT
cardiac fibroblasts were able to give rise to /facZ-positive cardiomyocyte-like cells,
suggesting that these cells were derived from reprogrammed cardiac fibroblasts [36]. Not
only did the reprogrammed fibroblasts differentiate into cardiomyocyte-like cells, but these
in vivo studies revealed that cellular reprogramming post-myocardial infarction resulted in
improved cardiac function [36]. More recently, miRNAs have been used to facilitate
conversion of neonatal and adult cardiac fibroblasts into adult cardiomyocytes [48]. While
both of these techniques show promise for increasing the regenerative capacity of the heart
following ischemic injury, their /in vitro efficiencies are low. Interestingly, both groups
observed an enhancement /n vivo either through increased reprogramming efficiency [48] or
through the presence of a more “fully reprogrammed” phenotype [36]. A better
understanding of the paracrine and ECM interactions of cardiac fibroblast, cardiomyocyte,
and endothelial lineages is crucial to regenerating a stable myocardium that responds
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appropriately to stimuli. Further work is needed to evaluate the safety of both of these
approaches particularly in the context of arrhythmogenesis; however, an understanding of
which cardiac fibroblast-specific factors are capable of enhancing the success of
regeneration following ischemic injury will undoubtedly be valuable in optimizing these
exciting technologies and therapeutic opportunities.

Pathology: when well-intentioned repair goes wrong

Dynamic cross-talk between cardiomyocytes and cardiac fibroblasts is a prominent feature
of both development as well as injury-induced remodeling [31,49]. Throughout life, cardiac
fibroblasts are responsible for controlling many aspects of the heart's microenvironment.
During development, this includes secreting factors conducive to cardiomyocyte
proliferation and establishment of a functionally competent ventricle, providing the
structural stability required for transitioning from pre- to postnatal life, and directly coupling
to cardiomyocytes via gap junctions [26,50]. The paracrine, structural, and possibly
electrical interactions between fibroblasts and cardiomyocytes that underlie normal
development also modulate the pathological responses to injury in the adult heart. During
adult heart failure, fibroblasts secrete several proinflammatory cytokines that directly
promote hypertrophy of cardiomyocytes including: IL-1p, IL-6, TNF-a and TGF [31].
Cardiomyocytes also secrete some of these same cytokines, which induce fibroblast
migration, stimulate transformation of fibroblasts into myofibroblasts (TGFB1 in particular),
and increase synthesis of several ECM components [1,22,31]. Similarly, angiotensin 1l
type-1 receptors on neighboring cardiomyocytes play an important role in determining the
behavior of cardiac fibroblasts in the early phase of cardiac remodeling [51]. This role of
activated cardiomyocytes driving fibrosis is in agreement with transgenic overexpression
studies using activated forms of calcineurin or calcium-dependent signal-transducing
molecules [52]. Thus, intracellular signaling crosstalk creates an environment where cardiac
fibroblasts and cardiomyocytes reciprocally influence each other's phenotype [19].
Fibroblasts have also been shown to have extensive electrical coupling to each other as well
as to cardiomyocytes via gap junctions /n vitro during both developmental stages as well as
following injury [26-29]; however, the functional significance of these interactions has yet
to be established /in vivo. Increasingly available information relating to the dynamic nature
of the cardiac microenvironment further alludes to the possibility that cardiac fibroblasts
may be a key regulatory cell capable of mediating /7 vivo communication to
cardiomyocytes, which is critical for both normal heart development and facilitating
pharmacological therapeutic approaches within the heart [31].

Electrophysiological coupling

Although cardiac fibroblasts have traditionally been thought of as electrically inert, in vitro
data suggests that they may be intimately involved in the electrophysiological coupling of
the heart [26-29]. Cardiac fibroblasts can express connexin (Cx) 43, 45, and by some reports
Cx40 as well [31]. Each of these connexins can facilitate cellular coupling and
communication of fibroblasts to other fibroblasts and to cardiomyocytes [26,50] although
Cx43 seems to be the most functionally relevant in the context of development [53] and
injury [28,31,54]. Significantly, the main connexins expressed within the heart are Cx40, 43
and 45. During development, altered distribution of Cx43 correlates with alterations of the
velocity and directionality of action potential propagation in the mammalian heart [53]. Less
is known about direct electrical effects of cardiomyocytes on cardiac fibroblasts. This could
be due to the fact that it is more technically feasible to measure alterations in an electrically
dynamic system such as a cardiomyocyte undergoing an action potential than in the more
subtle electrical system of a fibroblast or perhaps this simply has not been investigated. In
the context of injury, cardiac fibroblasts respond to increases in TGFf levels via an increase
in their expression of Cx43 in vitro. As a result, these Cx43-high fibroblasts are able to more
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aptly modulate electrophysiological parameters of cocultured cardiomyocytes [27,28,31].
The resulting increase in cellular coupling actually decreases the conduction velocity and
induces longer action potential durations at high densities of fibroblasts, thus the
electrophysiological role of fibroblasts appears to be highly density dependent [27]. Whether
these /n vitro findings are representative of the actual electrophysiological environment in
Vvivo has yet to be established [55], but the level of Cx expression in fibroblasts does seem to
be physiologically relevant in mouse models. During post-myocardial infarction, increased
expression of Cx43 in cardiac fibroblasts coupled with the decreased Cx43 expression in
cardiomyocytes is thought to produce a labile electrical environment that is prone to
potentially fatal arrhythmogenesis [28]. The risk of arrhythmia can be decreased by
reintroducing embryonic cardiomyocytes (expressing Cx43) post-infarction [56], thus
modulating Cx43 expression levels may be clinically advantageous. In addition to the
electrical implications of Cx43 expression, Cx43 levels have also been established to
influence cellular proliferation and alter cellular behavior through paracrine signaling. When
cocultured fibroblasts and cardiomyocytes are exposed to an antibody targeting Cx43, an
increase in TNF-a was observed while IL-6 levels decreased [57]. Moreover, reduced Cx43
levels have also been shown to increase proliferation of fibroblasts whereas increased
expression leads to reduced proliferation [54], which could indirectly affect
cardiomytocytes. While a direct electrical exchange between fibroblasts and cardiomyocytes
has yet to be recorded /n vivo, as techniques for identifying and transgenically manipulating
cardiac fibroblasts improve, it will become feasible to address the functional significance of
Cx43-mediated electrical milieu both /n utero and within the post-injury state.

TGFB signaling and periostin

TGFp signaling is known to play a key prominent role in both cardiac development and in
response to injury. Developmentally, the TGFB superfamily signaling pathway is important
for regulating structural aspects of heart development including valvulogenesis and outflow
tract remodeling, as well as integration of several key canonical and non-conical
developmental gene pathways [58,59]. In terms of cardiac fibroblast lineage, a significant
TGFB-responsive downstream effector of TGFp signaling is the matricellular protein
periostin [1,12,20,60-63]. Matricelluar proteins are classed as proteins secreted into the
ECM that modulate cell-to-cell as well as cell-to-matrix interactions but are not directly
involved in ECM structure and mechanical organization [62]. Periostin is an inducible
regulator of ECM homeostasis, cellular differentiation, cellular migration, and tissue
maturation (reviewed in [20,62,65,66]). It is highly expressed during development
(beginning at E9.5 and peaking in the early postnatal period), then levels drop and are
maintained at a low levels throughout adult life until an injury is sustained [20,65,66]. Upon
injury, TGFB1 which is also normally expressed at low levels in the adult heart is rapidly
secreted. This increase in TGFp signaling causes an 8-40 fold increase in periostin
expression levels and deposition within the injury site [12,60-63]. Once expressed, periostin
appears to functions in the adult heart as it did during development: it regulates ECM
homeostasis, induces cellular migration, and is involved in establishing the balance between
cardiomyocytes and fibroblasts by promoting differentiation to the fibroblast lineage while
inhibiting differentiation to the cardiomyocyte lineage [8,12,66]. In what has been coined
the “periostin hypothesis,” researchers have speculated that when periostin is induced by
TGFp following a myocardial infarction, it channels the hematopoietic stem cells (HSCs)
migrating from the bone marrow into the cardiac fibroblast lineage as opposed to the
cardiomyocyte lineage [12,67-69]. Since HSCs are capable of differentiating into
cardiomyocytes and repairing myocardial infarctions [70-75], periostin may be impeding a
naturally regenerative process and could potentially be targeted for pharmacologic
intervention post-myocardial infarction. As a caveat to altering periostin levels with the
intent of achieving a physiological effect, it is essential to remember that because periostin
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modulates ECM remodeling following injury, a certain level of periostin is required to
maintain structural integrity of the infarcted wall [8,76]. Systemic Periostin null mice die
from post-myocardial infarction cardiac rupture at a drastically increased rate compared to
wild type controls due to a structurally weakened ventricular wall facilitated by the
decreased number of cardiac fibroblasts as well as the decreased collagen fiber amount,
cross-sectional area, and cross-linking observed in the infarcts of Periostin null mice [76].

In addition to upregulating periostin expression, TGFp is also responsible for initiating the
cardiac fibroblast-myofibroblast transition (CMT) [9,77-80]. Myofibroblasts, a term
introduced by Gabbiani, are not present in the healthy heart (with the exception of the valve
leaflets) but are efficiently derived from cardiac fibroblasts and their precursors (epithelial
cells (via EMT) and bone marrow progenitor cells) following injury [9]. Myofibroblasts are
not dissimilar to fibroblasts morphologically with their ruffled membranes and highly active
endoplasmic reticulum; however, these two cell populations are distinguished by the
expression of a-SMA present in myofibroblasts but not in resting cardiac fibroblasts
[1,10,78,81]. Upon injury, TGFp1 is secreted by infiltrating lymphocytes, platelets, and
activated macrophages as well as injured cardiomyocytes and cardiac fibroblasts [79]. This
cytokine induces a signaling cascade within fibroblasts that result in increased transcription
of genes such as those encoding a-SMA, vimentin, the embryonic form of smooth muscle
myosin heavy chain (Smemb), focal adhesion proteins including paxillin, tensin, and
fibronectin, as well as collagen and collagenase [78,79]. Thus, CMT is initiated and a
myofibroblast is born. The significance of myofibroblasts in the context of injury lies in the
fact that they are extremely responsive to chemokines released at the site of injury, migrate
into injured myocardium, and deposit large amounts of collagen. The timeline of this
dynamic subpopulation is not well characterized but myofibroblasts are reported to be
activated by 48 hours, peak in number anywhere from 5-14 days, and decrease 21-28 days
after injury [78].

TGFp regulates injury response through its dual role in reactivating developmental genes
such as periostin as well as by inducing CMT and its associated physiological alterations,
including ECM remodeling and increased collagen production [20,78,79]. Initially, this
response is protective. In fact, it has been discovered that delivering exogenous TGFB
coinciding with the reperfusion step of an ischemia-reperfusion model in rats results in
decreased levels of creatine kinase indicating that fewer cardiomyocytes are lost as a result
of the injury itself [79]. TGFB initially stimulates its own synthesis and secretion until the
excess begins binding to proteoglycans which then terminates the self-inducing loop by
ceasing TGFp production [82]. However, chronic increases in TGFp levels can inactivate
this protective feedback mechanism and the response can become maladaptive and lead to
overt fibrosis, hypertrophy, and eventual heart failure [21,79,81]. Therefore, as with most
key signaling pathways, an intricate balance of TGFp levels must be achieved in order to
maximize the benefit and minimize the damage to the heart. Contemplating pharmacological
intervention is further complicated by the presence of three different isoforms of TGFp.
Unfortunately, delineating isoform specific roles of TGFB family members is presently
difficult [59]. Currently a lot of published work addressing cardiac insult either does not
specify which isoform of TGF is acting or only investigates TGFB1 [81]. There are several
reasons for the present limitations, including the lack of isoform specific antibodies, the
difficulties regulating TGFp levels, and cross-talk with the BMP pathway. Additionally, the
study of 7GFB1 is more robust due to the availability of genetic mouse models. Systemic
knockouts of 7GFp1 are viable postnatally if kept on immunodeficient genetic background
while knockouts of isoforms 2 (die due to cardiac defects) and B3 (die due to cleft palate
defects) are not (reviewed in [59]). Also, a conditional knockout model of 7GFB1[81,83]
has been available for some time, whereas a cKO model for 7GFB3was recently published
this year [84], and there is still no published cKO of 7TGFB2. Due to the fact that TGFp2 and
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3 are also highly expressed in cardiac fibroblasts during development [85], it is possible that
these isoforms play a more prominent role in heart disease and injury repair than currently
appreciated. As new tools continue to be developed, perhaps these questions will begin to be
answered and will further emphasize the importance of using developmental biology to
inform our therapeutic approaches to targeting postnatal cardiovascular disease.

Conclusion

Cardiac fibroblasts comprise a substantial component of the mammalian heart and are
intimately involved in both normal cardiac development and injury through paracrine,
mechanical, and potentially electrical interactions with cardiomyocytes. While there has
been a steady increase in research investigating these interactions, further /n vivowork is
critical for addressing the functional contribution of each element both /n utero and
following injury to more aptly describe the dynamic roles of cardiac fibroblasts in
development and disease. Obstacles such as the absence of a comprehensive cardiac
fibroblast marker have hindered /n vivo analysis of these interactions to date; however,
promising new techniques such as utilizing the 3.9kbPeriostin-Cre and FspI-Cre lines for
lineage mapping and genetic modification of /n utero and adult cardiac fibroblasts, as well as
an increasing number of fibroblast markers are emerging to help address these challenges.
Harnessing these new tools to examine the developmental origins of these cardiac fibroblast-
cardiomyocyte and cardiomyocyte-cardiac fibroblast interactions and how they influence
injury response may uncover methods of shifting pharmacologic interventions from a
reactionary focus designed merely to consolidate damage to a more proactive approach
aimed at regeneration and undoing the damage caused by injury.
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Figure 1. Comparison of in utreo and postnatal sources and interactions between cardiac
fibroblasts, cardiomyocytes and the ECM

In the developing embryo, the cardiac fibroblast lineage principally originate from the
proepicardium via EMT. These /n utero fibroblasts express components of the ECM
(including fibronectin, collagen and high levels of matricellular proteins such as periostin),
integrins and growth factors (i.e. heparin-binding EGF-like factor) that establish a
microenvironment in which cardiomyocytes undergo coordinated growth and organogenesis
in response to paracrine cardiac fibroblast stimuli [1,22,24]. In contrast, during both
postnatal homeostasis and cardiomyopathy, fibroblast development is considerably more
plastic. Significantly, postnatal cardiac fibroblasts can be derived from the endothelium via
EMT and EndMT, as well as from perivascular cells, circulating monocytes and bone
marrow-derived progenitors [19]. Resident cardiac fibroblasts undergo low level turnover
and express diminished levels of periostin and ECM constituents. Once more numerous
intracellular signaling pathways are activated, in part via paracrine signals from neighboring
cardiac fibroblasts and interactions with the disorganized remodeling ECM (including robust
deposition of periostin and ECM elements within the scar tissue), to affect cardiac fibroblast
migration to the injury site and a coordinated hypertrophic and fibrotic responses within the
injured adult heart [22,24].
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