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Brutsaert, Dirk L. Cardiac Endothelial-Myocardial Signaling: Its Role in Cardiac Growth, Contractile Performance,
and Rhythmicity. Physiol Rev 83: 59–115, 2003; 10.1152/physrev.00017.2002.—Experimental work during the past 15
years has demonstrated that endothelial cells in the heart play an obligatory role in regulating and maintaining
cardiac function, in particular, at the endocardium and in the myocardial capillaries where endothelial cells directly
interact with adjacent cardiomyocytes. The emerging field of targeted gene manipulation has led to the contention
that cardiac endothelial-cardiomyocytal interaction is a prerequisite for normal cardiac development and growth.

Some of the molecular mechanisms and cellular signals governing this interaction, such as neuregulin, vascular
endothelial growth factor, and angiopoietin, continue to maintain phenotype and survival of cardiomyocytes in the
adult heart. Cardiac endothelial cells, like vascular endothelial cells, also express and release a variety of auto- and
paracrine agents, such as nitric oxide, endothelin, prostaglandin I2, and angiotensin II, which directly influence
cardiac metabolism, growth, contractile performance, and rhythmicity of the adult heart. The synthesis, secretion,
and, most importantly, the activities of these endothelium-derived substances in the heart are closely linked,
interrelated, and interactive. It may therefore be simplistic to try and define their properties independently from one
another. Moreover, in relation specifically to the endocardial endothelium, an active transendothelial physicochem-
ical gradient for various ions, or blood-heart barrier, has been demonstrated. Linkage of this blood-heart barrier to
the various other endothelium-mediated signaling pathways or to the putative vascular endothelium-derived hyper-
polarizing factors remains to be determined. At the early stages of cardiac failure, all major cardiovascular risk
factors may cause cardiac endothelial activation as an adaptive response often followed by cardiac endothelial
dysfunction. Because of the interdependency of all endothelial signaling pathways, activation or disturbance of any
will necessarily affect the others leading to a disturbance of their normal balance, leading to further progression of
cardiac failure.
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I. INTRODUCTION

This review is about the interactions beween endo-
thelial cells in the heart and adjacent cardiomyocytes and
about how this cross-talk determines cardiac growth, con-
tractile performance, and rhythmicity.

After the discovery in 1980 by Furchgott and Zawad-
ski (186) of the obligatory role of the vascular endothe-
lium in vasomotor tone, the endothelium has emerged as
an essential structural and functional element of the car-
diovascular system. Subsequent contributions by numer-
ous eminent investigators have over the past 20 years
profoundly altered our thinking about the cardiovascular
system and redefined many of our working concepts (31,
32, 101, 114, 187, 198, 204, 234, 235, 396, 402, 454, 465, 598,
600–602, 604, 642). In 1998, Furchgott was awarded the
Nobel Prize, together with Louis Ignarro and Ferid Murad,
for their contributions to the discovery of the endothe-
lium-derived relaxing factor, nitric oxide (NO) (396, 432).
Furchgott’s theorem about the central, obligatory role of
the endothelial cell in cardiovascular regulation has, how-
ever, been of much more fundamental and conceptually
of far greater importance in biomedical sciences (185).

The endothelium contributes to cardiovascular ho-
meostasis not only by regulating vascular permeability
but also by adjusting the caliber of blood vessels to he-
modynamic and hormonal demands and by maintaining
blood fluidity. Endothelial cells perform these functions
by the expression, activation, and release of powerful
vasoactive substances as well as of numerous other bio-
active molecules. These substances include vasocon-
stricting and vasodilating factors, pro- and anticoagulant
factors, pro- and antithrombotic factors, growth and an-
tigrowth factors, factors that contribute to angiogenesis
and tissue remodeling, as well as to immune reactions and
tissue inflammation. The endothelium thus creates a com-
plex and finely tuned balance of interactions with the
immediate environment. These interactions are common
to all endothelial cells. Regional and species differences
in the set point of these balances may, however, result in
substantial organ- or vascular bed-specific phenotypic di-
versity of endothelial cell function (31, 198, 236, 295, 313,
320, 355, 453, 478, 484).

In 1986, we proposed that endothelial cells in the
heart might similarly play an obligatory role in regulating
and maintaining cardiac function. Cardiomyocytes repre-
sent the bulk of cardiac tissue mass constituting �75% of
total tissue volume in the heart, but it has been estimated
that their number accounts for �40% of all cardiac cells,
the majority of cells being highly adaptive nonmyocyte
cells, such as fibroblasts, macrophages, circulating blood
cells, vascular smooth muscle cells, and endothelial cells.
We observed that the contractile performance of isolated
cardiac muscle could be profoundly modified by the pres-
ence of intact endocardial endothelial cells (55, 62, 63).

Modulation of the contractile state of subjacent cardio-
myocytes by endocardial endothelial cells was subse-
quently extended to include the contribution of the endo-
thelium in the myocardial capillaries (323, 366, 414, 470).
Further observations both in vitro and in vivo on aspects
of the effects of cardiac endothelium and of related auto-
crine and paracrine factors and cytokines on cardiac func-
tion were made by many investigators in various animal
species, including in humans (24, 48, 67, 81–83, 104, 146,
205, 206, 326, 372, 442, 446, 447, 511, 539, 543, 611) (Fig. 1).

As a result, our insights into cardiac function have
evolved from an autoregulatory muscular pump, with cor-
onary perfusion and neurohormonal control as the sole
important modulators, to a pluricellular, multifunctional
organ, in which the endothelial cell plays an essential role
with respect to cardiac metabolism, growth, contractile
performance, and rhythmicity. Although it is inconceiv-
able to regard the control of blood vessels and the periph-
eral circulation without considering the obligatory role of
the vascular endothelial cell, it is surprising that many
continue to approach cardiac function merely in terms of
its cardiomyocytes, coronary blood supply, and neurohor-
monal drive.

The present review focuses on the interactions be-
tween the cardiomyocytes and the cardiac endothelial
cells of the endocardium and the intramyocardial capil-
laries, where the endothelial cell is closely apposed to the
cardiomyocytes.

The main objectives of this review are 1) to discuss
how cardiac endothelial cells interact with their immedi-
ately sub- and adjacent cardiomyocytes to control and
maintain cardiac growth, contractile performance, and
rhythmicity; and 2) to review current knowledge of car-
diac endothelial activation and dysfunction and, in partic-
ular, how phenotypic changes may contribute to the
pathogenesis of cardiac disease leading to cardiac failure.

These objectives are approached from the point of
view of a traditional clinical physiologist observing global
cardiac function. The emphasis is on the selective inte-
gration of all cardiac endothelium-myocardium-mediated
signaling pathways within global organ structure and
function. Preference has intentionally been given to
whole organ integration, while at the same time selec-
tively incorporating some of the molecular biology and
genetics of more recently discovered signaling pathways
which have emerged from the growing field of targeted
gene manipulation.

Focusing merely on cardiac endothelial-myocardial
interactions may at first seem to create a rather restrictive
view on cardiac function. While avoiding wherever possi-
ble the ever-growing number of intracellular signaling
pathways omnipresent in all cardiac cells but redundant,
i.e., not indispensable, for the strict endothelial-myocar-
dial reciprocal interactions, such apparent “narrow win-
dow” approach may, moreover, overlook strictly myocar-
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dium-related features of the heart (171). It also precludes
other cellular interactions which may be equally impor-
tant or indispensable for the maintenance of the cardiac
phenotype, such as between fibroblasts or monocytes/
macrophages or epicardial mesothelial cells, with either
cardiomyocytes or with cardiac endothelial cells, among
others (137, 209, 210, 374, 617). This approach has, how-
ever, provided novel insights. Focusing on cardiac endo-
thelial-myocardial interactions has led to an innovative
conceptual paradigm of cardiac function which chal-
lenges the centripetal, myocardium-oriented conception
of cardiac structure and function to which we have be-
come accustomed.

Review articles, published over the past decade (6,
22, 23, 57–59, 263, 281, 325, 442, 519, 522, 625), offer more
comprehensive coverage of selected aspects and may
provide a valuable supplement to this review.

II. ENDOTHELIAL ORGANIZATION

IN THE HEART

A. Cardiac Endothelium Versus Coronary

Vascular Endothelium

In the postnatal and adult heart, endothelial cells can
affect cardiac function in different ways. It is indeed
important to distinguish between the contribution of the
cardiac endothelial cells in the myocardial capillaries and
at the endocardium and the contribution of the coronary
vascular endothelium in the major epicardial and smaller
intramyocardial coronary arteries and veins (Fig. 2). The
vascular endothelium in the coronary conduit and resis-
tance vessels controls coronary artery function as in any
other vascular bed in the body, but its contribution to

FIG. 1. Cardiac, i.e., endocardial (EE)
and myocardial capillary (MyoCapE), en-
dothelium and myocardium. The ventricu-
lar wall (inset) consists of the epicardium,
the myocardium, and the endocardium.
The endocardium includes a fibroelastic
layer, a basement membrane, and a lumi-
nal layer of endothelial cells, i.e., the EE
[top left transmission electron microscopy
(TEM) micrograph]. The distance between
the MyoCapE (top right TEM micrograph)
and cardiomyocytes is usually �1 �m; be-
tween EE and cardiomyocytes, the dis-
tance ranges from 1 �m in small mammals
to �50 �m in humans. Analogous, and
additive, myocardial actions of EE and
MyoCapE result in contractile twitch pro-
longation and increased peak force devel-
opment. The traces in the bottom panel
represent isometric twitches (force f vs.
time t traces) from isolated papillary mus-
cles with intact EE and MyoCapE, com-
pared with twitches from muscles after
selective EE damage (�EE) by quick im-
mersion of the papillary muscle in 0.5%
Triton X-100 and to twitches from muscles
with MyoCapE dysfunction (�VE) in-
duced by a bolus injection of diluted Triton
X-100 in a Langendorff heart before isola-
tion of the papillary muscle. Endothelial
damage or dysfunction induced premature
relaxation and concomitantly decreased
peak force development. [Modified from
Brutsaert et al. (60).]
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cardiac function is indirect by controlling coronary blood
supply to the myocardium. Cardiac endothelial cells in the
myocardial capillaries (MyoCapE) and in the endocardial
endothelium (EE), in contrast, are in close proximity to
adjacent cardiomyocytes, allowing for direct cellular
communication and signaling between both cell types.

Crucially important for endothelial cell-to-cardio-
myocyte interactions at these two sites is their intercel-
lular distance and their cell number ratio. The latter de-
pends on the capillary-to-cardiomyocyte ratio and
intercapillary distance, which will vary with species and
cardiac sampling site. In left ventricular wall and papillary
muscle of adult rat (13, 469, 591) and neonatal mice (72),
capillary-to-cardiomyocyte number ratio may on cross-
sectional view vary from 0.91 to 1.12. The lower figure of
0.5 observed in human “endomyocardial” biopsies from
right ventricular trabeculae (401) can be ascribed to the
close proximity of endocardial endothelial cells that are
the dominant endothelial cells in this zone. In fact, cardiac
endothelial cells outnumber cardiomyocytes by 3:1, al-
though cardiac endothelial cell-to-cardiomyocytal volume
(or mass) ratio is of the order of only 0.04–0.05 (13). The
intercapillary distance was reported to be 20.2 �m in the
ventricular wall (591) and 15.6 �m in papillary muscle
(13) of normal rat heart and 6 � 0.4 �m in normal neo-
natal mice heart (72). With a distance of �1 �m between
the capillary endothelial cell and the nearest cardiomyo-
cyte, this provides for an action (diffusion) radius of
�3–12 �m for each capillary endothelial cell into the

neighboring cardiomyocytes (72, 468, 469, 583). This
would suffice for an efficient endothelial-myocardial sig-
naling agent, even for those with short half-lives, such as
endothelium-derived nitric oxide (NO) with its biological
half-life of 20 s and whose liposolubility will further aid its
diffusion. NO diffuses from its source over a range of
150–300 �m within 4–15 s (303); diffusion distance may
even reach 600 �m (276).

The closest distance from endocardial endothelial cells
to subjacent cardiomyocytes, depending on animal species
and cardiac site, varies from �1 �m in small mammals to
10–30 �m in the ventricle and �50 �m in atria of larger
mammals, including humans. In the subendocardial space,
additional interactions of the endocardial endothelial cells
with the subendocardial terminal Purkinje fiber network and
with the extensive subendocardial neural plexus (95, 96, 330,
359, 644) may be equally important.

It appeared from our original experimental observa-
tions that the actions of EE and MyoCapE on myocardial
contractile performance were additive, and analogous if
not identical. Although EE and MyoCapE share common
features in their effects on subjacent cardiomyocytes,
these two cardiac endothelial cell types are, however, not
identical. They differ with regard to developmental, mor-
phological, and functional properties, the major differ-
ence probably resulting from the way in which they per-
ceive and transmit signals and from their different
hierarchic position and contribution within the overall
endothelial system.

FIG. 2. Organization of coronary vascular (CorVE) and cardiac (MyoCapE, EE) endothelial cells in the heart. Right:
a direct signaling exists between the MyoCapE or the EE and the immediate subjacent cardiomyocytes with effects on
cardiac growth, contractile performance, and rhythmicity. Left: the epicardial and intramyocardial CorVE affect the
myocardium only indirectly through changes in coronary vasomotricity, hence through myocardial blood supply.
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B. Cardiac Endothelial Morphology

In vertebrates, the luminal surface of the mature
heart is structurally complex, comprising furrows, cylin-
der- and sheetlike trabeculae, and papillary muscles. In
the human heart, the architecture of the ventricular wall
is more elaborate in the right than in the left ventricle. In
the left ventricle, trabeculations are more densely orga-
nized at the apex and posterior wall than on the septum
whose surface is usually smooth; in the right ventricle,
intense trabeculation may constitute over 50% of wall
thickness. The complex cavitary surface of the cardiac
wall is completely lined by the EE. The morphology of the
EE has been well described (6). It is recognizable as a
sheet of endothelial cells with a central nuclear bulge and
distinct, extensive intercellular junctions. EE cells are
somewhat larger than endothelial cells in most other por-
tions of the circulatory system. The luminal surface of
most of these cells possesses a scattered variety of mi-
croappendages, or microvilli, projecting into the cardiac
cavity. It can be estimated that the labyrinth of trabeculae
and furrows, together with the numerous microvilli on the
luminal surface of the EE cells, may augment the surface
area by a factor of 100 or more. This surprisingly large
contact surface area of the EE offers an astonishingly
high ratio of cavitary surface area to ventricular volume,
particularly in the right ventricle. This suggests an impor-
tant sensor role for the EE (55).

The intercellular clefts between EE cells are three to
five times deeper than in MyoCapE (Fig. 3) and are often

highly tortuous with two or three cells imbricated. Most
clefts contain one or two tight junctions. Only in a few
areas, depending on age and on species, are EE cells
separated by simpler clefts that are shallower and lacking
tight junctions (compare Fig. 3, top and bottom left). In
MyoCapE, in contrast, most clefts are simple, shallow,
and exhibit few tight junctions with many interruptions
(66, 614). The degree of cellular overlap in the EE thus
exceeds that in MyoCapE three- to fivefold as confirmed
by experiments in which cardiac endothelial cells were
stained with an antibody recognizing an endothelial
marker (platelet-endothelial cell adhesion molecule;
PECAM) (Fig. 4, top).

PECAM belongs to the immunoglobulin superfamily
and participates in the establishment and maintenance of
barrier function and permeability in many endothelia
(105a, 162, 211).

In the EE, PECAM-1 staining is typically confined to
the border zone of the EE cells corresponding to the zone
of cellular overlap and intercellular clefts (8). In Myo-
CapE, in contrast, PECAM-1 stained more diffusely over
the entire cell surface. The pronounced difference in dis-
tribution of PECAM-1 suggests profound differences in
transendothelial permeability between these two cardiac
sites. Transendothelial transport is believed to be medi-
ated by diffusion through the intercellular clefts, or by
nondiffusional vesicular transport, or through cell-matrix
junctions, i.e., focal adhesion contacts (340). The paucity
in most cavitary EE cells of central actin stress fibers,
which normally limit the adhesion of endothelial cells to

FIG. 3. Transmission electron micrographs of junctional areas of cardiac endothelium from rat left ventricle. Left: junctional areas in endocardial
endothelium (EE) show extensive cellular overlap. The tortuousness of the majority of intercellular clefts (upper) is in contrast to the rarely
observed more simple, straight intercellular cleft (lower). The cell coat of the apical surfaces, including that of luminal vesicles and of apparently
cytoplasmic vesicles (arrows in top panel), and part of the deep intercellular clefts (arrowheads) are stained with tannic acid. Penetration of tannic
acid was interrupted at the first punctate junctional contact (thick arrow in bottom panel). Right: junctional areas in endothelium of myocardial
capillaries (MyoCapE) show little cellular overlap. A typical intercellular cleft (arrowhead in bottom panel) is simple, shallow, and displays few,
often interrupted tight junctions. The most complex intercellular clefts in MyoCapE, as, e.g., in top right, are comparable to the least complex clefts
in EE, as in bottom left. Scale bars, 50 nm. [Modified from Brutsaert et al. (60) and kindly provided by Luc Andries.]
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substrate matrix proteins, suggests that transport through
focal adhesion contacts is probably of less importance in
EE. The abundance of vesicles in MyoCapE compared
with the scarcity of vesicles in EE similarly suggests that
vesicular transport would be less prominent in EE than in
MyoCapE. It would thus appear that trans-EE-permeabil-
ity is controlled predominantly through the intercellular
clefts, as mediated through 1) the extent and complex
structure of the clefts which are, moreover, lined by a
dense electrically charged glycocalyx; 2) the presence of
one or two tight junctions (zonula occludens); and 3) the
presence of a well-organized zonula adherens with com-
plex interactions between a circumferential actin filament
band and several connecting proteins, e.g., vinculin.
Costaining of EE for actin and for nonmuscle myosin (6)
has suggested that changes in trans-EE-permeability
could be mediated not only by stretch (431) or by passive

retraction of the EE cells, e.g., by phosphorylation of
actin-linking proteins, such as vinculin and �-catenin, but
also by activation of actin-myosin interactions.

EE and MyoCapE differ also in the way by which they
communicate with adjacent endothelial as well as subja-
cent nonendothelial cells (59). The abundance of gap
junctions between EE cells (Fig. 4, bottom left), as evident
from transmission electron microscopy and immunostain-
ing with several connexins (Cx43, Cx40, Cx37), and their
absence in MyoCapE (Fig. 4, bottom right) suggest that
EE displays an intimate electrochemical linkage among
neighboring EE cells. This type of communication would
allow for rapid intercellular electrochemical spreading of
the functional properties of EE after activation of even a
single EE cell (39). The ensuing amplification, moreover,
would be in accordance with their suggested sensor func-
tion. The lack of gap junctions in MyoCapE, in contrast,

FIG. 4. Confocal scanning laser micrographic optical sections of junctional areas and gap junctions in cardiac
endothelium. Top: platelet endothelial cell adhesion molecule (PECAM)-1 staining of optical sections through the
endocardial endothelium (EE) and through the myocardium of the rabbit left ventricle. The width of the stained
borderzones of EE cells (left) reflects the depth of the intercellular clefts from the luminal to the abluminal opening. In
myocardium (right), PECAM-1 staining is confined to the endothelium of myocardial capillaries (MyoCapE) and is
distributed more diffusely over the entire endothelial cell surface. The stronger stained linear marks (inset) might reflect
either intercellular junctions between MyoCapE cells or membranous folds. Notice the different scale bars in left (20.00
�m) and right (10.00 �m). Bottom: dual connexin43 (Cx43) and PECAM-1 (left) or rat endothelial cell antibody (RECA)
(right) immunostaining of optical sections through EE of the right ventricular outflow tract (left) and through the
myocardium of the right ventricle (right) of the rat were obtained by merging two separate images. The green color
represents Cx43; the red color represents PECAM-1 in the left panel or RECA in the right panel; where both Cx43 and
PECAM-1 or RECA were present, the color is fused to yellow. In EE (left), Cx43-stained gap junctions had variable sizes
and outlined the PECAM-1-stained cell borders; nuclei of EE cells could be discerned as dark spots. In the myocardium
(right), RECA staining delineated the MyoCapE cell membranes, but Cx43-stained gap junctions were restricted to the
myocytes. [Modified from Brutsaert et al. (60) and kindly provided by Luc Andries.]
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suggests a more local control of myocardial function.
Major differences were also observed in relation to the
potential for communicating with nonendothelial cell
types. Intercellular adhesion molecule-1 (ICAM-1) and an-
tigens of the major histocompatibility complex (MCHI,
MCHII and, DR) were more prominent in MyoCapE than
in EE, PECAM was differently distributed, and the endo-
thelial markers PAL-E and von Willebrand’s factor were
more abundant in EE than in MyoCapE (7).

III. CARDIAC ENDOTHELIAL-MYOCARDIAL

INTERACTION

EE and MyoCapE share nevertheless many common
features, typical for cardiac endothelial cells, and likely to
be critical for normal cardiac growth, contractile perfor-
mance, and rhythmicity. They reflect direct endothelial-
cardiomyocytal interactions, e.g., through reciprocal sig-
naling by peptide growth factors, through auto- and

paracrine mechanisms, and, at least for the endocardial
endothelium, through an active transendothelial blood-
heart barrier. As noted above, the involvement of EE and
MyoCapE in cardiac growth, contractile performance,
and rhythmicity must be clearly distinguished from the
functional role of coronary vascular endothelial cells in
the heart. The latter endothelial cells act only indirectly
through changes in coronary vasomotor tone, hence in
myocardial blood supply. Because coronary vascular en-
dothelial cells fall outside the scope of the present review,
they are not considered further. The distinct features of
EE and MyoCapE on cardiac growth, contractile perfor-
mance, and rhythmicity will now be dealt with in greater
detail (Fig. 5).

A. Cardiac Growth

The modulating role of the vascular endothelial cell
on vascular, including coronary, growth is widely recog-

FIG. 5. Reciprocal signaling between cardiac endothelial cells and cardiomyocytes influences myocardial growth,
contractile performance, and rhythmicity. MyoCapE interacts with cardiomyocytes through autocrine-paracrine cou-
pling and growth peptide signaling. The EE may, in addition, act through an active blood-heart barrier mechanism. EE
cell-to-cell coupling through gap junction allows for rapid electrochemical intercellular spreading and amplification of
functional properties. Tight junctions and zonula adherens participate in the control of trans-EE-permeability through
overlapping intercellular clefts. The Purkinje fiber network and the subendocardial neural plexus (SNP) run immediately
subjacent to the EE and may further endorse endothelial control of cardiac rhythmicity. Et-1, endothelin-1; NO, nitric
oxide; PGI2, prostacyclin; AI and AII, angiotensins I and II; VEGF, vascular endothelial growth factor.
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nized. The development of a vascular supply through
either vasculogenesis (in situ formation of vessels) or
angiogenesis (vessel formation through outgrowth or
branching) is a fundamental requirement for embryonic
organ development as for wound healing and tissue re-
generation in adult life. The search for potential angio-
genic growth factors or regulators has yielded numerous
candidates. A pivotal role in the regulation of normal and
abnormal vascularization of all, including coronary ves-
sels, has been ascribed to the specific vascular endothelial
growth factor (VEGF) and the fibroblast growth factor
(FGF) (439, 581, 582) among other more recently discov-
ered molecules. We would refer the reader to the consid-
erable literature on the subject (70–72, 145, 158–160, 167,
214, 529).

Much less is known about the impact on myocardial
growth by cardiac endothelial cells (MyoCapE and EE).
Whether and to what extent cardiac endothelial cells
control cardiogenesis in the embryo or play a role in
cardiac remodeling in the adult is under intensive inves-
tigation. Much work has been done on growth-modulating
properties of the various auto- and paracrine factors, such
as NO, prostacyclin, endothelin, and angiotensin, released
or activated by cardiac endothelium and their possible
role in hypertrophic responses or “remodeling” in the
adult heart. Most of our present knowledge about the
obligatory link between cardiac endothelial cells and car-
diomyocytes with respect to growth comes from the rap-
idly expanding field of developmental cardiology, partic-
ularly from experiments on embryonic development in
transgenic animal models (19, 164, 558).

1. Cardiac development

In the vertebrate embryo, the heart develops from the
cardiogenic mesoderm to form the double-walled primary
heart tube. This tube consists of only two cell types, i.e.,
endocardial endothelial cells of the inner layer, which is
separated by an extracellular, amorph elastic matrix, the
cardiac jelly, from the outer layer which consists of a
mesh of cardiomyocytes. Endocardial endothelial cells
and cardiomyocytes appear at about the same time during
development. Based on morphological heterogeneity
within the cardiogenic mesoderm, the two cell lineages
were at first thought to develop rather independently from
one another. There still remains some controversy, how-
ever, as to whether myocardial and endocardial lineages
have a common or a separate origin (140, 339, 381, 382,
384). In other words, although cardiomyogenic and car-
diac endothelial progenitors are both derived from lateral
plate mesoderm, the relationship of these cell lineages in
the embryo is unresolved. It is clear, however, that these
two cell lineages diversify before the primary heart is
formed. The cardiomyocytes express muscle-specific
genes and proteins long before initiation of heart beat

(215, 647). Endocardial endothelial cells first express an
endothelial marker (the QH-1 antigen) as they segregate
from the epithelialized cardiogenic mesoderm (329, 560).
In an immortalized cardiogenic mesodermal cell line, the
QCE-6 cell, both cardiac myogenic and endothelial cell
lineages could be commonly induced in response to sev-
eral different growth factors (139). Retroviral cell lineage
studies do not however support a common origin from the
cardiogenic mesoderm, but show rather that the cardio-
genic mesoderm consists of two distinct subpopulations
(88). Similarly, studies in zebrafish (309) identified that
the two lineages have already separated from a common
progenitor cell at the blastula stage, before formation of
mesoderm. Some of these studies (139) have indicated
that appropriate levels of retinoic acid, the major active
metabolite of vitamin A, are required for the initial forma-
tion of myocardial and endocardial lineages and of the
primary heart tube. Quail embryos cultured in the ab-
sence of retinoic acid have an underdeveloped endocar-
dium (223) and fail to form the primary heart tube (285).

Endocardial endothelial cells subsequently invade
the cardiac jelly and migrate toward the myocardial tube.1

Soon, the endocardial endothelium comes to line most of
the cardiomyocytes as the sole cardiac endothelial cell
monolayer. Endocardial endothelium and cardiomyocytes
together constitute the primitive spongy heart tube. The
first rhythmic cardiac contractions are initiated at this
double-walled stage of heart development (352). Some
beating myocytes seem to migrate toward the endocar-
dium, generating a number of protrusions or trabeculae
(352). The formation of this spongy and trabeculated
pattern substantially increases the endocardial endothe-
lial surface area. At a later stage, cardiac valves and
septum develop through endocardial cushion formation.
Cushion formation is followed by the development of
more compact myocardium in the periphery of the devel-
oping cardiac walls. The formation of compact myocar-
dium, or myocardial “compaction,” is accompanied by the
penetration of small buds of primitive coronary vessels
invading it from the epicardial surface.

Accordingly, maturation of the heart into a four-
chambered muscular pump organ requires at least three
essential, consecutive developmental steps: 1) formation
of a trabecular myocardial layer, 2) endocardial cushion
formation with valve development and septation, and 3)

1 The composition and function of the cardiac jelly as the sole
extracellular matrix between both cellular layers are still not well un-
derstood. Its role in early cardiogenesis seems though to be more than
that of a passive coupling matrix or mechanical buffer between both
cellular layers (407, 409). For example, in mutant mice embryos deficient
in one of the cardiac jelly’s constitutive components, fibronectin, the
organization of the myocardial layer is disrupted and the endocardial
layer appears collapsed. Early differentiation of cardiomyocytes and
endocardial cells proceeds normally, but their subsequent organization
is disturbed, leading to embryonic death of the animal (191).
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growth and thickening of an outer compact ventricular
chamber wall with formation of a coronary circulation
(514). Unique and reciprocal signaling pathways between
the primitive endocardial endothelial cells and the cardi-
omyocytes seem to be involved in all these processes.

A) MYOCARDIAL TRABECULATION (FIG. 6, TOP). The spongy, tra-
becular myocardium is largely responsible for the main-
tenance of blood flow during early stages of cardiac mor-
phogenesis before expansion of the compact zone.
Trabeculation of the spongy heart constitutes the first
step in cardiac maturation for which endocardial-myocar-
dial signaling is prerequisite. This signaling is essential for
normal maturation and functioning of the heart and for
survival.

I) Cloche gene. In cloche mutant zebrafish embryo
lacking the inner endocardial endothelial tube, the devel-
oping outer myocardial layer remained somewhat smaller
and dysmorphic and failed to develop trabeculation
within the ventricle (327, 549).

Although the single myocardial tube was capable of
initiating spontaneous contractions, contractility was
markedly reduced with distended atria and collapsed ven-

tricles, and survival was brief. The cloche gene is probably
the earliest gene presently known to function in endocar-
dial endothelial cell development.

II) VEGF. VEGF and its receptors constitute another
indispensable signaling pathway, necessary for the initia-
tion and establishment of mature endocardial endothelial-
myocardial interactions. As in the cloche mutant zebrafish
embryo, mutation of Flk-1 receptor (VEGFR-2) in mouse
also resulted in absence of endocardial endothelium, with
subsequent failure of myocardial maturation and embry-
onic death of the animal (327, 529).2 Flk-1 receptor be-
longs to the family of tyrosine kinase receptors. It is
expressed at an early stage in all endothelial cells, includ-
ing the endocardial endothelium, although later than the
cloche gene. In the developing heart, the ligand for Flk-1
receptor, VEGF, is expressed by the trabecular cardiomy-
ocytes as its major source (387, 561). Binding with VEGF
is required for initial differentiation and proliferation of
endocardial endothelium. In contrast, in mice deficient in

2 Flk, fetal liver kinase.

FIG. 6. Obligatory role of endocardial-
myocardial signaling in cardiac develop-
ment, growth, and maturation during early
embryonic cardiac differentiation, myocar-
dial trabeculation (A), and endocardial
cushion formation (B).
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Flt-1 receptor (VEGFR-1), another tyrosine kinase recep-
tor for VEGF, endocardial endothelial cells did differen-
tiate normally, but were disorganized and abnormally
thickened, with extra endothelial cells filling up the ven-
tricular cavity, leading to early death of the embryos
(167).3 These early embryonic lethalities initially inhibited
investigating into the role of endocardial-myocardial
VEGF signaling at later developmental stages. With the
advent of the technique of conditional inactivation, it has
become possible specifically to inactivate VEGF-A in a
cellular and organ-specific manner during development,
prolonging survival. In one such conditional VEGF-A �/�
mutant mouse, the collagen2a1-Cre VEGF Flox/�, the
endocardium appeared detached from the underlying
myocardium, which was much thinner with less-devel-
oped trabeculae and embryonic lethality (214).

These observations emphasized that, although cardi-
omyocytes in the early embryo may differentiate normally
in the absence of an endocardial tube, endocardial endo-
thelial cells are from the onset of cardiac development
prerequisite for myocardial maturation, normal function,
and survival. In addition, threshold levels of VEGF-A ex-
pression are required for proper endocardial-myocardial
interactions.

III) Neuregulin. Further evidence for the obligatory
role of the endocardial endothelium in orchestrating myo-
cardial cell maturation and function has been confirmed
after the discovery of the neuregulin growth factor signal-
ing pathway in the endocardial endothelium (189, 287,
308, 356, 380, 651).4 At an early embryological stage
(though later still than cloche and Flk-1 expression), neu-
regulin-1 expression is confined to the endocardial endo-
thelium from where it is released as a paracrine growth
signal to the tyrosine kinase ErbB2 (HER-2, or Neu) and
ErbB4 (HER-4) receptors, expressed on nearby cardiomy-
ocytes. Activation of the ErbB2/ErbB4 receptor complex
by neuregulin is required for trabeculation of the primitive
spongy heart. Mutant embryos lacking either one of these
three genes exhibit no trabeculation and die in utero at an
early stage (Fig. 7).

IV) Serotonin. Serotonin (5-HT2B) receptor knock-
out mice exhibited a significant reduction specifically in
ErbB2 mRNA with no alteration of ErbB4 mRNA expres-
sion (411). The most severely affected 5HT2B �/� mutant
embryos lacked myocardial trabeculation as did mutant
ErbB2 �/� embryos. Consistent with previous observa-
tions that selective 5-HT2B receptor antagonists led to
defects of trabeculation (411), the findings with ErbB2

�/� animals suggest interaction between these two sig-

naling pathways already in early heart development (411).
5-HT may indeed act as a cardiac mitogenic factor via a
5HT2B receptor-mediated pathway, involving the neuregu-
lin-ErbB2 signaling pathway. The surviving 5HT2B-defi-
cient mice exhibit severe cardiomyopathy with a loss of
ventricular mass due to a reduction in number and size of
cardiomyocytes (412).

V) Angiopoietin. An interesting parallel development
was the discovery of another family of receptor tyrosine
kinases termed TIE.5 These receptors are rather specifi-
cally expressed in endothelial cells, including embryonic
endocardial endothelial cells. Their ligand, angiopoietin-1,
which is the first member of a new growth factor-like
family specific for the TIE-2 (previously called TEK) re-
ceptor, is highly expressed in myocardium surrounding
the TIE2-expressing endocardium.6 In mutant mice lack-
ing either myocardial angiopoietin-1 or its receptor TIE-2
in the endocardium, a less complex and less well differ-
entiated endocardial endothelial lining was observed;
even though the endothelial cells were present in normal
number, the endocardial monolayer appeared somewhat
collapsed and retracted from the myocardium (461, 500,
562). This abnormality too resulted in markedly dimin-
ished myocardial trabeculation. Angiopoietin-1 produced
by the myocardium thus appears to influence the devel-
opment of the adjacent endocardium which, in turn,
provides key signals required for normal myocardial
trabeculation. Angiopoietin-2, in contrast to the myocar-
dium-derived angiopoietin-1, is highly expressed in micro-
vascular endothelial cells (353, 422). It is a naturally oc-
curring antagonist of angiopoietin-1 in that it competes
for binding to TIE-2 and blocks angiopoietin-1-induced
TIE-2 autophosphorylation. Overexpression of angiopoi-
etin-2 in microvascular endothelial cells in transgenic
mice resulted in embryonic defects reminiscent of those
observed in angiopoietin-1 and TIE-2 knock-out mice
(347). The implications with respect to endothelial-myo-
cardial signaling in the developing heart need further
investigation.

An essential, direct or indirect transcriptional regu-
lator of angiopoietin-1 and VEGF in the developing heart
is the MEF2C gene that is expressed in cardiac muscle
cells as well as in endothelial cells. Targeted deletion of
MEF2C in mice resulted in dramatically reduced cardiac
expression of angiopoietin-1 and VEGF with malformed
and irregularly oriented endocardial endothelial cells and
severely constricted endocardial lumen (40), loss of the
right ventricle, and failure of the remaining ventricle to
loop (328). Some of these malformations resemble endo-

3 Flt, fms-like tyrosine kinase.

4 Neuregulin-1 (NRG1) is also called Neu differentiating factor, or
heregulin, or glial growth factor (GGF), or acetylcholine receptor-induc-
ing activity.

5 TIE, tyrosine kinase with immunoglobulin-like loops and epider-
mal growth factor homology domains.

6 TEK (TIE-2), tunica interna endothelial cell kinase.

68 DIRK L. BRUTSAERT

Physiol Rev • VOL 83 • JANUARY 2003 • www.prv.org



cardial alterations produced by null mutations in VEFG-A
(209) and angiopoietin-1 or its receptor TIE-2 (500, 562).

Accordingly, just before myocardial trabeculation
there seems to exist a critical interdependence between
various signaling pathways, including VEGF, neuregulin,
serotonin, and angiopoietin-1 growth factor pathways,
with reciprocal signaling between the endocardial endo-
thelial cells and the developing myocardium (19, 102,
574). These endocardial endothelial-myocardial interac-
tions are highly specific and essential steps in normal
cardiogenesis. If one of these signaling pathways is dis-
rupted, the ventricle remains untrabeculated and most of
the animals soon die in utero.

B) ENDOCARDIAL CUSHION DEVELOPMENT: VALVE FORMATION AND

SEPTATION (FIG. 6, BOTTOM). I) Endocardial endothelial lineage.

In the region of future cardiac valve formation, endocar-
dial endothelial cells are transformed into mesenchymal
cells which migrate into the cardiac jelly. Transformation
into mesenchymal cells is accompanied by downregula-
tion of the endothelium-specific PECAM-1 (299) and QH1
(119, 407) expression. It occurs during a narrow spatio-

temporal window of intense programmed cell death, or
apoptosis (264, 456, 597, 653). The resulting local mass of
mesenchymal cells pushes the endocardial layer into the
cardiac lumen and increasingly expresses smooth muscle
�-actin, necessary for cell motility and migration (119,
407), as well as urokinase, necessary for remodeling of
the matrix and cell migration (348, 369, 545). These pro-
trusions are known as the endocardial cushions from
which the cardiac valves and septa are formed (302, 616).
Predictably, the cloche mutant heart in zebrafish, which
lacks endocardium, lacks also cardiac cushions and val-
vuloseptal formation (549).

The spatially restricted subpopulation of endothelial
cells destined to participate in endocardial cushion for-
mation can be identified at an early phase in cardiac
morphogenesis by the expression of JB3, a fibrillin-2-
related antigen (629), and of the “slug” transcription fac-
tor gene (73, 483). Thus it would be tempting to suggest
that the JB3 immunoreactive and the slug immunoreac-
tive endocardial cells constitute the same cell population
(73) and that both JB3 and slug could constitute reliable

FIG. 7. The neuregulin-ErbB2/B4 pathway is essential for
normal trabeculation during cardiac development. A: sagittal
section through wild-type (�/�) embryonic day 10.5 mouse
heart. The ventricle (Vn) and atrium (At) are separated by the
endocardial cushion (EC). The outer myocardial (My) muscle
and inner endocardial (En) endothelium are readily distin-
guishable. Elaborate myocardial trabeculae (Tr) are lined by a
layer of endocardial endothelial cells. B: equivalent sagittal
section through an ErbB4 (�/�) mutant heart. Note the com-
plete absence of ventricular trabeculae with detached mono-
layer of endocardial endothelium (En), a slightly reduced
endocardial cushion, and dilatation of both atrium and ven-
tricle. RBC, clusters of red blood cells which are more abun-
dant in the mutant heart as a typical feature of poor function.
Similar pictures as in B were obtained in neuregulin (�/�)
(Fig. 2 in Ref. 380) and ErbB2 (�/�) (Fig. 4 in Ref. 308) mutant
mouse hearts. [From Gassmann et al. (189).]
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markers of EE cells destined to transform into mesenchy-
mal cells.

II) Myocardium-derived induction. Recent discov-
eries about the mechanisms underlying endocardial endo-
thelial transformation into mesenchymal cells during en-
docardial cushion and valve formation have led to a better
appreciation of the various endocardial-myocardial sig-
naling pathways that participate in cardiac development.
During cushion formation, the developing myocardium
strongly expresses and secretes various EDTA-soluble
(ES) messenger protein complexes, e.g., ES/130 protein
and other so-called “adherons,” which are required to
induce endocardial endothelial-to-mesenchymal transfor-
mation (140, 471). This induction signaling process, which
is elicited initially by the myocardium, is amplified in an
autocrine fashion by additional expression of ES/130 in
the endocardial endothelium and in the endocardial cush-
ion tissue itself (471). Three members of these myocar-
dium-derived induction protein complexes have been so
far identified: fibronectin, transferrin, and kLAMP-1
(637).7 For the expression of at least two of these, i.e.,
fibronectin and kLAMP-1, the presence of retinoic acid
(the major active metabolite of vitamin A) is essential.
This may explain the great variety of congenital valvu-
loseptal deformations resulting from impaired mesenchy-
mal cell formation in the endocardial cushion, associated
with either maternal excess or deficiency in retinoic acid
or vitamin A (46, 47, 129, 407).

III) Transforming growth factor-�. An understand-
ing of the mechanisms by which cushion endothelial cells
respond to this myocardial induction is fundamental to
the understanding of growth responses during cardiac
development (339, 409). Candidate molecules that have
been implicated in the cushion transformation process
are transforming growth factor-� (TGF-�) and bone mor-
phogenetic protein (BMP), among others. Virtually every
cell in the body produces TGF-� and has receptors for it.
Of the three isoforms, TGF-�1 and TGF-�3 are expressed
in the heart early during embryonic development, in en-
dothelial, and mesenchymal cells, respectively. TGF-� is
increasingly expressed in cushion endothelial cells just
before their transformation into mesenchyme, but also in
the immediate subjacent myocardium (50). TGF-� expres-
sion by the endocardium is under regulation of the ES
proteins (54, 120, 406).TGF-�2 was only transiently ex-
pressed at the time of induction of the cushion in the
cardiomyocytes underlying the regions in which the en-
docardial-mesenchymal transformation will take place
(30). Absence of TGF-�2 in TGF-�2-null mice resulted in
abnormal valve leaflets and septa that derive from endo-

cardial cushion tissue. These TGF-�2 knock-out mice die
around birth.

TGF-� binds to its receptors T�R-I, T�R-II, and T�R-
III (54) and interacts with other molecules such as beta-
glycan and endoglin. The latter two binding molecules are
components of the TGF-� receptor complex, which may
modulate its biological action. Endoglin was found to be
strongly but transiently expressed in endocardial endo-
thelial cells, but not in the myocardium, during endocar-
dial cushion formation (464). The receptors for TGF-�,
T�R-I, and T�R-II, as well as betaglycan, were found
mostly on cardiac myocytes and were detectable only at
low levels on endocardium. Transient upregulation of the
various constituents of the TGF-� receptor complex, and
in particular of endoglin, is also an essential step in valve
formation and ventricular septation.

Yet, there is no apparent cardiac malformation in
single-knock-out mutant mice lacking either TGF-�1 or
TGF-�3, which suggests pharmacological redundancy of
TGF-� in cushion formation even though TGF-� is essen-
tial for cardiogenesis (409). BMP, as a member of the
TGF-� growth factor superfamily, is also expressed in the
subjacent myocardium and acts synergistically with
TGF-� to initiate endothelial-to-mesenchymal transforma-
tion (50, 409, 634, 635).

Finally, there exists some interaction between the
TGF-� pathway with retinoic acid, the major active me-
tabolite of vitamin A. The retinoic acid signaling pathway,
noted above, plays an essential role at an earlier stage in
the establishment of the primary heart tube and in the
expression of induction protein complexes in the cardio-
myocytes before cushion formation. Retinoic acid defi-
ciency in mice resulted also in downregulation of TGF-�1

(33), whereas retinoic acid treatment resulted in an in-
creased expression of TGF-�1 in endocardial and mesen-
chymal cells (346). Mice deficient in RXR-�, one of the
retinoic acid receptors, display hypoplastic cushion for-
mation (208). TGF-� would thus seem to act downstream
of the retinoic acid signaling in cushion formation.

IV) Neuregulin. The neuregulin growth factor
(NRG-1) pathway (discussed above) was shown to also
play a specific and essential step in endocardial cushion
formation through the ErbB2/ErbB3 receptor complex,
which is expressed by the prevalvular mesenchymal cells
adjacent to the neuregulin-expressing endocardium of the
endocardial cushions (144). Null mutation in the ErbB3

receptor resulted in abnormal cardiac valve formation
with subsequent congestive heart failure and death in
utero.

V) Insulin-like growth factor I. Endocardial endo-
thelium also expresses insulin-like growth factor I (IGF-I).
IGF-I expression is highest in the endocardial endothe-
lium, appears to decrease in the mesenchymal cells, and is
absent in the myocardium (388). While having no appar-
ent effect by itself, in contrast to NRG-1, IGF-I interacts

7 kLAMP-1, a 283-kDa protein identified using a monoclonal anti-
body against a fraction of soybean agglutinin.
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with NRG-1 synergistically to promote expansion of the
atrioventricular cushion tissue (226).

VI) Myocardial-derived hepatocyte growth factor.

Myocardial-derived hepatocyte growth factor (HGF) may
also participate in inducing and maintaining endothelial-
to-mesenchymal transformation, at least partly by upregu-
lating the expression of urokinase in the endocardium-
derived mesenchymal cells (545).

VII) Nuclear factor of activated T cells. The tran-
scription factor NF-ATc (or NF-AT2) (nuclear factor of
activated T cells), known to participate in the immune
system, was selectively expressed by endocardial endo-
thelial cells near the endocardial cushion (111, 416, 472).
Mutant NF-ATc �/� embryos did not undergo outflow
tract valve formation and underwent only partial ventric-
ular septation with subsequent congestive heart failure
and premature death of the embryo. The atrioventricular
valves were either less severely affected (472) or normal
(111) in these NF-ATc �/� mutant embryos. NF-ATc

would appear to be involved in events that are essential
for valve formation, but after, and independently of endo-
thelial-to-mesenchymal transformation, when TGF-�,
which is expressed at normal levels in NF-ATc �/� heart,
is no longer involved (472).VEGF was recently shown to
play an important role also in valve formation by inducing
NF-ATc activation specifically in these valvular endothe-
lial cells (495).

VIII) Neurofibromin. Another interesting develop-
ment was the observation that neurofibromin (Nf1),
which is transiently overexpressed in cushion mesenchy-
mal cells, downregulates endothelial-to-mesenchymal
transformation (301). Mutant mice deficient of Nf1 (Nf1
�/�) display a dramatic overabundance of spongy endo-
cardial cushion tissue, with failure to condense and thin
to form mature valve leaflets due to a lack of appropriate
apoptosis in the Nf1 �/� endocardial cushions in addition
to increased proliferation (301). Subsequent compaction
of the ventricular myocardium is also hampered, and
often accompanied by ventricular septum defect and thin-
ning of the compact myocardial layer, with death in mid-
gestation.

IX) Platelet-derived growth factor. Another candi-
date receptor tyrosine kinase expressed in the transform-
ing cushion tissue is the platelet-derived growth factor
receptor �-subunit (PDGF-�R) (301). PDGF-�R can bind
the secreted ligand PDGF-A which is expressed at high
levels in the cardiomyocytes. This was initially believed to
be indispensable (502), but PDGF-�R knock-out mice did
not show endocardial cushion defects (547).

X) Pre-B-cell growth-stimulating factor. A variety of
other molecules including the chemokine Pre-B-cell
growth-stimulating factor/stromal cell-derived factor-1
(PBSF/SDF-1) (405) are also expressed in the endocardial
endothelium and seem to be involved in endocardial-
myocardial signaling. Mutant PBSF/SDF-1-deficient em-

bryos develop cardiac ventricular septal defects. As cush-
ion and valve formation are slightly retarded but normal
in these mutant embryos, these signaling pathways ap-
pear to have an essential but rather late developmental
function. In situ hybridization revealed that PBSF/SDF-1
mRNA was expressed in the endocardium of the muscular
septum, when the membraneous portion of the ventricu-
lar septum is to be formed, suggesting a key role of this
chemokine in ventricular septum formation (405). Most
mice lacking PBSF/SDF-1 died perinatally.

XI) Endothelin. A putative role of the endothelium-
derived endothelin (ET) pathway has also been demon-
strated. In the embryo, ET-1 mRNA is expressed in the
entire endocardial endothelium around the time of cush-
ion formation (296, 297). Moreover, although ET-1 mRNA
and protein were also expressed in cardiomyocytes of rat
embryonic hearts, immunostaining with anti-ET antibody
was strongest near the endocardium (415). The mRNA for
ET-converting enzyme (ECE-1) and for the ETA receptor
were expressed both in the endocardial endothelium and
subjacent myocardium (641). Yet, in neither ET-1- or ETA-
deficient mutant mice embryos nor after pharmacological
suppression of ET-1/ETA/ETB signaling was the induction
of endothelial-to-mesenchymal transformation inhibited
(87, 296, 408); in contrast, a large proportion of the ET-1-
deficient animals developed ventricular septal defects at a
later stage (296). Hence, ET-1/ETA signaling appears not
to be essential for initiating cushion formation but may
play a role at later stages near the completion of the
transformation process as well as during early compac-
tion of the septum and ventricular wall. This is supported
by the more severe cardiac defects observed after disrup-
tion of ECE-1 (440). ECE-2 mRNA is largely absent in the
heart before these stages and seems to be expressed
exclusively in the mesenchyme of the endocardial cush-
ions (640). Most intriguingly, although neither single
ECE-1 �/� nor ECE-2 �/� mice display any detectable
developmental defect in cushion formation, combined
ECE-1 �/� and ECE-2 �/� double null mice embryos
exhibited abnormal atrioventricular valve formation, de-
spite significant residual tissue levels of ET-1/ET-2. This
suggests that ECE-2 may contribute to the production of
mature ET-1 in situ in the endocardial cushion mesen-
chyme or that it would function in endocardial cushion by
cleaving non-ET peptides essential for valve formation
(640).

XII) NO. A similar rather late contribution of endo-
thelium-derived NO in cushion formation has been sug-
gested from experiments in mice lacking endothelial con-
stitutive NO synthase (ecNOS). These ecNOS �/�
animals survived into mature animals but demonstrated a
high incidence of bicuspid aortic valves; in the corre-
sponding wild-type embryonic mice, ecNOS was localized
to the cardiomyocytes and endocardial endothelial cells
lining the developing valve leaflets (310). In another study
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on ecNOS �/� mice, a high incidence of atrial and ven-
tricular septal defects, again suggesting cushion malfor-
mation, was observed, with death soon after birth (155). It
may also be worth mentioning that ecNOS and inducible
NO synthase (iNOS) were prominently but transiently
expressed at a late phase in the myocardium of mice and
rat embryos and in a model of embryonic stem cell-
derived cardiomyocytes during maturation into adult
cells, becoming undetectable in these cardiomyocytes
when terminally differentiated (43). As pharmacological
inhibition of NOS resulted in a pronounced differentiation
arrest of the cardiomyocytes, these observations would
suggest that at some stage, corresponding probably to the
late phase of cushion formation and early myocardial
compaction, myocardium-derived NO could in addition to
the endothelium-derived NO also play a role in cardio-
myogenesis. That NO is probably essential for cardiomy-
ocyte survival at these early stages of development is
further supported by the observation that ecNOS-defi-
cient mutant mice show increased cardiomyocyte apopto-
sis (154, 155). We (Andries, Sys, and Brutsaert, unpub-
lished data) and others (594) observed that ecNOS
expression in the EE in the developing rat heart occurred
at a much earlier stage than ecNOS expression in Myo-
CapE, even when myocardial capillaries in the compact
zone of the ventricular wall were already detectable by rat
endothelial cell antibody (RECA) staining. During later
compaction, ecNOS was present not only in EE but also in
the developing MyoCapE and in coronary vessels within
the compact myocardium, although absent from the car-
diomyocytes (594).

XIII) Angiotensin. Mutant mice deficient of angio-
tensin type 1A and 1B receptor genes similarly survive
normally in utero but may develop ventricular septal de-
fects suggesting an important but late ontogenic role of
angiotensin II (ANG II) and its AT1 receptor in cardiac
development (590).

C) FORMATION OF COMPACT MYOCARDIUM (MYOCARDIAL COMPAC-

TION). At a later stage during cardiac development, the
outer myocardial layers of the embryonic heart become
compact. Initially, the compact zone is only about two
myocardial cells thick and is avascular. As compaction
expands through cardiomyocyte proliferation to a thick-
ness of three to four cells, angioblasts begin forming
vascular tubes from the epicardium (581).

The compact zone comprises the outermost layers of
the ventricular cavities and a major portion of the mus-
cular septum. In birds, the septum arises from coales-
cence of trabecular sheets. In mammals in contrast, the
septum has a compact arrangement from the onset (514).
The ventricular septum is thus formed by two distinct
processes: 1) through cushion formation with septation of
the conotruncus and outflow tract and coalescence of
trabeculae at the interventricular groove, and 2) through
inward growth, or myocardialization (596), and compac-

tion of the fused medial walls of the expanding ventricles
forming the major muscular portion of the septum.

The molecular and functional phenotype of the ven-
tricular compact myocardium differs distinctly from the
ventricular trabecular component (169–171, 398). The
maturing and differentiating trabeculated myocardium
expresses specifically the cyclin-dependent kinase inhib-
itor p57Kip2, which is absent in the proliferating compact
myocardium (278). Trabeculations, moreover, retain the
characteristics of the primary myocardium. They express
predominantly 1) atrial-specific isoforms of the contrac-
tile protein, compared with the ventricle-specific isoforms
of the contractile proteins in compact myocardium; 2)
atrial-like gap junctional Cx40 mRNA and protein rather
than the ventricle-like Cx43 mRNA and protein in com-
pact myocardium; and 3) a higher sarcoplasmic reticulum
Ca2�-ATPase (SERCA2) and lower phospholamban (PLB)
mRNA than in compact myocardium (170). As a result,
trabecular myocardium has a quicker twitch contraction
and faster impulse conduction (85) but shows a longer
lasting relaxation. This performance pattern suggests that
trabeculations may play an important transient role by
driving contraction and impulse conduction during matu-
ration when specialized conduction tissue and mature
myocardial cells have not yet been fully formed.

Gene inactivation studies in mice have indicated that
myocardial compaction is under the control of a great
variety of growth signaling pathways and their myocar-
dial-specific receptor genes, which apparently share a
common molecular pathway necessary for compaction,
such as retinoic acid (RA) (the major active metabolite of
vitamin A) and the myocardial RA receptors (RAR, RXR)
(46, 47, 258, 259, 514, 559), basic FGF (bFGF) (581) and its
receptor tyrosine kinase (FGFR1) (381), TGF-�2 (497),
the nuclear protein jumonji (311), the FOG-2 gene as an
essential developmental cofactor for GATA-4/5/6 (575),
the �-dystrobrevin gene (233), and probably many more
pathways still to be discovered.8 Many of the known
pathways have been shown to initiate or to enhance com-
paction, but some may counteract this process and serve
as a suppressor of cardiomyocyte proliferation. Mutant

8 In humans, noncompaction syndrome is a rare, congenital, idio-
pathic cardiomyopathy that is due to ventricular compact layer hypopla-
sia resulting from intrauterine arrest of compaction of the ventricular
wall. It is characterized by prominent trabeculations and deep intertra-
becular recesses within the left ventricle, sometimes affecting also the
right ventricle and interventricular septum. Mortality and morbidity are
high, following heart failure, thromboembolic events and ventricular
arrhythmias (42, 80, 133, 245, 246, 248, 421). Nutritional deficiency (134)
or premature differentiation (258) has been proposed as a possible
cause. Noncompaction was observed, for example, in hearts from vita-
min A-deficient embryos after maternal vitamin A deprivation (624).
Similar myocardial noncompaction phenotypes have now been gener-
ated in mice gene-targeted for a variety of transcription factors, cell
surface receptors and kinases (164, 229), erythropoietin and its receptor
(628), and the FOG-2 gene as an essential developmental cofactor for
GATA-4/5/6 (575).
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TGF-� �/� mice, for example, develop a significant thick-
ening of the ventricular wall and a loss of ventricular
chamber volume, both of which result from cardiomyo-
cyte hyperplasia (315).

I) Endothelin. Many genes that encode the transcrip-
tion factors for initiating the thickening of the outer com-
pact ventricular myocardium are expressed in the cardio-
myocytes, but it is at present unclear whether additional
signals from the endocardial endothelium, from the de-
veloping epicardial coronary vascular endothelium, or
from the MyoCapE are also required (581, 582). At the
onset of compaction, for example, mRNA for ECE-1 and
ET-1 are expressed both in the endocardial cushion tissue
and in the endocardial endothelium of the ventricular
cavities (640), and they have been shown to contribute to
the compaction process of the ventricular wall and the
large portion of the muscular septum. Kurihara et al. (296)
observed hypoplasia of the compact zone of the ventric-
ular wall, including severe ventricular septal defects, in
the mutant ET-1-deficient embryos when they were
treated also with the ET antagonist BQ-123 to eliminate
the effects of circulating maternal ET. Intriguingly, an
interventricular septum defect was observed in all the
ECE-1 �/� mutant embryos, despite significant remain-
ing ET-1 tissue levels (641).

II) Erythropoietin. Erythropoietin (EPO) is also an
essential growth factor during compaction (628). Hearts
from mutant EPO �/� or EPO receptor (EPO-R) �/�
embryos suffered from ventricular hypoplasia, coupled to
defects in the interventricular septum, due to a reduction
in the number of proliferating cardiomyocytes in the sep-
tum and ventricular compact layer. EPO-Rs are highly
expressed in endothelial cells (5) including in the endo-
cardium, but not in the cardiomyocytes (628). Moreover,
EPO has been shown to promote endothelial cell prolif-
eration in vitro (121). It would, therefore, be feasible that
EPO would trigger cardiomyocyte proliferation indirectly
through its action on the endothelial cells, both in the
endocardial endothelium of the trabeculated layer and in
the cardiac endothelial cells of the proliferating myocar-
dial capillaries in the expanding compact myocardial
layer. An obvious potential candidate for this EPO-trig-
gered endothelial-myocardial interaction at these two
sites could be the EPO-induced release of ET-1. ET-1 is
highly expressed in these two types of endothelial cells as
is the ETA receptor on the cardiomyocytes at this later
stage of development. Isolated cardiomyocyte cell prolif-
eration and [3H]thymidine incorporation studies have in-
deed revealed a mitogenic action of EPO in cells isolated
from EPO �/� mice, but not in cells from EPO-R �/�
animals. The involvement of MyoCapE is supported by
the observation of epicardial detachment and lack of
defined myocardial capillary structures in EPO �/� and
EPO-R �/� hearts (628).

III) NRG-1 and IGF. Interaction of the cardiac endo-
thelium-derived growth factors NRG-1 and IGF-I synergis-
tically induced substantial DNA synthesis of cardiomyo-
cytes with significant growth and thickening of the
ventricular compact zone (226). As pointed out by the
authors, this is a most intriguing observation since NRG-1,
when given alone to a whole mouse culture system, in-
duced trabeculation of the ventricular wall but without a
significant increase in the proliferation of cardiomyo-
cytes, whereas IGF-I, while essential for cardiac growth in
neonatal heart, had no apparent effect by itself on cardiac
development.

D) CORONARY VASCULARIZATION. The embryonic heart of
higher vertebrates is avascular until the myocardium be-
comes thickened through compaction. In human em-
bryos, the first sign of definitive blood vessels was found
to be localized in the subepicardial space of the apical
interventricular incisura (228). These primitive coronary
vessels are lined by a monolayer of (coronary) vascular
endothelial cells which soon become physically continu-
ous and contiguous with the endocardial endothelium.
Hence, the development of a mature coronary circulation
and the establishment of a myocardial capillary vascular
plexus are relatively late events, the phylogenetic and
embryological importance of which depends entirely on
the ratio of compact-to-spongious myocardium.9 Recent
studies support the hypothesis that coronary vascular
growth during compaction is genetically induced by the
myocardium (575) and somehow regulated, at least in
part, by the rate and magnitude of myocardial growth
(580). This is supported further by the observation that
threshold levels of VEGF-A expression in the myocardium
are required, not only for proper formation of endocardial
endothelium as we have seen above, but also for the
establishment of a myocardial vascular network (72, 214,
586). Currently, however, the underlying regulation of
embryonic coronary vasculogenesis (through in situ local
formation) or angiogenesis (through outgrowth or
branching of preformed vessels) are still not well under-

9 The thick compact layer, with its prominent coronary vascula-
ture, in the homeotherm birds and warm-blooded mammals relates to
the high aerobic metabolic needs and concomitant requirements for
more efficient cardiac pump performance. Comparative anatomy and
physiology of poikilotherm animals show that the presence of coronary
vessels in different fish species seems to be related to the weight and
degree of compaction of the heart and to the degree of physical activity
of the animal rather than to its phylogenetic position. For example,
among teleost fish, the cardiac wall of the trout and of the tuna, both
“athletic” fish, is made of two distinct layers, the internal spongy layer
being supplied through diffusion from the intertrabecular spaces, while
its external compact layer has a distinct coronary vascular supply. The
heart rate of tuna can reach 120/min and systolic blood pressure can rise
to 100 mmHg, ranking among the highest pressures recorded in fish. In
contrast, the heart of smaller and “less athletic” teleost species, such as
the Japanese medaka, has a very thin, entirely trabeculated wall which
is exclusively supplied through diffusion from the cardiac chamber (see
Ref. 6).
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stood (581, 582). Experiments with replication-defective
retrovirus-mediated genetic tags (386) have, however, re-
vealed vasculogenesis, rather than angiogenesis, as the
mechanism of coronary vessel formation (383, 385).

Are endocardial and vascular endothelia derived
from distinct cell lineages? From traditional embryologi-
cal observations, the answer to this question has been
unclear. Recent biochemical evidence, however, indicates
that endocardial endothelial cells are distinct from coro-
nary vascular endothelial cells, including MyoCapE (339,
383). For example, as noted above, expression of NF-ATc

is restricted to specified EE cells (111, 472). Other evi-
dence that EE cells and MyoCapE are distinct is provided
by the zebrafish mutant cloche, which lacks an endocar-
dial tube but not blood vessel endothelium (549). The fact
that cloche acts upstream of VEGF and its receptor Flk-1
(327) also indicates that the formation of EE and Myo-
CapE cells may be regulated through different signaling
pathways. In further support of these functional differ-
ences is the observation that adult EE cells in culture
tended to proliferate and to reach confluence significantly
faster than cultured MyoCapE or coronary vascular endo-
thelial cells (9, 371, 373, 417, 418).

Accordingly, the emerging field of targeted gene ma-
nipulation has over the past 10 years strongly supple-
mented the contention that cardiac endothelial-myocar-
dial interaction is a prerequisite for normal cardiac
development, structure, and function. It has, moreover,
resulted in a better understanding of some of the molec-
ular mechanisms and cellular signals governing this inter-
action. This interaction involves a finely tuned series of
molecular, morphological, and functional events that, if
perturbed even slightly, can have dramatic consequences.
Information from null phenotype experiments grows and
as more molecular pathways are discovered and charac-
terized, this overview will inevitably need updating. The
extent to which these molecular pathways govern physi-
ological or pathophysiogical cardiac adaptations in the
adult heart remains to be elucidated (79).

2. Mature and adult heart

Most studies on the cardiac endothelial-myocardial
signaling pathways discussed above have focused on their
role in cardiac development rather than their regulatory
role postnatally.

It is still generally believed that cardiomyocytes in
the postnatal and adult heart are terminally differentiated,
although recent reports suggest the contrary (12, 37, 250).

Cardiomyocytes may, however, respond by hypertro-
phic growth to a wide array of stimuli, including mechan-
ical and oxidative stress, as well as metabolic (hypoxia),
neurohormonal, and growth factors. Many factors with
myocardial growth-modulating properties have been
shown to be released by adult cardiac endothelial cells.

The possibility that auto- or paracrine pathways including
cardiac endothelial-myocardial interactions might modu-
late cardiac growth or gene expression during adaptive
hypertrophy is intriguing.

That cardiac endothelial cells might be indispensable
for myocardial growth in the adult was suggested by
experiments with cardiomyocytes cocultured with endo-
thelial cells. Only in the presence of cardiac endothelial
cells could the cardiomyocytes maintain their adult phe-
notype; when vascular endothelial cells from aorta or
fibroblasts were added, cultured cardiomyocytes contin-
ued to undergo dedifferentiation and reexpression of fetal
proteins observed in long-term monoculture of adult car-
diomyocytes (138). Endothelial cells stimulated also the
secretion of atrial natriuretic peptide from atrial cardio-
myocytes in coculture (318, 319). Reciprocal signaling
from cardiomyocytes to MyoCapE has also been ob-
served: MyoCapE cell growth was indeed significantly
enhanced when cocultured with cardiomyocytes (414).
Moreover, only in coculture with cardiomyocytes were
MyoCapE able to express mRNA for both TGF-� precur-
sor and pre-pro-endothelin (ppET). In these coculture
experiments, TGF-� acted as an autocrine cytokine, in-
creasing ppET mRNA and inhibiting the rate of MyoCapE
cell proliferation (414). In other studies, expression of von
Willebrand factor in MyoCapE was shown to be induced
through a signaling pathway mediated by cardiomyocyte-
dependent, platelet-derived growth factor AB het-
erodimer (PDGF-AB); only MyoCapE with PDGF-� recep-
tors could transduce the signal for the expression of the
gene for von Willebrand factor, whereas neighboring Myo-
CapE devoid of these receptors lacked this ability (2, 136,
484). Finally, endothelial cell progenitors in mice embryo
as well as differentiated endothelial cells from mice um-
bilical vein can differentiate into beating cardiomyocytes
when cocultured with neonatal rat cardiomyocytes or
when injected near the damaged area of the heart after
occlusion of a coronary vessel, the latter transdifferentia-
tion being independent from signaling molecules active in
embryogenesis (91a).

A) ROLE OF PARACRINE ENDOTHELIAL-MYOCARDIAL SIGNALING. En-
dothelial-derived molecules such as NO, ET, PGI2, and
ANG II may influence myocardial growth, as they are
known to influence vascular smooth muscle growth. NOS
and ET are expressed, albeit at negligibly low levels, in
quiescent cardiomyocytes as well as constitutively ex-
pressed in cardiac endothelial cells of the normal adult
heart. ecNOS expression in cardiac endothelium is high-
est in EE and only scant in MyoCapE (8). Whether endo-
thelial or myocardial in origin, NO and ET may theoreti-
cally participate in growth responses in the adult heart.
Cardiac endothelial dysfunction has for example been
invoked to explain maladaptive growth responses during
the progression of heart failure.
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I) NO. Many experimental and clinical observations
support an antigrowth effect of NO in the adult heart,
which may, at least in part, explain the beneficial effects
of angiotensin converting enzyme (ACE) inhibitors on
ventricular “remodeling” (68, 216, 220, 238, 247, 332, 345,
363, 367, 368, 524). Their inhibition of bradykinin break-
down with enhanced bradykinin-induced NO release will
contribute to their antigrowth, representing another ex-
ample thereby of cardiac endothelial-myocardial signaling
pathways. Bradykinin has a direct growth-stimulating ef-
fect on cardiomyocytes in monoculture, but an anti-
growth effect which is critically dependent on the pres-
ence of endothelial cells in coculture, and in particular on
the release of endothelium-derived NO and PGI2 (479,
480). Disruption of the bradykinin B2 receptor in mice
leads to inappropriate cardiac hypertrophy with marked
chamber dilatation and reparative fibrosis (142), an effect
which was prevented by an ANG I receptor antagonist
(142). Targeted disruption of the tissue kallikrein gene
triggered dilated cardiomyopathy in mice (375), further
supporting the view that kinins normally stimulate the
release of NO and PGI2 through activation of bradykinin
B2 receptors. Blunted basal activation of the NO (and
PGI2?) pathway in B2 �/� knock-out mice would leave
unbalanced ANG II-induced myocardial growth. The kal-
likrein kinin system may, therefore, be cardioprotective
by counteracting the remodeling processes through its
action on cardiac endothelial-myocardial signaling.

NO may act also as a molecular switch by promoting
or counteracting growth actions of bFGF, VEGF, and
TGF-� in the adult heart (433, 643). Levels of ecNOS
activity in the cardiac endothelial cells may thus be cru-
cial to controlling growth and remodeling in the heart (17,
45, 200, 230, 288, 420, 433, 434, 654–656).

II) Endothelin. The role of ET in cardiac growth in
the adult heart is less clear despite its known mitogenic
potential. ET mRNA expression has been reported in
cardiac endothelial cells (372), but not in normal cardio-
myocytes in the normal adult heart (415). In DOCA salt-
induced hypertensive rats with cardiac hypertrophy, ET-1
mRNA expression was enhanced in endocardial and cor-
onary endothelial cells, including those in the small in-
tramyocardial coronary arteries (306). ET was thought by
the investigators of this study not to contribute to the
hypertrophy since ET mRNA was not significantly in-
creased in myocardial cells. We suggest that alternatively,
the observed upregulation of ET in the cardiac endothe-
lial cells could have sufficed to trigger hypertrophy of the
myocardial cell. In a closely related model of hypertensive
hypertrophy in the rat, right and left ventricular tissue
levels of ET-1 were not augmented during the hypertro-
phic, nonfailing phase of the experiment (241), again sug-
gesting alternative pathways for adaptive myocardial
growth in the adult animal. Only at the transition from left
ventricular hypertrophy to congestive heart failure were

the myocardial tissue levels significantly increased, sug-
gesting a role for myocardial ET-1 in maladaptive growth
or tissue remodeling. Myocardial ET-1 tissue levels were
also markedly increased only in close association with the
deterioration of cardiac function following acute myocar-
dial infarction and pressure overload (400). In another
study, however, left ventricular hypertrophy in response
to acute pressure-overload in cardiomyocyte-specific
ET-1 knock-out mice was reduced despite preservation of
coronary vascular endothelial ET-1 expression (403).

III) Angiotensin. Endothelial-myocardial signaling
may in the adult heart also substantially contribute to the
well-known growth-promoting properties of ANG II,
much of which is believed to result from locally produced
tissue ANG II (123, 284, 441). The ACE that transforms
ANG I in its active ANG II form is expressed in the
endothelial cells in the heart, both in coronary vascular
endothelium and in cardiac EE and MyoCapE, as well as
in cardiomyocytes and in fibroblasts (123, 135, 163, 262,
304). Moreover, cardiac overexpression of ACE in trans-
genic mice resulted in ultrastructural changes in Myo-
CapE and in a hypertrophic pattern of gene expression
(451, 512). The growth response was however much
smaller than in mice with cardiac-specific overexpression
of angiotensinogen; as cardiac ANG II was not increased,
this suggests at least in the mouse that ACE is not a
limiting factor for cardiac ANG II formation (365). A
substantial ACE-independent conversion into ANG II in
the ventricles of the heart may occur through cardiac
chymase, a large proportion of which is localized in car-
diac interstitial and cardiac endothelial cells (593). The
growth-promoting effect of ANG II on cardiomyocytes has
been shown to involve auto- and paracrine release of ET-1
from the cardiac endothelial cells (239, 240, 467). Exam-
ples of interactive “cross-talk” between endothelium-me-
diated signaling pathways to adjacent cardiomyocytes
continue to proliferate.

B) ROLE OF PEPTIDE GROWTH FACTORS. Targeted gene disrup-
tion experiments have provided valuable insight into the
molecular basis of cardiac development and the indis-
pensable role of endothelial-myocardial interactions in
this process. Some genetic mutations have, however,
been lethal. Early embryonic lethal mutations can thus
prevent further analysis of their potential contribution to
endothelial-myocardial signaling. The prominent roles of
receptor tyrosine kinases in other organs suggest though
that these signaling molecules may play critical roles also
in the adult heart. The introduction of organ-restricted, or
conditional, mutant animals will open new avenues to
explore these possibilities.

I) Vascular endothelial growth factor. The fate of the
VEGF signaling pathway in the adult heart has been under
intensive investigation in view of its role in hypoxia-
induced angiogenesis and its potential therapeutic useful-
ness in treating ischemic heart disease (26, 311, 448, 569).
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VEGF, also known as vascular permeability factor (160),
is a potent, specific mitogen for endothelial cells, and it is
devoid of mitogenic activity for other cell types (636). In
the normal adult heart, both cardiomyocytes and Myo-
CapE cells express substantial amounts of VEGF mRNA
(360, 534). Relatively smaller amounts of its receptor
KDR/Flk-1 mRNA were detected in MyoCapE cells, but
none in cardiomyocytes (360). Interestingly, the above-
described PDGF-AB/PDGF-� receptor signaling pathway
from cardiomyocyte to MyoCapE, necessary for the ex-
pression of von Willebrand factor in some MyoCapE cells,
also induced expression of VEGF and its receptor Flk-1 in
these MyoCapE cells (136).

Flt-1 (VEGFR1), unlike Flk-1, is maintained at high
levels in the differentiated endothelium of adult vascu-
lar tissues, implying a possible role in the cardiac en-
dothelium of the adult heart, as for example in regulat-
ing their adhesion to one another or the extracellular
matrix (167).

The first target of VEGF, secreted from cardiomyo-
cytes, could be the MyoCapE cells. Whether the relatively
high VEGF expression in normal adult cardiomyocytes
might reflect effects other than neovascularization and
endothelial migration remains an open question. The
VEGF-KDR/Flk-1 signaling pathway could contribute to
the many other processes resulting from an activated
cardiac endothelial-myocardial interplay. VEGF can, for
example, increase NO (654) and PGI2 (404) production
and thereby influence myocardial remodeling and perfor-
mance.

Might these speculations about MyoCapE-myocardial
interactions be extended to EE-myocardial interactions in
the adult heart? In adult hearts, EE contains specific
receptor binding sites for recombinant human VEGF
(probably VEGFR-1 or Flt-1) but not for the mature form
of human VEGF-C (343). The recently discovered nonty-
rosine kinase receptor for VEGF, neuropilin-1 (NP-1), is
also known to be expressed in EE cells as well as in
cardiomyocytes (271).

The VEGF signaling pathway in neonatal and adult
hearts can be upregulated or activated by hypoxia and
ischemia (26, 218, 300, 317, 321, 536), cardioplegia-
reperfusion (579), the proinflammatory cytokines inter-
leukin (IL)-1� (360) and tumor necrosis factor (TNF)-�,
and oxidative stress (84). IL-1�, for example, may in-
crease the expression of VEGF mRNA 3.6-and 2.4-fold
in cardiomyocytes and MyoCapE cells, respectively,
while a 3.0-fold increase of its receptor KDR/Flk-1
mRNA was observed in MyoCapE (360). Cardioplegia-
reperfusion in pig heart was associated with a fourfold
increased expression of myocardial VEGF mRNA and a
sixfold increase in Flk-1mRNA expression in the Myo-
CapE (579). Some or all of these factors may come into
play in disease, to cardiac remodeling and angiogene-
sis. Interestingly, pulsatile mechanical stretch of iso-

lated perfused hearts and of cultured rat cardiomyo-
cytes induced rapid mRNA expression and secretion of
VEGF and VEGF receptors, mediated probably in an
autocrine fashion by the secretion of TGF-�1 by cardio-
myocytes and activation of intracellular signaling path-
ways including mitogen-activated protein kinase
(MAPK) family members (322, 516, 517).

II) NRG. The NRG-ErbB receptor signaling path-
way, important in early cardiac development, continues
to be expressed into adult life. NRG is expressed
mainly by EE and MyoCapE cells. ErbB2 is expressed in
cardiomyocytes and MyoCapE; ErbB3, however, is ex-
pressed only in MyoCapE, and ErbB4 only in cardiomyo-
cytes (181, 305, 652). Soluble NRG-1 (recombinant hu-
man glial growth factor 2 or rhGGF2) provoked a
substantial increase in embryonic cardiac myocyte pro-
liferation, as well as an increased survival and inhibi-
tion of apoptosis of cultured cardiomyocytes and could
also induce hypertrophic growth in both neonatal and
adult ventricular cardiomyocytes (20, 652). The cardiac
mitogenic action of 5-HT via a 5HT2B receptor-mediated
pathway is dependent on an intact neuregulin-ErbB2
signaling pathway in the embryonic and adult heart
(411). The persistent expression of these proteins in the
adult heart suggests that endothelium-derived NRG is
essential for myocardial function and survival, another
example of the indispensable role of cardiac endothe-
lial-myocardial signaling for normal cardiac function.

III) Angiopoietin. A similarly persistent and indis-
pensable expression of genes involved in cardiac endo-
thelial-myocardial signaling into adult life is demon-
strated for the angiopoietin-1/Tek/Tie growth signaling
pathway. From late gestation and throughout the life of
the animal, Tek/Tie receptors are continuously ex-
pressed in the adult vascular and endocardial endothe-
lium where they support maturation, maintenance, and
survival of endothelial cells (438, 461). Angiopoietin-2
mRNA levels in cultured adult microvascular endothe-
lial cells are upregulated, e.g., by cytokines, by hypoxia,
by VEGF (353, 422), and by ANG II (180). Whether this
naturally occurring antagonist of angiopoietin-1 is also
expressed in cardiac endothelial cells in the in vivo
adult heart waits, however, futher confirmation.

IV) TGF-� and bFGF. The peptide growth factors,
TGF-� or bFGF, are abundantly expressed in neonatal
and adult cardiomyocytes (256, 262, 508, 548). Whether
these factors contribute to cardiac endothelial-myocar-
dial signaling in the adult heart, similarly as during
cushion formation in the embryonic heart, remains to
be defined.

Accordingly, these observations highlight a para-
crine role for neuregulin-, VEGF-, and angiopoietin-
mediated endothelial-myocardial communication in
maintaining phenotype and survival of adult cardiomyo-
cytes. It is likely that they contribute also to remodel-
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ing of the adult heart in response to hypertrophic sig-
nals. A physiological role in the normal adult heart
remains to be determined.

B. Cardiac Contractile Performance

Following the seminal observations by Furchgott
and Zawadski (186) that vascular endothelium con-
trolled vascular smooth muscle contraction, it was nat-
ural to question whether EE might similarly influence
myocardial contraction. This indeed proved to be the
case. Selective damage of the EE in isolated cat papil-
lary muscle modified the pattern of twitch contractions
(62, 63). It resulted in an immediate and irreversible
abbreviation of the isometric twitch, with earlier onset
of tension decline and concomitant decrease in peak
twitch tension (Fig. 1), with little change in the early
contraction phase of the twitch or in maximal shorten-
ing velocity (Vmax). This change in twitch pattern was
unusual in that it differed from the effect of all other
inotropic interventions except for that of shortening
resting muscle length. The findings are now widely
confirmed (10, 110, 563). The effect of removing the EE
was shown to be attributable to a reduced responsive-
ness of the contractile proteins to the intracellular Ca2�

concentration ([Ca2�]i), interestingly, as is the compa-
rable effect of shortening muscle length; a slight in-
crease in [Ca2�]i has also been demonstrated (110,
610).

Several groups have subsequently shown that it is not
only the EE but also the endothelium in the myocardial
capillaries (MyoCapE) which regulate the contractile
state of subjacent cardiomyocytes (323, 414, 470, 543).
This response has been ascribed predominantly to known
auto- and paracrine signaling agents, released or activated
by the cardiac endothelial cells, such as NO, ET, PGI2, and
ANG II (122, 146, 190, 286, 371, 372, 447, 459, 511, 523, 528,
543, 594, 611, 613). In relation specifically to the EE, an
active transendothelial physicochemical gradient for var-
ious ions, or blood-heart barrier, has been postulated
(173) (discussed in sect. IIIC). With this concept of a
blood-heart barrier in mind, any cardiac role for the pu-
tative vascular endothelium-derived hyperpolarizing fac-
tors (153, 603) has yet to be explained. Likewise, the
potential participation of other endothelium-mediated sig-
naling pathways, such as bFGF, VEGF, neuregulin, or
angiopoietin, in modulating myocardial inotropic perfor-
mance remains to be determined.

1. Autocrine and paracrine signaling from cardiac

endothelial cells

Cardiac endothelial cells like all other endothelial
cells express and release a variety of auto- and para-
crine agents, which directly influence cardiac metabo-

lism, growth, contractile performance, and rhythmicity.
In the normal adult heart, cardiac endothelial cells
produce NO through the expression of constitutive
NOS (ecNOS or NOSIII), endothelin (ET) after conver-
sion of pre-proET to pro-ET and into ET through the
ECE, the eicosanoids, and prostacyclin (PGI2), and
transform ANG I into active ANG II.

The synthesis, secretion, and activities of these
endothelium-derived substances are closely linked, in-
terrelated, and interactive. Many of these agents mod-
ulate the actions of the other endothelium-derived
agents on the same target cell, actions which may be
mutually additive, synergistic, or inhibitory. They may
even result in novel effects, not seen with either agent
alone, and as determined by the milieu in which the
interactions occur. It may therefore be simplistic to try
and define their properties independently from one
another. Too little attention is given to such interac-
tions and interdependence.10 As a consequence, by
merely focussing on one or only a few aspects of a
single one of these paracrine factors, some of the issues
become confused, and, perhaps more importantly, the
total picture often gets lost. The emphasis to date on
the role of NO, for example, or of ET or ANG II, may
distort the overall picture if the contributory and inter-
acting role of other agents to the biological outcome is
insufficiently appreciated. With this caveat, it is never-
theless didactically necessary to focus on the specific
expression, distribution, and activity of these agents
independently in the first place, adding reference to
their interactions and interdependence so far as is prac-
ticable.

Beyond the reciprocal interplay among the various
endothelium-mediated auto-/paracrine signalings, a still
higher scale of complexity in the in vivo intact heart
may ensue from their interaction with other important
cardiomodulatory pathways, such as the �-adrenergic
or cholinergic pathways in the heart, atrial and brain
natriuretic peptide activity, and circulating thyroid and
aldosterone hormones. Some, such as aldosterone, are
synthesized in cardiac endothelial cells and act in an
autocrine manner to suppress NO production (149).
Others, such as atrial natriuretic peptide, are synthe-
sized by cardiomyocytes but functionally depend on the
presence of cardiac endothelial cells for their secretion
(318, 487) and their action on ventricular myocardial
performance (379). For the purpose of this review, the

10 In a Medline search of 1998-April 2002 publications, we found
for the following key words: (heart or cardiac) and nitric oxide, 3,176
references; (heart or cardiac) and nitric oxide and endothelin, 243
references; (heart or cardiac) and nitric oxide and endothelin and pros-
tacyclin, 36 references; (heart or cardiac) and nitric oxide and endothe-
lin and prostacyclin and angiotensin, 11 references.
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“higher” interactions will be discussed only to the ex-
tent that they contribute to cardiac endothelial-myocar-
dial interactions. The reader is referred to a number of
excellent reviews (22, 212, 281, 445, 524).

A) NO. The effects of NO on myocardial contraction,
relaxation, and heart rate have been much studied. NO
can be synthesized from L-arginine by three different
NOS isozymes, two of which, the endothelial constitu-
tive (ecNOS, NOSIII) and the neuronal (nNOS, NOSI)
isoform, are constitutively expressed in physiological
conditions, while the third, inducible isoform (iNOS,
NOSII), is biosynthesized only after stimulation by var-
ious stressors and cytokines. The signal transduction
pathways of the NO effects in the heart have been
reviewed in detail (165, 263, 364). Many of the actions
of NO on cardiac performance are attributable to acti-
vation of myocardial soluble guanylate cyclase to pro-
duce cGMP, but some are cGMP independent. The un-
derlying mechanisms are however still not fully
understood (23, 165, 364, 524). Equally unclear is the
question whether the observed positive or negative
inotropic and lusitropic actions of NO are beneficial or
detrimental to overall pump performance of the heart.
NO does not seem to be essential for survival. Mutant
mice lacking ecNOS survive without obvious detriment,
and without upregulation of other NOS isoforms (595).
“Compensatory” upregulation of other agents, such as
prostaglandins, or atrial natriuretic peptide (212), un-
doubtedly take place. More subtle effects on cardiovas-
cular efficiency, flexibility, and stability would not be
identified in such experiment. And it could be said that
the roles of NO are of such fundamental importance to
evolutionary survival that they have necessitated the
development of additional “back-up” mechanisms.

I) Nonuniform distribution of NO in the normal

heart. The ecNOS is mainly present in both coronary
vascular endothelium and cardiac endothelium (8, 511),
but to lesser extent also in the cardiomyocytes (25, 156,
515, 619). The nNOS is present only in a subpopulation
of intracardiac ganglia and nerve fibers in atrial tissue
and in some perivascular nerve fibers of ventricular
myocardium (274, 513). Expression of nNOS in cardio-
myocytes as well as its physiological role is still largely
under investigation (394). The adult heart does not
normally express iNOS.

Although all endothelial cells in the heart express
ecNOS, immunostaining experiments have shown that
there is a considerable nonuniformity of ecNOS expres-
sion between endocardial (EE), arterial, capillary
(MyoCapE), and venous endothelial cells, with strik-
ingly more intense staining in endocardial and coronary
arterial vascular endothelial cells (8). ecNOS is gener-
ally associated with the particulate fraction in endothe-

lial cells, in particular with the Golgi complex11 and,
with domains of the plasma membrane, the caveolae.12

The more intense ecNOS staining in EE and coronary
arterial endothelium appeared to be associated with more
intensely labeled and larger Golgi complexes. Double
staining with ecNOS and Golgi 58k protein, a Golgi
marker, demonstrated that ecNOS had colabeled the
Golgi complex. Golgi size is probably a marker of syn-
thetic activity so that these data suggest that coronary
arterial endothelial and EE cells have a higher synthetic
activity than do MyoCapE and venous endothelial cells.
Heterogeneity was characteristic also for ecNOS labeling
of the peripheral cell borders. The ecNOS-stained periph-
eral borders were distinct in EE cells, less distinct in
venous endothelial cells, nearly absent in arterial endo-
thelial cells, and not observed in MyoCapE. The periph-
eral ecNOS-stained bandlike structure in EE coincided
with PECAM labeling in double-stained preparations.
PECAM is known to label the whole depth of endothelial
intercellular clefts (Fig. 4). Previous studies on cultured
endothelial cells have demonstrated that an NO-induced
increase of cGMP decreases paracellular permeability.
NO production by the peripherally located ecNOS in EE
and venous endothelial cells might thus be involved in the
regulation of paracellular permeability. Immunostaining
for caveolin-1 showed that peripheral borders of EE cells
were nearly completely devoid of caveolin labeling. This
suggests that enzymatic ecNOS activity in EE cells, in
contrast to cardiomyocytes, might be associated with
membrane components other than caveolin or with parts
of the cytoskeleton.

Immunostaining of whole myocardial tissue showed
rather weak cytoplasmic ecNOS labeling in MyoCapE
where there were few Golgi complexes. Double-immuno-

11 The Golgi complex consists of one or more stacks of cisternae
surrounded by vesicles. It is the site of biosynthesis of glycolipids and of
sugar moieties of glycoproteins. In endothelial cells, the Golgi complex
is involved in the synthesis of various proteins, ranging from extracel-
lular matrix components like collagen to more typical endothelial com-
ponents like the intercellular adhesion molecule PECAM-1, the von
Willebrand factor, and coagulation factor S. Hypertrophied Golgi com-
plexes in endothelium are characteristic for embryological processes,
for endothelial regeneration, and for dysfunctional endothelium in
pathological conditions, such as hypercholesterolemia, endotoxin in-
jury, chronic ethanol administration, and hydrostatic edema formation.
The size of the Golgi complex is thus a marker for the functional status
of endothelial cells.

12 Caveolae are specialized invaginations of the plasma membrane.
In endothelial cells, caveolae are enriched with caveolin-1 (the non-
muscle isoform of a coat protein of caveolae), Ca2�-ATPase, G proteins,
and inositol trisphosphate (IP3) receptors. Caveolin-rich microdomains
in the plasmalemma are sites for endothelial cell NOS and other mole-
cules involved in transduction. Caveolin also resides in the Golgi com-
plex and appears to cycle between these two compartments. From
experiments on caveolin-1 knock-out mice, there seems to exist an
inverse relationship between caveolin-1 abundance and NO production
(157, 473). In cardiomyocytes, caveolae typically stain for caveolin-3 but
not for the caveolin-1 isoform.
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staining of the MyoCapE showed complete overlap of
ecNOS labeling and labeling with RECA, an antibody that
labels endothelium of the entire vasculature in all organs
in the rat. MyoCapE was rather weakly labeled with dif-
fusely distributed PECAM-1 staining (Fig. 4). Quantifica-
tion of ecNOS mRNA in MyoCapE of canine heart by
competitive PCR showed that, although the levels were
higher than in coronary artery endothelium, “normalized”
levels were somewhat lower for each individual endothe-
lial cell (184). In some capillaries, thin PECAM-1 bands
could be observed, suggesting the existence of thin,
scarcely discernible peripheral cell borders (Fig. 4). Im-
munostaining for caveolin-1, however, was very intense in
MyoCapE, where it was much stronger than in EE or
arterial endothelium. Increased levels of caveolin-1 in
MyoCap E were shown to exert cardioprotective effects
against ischemia-reperfusion-induced injury, presumably
via enhanced release of endothelium-derived NO (646).
This latter interpretation is somewhat surprising, how-
ever, since caveolin-1 has been generally recognized as an
endogenous inhibitor of ecNOS activity in endothelial
cells (157, 473).

The reasons for these differences in ecNOS distribu-
tion are still largely unknown. Experiments in cultured
endothelial cells have demonstrated that ecNOS expres-
sion can be modulated by many things including shear
stress, TGF-�, protein kinase C, TNF-�, oxygen, and the
proliferative state. Differences in shear stress in the heart
could explain the differential expression of ecNOS in
arterial, capillary, and venous endothelial cells. But what
about EE? Laminar fluid shear stress is probably not high
along the surface of EE cells. Nevertheless, EE mani-
fested almost equally strong ecNOS expression as in ar-
terial endothelial cells. The EE surface might be more
subjected to turbulent flow, but this type of flow does not
increase NOS mRNA and NO release in cultured human
umbilical vein endothelial cells. Mechanical strain of EE
by three-dimensional changes of the inner wall during the
cardiac cycle might influence ecNOS expression. Endo-
thelial cells cultured on flexible substrates and subjected
to cyclic strain have shown an increase in NOS mRNA,
protein, and NO production. However, we did not observe
significant differences in ecNOS expression between var-
ious areas of EE known to be subject to distinct differ-
ences in mechanical deformation during the cardiac cy-
cle, e.g., the tendon end of right ventricular papillary
muscles and the atrioventricular valves (8). EE cells cov-
ering these highly elastic structures are smaller and have
a cytoskeletal organization that is different from that of
other endocardial areas, but they did not show any con-
sistent differences in ecNOS labeling or in the size of
Golgi complexes. Freshly isolated endothelial cells from
large porcine coronary arteries do express more ecNOS
protein and produce more NO than do endothelial cells
from resistance arterioles, although both are subjected to

similar shear stress. More factors than shear stress are
likely to influence the expression of ecNOS in cardiac
endothelium. A direct kinin-mediated release of NO was
observed in human MyoCapE, in response to several
agents, such as ACE inhibitors, bradykinin, and �2-adre-
noceptor agonists (267).

Several investigators have found ecNOS mRNA and
protein expression in the cardiomyocytes (25, 34, 184,
263, 515, 619), possibly associated with caveolin-3, a mus-
cle-specific isoform of a coat protein of caveolae (156).
Nevertheless, the main physiological source of NO in
normal, adult nonstressed cardiac tissue is probably
ecNOS in EE and MyoCapE, while NO from the cardio-
myocytes, unless activated, is probably negligible. No
ecNOS could be demonstrated by immunostaining in the
cardiomyocytes of normal adult rat and mice (8, 43, 212)
nor in mature stem cell-derived cardiomyocytes (43). Car-
diomyocytes did not release NO in direct response to
bradykinin or �2-adrenoreceptor agonists (267), further
indicating that any cardiomyocyte-derived NO present is
negligible (254) in basal, nonstressed physiological con-
ditions. In contrast, exposure of the cardiomyocytes to
�-adrenergic agonists increased endogenous NO produc-
tion by almost fivefold, indicating upregulation of ecNOS
in cardiomyocytes by �-adrenergic stimulation (254). Sim-
ilarly, cGMP as a measure of NO activity increased by
almost 10-fold in cardiomyocytes after stimulation with
either bradykinin, unlike in the study above (267), or
acetylcholine (270). Similarly, myocardial stretch may
also participate in ecNOS activation (449).

Accordingly, there is considerable nonuniformity in
the expression of ecNOS in cardiac endothelium. The
intense ecNOS-labeling in EE (and coronary arterial) cells
suggests greater ecNOS activity in these cells than in
MyoCapE (and coronary venous endothelium). These two
cell types probably account for most of the NO measur-
able in the effluent of in vivo heart or whole cardiac
preparations. ecNOS is only faintly expressed basally in
normal cardiomyocytes at mRNA levels but can be up-
regulated by a number of mediators. Hence, cardiomyo-
cyte-derived NO does, in contrast to its role in many
cardiac diseases as we will see later, most probably not
normally participate in controlling overall structure and
function of the normal adult heart in nonstressed physi-
ological conditions. Expression of ecNOS (and possibly
nNOS) in cardiomyocytes could, however, subserve an
additional regulatory role through the autocrine produc-
tion of NO in specific subcellular compartments (i.e.,
caveolae vs. sarcoplasmic reticulum membranes). It
could, in addition, play a role in modulating cardiac func-
tion in response to specific stimuli or in conditions of
myocardial stress (parasympathetic or adrenergic neuro-
transmitters, stretch, etc.).

II) NO and cardiac contractile performance. There
appears to be a great diversity of, often conflicting, ac-
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tions of NO on myocardial contractile performance, de-
pending on animal species, on experimental conditions,
but most importantly on the experimental hierarchic level
of investigation, whether it be the single isolated cardio-
myocyte, the multicellular cardiac muscle preparation, or
the in vivo intact heart. Single cardiomyocytes have been
widely and usefully employed over the past 30 years,
including by ourselves. Despite the theoretical advantages
of this experimental model, e.g., in applying powerful
molecular techniques to target specific signaling mole-
cules in cardiomyocytes, the many, by the isolation pro-
cedure experimentally induced, uncontrolled artifacts
may provide a somewhat distorted picture of reality. It
exemplifies the limitations of the typical centripetal car-
diomyocyte-oriented approach in cardiac research, not in
the least because of their isolation from the obligatory
cardiac endothelial cells (563) but also from neighboring
cardiomyocytes. A positive inotropic response to NO was
nevertheless observed in several studies on isolated car-
diomyocytes (269, 282, 283, 607), whereas it induced a
negative inotropic effect only at higher concentrations
(52). Still, it remains uncertain whether any given re-
sponse in single cardiomyocytes would be either benefi-
cial or detrimental for cardiac function in the intact heart.

Somewhat more relevant data come from multicellu-
lar cardiac muscle preparations (282, 390, 466, 555). These
show a typical dose-dependent biphasic inotropic re-
sponse to NO. At the lowest levels, corresponding to
endogenously generated NO, NO caused positive inotro-
pic actions, whereas higher concentrations caused a con-
sistent negative inotropic response. The response to in-
creasing concentrations of cGMP is similarly biphasic
(390). Inhibition of phosphodiesterase III by cGMP at low
concentration elevates intracellular cAMP levels, which
could account for the positive inotropy. cGMP at higher
concentrations activates cGMP-dependent protein kinase,
which will inhibit ATP synthesis and close voltage-gated
calcium channels, which would account for the negative
inotropic response. Alternative interpretations, including
cGMP-independent mechanisms (23, 76, 77), are possible,
given the complexity of the various NO signaling cascades
and their interactions (524). For similar reasons, in human
ventricular muscle strips (166) although modulatory in-
teractions of NO with autonomic nervous or other sys-
tems cannot be excluded, no direct inotropic actions of
NO were observed.

An advantage of multicellular cardiac muscle prepa-
rations is that they allow for a full assessment of both
systolic (contraction and relaxation) and diastolic (rest-
ing tension) properties of twitch contractions, neither of
which can be ignored for a full evaluation of contractile
performance. For example, NO at higher levels consis-
tently causes an earlier onset of isometric twitch relax-
ation (166, 390, 392, 520, 523, 527, 543). Depending on the
often variable NO-induced effects on maximum rate of

tension development, peak tension development may be
either diminished, unaltered, or, exceptionally, even in-
creased; if unaltered due to cancellation of opposing ef-
fects on twitch duration and rate, the intervention might,
erroneously, be interpreted as having no effect.

Direct confirmation of inotropic effects of NO in the
whole heart in vivo is difficult because of the confounding
effects of changing loading, coronary flow or neurohor-
monal drive, and its interactions with the �-adrenergic
and cholinergic pathways as well as with atrial natriuretic
peptide activity in the heart (212, 524). Several studies
have, nevertheless, provided indirect evidence for a minor
positive inotropic action (92, 207, 273, 283, 458, 556). The
presence in vivo of the above-mentioned biphasic in vitro
effect of NO on inotropism, i.e., positive at low and neg-
ative at high NO concentrations, has been exemplified in
transgenic mice overexpressing ecNOS (54a). In this
study, NO was found to be positively inotropic in sponta-
neously beating hearts from wild-type mice, whereas
hearts overexpressing ecNOS in the cardiomyocytes had
reduced basal inotropy that was partially reversed by NOS
blockade. More consistent is the in vivo observation that
NO induces an early onset of ventricular relaxation,
thereby enhancing ventricular relaxation, early rapid fill-
ing, and diastolic compliance (11, 205, 206, 344, 445–447).
In many cases, this effect may be accompanied by a slight
decrease in peak systolic pressure despite the often un-
altered rate of pressure development and unaltered ejec-
tion properties (344, 445, 524). Part of this effect is attrib-
utable to a NO-induced reduction of preload and
afterload.

Such apparently negative inotropic effects may be
regarded by many as potentially detrimental; rather, they
should be considered as potentially beneficial to cardiac
function (Fig. 8), acting as a compensatory feedback,
when the physiological effects on contraction duration of
enhanced ventricular preload and/or afterload are super-
imposed on the pathological prolongation of contraction
duration in ventricular hypertrophy, especially if tachy-
cardia intrudes on diastolic filling time (64, 65, 445, 524).
Interestingly, Pinsky et al. (450) have demonstrated that
there is a cyclical release of NO in the beating heart, most
marked subendocardially, which peaks at the time of
ventricular relaxation and early rapid filling. These appro-
priately timed, brief bursts of NO release would provide
for important beat-to-beat modulation of ventricular re-
laxation, early filling, and diastolic coronary perfusion.
The subendocardial localization would suggest EE cells
as its major source.

Accordingly, NO seems to exert a dual action on
myocardial contractile performance. In the lower concen-
tration range, corresponding to endogenously generated
NO through ecNOS, NO exerts a slight positive inotropic
action, contributing to maintenance of basal contractile
performance of the heart under physiological conditions.

80 DIRK L. BRUTSAERT

Physiol Rev • VOL 83 • JANUARY 2003 • www.prv.org



At higher NO levels, a negative response in terms of
peak contractile performance is consistently observed, as
may occur with activation of iNOS or pharmacological
doses of NO donors. More important, surely, are its ef-
fects on the onset of ventricular relaxation, both in beat-
to-beat optimization of pump function and coronary per-
fusion, and particularly as a compensatory mechanism to
aid ventricular filling when this is prejudiced by disease.
These effects on the timing of onset of ventricular relax-
ation, when normalized for heart rate, constitute one of
the most fundamental modulators of cardiac systolic
function (64, 65). By delaying the onset of relaxation, the
heart will prolong and sustain cardiac work output during
systole as part of heterometric autoregulation (Starling
adaptation) in conditions of increased volume or pressure
loading. Conversely, an earlier onset of ventricular relax-
ation, as seen with NO, will favor ventricular relaxation,
rapid early filling, diastolic compliance, and diastolic cor-
onary perfusion, which would be particularly beneficial as
a compensatory mechanism against ventricular overload-
ing or in conditions of maladaptive hypertrophy and/or
tachycardia. Interactions of NO with ET, PGI2, ANG II,
�-adrenergic and cholinergic drives, atrial natriuretic pep-
tide, and aldosterone must also be considered (22, 212,
314, 445, 524).

III) NO and cardiac metabolism. In the normal as
well as the failing human heart, endogenous and exoge-
nous NO decreased myocardial tissue oxygen consump-
tion (337, 588). Suppression of NO production had previ-
ously been shown to increase myocardial oxygen
consumption in awake dogs (38, 531), although this was
not confirmed in other models (130, 489, 490, 532). Inhi-
bition of oxygen consumption by NO was documented
also in noncontracting cardiac muscle slices (632). NO
was produced almost exclusively by MyoCapE. Endothe-
lial NO production and its inhibition of myocardial oxy-
gen consumption were increased by ACE inhibition (650),
acting probably through an increase in bradykinin levels

(452). Bradykinin-induced reduction in myocardial oxy-
gen consumption was abolished in ecNOS knock-out mice
(337). The ability of NO to lower myocardial oxygen
consumption suggests a potentially cardioprotective
mechanism of NO, perhaps in part due to the above
decrease in cardiac loading and in cardiac systolic work
output leading to increased myocardial metabolic effi-
ciency (530); presumably also by influencing substrate
(free fatty acids vs. glucose) utilization (118, 475, 567) or
by regulating mitochondrial metabolism (557). NO release
from the MyoCapE and EE could thus directly regulate
local myocardial metabolism. NO can reversibly compete
with oxygen for a common binding site on cytochrome-c
oxidase, inhibiting electron transfer to oxygen (86). It has
recently been shown in cultured cardiomyocytes (which
do not normally produce NO in nonstressed conditions)
that cytokine-induced NO production through expression
of iNOS or exogenous NO delivery by an NO donor, lower
energy, i.e., ATP production and myocardial contractility,
through inhibition of the mitochondrial iron-sulfur reduc-
tases (572).

B) ET. Since its discovery in 1988 by Yanigasawa et al.
(642), the role of ET in cardiovascular physiology and
pathophysiology seems indisputable. In the heart, ET has
been shown to be involved in cardiac development,
growth, and remodeling, as discussed above, and also in
the control of cardiac contractile performance and rhyth-
micity. Endothelial cells, including cardiac endothelial
cells at the EE and MyoCapE, are its major source in the
normal heart, and cardiomyocytes are its primary target.
ET is thus likely to be a key player in the indispensable
role of cardiac endothelial-myocardial interaction. Its sup-
portive and protective role in normal cardiac function has
been well recognized.

I) ET expression in the normal heart. ET is a 21-
amino acid peptide synthesized and released from endo-
thelial cells. In the normal heart, ET-1 mRNA is expressed
in EE (372), and ET-1 release has been demonstrated

FIG. 8. Nitric oxide (NO) has benefi-
cial effects on cardiac contractile perfor-
mance in vivo in humans. Higher tissue
levels of endothelial constitutive NO syn-
thase (ecNOS) (NOS3 mRNA) (A–C) or
inducible NO synthase (iNOS) (NOS2
mRNA) (C and D) in endocardial-myo-
cardial biopsies in patients were accom-
panied by an increase in left ventricular
stroke volume (LVSV) (A), ejection frac-
tion (EF) (B), and left ventricular stroke
work (LVSW) (C and E) as well as by a
decrease in stiffness-modulus (D). The
endomyocardial biopsies as a source for
measuring tissue NOS3 mRNA (and par-
tially for NOS2 mRNA) levels suggest EE
as its major source. [Modified from
Heymes et al. (227) and Paulus et al.
(444) and kindly provided by Walter Pau-
lus.]
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from EE cell culture (372) and from EE in isolated cardiac
muscle (107, 146). ET-1 is also expressed in coronary
vascular endothelium and in MyoCapE, and its release has
been demonstrated in the venous effluent of isolated beat-
ing hearts (366). ET-1 is not normally expressed in nor-
mal, postnatal cardiomyocytes (306, 415). Cardiac tissue
displays a high density of ETA and ETB receptors on
cardiomyocytes, conduction tissue, and coronary vascu-
lar and EE cells (100, 243, 395). In pathophysiological
conditions, a number of nonendothelial cells in the heart,
including cardiomyocytes, come also to synthesize ET-1
in response, for example, to myocardial stretch, ANG II,
and norepinephrine (400).

II) ET and cardiac contractile performance. ET is
one of the most potent positive inotropic agents known
(326, 366, 372). Its inotropic action resembled the charac-
teristic positive inotropic effect induced by the cardiac
endothelium (372, 459, 611) and has been partly explained
by a similarly enhanced affinity of the contractile proteins
to calcium (613), secondary to changes resulting from
activation of the sarcolemmal Na�/H� exchanger (286).
Similarly as for the contractile effects of NO, the inotropic
response to ET largely depends on the type of experimen-
tal cardiac preparation that is being considered. For ex-
ample, ET-1 was �60 times mote potent in single cardio-
myocytes than in papillary muscles (571). The more
balanced physiological inotropic response to ET in the
latter multicellular preparation may be due to integrated
regulatory mechanisms involving in addition various non-
cardiomyocytal cell types, as e.g., cardiac endothelial
cells. A physiological role for ET in cardiac contractile
performance of the normal in vivo heart appeared uncer-
tain because it would enhance myocardial oxygen con-
sumption by virtue of its potent inotropic action, while at
the same time decreasing oxygen supply through its pow-
erful coronary vasoconstrictive action. It has however
been demonstrated that ET binds stoichiometrically in
vivo to its receptor (179). Such a binding feature predicts
that under basal ET secretion, ET would act in an auto-
crine way by directly binding to the ETB receptor on the
endothelial surface, thereby stimulating the release of NO
and PGI2 in an autocrine manner (116, 341), rather than
directly promoting myocardial inotropy through ETA re-
ceptors on the cardiomyocytes. The ET-1-induced release
of NO could then affect the binding of ET-1 to its recep-
tors and alter ET-1-stimulated Ca2� mobilization and re-
arrangement of the cytoskeleton in the endothelial cells.
Similar autocrine interactions of ET may also exist with
endothelium-derived PGI2 (116) and ANG II (105). McClel-
lan et al. (366) proposed ET storage and release from
cardiac endothelial cells as a supportive cardioregulatory
mechanism. Low ET concentrations may have important
protective activities in the normal heart. For example, ET
reversed acidosis-induced negative inotropic and lusi-
tropic effects, without increasing intracellular calcium as

occurs with most positive inotropic agents (611). ET is
capable also of opposing the arrhythmogenic effects of
catecholamines (244, 426) (see sect. IIIC). Endothelial re-
lease of ET during cardiac ischemia could thus act as a
local auto- and paracrine hormone that directly counters
these detrimental actions of the catecholamines.

C) PGI2. Endothelial cells, including cardiac endothelial
cells, synthesize and release several eicosanoids in re-
sponse to a wide variety of hormonal, chemical, immuno-
logical, and physical stimuli (74, 193). An important re-
ciprocal interaction between PGI2 and NO on myocardial
relaxation has been demonstrated. Compared with the
effects of NO on cardiac contractile performance, those
of endothelium-derived eicosanoids have, however, re-
ceived relatively little attention.

I) Distribution of eicosanoids PGI2 and PGE2 in the

normal heart. Cyclooxygenase (COX) plays a key regula-
tory role in prostaglandin synthesis. It occurs in both
constitutive (COX-1) and inducible (COX-2) isoforms.
COX-1 is constitutively expressed in all endothelial cells
in the heart and is believed to provide cytoprotective
effects (626). COX-2 is nearly undetectable under normal
physiological conditions but is inducible in endothelial
cells and in macrophages involved in inflammation. In the
heart, COX-1 content has been found to be twice as high
in the endocardial zone compared with the myocardium
and was confined mainly to the endothelial cell fraction
(53). EE from isolated cardiac valves (289), as well as
valvular EE in culture (354), produce substantial amounts
of PGI2. Mebazaa and co-workers (371, 373) have reported
abundant production of PGI2 and PGE2 from cultured EE
cells from right and left bovine ventricles, with EE pro-
duction of PGI2 being �10 times higher than of PGE2 and
exceeding 19-fold and 34-fold the PGI2 release from vas-
cular endothelial cells in aorta or pulmonary artery in
response to shear stress and hypoxia, respectively (373).
Shear stress-induced and hypoxia-induced release of 6-
keto-PGF1� (a stable metabolite of PGI2) from EE was
significantly suppressed by treatment with 17�-estradiol
(the major circulating form of estrogen in females) treat-
ment (476). 17�-Estradiol similarly decreases ET-1 re-
lease from coronary vascular endothelium (and Myo-
CapE?) (615). Physiological increments of transmural
pressure also significantly augment PGI2 release from
porcine cultured EE cells, with values about three times
higher in left ventricular than in right ventricular EE (417,
419). Vascular endothelial cells from coronary artery and
aorta did not respond to increased transmural pressure, in
contrast to the response of the pulmonary artery, which
was similar to that of right ventricular EE cells. Interest-
ingly, brief incubation with platelet-derived growth factor
or TGF-� was sufficient to stimulate the release of 6-keto-
PGF1� from cultured EE from pig heart, whereas cultured
vascular endothelial cells from pig coronary artery re-
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quired longer incubation time to release 6-keto-PGF1�

(417).
These studies suggest that EE is a greater source of

PGI2 than the vascular endothelium of major arteries,
including the coronaries. But what about MyoCapE? Myo-
CapE cells isolated from rabbit heart synthesize and re-
lease 6-keto-PGF1� and PGE2, the two major products of
the COX pathway (193–195). In absolute values, however,
significantly more (about 5–6 times) PGI2 was released
from EE than from MyoCapE (417). Moreover, contrary to
the 10 times higher PGI2 than PGE2 in EE, this study
showed that PGE2 release from MyoCapE exceeded that
of PGI2 by �10-fold. Why PGE2 and not PGI2 is the major
eicosanoid produced by MyoCapE and why this ratio is
opposite in EE is an intriguing question. In agreement
with previous studies were the significant lower fractions
of PGI2, and more so of PGE2, in vascular endothelial cells
from major coronary artery.

II) Endothelium-derived eicosanoids and cardiac

contractile performance. The possible inotropic actions
of prostaglandins and their mainly cAMP-mediated under-
lying mechanisms are unresolved. Responses to PGI2 and
PGE2 range from increased inotropy (1, 98, 150, 255, 260,
376, 389, 397, 477, 553), to no effect (93, 255), to negative
inotropy (510). In vitro studies on isolated papillary mus-
cle have helped to explain some of these inconsistencies
(392). With the use of activators and inhibitors of endog-
enous eicosanoids and of NO in different combinations, it
became clear that the inotropic action of eicosanoids and
NO were reciprocal; stimulation of endogenous prosta-
glandin (mainly PGI2) release abolished the inotropic ef-
fect of NO, in particular on the onset of relaxation, while
demonstration of a PGI2-induced positive inotropic (con-
traction-prolonging) effect was dependent on inhibition
of NO synthesis.

Accordingly, PGI2 and NO interact to regulate car-
diac contractile performance, by their opposing effects on
the onset of myocardial relaxation. It has long been rec-
ognized that NO and PGI2 (and to a smaller extent PGE2)
share a number of important properties and that their
synthesis and release from endothelial cells are often
coupled (74) through continuous cross-talk between the
NOS and COX pathways (193, 225), although their under-
lying subcellular mechanisms await further clarification.
Their mutual actions on the target cardiomyocyte are
closely linked, largely through the effects of PGI2 and NO
in establishing cAMP-to-cGMP ratios rather than absolute
intracellular concentrations of cAMP or cGMP. Experi-
mental as well as clinical evidence generally favors a
supportive, protective role of PGI2 on cardiac function.
Treatment with COX-inhibiting drugs is often not well
tolerated, perhaps particularly in patients with preexist-
ing cardiac endothelial dysfunction as in cardiac failure.

D) ANG II. Most effects of ANG II on cardiac growth and
contractile performance are now thought to result from

locally produced rather than from circulating ANG II (135,
599). In the normal heart, ANG II is synthesized locally
through both ACE and an ACE-independent chymase
pathway, both of which are expressed predominantly in
coronary vascular and cardiac endothelial cells. Cardiac
ACE is expressed also in cardiomyocytes and in fibro-
blasts (123). Evidence from in vitro and in vivo studies
supports the view that ANG II produced by cardiac tissue
may be important for normal cardiac contractile perfor-
mance (377, 631). ANG II generally exerts a positive ino-
tropic effect (18, 115, 178, 279), by increasing the rate of
rise of the contraction phase and delaying the onset of
relaxation (377), although the delayed onset of relaxation
is often neglected in analyses of myocardial contractile
performance. There are, however, conflicting reports of
its action, ranging from a positive, to a negative, or to no
inotropic response, depending on animal species or ex-
perimental conditions.

The inconsistent findings may reflect the many inter-
actions of the cardiac synthesis, release, and activity of
ANG II with the bradykinin-NO (479, 480, 605) and PGI2

(377, 479) pathways, as well as with ET-1. ANG II and
ET-1 are cosecreted from cultured MyoCapE, for exam-
ple, under basal as well as activated state, and they elicit
synergistic effects on the heart (298). Their respective
receptors on cardiomyocytes are also coupled, through
similar G proteins, so that their intracellular signaling
pathways may be similar. ET-1 mediates many of the ANG
II effects, and vice versa. ANG II stimulates the expres-
sion of ppET-1 mRNA and protein in normal cardiomyo-
cytes (83). The ANG II-induced stimulation of the anion
Cl�-HCO3

� exchanger activity on myocardial performance
is also mediated through endogenous ET-1 (105).

2. Role of peptide growth factors

Experiments in noncardiac tissue preparations pro-
vided circumstantial evidence that peptide growth factors
may also have auto- and paracrine effects on cardiac
function, other than on cardiac growth. VEGF, for exam-
ple, has indeed been shown to increase intracellular cal-
cium in vascular endothelial cells of coronary arteries and
to affect vascular tone through the expression of ecNOS
(290, 654) and of COX (404), resulting in potent endothe-
lium-dependent NO- and PGI2-mediated vasodilatation.
NO release from vessels could similarly be increased
through activation of the bFGF/FGFR-1 signaling pathway
(232).

Only preliminary data are presently available about a
possible role for peptide growth factors in the perfor-
mance of the adult heart, and it would be premature to
review this subject. In years to come, we anticipate an
overwhelming flow of new data and novel concepts on
cardiac function, emerging from these signaling path-
ways, and further exemplifying, expanding, and clarifying
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our conjecture of the indispensable role of cardiac endo-
thelial-myocardial interactions. Notably, MyoCapE of
both fetal and adult heart abundantly express and release
biologically active parathyroid hormone-related peptide
(PTHrP), the expression of which is significantly upregu-
lated by increased blood flow rate or by hypoxia, inde-
pendently of the NO pathway (504, 505). PTHrP (but not
PTH) exerts a positive inotropic, chronotropic, and lusi-
tropic effect in adult ventricular cardiomyocytes, which
do not themselves express the hormone. Little is so far
known of the physiological and pathophysiological roles
and underlying mechanisms of action of PTHrP in the
cardiovascular system. The cardiac endothelium-derived
PTHrP-mediated inotropic response would thus appear to
be another example of cardiac endothelium-derived para-
crine modulation of ventricular function.

C. Cardiac Rhythmicity

Rhythmicity of the heart is an intrinsic property of
the specialized cardiac conductive tissue and terminal
Purkinje fibers, indeed of every individual cardiomyocyte.
Disturbances in excitability or conduction of one of these
are a direct cause of arrhythmias. In the adult heart, the
network of terminal Purkinje fibers lies just underneath
and in close proximity to the endocardial endothelial
surface, suggesting that their development, growth, and
function might be directly influenced by EE.

1. Differentiation of terminal Purkinje fibers: role of

cardiac endothelium

Purkinje fibers are the terminal, predominantly sub-
endocardial, ramifications of a branching system of fiber
bundles that emanate from the atrioventricular node
through the bundle of His. Purkinje fiber cells are larger
than the surrounding cardiomyocytes. To date, little is
known about the mechanisms that regulate their differ-
entiation and distribution patterning. Studies in early em-
bryonic hearts before compact myocardium and special-
ized conduction tissue are fully formed suggest that the
trabeculated layer of cardiomyocytes may drive contrac-
tion and impulse conduction at this stage, until they dis-
appear as a distinct, functional component of the adult
ventricle (398).

The genetic and molecular basis of how and why,
depending on animal species (544), some cardiomyocytes
from the primary myocardium differentiate into conduct-
ing Purkinje fibers has remained poorly understood (398,
503). Equally unresolved is whether endothelial-myocar-
dial interactions are prerequisite for this important em-
bryonic phenotypic transformation and whether such po-
tential interactions continue to control excitability,
conduction, and rhythmicity in the adult heart. Combined
genetic, molecular, and functional and morphological ev-

idence seems to favor the view that the inner layer of
trabecular myocardium (including much of the interven-
tricular myocardium) is a separate transcriptional do-
main, distinct from the compact myocardium (169), and
from which the phenotypic transformation of some car-
diomyocytes into the entire terminal ventricular conduc-
tion system may arise (398). It is appropriate here to
acknowledge, in all humility, the careful observations by
Tawara (573) in the beginning of the 20th century, on the
basis of which these current molecular biological views
could have been anticipated.

It is of interest to note the occurrence of irregular
heartbeats in NRG-1 �/�, ErbB2 �/�, and ErbB4 �/�
mutant embryos. These arrhythmias may be due to con-
duction disturbances as a result of deficient trabeculation,
i.e., the putative site of origin of the terminal conduction
system. The partial or complete heart block in mutant
(retinoic-X receptor-�) RXR-� �/� embryos may, simi-
larly, be ascribed to impaired trabeculation and compac-
tion (258, 559). Needless to remind that the embryonic
trabecular layer contains cardiomyocytes and EE cells in
almost equal number and that both cell types, or their
interaction, could contribute to the early transdifferentia-
tion of some cardiomyocytes into terminal Purkinje fi-
bers.

In the maturing embryonic heart, Purkinje fibers con-
tinue to be derived from localized recruitment of differ-
entiated, beating cardiomyocytes alongside the develop-
ing coronary arterial bed (382). This recruitment of
Purkinje fibers thus coincides with the early vasculogenic
process and begins in cardiomyocyte subpopulations jux-
taposed specifically to developing coronary arteries, but
not veins (201). This spatiotemporal relationship suggests
an inductive role of developing arterial coronary vessels
in recruiting cardiomyocytes to transform into Purkinje
fibers. Whether vascular endothelium in the smaller in-
tramyocardial arteries and MyoCapE, or their interaction
with subjacent cardiomyocytes, are involved in this trans-
formation process and in the subsequent branching pat-
tern of the peripheral Purkinje fiber network has yet to be
established (202, 384). It may be relevant that the endo-
thelium-derived ET signaling pathway has, near the com-
pletion of compaction, been shown to play an important
role in the conversion of some cardiomyocytes into Pur-
kinje cells (202). The cardiac failure seen in mutant ECE-1
�/� embryos (641) may accordingly be attributable to
deficient development of the Purkinje system leading to
conduction failure with bradycardia and cardiac arrest
(408).

2. The endocardial endothelium as a

blood-heart barrier

Before the initial observation that EE modulates the
performance of subjacent myocardium (62), data relating
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to any physiological role of the EE in the adult heart were
sparse. The existence of a blood-brain barrier (203, 485,
568) led us by analogy to consider the hypothesis that EE
could perhaps, in addition to the release of paracrine
mediators, establish a transcellular physicochemical gra-
dient across the entire EE monolayer and thereby influ-
ence cardiac function (55). This possibility was supported
by the striking feature in our original experiments of the
abruptness with which the typical contractile twitch re-
sponse to selective EE damage appeared, whichever dam-
aging technique was used, be it Triton immersion, me-
chanical abrasion, a burst of high-frequency ultrasound,
or exposure to a flow of dry air (Fig. 1) (110). None of the
endothelium-derived factors exogenously added could
prevent or reverse this abrupt response, nor could simul-
taneous pharmacological blockade of the NO, ET, and
PGI2 pathways reproduce it (109). Obviously, breaching a
barrier would be very unlikely to cause such an immedi-
ate, stable, and irreversible response if this were to act
simply by enabling washout from the myocardium of
diffusible endothelium-derived substances (in particular
in respect to ET with its long half-life). It could however
reflect an acute perturbation of the subendocardial ionic
milieu. Apart from these speculations, however, we dis-
posed at the time of only a few morphological features
and of hardly any functional evidence to support this
conjecture (61). In the meantime since 1989, convincing
experimental evidence for the existence of an EE blood-
heart barrier, or BHB, has however been gathered. The
latter term was initially coined in 1995 by Dr. Paul
Fransen in our laboratory (173) to strengthen the analogy
with the blood-brain barrier concept.

The blood-brain barrier is the best-studied endothe-
lial barrier. It is relatively impermeable to ions, amino
acids, small peptides, and proteins. A unique feature is
its high transendothelial electrical resistance of �1,500–
2,000 ��cm2 compared with other vascular endothelia
(6–25 ��cm2) (28). In the brain, the ionic composition of
the extracellular fluid is controlled by transendothelial
transport of ions. The asymmetric distribution of ion
channels, pumps, and transporters between luminal and
abluminal membrane of the brain capillary endothelial
cells results in a transendothelial net Na� transport from
blood to brain and K� transport from brain to blood. This
generates a specific ionic imbalance beween the blood
and the cerebrospinal fluid, which is well suited to main-
taining optimal conditions for brain cell signaling. Highly
excitable tissues such as the neurons necessitate high
interstitial [Na�] to enable a rapid upstroke of their action
potential and a low interstitial [K�] to increase membrane
excitability. In the heart, the subendocardial terminal Pur-
kinje fiber network and its adjacent myocardium are also
highly excitable tissues, the ionic homeostasis of which
being vital to cardiac function. Alterations in the extra-
cellular concentrations of Ca2�, K�, Na�, Mg2�, Cl�, and

HCO3
� have profound effects on rhythmicity and on the

mechanical performance of cardiac muscle. It is, there-
fore, essential that the ionic environment of the Purkinje
fibers and adjacent cardiomyocytes be well controlled.
The maintenance of a putative transendocardial electro-
chemical potential difference would, however, require a
strong gradient for certain ions as well as a selective
boundary barrier (basal lamina?) to prevent ionic leaks
through myocardial capillaries and into the postcapillary
coronary venular sink. Given the leaky nature of Myo-
CapE, any modulation of the interstitial ionic homeostasis
by the EE is likely to be confined to the immediately
subendocardial myocardial layers, which include the ter-
minal Purkinje fiber network and the dense subendocar-
dial neural plexus.

What evidence do we have that the EE would func-
tion as a BHB?

A) MORPHOLOGICAL FEATURES OF THE BHB. EE cells form a
thin monolayer of closely apposed cells with complex
interdigitations and extensive overlap at the junctional
edges (Fig. 3). This would be consistent with the posses-
sion of unique permeability properties. Tight junctions are
present and always located at the luminal side of the
intercellular clefts between EE cells. At this luminal side,
the glycocalyx is better developed than at the basolateral
side below the tight junctions. EE cells thus display dis-
tinct morphological asymmetry. For further details about
these specific morphological features of the EE, we refer
to the sections on cardiac endothelial morphology (see
sect. IIIB and Figs. 3 and 4).

Electrophysiological measurements of capacitive cur-
rents, together with dye-spreading fluorimetry, showed
that EE cells were not only electrically coupled, but also
dye-coupled through gap junction-like connections (172,
173, 176). The presence of gap junctional coupling be-
tween EE cells has been substantiated by the expression
of several connexins (Cx43, Cx40, Cx37) at the border
zone and intercellular spaces of the overlapping EE cells
(Fig. 4, bottom). Gap junctions contain intercellular pores
that permit charged ions (e.g., Ca2�), second messenger
molecules (e.g., inositol 1,4,5-trisphosphate), and small
metabolites to pass quickly between adjacent EE cells,
resulting in an electrical and diffusional continuum or
conduit (39). The evidence thus suggests that the endo-
cardial endothelium should be considered as a syncytium
with strong electrochemical coupling between EE cells.

Gap junctional connections between cardiac endo-
thelial cells and cardiomyocytes have not been demon-
strated (6). On rare occasions, myofibroblast-like cells
were observed in the subendocardium to simultaneously
touch EE cells and subjacent cardiomyocytes, but the
functional role of these contacts has not been established
(6). The absence of morphological junctions between EE
and cardiomyocytes would not of course exclude an elec-
trotonically propagated influence of the EE syncytium on
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excitability and conduction in closely subjacent cardio-
myocytes and Purkinje fibers.

The EE syncytium can be likened functionally to one
big cell with a very large membrane surface area; in
comparison, the smaller cluster of the subjacent terminal
Purkinje fiber network and dense subendocardial neural
plexus can be functionally modeled as single small cells.
Any electrical change in the membrane of the big cell will
be electrotonically propagated to the small cell; electro-
tonic propagation in the reverse direction would, how-
ever, be negligible. Similarly, electrotonic effects emanat-
ing from the high capacitive cardiomyocytal syncytium
could propagate to the EE, Purkinje network, and neural
plexus. Experimental proof is lacking, but it would follow
that EE cells, although “electrically silent” in the sense
that they do not display regular action potentials, would
depolarize to ECl and repolarize to EK concomitantly with
each action potential of the closely adjacent cardiomyo-
cytes (59, 173). The syncytial character of EE is essential
to the establishment of a putative barrier with unidirec-
tional transcellular transport of ions. It would moreover
serve to amplify (39, 496) the release of endothelium-
derived paracrine substances, and it well suits the above
suggested sensor function for the EE.

B) ELECTROPHYSIOLOGICAL FEATURES OF THE BHB. EE cells are
in fact highly active electrically. Electrophysiological
studies reveal the presence of a large number of mem-
brane ion channels (inwardly rectifying K� channels,
Ca2�-activated K� channels, background Cl� and cation
channels, volume-activated Cl� channels, stretch-acti-
vated cation channels) and, at least, one carrier-mediated
transporter (Na�-K�-ATPase) (173, 175, 177, 231, 307,
351). The asymmetrical luminal versus abluminal (350)
localization of ion channels and of Na�-K�-ATPase sug-
gests a net transcellular transport of ions from the blood
to the cardiomyocytal interstitium, and vice versa, by
passive diffusion through ion channels and by active car-
rier-mediated transport. Transendocardial electrical resis-
tance values of 50–80 ��cm2 in near-confluent monolay-
ers of cultured porcine right ventricular EE have been
recorded (P. Fransen, unpublished observations). Al-
though probably underestimated, they were still two to
five times higher than in other endothelia (6–25 ��cm2)
(28), consistent with our conjecture that EE functions as
an active barrier between the circulating blood and the
cardiomyocytal interstitium. The combined application of
electrophysiological techniques, Western blot, and RT-
PCR in porcine cultured EE cells and of immunostaining
in ultrathin rat ventricular cryocoupes demonstrated co-
pious expression of Na�-K�-ATPase, predominantly of
the �1-type and typically confined to the luminal mem-
brane of the EE cells (174) (Fig. 9). This asymmetrical
configuration could account for net transport of Na� from
the heart to the blood and of K� from the blood to the
heart. A lower interstitial Na� in the heart would appro-

priately provide for electrical stability (in contrast to
brain, where a higher interstitial Na� rather favors excit-
ability).

Accordingly, there is growing functional morpholog-
ical and electrophysiological evidence to support the con-
cept of EE as an active BHB. Apart from its role as a
paracrine-mediated regulator of myocardial performance,
particularly in the right ventricle, an active EE BHB could
be of key importance for the overall ionic homeostasis of
the interstitial milieu surrounding the adjacent excitable
myocardium, the immediately subjacent terminal Pur-
kinje fiber network, and the dense subendocardial neural
plexus (330, 359, 644). Interaction of EE with the latter
two structures and its role in controlling conduction and
rhythmicity await experimental evidence. It appears likely
though that all EE cells act in solidarity as a functional
syncytium to achieve a complex, finely tuned, auto- and
paracrine-mediated physicochemical barrier between the
circulating blood and subjacent cardiac tissue. Such
would create optimal conditions for coordinated re-
sponses, as is necessary for a sensor device within the
endothelial system.

3. Cardiac endothelium and rhythmicity of the heart

Evidence that cardiac endothelium might be involved
in the control of rhythmicity first came indirectly from
studies on the effects of prostaglandins on arrhythmias
occurring during reperfusion of temporarily coronary-li-
gated dogs (90). These pointed to an antiarrhythmic ac-
tion of endothelium-derived prostacyclin (PGI2) and a
proarrhythmic effect of platelet-derived thromboxane C
actions, which were ascribed largely to the coronary va-
sodilating and vasoconstricting effects of PGI2 and throm-
boxane, respectively. A direct stabilizing action of PGI2 on
rhythmicity, however, was also demonstrated in the dog
(16). Subsequent studies have emphasized the important
role of cardiac endothelium in suppressing arrhythmias
(430, 436). The antiarrhythmic (89, 618) action of ACE
inhibitors, for example, was ascribed to inhibiting the
bradykinin breakdown with subsequent release of the
antiarrhythmic NO and PGI2, rather than to inhibition of
angiotensin (331, 333, 435, 436, 578, 606). These beneficial
effects could be attenuated by treatment with bradykinin
receptor antagonists or inhibitors of the COX and L-argi-
nine-NO pathways (436). It was also shown that pro-
nounced cardiac endothelial dysfunction preconditioned
for severe arrhythmias (219). The underlying mechanisms
involved in the antiarrhythmic effects of endothelium-
mediated NO and PGI2 remain incompletely understood
(219, 437). Various possible mechanisms may be put for-
ward. They could, for example, involve better balancing
of the myocardial cAMP-to-cGMP ratio by optimizing rel-
ative NO and PGI2 activities (3, 24); normally, the latter
messengers are closely linked, for NO stimulates PGI2
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production directly by activating COX (493, 537). It could
also involve modulation of cardiac endothelial and myo-
cardial Na�-K�-ATPase activity (3, 357). The latter mech-
anism could partly explain why digoxin-induced arrhyth-
mias are suppressed by endothelium-released NO, for by
elevating myocardial cGMP, NO would indeed suppress
the digoxin-induced increase in myocardial cAMP (455).
Similarly in experiments on mice, it was shown that NO
derived from ecNOS activation in single cardiomyocytes
suppressed ouabain-induced arrhythmias through in-
creased cGMP (292). Additional indirect mechanisms
would operate through reduction of the arrhythmogenic
activity after �-adrenergic activation in the heart (151,

524). NO also accelerates diastolic depolarization of the
sinoatrial node (44), exerting a positive chronotropic ef-
fect that can itself be antiarrhythmogenic by overdrive
suppression. That, in some experimental conditions of
ischemia-reperfusion-induced arrhythmias, the NO path-
way may appear to be beneficial and, in other ones,
detrimental, is not really surprising (524).

The actions of endothelium-derived ET on cardiac
rhythmicity are even more complex and unpredictable in
their outcome. As we noted earlier, in the normal heart
ET-1 mRNA is expressed exclusively in coronary vascular
and cardiac endothelial cells (372), while ETA/ETB recep-
tor mRNA are expressed both in endothelial cells and

FIG. 9. Asymmetrical distribution of �1-Na�-K�-ATPase in endocardial endothelial cells. A and B: inhibition of �1-Na�-K�-ATPase by lowering
extracellular K� concentration ([K�]o) in cardiac muscle with (�EE) and without (�EE) endocardial endothelium. Peak rate of isometric twitch
force development (dF/dt)max (A) and time from stimulus to half-isometric twitch relaxation tHR (B) are shown, as a function of [K�]o in isolated
papillary muscles from rabbit right ventricle. Parameteres were determined in muscles with the endocardial endothelium removed (�EE, solid
symbols) and muscles with intact endocardial endothelium (�EE, open symbols) (n � 7) and expressed as percentage of baseline value at 5 mM
[K�]o in �EE and �EE muscles, which was taken as 100%. All data are expressed as means � SE. The stimulation frequency was 36/min. Note the
different scaling of the y-axis. Repeated-measures ANOVA was performed on the raw data (after logarithmic transformation for homoscedasticity)
to analyze the effects of [K�]o and the influences of an intact EE. Differences were considered statistically significant when P � 0.05. *Significant
difference from the baseline value at 5 mM [K�]o (P � 0.05). P values for statistical comparison of [K�]o curves between �EE and �EE muscles
were 0.025 for (dF/dt)max and 0.0005 for tHR, indicating that inhibition of the �1-isoform of the Na�-K�-ATPase in EE at [K�]o of 5 to 2 mM causes
a significant negative inotropic effect. C: double immunostaining of cryostat sections of rat heart for PECAM (red) and �1-isoform of the
Na�-K�-ATPase (green). PECAM outlined endocardial endothelial cells especially at sites of cellular overlap and also stained the abluminal side of
cells as seen at the nuclei (arrows, asteriks). �1-Isoform staining was present at the luminal side of EE cells only, which was evident at the side of
the cell nuclei (green arrows). Overlap between �1-isoform and PECAM staining is indicated by yellow, which is absent at the abluminal side of EE
cells (yellow arrows). D: RT-PCR of �1- and �2-subunit isoforms of Na�-K�-ATPase in isolated rabbit cardiomyocytes (C) and rabbit cultured EE
cells (E). M, molecular weight marker. Marker fragment lengths are shown on the left. The �1- and �2-primers amplify a 289-bp and 205-bp fragment
of rabbit �1- and �2-subunits, respectively. The �1-isoform of the Na�-K�-ATPase was present in cardiomyocytes and EE cells, whereas the
�2-isoform was present in myocytes only and not in EE cells. [Modified from Fransen et al. (174) and kindly provided by Paul Fransen.]
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cardiomyocytes, and interestingly, also in the atrioven-
tricular conducting system (395).

Electrophysiological studies with voltage-clamped
isolated cardiomyocytes suggest that ET has cardiopro-
tective, “membrane stabilizing” properties; it inhibits
the protein kinase A-dependent chloride current (244,
425, 426) whose conductance is induced by cat-
echolamines through �-adrenergic receptors. By short-
ening the action potential duration, it thereby counter-
acts the simultaneously increased L-type Ca2� current.
Inhibition of this current by ET would thus tend to
counteract the potentially detrimental arrhythmogenic
effects of increased plasma levels of catecholamines.
The cardioprotective effects of ET-1 were recently en-
dorsed by the observation that ET-1 could also counter
�-adrenergic agonist-induced apoptosis in single, iso-
lated cardiomyocytes (15).

Contrary to these in vitro studies in single cardio-
myocytes are the manifest proarrhythmogenic effects
of ET in vivo. ET may as a potent vasoconstrictor elicit
arrhythmias secondary to coronary vasoconstriction
(35, 565, 566), although observations that ET-induced
ventricular arrhythmias may precede overt evidence of
myocardial ischemia have led to suggestions that it
could also have a direct arrhythmogenic effect (35,
565). On the other hand, reperfusion of ischemic rat
hearts in the presence of ET-1 did not cause the ex-
pected reperfusion-induced increase in inositol 1,4,5-
trisphosphate (IP3); given the proarrhythmogenic po-
tential of IP3, ET-1-induced inhibition of IP3 generation
during myocardial reperfusion would represent a novel
antiarrhythmic mechanism (242, 627). Accordingly,
given the many contradictory reports on the arrhyth-
mogenic properties of ET-1, which may vary depending
on pathophysiological concomitant events, anti-ET-1
therapy should be established with caution. As with
NO, the multiple mechanisms of action both of ET and
of arrhythmogenesis predict unpredictability of out-
come.

One last point concerns the question whether endo-
thelium could be involved in the electrical control of the
heart other than through its active barrier properties (for
the EE) or auto- and paracrine mechanisms. It was re-
cently demonstrated that protein constituents of the gly-
cocalyx in the MyoCapE could be specifically involved in
the coronary flow-induced control of cardiac rhythmicity
by the cardiac endothelium: antibodies against the endo-
thelial surface proteins, �V�5-integrin and sialyl-Lewis gly-
can, depressed the dromotropic (rhythmicity-related) but
not the inotropic effects of coronary flow-induced stress,
whereas the vascular cell adhesion molecule (VCAM)-1
antibody had no effect on the dromotropic but enhanced
the inotropic response to flow (486).

IV. CARDIAC ENDOTHELIAL DYSFUNCTION:

ROLE IN THE PATHOGENESIS OF

CARDIAC FAILURE

Over the past two decades, we have witnessed a
profound shift in the conceptual paradigms we apply to
the syndrome of cardiac failure. Regardless of its etiology,
it is generally progressive. It involves the recruitment of
many compensatory mechanisms, such as cardiac dilata-
tion and hypertrophy, as well as neurohormonal, cyto-
kine, and endothelial cell activation. These cardiac and
extracardiac adaptations can, however, become maladap-
tive and may eventually fail, leading to the overt clinical
syndrome of cardiac failure. Maladaptation and failure are
characterized by hemodynamic abnormalities, neurohor-
monal imbalance, cytokine overexpression, and endothe-
lial dysfunction. The emerging pathophysiological picture
of this multifactorial and progressive syndrome is one of
failing “complexity,” rather than of failure of a single
organ, a single cell, molecule, or gene (108).

A. Endothelial Activation and Dysfunction

The terms endothelial activation and endothelial

dysfunction (Fig. 10) are widely used but ill defined.
Endothelial activation was introduced to describe
changes in endothelial phenotype as part of physiological
adaptative response to various possible injuries or stres-
sors. These phenotypic changes include alterations in the
cytoskeleton, the signaling cascades, and transcription
factors, with rearrangement of gene expression (21, 106).
The wide spectrum of phenotypic changes observed sug-
gests that there may be numerous degrees of different,
often overlapping, states of endothelial activation, ex-
tending as one continuous spectrum into manifest endo-
thelial dysfunction. Endothelial dysfunction implies
pathophysiological dysregulation and has been applied to
conditions where endothelial activation is deemed to
have become inappropriate, or maladaptive, or perma-
nent. Why in some forms cardiac endothelium normalizes
again while in others becomes or remains dysfunctional
needs further investigation. Endothelial dysfunction may,
in extreme cases, moreover lead to overt structural injury,
and eventually to endothelial necrosis and frank denuda-
tion.

The clinical literature on endothelial (dys-)function
relates mostly to impaired, endothelial NO production
and bioavailability. The term endothelial dysfunction was
introduced for conditions in which endothelium-mediated
NO release in response to acetylcholine, bradykinin, sub-
stance P, or serotonin, and the expected vasodilation had
become deficient, compared with the response to the
direct smooth muscle-mediated vasodilatatory response
to adenosine or to various so-called NO donor substances,
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such as nitroprusside. In addition to a deficient NO path-
way, the diagnosis of endothelial dysfunction should,
however, also take into account the many other auto-/
paracrine signaling pathways (ECE, COX, ACE) and its
(anti-)growth, (anti-)inflammatory, and (anti-)coagulant
properties. Experimental studies have indicated that var-
ious environmental, endothelial stressors, such as inflam-
matory stress (cytokines), oxidative stress, and hypoxia,
induce alterations of the endothelial phenotype far be-
yond a mere imbalance of the traditionally described
paracrine signalings.

B. Peripheral Vascular Endothelial Dysfunction

in Cardiac Failure

Experimental and clinical observations have shown
that endothelial cell activation followed by endothelial
dysfunction in cardiac failure is widespread. In both con-
ductive and resistance vessels, as for example in skeletal
muscle, endothelial dysfunction has been invoked to ex-
plain early fatigue and exercise intolerance in cardiac
failure; inappropriate, endothelium-mediated, vasocon-
strictor responses with reduced vasodilatory capacity
were thought to contribute to the elevated peripheral
vascular resistance (126, 249, 261, 291, 312, 427). Periph-
eral endothelial dysfunction was shown to be an early
finding in the progression of cardiac failure (27, 410) and
ascribed to reduced gene expression of ecNOS and COX-1

(542). Endothelial dysfunction in cardiac failure has also
been observed in renal, in mesenteric, and in pulmonary
vasculature (128, 131, 272, 427, 491). Perhaps most dele-
terious are the changes in the pulmonary vascular endo-
thelium, because these may lead to impaired clearance of
blood-borne constituents and deterioration of overall car-
diovascular regulation (see sect. V).

Accordingly, there is ample experimental and clinical
evidence that peripheral vascular endothelial dysfunction
characterizes and contributes to the syndrome of cardiac
failure (161) (Fig. 11). But what about coronary and car-
diac endothelial dysfunction in cardiac failure?

C. Coronary Endothelial Dysfunction

in Cardiac Failure

The suggestion of coronary endothelial dysfunction
in cardiac failure followed the demonstration of micro-
spasm in the coronary circulation of Syrian hamsters with
dilated cardiomyopathy and of mice infected with Chagas
disease (147, 148). Later studies in various experimental
animal models (267, 275, 424, 612) as well as in patients
with cardiac failure provided direct evidence of endothe-
lial dysfunction in conductive and resistance coronary
arteries. In particular, coronary circulation in these pa-
tients displayed impaired dilatory responses to acetylcho-
line or to bradykinin (168, 237, 413, 587). Coronary endo-
thelial dysfunction was thus attributed to decreased

FIG. 10. Cardiac endothelial activa-
tion-dysfunction is characterized by a
wide spectrum of possible phenotypic
changes, inluding, in addition to the well-
recognized changes in auto- and para-
crine coupling, altered receptor activity,
altered growth peptide signaling, as well
as altered (anti)-inflammatory and (anti)-
coagulant properties. The various dis-
eases and stressors or injuries causing
cardiac endothelial activation and subse-
quent dysfunction are also listed.
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coronary endothelial synthesis of NO and seen as an early
event in the progression of cardiac dysfunction and fail-
ure (69, 362). These studies have led to the concept that
coronary vascular endothelial dysfunction in patients
would trigger inappropriate coronary vasoconstriction,
smooth muscle proliferation and remodeling, increased
lipid deposition in the vessel wall, and possibly coronary
thrombosis; these processes would further accelerate cor-
onary artery disease and by impaired myocardial perfu-
sion indirectly contribute to the progression of cardiac
failure and ischemic cardiomyopathy (124, 125, 196, 342).
Moreover, impaired myocardial angiogenesis leading to
reduced myocardial perfusion and fatal ischemic cardio-
myopathy has been observed in mutant mice which lack
the vascular endothelial growth factor isoforms VEGF164

and VEGF188 and express only the VEGF120 isoform (72).
This suggests a further possibly relevant consequence
with impairment of myocardial angiogenesis if the endo-
thelial dysfunction includes also VEGF production.

There has to date, however, been no experimental
evidence demonstrating a direct interplay between dys-
functional coronary arterial endothelium and the fail-

ing myocardium. The direct involvement of cardiac (EE
and MyoCapE) endothelium in modulating myocardial
growth, contractile performance, and rhythmicity sug-
gests however that endothelial dysfunction at these two
sites could be important in the pathogenesis of cardiac
failure (9, 56, 58).

D. Cardiac Endothelial Dysfunction

in Cardiac Failure

What is the current evidence that EE and MyoCapE
may become dysfunctional and participate in cardiac fail-
ure? A number of clinical conditions selectively damage
the endocardium and subendocardial interstitial tissue,
such as endocarditis, pheochromocytoma, carcinoid syn-
drome, hypereosinophilic endomyocardial fibrosis (Löff-
ler), endocardial fibroelastosis, and ageing. The role of the
EE in these diseases has only recently been addressed.
Typical morphological EE cellular lesions have now been
described in conditions of ventricular volume (361) or
pressure (81, 541) overloading, in experimental diabetes

FIG. 11. Role of endothelial dysfunction in the progression of chronic cardiac failure. The diagram depicts the four
major underlying and mutually interacting pathophysiological mechanisms. 1) Hemodynamic abnormality includes
cardiac dysfunction and overloading (increased pre- and afterload) with cardiac dilatation (Starling) and remodeling
(hypertrophy), cardiac muscle (decreased myocardial contractility), and pump failure leading to congestive heart failure
(CHF) and death. 2) Neurohormonal imbalance includes increased plasma levels of catecholamines, renin-angiotensin-
aldosterone, antidiuretic hormone, atrial and brain natriuretic peptide, prostaglandins, and dopamine. 3) Cytokine
activation includes overexpression and detrimental effects of various cytokines, as, e.g., tumor necrosis factor-� (TNF-�)
and interleukin-1 and -6 (IL-1, IL-6), on both myocardium and vascular and cardiac endothelium. 4) Endothelial
activation-dysfunction-failure involves the entire vascular endothelial system (VE dysf), but most in particular cardiac
(EE and MyoCapE) endothelial dysfunction. %Percentage of cardiac output at rest exposed to VE surface.
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and hyperlipidemia (457), as well as in cocaine-induced
cardiomyopathy (197). Experimental in vitro studies have
demonstrated selective damage of the EE after exposure
to high concentrations of a number of neurohormones
and stressors, known to be pathogenetic risk factors in
vivo, such as high plasma levels of catecholamines, an-
giotensin, atrial natriuretic peptide, serotonin, vasopres-
sin, ox-low-density lipoproteins, homocysteine, cholic
acid, and eosinophils; these lesions were accompanied by
profound changes in the mechanical performance of sub-
jacent myocardium (564). Endothelial damage and dys-
function have also been observed in myocardial capillar-
ies in hypertension, diabetes, hyperlipidemia, and
ischemia-reperfusion (423, 462). Most cardiovascular risk
factors known to be pathogenetic for other vascular en-
dothelial cells (224) appear to affect also EE and Myo-
CapE as early targets, contributing to the etiology and
progression of cardiac failure.

The association of such lesions in EE and MyoCapE
with these conditions suggests that they might contribute
causally to cardiac failure, but experimental evidence that
they do has been missing. In a study in isolated papillary
muscles from a model of dilated cardiomyopathy induced
by 3-wk overdrive pacing in dogs, the inotropy dose-
response curve to increasing concentrations of the �-ag-
onist phenylephrine showed a significant shift to the
higher concentrations, similar to that obtained after se-
lective EE damage of muscles from control animals (324),
although no morphological EE damage was seen on scan-
ning electron microscopy. This suggested that EE had
become dysfunctional or that desensitization of the EE
�-receptors had occurred. A similar model in rabbit in-
duced a substantial amount of F-actin stress fibers in EE
cells with many myofibroblast-like cells in the subendo-
cardium (9, 253). Desensitization of endothelial �-recep-
tors in cardiac failure was demonstrated in MyoCapE
cells isolated from biopsies of patients with various forms
of cardiomyopathy with reduced NO production in re-
sponse to acetylcholine, bradykinin, and �-agonists (267).
MyoCapE from patients with dilated idiopathic or isch-
emic cardiomyopathy displayed a distinct phenotypic
shift in endothelial antigen expression for PAL-E, the
functional implications of which remain uncertain, al-
though it adds evidence to the concept that changes in
MyoCapE occur in chronic cardiac failure, despite lack of
other signs of MyoCapE activation, such as expression of
adhesion molecules VCAM and E-selectin or of the TGF-�
binding protein endoglin (358). In another study, immune
activation by major histocompatibility complex expres-
sion of MyoCapE was demonstrated in a substantial pro-
portion of patients with idiopathic dilated cardiomyopa-
thy, suggesting inflammatory changes (294).

Cardiac endothelial dysfunction is, similarly as coro-
nary vascular endothelial dysfunction, probably an early
event in the progression toward cardiac failure. In mod-

erate pressure-overload left ventricular hypertrophy in
guinea pigs, for example, the typical expected endothe-
lium-dependent NO-induced earlier onset of ventricular
relaxation was totally suppressed (344). In this same ex-
perimental model, it could, moreover, be demonstrated
that coronary endothelial protection from oxidative stress
with resulting enhanced NO bioavailability could signifi-
cantly inhibit the development of left ventricular hyper-
trophy (36) and restore left ventricular relaxant response
to endogenous NO (343a).

More convincing still in favor of a role of cardiac
endothelial dysfunction in cardiac failure were experi-
ments in Langendorff-perfused rat hearts 4 wk after cor-
onary ligation (463) (Fig. 12). In this postinfarction model
of cardiac failure, the endothelium-mediated increase in
coronary flow in response to serotonin was totally sup-
pressed. In papillary muscles removed from these failing
hearts, the typical EE-mediated abbreviation of the iso-
metric twitch observed in control muscles in response to
selective EE damage was also absent, an effect which
could be prevented by pretreatment with the ACE inhib-
itor captopril. The progression toward cardiac failure and
death could be accelerated if the MyoCapE were experi-
mentally damaged by intracoronary low-dose Triton at
the time of the coronary ligation (336).

E. Role of NO

The selective emphasis on NO noted in the recent
vascular clinical literature has tended to characterize re-
search also in cardiac research. There have been many
studies on the expression of NOS in cardiac tissue from
failing hearts. Excessive NO production secondary to the
induction of iNOS in failing cardiac tissue would, as in
septic shock (460, 592), be expected to depress cardiac
contraction. This idea has been strengthened further by
the observation of high plasma and tissue levels of various
cytokines, such as TNF-�, known to induce iNOS (213,
257, 499, 501, 584). Others however, based on studies in
pacing-induced cardiac failure in dogs, have questioned
the role of plasma cytokines in the pathogenesis of car-
diac failure (474). The major sources of TNF-� production
in human idiopathic dilated cardiomyopathy are the car-
diomyocytes and cardiac endothelium (538). Increased
cardiac tissue levels of TNF-� may directly depress car-
diac function and cause dilated cardiomyopathy (51, 293,
428); the resultant iNOS-dependent coexpression of NO
could moreover foster a self-sustaining auto-/paracrine
feedback to provoke further TNF-� expression (252).

The observations on NOS expression in cardiac fail-
ure have been disappointingly conflicting. Expression of
iNOS, for example, is often present in cardiac tissue from
failing hearts (103, 127, 183, 211, 221, 501, 576) but has not
always been consistently observed (103, 183, 211, 266,
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552, 576). The findings differed depending on the etiology
(dilated idiopathic, ischemic, hypertrophic) of the cardiac
failure or on the iNOS measuring technique (mRNA, pro-
tein, immunohistochemistry). Equally conflicting has
been the evidence relating to ecNOS in failing cardiac
tissue. In end-stage failing human hearts, ecNOS protein
expression was increased in subendocardial cardiomyo-
cytes but decreased in the MyoCapE (183). ecNOS mRNA
was decreased in one study (127) but increased in cardio-

myocytes in another study (552). The differential expres-
sion of ecNOS in normal hearts and the potential for its
upregulation in cardiomyocytes has been discussed above
and may account for these apparently conflicting findings.

Meanwhile, the role of NO and of ecNOS/iNOS ex-
pression in cardiac tissue from various forms of cardiac
failure remains controversial (103, 127, 183, 211, 221, 265,
266, 501, 552, 576).

Also unclear is the precise role on cardiac function,
regardless of the cardiac cellular source, i.e., endothelial
cells or cardiomyocytes or macrophages, of the above
alterations in cardiac NO production. Intracoronary ad-
ministration of NG-monomethyl-L-arginine (L-NMMA) in
patients with various degrees of ventricular dysfunction
had no overall effect on ventricular contractile function
(217). Similarly, Drexler et al. (127) reported that L-NMMA
had no effect on contractile performance of cardiac mus-
cle isolated from human hearts with end-stage cardiac
failure. Paulus and colleagues (227, 444, 648) found a
significant, inverse relationship between ventricular stiff-
ness and iNOS and ecNOS expression in endomyocardial
biopsies from patients with dilated cardiomyopathy and a
strong positive correlation of endocardial and subendo-
cardial iNOS and ecNOS expression with ventricular con-
tractile performance, suggesting a beneficial effect of en-
dothelium-derived NO in these patients (Fig. 8) (443).
Endogenous NO was also shown to be cardioprotective in
patients with idiopathic dilated cardiomyopathy by spar-
ing myocardial oxygen consumption through attenuation
of the contractile response to �-adrenergic stimulation
(533).

Contrary to these protective actions, the very high
NO concentrations resulting from the cytokine-induced
overexpression of cardiac iNOS in sepsis-induced myo-
cardial dysfunction (460) and virus-associated (29) car-
diomyopathy have, commonly, been invoked as the major
mediator of myocardial depression. The putative detri-
mental effects of these very high iNOS-induced NO con-
centrations are further supported by the observation that
mutant iNOS-deficient mice are protected against endo-
toxin-induced myocardial dysfunction (592). Mice lacking
iNOS have, moreover, improved left ventricular contrac-
tile performance, reduced apoptotic cell death, and re-
duced mortality rate late after myocardial infarction
(494). Transgenic mice overexpressing iNOS, on the other
hand, did not develop cardiac failure (222).

An acute, endoxin-induced septic model of cardiac
failure in rabbit was shown by immunostaining to exhibit
transient coinduction of iNOS and inducible COX (COX2)
in EE and endothelium of coronary arterioles, peaking at
�10–12 h, with normalization after 36 h (370). Simulta-
neously, the baseline supportive actions of endogenous
cardiac ET and PGI2 on myocardial inotropism were tran-
siently accentuated, and the inotropic response to exog-
enous ET-1 was also significantly enhanced during this

FIG. 12. MyoCapE and EE dysfunction in 4-wk postinfarct cardiac
failure in rat. Top left: effects of serotonin-induced (endothelium-depen-
dent) increase in coronary flow in Langendorff-perfused rat heart. In-
farct: cardiac failure 4 wk after coronary ligation. Marked increase in
coronary flow in hearts from control animals indicates normal endothe-
lium-dependent coronary vasodilatation, which is lost in the untreated
postinfarct animals but preserved under treatment with the angiotensin-
converting enzyme inhibitor captopril. Top right: same as in left, but in
50% of the infarct plus captopril group a bolus of Triton X-100 at 1:400
concentration was injected in the aorta just above the coronary arteries;
after 15 min, serotonin was delivered and coronary flow measured.
Bottom: percent decrease in total tension (TT) due to twitch abbrevia-
tion following selective EE removal by a short 0.5% Triton X-100 expo-
sure in isolated papillary muscle (see also Fig. 1, twitches below). In
control muscles with intact EE before EE damage, decreased TT
amounts to �11%. The significant fall in this value in the muscles from
postinfarct animals indicates that EE had already become dysfunctional
or damaged before the experimental EE removal with Triton X-100.
Preservation of a functional EE under captopril was not abolished in the
hearts that in addition had received an intracoronary bolus of diluted
Triton X-100. [Modified from Qi et al. (463).]
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transient phase. These observations present another ex-
ample of an adaptive state of cardiac endothelial activa-
tion, illustrating the need always to consider all interact-
ing signaling pathways simultaneously.

F. Role of ET

Plasma ET-1 levels are raised in heart failure, al-
though the significance of these findings was initially
questioned because the plasma levels were much lower
than those used in pharmacological studies (106, 108).
The emphasis thus switched to its abluminal secretion
and receptor binding properties, plasma ET-1 levels being
regarded as luminal spillover, impaired clearance, or aug-
mented ET release in the pulmonary circulation (131, 272,
550, 551). Levels of ET-1 are enhanced also in EE and
MyoCapE as well as in cardiomyocytes of failing hearts.
In septicemia and cardiac failure, endothelial cells and
macrophages, rather than cardiomyocytes, appeared to
be the principal sites of cardiac ET-1 synthesis (182).
Marijianowski et al. (358) also found no ET expression in
cardiomyocytes from patients with chronic cardiac fail-
ure. ppET-1 and ET-1 mRNA and protein levels were
markedly upregulated however in cardiomyocytes from
infarction-induced failing rat hearts (277). Myocardial in-
terstitial ET-1 levels were decreased in pacing-induced
cardiac failure in pigs, despite increased total myocardial
tissue ET-1 content, suggesting increased ET-1 uptake,
perhaps by cardiomyocytes, in failing hearts (143). ECE-1
mRNA and activity were significantly upregulated how-
ever in isolated cardiomyocytes from failing hearts, sug-
gesting activation of a local ET-1 system at the level of the
cardiomyocyte (143). Upregulation of a local ET-1 system,
with increased mRNA for ppET-1, ECE-1 and ETA and
ETB receptors, was demonstrated also in cardiomyocytes
from patients with ischemic but not idiopathic dilated
cardiomyopathy, notwithstanding a similar increase in
plasma ET-1 in the two groups (518). In another study on
end-stage chronic cardiac failure in patients with dilated
cardiomyopathy, no significant changes in mRNA expres-
sion for ppET-1, ECE-1, and ETA receptors were observed
compared with control hearts (657); the increased tissue
ET-1 concentrations in the latter study, along with down-
regulation of ETB receptor mRNA, would suggest dimin-
ished ET-1 clearance rather than increased myocardial
ET-1 synthesis.

Activation of the ET-1 pathway might be considered
to be adaptive initially (241, 492), although soon becom-
ing maladaptive (241), with suggestions that excessive
activation of the ETA receptors on the cardiomyocytes
could lead to direct toxic effects, inappropriate hypertro-
phy, exhaustion of contractile reserves by chronic inotro-
pic stimulation, and ventricular arrhythmias. It was re-
cently suggested, however, that ET-1 may rather act as a

protective factor in blocking either �-adrenergic agonist-
induced (15) or oxidant stress-induced (251) apoptosis in
cardiomyocytes via its ETA receptor pathway involving
multiple downstream signalings, such as, e.g., the cal-
cineurin pathway. Moreover, ET-1 was demonstrated to
have a unique oxygen-saving effect by increasing cardiac
contractile efficiency (570). In addition, potential antiar-
rhythmic properties of ET are discussed above (see sect.
III) (244, 426, 627).

G. Role of Other Myocardial-Endothelial

Signaling Pathways

The conflicting findings relating to iNOS and ecNOS
expression or functional role in cardiac failure may, as
has been discussed above, be related to arbitrary compar-
ison of different animal or human models or of different
etiologies of cardiac failure, to tissue sampling taken at
different stages during the progression of the disease, to
the uncertainty of the cellular source (cardiomyocyte,
endothelial cell, macrophage), or to the use of different
immunohistochemical or molecular biological measuring
techniques (445, 524). More important perhaps is the near
absence in most of these studies of a systematic analysis
of the other endothelial phenotypic changes characteris-
tic of endothelial activation or dysfunction (Fig. 10),
which include not only ET and NO, but also PGI2, ANG II,
atrial natriuretic peptide, aldosterone, and the more re-
cently discovered NRG, VEGF, and angiopoietin signaling
pathways. It was recently reported, for example, that both
mRNA and protein levels of ErbB2 and ErbB4 receptors
were downregulated at an early stage of cardiac failure in
adult animals with chronic hypertrophy secondary to aor-
tic stenosis (481, 639). Knock-out of NRG-1 in this same
aortic stenosis animal model did not suppress myocardial
hypertrophy, but it did accelerate the development of
cardiac failure (638). These observations suggest a role
for impaired NRG-ErbB receptor signaling pathway in the
transition from compensatory hypertrophy to failure. This
view has received indirect support from clinical observa-
tions in patients with breast cancer treated with a mono-
clonal antibody against ErbB2, trastuzumab (Herceptin).
A high incidence of severe trastuzumab-induced cardio-
toxic cardiomyopathy was observed (152). Mice with con-
ditional ventricle-restricted knock-out of the ErbB2 recep-
tor survive into adulthood but display a rapid onset of
dilated cardiomyopathy (78). Whereas the large portion of
these animals die prematurely, the survivors display a
significant reduction in left ventricular ejection fraction,
increased end-diastolic dimensions, myofiber disarray,
and upregulation of myocardial atrial naturetic peptide
and brain natriuretic peptide (97, 429). In cultured cardio-
myocytes, trastuzumab caused severe cardiomyopathic-
like changes, including disorganization of the cardiomyo-
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cyte cytoskeleton, effects which were blocked or
reversed by the addition of NRG (507). Whereas ErbB2

overexpression has been associated with the develop-
ment of neoplastic transformation, ErbB2 receptors and
the NRG-ErbB2 pathway thus seem at the same time to be
cardioprotective. How and to what extent the NRG-ErbB
signaling may become maladaptive and contribute to the
progression of cardiac failure is still unclear (78, 79).
Similarly, surviving 5-HT2B receptor-deficient mice exhibit
cardiomyopathy with severe vertricular dysfunction and
no hypertrophy, perhaps through interaction with the
ErbB2 pathway (412).

Finally, following hypoxia-reoxygenation in adult
rats, the VEGF-Flt-1/Flk-1 and the angiopoietin 1/2-Tie1/2
pathways are significantly upregulated and could, to-
gether, constitute a potential basis not only for chronic
adaptive angiogenesis, but also for myocardial remodeling.

Accordingly, these findings support the idea of car-
diac endothelial activation as an adaptive response often
followed by dysfunction at the early stages of cardiac
failure. All major cardiovascular risk factors, including
hyperlipidemia, hypertension, smoking, oxidative stress,
and diabetes, could contribute to these early events. En-
dothelial auto- and paracrine signaling pathways and
most other endothelial activation processes are intimately
interconnected and interdependent so that activation or
disturbance of any will necessarily affect the others lead-
ing to a disturbance of the many cardiac endothelium-
myocardial interactions and their normal balance, with a
detrimental overall functional outcome that underlies the
development and progression of heart failure. The many
conflicting data in recent literature on the role of endo-
thelial dysfunction in cardiac failure have reemphasized
the need always to consider all interacting signaling path-
ways simultaneously.

V. THE ENDOTHELIAL SYSTEM: CONJECTURAL

ROLE OF CARDIAC ENDOTHELIUM

Over the past two decades, physiological sciences
have witnessed the emergence of the unified concept of
an endothelial system. Despite a number of vascular bed-
specific heterogeneities, the endothelium can indeed be
viewed as one contiguous structural and functional tissue
entity within the body. It is, therefore, tempting to view
the endothelium as an autonomous, though well inte-
grated, system within the cardiovascular system. Based
on this conjecture, the endothelial system can be seen to
act in parallel with and closely linked to other systems:
the endocrine system, the immune system, and the central
nervous system. All are also well integrated within the
cardiovascular system and are all similarly and in concert
involved in maintaining overall internal homeostasis of
the body. Of all systems, the endothelial system appears

to be perhaps the least unstable. Because of its unique
position at the interface between on the one hand the
individual organs containing part of the central nervous
system, and on the other hand the circulating blood car-
rying most of the endocrine and immune system, the
endothelial system is indeed well placed to fulfill a central
integrating and stabilizing role for the other homeostatic
processes. In a remarkable and provocative review,
Ameen (4) has proposed, within a unified concept of the
endothelial system, that the highest level of processing
and stabilizing control resides in the vascular endothe-
lium of the pulmonary circulation through which all the
circulating blood necessarily passes. He postulated that
the latter endothelium together with the EE would con-
stitute the central vascular endothelium (CVE) with the
pulmonary vascular endothelium acting as the central
controlling device. We would add that the EE could be
comparably important as a (differential) input-output sen-
sor and feedback device coupled to the CVE.

This proposed CVE represents the largest endothelial
surface in the body. It provides the largest single source
of endothelial enzymes and contains the highest tissue
concentration of endothelial mediators. It receives all
circulating blood at least once every 2 min at rest, and
more frequently during exercise. The pulmonary vascular
endothelium is an important site for biosynthesis as well
as clearance of numerous blood-borne molecules, while
the EE probably contributes less insofar as exposure is
briefer. The CVE is the only site of the endothelial system
where the overall composition of the blood can be al-
tered, adjusted, or normalized quickly and efficiently. The
list of blood-borne substances, hormones, and mediators,
whose concentration is continuously adjusted by the
CVE, is a long one, including serotonin, norepinephrine,
ET, ANG I, bradykinin, substance P, enkephalins, and
various biogenic amines. These adjustments can be con-
veyed and distributed to all components of the organ-
oriented peripheral vascular endothelium for further ad-
justments and consumption commensurate to local,
organ-specific requirements.13 To illustrate this with just

13 In medicine today, most research effort (and money) is still
directed toward studying relatively small and individual aspects of the
endothelial system. The endothelium is not commonly thought of as a
system at all; rather, it is considered according to a specific clinical
organ-oriented specialty, such as cardiology, pneumology, neurology, or
nephrology. In cardiology, most attention has for obvious clinical and
therapeutic incentives been directed to the coronary vascular endothe-
lium in vasomotor control, and to the pathogenesis and management of
coronary atherosclerosis and myocardial ischemia. Yet this arterial en-
dothelial surface comprises only a minute fraction of all endothelial cells
in the heart. On the other hand, the MyoCapE and the EE, which directly
overlie the cardiomyocytes, account for the largest number of endothe-
lial cells in the heart. The same is true of most other organs where the
role of the capillary endothelial cells has long been underestimated,
except for the interactions with astrocytes and neurons in the brain (75,
585). In particular, the reciprocal interactions with adjacent organ target
cells, such as hepatocytes and Kupffer cells in the liver (14), tubular and
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one example, the pulmonary vascular endothelium is a
major site for both ET-1 secretion and extraction; under
physiological conditions, ET-1 is balanced across the pul-
monary circulation (131, 132, 316, 609, 621). The pulmo-
nary vascular endothelium also releases a substantial
amount of endogenous big ET, which after conversion to
ET-1 may act as a remote modulator of coronary vaso-
motricity and myocardial performance (550, 551).

We have seen above how EE and MyoCapE share
many common features and functions that result directly
from reciprocal interactions with the subjacent cardio-
myocytes. Which of these two endothelial cell types is the
more important for the heart is from a physiological point
of view irrelevant. Both cell types, depending on the
context, are equally indispensable for normal cardiac
structure and function. From the point of view of a unified
endothelial system, however, EE and MyoCapE are not
identical. They distinctly differ with respect to their posi-
tion and contribution within the endothelial system, the
major difference residing in the way in which and the
extent to which they perceive and transmit signals.

EE may be considered as functioning at two hierar-
chic levels of decision making: 1) as a sort of (differential)
sensor device which receives all the circulating blood
entering and leaving the pulmonary vasculature and 2) as
an autocrine or paracrine organ-oriented modulator of
cardiac contractile performance, rhythmicity, and growth,
the relative importance of these probably being (right vs.
left) ventricle specific.14 In contrast, MyoCapE functions
only as an autocrine or paracrine organ-oriented modula-
tor of cardiac contractile performance, rhythmicity, and
growth. Whereas the immense EE surface is continuously
exposed to all of the circulating blood, MyoCapE receives
�5% of cardiac output but controls, at least in the left
ventricular wall, the larger portion of myocardial muscle
mass.

EE would thus seem well suited to act as a sensor
system, for the total circulating amount (concentration or

partial pressure times cavitary flow) of various humoral
factors would be more relevant than their concentration
or partial pressure alone. A sensor function of the EE
would be consistent with its morphological and electro-
chemical, syncytium-like features. After activation of
even a single EE cell, second messengers traverse the
abundant gap junctions, to activate neighboring EE cells
and amplify their sensor capacity. The lack of gap junc-
tions in MyoCapE would suggest a more local regulatory
function of these cells. MyoCapE, at least in the left
ventricular wall, will however be exposed to the larger
fraction of subjacent cardiomyocytes, and the concentra-
tion gradient or partial pressure difference of the circu-
lating stimuli would be more relevant in light of optimal
diffusion and for local endothelial modulation of the sub-
jacent myocardium.

EE has been shown to respond to many plasma-
borne constituents, as indeed other endothelial cells
within the endothelial system. The EE however is distin-
guished by the higher sensitivity of its responses and by
its key localization within the endothelial system at the
entrance and exit of the pulmonary circulation. This fur-
ther endorses the concept of the EE as the distinct sensor
device of the CVE. Plasma-borne constituents, to which
EE has been shown to be responsive, include metabolites
(O2, CO2, pH, temperature) (63, 525, 526), hemodynamic
signals (flow, volume, pressure) (280, 417, 418, 563, 649),
eosinophils (521), short bursts of oxygen free radicals
(107), platelets (527, 539), biopeptides (acetylcholine, bra-
dykinin, substance P, atrial natriuretic peptide) (205, 268,
379, 391, 393, 447, 543), hormones (ANG II, �-adrenocep-
tor agonists, serotonin, vasopressin, estrogen, aldoste-
rone) (324, 338, 377, 378, 476, 509, 520), ET (326), and
cholic acid (91).15

The mechanisms involved in the sensor role by the
EE might differ for the various constituents. Some of
these agents may act through specific EE receptor signal-
ing pathways, e.g., atrial natriuretic peptide receptors
(268, 488, 623), mineralocorticoid receptors (338), ETA

and ETB receptors (395, 622), angiotensin receptors and
ACE (633), as well as receptors for phenylephrine (378),
serotonin (520), and vasopressin (509). Other constitu-
ents could trigger the EE sensor function through the
EE-myocardial auto- and paracrine signaling pathways or

glomerular epithelial cells in the kidney (31), alveolar epithelial cells in
the lungs, or myofiber cells in skeletal muscle are likely to be important
but have scarcely been studied.

14 In some animal species, such as the cod family (Gadidae), the
endocardial endothelium has evolved to display a third level of decision
making within the endothelial system. Through a well-developed scav-
enger-receptor-mediated endocytosis, the cod EE cells are most effec-
tive in clearing and degrading macromolecular waste products of both
physiological and pathophysiological processes from the blood (546).
The large EE surface area and the centralized location of these cells are
well suited for effective blood surveillance and clearance of harmful
endogenous and foreign macromolecules. This scavenging role of EE in
the cod is akin to the highly specialized scavenger endothelial cells
found in other animals species and at strategic locations in the cardio-
circulatory sytem, such as the liver of mammals (540) and the kidney in
salmonids (99, 199). The capacity of endocardial endothelial cells in
mammals to oxidize low-density lipoprotein (399) could be a remnant of
this ancestral scavenger function.

15 Most of these constituents have been investigated in vitro with
isolated papillary muscle preparations under rigorous control of tem-
perature, pH, PCO2, and PO2 in standard Krebs-Ringer solution, some-
times enriched with essential amino acids or small quantities of unspec-
ified serum, as a convenient and highly sensitive, experimental tool to
detect EE-mediated modulation of mechanical performance (563), but
from which extrapolation to clinical conditions remains uncertain. For
some of these constituents, such as atrial natriuretic peptide or short
bursts of oxygen free radicals, the presence of an intact EE was oblig-
atory for the papillary muscles to become responsive to them. As for the
response to most other ones, the striking feature of an intact EE was to
modulate the performance of subjacent myocardium.
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by altering the EE BHB properties. Others still, e.g., some
of the cellular constituents, could be sensed via adhesion
molecules (6, 59).

Potentially relevant to the concept of a CVE control
system with its sensor role for the EE are any differences
between right and left ventricular myocardium and EE
(141, 268, 484, 577, 620). As previously discussed, prosta-
cyclin (PGI2) release is much greater from left than from
right ventricular EE under conditions of increased trans-
mural pressure (418).

Other differences between adult left and right ven-
tricular EE have not been sought in any systematic way,
and those that have been observed have not been iden-
tified with any apparent physiological significance. For
example, the Bmx tyrosine kinase gene (bone marrow
tyrosine kinase gene in chromosome X) was found to
be specifically expressed in the EE of the left ventric-
ular cavity and in vascular endothelium of large arteries
and not in right ventricular EE or to any appreciable
extent in its coronary arteries (141). Bmx could be
involved in relaying intracavitary hemodynamic signals
from the left ventricular EE, which could lead to long-
term adjustments of gene expression. It may also par-
ticipate in the signaling cascade of NO-induced cardio-
protection (608). An opposite differential ventricular
distribution was observed for cardiac natriuretic pep-
tide receptors with the most abundant receptor expres-
sion and binding sites in right ventricular EE, compared
with their low expression in left ventricular EE and in
myocardium of both ventricles (268). Interestingly, in
right ventricular hypertrophy induced by experimental
pulmonary hypertension, binding of natriuretic peptide
to right ventricular EE almost disappeared. These ob-
servations on the preferential sensing and effector role
(379) of right ventricular EE for atrial natriuretic pep-
tide as well as loss of these functions in hypertrophy or
mild cardiac failure clearly further endorse and extend
the concept of the EE as a sensor device. More infor-
mation on right-to-left ventricular differences will in
the near future become available as we will learn more
about left-right asymmetry during cardiac development
(349, 645).

EE may thus act as a central, differential sensor
device within a unified endothelial system. Sensor de-
vices are an essential part of the numerous physiolog-
ical control systems that regulate homeostasis of the
body. From an engineering point of view, control sys-
tems in the normal body act by a process of negative
feedback and comprise a minimum set of essential
components. Their role is to keep some physiological,
controlled variable at an almost constant value. Any
disturbance that causes the variable to deviate from
this target, or set, value must be gauged by a specific
sensor device that detects the difference of the variable
from its set point. The controlled variable can then be

readjusted, or “normalized,” by a central controlling
processor, connected to the adjustable set-point sen-
sor, from which feedback adjustment can be conveyed
to the processor. This feedback loop is the sine qua non
of regulation.

In the present context, it is proposed that the
controlled variable is the composition of the incoming
mixed venous blood while the target value is the com-
position of the arterial blood in the left ventricle. The
sensor device for the mixed venous blood may be con-
sidered to be the right ventricular EE, with abluminal
signaling to the right ventricular myocardium by which
the blood is pumped to the central processor, the pul-
monary endothelium. The left ventricular EE sensor
would act in a differential way with the right ventricu-
lar EE to establish the set point of the control system,
from which, through the coronary circulation and Myo-
CapE, feedback adjustments are provided to the central
processor via modulation of the right ventricular pump
and pulmonary blood flow (Fig. 13). Short-term control
may be mediated by auto- and paracrine mechanisms as
well as by the BHB, whereas long-term regulation is
mediated through changes in gene expression resulting
from the many endothelial-myocardial signaling path-

FIG. 13. The endothelial system. Central vascular endothelium with
pulmonary vascular endothelium (VE) acting as the central processor
and the endocardial endothelium as differential sensor, set point, and
feedback devices of the endothelial system. The endocardial-mediated
intracavitary autoregulation should be viewed to modulate cardiac per-
formance in parallel with other autoregulatory processes in the heart,
such as, e.g., hetero-(Starling) and homeometric autoregulation of the
myocardium.
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ways.16 Concept building is far more complex, how-
ever, from an integrated physiological point of view, as
one can merely speculate about the above axiomatic
sequence of events. Experimental confirmation of this
unavoidably speculative conceptual model and quanti-
fication of the many component mechanisms involved
in its integrative physiology will be a complex exercise
task. As we will learn more about the cardiovascular
endothelium as an endothelial system, perhaps more
appropriate models based on complex adaptive system
analysis and derived from the growing science of “com-
plexity” may become applicable.

Several arguments can be advanced in support of the
consistency of the above conjectural model. For example,
because the EE surface area in the right ventricular cavity
is many times greater than the EE surface in the left
ventricle, its potential sensor power should greatly ex-
ceed that of the EE in the left ventricle. It is generally
believed that ventricular inner surface trabeculations dur-
ing embryonic development disappear as a distinct, con-
tractile component of the adult ventricular compartment,
but these trabeculations, particularly in the right ventri-
cle, could have acquired the new functional role of en-
larging overal EE surface, so optimizing the contribution
of the EE as a sensor device within the endothelial sys-
tem. The EE cell-to-cardiomyocyte number ratio in the
right ventricle, however, is astonishingly high, implying
that a substantial proportion of the cardiomyocytes in the
right ventricle will be directly accessible to EE-myocar-
dial interaction and able thus to respond to right ventric-
ular EE activation. One can estimate that at least 25% of
the right ventricular cardiomyocytes are under the direct
control of the EE; the remaining 75% will comprise the
right ventricular compact myocardium, where they are
under the control of the coronary perfusion and the Myo-
CapE. The substantial potential influence of the EE on
right ventricular contractile performance may at least
partly explain why considerably fewer cases of right ven-
tricular dysfunction result from occlusion of the right
coronary artery than there are of left ventricular dysfunc-
tion resulting from occlusion of the left coronary artery,
and, why right ventricular function can improve remark-
ably after right ventricular infarction even in the absence

of documented revascularization (112, 113). Reperfusion
of the right coronary artery will, obviously, enhance fur-
ther recovery of right ventricular function, even after
prolonged ischemia (49, 535).

As a consequence, right ventricular pump perfor-
mance and pulmonary blood flow will be adjusted
through the right ventricular EE commensurate to the
incoming blood-borne signals of the mixed venous blood.
After processing and adjustment by the pulmonary vas-
cular endothelium, the finally normalized blood composi-
tion reaches the left ventricular EE, as well as the coro-
nary vascular endothelium, and the MyoCapE in both left
and right ventricular wall. Unlike right ventricular EE, left
ventricular EE, given the negligible EE cell-to-cardiomyo-
cyte number ratio, would hardly affect left ventricular
contractile performance; it could however optimize pump
performance through synchronizing its modulatory ac-
tions on the terminal Purkinje fiber network and suben-
docardial neural plexus. The much smaller EE surface
area in the left ventricle together with the coronary vas-
cular endothelium and the MyoCapE would then act as
the adjustable set point and final feedback regulator of the
differential sensor. It would reset and finely tune overall
cardiac pump performance by virtue of its indirect coro-
nary vascular-mediated control of the left ventricular
pump, while at the same time readjusting, through nega-
tive feedback, pulmonary blood flow by virtue of its cor-
onary vascular-mediated control on the compact myocar-
dial fraction of the right ventricle. The ultimate goal
would be to optimize delivery of the adjusted, i.e., nor-
malized and stabilized, blood-borne constituents of the
arterial blood to the peripheral organs commensurate to
overall body needs. As an extension of the adjustable set
point of the left ventricular EE and of the vascular endo-
thelium in the coronary conductive and resistance ves-
sels, the large MyoCapE surface could at any time over-
rule the effects of any other control mechanism on
cardiac performance.

Although numerous questions remain unanswered,
this does not prevent further speculation. After cardiac
transplantation, for example, right ventricular failure is
often an early and ominous sign of transplant rejection
(41, 554). Similarly, right ventricular dysfunction is an
independent predictor of the development of cardiac fail-
ure and of death in patients after myocardial infarction
(658). The underlying mechanisms remain poorly under-
stood, but endothelial dysfunction of the immense right
ventricular EE is likely to impair its sensor and effector
function, thus severely perturbing control by the CVE. It
could be the pivotal role of the CVE that underlies the
often dramatic progression of acute respiratory distress
syndrome (ARDS) into a pan-endothelial disorder with
fatal multiorgan failure (188, 192, 630). In cardiac failure
too, pulmonary endothelial dysfunction as an early event
(128) may lead to pulmonary hypertension and perturba-

16 Second-order sensor devices, such as the renal and hepato-
splanchnic capillary endothelium, may complement overall coordination
of the endothelial system. These endothelial surfaces are, normally,
exposed only to, respectively, some 25 and 30% of the circulating blood
flow (Fig. 11), but their filtration and metabolic capacity would impor-
tantly add to central processing by the CVE. If these fail, as in hepatic
cirrhosis or intestinal ischemia-reperfusion injury, they could compro-
mise the CVE leading to pulmonary and generalized endothelial dysfunc-
tion, and multiple organ failure (94, 188, 192, 335, 482, 589). The cerebral
endothelium, although exposed to only 12% of the circulating blood, is
so sited as to be able to influence adjacent astrocytes and neurons
through reciprocal signaling and thereby play its part toward integrating
other homeostatic control systems in the body.
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tion of the central processing function of the pulmonary
endothelium with diminished corrective control of blood-
borne constituents. Pulmonary endothelial failure would
then be seen as an ominous development in the progres-
sion of cardiac failure.

VI. SUMMARY

As in our previous review in this journal on inte-
grated cardiac muscle-pump function during relaxation
and diastole (64), we try to take a clinical physiological
view of global function of the heart. We have of necessity
focused first on specific reciprocal signaling interactions
of the endocardial (EE) and myocardial capillary endo-
thelial cells (MyoCapE) with cardiomyocytes. Only then
could we extrapolate to their interactive roles in the
whole cardiac organ within the circulatory system.

We have sampled converging evidence to present and
support the conjecture that cardiac endothelial-myocar-
dial interactions play a central and indispensable role in
global cardiac organ growth, contractile performance,
and rhythmicity. We scan the already large list of recip-
rocal signaling pathways which determine these interac-
tions in a precisely orchestrated order during embryonic
cardiac development and note how many of these are still
involved in determining structure and function of the
adult heart, pathways which include many traditional au-
tacoids (e.g., NO, ET, prostacyclin, angiotensin) as well as
more recently discovered growth peptide molecules with
their respective, mostly tyrosine kinase receptors (e.g.,
VEGF-Flk1/Flt1, NRG-ErbB2/B3/B4, angiopoietin-TIE2/
TEK). More molecular, cardiac endothelial-myocardial
signaling pathways remain to be discovered. A still higher
scale of complexity may be reached at the EE where an
active BHB may be operative in parallel. This overview
can at best be but a staging post in our developing under-
standing. It is nevertheless already clear that these signal-
ing processes are intimately interconnected and interde-
pendent. The explosively rapid recent growth in our
knowledge of gene products and their individual contri-
bution to molecular mechanisms must now give access to
their interpretation and to exploring their interaction in
concert to that end. Consideration of component path-
ways in isolation, as has often been the case in studies on
NO, cannot provide adequate foundation for understand-
ing their interactive role in the integrated architecture of
the whole.

In biomedical sciences, the incentive for the devel-
opment of new physiological concepts tends prognosti-
cally to be led by the priority of healthcare and its indus-
tries. Such may partly explain the explosive research
efforts over the past 20 years on endothelial function and
dysfunction related to coronary artery vasomotricity and
atherosclerosis; at the same time, it also explains why the

role of cardiac endothelial-myocardial interactions has
been largely underestimated for so many years. We sug-
gest in this review that time has come to embrace a new
paradigm of structure and function of the heart as a
pluricellular organ, in which endothelial cells in particular
play an indispensable role. Cardiac endothelial cells, like
other vascular endothelial cells, become activated and
undergo important phenotypic changes in response to
stressors, as exemplified by the familiar risk factors. Car-
diac endothelial activation is not always reversible and
may in some cases lead to cardiac endothelial dysfunction
imbalancing the many endothelial-myocardial signalings.
Some of these stressors can activate also the expression
and function in cardiomyocytes of physiologically dor-
mant signaling molecules, such as ecNOS mRNA, iNOS
mRNA, ET mRNA, ECE, and ACE. Redundancy of these
signaling molecules in the cardiomyocytes and perhaps in
other nonendothelial cardiac cells as well may initially
function as an adaptive escape mechanism, allowing com-
pensation for the cardiac endothelial dysfunction, before
progression leads to further imbalance and disease in-
cluding cardiac failure. This vulnerability of cardiac en-
dothelial cells could explain also the surprisingly benefi-
cial effects obtained by intensive secondary prevention in
patients with chronic cardiac failure, whatever its initial
etiology.

The differences between EE and MyoCapE in rela-
tion to their interactions with cardiomyocytes are instruc-
tive. The two cardiac endothelial cell types differ in the
ways they perceive and transmit signals and in their hier-
archic positions and their contributions within a unified
endothelial system. They represent a specific example of
the well-recognized phenotypic diversity of vascular en-
dothelial cells in general. This diversity is likely to be
environmentally mediated, in large part through differen-
tial regulation of the endothelial gene expression by
signals from adjacent organ cells, which optimize the
microvascular endothelial phenotype to match local,
organ-specific requirements (484). Such local coupling
mechanisms may limit the range of responsiveness of the
endothelial cells to sense, integrate, and transduce only
the local signals, providing for a finely tuned endothelium-
mediated, organ-specific control, while still functionally
contributing to a common endothelial system by virtue of
their position at the blood/tissue interface.

From an integrative physiological point of view, we
can see the emergence of a unified concept of the endo-
thelium as a distinct system within the cardiovascular
system.

Previously in this journal (64), we anticipated that
global organ approach in terms of integrated systems
would, for the future generation of physiologists, present
a great challenge to energy and creativity, opposing but
complementing as it does, the present investigative effort
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toward ever more discrete subsystems. To reproduce our
previous closing words

During a solar eclipse it is the passing over of the
moon that allows us a rare chance to look at the sun
and that creates the immense and spectacular halo of
solar light that is the corona. Indeed, were it not for
the passing of the moon, it might never be possible to
directly view the sun. It is thus that the new era of
molecular biology may pass over and even eclipse the
disciplines of physiological science. However, in the
passing over, the moon leaves only (however bright) a
corona of understanding, for it is not itself the sun.

Now, 10 years later, with the rapid advances in de-
velopmental cardiology and new molecular techniques
such as targeted gene manipulation, we are witnessing the
emergence of new model systems. As evident from the
present review, these have already provided novel in-
sights into many of the most basic questions relating to
global cardiac organ function. More than ever before, will
the corona of understanding, created by the fusion, how-
ever momentary, of the passing moon with the sun, man-
date conceptual coordination to the organ physiologist
and guidance to the clinician.
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