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Growth plasticity of the embryonic
and fetal heart
Jörg-Detlef Drenckhahn*
¨
Max-Delbruck-Center for Molecular Medicine, Berlin, Germany
The developingmammalian heart responds to a variety of
conditions, including changes in nutrient availability,
blood oxygenation, hemodynamics, or tissue homeos-
tasis, with impressive growth plasticity. This ensures the
formation of a functional and normal sized organ by birth.
During embryonic and fetal development the heart is
exposed to various physiological and potentially patho-
logical changes in the intrauterine environment which
dramatically impact on normal cardiac function, tissue
composition, and morphology. This paper summarizes
the mechanisms employed by the embryonic and fetal
heart to adapt to various intrauterine challenges to pre-
vent or minimize postnatal consequences of impaired
cardiac development. Future investigations of this
growth plasticity might lead to new therapeutic strate-
gies for the prevention of cardiac disease in postnatal
life.
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Introduction

The heart is the first internal organ system that needs to be

functional during mammalian embryonic development. There-

fore, both the early patterning events of the embryonic heart

as well as growth and maturation of the various cardiac

compartments during embryonic, fetal, and even postnatal life

are imperative for survival of the organism. A constantly

growing number of animal models have been found to present

with developmental defects of the heart, shedding light on

molecular and cellular processes necessary for proper cardiac

patterning and maturation. However, these studies also high-

light the intricacy of regulatory processes that convert the small

pool of cardiac progenitor cells in the post-implantation embryo

to the complex tissue network of highly specialized cell types

that make up the four-chambered adult heart.

In humans, one of the most intensively studied conditions

caused by impaired cardiac development are the various

forms of congenital heart disease (CHD).(1) Information
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gleaned from these studies provides mechanistic insight into

the plasticity of the heart during development. The identifica-

tion of human mutations as well as generation of animal

models have been instrumental in uncovering genes and

pathways involved in the pathogenesis of CHD, although

many mechanisms remain elusive.(2) For example, clinical

phenotypic variability points to other important but as yet

unknown factors that influence cardiac development and later

cardiac outcomes. A better understanding of both endogen-

ous as well as environmental factors that negatively influence

normal heart growth is essential if we are to develop new

prenatal therapeutic strategies to prevent CHD.

According to the so-called ‘‘Barker hypothesis’’ many

human conditions, such as coronary artery disease (CAD),

hypertension, or diabetes mellitus, have their origin during

prenatal life and are significantly influenced by various

maternal exposures during pregnancy.(3) Thus, disturbed

intrauterine growth has a negative influence on the develop-

ment of the cardiovascular system favoring the occurrence of

CAD or hypertension in adult life.(4,5) This fetal programming

in combination with an unhealthy lifestyle is thought to be the

major determinant of the worldwide epidemic of some of the

chronic diseases mentioned above. Therefore, the identifica-

tion of factors and mechanism that induce fetal programming

might be key for the prenatal prevention of some of the most

prevalent human diseases.

This paper aims to provide an overview of some basic

mechanisms of pre- and postnatal cardiac growth. Most

importantly, it attempts to summarize recent research dealing

with growth plasticity of the embryonic and fetal heart in

response to various environmental and intrauterine condi-

tions, including nutrient restriction, placental insufficiency,

hypoxia, hemodynamics, and tissue damage.
Growth pattern of the pre- and postnatal
heart

In mammals, a unique feature of embryonic and fetal

cardiomyocytes in contrast to adult cardiomyocytes is their

ability to rapidly proliferate. This proliferative potential,

however, ceases in late gestation and is lost shortly after

birth such that postnatal cardiac growth is mainly achieved by

cardiomyocyte hypertrophy.(6) In rodents, the transition from
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proliferative to hypertrophic growth has been reported to

occur within the first week of life, whereas even earlier in

larger mammals.(7–10) Shortly after birth cardiomyocytes

undergo a final round of DNA synthesis and nuclear mitosis

without cell division (cytokinesis), which results in binucleation

of the majority of cardiomyocytes in the adult heart.(11,12) The

molecular signaling pathways mediating the switch from

proliferative to hypertrophic growth are not well understood;

however, changes in the expression pattern of cell cycle-

regulating genes seem to have a significant impact.(13–15) For

example, expression of the cell cycle promoting cyclin-

dependent kinases (Cdk-2, -4, and -6) as well as their

essential binding partners, the various cyclins (cyclin D1–D3,

cyclin A, B, and E) is high in embryonic and fetal hearts but

decreases in neonates and is barely detectable in adult

hearts.(11,16–18) Consistently, combined inactivation of both

Cdk-2 and -4(19) as well as cyclin D1, D2, and D3(20) in mice

results in embryonic lethality with severe cardiac malforma-

tions including reduced global size and thin ventricular walls

as well as reduced proliferation of cardiac cells. Interestingly,

cardiomyocyte-restricted overexpression of D-type cyclins in

adult mouse hearts leads to substantial cardiomyocyte DNA

synthesis,(18,21) supporting a role of cyclin D downregulation

in cardiomyocyte cell cycle withdrawal.

In contrast, expression of cell cycle inhibitory genes, such

as the Cdk inhibitors (CdkI) p21/CIP1 and p27/KIP1 as well as

the pocket protein retinoblastoma (Rb), increases in adult

hearts compared to prenatal stages.(22–24) Consistent with the

role of pocket proteins in cardiomyocyte cell cycle withdrawal

and terminal differentiation, combined inactivation of the

two family members Rb and p130 in mouse hearts results in

cardiac enlargement and persistent cardiomyocyte cycling in

the postnatal period.(23) Cardiomyocyte proliferation during

heart development is furthermore influenced by Forkhead O

(FOXO) transcription factors, which regulate expression of

CIP/KIP family CdkIs. Overexpression of FOXO1 in the

developing heart results in embryonic lethality at mid

gestation caused by myocardial malformations and thin

ventricular walls accompanied by premature activation of p21,

p27, and p57 and decreased cardiomyocyte proliferation.

Conversely, inhibiting FOXO1-mediated transcription reduces

CdkI expression and increases cardiomyocyte proliferation,

resulting in increased ventricular wall thickness prior to

birth.(25) These studies establish an important role of FOXO in

perinatal CdkI-dependent cardiomyocyte cell cycle with-

drawal and terminal differentiation.

Interestingly, expression of p21 and p27 is downregulated

in postnatal hearts upon hypertrophic stimulation accompa-

nied by an induction of cell cycle promoting genes,(26,27)

suggesting a role of this prenatal expression pattern in cell

growth. Consistently, expression of the proto-oncogene

c-myc, which controls cell proliferation and differentiation in

various tissues, declines during embryonic and fetal heart
BioEssays 31:1288–1298, � 2009 Wiley Periodicals, Inc.
development.(28) Overexpression of c-myc in the developing

heart results in cardiac enlargement in adulthood caused by

cellular hyperplasia and a doubling in the number of

cardiomyocytes.(29) Activation of c-myc in the adult heart,

however, induces cardiomyocyte hypertrophy as well as cell

cycle reentry,(30) which was furthermore shown to be cyclin D2

dependent.(31) In contrast, inactivation of c-myc in the adult

mouse heart attenuated cardiomyocyte hypertrophy in

response to cardiac stress.(31) Thus, genes that regulate

cardiomyocyte proliferation in the prenatal heart often seem

to be involved in postnatal cardiomyocyte hypertrophy.
Morphogenesis of the ventricular
myocardium

Morphologically the embryonic heart develops from a simple

tube-like structure into a complex organ consisting of four

contracting chambers. The early patterning events of cardiac

development are beyond the scope of this paper and have

been reviewed elsewhere.(32,33) However, after formation of

the heart tube the ventricular myocardium exhibits various

stages of myocardial organization and maturation throughout

development.(34) The primitive heart tube is composed of a

thin layer of cardiomyocytes that is separated from the lumen

by extracellular matrix and an endocardial cell layer. After

looping, the luminal appearance of the heart changes such

that trabeculation of the ventricular myocardium becomes

evident,(35,36) being composed of protrusions of cardiomyo-

cytes lined by endocardial cells (Fig. 1A–C). In these early

phases of myocardial development, the trabeculated layer

contributes significantly to cardiac contraction and is much

thicker than the outer layer of compact myocardium

(Fig. 1A).(37) By building up a trabeculated layer the inner

surface area of the embryonic heart increases so that

nutritional needs of the growing myocardium can be met from

the luminal blood flow in the absence of a mature coronary

circulatory system. After septation of the heart is complete,

the ventricular myocardium undergoes further remodeling,

which largely occurs as a result of proliferative growth and

thickening of the compact myocardium accompanied by com-

paction of the trabeculation.(35) Concomitantly, the coronary

circulatory system is established to meet the increasing

nutritional demands of the mature myocardium.(38) Further-

more, maturation of the ventricular myocardium depends on

signaling from both the endocardium as well as the epicar-

dium,(39,40) while the latter might even contribute cardiomyo-

cytes.(41,42) In the adult heart the proportion of the compact

myocardium further increases, especially in the left ventricle,

while the trabeculation forms a thin layer of a honeycomb-like

relief on the luminal surface of the ventricles.(34)

The state of cardiomyocyte differentiation as well as the

rate of proliferation is not uniform across the embryonic and
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Figure 1. Morphology and proliferative potential of ventricular myo-

cardium from 13.5 dpc mouse embryos. A: Immunofluorescence

image of the left ventricle of a 13.5 dpc mouse embryo stained with

an antibody against the sarcomere protein troponin T (green) to

identify cardiomyocytes, and with the nuclear stain DAPI (blue). Note

the thin myocardial compact layer (white bar) compared to the much

wider trabeculation zone (red bar). LVC, left ventricular cavity; IVS,

interventricular septum. B: Higher magnification of the left ventricular

wall of a 13.5 dpc mouse embryo showing differentiated cardiomyo-

cytes with cellular elongation and visible sarcomere cross-striation in

the trabeculation zone (arrows), while cardiomyocytes in the compact

layer are small and rounded. Note the lining of the trabeculation with a

thin sheet of endocardial cells which are troponin T negative (arrow-

heads). C: Immunofluorescence staining with an antibody against the

mesenchymal cell marker vimentin identifies non-myogenic cells in

the ventricular myocardium of a 13.5 dpc mouse embryo. Note the

lining of the myocardium with endocardial cells toward the ventricular

cavity (arrows) and with epicardial cells toward the pericardium

(arrowheads). D: Immunofluorescence image showing proliferating

cells within the left ventricular myocardium after bromodeoxyuridine

(BrdU) uptake. After administration, BrdU is incorporated into the DNA

of replicating cells in S phase of the cell cycle and can later be

detected using a BrdU-specific antibody. Note that proliferating cells

(red) are predominantly located within the ventricular compact layer

(C) and only sporadically appear in the trabeculation (T). (Images A–C

are confocal fluorescence images, D is an epifluorescence image).
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fetal heart but rather a gradient exists from the outer layers of

the compact myocardium toward the luminal zone of

trabeculation. The grade of differentiation increases from

the outside to the lumen with elongated cardiomyocytes with

visible cross-striation (reflecting mature sarcomere organiza-

tion) located in the trabeculation, while cells in the outer

compact zone have a small and round appearance with less
1290
mature sarcomere structures (Fig. 1B).(43,44) Also, prolifera-

tion rates are significantly higher in the outer compact zone

compared to the slowly proliferating cardiomyocytes of the

trabecular zone,(14,45) which might in part be explained by the

high expression of cell cycle inhibiting genes like jumonji

(which represses cyclin D1 expression)(45) and the CdkI p57/

KIP2(46) in the trabeculated myocardium. Thus, proliferative

growth of the embryonic heart mainly occurs by apposition

from the periphery (Fig. 1D).
Consequences of variations in litter size
on postnatal cardiac growth

First indications of a significant variation of postnatal cardiac

growth in response to environmental factors come from

studies reporting a negative correlation between litter size and

postnatal heart weight and cardiomyocyte number in rats.(47–

50) At 3 weeks of age slow-growing rats from large litters had

significantly lower heart weights and smaller cardiomyocytes

compared to fast-growing animals from small litters, although

heart weight to body weight ratios appeared to be unchanged.

Furthermore, a 21% reduction in cardiomyocyte number was

observed in slow-growing rats compared to fast-growing

animals.(48) This difference in cardiomyocyte number (but not

cell size) persisted to adulthood, indicating that there is no

significant compensatory ‘‘catch up’’ proliferation in these

hearts after the age of 3 weeks.(48) Consistently, an increased

proliferation rate of cardiac cells has been observed in rats

from small litters compared to animals from large litters

between postnatal days 1 and 21,(47) which might explain the

difference in cell number described above. Investigation of the

influence of litter size on cardiac changes as a result of

postnatal cardiac stress induced by carbon monoxide (CO)

inhalation showed that animals from small litters had the

largest hearts with the highest DNA content and these

differences were even more pronounced after CO expo-

sure.(49) Although functional consequences of postnatal

differences in cardiac cellular composition due to variation

in litter size have been proposed based on blood pressure

measurements after 3 weeks,(50) another study showed that

differences in cardiac performance do not persist in the adult

heart.(51)
Intrauterine growth restriction (IUGR) by
modifying maternal diets

Various animal models have shown that IUGR by limiting

maternal nutritional supplies during pregnancy has significant

effects on growth of various organs including the heart which

often persist after birth.(52,53) A low-protein diet fed to female

rats throughout pregnancy results in lower body and heart
BioEssays 31:1288–1298, � 2009 Wiley Periodicals, Inc.
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weights at birth compared to pups from dams on normal

protein diet although heart weight to body weight ratios were

not different between the groups. Importantly, hearts of

newborns from mothers on low-protein diet showed a

significant reduction in cardiomyocyte number.(54) Interest-

ingly, however, the difference in heart weight seen in

newborns from dams on low-protein diet was no longer

evident at adulthood, suggesting postnatal compensatory

growth. Cardiomyocyte size or proliferation rates were not

examined in these studies, so it remains to be determined

whether postnatal cardiac growth is mediated by hyperplasia

or hypertrophy in this model. Further studies in rats also

indicated that maternal low-protein diet during pregnancy

results in increased left ventricular interstitial cardiac fibrosis

in adult offspring (aged 6 months),(55) which might be caused

by increased cardiac collagen synthesis and reduced activity

of matrix metalloproteinases.(56) Additionally, offspring from

nutrient-restricted dams developed diastolic dysfunction with

left ventricular stiffening and impaired recovery of cardiac

function after ischemia by 7 months of age.(56) These results

strongly support the hypothesis that impaired embryonic or

fetal development can have significant consequences on the

heart in adulthood.

Little is known about molecular changes in the fetal and

newborn heart as a response to IUGR. It has been shown in

sheep that maternal undernutrition induces expression of

various genes associated with cardiac hypertrophy and tissue

remodeling.(57) Interestingly, however, in contrast to most of

the rat models described above, in sheep maternal nutrient

restriction results in increased heart weight to body weight

ratios of affected offspring(57) (although measurements were

performed prior to birth instead of postnatally as in the rat

studies). This might rather resemble the situation in humans

where intrauterine growth retardation has been shown to

cause cardiac hypertrophy in affected infants.(58,59) Molecular

examination of hearts from IUGR fetal sheep suggested that

insulin-like growth factor (IGF) signaling might be involved in

the hypertrophic response.(60)
Intrauterine growth restriction due to
placental insufficiency

The majority of studies using animal models of placental

insufficiency were done by placental embolization in fetal

sheep. This technique requires surgical implantation of a

permanent catheter placed in the abdominal aorta of the

fetus, which is used for repeated injections of microspheres to

occlude small blood vessels within the placenta. Embolization

is done under tight control of arterial blood oxygenation to

ensure comparable levels of hypoxemia between different

fetuses. Using placental embolization for 21 days in late

gestation sheep fetuses, it has been shown that IUGR in
BioEssays 31:1288–1298, � 2009 Wiley Periodicals, Inc.
combination with hypoxemia induces myocardial hypertrophy,

which was evident by both increased left and right ventricular

wall thickness and increased cardiomyocyte cell size.(61) It

was proposed, however, that these effects are not primarily

due to IUGR but caused by other changes that result from

placental embolization, namely increased cardiac afterload

due to arterial hypertension and increased plasma norepi-

nephrine levels.(61) Interestingly, a recent study using

placental embolization for 10 or 20 days on late gestation

sheep fetuses reported induction of fetal hypoxemia without

arterial hypertension.(62) In the absence of hypertension,

placental embolization does not cause cardiomyocyte

hypertrophy and results in normal heart weight to body

weight ratios. Strikingly, however, a reduced cardiomyocyte

cell cycle activity and proliferation rate accompanied by

suppressed terminal differentiation of right and left ventricular

cardiomyocytes was shown after 20 days of placental

embolization.(62) Another study confirmed this delayed

cardiomyocyte maturation after IUGR in fetal sheep evident

as a larger proportion of mononucleated cardiomyocytes

accompanied by a reduction in binucleated cardiomyocytes in

the absence of hypertrophy in the left ventricle.(63)

Another reported method to experimentally induce pla-

cental insufficiency in sheep is to surgically remove the

majority of uterine caruncles in ewes prior to conception.(64,65)

In contrast to placental embolization, which results in acute

placental insufficiency, this method induces placental insuffi-

ciency from conception throughout embryonic and fetal

development. Using this technique in sheep resulted in an

increased proportion of mononucleated cardiomyocytes in

the right and left ventricle of late gestation fetuses with no

effect on cardiomyocyte proliferation, a result similar to those

described above for placental embolization.(65) Furthermore,

there was no indication of cardiomyocyte hypertrophy

(cardiomyocytes were actually smaller in width and length

in IUGR fetuses compared to controls), although both bi- and

mononucleated cardiomyocytes were larger in IUGR fetuses

when cell size was correlated with absolute heart weight.

Taken together, both acute placental insufficiency in late

gestation as well as chronic placental insufficiency throughout

pregnancy seem to delay cardiomyocyte maturation in the

fetal heart, whereas only acute placental restriction

decreases fetal cardiomyocyte proliferation (Table 1,

Fig. 2). A possible hypertrophic response of fetal cardiomyo-

cytes to placental insufficiency is controversial and might be

influenced by several other factors induced by IUGR.
Consequences of hypoxia on fetal heart
growth

To specifically study the influence of fetal hypoxia on the

heart, female rats and sheep have been held under hypoxic
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Table 1. Alterations in pre- and postnatal cardiac growth due to different manipulations affecting normal heart development

Topic Procedure Species

Gestational

agea HW

HW/BW

ratio

CM

number

CM

size

CM

prolif.

CM

apoptosis

CM

maturation Comments Ref.

Postnatal

growth

restriction

Variation of

litter size

Rat P1 to

weaningb
## $ ## ##c ##c ND $c CM size

normalizes

till adulthoodc

(47,48)

IUGR

Restriction

of maternal

diets

Rat Throughout

pregnancy

## $ ## ND ND ND $ Hearts

examined

at P1

(54)

Sheep Early to mid

gestation

$ "" ND ND ND ND ND Hearts examined

at mid gestation

(57,60)

Placental

embolization

Sheep Late

gestation

"" "" ND "" ND ND ND Induction of

arterial

hypertension

(61)

Sheep Late

gestation

## $ (62) ND $ ##c ND ## No arterial

hypertension

(62,63)

## (63)

Removal of

uterine

caruncles

Sheep Throughout

pregnancy

## $ ND ## $ ND ## CM size "" when

normalized

to HW

(65)

Intrauterine

hypoxia

Maternal

hypoxia

Rat Late

gestation

$ "" ND "" ND "" "" size "" in

binucleated

CM only

(66)

Mouse Mid

gestation

ND ND ND ND ## ND ND Hypoplastic

hearts

(72)

Embryonic

heart

regeneration

Tissue mosaic

for

mitochondrial

dysfunction

Mouse Mid to late

gestation

ND ND ND ND "" $ ND Proliferation ""
in healthy

cells only

(91)

##, significantly reduced; $, unchanged; "", significantly increased.
aGestational age when procedure is applied/effective.
bVariations in methodology between referenced studies.
cNot determined in all referenced studies.

Abbreviations: BW, body weight; CM, cardiomyocyte; HW, heart weight; LV, left ventricle; ND, not determined; P, postnatal day; RV, right ventricle.
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conditions (�50% reduction of oxygen in the air, mimicking

high altitude) for a defined time during pregnancy. However,

hypoxia also induces a reduction of maternal nutritional

intake(56) such that there might be an overlap of effects

between these experimental procedures. This aside, expo-

sure of pregnant rats to hypoxic conditions for the final quarter

of pregnancy resulted in increased heart weight to body

weight ratios in the fetuses prior to birth.(66) Adult rats

exposed to hypoxia during fetal life still exhibit left ventricular

hypertrophy both on a cellular(69) as well as morphological

level,(67) although the latter seemed to affect mainly males.

Additionally, fetal hearts after hypoxia during late gestation

showed an increased proportion of binucleated cardiomyo-

cytes as well as hypertrophy of binucleated but not

mononucleated cells, indicating premature terminal differ-

entiation of cardiomyocytes.

Fetal hypoxia has been reported to have significant

consequences for cardioprotection later in life, evident as
1292
increased susceptibility to cardiac ischemia and reperfusion

injury.(68) Furthermore, heat stress-mediated cardioprotection

and preconditioning protected adult control hearts from severe

injury following ischemia and reperfusion but not hearts that

were exposed to fetal hypoxia.(69) The authors propose that

this loss of cardioprotection is at least in part mediated by fetal

programming leading to aberrant expression of heat shock

protein 70 in response to myocardial ischemia.(69) Another

study, however, suggested that the high susceptibility to

ischemic damage of adult hearts after fetal hypoxia could also

be caused by decreased capillary density.(70) Interestingly, a

study of perinatal hypoxia in rats (hypoxic conditions for

7 days before and 10 days after birth) reported increased

tolerance of the adult heart to ischemia and reperfusion when

exposed to perinatal hypoxia, although this effect was gender

dependent and more pronounced in females.(71)

In contrast to the effect of late gestation hypoxia on fetal

and adult rat hearts, another study investigated early fetal
BioEssays 31:1288–1298, � 2009 Wiley Periodicals, Inc.
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Figure 2. Consequences of various pre- and postnatal changes in the fetal or perinatal environment on cardiac growth. Note that this illustration

is a broad overview summarizing results from numerous studies on different species and gestational ages using different experimental protocols.

Also, the figure only depicts changes affecting hypertrophic or hyperplastic growth (i.e., cardiomyocyte cell size and proliferation). For a more

detailed overview including other cellular processes see Table 1 and 2. (�, only when manipulation is applied in the neonatal period but not

thereafter; #, increase in cardiomyocyte size persists into adulthood).
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hypoxia in mice.(72) Strikingly, 24 h of maternal hypoxia was

lethal in a significant proportion of mid-gestation mouse

fetuses. However, sublethal hypoxia in mid-gestation fetuses

resulted in dilation of ventricular chambers, thinning of

ventricular walls as well as signs of fetal heart failure. The

changes in myocardial morphology were caused by

decreased proliferation of cardiac cells, which reduced

myocardial mass by almost 50%.(72) The study, however,

did not investigate whether these cardiac changes can be

reversed or at least attenuated in late gestation once fetuses

were returned to normoxia, a question of interest in regard to
BioEssays 31:1288–1298, � 2009 Wiley Periodicals, Inc.
the regenerative capacity of the embryonic and fetal heart

(see below).
Effect of hemodynamic changes on fetal
heart growth

It has long been recognized that intracardiac blood flow within

the embryonic and fetal heart is an important stimulus for

normal cardiac development and morphogenesis.(73,74)

Impairing atrial contractility during heart development in
1293
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zebrafish(75) and mice(76) by mutating atrium-specific sarco-

mere components results in morphogenic defects of the

ventricular myocardium secondary to atrial dysfunction.

Increasing intracardiac pressure by directly manipulating

the embryonic chick heart through outflow tract (conotruncal)

constriction, and therefore increasing cardiac afterload,

results in elevated ventricular weight due to hyperplastic

growth of the myocardium.(77) Conversely, decreasing cardiac

afterload by chronic drug treatment in chick embryos results in

smaller hearts that are composed of fewer yet normally sized

cells.(78) These data suggest that the embryonic or fetal heart

responds to altered loading conditions by changes in

proliferation rates of myocardial cells, which is in stark

contrast to the hypertrophic response of the adult heart.

A proliferative response of the fetal myocardium to

increased intracardiac pressure has also been shown in

mammals where banding of the ascending aorta in late

gestation guinea pig fetuses resulted in increased heart

weight to body weight ratio, increased left ventricular wall

thickness and increased proliferation of myocardial cells,

while cell size was unaffected.(79) Interestingly, increasing

cardiac afterload in neonatal rats by banding of the abdominal

aorta on postnatal day 2 also resulted in an immediate

hyperplastic response of the myocardium at postnatal day 3

followed by left ventricular hypertrophy evident both on a

cellular as well as morphological level.(80) These data suggest

that in rodents the neonatal heart, like the fetal heart, primarily

responds to increased cardiac pressure via hyperplasia within

the first days of life until transition from hyperplastic to

hypertrophic growth normally occurs. After this time, and as

seen in adult hearts, hypertrophy is the main adaptive

mechanism.

Studies on fetal sheep have shown that increasing right

ventricular load by ligation of the pulmonary artery induces an

increase in cardiomyocyte size and maturation in the right

ventricle.(81,82) Based on a mathematical approach it was

suggested that increased proliferation might also contribute to

the adaptive response resulting in a combination of

hypertrophy and hyperplasia.(82) Consistent with this, altering

cardiac load in fetal sheep by either induction of combined

arterial and venous hypertension using repeated intravas-

cular plasma infusions(83) or banding of the aortic arch(84)

results in increased heart weight to body weight ratios

mediated by both hyperplasia and hypertrophy. Interestingly,

however, in volume overload-treated fetuses the proliferative

response of the myocardium precedes the increase in cell

size, while increased afterload initially induces cardiomyocyte

hypertrophy followed by hyperplasia. Also, the percentage of

binucleated cardiomyocytes as a measure of maturation was

greater after volume overload compared to controls(83) but

decreased after aortic banding.(84) These seemingly contra-

dictory results highlight that the fetal heart exhibits quite

remarkable growth plasticity in response to hemodynamic
1294
changes, which is not uniform and probably depends on

multiple endogenous as well as environmental factors.

Many studies examining the effect of alterations in

hemodynamics on heart development in animal systems

have related their findings to the human heart condition called

hypoplastic left heart syndrome (HLHS). This relatively rare

but severe congenital heart malformation exhibits an under-

development of most structures on the left side of the

heart.(85) In chick embryos, a hypoplastic left ventricle can be

experimentally induced by ligation of the left atrial appendix

(left atrial ligation), which results in redistribution of blood flow

preferentially to the right ventricle reducing left ventricular

preload.(86,87) These changes in intracardiac hemodynamics

result in significantly decreased cardiomyocyte proliferation in

the left ventricular myocardium, suggesting a causative role in

left ventricular underdevelopment.(87)

In accordance with data observed for left atrial ligation,

clipping of the right atrial appendix in chick embryos results in

increased blood flow to the left ventricle. This increased

preload causes compensatory hyperplasia within the left

ventricular and atrial myocardium.(88) Strikingly, however,

left ventricular hypoplasia induced by left atrial ligation can be

rescued by subsequent right atrial ligation restoring left

ventricular proliferation rates as well as left ventricular

mass.(88) This raises the exciting possibility that in humans

prenatal surgical interventions restoring normal cardiac

blood flow might prevent certain types of CHD such as

HLHS.
Regeneration of the embryonic and fetal
heart

The intrinsic regenerative capacity of the postnatal heart is

clearly limited and does not allow substantial regeneration of

acute injury to large myocardial areas, as e.g., after

myocardial infarction.(89,90) Until recently, little was known

about the potential of the prenatal heart to repair damaged

myocardium. Using cardiac-specific tissue mosaicism for

mitochondrial dysfunction in mice, recent data have shown

that the embryonic and fetal heart has a quite dramatic

regenerative capacity.(91) This model is based on inactivation

of the X-linked gene encoding holocytochrome c synthase

(Hccs), an enzyme necessary for the activation of the two

mitochondrial electron transport chain components cyto-

chrome c and c1,(92) specifically in the developing heart. Loss

of Hccs activity results in cellular energy starvation causing

disturbed cardiomyocyte differentiation and ultimately cellular

degeneration.(91) Because the Hccs gene is located on the

X chromosome, allelic expression is subject to X chromosome

inactivation, a stochastic process resulting in the transcrip-

tional silencing of one of the two X chromosomes in female

cells.(93) Therefore, in females heterozygous for the heart-
BioEssays 31:1288–1298, � 2009 Wiley Periodicals, Inc.
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specific Hccs inactivation, �50% of cardiac cells silence the

defective X chromosome and remain healthy, while the other

50% keep the defective X chromosome active and develop

mitochondrial dysfunction.

After inactivation of Hccs in cardiac progenitor cells during

early heart development, hemizygous males as well as

homozygous females die at mid gestation.(91) In contrast,

heterozygous females survive to adulthood with only minor

morphological and functional changes within the heart, which

is unexpected considering a predicted 50:50 mosaic of

healthy and Hccs-deficient cells. Detailed analyses of cardiac

development revealed that the contribution of Hccs-deficient

cells to the cardiac tissue is minimized from 50% at mid

gestation to 10% at birth. Strikingly, this regeneration of the

embryonic and fetal heart is mediated by increased

proliferation of the healthy cardiac cell population. Hccs-

deficient cells, however, are not actively eliminated and are

still detectable in postnatal hearts of heterozygous females,

suggesting that they might contribute to disturbance in cardiac

function later in life.(91) Taken together, these data reveal that

the embryonic heart can compensate for an effective loss of

50% of cardiac tissue at mid gestation to enable formation of a

functional heart by birth.

The findings of this study argue that impairment of heart

development or tissue damage in the embryonic heart can be
Table 2. Consequences of altered cardiac hemodynamics on pre- and

Procedure Species

Gestational

agea HW

HW/BW

ratio

CM

number

C

si

Chicken HH stage 21 "" "" ND $

Increasing LV

afterload

Guinea pig Late gestation "" "" ND $

Sheep Mid gestation "" "" ND "

Rat P2 to P21 "" "" ND "

Increasing

RV afterload

Sheep Late gestation "" "" ND "

Increasing

volume load

Sheep Late gestation "" "" ND "

Increasing LV

preload

Chicken HH stage 34 ND ND $ $

Reducing LV

preload

Chicken HH stage 24 ND ND ND N

##, significantly reduced; $, unchanged; "", significantly increased.
aGestational age when procedure is applied/effective.
bNot determined in all referenced studies.

Abbreviations: see Table 1, HH, Hamburger and Hamilton.
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restored providing that the pathological conditions are either

locally or temporarily restricted. It remains to be determined,

however, whether there is a window of opportunity for this

regeneration after which damage to the fetal heart cannot be

compensated for by birth resulting in postnatal consequences

for cardiac morphology or function.
Control of cardiac organ size

In numerous animal model systems described above,

especially those for fetal undernutrition, the treatment applied

results in reduced fetal heart and body weight. The heart

weight to body weight ratio, however, in most cases does not

change compared to untreated controls (see Table 1). This

strongly argues for some tight control mechanisms regulating

heart growth in response to body size. Relatively little is

known about organ size control during embryonic and fetal

development, although basic mechanisms like cell growth,

proliferation and cell death are necessarily involved.(94,95)

Also, for the heart various components of the IGF/phospha-

tidylinosite-3-kinase/Akt pathway seem to be essential for the

regulation of organ size.(96,97) However, studies on pancreatic

development have shown that the pancreas relies on a certain

number of progenitor cells to reach its final size and depletion
perinatal heart growth

M

ze

CM

prolif.

CM

apoptosis

CM

maturation Comments Ref.

"" ND ND (77)

"" $ ND (79)

" "" ND ## Hypertrophy

precedes

hyperplasia

(84)

" "" $ ND Hyperplasia

precedes

hypertrophy

(80)

" ND ND ""b Cellular

changes in

RV only

(81,82)

" "" ND "" Hyperplasia

precedes

hypertrophy

(83)

"" ND ND Proliferation

in RV

unchanged

(88)

D ## $ in myocardium ## Hypoplastic LV (86,87)
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of this progenitor cell pool results in a hypoplastic organ.(98) In

contrast, the developing liver primarily relies on proliferation of

hepatocytes to reach its final size and can tolerate a reduction

of the progenitor cell pool by compensatory proliferation

without reduction in organ size.(98) For the heart, similar

mechanisms are not fully established yet; however, studies on

embryonic heart regeneration indicate that compensatory

proliferation in response to cardiomyocyte loss is possible, at

least in the second half of gestation.(91) At the same time,

reducing the number of cardiac progenitor cells during

early heart development has severe consequences for

cardiac morphogenesis and size, with a reduction in the

cardiac progenitor pool resulting in smaller and misshapen

hearts.(99–101) Therefore, the heart seems to rely on a

sufficient number of progenitor cells during the initial stages of

heart morphogenesis but can compensate for a loss of

cardiac cells after mid gestation to reach its final size.
Conclusions

Various techniques altering cardiac growth conditions in utero

have shown that the embryonic and fetal heart has quite a

remarkable ability to adapt to both endogenous (e.g.,

intracardiac hemodynamics) as well as environmental (e.g.,

nutritional supply or hypoxia) challenges (for summary see

Table 1 and 2, and Fig. 2). The predominant mechanism of

prenatal cardiac growth plasticity is cardiomyocyte hyperpla-

sia, in contrast to a hypertrophic adaption to cardiac stress

in the adult heart, although in late gestation and in the

perinatal period a combination of both might occur. Given that

the fetal heart has been shown to have an impressive

regenerative capacity in response to tissue damage, it is

tempting to speculate that impairment of embryonic or

fetal heart development might be partially reversible until

birth if intrauterine cardiac stress is temporarily or locally

restricted.

Certainly, accumulating evidence indicates that the

intrauterine environment determines the incidence of cardi-

ovascular disease in adult life. It therefore needs to be

investigated whether correction of disturbed embryonic or

fetal heart development will prevent postnatal cardiovascular

disease, potentially by inhibiting fetal programming. In this

regard, future prospects for prenatal surgical intervention for

certain cardiac or vascular malformations (i.e., to correct

intracardiac blood flow and pressure) and new insights into

the regenerative capacity of the fetal heart raise the hope that

combined therapeutic approaches might prevent or at least

attenuate acute postnatal clinical consequences of certain

types of CHD. Finally, molecular mechanisms and signaling

pathway mediating the various responses of the prenatal

heart to different challenges in the intrauterine environment,

e.g., causing changes in cardiomyocyte cycling, size, or
1296
maturation, are almost completely unknown. Therefore,

identification and characterization of molecular and cellular

mechanisms involved in fetal cardiac growth plasticity and

regeneration might uncover promising new strategies for

regeneration in the adult heart after acute or chronic tissue

damage.
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58. Leipälä JA, Boldt T, Turpeinen U, et al. 2003. Cardiac hypertrophy and

altered hemodynamic adaptation in growth-restricted preterm infants.

Pediatr Res 53: 989–93.

59. Veille JC, Hanson R, Sivakoff M, et al. 1993. Fetal cardiac size in

normal, intrauterine growth retarded, and diabetic pregnancies. Am J

Perinatol 10: 275–9.

60. Dong F, Ford SP, Fang CX, et al. 2005. Maternal nutrient restriction

during early to mid gestation up-regulates cardiac insulin-like growth

factor (IGF) receptors associated with enlarged ventricular size in fetal

sheep. Growth Horm IGF Res 15: 291–9.

61. Murotsuki J, Challis JR, Han VK, et al. 1997. Chronic fetal placental

embolization and hypoxemia cause hypertension and myocardial hyper-

trophy in fetal sheep. Am J Physiol 272: R201–7.

62. Louey S, Jonker SS, Giraud GD, et al. 2007. Placental insufficiency

decreases cell cycle activity and terminal maturation in fetal sheep

cardiomyocytes. J Physiol 580: 639–48.

63. Bubb KJ, Cock ML, Black MJ, et al. 2007. Intrauterine growth restriction

delays cardiomyocyte maturation and alters coronary artery function in

the fetal sheep. J Physiol 578: 871–81.

64. Robinson JS, Kingston EJ, Jones CT, et al. 1979. Studies on

experimental growth retardation in sheep. The effect of removal of

endometrial caruncles on fetal size and metabolism. J Dev Physiol 1:

379–98.

65. Morrison JL, Botting KJ, Dyer JL, et al. 2007. Restriction of placental

function alters heart development in the sheep fetus. Am J Physiol Regul

Integr Comp Physiol 293: R306–13.

66. Bae S, Xiao Y, Li G, et al. 2003. Effect of maternal chronic hypoxic

exposure during gestation on apoptosis in fetal rat heart. Am J Physiol

Heart Circ Physiol 285: H983–90.

67. Rueda-Clausen CF, Morton JS, Davidge ST. 2009. Effects of hypoxia-

induced intrauterine growth restriction on cardiopulmonary structure and

function during adulthood. Cardiovasc Res 81: 713–22.
1297



Review article J.-D. Drenckhahn
68. Li G, Xiao Y, Estrella JL, et al. 2003. Effect of fetal hypoxia on heart

susceptibility to ischemia and reperfusion injury in the adult rat. J Soc

Gynecol Investig 10: 265–74.

69. Li G, Bae S, Zhang L. 2004. Effect of prenatal hypoxia on heat stress-

mediated cardioprotection in adult rat heart. Am J Physiol Heart Circ

Physiol 286: H1712–9.

70. Hauton D, Ousley V. 2009. Prenatal hypoxia induces increased cardiac

contractility on a background of decreased capillary density. BMC

Cardiovasc Disord 9: 1.

71. Netuka I, Szarszoi O, Maly J, et al. 2006. Effect of perinatal hypoxia on

cardiac tolerance to acute ischaemia in adult male and female rats. Clin

Exp Pharmacol Physiol 33: 714–9.

72. Ream M, Ray AM, Chandra R, et al. 2008. Early fetal hypoxia leads to

growth restriction and myocardial thinning. Am J Physiol Regul Integr

Comp Physiol 295: R583–95.

73. Stewart DE, Kirby ML, Sulik KK. 1986. Hemodynamic changes in chick

embryos precede heart defects after cardiac neural crest ablation. Circ

Res 59: 545–50.

74. Hogers B, DeRuiter MC, Gittenberger-de Groot AC, et al. 1997.

Unilateral vitelline vein ligation alters intracardiac blood flow patterns

and morphogenesis in the chick embryo. Circ Res 80: 473–81.

75. Berdougo E, Coleman H, Lee DH, et al. 2003. Mutation of weak atrium/

atrial myosin heavy chain disrupts atrial function and influences ventri-

cular morphogenesis in zebrafish. Development 130: 6121–9.

76. HuangC, Sheikh F, HollanderM, et al. 2003. Embryonic atrial function is

essential for mouse embryogenesis, cardiac morphogenesis and angio-

genesis. Development 130: 6111–9.

77. Clark EB, HuN, Frommelt P, et al. 1989. Effect of increased pressure on

ventricular growth in stage 21 chick embryos. Am J Physiol 257: H55–61.

78. Clark EB, Hu N, Turner DR, et al. 1991. Effect of chronic verapamil

treatment on ventricular function and growth in chick embryos. Am J

Physiol 261: H166–71.

79. Saiki Y, Konig A, Waddell J, et al. 1997. Hemodynamic alteration by

fetal surgery accelerates myocyte proliferation in fetal guinea pig hearts.

Surgery 122: 412–9.

80. Sedmera D, Thompson RP, Kolar F. 2003. Effect of increased pressure

loading on heart growth in neonatal rats. J Mol Cell Cardiol 35: 301–9.

81. Montgomery MO, Jiao Y, Phillips SJ, et al. 1998. Alterations in sheep

fetal right ventricular tissue with induced hemodynamic pressure over-

load. Basic Res Cardiol 93: 192–200.

82. Barbera A, Giraud GD, Reller MD, et al. 2000. Right ventricular systolic

pressure load alters myocyte maturation in fetal sheep. Am J Physiol

Regul Integr Comp Physiol 279: R1157–64.

83. Jonker SS, Faber JJ, Anderson DF, et al. 2007. Sequential growth of

fetal sheep cardiac myocytes in response to simultaneous arterial and

venous hypertension. Am J Physiol Regul Integr Comp Physiol 292:

R913–9.
1298
84. Samson F, Bonnet N, Heimburger M, et al. 2000. Left ventricular

alterations in a model of fetal left ventricular overload. Pediatr Res 48:

43–9.

85. Sedmera D, Cook AC, Shirali G, et al. 2005. Current issues

and perspectives in hypoplasia of the left heart. Cardiol Young 15:

56–72.

86. Sedmera D, Pexieder T, Rychterova V, et al. 1999. Remodeling of chick

embryonic ventricular myoarchitecture under experimentally changed

loading conditions. Anat Rec 254: 238–52.

87. Sedmera D, Hu N, Weiss KM, et al. 2002. Cellular changes in experi-

mental left heart hypoplasia. Anat Rec 267: 137–45.

88. deAlmeida A, McQuinn T, Sedmera D. 2007. Increased ventricular

preload is compensated by myocyte proliferation in normal and hypo-

plastic fetal chick left ventricle. Circ Res 100: 1363–70.

89. Anversa P, Leri A, Kajstura J. 2006. Cardiac regeneration. J Am Coll

Cardiol 47: 1769–76.

90. Laflamme MA, Murry CE. 2005. Regenerating the heart. Nat Biotechnol

23: 845–56.

91. Drenckhahn JD, Schwarz QP, Gray S, et al. 2008. Compensatory

growth of healthy cardiac cells in the presence of diseased cells restores

tissue homeostasis during heart development. Dev Cell 15: 521–33.

92. Bernard DG, Gabilly ST, Dujardin G, et al. 2003. Overlapping specifi-

cities of the mitochondrial cytochrome c and c1 heme lyases. J Biol

Chem 278: 49732–42.

93. Avner P, Heard E. 2001. X-chromosome inactivation: counting, choice

and initiation. Nat Rev Genet 2: 59–67.

94. Conlon I, Raff M. 1999. Size control in animal development. Cell 96: 235–

44.

95. Leevers SJ, McNeill H. 2005. Controlling the size of organs and organ-

isms. Curr Opin Cell Biol 17: 604–9.

96. Shioi T, Kang PM, Douglas PS, et al. 2000. The conserved phosphoi-

nositide 3-kinase pathway determines heart size in mice. EMBO J 19:

2537–48.

97. Shioi T, McMullen JR, Kang PM, et al. 2002. Akt/protein kinase

B promotes organ growth in transgenic mice. Mol Cell Biol 22: 2799–

809.

98. Stanger BZ, Tanaka AJ, Melton DA. 2007. Organ size is limited by the

number of embryonic progenitor cells in the pancreas but not the liver.

Nature 445: 886–91.

99. ThomasNA, Koudijs M, van Eeden FJ, et al. 2008. Hedgehog signaling

plays a cell-autonomous role in maximizing cardiac developmental

potential. Development 135: 3789–99.

100. Keegan BR, Feldman JL, Begemann G, et al. 2005. Retinoic acid

signaling restricts the cardiac progenitor pool. Science 307: 247–9.

101. Cohen ED, Wang Z, Lepore JJ, et al. 2007. Wnt/beta-catenin signaling

promotes expansion of Isl-1-positive cardiac progenitor cells through

regulation of FGF signaling. J Clin Invest 117: 1794–804.
BioEssays 31:1288–1298, � 2009 Wiley Periodicals, Inc.


