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Abstract:

The heart matures by a regulated process of cell differentiation, cell maturation,
cell division (hyperplasia), cell enlargement (hypertrophy), and apoptosis. How the heart
cells are regulated to form a functioning heart with the appropriate number and size of
cells is unknown. Over the last decade, it has become increasingly appreciated that adult
heart disease may have its origins in fetal life. The link between fetal growth and heart
disease has been called the programming hypothesis. While my thesis does not directly
study the programming hypothesis, the goal of my thesis work was to study the fetal
cardiac growth effects of endocrine factors that have been studied as links in the
programming phenomenon. I focused on two endocrine factors, insulin-like growth
factor 1 (IGF-1) and angiotensin II (Ang II), and studied the mechanisms by which they
can induce fetal heart growth.

IGF-1 and Ang II are implicated in many aspects of growth and is likely to be
important in developmental heart growth. IGF-1 stimulates the IGF-1 receptor (IGF1R)
and downstream signaling cascades including extracellular signal-regulated kinase (ERK)
and phosphoinositol 3-kinase (PI3K). Ang II is known to stimulate hypertrophy in rodent
cardiomyocytes via the ERK signaling cascade. The ERK cascade regulates many
fundamental cellular processes such as proliferation, differentiation, survival,
hypertrophy, growth arrest, and apoptosis. The PI3K signaling cascade also regulates
various cellular processes such as proliferation, hypertrophy, apoptosis, and
differentiation.

In vivo administration of an IGF-1 analogue, Long R3 IGF-1 (LR3 IGF-1), did

not stimulate cardiomyocyte hypertrophy, but led to a decreased percentage of cells that
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were binucleated. In culture, LR3 IGF-1 increased myocyte BrdU uptake by 3-5 fold.
Blockade of either ERK or PI3K signaling completely abolished BrdU uptake stimulated
by LR3 IGF-1. Ang II increased myocyte BrdU uptake compared to serum free
conditions. Blockade of ERK signaling prevented BrdU uptake in Ang II stimulated
cells. Phenylephrine (PE) stimulated an increase in footprint area of binucleate cells but
Ang IT and LR3 IGF-1 did not. We found that no endocrine factor studied (LR3 IGF-1,
Ang II, and PE) changed footprint area of mononucleated cells. Blockade of ERK
signaling prevented cell hypertrophy in PE stimulated cells.

We conclude that in fetal ovine cardiomyocytes 1) IGF-1 stimulates
cardiomyocyte division; 2) Ang II stimulates hyperplastic growth among mononucleate
myocytes; 3) IGF-1 does not stimulate binucleation; 4) IGF-1 does not stimulate
hypertrophy; 5) Ang II is not a hypertrophic agent; 6) PE is a hypertrophic agent in
binucleate myocytes; 7) IGF-1 requires both ERK and PI3K signaling for proliferation of
fetal sheep cardiomyocytes; 8) the ERK cascade is required for the proliferation effect of
Ang II and the hypertrophic effect of PE; 9) ERK stimulation has different actions based

on maturation level of the cell within the same cell type.



Chapter 1:

Introduction



Adult Heart Disease and Fetal Growth:

Heart disease is the number one cause of death in the United States and accounts
for more deaths than the next three leading causes combined (American Heart
Association: Heart Disease and Stroke Statistics — 2003 Update). Tschemic heart disease
and cerebrovascular disease rank 1 and 2 respectively in the leading causes of mortality
worldwide (World Health Organization: World Health Report 1999). Yet, the generally
accepted risk factors for heart disease - smoking, diabetes, high cholesterol, high blood
pressure, obesity, and physical inactivity - account for only about half of heart disease
cases (Lynn Smaha, President American Heart Association, 1999 — personal
communication to K.L. Thornburg). Over the last decade, it has become increasingly
appreciated that adult heart disease may have its origins in fetal life. David Barker and
his colleagues in England were the first to establish the epidemiological link between low
birth weight and adult-onset heart disease (Barker et al., 1989¢;Barker et al.,
1989b;Barker et al., 1989a). Subsequently, this link has been reproduced in studies of
populations in Europe, China, India, and the USA. Specifically, low birth weight is
associated with a cluster of metabolic disturbances including central obesity, increased
blood pressure, glucose intolerance, and dyslipidemia - a constellation of symptoms that
has been variously labeled metabolic syndrome, insulin-resistance syndrome, or
syndrome X (Barker, 1998;Phillips, 2002). Current evidence suggests that low birth
weight combined with an increased weight gain during childhood, often labeled “catch-
up growth,” further increases the risk of acquiring the metabolic syndrome and adult
heart disease (Barker, 2002). The fetal origins of adult disease hypothesis proposes that

stresses resulting from an adverse intrauterine environment “program” an individual to



have altered physiological responses, altered organ structure, and altered gene expression
patterns that provide immediate adaptive benefits to the fetus while increasing the risk for
chronic disease later in life. One of the tenets of the programming hypothesis is that each
organ has a critical window of time during which it is especially vulnerable to an
environmental insult. If an insult, like hypoxemia or malnutrition, occurs during a critical
window, the organ structure and function will be permanently altered (Barker, 1998).
Hence, a decrease in skeletal muscle mass may lead to insulin resistance; a decrease in
nephron number may lead to hypertension; and a decrease in liver size may lead to
dyslipidemia (Barker, 2002). But birth weight is a crude measure of fetal health and is
not helpful in understanding the processes occurring at the organ level during fetal life
that lead to heart disease. It is now clear in animal studies that organs can be
programmed for adult onset disease without the insult affecting birth weight (Barker,
2002).

Fetal nutrition is a primary link between the fetal environment and birth weight.
Size at birth depends more on the maternal intrauterine environment than on either
maternal or parental genotype (Harding, 2001;Holt, 2002;Giussani ez al., 2003).
Experimentally, reducing or altering maternal diet has been shown to alter fetal and adult
physiology of offspring consistent with the syndrome X phenotype (Harding, 2001). Ina
rat model, global nutrient restriction throughout pregnancy leads to offspring with
obesity, hypertension, hyperinsulinemia, and hyperleptinemia, all of which can be
amplified with a hypercaloric postnatal diet (Vickers et al., 2000). Maternal
undernutrition in sheep also programs offspring for increased blood pressure (Edwards &

McMillen, 2001).



Fetal nutrient supply is not simply a matter of maternal diet. Nutrient delivery to
the fetus also depends on the maternal metabolic and endocrine status, uterine blood
flow, placental transport and metabolism, umbilical blood flow, and the fetal metabolic
and endocrine status (Harding, 2001). Therefore, simply assessing maternal diet may not
be sufficient to determine the magnitude of insult that affects the fetus (Oliver ef al.,
2002).

While this thesis was not designed to test the programming hypothesis, I focused
on two endocrine factors, insulin-like growth factor-1 and angiotensin II, that are thought
to play a prominent role in the well established fact that the prenatal hormonal
environment alters organ specific growth of the fetus and affects its life long health
(Harding, 2001). Thus, findings from these studies may shed light on programming

mechanisms.

IGF-1 and Fetal Growth:

Fetal nutrition in general and the rate of glucose transport across the placenta in
particular regulate insulin and insulin-like growth factors-1 (IGF-1) and -2 (IGF-2) levels
in the fetal plasma (Oliver et al., 1993). Insulin and IGF-1 are the most important
hormonal regulators of fetal growth (Harding, 2001;Holt, 2002). IGF-1 is regulated by
fetal nutrient supply (Oliver et al., 1993;0liver et al., 1996) and alters protein and
carbohydrate metabolism in the fetus and placenta (Harding et al., 1994). Therefore,
IGF-1 levels are dependent on nutrient supply, but also determine fetal demand and

supply for that nutrition.



The genetic basis for controlling supply and demand for maternal nutrients is not
understood, but it is known that the IGFs are expressed in fetal and placental tissues and
that each growth factor type has growth regulatory functions in those tissues (Reik ef al.,
2003). IGF-2 is a paternally imprinted gene that can regulate placental size and,
therefore, nutrient transfer to the fétus (Reik et al., 2003).

IGF-1, but not IGF-2, plasma levels correlate positively with birth weight in
normal and growth restricted human fetuses and newborns (Lassarre et al., 1991).
Human children born small and thin have IGF-1 plasma levels that are higher than
“normal” for their current weight and height at 4 to 9 years old (Fall ez al., 1995). Thus,
children with the highest IGF-1 plasma levels are those born small but currently heavy
for their age (Fall et al., 1995). It has been concluded that those at the most risk for adult
heart disease - born small with increased catch up growth - have resistance to IGF-1
analogous to insulin resistance (Fall ef a/., 1995). But, in a 15 year prospective study,
people with the highest plasma levels of free IGF-1 had the lowest risk for ischemic heart
disease while those with the lowest plasma levels of free IGF-1 had a four-fold increase
in risk (Juul ez al., 2002). The work of Fall ef al. (1995) and Juul et al. (2002) appear to
be quite contradictory. However, the story is not complete. While fetal growth
restriction may lead to increases in plasma IGF-1 levels during childhood, it is not known
whether these elevated IGF-1 levels are reduced later in adulthood or if they remain high.
If it follows the pattern of insulin resistance, one may postulate that late in the resistance
process IGF-1 levels fall and increase risk for ischemic heart disease.

Maternal diet can be experimentally altered in animals to induce intrauterine

growth restriction with an associated decrease in fetal IGF-1 levels (Gallaher et al.,



1998;Jensen et al., 1999;0sgerby et al., 2002). Intermittent umbilical cord occlusion in
the sheep model (causing intermittent hypoxia) over four days also tends to lower fetal
IGF-1 levels (Green et al., 2000). This suggests that chronic exposure to fetal hypoxia,
known to reduce fetal size, may lower IGF-1 levels. Sheep fetuses that are growth
restricted do not display the normal increase in placental lactate production in response to
an IGF-1 infusion which suggests a resistance to IGF-1 (Jensen et al., 1999). This model
provides evidence of IGF-1 resistance in growth-restricted fetuses and mimics clinical
findings in children. In a rat model of syndrome X, an IGF-1 infusion normalizes insulin
and leptin plasma levels, reduces hyperphagia and obesity, and lowers blood pressure
(Vickers ef al., 2001). This raises the possibility that altered IGF-1 physiology is not
only a part of the programming problem but may become important in treatment.

IGF-1 circulates in plasma bound to a family of IGF binding proteins numbered
1-6 (IGFBP1-6) that greatly increase IGF plasma half lives by protecting IGFs from
degradation. Different binding proteins can either facilitate or inhibit IGF-1 actions. In
general, the smaller IGFBPs, 1 & 2, are thought to be membrane soluble to facilitate IGF
action while larger IGFBPs, 3 & 5, form ternary complexes thought to sequester IGF-1
from its receptor (Delafontaine, 1995;Silha & Murphy, 2002). One mechanism that may
explain lowered IGF-1 levels in plasma is an alteration in binding protein levels.
Maternal diet restriction lowers fetal IGF-1 plasma levels related to a fall in fetal IGFBP3
plasma levels (Gallaher ez al., 1998). Intermittent cord occlusion alters IGFBP2 mRNA
levels in several organs including an up-regulation of IGFBP2 levels in the heart (Green

et al., 2000).



Because IGF-1 regulates fetal growth, is altered by levels of nutrition, and is
permanently altered by adverse changes in the uterine environment, it is an obvious

endocrine factor for investigating the links between fetal growth and adult disease.

Angiotensin II and Fetal Growth:

While IGF-1 has experimental links in the pathogenesis of the fetal origins of
adult disease, it is by no means the only hormonal system that has been studied.
Angiotensin IT (Ang II), best known for its endocrine role in systemic blood pressure
regulation, 1s also believed to be important in programming adult heart disease. Since
hypertension is part of the syndrome X phenotype and an independent risk factor for
heart disease, Ang II has been an important focus of study for a link between birth weight
and adult heart disease.

Pregnant rats fed a low protein diet have offspring that become hypertensive as
adults (Langley & Jackson, 1994;Woods ef al., 2001a). The offspring have altered renin-
angiotensin systems (RAS) with decreases in renal Ang II tissue levels as well as renin
message and protein levels (Woods et al., 2001a). Normal nephrogenesis requires a
normal intrarenal RAS. When rats are given the angiotensin 1 receptor (AT1) blocker,
losartan, during the period of nephrogenesis, nephron number is reduced and offspring
develop hypertension in adulthood (Woods & Rasch, 1998). Protein restricted rat pups
also develop fewer nephrons (Woods ef al., 2001a). However, the nephrons that do
develop undergo compensatory hypertrophy, and kidney function is maintained as
glomerular filtration rate (GFR), effective renal plasma flow (ERPF), and filtration

fraction (FF) are normal (Woods ez al., 2001a). This sets up a situation of



“hyperfiltration” for each glomerulus that is associated with hypertension and renal
insufficiency (Ingelfinger & Woods, 2002). This is analogous to removing a single
kidney during early development which halves nephron number, causes hyperfiltration,
and leads to hypertension in adult rats (Woods et al., 2001b). Similar work in the sheep
suggests that the final common pathway of programmed hypertension is a reduction in
nephron number in the kidney. Growth restriction in fetal sheep, caused by experimental
placental insufficiency, produced smaller kidneys with reduced message levels for
angiotensinogen (Aogen) and renin (Zhang et al., 2000). But in these animals, there was
no reduction in hepatic Aogen mRNA levels, suggesting that the effect was specific to
the intrarenal RAS (Zhang et al., 2000).

Newbom lambs exposed to mid-gestation nutrient restriction had increases in
AT1 and glucocorticoid receptor (GR) message levels in kidney, liver, lung, and adrenal
gland (Whorwood et al., 2001). This is opposite the effect in rats where protein
restriction during fetal life decreased kidney AT1. However, a brief 48 hour exposure to
dexamethasone (a cortisol analogue) during the earliest stages of sheep nephrogenesis
also led to an increases in fetal kidney AT1, AT2, and Aogen message levels (Moritz et
al., 2002) and a reduction in nephron number postnatally (Moritz ez al., 2003). Fetal
nutrient restriction is known to reduce the expression of 11B-hydroxysteroid
dehydrogenase (11BHSD) in the placenta (Whorwood et al., 2001). This enzyme
inactivates maternal cortisol as it crosses the placenta preventing elevated maternal
cortisol levels in the fetal compartment. Reduction of 11BHSD and resulting increases in

fetal cortisol exposure is, therefore, another mechanism by which fetal undernutrition



programs for adult hypertension (Moritz ef al., 2003). It may be that either increases or
decreases in the fetal intrarenal RAS can lead to fewer nephrons (Moritz et al., 2003).
IGF-1 is also known to effect fetal kidney function and the RAS. Most of the
effects of protein restriction and/or glucocorticoid exposure seem to disturb the intrarenal
RAS without affecting circulating levels of RAS components. However, IGF-1 infusion
ranging from 4 hours to 10 days dramatically increases plasma renin concentration and
plasma renin activity (PRA) with a slight decline in plasma Aogen levels (Marsh et al.,
2001a;Marsh et al., 2001b). While a fetal IGF-1 infusion has been shown to increase
kidney size relative to body weight (Marsh ez al., 2001a;Lok et al., 1996), plasma renin
levels increase within the first 4 hours, well before chronic changes in kidney mass could
be responsible for the alteration in circulating RAS components (Marsh ez al., 2001b).
Other RAS components, such as the AT1 and AT2 receptor, have not been
studied in response to IGF-1 infusion. IGF-1 can down-regulate AT1 and Aogen levels
in cardiomyocytes which reduces Ang II induced hypertrophy and apoptosis (Leri ez al.,
1999a;Leri ef al., 1999b). Therefore, IGF-1 can alter the systemic and renal RAS
systems and likely raise plasma levels of Ang II by increasing PRA. Alterations in the
RAS, especially the intrarenal components, are implicated in fetal programming of adult

disease.

Heart Growth and Adult Disease:
The epidemiological link between fetal development and adult heart disease is
powerful. In addition, many investigators have created animal models that recapitulate

the epidemiological studies with some models showing that altered physiological and



endocrine systems are a link between early development and later heart disease. What
has been lacking, however, are studies that demonstrate the mechanistic roles that these
endocrine systems have on heart growth and development at the cellular and molecular
levels. The dogma has long persisted that cardiac myocytes are “terminally
differentiated” and no longer able to divide. Recent work by Anversa and colleagues
challenges that notion by showing low levels of proliferation throughout the adult
myocardium (Anversa & Kajstura, 1998;Beltrami ez al., 2001;Kajstura et al.,
1998;Nadal-Ginard et al., 2003;Quaini ef al., 2002). However, their findings do not
necessarily disprove the idea that heart cell numbers at birth are important. Perhaps low
levels of adult hyperplasia only match the similarly low levels of apoptosis and this is a
system meant to maintain cardiomyocyte number during adult life; however, that
mechanism is clearly not able to make up for a major loss of cells as occurs in a
myocardial infarction. Thus, the number of cardiac myocytes one has at birth may
determine the risk to later heart disease. Therefore, understanding the mechanisms by
which the insulin-like growth factors and angiotensins effect fetal heart development is
crucial to understanding the origins of adult heart disease. A fetal heart that is increased
in size due to increased myocyte number may have a very different set of disease risks
associated with it in adulthood compared to one that has increased in size due to

increased myocyte size.

Fetal Heart Growth:

Individual organs, including the heart, mature by a regulated process of cell

differentiation, cell maturation, cell division (hyperplasia), cell enlargement
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(hypertrophy), and apoptosis. These processes function to form a heart that is capable of
pumping blood through the body for a lifetime. How the heart cells are regulated to form
a functioning heart with the appropriate number and size of cells is unknown. However,
it is known that when large numbers of adult heart myocytes die, as with an infarction,
they are unable to regenerate and replace themselves adequately.

Clubb and Bishop (Clubb & Bishop, 1984;Oparil ez al., 1984) were the first to
show that one marker of terminal differentiation in the rat heart myocyte is binucleation
and they concluded that binucleate cells are unable to divide and can only grow by
hypertrophy. Binucleation occurs in the large mammal sheep also. From early
embryonic life through mid gestation, total myocyte mass increases through cell division
(myocyte hyperplasia). From mid gestation onward, there is an increasing proportion of
myocytes that are differentiated (binucleate or polyploid) and total myocyte mass
increases by both myocyte hyperplasia and hypertrophy. After birth and throughout
adulthood, most myocytes are binucleate, terminally differentiated, and unable to divide.
During adult life, total myocyte mass can only increase significantly by hypertrophy and
the maximum number of myocyte cells may be set. The signals that cause the "switch"
from a hyperplastic growth to a hypertrophic growth during late gestation are not known.

The ratio of binucleated to mononucleated cells can be altered by environmental
factors during fetal life. An experimental systolic pressure load applied to the right
ventricle in fetal sheep stimulates an increase in cardiac mass due to increased
cardiomyocyte hypertrophy and hyperplasia and stimulates binucleation simultaneously,

increasing the percentage of myocytes with two nuclei and the total number of myocytes
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(Barbera et al., 2000). However, it is unclear whether IGF-1 or Ang Il are important in
the regulation of myocyte maturation under these experimental conditions.

A full review of IGF-1’s known and potential mechanisms for affecting heart
growth will be reviewed in the introduction to chapter 3. In brief, IGF-1 has been
implicated in all the modes of growth listed above. Theoretically, IGF-1 could affect
heart growth through each mode of growth during late gestation, the period of time
studied in this work. Ang IT is also known to be a potent mediator of heart growth. The
evidence and review of Ang II’s known and potential roles for affecting heart growth are

fully reviewed in chapter 4.

Cell Signaling - ERK:

The mitogen activated protein (MAP) kinase family is involved in variety of cell
processes. The three primary MAP kinase cascade pathways are p38 MAPK, JNK, and
p42,44 MAPK/ extracellular signal-regulated kinase (ERK). The ERK kinases ERK 1
and ERK2 regulate many fundamental cellular processes such as proliferation,
differentiation, migration, survival, hypertrophy, growth arrest, and apoptosis (Belcheva
& Coscia, 2002). Thus, ERK signaling has many potential effects on growth of the fetal
myocardium and may be critical to growth factor regulation of myocardial growth.

ERK stimulation is at the end of a cascade of protein kinases used to amplify
receptor signaling from either receptor tyrosine kinases - such as IGF1R - or G-protein
coupled receptors - such as AT1 (English ez al., 1999). Coupling to the two types of
receptors is different, but they have in common most of the ERK kinase pathway

(English ez al., 1999). The receptor is activated which creates docking sites for adapter
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proteins such as Grb2 or She (English e al., 1999;Sadoshima & Izumo, 1996). The
adapter protein links the receptor to the guanine nucleotide exchange protein son of
sevenless (SOS) which then catalyzes GDP release and GTP binding to p21 Ras (Egan ez
al., 1993;Buday & Downward, 1993a;Sadoshima & Izumo, 1996;English et al., 1999).
GTP bound p21 Ras is activated, and GDP bound p21 Ras is inactivated (Buday &
Downward, 1993b). Activated p21 Ras then binds to and activates Raf-1, a MAP kinase
kinase kinase; activated Raf-1 phosphorylates and activates MEK, a MAP kinase kinase,
which in turn phosphorylates and activates ERK (Stork & Schmitt, 2002). A diagram of
ERK signaling is shown with some of the potential mechanisms of ERK action (Fig 1-1).

One of the key roles of ERK is regulation of the cell cycle and proliferation.
Proliferation has been little studied in cardiomyocytes. This is likely due to the fact that
neonatal rat cardiomyocytes, the cells most often used to study heart cell signaling in
vitro, rapidly differentiate in culture and no longer proliferate (Sadoshima ez al., 1997).
However, formation and maturation of skeletal myoblasts has been well documented.
Skeletal myoblasts remain proliferative in culture conditions with high serum, but
differentiate into myotubes with activation of the myogenin program under low serum
conditions (Stewart & Rotwein, 1996). Activated ERK increases skeletal myoblast
proliferation and inhibits myogenin and the differentiation into myotubes (Coolican et al.,
1997;Weyman & Wolfiman, 1998;Adi et al., 2002).

Of the three primary MAP kinase cascade pathways, the intracellular ERK
cascade is thought to be a key stimulant of hypertrophy in cardiomyocytes (Aoki et al.,
2000;Bueno ef al., 2001;Bueno et al., 2000;Fischer et al., 1998;Sadoshima & [zumo,

1993a). Stimulation of the ERK signaling cascade may be necessary to affect cell
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hypertrophy with exposure to Ang II, phenylephrine, endothelin-1, leukemia inhibitory
factor, isoproterenol, sphingosylphosphorylcholine, and stretch (Clerk et al., 2001; Wang
& Proud, 2002;Lazou et al., 1998;Sekiguchi et al., 1999;Ueyama et al., 2000;Yue et al.,
2000). Overexpression of MEK or expression of a constitutively active MEK induces
hypertrophy in vivo or in vitro (Bueno et al., 2000;Ueyama et al., 2000). Expression of a
dominant negative MEK blocks hypertrophy normally induced by phenylephrine,

endothelin-1, leukemia inhibitory factor, isoproterenol, and stretch (Ueyama et al., 2000).

Cell Signaling — PI3K:

The phosphoinositol 3-kinase (PI3K) signaling cascade also regulates various
cellular processes such as proliferation, hypertrophy, apoptosis, differentiation, and
cytoskeletal rearrangement (Vivanco & Sawyers, 2002).

PI3K activation is most closely associated with receptor tyrosine kinases such as
IGF1R, but G-protein coupled receptors such as AT1 can also activate PI3K (Hirsch ez
al., 2000;Li et al., 2000;Sasaki et al., 2000). The PI3K pathway is briefly summarized
here, but has been well reviewed previously by Vivanco and Sawyers (2002). Typically,
receptor activation provides docking sites for direct interaction with PI3K or for
intermediate docking of phosphoproteins like insulin receptor substrate 1 (IRS1). PI3K is
actually made up of two subunits, the p85 regulatory subunit which binds to IRS1 and the
pl10 catalytic subunit. The p110 subunit catalyzes the phosphorylation of
phosphatidylinositol(4,5)P, (PIP;) to phosphatidylinositol(3,4,5)P; (PIP;). PIP; recruits
protein kinase B (PKB or AKT) to the intracellular leaf of the cell membrane by binding

to a pleckstrin homology domain on AKT. Once AKT is brought to the cell membrane, it
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can be phosphorylated by 3-phosphoinositide-dependent protein kinase-1 & -2 (PDK1 &
PDK?2) that activate AKT. Downstream of AKT lay many targets that mediate the
various cellular responses to PI3K activation. And while PI3K is closely linked with
AKT phosphorylation, there are AKT independent pathways for PI3K signaling. A
general diagram of PI3K signaling is given in Fig 1-2.

Much of the research into PI3K has focused on its proliferative and survival
effects m cancer cells (Vivanco & Sawyers, 2002;Vemuri & Rittenhouse, 1994;Castoria
et al., 2001). PI3K-AKT stimulation phosphorylates and inactivates glycogen synthase
kinase-3f3 (GSK3PB) which otherwise would phosphorylate Cyclin D; and target it for
degradation - the net effect being an increase in Cyclin Dy (Diehl et al., 1998). AKT also
negatively regulates the cyclin dependent kinase inhibitors p21 and p27 (Graff ez al.,
2000) which allows for PCNA binding and proliferation (Rossig et al., 2001).

Recent work has shown that PI3K and its downstream target AKT may be critical
components of the regulation of heart size (Shioi et al., 2000;Shioi et al., 2002;Condorelli
et al., 2002;Crackower et al., 2002). Transgenic mice expressing a constitutively active
PI3Ka construct have an increased heart size due to increased myocyte size; mice
expressing a dominant negative PI3Ka construct have decreased heart size due to
decreased myocyte size (Shioi et al., 2000). The same results are seen when
constitutively active AKT and dominant negative AKT are expressed (Shioi et al.,
2002;Condorelli e al., 2002). Skeletal muscle hypertrophy can also be regulated by
PI3K-AKT via mTOR activation (Bodine et al., 2001;Rommel et al., 2001). The kinase
mTOR is an important regulator of protein synthesis that is sensitive to nutrient

availability and ATP levels (Vivanco & Sawyers, 2002).
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PI3K signaling may be important in heart differentiation and maturation because
it is known to induce skeletal myoblast differentiation into skeletal myotubes (Coolican et
al., 1997;Kim et al., 1999). Inhibitors of PI3K activity such as wortmannin or LY294002
block skeletal myoblast differentiation (Coolican et al., 1997;Kim et al., 1999;Kaliman et
al., 1996). Expression of a dominant negative p85 subunit of PI3K blocks skeletal
myoblast differentiation (Kaliman et a/., 1998) while expression of a constitutively active

p110 subunit induces myoblast differentiation (Kim et al., 1999).

Hypotheses:

It is likely that endocrine systems perturbed in fetal undernutrition are important
in fetal heart growth regulation and the onset of heart disease in the adult. Thus, it is
important to understand the mechanisms by which these endocrine systems alter fetal
heart development at the cellular level, because e