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ABSTRACT OF THE DISSERTATION

Prenatal Cocaine Exposure and Cardiac Programming
by
Soochan Bae

Doctor ofPhilosophy, Graduate Program in Pharmacology
Loma Linda University, June 2005
Dr. Lubo Zhang, Chairperson ofthe committee

Human epidemiological studies have shown a clear association of adverse
intrauterine environment and an increased risk ofischemia heart disease in later adult life.

Cocaine abuse during pregnancy has been shown to cause abnormalies in the heart during
fetal and postnatal development, but mechanisms underljdng the detrimental effects of
cocaine on the developing heart are not fully understood. The central hypothesis is that

cocaine exposure during fetal development may cause in utero programming of apoptotic
pathways, which may has lasting and prolong effect on heart development postnatally.
In a pregnant rat model, chronic hypoxia increased apoptosis in the fetal heart
which may cause a premature exit ofthe cell cycle of cardiomyocytes and myocyte

hypertrophy in the remaining cells. It is likely that multiple mechanisms may be involved
in cocaine/hypoxia-induced apoptosis in the fetal heart. In a neonatal and juvenile
offspring, prenatal cocaine exposure induced abnormal apoptosis and myocyte

hypertrophy in the early postnatal rats. Furthermore, prenatal cocaine exposure

significantly increased heart susceptibility to ischemia/reperfusion (I/R)injury in juvenile
and adult rats by increasing myocardial infarct size and decreasing postischemic recovery
ofleft ventricular function. Interestingly, the effect of prenatal cocaine exposure on

cardiac vulnerability in adult offspring is gender-dependent, with the male heart being

XI

more susceptible to increased I/R injury induced by prenatal cocaine exposure.
Accordingly, there was a significant decrease in PKCs and phospho-PKCe levels in left
ventricle in the male, but not female offspring.

Many studies have reported the sex differences in heart susceptibility to I/R

injury, but the mechanisms are not fully understood. Inhibition ofPBK/Akt pathway by
wortmannin or PKC by chelerjdhrine before ischemia significantly reduced postischemic

recovery, and increased infarct size in female but not male hearts. Although the levels of
total Akt or PKCs were same between male and female hearts, the ratio of p-Akt/Akt and
/

p-PKCs/PKCs were significantly higher in female hearts. In addition, there were

significantly increases in p-Akt and p-PKCs levels during reperfusion in female but not
male hearts. The results suggest that increased p-Akt and p-PKCs play an important role
in cardioprotection against I/R injury in females.

Xll

CHAPTER ONE
GENERAL INTRODUCTION

Introduction

A. Prenatal cocaine use and effects

Recently, National Survey on Drug Use and Health conducted by Substance Abuse
and Mental Health Services Administration(SAMHSA)in the United States presented

that approximately 2 million Americans aged 12 and older are regular cocaine abusers.

They reported more than 3% of women used an illicit drug including cocaine during
pregnancy. This implicated tens ofthousands of cocaine exposed babies bom every year

(Feng, 2005). Therefore, this has raised critical concems about the impact of maternal
cocaine abuse on human fetal and postnatal development. Long-term cocaine abuse

during pregnancy caused many adverse perinatal outcomes, such as intrauterine growth ,
'

"

■

■

. 1

retardation (decreased weight, length and head circiunstance), premature labor and
delivery, abmption placenta, and congenital anomalies(Holzman and Paneth, 1994). In
•

'

'

"

V

addition, prenatal exposure to cocaine has been reported to produce a variety of
abnormalities in the newbom infant, such as impaired development of fetal renal arteries,

vascular injury to the neonatal central nervous system, and increased risk for manifesting
a constellation of central nervous system and autonomic nervous system effects(Harvey,

2004). Studies using animals showed cocaine-exposed offspring may exhibit increased
sensitivity not only to environmental demands and stressors, but also to the potential
moderating or beneficial effects of early experiences. These results also showed in studies
with clinical populations(Spear etal., 1998).

In addition to postnatal neurobehavioral alterations, maternal cocaine abuse clearly
predisposes the fetus and neonate and causes various cardiovascular disorders.
Developmental disorders found in humans include congenital cardiac abnomalies and

altered cardiac function in newboms(Lipshultz et ah, 1991; Norris and Hill, 1992; Van
/

,

■

■

,

de Bor et ah, 1990; Wiggins, 1992). Moreover, prenatal cocaine caused cardiac

malformations include atrial and ventricular septal defects, rhythm disturbance,

hypoplastic right or left side ofthe heart, and absent ventricle (Plessinger and Woods,
1998). In addition, clinical studies demonstreated prenatal cocaine exposure is associated
with coarctation ofthe aorta, peripheral pulmonary stenosis, patent ductus arteriosus,

aortic valve prolapse, and arrhythmias (Lipshultz et ah, 1991; Plessinger and Woods,
1998). Gintautiene and colleagues stressed that these cardiovascular abnormalities by
cocaine may related to congestive heart failure, cardiorespiratory arrest and death in
postnatal life (Gintautiene et ah, 1990).
B. Toxic effects of cocaine

Cocaine abuse is accompanied by a\iigh risk ofserious effects involving the
cardiovascular system. Cocaine has two well-defined pharmacological^ actions: it is a
local anesthetic and a monoamine reuptake blocker. Cocaine is known to pass into the
sodium channel and bind on the inside ofthe membrane to inhibit fiirther conduction of

sodium ion through the membrane in electrically active cells like myocardial cells.
Cocaine is also capable ofinterfering with monoamine reuptake systems in

cateCholaminergic and serotonergic neurons. The inhibition of catecholamine reuptake is
responsible for many ofthe cardiovascular effects of cocaine while inhibition of
serotonin reuptake is for its euphoric effects(Knuepfer, 2003). In addition, acute

ischemic events can be induced by cocaine through coronary spasms in a situation of

physiologic stress already accompanied by an enhanced myocardial oxygen demand.
Procoagulant properties of cocaine may cause coronary thrombosis formation and
development of myocardial infarction(Rump and Klaus, 1995).
There are a number ofreasons that fetuses ^e exposed to significant levels of cocaine for

long durations when the mother abuses cocaine. Cocaine tends to be present at higher
levels and for longer periods in the blood, because pregnant mothers have reduced levels
ofthe esterase that metabolize cocaine (Prichard, 1955). In addition, cocaine is a small

molecule(MW 303.4)that is largely un-ionized at physiological pH (Wilson, 1973)and
thus it readily crosses the placental barrier. Because fetal blood has a lower pH,cocaine

passes readily fi"om the mother's blood into the fetal blood circulation. Once in the fetus,
cocaine is metabolized slowly, again because oflow levels of esterase. Thus, when

pregnant women use cocaine, the placenta and fetus are affected with detrimental
consequences.

The effect of cocaine on fetal growth may be due in part to potential fetal hypoxia. It has
been shown that cocaine can induce uterine artery vasoconstriction and cause fetal
j

■

'

'

/

hypoxia(Woods et al., 1987). The decreases in fetal oxygen levels produce an increase in
the release of catecholamines, which elevate fetal blood pressure and heart rate. The

previous study demonstrated that prenatal hypoxia produces cardiac congenital defects in

the rat(Clemmer and Telford, 1996). In fetal sheep chronic hypoxia suppressed cardiac
fimction and contractility(Browne et al., 1997), increased lactate dehydrogenase and
citrate synthase in fetal myocardium (Ohtsuka and Gilbert, 1995), and resulted in cardiac

hypertrophy(Martin et al., 1998; Murotsuki et al., 1997). In addition, decreased uterine

blood flow lowers nutrient transport which in turn can induce intrauterine growth
retardation.

Because cocaine can easily cross the placenta and accumulate in the fetal compartment, it
is likely to exert cytotoxic effect on the fetal organs. There is clear evidence for the
passage of cocaine into fetal brain tissues, where it can have direct effects on the

developing brain (Spear et al., 1989). In addition, our previous study demonstrated direct

cytotoxic effects of cocaine on fetal cardiomyocytes that are independent of fetal oxygen
level. Exposure of primary cultures of myocardial cells, from near-term fetal rats, to
cocaine resulted in apoptotic cell death(Xiao et al., 2000). In addition, maternal
administration of cocaine to the pregnant rat caused a does-dependent apoptotic myocyte
cell death in the fetal rat heart(Xiao et al., 2001).
G. Fetal programming on cardiovascular system

There is currently great interest in fetal 'programming' of adult systemic and
behavioral disorders. Recent animal studies suggest that many adverse factors during

gestation may affect fetal development in utero, which has lasting and lifelong effects on
cardiovascular system in later adult life. The most frequently iiivestigated association is
the relationship between Ipw birthweight and cardiovascular disease in later life (Barker,
1995; La^v and Shiell, 1996) which has given rise to the 'fetal origin of adulthood

disease' hypothesis. Animal studies to test the programming hypothesis have used
perturbation such as matemal undemutrition(Ozaki et al., 2001)or placental

insufficiency(Alexander, 2003) and confirmed that low birthweight or thinness at birth
strongly predicts subsequent cardiovascular and metabolic diseases. Additionally,

postnatal catch-up growth appears to be predictive of"the risk of adult cardiovascular
disease (Barker, 1995).

In addition to undemutrition, exposuredo drugs, chemical, and biological agents before

birth can lead to pediatric or adult cardiovascular abnomalies. Once again, because the
fetal period is a critical window of vulnerability for congenital malformation, these
factors lead to an increased risk ofcoronary heart disease in later life. For instance,

maternal use of alcohol during the first trimester of pregnancy was reported to double the
risk of atrial septal defect(Tikkanen and Heinonen, 1992). In addition, prenatal exposure

by smoking inhibited cardiac DNA synthesis and impaired vascular smooth muscle
function (Tolson et al., 1995). Prenatal nicotine exposure results in a lack ofthe
autonomous adrenomedullary secretory response, a reduction in stimulatory (3-

adrenoceptors in the myocardium, a reduced cardiac response to adrenergic stimulation,
and an increased mortality during an extended period of hypoxia in the adult(Navarro et

al., 1990; Slotkin et al., 1997). Moreover, prenatal glucocorticoid exposure altered the

development ofcardiac noradrenergic and sympathetic processes increases cardiac

adenylate cyclase reactivity(Bian et al., 1993) and altered metabolic processes in the
heart such as the glucose transporter 1, Akt, specific uncoupling proteins, and PPARg,the
nuclear receptor for thiazolidinbdiones and fatty acids(Langdown et al., 2001). Maternal
dexamethasone treatment on days 15-21 of pregnancy of rat increased adult calreticulin in

the heart(Langdown et al., 2003), which contributed to cardiac dysfunction. The clinical
case study confirmed that maternal diabetes was associated with an increased risk for
cardiovascular malformation (Cedergren et al., 2002).

Interestingly, there is growing evidence that the behavioral and neuroeiidocrine

consequences of prenatal stress may differ significantly depending on the sex ofthe

offspring. Previous studies on nutritional programming(Ozaki et al., 2001; Khan et al.,
2003)and placental insufficiently(Jansson and Lambert, 1999)have shown that
alterations in intrauterine environment can affect cardiovascular fimction in female and

,male offspring differently. In the models ofsevere nutrient restriction during pre^ancy,
the severity of hypertension in adult offspring was greater in males than in females(do
Carmo Pinho Franco et al., 2003). In rodent models of prenatal cocaine exposure, male

offspring are more susceptible than females on a diversity of measures of
neurobehavioral fimction in response to environmental and cognitive demands and

stressors(Goodwin et al. 1995; Spear et al. 1998; Wood et al. 1998; Spear et al. 2002).
Furthermore, sex differences in cardiovascular responses to stress have been

demonstrated. Female hearts has been reported to be less sensitive to aging-associated
loss of cardiac myocyte (Olivetti et al., 1995), aortic stenosis(Douglas et al., 1995;

Legget et al., 1996), hypoxia-induced inhibition in DNA synthesis of cardiac fihrohlasts
(Griffin et al., 2000) and hypertension-induced left ventricular hypertrophy(Diamond et
al., 1997). Interestingly, it has shown that gender differences in the susceptibility to
myocardial ischemia/reperfusion (I/R)injury. Female rat hearts had greater resistance to

I/R injury in the Langendorff preparation(Song et al., 2003; Wang et al., 2005) and
reduced myocardial infarct size after I/R in young rat model(Zhu et al., 1997). Other

studies also showed male/female differences in the susceptibility to FR injury in

transgenic mice that overexpress the NaVCa^"^ exchanger(Cross et al, 1998)or P2adrenergic receptor(Cross et al., 2002a)or in wild type mice treated with the

^I

catecholamine, isoproterenol, or high extracelluar Ca (Cross et al., 2002b). Above of all

models, I/R injury was greater in male than female hearts. These studies have suggested

that female sex hormone, such as estrogen, plays an important role in the resistance of
female hearts to stress-induced cardiac dysfunction. Compelling evidence has also shown

that estrogen may play a protective role in global myocardial I/R in females (Zhai et al.
2000; McHugh et al., 1998). After all, they speculated the protective actions of estrogen

in myocardial I/R may associated with(1)improving NO release(Cross et al, 2002a),(2)

attenuating Ca^^ accumulation(Zahi et al, 2000), and(3) maintaining mitochondrial
structure arid function (Zhai et al., 2000). However, very little information exists
concerning the influence ofsex on the response ofthe myocardium itself to 1/R.
D. Apoptosis and Cocaine-induced apoptosis

Apoptosis, a form of programmed cell death or cell 'suicide', is believed to be
responsible for the deletion of unwanted cells during organ and tissue development.
/

Unlike necrosis, apoptosis is an energy requiring molecular suicide program
characterized by cytoplasmic shrinkage, nuclear condensation, and DNA fragmentation
of multiples of-200 bp (Jacobson et al., 1997). Another hallmark of apoptosis involves
flipping of phosphatidylserine(PS)from inner membrane leaflet to the outer membrane
leaflet ofthe cell(Gill et al., 2002). A key phenomenon of apoptotic cell death is the

activation of a unique class of cysteine proteases named caspases that specifically cleave
a number of cellular substrates(Cohen, 1997; Haunstetter and Izumo, 1998). Caspase

activation is a prerequisite step in the sequence of events leading to DNase activation that
cleaves DNA. Apoptosis is regulated by two distinct but interrelated pathways: the
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Fig. 1-1. Three different apoptotie pathways: 1)Death receptor pathway, 2)
Mitochondia pathway, and 3)Endoplasmic reticulum pathway(modified from Gill
and Samali, FASEB JT6: 135-146, 2002).

mitochoildrial and death receptor-mediated pathways(Fig. 1). The former involves

release ofcytochrome c from the mitochondria into the cytoplasm and activation of

procaspase-9 in the apoptosome complex. Release of cytochrome c associated with
opening ofthe permeability transition pore is regulated by Bcl-2 family proteins, which
can be either anti-apoptotic (eg, Bcl-2, Bcl-xL, and Bcl-w)or proapoptotic (eg, Bax,Bad,
and Bak). After activation, caspase-9 cleaves and activates procaspase-3 followed by
cleavage ofDNA fragmentation factor(DFF). DFF induced intemucleosomal DNA

strand cleavage at every 200 bp. In the death receptor-mediated pathway, proapoptotic
factors(TNF-a and FasL)interact with their cell-surface receptors(TNFR and Fas/cd95,
respectively) to activate caspase 8 from procaspase 8, which in turn activates caspase 3
(Gill et al., 2002). Recent evidence suggests the endoplasmic reticulum(ER)play a

crucial role in apoptosis (Fig. 1). ER-localized pro- and anti-apoptotic Bcl-2 members

have been implicated in the regulation ofthe luminal Ca^^ levels and the expression of
ER resident proteins, thereby strongly affecting apoptotic status ofthe cells. Caspase-12,

found on the cytoplasmic face ofthe ER,is important for inducing apoptosis in response
to prolonged ER stress(Maag et al, 2003).
(

Several studies have shown that cocaine can induce apoptosis in cultured neurons

(Nassogne et al., 1997), thymocytes(Wu et al., 1997), and hepatocytes(Cascales et al.,
1994). The evidence that cocaine causes apoptosis in the heart comes from a previous in
vivo study(Devi and Chan, 1999). In this study, repeated intraperitoneal and

intraveneous cocaine exposure in the rat caused 1)an increase in oxidative stress in the
heart, 2) a decrease in cardiac total glutathione ratio, 3)an increase in apoptotic cell

death. They speculated that increased oxidative stress was involved in cocaine-induced

apoptosis in the heart. However,they did not clearly demonstrate whether cocaine caused

myocyte apoptosis through indirect mechanisms or direct toxicity on myocardium.
Recently, our lab demonstrated that cocaine caused direct cytotoxic effect on fetal rat
heart and induced apoptosis in cultured fetal rat myocardial Cells.
Cocaine induced time- and concentration-dependent increase in apoptosis in cultured

fetal rat myocardial cells, which is associated with the release of cytochrome c from the
mitochondria into the cytosol and subsequent activation Of caspase 9 and caspase 3

(Zhang et al., 1999; Xiao et al., 2000a). The assessment of nuclear chromatin morphology
by fluorescent DNA-binding dye Hoechst 33258 verified that these cells eventually

manifested as typical apoptotic condensed and fragmented nuclei. In addition, the
translocation of phosphatidylserine from the inner to the outer^urface ofthe plasma
membrane in the early phase of cocaine-induced apoptosis was detected by annexin V
conjugated to flurochroms fluorescein isothiocyanate (FITC). Furthermore, apoptosis was

defined on the basis ofintranucleosomal DNA fragmentation assessed by in situ labeling
and gel electrophoresis showing the characteristic formation ofDNA ladder on agarose
gels.

The effects of cocaine on Bcl-2 and Bax may be tissue or cell specific. In bovine
coronary artery endothelial cells, cocaine decreased Bcl-2 protein levels but has no effect

on Bax(He et al., 2000). Maternal administration ofcocaine during pregnancy caused an

increase in both Bcl-2 and Bax in fetal brain(Xiao et al., 2000b). However,in fetal heart,
cocaine significantly increased Bax and decreased Bcl-2, leading to increase in the Baxto-Bcl-2 ratio (Xiao et al., 2001). Cocaine-induced apoptosis could be mediated by many
other regulatory mechanisms. Most recently, we suggested that in fetal rat myocardial

10

cells, p38alpha MAPK plays an important role in the cocaine-induced apoptosis by
promoting cytochrome c release, downstream or independent of Bcl-2 protein-mediated
regulation. In contrast, p38beta MAPK and ERK protect against apoptosis (Li et al.,
2005).
£. Apoptosis during postnatal heart development

Morphogenesis and developmental remodeling ofcardiovascular tissues involve
coordinated regulation of cell proliferation and apoptosis (Fisher et al., 2000). During

early embryonic and postnatal development, low or physiological levels of apoptosis are
necessary for normal heart development. At birth, the two ventricles are similar in both

weight and the number of myocytes. Apoptosis kills more myocytes in the right ventricle
than in the left ventricle shortly leading to the faster growth ofthe left ventricle and
resulting in its more than two-fold higher muscle mass and myocytes number in adult

number(Kajstura et al., 1995). Recently, Femandez and colleagues(2001) demonstrated
that apoptotic labeling using an in situ end-labeling techniques for detecting fragmented
DNA surged late in the first day postparatum, then declined to levels similar to the LV by
postpartum day 8.5. In addition, apoptosis increased predominantly in the right
ventricular subendocardium and the basal sepum in the area ofthe developing conduction

system. Therefore, apoptosis has to be regarded as an irhportant cellular mechanism
modulating the transition from fetal to postnatal life ofthe heart.

Apoptosis in the heart was demonstrated in 1, 5, and 11 days after birth, and was
dramatically decreased by 21 days(Kajstura et al., 1995). Both anti- and pro-apoptotic
Bcl-2 family proteins are expressed in neonatal rat heart, and are differently regulated
during postnatal development(Cook et al., 1999; Kajstura et al., 1995). Bcl-2 and Bcl-xL

11

were expressed at high levels in the neonates, and were sustained during development. In
contrast, although Bad and Bax were present at high levels in neonatal hearts, they were

barely detected in adult hearts. It is possible that the sustained expression of Bcl-2 and
downregulation ofBax may be associated with withdrawal of myocyte from the cell
cycle in the perinatal period(Cook et al., 1999).
Because cardiomyocytes are highly differentiated and rarely replicated after birtli, an

inappropriate prenatal loss of cardiomyocytes through apoptosis is likely to result in a
permanent reduction ofthe number offunctioning units in the myocardium. This may

result in congenital heart defects and postnatal heart failure (Pexieder, 1975; Feng et al.,
2002). More recently, Wencker et al.(2003)have provided clearly a causal relationship
between ongoing low levels of cardiomyocyte apoptosis and development of heart

failure. They showed using a transgenic mouse model which expresses a conditionally
active caspase exclusively in the myocardium, that ongoing low levels of myocyte

apoptosis(23 niyocytes per 10^ nuclei) are sufficient to cause a lethal, dilated
cardiomyopathy(Wencker et al., 2003).
Recent animal studies also suggest many other adverse factors during gestation may

affect fetal development in utero, which has lasting and lifelong effects on cardiovascular
system in later adult life. For example, prenatal ethanol exposme promoted cardiac
myocyte apoptosis, which may contribute to the depressed cardiac contractile fimction in
adult offspring rats(Ren et al., 2002). Recently, our study demonstrated that prenatal

chronic hypoxia significantly increased apoptosis and cell size of left ventricular
myocardium. It increased the susceptibility ofthe adult heart to I/R injury by increasing
myocardial infarct size and decreasing postischemic recovery of left ventricular function

12

(Li eLal., 2003). On the other hand,incomplete apoptotic cell deletion has been
postulated to cause the persistence of accessory atrioventricular conduction pathway,
such as in Wolff-Parkinson-White syndrome(James, 1994).

F. Cardioprotection mechanism against I/R injury

Myocardial ischemia is a condition that exists when there is a reduced coronary blood
flow, and results in a decrease in the supply of oxygen and nutrients to the heart. This in
mm provokes a fall in energy production by the mitochondria, which, in the absence of

adequate washout, causes abnormal accumulation ofions and metabolites. In particular,
lactic acid accumulates, leading to a decrease in intracellular pH(pHi)and an increase in

intracellular Na^([Na^]i) and Ca^^([Ca^^]i)(Fig. 2)(Suleiman et al., 2001). These
metabolic and ionic changes provoke a reduction of myocardial function. If coronary
flow is restored quickly, then metabolic and ionic homeostasis are re-established, and
recovery occurs. However,reperfusion following prolonged ischemia itself can lead to

irreversible damage. Although loss of control over cellular Ca^^ mobilization is critical in
inducing reperfusion damage, the generation of reactive oxygen species(ROS)is another
key player (Fig. 2). The damage produced by ischemia is capable ofinitiating apoptosis,
but ifischemia is prolonged, necrosis ensues. If, on the other hand, critical metabolic
processes such as energy production are restored, as happens during reperfusion, the
apoptotic cascade as initiated by ischemia may proceed.(Gill et al., 2002). At the

practical level, the isolated heart preparation with the Langendorff mode is ideally suited
for the smdy ofregional or global ischemia. The advantage ofthe isolated heart with
Langendorff preparation (Fig. 3)is that it gives an excellent assessment of heart function
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without confounding effects of other organs or vascular function, while the disadvantage

is that it is a denervated heart without the influence of circulating blood components.
However,this isolated heart preparation is amenable to reperfusioh or reoxygenation at
various rate and with various reperfusate composition thus providing a powerful tool for

assessing rhany aspects ofFR-induced injury. Of particular importance, this preparation
allows experiments to continue in the face of events (e.g. infarction-induced loss ofpump
function, cardiac arrest, or arrhythmias) which would normally jeopardize the siirvival of

an in vivo experiment(Hearse and Sutherland, 2000).
Several mechanisms have been proposed to protect the heart from I/R injury. For
instance, it has been demonstrated in both cultured cardiomyocytes and intact heart of
animal models that heat shock protein 70(HSP70)plays an important role in the

protection against ischemia, and that the degree ofthe early postischemic perfusing
functional recovery correlates with the cardiac HSP70 tissue content(Snoeckx et ak,
2001). The heart-t^geted overexpression ofHSP70 decreased myocradial cell death
caused by I/R injury(Hutter et al., 1996; Jayakumar et al., 2001). They suggested

myocardial HSP70-overexpression protects mitochondrial function and, at the same time,
prevents apoptotic cell death induced by FR injury. In addition, there is current intense
interest regarding the role ofcardioprotection of Akt and PKCs signaling in the
regulation ofFR injury. The activation ofPKCs is physically linked in a protective

signaling module with the extracellular signal-regulated kinase(ERK)components ofthe
MAP kinase complex. This signaling module also associated with mitochondria, and this
I

spatial configuration is postulated to inhibit mitochondria-mediated apoptosis by
preventing activation proapoptotic proteins(Bax and Bad) as part ofits protective
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function (Baines ef al., 2003). Given the findings that mice overexpressing PKCs in their
hearts were protected from ischemic damage (Ping et al., 2001), and PKCe knockout
mice were unresponsive to both ischemic and pharmacological preconditioning (Saurin et
al., 2002; Jin et al., 2002). In addition, it is likely that the PKCs inhibited apoptosis

(Murriel and Mochly-Rosen, 2003). Recently, our study present that PKCs protein levels
in LV were significantly decreased in prenatally hypoxic rats, which increase
susceptibility to I/R injury(Li et al., 2004). In contrast to the cardiac protective role of
PKCs,PKC5 activity increases damage by ischemia insults. PKC5-selective activator ^

peptide infused prior to ischemia caused damage in isolated hearts(Chen et al., 2001).
Furthermore, inhibition ofPKC8 with the selective inhibitory peptide ofthis enzyme

resulted in protection from ischemic damage of neonatal cardiac myocytes, adult isolated
rat cardiac myocyte ex vivo, and in isolated hearts infused with the inhibitor prior to
/

'

■

■

ischemia(Chen et al., 2001).

It has been suggested that activation ofthe phosphatidylinositol 3- kinase (PI3K)/Akt

pathway protects organ or cells against I/R injury and hypoxia through suppression ofthe
cell death machinery. Akt is serine/threonine kinase that plays a central role in
suppressing apoptosis by modulating the activities ofBcl-2 family proteins, caspase 9
and Fas ligand (Armstrong, 2004). In addition, Akt can modulate the p38MAPK and JNK
pathway by phosphorylating and inhibiting their upstream activator, apoptosis signal
regulating kinase 1 (ASKl)at Ser83(Kim et al., 2001). Previous studies using gene

therapy techniques suggested thatincreased Akt activity is sufficient to improve LV
contractile recovery after transient ischemia(Matsui et al., 2001; Fujio et al., 2000).
Interestingly, estrogen stimulated PI3/Akt activation, which diminished I/R injury(Fujio
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et. al., 2000; Simoncini et. al., 2000). Camper-Kirby et al. have reported that young
women possess higher levels of activated Akt than comparably aged men or
postmenopausal women^ and sexually mature female mice have higher levels of activated
Akt in nuclei than male mice(Camper-Kirby et al., 2001).

Aims of this project

The present study was designed to test the hypothesis that cocaine exposure during
fetal development causes in utero programming of apoptotic pathways, which may has
lasting and prolong effect on heart development postnatally. To test this hypothesis, I
proposed a series of experiments in rat hearts. The four specific aims ofthis study were:
1)to examine whether chronic hypoxia(10.5% O2)during pregnancy increases apoptotic
cell death in the near-term fetal heart by altering the expression of pro- and anti-apoptotic

proteins, 2)to determine whether prenatal cocaine exposure(30 mg/kg)increases

apoptosis in the neonatal and juvenile offspring rat hearts, leading to increase
susceptibility ofthe heart to I/R injury in juvenile rat, 3)to examine whether prenatal
cocaine exposure differentially regulates heart susceptibility to I/R injury in adult

offspring male and female rats, and 4)to examine the mechanisms underlying the gender
dimorphism in heart susceptibility to I/R injury in adult rats.

Significance

Cocaine abuse during pregnancy is prevalent in the United States, which has been

associated with numerous adverse perinatal coutcomes including cardiac dysfunction.
However, mechanisms underlying the detrimental effects of cocaine on the developing
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heart are not fillly understood. We provide exciting novel information with series of
experiments.This study shows for the first time an interesting association between
myocardial apoptosis and increased susceptibility of heart to I/R injury in juvenile and

adult off%)ring rat hearts. Importantly, this study also provides the first comparison ofthe
cardiovascular effects of prenatal cocaine exposure between male and female adult rats.

In addition, we provide exciting novel insights into mechanisms underlying sexual
dimorphism in heart susceptibility to I/R injury. Therefore, these concerted findings

provide novel insights that improve bur understanding ofrisk factors for cardiovascular
diseases including ischaemic heart disease, and link prenatal cocaine exposure and fetal
hypoxia to their lifelong pathophysiological consequences in the adult heart. Because

cocaine abuse and hypoxia are common problems in fetal development, these findings
have obvious clinical significance.
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Abstract

Chronic hypoxia during pregnancy is one ofthe most common insults to fetal
development. We tested the hypothesis that maternal hypoxia induced apoptosis in the
hearts ofnear-term fetal rats. Pregnant rats were divided into two groups, normoxic
control and continuous hypoxic exposure(10.5% O2)from day 15 to 21 of gestation.
Hearts were isolated from fetal rats of21-day gestational age. Maternal hypoxia
increased hypoxia-inducible factor la protein in fetal hearts. Chronic hypoxia
significantly increased the percentage and size of binucleated myocytes, and increased
apoptotic cells from 1.4 ± 0.14% to 2.7 ± 0.3% in fetal heart, fri addition, the active,
cleaved-form of caspase 3 was significantly increased in the hypoxic heart, which was

associated with an increase in caspase 3 activity. There was a significant increase in Fas
protein levels in the hj'poxic heart. Chronic hypoxia did not change Bax protein levels,
but significantly decreased Bcl-2 proteins, fri addition, chronic hypoxia significantly

suppressed expression of HSP70. However, chronic hypoxia significantly increased

expression ofthe anti-apoptotic protein 14-3-3 0, among other 14-3-3 isoforms. Chronic
hypoxia differentially regulated PAR subtypes with an increase in PiAR levels, but no
changes in P2AR. The results demonstrate that maternal hypoxia increases apoptosis in
fetal rat heart, which may be mediated by an increase in Fas and a decrease in Bcl-2

proteins. Chronic hypoxic-mediated increase in PiAR and decrease in heat shock proteins
may also play an important role in apoptosis in the fetal heart.
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Introduction

Prograimned cell death (apoptosis) plays an important role in heart development as
well as in several cardiovascular diseases (9,10,13). Inappropriate prenatal loss of

cardiomyocytes through apoptosis has been suggested to play a role in a variety of
cardiac dysfunction in infants and adults. Chronic hypoxia during the course of
pregnancy is one ofthe most common insults to the fetal development, and is thought to
be associated with fetal intrauterine growth retardation (26). It has been demonstrated
that prenatal hypoxia produces cardiac congenital defects in the rat (5). In fetal sheep

chronic hypoxia suppressed cardiac function and contractility (3), increased lactate
dehydrogenase and citrate synthase in fetal myocardium (31),and resulted in cardiac

hypertrophy(25, 27). Studies in cultured neonatal rat cardiomyocytes demonstrated that
hypoxia caused apoptosis in these cells(24, 41). However, it is unknown whether in vivo
maternal chronic hypoxic exposure during pregnancy induces apoptotic cell death in the
fetal heart.

Apoptosis is a highly selective process controlled and regulated by intracellular
signal transduction that involves the activation of cysteine proteases known as caspases,
resulting in protein cleavage and breakdown ofDNA molecules. Over-expression of

caspase 3 in the mouse heart increased myocardial cell death and depressed cardiac

function (6). On the other hand, inhibition of caspase 3 reduced myocyte cell death (49).
Whereas it is likely that multiple mechanisms are involved in the regulation of apoptosis,
it has been suggested in cultured neonatal rat cardiomyocytes that hypoxic-induced
apoptosis is mediated by the Fas death receptor pathway(15, 41,48). In addition.

38

hypoxic-induced apoptosis in rat heart was associated with a significant change in the
Bcl-2/Bax ratio (16), and overexpression of Bcl-2 protected against hypoxic-induced cell
death (12, 37). Although it is well known that the adult heart may protect itself against

physiological stresses, including hypoxia, by up-regulating heat shock proteins(HSP)
such as HSP70, which protects the heart firom apoptosis (38), it is xmknown whether the
fetal heart has the similar response. In addition, little is known about the effect of hypoxia
on P-adrenoceptors(pAR)in the fetal heart, although it has been shown that P2AR
protects cardiomyocytes fi-om hypoxic-induced apoptosis(4, 51).
In the present study, we tested the hypothesis that prenatal chronic hypoxia

increased apoptotic cell death in the fetal heart. The aims ofthis study were to:(1)
determine whether in vivo maternal chronic hypoxic exposure during pregnancy increases
apoptosis in the hearts of near-term fetal rats; and (2)investigate whether prenatal

chronic hypoxia alters the expression of pro- and anti-apoptotic proteins in the fetal rat
heart.
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Methods

Experimental animals and hypoxic exposure. Time-dated pregnant SpragueDawley rats were purchased from Charles River Laboratories (Portage, MI), and were
randomly divided into two groups: 1)normoxic control, 2)continuous hypoxic exposure

(10.5% O2)from day 15 to day 21 of gestation. The animals were housed individually in
Plexiglas acrylic plastic cages(46 x 24 x 20 cm). Hypoxia was induced by mixture of
nitrogen gas and air as described previously(44). The flow rate of nitrogen
(approximately 40 mm/min)was adjusted to bring the percentage of oxygen in each

hypoxic chamber to 10.5, which was maintained and monitored continuously with an
oxygen analyzer(model OM-14, Sensormedics, Anaheim, CA). Experiments from our

laboratory have shown that an ambient O2level of 10.5% lowers maternal arterial P02 to
approximately 50 mmHg (34). The normoxic group was housed identically with just air
flowing through the chambers. Food and water were provided as desired. Pregnant dams
were sacrificed by cervical dislocation on day 21 (term = day 22)of gestation and fetal

hearts were isolated. For tissue slide preparation, the fetal hearts were fixed in 10%
buffered formalin and embedded in paraffin. For the other studies, the fresh tissues were
used.

All procedures and protocols used in the present study were approved by the

Institutional Animal Care and Use Committee of Loma Linda University and followed
the guidelines put forward in the National Institutes ofHealth Guide for the Care and Use
of Laboratory Animals.
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Myocyte measurements. Cardiomyocj^es were isolated from 21-day old fetal rat
hearts as described previously(46). Cells were cultured at 37°C in 95% air/5% CO2
incubator for 24 hours. Over 95% ofthe cells manifested spontaneous contractions. Cells
were then fixed with 4% paraformaldebyde solution for 30 min at room temperature,

washed with phosphate-buffer saline, and incubated with permeabilization solution(0.1%
Triton X-100,0.01% sodium citrate) for 7 min at room temperature. Cardiomyocytes

were double stained using a-cardiac sarcomeric actin monoclonal antibody labeled with
FITC-conjugated secondary antibody, and Hoecbst 33258 for staining nuclei. To measure
the myocyte size, cells were viewed and photographed by microscope with the SPOT
digital camera, and cell sizes were measured with computerized planimetry (Image-Pro
Plus)in a double-blind manner. To count and measure sizes of binucleated and
mononucleated cells, a total of 1,319 cells from 12 control fetal hearts and a total of

1,134 cells from 12 hypoxic fetal hearts were analyzed.

Quantitative analysis ofapoptotic cells. Fluorescent DNA-hinding dyes were used
to define nuclear chromatin morphology as a quantitative index of apoptosis as described
previously (47). The fetal heart was sectioned(4 pm thick) horizontally at two positions:
apical and middle. Six sections from each heart were analyzed for the presence of
apoptosis. The tissue sections were deparaffinized with xylene and rehydrated with
graded dilutions of ethanol in water. The tissue sections were then stained with Hoecbst

33258(Sigma, St. Louis, MO)at 8 pg/ml for 10 min. To confirm the myocyte location of
apoptosis, a combination of nuclear Hoecbst 33258 staining and a-cardiac sarcomeric
actin staining with the monoclonal antibody was used in the same tissue sections. The

nuclei with DNA fragmentation stained blue amid the surrounding green color of actin
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staining developed by FITC-conjugated second antibody, and nuclei without DNA

fragmentation had clear nuclear regions. The nuclear morphology was examined by
fluorescence microscopy. Individual nuclei were visualized at x400, and cells were

scored as apoptotic ifthey exhibited unequivocal nuclear chromatin condensation and/or
fragmentation. Sample identity was concealed during scoring. To quantify apoptosis, a
total of 2,000 nuclei from each heart were analyzed, and apoptotic cell counts were

expressed as a percentage ofthe total number of nuclei counted.

DNA fragmentation determination by ELISA. Apoptosis in the heart was also
determined as DNA fragmentation, quantified by specific determination of cytosolic
mononucleosomes and oligonucleosomes using an ELISA kit(Boehringer Mannheim)as
described previously (33). Briefly, tissue samples were put into the 500 pi lysis buffer
supplied in the kit, homogenized in a tissue grinder and incubated for 30 minutes at room
temperature. After centrifugation at 200g for 10 minutes, the supernatant (cjdosolic
fraction) was further diluted 40-fold in PBS, and used as the antigen source in the
sandwich ELISA. The absorbance was measured at 405nni/490nm, and the background
value ofthe immunoassay was subtracted.

Western blotting analysis. Tissues were cut into pieces, homogenized in a glassglass tissue grinder in 5 volumes of cold lysis buffer(20 mM HEPES pH 7.5, 10 mM

KCL,1.5 mM MgCL2,1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl

fluoride, 2 pg/ml aprotinin, and 10 pg/ml leupeptin), followed by an incubation on ice for
30 min. The homogenates were ultrasonicated, followed by centrifugation (Eppendorf

Model 5417R)at 14,000 rpm (20,200g)for 30 min at 4 °C. Proteins were quantified in
the supernatant with the Bio-Rad Protein Assay Kit II(Bio-Rad, Hercules, CA). Samples
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with equal protein were loaded on SDS-polyacrylamide gel(from 7.5 tol2%)and were
separated by electrophoresis at 100 V for 1 h. Proteins were then transferred onto
Immobilon-P membrane, and were probed with the primary antibodies that recognize

hypoxia-inducible factor la(Novus Biological, Littleton, CO), PiAR, piAR, Fas,
caspase-3,14-3-3 isoforms, Bcl-2, Bax, and Hsp70(Santa Cruz Biotechnology; Santa
Cruz, CA),respectively. After washing, the membranes were incubated for 1 h with the
horseradish peroxidase (HRP)-conjugated secondary antibodies(Amersham, Arlington
Heights, IL), and proteins were then visualized using an enhanced chemiluminescence

detection system. Results were quantified with KODAK Electrophoresis Documentation
and Analysis System and KODAK ID linage Analysis Software.
Caspase activity assay. Activities of caspase-3 and caspase-8 were determined
using the corresponding caspase activity detection kits(R&D Systems) as described
previously(47). Briefly, 100 pg proteins isolated from the fetal hearts were added to 50
pi reaction buffer and 5 pi substrates of DEVD-p-nitroanilide (for caspase-3) and lETD/?-nitroanilide (for caspase-8), respectively. Samples were incubated at 37 °C for 8 h and
the enzyme-catalyzed release of/>-nitroanilide was measured at 405 nm using a microtiter

plate reader. The values of hypoxic samples were normalized to the controls, allowing
determination ofthe fold increase in caspase activity.
Statistical analysis. Data were expressed as means ± SEM,and were analyzed by
Student's t-test. Differences were considered significant at P < 0.05.
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Results

Effect ofchronic hypoxia onfetal heart weight and myocyte size. Maternal
chronic hypoxia significantly decreased fetal rat body weight(3.820 ± 0.055 g vs. 3.459 ±

0.070 g, n = 14,P < 0.05). There was no significant difference in fetal heart weight
between the control and hypoxic animals (0.021 ± 0.002 g vs. 0.024 ± 0.00Ig,P > 0.05).

However, chronic hypoxia significantly increased the ratio of heart-to-body weight in
near-term fetal rats(0.0056 ± 0.0005 vs. 0.0071 ± 0.0003,P < 0.05). To monitor hypoxic
parameters in fetal myocardium during hypoxic stress ofthe mother, we measured
hypoxia-inducible factor la(HIF-la) protein expression in the fetal heart. As shown in

Fig. 1, HIF-la was detected in the fetal hearts of maternal hypoxia, but not in the control

hearts. Fig. 2 shows examples offreshly isolated fetal myocjdes stained with anti-acardiac sarcomeric actin antibody conjugated to FITC and hoechst stain for nuclei.
Freshly isolated myocytes were predominately(95%)mononucleated cells with
minimum (5.3 ± 0.4%)binucleated cells. Chronic hypoxia significantly increased
binucleated cells to 7.5 ± 0.6%(Fig. 2). As expected, binucleated cells were about 65%

larger than mononucleated cells. Chronic hypoxia did not affect the sizes of
mononucleated cells, but significantly increased the sizes of binucleated cells by 13%
(Fig. 2).

Effect ofchronic hypoxia onfetal heart apoptosis. Assessment of nuclear
chromatin morphology by the Hoechst 33258 staining using fluorescence microscopy
indicated that chronic hypoxia significantly increased condensed, coalesced and
segmented apoptotic nuclei in the fetal heart (Fig. 3A). Quantification ofthe hypoxic-

44

induced apoptotic nuclei defined by the fluorescent DNA-binding dye Hoechst 33258

demonstrated a significant increase in apopltotic cell death from 1.4% in the control heart
to 2.7% in the hypoxic heart. Apoptosis was further assessed by quantitative
determination of fragmented DNA into mononucleosomes and oligonucleosomes

determined by an ELISA specific for cytosolic histone-bound DNA as previously
reported in rat hearts. Consistent with the results from the Hoechst 33258 staining,
chronic hypoxia significantly increased DNA fragmentation in the fetal heart (Fig. 3B).

Hypoxic-induced apoptosis was further demonstrated by Western blot analysis, showing
a significant increase in the active, cleaved-form (10 kDa)of caspase 3 in the hypoxic
heart as compared with the control heart(Fig. 4). This was associated with a significant
increase in the activity of caspase 3 in the hypoxic hearts (Fig. 5). In addition, there was a
significant increase in caspase 8 activity in the hypoxic hearts, as compared with the
control hearts (Fig. 5).
Effect ofchronic hypoxia on apoptotic-associatedproteins. To elucidate the
potential mechanisms underlying the hypoxic-induced apoptosis in the fetal heart, we

determined the effect of chronic hypoxia on Fas protein expression in the fetal heart.
Previous studies in cultured neonatal rat cardiomyocjdes suggested an involvement ofFas
death receptor pathway in hypoxic-induced apoptosis. As shown in Fig. 6, Fas was
undetectable in the control heart of near-term fetal rats. Chronic hypoxia markedly

increased Fas expression in the fetal heart(Fig. 6). Given that Bcl-2 family proteins are
important modulators of cardiac myocyte apoptosis, and the relative concentrations ofpro(e.g. Bax)and anti-apoptotic (e.g. Bcl-2)proteins act as a rheostat for the cell death

program, we measured Bax and Bcl-2 protein levels in the control and hypoxic fetal
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hearts. Both Bax and Bcl-2 proteins were expressed in near-term fetal rat hearts, with a

significantly higher level of Bcl-2 than that ofBax in the control hearts (Fig. 7). Chronic
hypoxia had no effect on Bax protein levels, hut significantly decreased Bcl-2 protein

levels (Fig. 7). As a consequence, chronic hypoxia increased the Bax/Bcl-2 ratio in nearterm fetal rat hearts. In addition, chronic hypoxia differentially regulated anti-apoptotic

protein 14-3-3 isoforms in the fetal heart. Among the 4 isoforms examined,

y, 0, s,

chronic hypoxia selectively increased 14-3-30 protein levels in near-term fetal rat hearts
(Fig. 8).

Effect ofchronic hypoxia on HSP and PAR. As shown in Fig. 9, there was a
constitutive expression of HSP70 in near-term fetal rat hearts. Chronic hypoxia
significantly decreased protein levels of HSP70 in the fetal hearts (Fig. 9). In addition,
chronic hypoxia differentially regulated PAR subtypes in the fetal heart. There was no
difference in P2AR protein levels hetween the control and hypoxic hearts (Fig. 10). In
contrast, PiAR protein levels were significantly increased in the hypoxic heart, as
compared with that in the control heart(Fig. 10).
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Discussion

The present study demonstrated for the first time, to our knowledge, that in vivo

maternal chronic hypoxic exposure during pregnancy increased apoptotic cell death in
near-term fetal rat hearts. We previously showed that maternal administration ofcocaine
from day 15 to day 21 of gestational age caused apoptotic cell death in fetal rat heart in
vivo in a dose-dependent manner(47). It has been shown that cocaine induced uterine
artery vasoconstriction and caused fetal hypoxia(43). However,the effect of cocaine may
be more complex since cocaine may have direct effects on the fetal cardiovascular system
and may cause cardiac ischemia. In the present study, although it cannot be excluded that

other factors may be involved in maternal hypoxic stress-mediated fetal heart apoptosis,
we have shown that fetal heart of maternal hypoxia expresses HIF-Ia, suggesting the

hypoxic myocardivun in fetal rats. Given the finding that hypoxia induced apoptosis in
cultured neonatal rat cardiomyocytes(24,41,48), it is likely that there is a connection
between myocardial hypoxia and cardiomyocyte apoptosis in fetal rat hearts in the
present study.

Apoptosis in the fetal heart was clearly demonstrated by morphological changes
as condensed and fragmented apoptotic nuclei, and the biochemical hallmark ofDNA

fragmentation. Further support for hypoxic-induced apoptosis came from the finding that
hypoxia increased the active, cleaved-form of caspase 3 and its activity in the fetal heart,
which is a unique feature of apoptotic cell death. Apoptosis in fetal rat and mouse hearts
has been demonstrated with the TUNEL method, which stains in situ DNA breaks in

individual nuclei in tissue sections(I,40,42). However,the TUNEL method suffers
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from the lack of selectivity for apoptotic over nonapoptotic and caspase-independent cell
death. In addition, active gene transcription can also result in TUNEL positive (19). In
our recent study, we developed a method using fluorescent DNA-binding dye Hoechst
33258 to stain tissue sections, which allowed us to distinguish the normal uniform
nuclear pattern from the characteristically condensed and/or fragmented chromatin
pattern of apoptotic cells (47). With this method, the present study demonstrated 1.4%
apoptotic cells in fetal rat heart of 21 days of gestation, which is in agreement with our
previous findings (47). Given the possibility that some ofthe apoptotic cells had aheady

been cleared by the time the heart sections were obtained, hypoxic-induced apoptosis in
the fetal heart may be underestimated in the present study.
The present finding of decreased fetal body weight and increased fetal heart-to-

body weight ratio is consistent with our previous studies that 2-day chronic hypoxic
exposure during gestation caused fetal asymmetric growth restriction (44). In chronically
anemic fetal sheep, it has been shown an increase in hypoxia-inducible factor 1 in the
heart and an increase in fetal heart and body weight ratio (25). Similar findings of
decreased fetal body weight were observed in maternal cocaine administration (47).

However, cocaine did not affect fetal heart-to-body weight ratio, suggesting that cocaine
may have direct effects on fetal heart, other than causing fetal hypoxia. Given that

hypoxia increased cell death in the fetal heart, it is speculated that the hypoxic-induced
asymmetric enlargement ofthe fetal heart is due to cardiac hypertrophy in the present
study. It has been shown that the maturation process ofcardiomyocytes in rodents is
marked by binucleation over postnatal days 4 to 12(22, 39). In the present study, almost
all myocytes are mononucleated in term fetal rats. Although we cannot exclude
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cardiomyocyte hyperplasia in response to chronic hypoxia, we found significant increases
in the percentage and size of binucleated myocytes in hypoxic fetal hearts, suggesting a
premature exit ofthe cell cycle of cardiomyocytes and myocyte hypertrophy. We have

demonstrated that chronic hypoxia increases the level ofcytochrome c, a mitochondrial
marker protein, in the fetal heart, which is likely to be a metabolic adaptation in cardiac
muscle during asymmetrical enlargement ofthe heart(44). It has been demonstrated in

adult animals that during the early stages of cardiac hypertrophy there are
disproportionate accumulation of mitochondria with respect to other cellular components
and specific increases in the synthesis of mitochondrial cytochromes, leading to a

stimulation of mitochondrial biogenesis(32, 50).
It is likely that multiple mechanisms may be involved in hypoxic-induced
apoptosis in the fetal heart. Although it has been well known that Fas is a widely
expressed cell surface receptor that can initiate apoptosis when activated by its ligand

(FasL), the expression and regulation ofFas in the fetal heart are less clear. In the present
study, we found that Fas levels were very low or undetectable in control near-term fetal
rat heart. Chronic hypoxia markedly increased Fas levels in the fetal heart. Hypoxicindueed increase in Fas mRNA and protein levels has been demonstrated in neonatal rat
cardiomyocytes(41, 48). By upregulating Fas expression, hypoxia predisposed

cardiomyocjdes to Fas-induced apoptosis (48). Recent studies have provided direct

evidence that activation ofFas by overexpression ofFasL can induce apoptosis both in
cultured myocytes and in the myocardium ofintact animals, but not in Ipr animals that
lack functional Fas (20). These results suggest that the upregulation ofFas plays an
important role in chronic hypoxic-induced apoptosis in the fetal heart. This is further
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supported with the finding that the activity of caspase 8 was significantly increased in the
hypoxic hearts in the present study. Caspase 8 has been involved in Fas-mediated
apoptosis (2).
The finding that both Bcl-2 and Bax were expressed in fetal rat heart with higher
levels of Bcl-2 is in agreement with the previous results in human, mouse, and rat
embryonic hearts(1,23,47). It has been demonstrated that Bcl-2 mRNA levels are high
in fetal rat heart, decrease markedly at 1 and 5 days postnatally, and progressively

increase at 11 and 21 days, which is inversely related to apoptosis in the heart (17). In the

present study, chronic hypoxia significantly decreased Bcl-2 protein levels, which may
play an important role in the hypoxic-induced apoptosis in the fetal heart. Our previous
studies demonstrated that cocaine-induced apoptosis in the fetal rat heart was associated
with a decrease in Bcl-2 and an increase in Bax (47). Similar findings were obtained from
the adult rat heart, in which the induction of apoptosis in chronic hypoxic hearts

correlated with a significant decrease of Bcl-2 protein levels and an increase of Bax
protein expression (16). It has been shown that overexpression of Bcl-2 protects cardiac
myocytes from apoptosis (18). In contrast, overexpression ofBax in the ventricles of
spontaneously hypertensive rat hearts may contribute to apoptosis (7). The present
finding ofno change in Bax protein levels does not necessarily preclude the potential role

for Bax in hypoxic-induced apoptosis in the fetal heart. It has been documented that one

of the crucial steps before Bax can exert its pro-apoptotic activity is its translocation from
the cytosol to the mitochondria and induction of cytochrome c release, and hypoxia and

Fas induces Bax mitochondrial translocation (28, 36).

50

The finding that chronic hypoxia selectively upregulated the 0 isoform of 14-3-3

proteins in the fetal heart is intriguing, and suggests a compensatory protection
mechanism for the fetal heart upon hypoxic insult. Among other functions, 14-3-3

proteins exert anti-apoptotic effects by binding to pro-apoptotic proteins such as Bad and

Bax, and prevent their translocation to mitochondria(8, 30). There are multiple isoforms
of 14-3-3 proteins, but there is a lack ofisoform-specific interactions with their targets.
Instead, the interaction of 14-3-3 with target proteins is regulated by fluctuation oftotal

14-3-3 pool levels via unique transcriptional controls for each isoform (8). Isoformspecific expression of 14-3-3 proteins appears to be a normal part ofcellular response to
insults. It is likely that upregulation of 14-3-3 0 isoform represents a myocardial adaptive
mechanism to hypoxic-induced apoptosis in the fetal heart.

In the present study, we found that chronic hypoxia decreased HSP70 protein
levels in fetal heart. It has been well known that the adult heart may protect itself against

physiological stresses, including hypoxia, by upregulating the heat shock the protein
HSP70(38). To the best of our knowledge,the present study is the first study to
demonstrate that chronic hypoxia decreases heat shock protein expressions in the heart.
Given the findings that HSP70 antisense molecules inhibited HSP70 synthesis and
decreased tolerance ofcardiomyocytes to hypoxic stress (29), and heart-targeted
overexpression of HSP70 protected myocardial cell from apoptosis(II, 14), it is likely

that hypoxic-mediated reduction in the heat shock proteins results in a decrease in the
protective mechanism of myocyte cell death, which may contribute to hypoxic-induced
apoptosis in the fetal heart. The present study also demonstrated that chronic hypoxia
differentially regulated PAR subtypes in the fetal rat heart, with an increase in PiAR, but

51

no changes in P2AR. This is in agreement with the previous finding that prenatal chronic

hypoxia increased PAR density in neonatal rat heart(35). Both in vivo and in vitro studies
have shown that enhanced PiAR signaling induces cardiac myocyte apoptosis via a Gs-

mediated, protein kinase A-dependent mechanism (45, 51). The role ofincreased PiAR in
hypoxic-induced apoptosis in the fetal heart remains to be elucidated.

In summary, we have demonstrated for the first time, to our knowledge,in a rat
model, that maternal chronic hypoxic exposure in vivo increased apoptotic cell death in
the fetal heart. The increased cell death may lead to cardiac hypertrophy, resulting in an
asymmetric enlargement ofthe fetal heart in hypoxic animals. Although the mechanisms
xmderlying hypoxic-induced apoptosis in the fetal heart are not clear at present, and are

likely to be multiplex, the present study demonstrated that the hypoxic-induced apoptosis
was associated with an increase in Fas receptors and a decrease in Bcl-2 proteins.
Chronic hypoxia differentially regulated endogenous protective mechanisms in the fetal
heart by downregulating the heat shock protein HSP70,but upregulating the 0 isoform of
14-3-3 proteins. The physiological and pathophysiological consequences of selective
increase in PiAR in the hypoxic hearts are not entirely clear at present, and present an

intriguing avenue for future investigation.
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CHAPTER THREE

Prenatal Cocaine Exposnre Increases Apoptosis of Neonatal Rat Heart and Heart
Susceptibility to Ischemia-Reperfusion Injury in One-Month-Old Rat

Soochan Bae and Lubo Zhang

This chapter appeared in publication in the British Journal ofPharmacology 144:900-907,
2005.
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Abstract

Maternal cocaine administration during pregnancy increased apoptosis in near-

term fetal rat heart. The present study tested the hypothesis that prenatal cocaine exposure
increases the heart susceptibility to ischemia/reperfusion injury in the offspring. Pregnant

Sprague-Dawley rats received cocaine(30 mg kg"^ d"^) or saline from day 15 to 21 of
gestational age. Maternal body weights were not significantly different at the end of
cocaine treatment, but body weights of offspring were decreased slightly at ages of 1-, 3-,

and 7-day. Although heart-to-body weight ratio was not affected at all ages examined,
prenatal cocaine significantly increased left ventricular myocyte size at age of 30-day.
Additionally, prenatal cocaine increased DNA fragmentation measured in the hearts
isolated from offspring of 1-, 3-, 7-, and 21-day, but not of 30-day, with the peak at 3-day

neonates. Anti-apoptotic (Bcl-2 and Bc1-Xl) and pro-apoptotic(Bax and Bad)proteins

were expressed in neonatal rat hearts of both groups. Prenatal cocaine exposure decreased
levels ofBcl-2 in 21-day and increased Bax in 21-day and 30-day rat hearts. In addition,
hearts of30 day-old male progeny were studied using the Langendorff preparation, and
were subjected to 25-minute ofischemia and 60-minute ofreperfusion. Pre-ischemic
baseline values of left ventricular(LV)ftmction were the same between the two groups.

However, prenatal cocaine exposure significantly attenuated postischemic recovery of
LV function, and significantly increased elevated LV end diastolic pressure during

reperfusion. This was associated with a significant increase in ischemia/reperfusioninduced LV myocardial infarct size. The results suggest that prenatal cocaine exposure
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induces abnormal apoptosis and myocjde hypertrophy in postnatal heart, leading to an
increased heart susceptibility to ischemic insults in postnatal life.
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Introduction

Cocaine abuse is a significant problem not only in the general population but also

among pregnant women. It has been estimated that each year more than 100,000 infants

who were exposed prenatally to cocaine are bom in the United States. Long-term cocaine
abuse during pregnancy has been associated with numerous adverse perinatal outcomes,
such as intrauterine growth retardation, preterm delivery, abmption placenta, and
congenital anomalies(Holzman & Paneth, 1994). In addition to postnatal
neurobehavioral alterations, matemal cocaine abuse clearly predisposes the fetus and
neonate to various cardiovascular disorders. Developmental disorders observed in

humans inelude congenital cardiac anomalies and altered cardiac function in newboms

(Lipshultz et al., 1991; Norris & Hill, 1992; Van de Bor et al., 1990; Wiggins, 1992). It
has been reported that cocaine abuse in pregnant mothers is associated with transient ST

segment abnormalities in their infants, which are at risk for the development oftransient
myocardial ischemia in later adult life(Mehta et ah, 1993).
The cardiotoxic effects of cocaine are likely to be multifactorial, and the

meehanisms are not fully understood. Recently, we have demonstrated that matemal
administration of cocaine during pregnancy causes activation of caspases and apoptotic
cell death in near-term fetal rat heart in vivo in a dose-dependent manner(Xiao et al.,

2001). It has been shown that cocaine can induce uterine artery vasoconstriction and

cause fetal hypoxia(Woods et al, 1987). In addition, direct cytotoxic effects of cocaine
on fetal cardiomyocytes have been demonstrated(Zhang et al, 1999; Xiao et al,2000b).
It has been demonstrated that cocaine induces time- and concentration-dependent
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increases in apoptosis in cultured fetal rat myocardial cells, which is associated with the
release of cytochrome c from the mitochondria into the cytosol and subsequent activation
of caspase 9 and caspase 3(Xiao et al, 2000b). Apoptosis is a form of programmed cell
death that plays a vital role in the maintenance of cell homeostasis in mature organisms
and in morphogenesis during development(Thompson, 1995). During developmental

period, either excessive and/or persistent cardiomyocjde apoptosis have been suggested
to lead to a variety of cardiovascular disease(Femardez et al., 2001; Gill et al., 2002;
Haunstetter & Izumo, 1998; James, 1998). Recently, we have demonstrated that chronic

hypoxia during pregnancy increases apoptosis in fetal rat heart, and hearts from adult
offspring that were exposed to hypoxia before birth show greater myocardial damage

after ischemia and reperfusion than do control hearts(Bae et al., 2003; Li et al., 2003).
Studies in rats have demonstrated that early postnatal apoptosis is essential for

normal heart remodeling during postnatal matiuration(Cook et al., 1999; Kajstura et al.,

1995). Apoptosis in the heart was demonstrated in 1, 5, and 11 days after birth, and was
dramatically decreased by 21 days(Kajstura et al, 1995). Both anti- and pro-apoptotic
Bcl-2 family proteins are expressed in neonatal rat heart, and are differently regulated
during postnatal development(Cook et al., 1999; Kajstura et al., 1995). We have
demonstrated that cocaine-induced apoptosis in fetal rat heart in vivo is associated with a

differential regulation of anti- and pro-apoptotic Bcl-2 family proteins(Xiao et al., 2001).
To determine whether prenatal cocaine exposure affects postnatal heart development, the

present study was designed to test the hypothesis that maternal cocaine administration
during pregnancy increases apoptosis in the neonatal rat heart during early postnatal
development, leading to an increased cardiac susceptibility to ischemic insults in
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postnatal life. We examined the effect of prenatal cocaine exposure on apoptosis and the
expression of Bcl-2 family proteins in the heart of 1-, 3-, 7-, 21, and 30-day old rats. The
effect of prenatal cocaine exposure on left ventricular function and susceptibility to
ischemia and reperftision injury was examined in one-month old male progeny.
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Materials and Methods

Experimental animals. Time-dated pregnant Sprague-Dawley rats were

purchased from Charles River Laboratories (Portage, MI). The rats were randomly

divided into two groups: 1)saline control, 2)cocaine 30 mg kg"' day"'. Cocaine treatment
rats received cocaine subeutaneously from day 15 to 21 of gestational age. Dilute

concentration of cocaine(10 mg ml"' saline) was used, and rats received cocaine(15 mg
kg"')twice daily at 10:00 a.m. and 4:00 p.m. at varying sites. No skin lesion was
observed. Saline-injected pregnant rats served as controls. No fetal loss in the control and
cocaine-treated groups were observed. After birth, neonatal pups were killed at day 1, 3,
7, 21, and 30 and hearts were isolated for measuring DNA fragmentation and Bcl-2

family proteins. Hearts were also isolated from 30-day old male offspring for functional
studies. All procedures and protocols used in the present study were approved by the
Institutional Animal Care and Use Committee of Loma Linda University, and followed

the guidelines by the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Measurement of myocyte size. Myocyte size was measured as previously
described (Li et al., 2004). Briefly, hearts were isolated from control and prenatally

cocaine-treated rats at the age of 30 days and weighted. To measure myocyte size, tissue
slices(4 pm thick) obtained from the middle position ofthe left ventricle(LV)were

stained with hematoxylin and eosin, viewed, and photographed by the microscope with
the SPOT digital camera (Diagnostic Instruments; Sterling Heights, MI). The cross-
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sectional area of myocytes was quantified by computerized planimetry(Image-Pro Plus)
in a double-blind manner.

Measurement of DNA fragmentation by ELISA.DNA fragmentation was

quantified by specific determination of c)dosolic mononucleosomes and
oligonucleosomes using a commercial quantitative sandwich enzyme-linked
immunosorbent assay kit(Boehringer Mannheim) as described previously(Bae et al.,

2003; Plot et al., 1997). Briefly, heart samples were put into 500 pi lysis buffer supplies
in the kit, disintegrated by tissue grinder, and incubated for 30 minutes at room

temperature. After centrifugation at 200 xg for 10 minutes, the supematant (cytosolic
fraction) was further diluted 40-fold in PBS buffer, and used as the antigen source in the
sandwich ELISA. The values of absorbance were measured at 405nm/490nm and the

background value ofthe immunoassay was subtracted. The values obtained from cocaine
treatment samples were normalized to the controls, allowing determination ofthe fold
increase in DNA fragmentation.

Western blotting analysis. Protein levels of Bcl-2, Bc1-Xl, Bad, and Bax were

measured with Western blot analysis as previously described(Bae et al., 2003). Briefly,

proteins were separated on 12% SDS-PAGE. The gel was then transferred to
nitrocellulose membranes, and incubated with the primary antibodies for Bcl-2, Bc1-Xl,

Bad, and Bax (Santa Cruz Biotechnology; Santa Cruz, CA). After washing, membranes
were incubated with horseradish peroxidase-conjugated secondary antibodies

(Amersham, Arlington Heights, IE). Proteins were then visualized with an enhanced
chemiluminescence detection system. Results were quantified with KODAK

91

Electrophoresis Documentation and Analysis System and KODAK ID Image Analysis
Software.

Perfused rat harts subjected to ischemia and reperfusion. Hearts were excised

rapidly from 30-day old male progeny, and were retrogradely perfused via the aorta in a
modified Langendorff apparatus under constant pressure(60 mmHg)with gassed(95%
O2,5% CO2)Krehs-Heinseleit buffer(KHB)at 37 °C, as previously described (Li et al,

2003). A pressure transducer connected to a saline-filled balloon inserted into the left
ventricle(LV)was used to assess ventricular function by measuring the ventricular

pressure(mmHg)and its first derivative(dP df'). LV end diastolic pressure(LYEDP)
was set about 5 mmHg. After the baseline recording, hearts were subjected to 25 min of
global ischemia by stopping the reperfusion, followed by 60 min ofreperfusion. LV

function parameters, LV developed pressure(LVDP),heart rate(HR), dP dtmax \ dP dtmin'
\ and LV end-diastolic pressure(LVEDP)were continuously recorded with an on-line
computer. Pulmonary artery effluent was collected as an index of coronary flow (CF).
Measurement of myocardial infaret size. At the end ofreperfusion, left
ventricles were collected, cut into fom slices, incubated with 1% tripbenyltetrazolium

chloride(TTC)solution for 15 minutes at 37°C, and immersed in formalin for 30
minutes. Each slice was then photographed (Kodak digital camera) separately, and the

areas of myocardial infarction(MI)in each slice were analyzed by computerized

planimetry(Image-Pro Plus), corrected for the tissue weight, summed for each heart, and
expressed as a percentage ofthe total LV weight.
NO measurement. Nitric oxide(NO)was measured by the cbemiluminescence

method as described previously(Xiao et al., 1999). The samples ofthe coronary effluent
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(60|xl) were injected into a gas purge vessel containing 5 ml vanadium (III)/HC1 to react
for 1 minute and to reduce nitrite/nitrate in the sample back to NO. To achieve high

reducing efficiency, the reduction was performed at 90 °C. NO in the sample was then

"stripped" into the head-spaee by helium bubbling(12 ml min"')for 1 minute. NO in the
head-space was drawn into the NO analyzer(model 270B, Sievers Instruments; Boulder,

CO)and mixed with O3 in the front of a cooled Hamamatsu,red-sensitive photomutiplier
tube. Signals from the detector were analyzed with the use of an on-line computer as area
under the peak. The measurement reflected the combined concentrations of nitrite,
nitrate, and NO (NOx), which were expressed as nmol/min CF.
Statistical analysis. Data were expressed as means ± SEM. Statistical

significance(P < 0.05) was determined by analysis of variance(ANOVA)or unpaired ttest, where appropriate.
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Results

Maternal and neonatal body weight. Maternal body weights were not

significantly different between the saline control and cocaine-treated groups in the

beginning ofthe treatment(275.4 ± 11.6 g, n = 5, for control vs. 277.5 ± 11.9 g, n = 6, for
cocaine,P > 0.05) and at the end ofthe treatment(360.4 ± 14.2 g vs. 342.0 + 15.6 g,P >

0.05). The gestational length was not significantly affected by cocaine, with 21.8 ± 0.2
days in the control rats and 22.2 ± 0.2 days in the cocaine-treated rats(P > 0.05). As
shown in Table 1, prenatal cocaine exposure caused a significant decrease in body weight
of 1, 3, and 7 days neonates. However, at the age of21 and 30 days, there were no

differences in body weight between the two groups. The heart to body weight ratio was
not different between the two groups at all ages examined (Table 1). Additionally, ratios

ofright ventricle weight to body weight (control: 0.067 ± 0.001%; cocaine: 0.067 ±
0.001%)and left ventricle(LV)weight to body weight(control: 0.293 ± 0.004%;
cocaine: 0.292 ± 0.005%) at the age of 30 days were not different between two groups(P
> 0.05, n = 13). However,there was a significant increase in cross-sectional area of LV

myocytes from 237.5± 9.9 pm^ in control rats to 295.7 ±9.0 pm^ in the cocaine-treated
animals(P < 0.05)(Fig. 1).

DNA fragmentation in neonatal hearts. As shown in Fig. 2, prenatal cocaine

exposure significantly increased DNA fragmentation in hearts of 1, 3, 7, and 21 days
neonates, with the peak at 3-day old neonates. However, at the age of 30 days, there was
no significant difference in the level ofDNA fragmentation between two groups.
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Bcl-2 family proteins in neonatal hearts. The expression of anti-apoptotic (Bcl2 and Bc1-Xl)and pro-apoptotic(Bad and Bax)members ofthe Bcl-2 family was
examined in rat hearts by Western blot analysis. All four proteins were expressed in
hearts of 1, 3, 7, 21, and 30 days neonates. There was a pattern of decrease in Bcl-2 and

Bax expression during the first month of post-natal development(Fig. 3 and Fig. 4).

Compared with the control, there was a significant decrease in Bcl-2 protein levels in the
heart of21 days neonatal rats that were exposed to cocaine before birth (Fig. 3). In

contrast, prenatal cocaine treatment significantly increased Bax protein levels in the heart
of21 and 30 days neonatal rats (Fig. 4). However,the expression levels(% of control)of
neither of Bc1-Xl(96 + 19 at day 1 and 101 ± 19 at day 21)and Bad (101 ± 6 at day 1

and 97 ± 18 at day 21)changed by cocaine during the 21 days post-natal period.
LV function and postischemic recovery. Using the Langendorff preparation, LV
function was assessed in isolated hearts from 30-day old neonatal rats that were exposed
to either saline control or cocaine before birth. As shown in Table 2,there were no

significant differences in LVDP,HR,dP dtn,ax"\ dP dtmin'^ and coronary flow at baseline
levels between the two groups. Fig. 5 shows the effect of 25-minute ischemia followed by
60-minute reperfusion on LV function in the control and cocaine-treated animals.
Myocardial contraction was completely eliminated during 25-minute ischemia, but
gradually resumed when perfusion was restored. Compared with the control, there were

significant decreases in postischemic recovery of LVDP,pressure-rate product(PRP),
and dP dtmax^ in cocaine-treated animals. However, postischemic recovery of HR and
coronary flow was not significantly different between the two groups. Release ofNO,

measured as NOx levels in coronary effluent(nmole min"'), was not significantly
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different between the control(0.35 + 0.06) and cocaine-treated (0.42 ± 0.11) hearts at

baseline. Ischemia decreased NO release(nmole min')to the same extent at tO, t30 min,
and t60 min ofreperfusion in the control(0.51 ± 0.12, 0.11 ± 0.02, and 0.12 ± 0.04,

respectively) and cocaine-treated (0.61 ± 0.13, 0.12 ± 0.02, and 0.10 ± 0.02, respectively)
hearts during reperfusion. Ischemia and reperfusion caused an injury to the heart and
resulted in elevated LVEDP during reperfusion in both groups. However,there was a

significant increase in the ischemia/reperfusion-induced elevation ofLVEDP in the
cocaine-treated heart, as compared with the control heart(Fig. 5). Consistent with the

finding ofLVEDP,prenatal cocaine treatment significantly increased myocardial infarct
size resulted from ischemia and reperfusion in left ventricle (46.3 ±1.2% in cocaine vs.
35.0 ± 1.3 % in control,P < 0.05).
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Discussion

The present study has demonstrated for the first time in a rat model that prenatal
cocaine exposure induces abnormal apoptosis and myocyte hypertrophy in early postnatal
heart. This has been associated with a differential regulation of expression of anti-

apoptotic and pro-apoptotic Bcl-2 family proteins. The increased and persistent apoptosis
in the heart during neonatal period is likely to affect the remodeling of myocardium

shortly after birth, and result in an increase in cardiac susceptibility to ischemia and
reperfusion injury in postnatal life.

In the present study, maternal cocaine administration resulted in a modest

decrease in newborn body weight. We have previously demonstrated that cocaine
administration during pregnancy decreases slightly body weight of near-term fetal rat

(Xiao et al., 2001). Previous studies have shown that chronic daily doses of cocaine from

10 to 40 mg kg"' during rat gestation produces plasma cocaine levels in the human use
range (Spear et ah, 1989). The present finding of about 11% reduction of newborn body
weight in cocaine-treated animals closely resembles those reported for neonates of

cocaine-using women (Bandstra et al., 2001; Zucherman et al., 1989), suggesting a
comparable model in the present study. The effect of cocaine on fetal growth may be due

in part to potential fetal hypoxia. It has been reported that cocaine induces uterine artery
vasoconstriction and causes fetal hypoxia(Woods et al., 1987). Whereas hypoxia caused

an asymmetric growth restriction and increased fetal heart-to-body weight ratio (Bae et
al., 2003; Martin et al., 1998; Murotsuki et al., 1997; Xiao et al., 2000a), cocaine did not
affect heart-to-body weight ratio in fetal and neonatal rats (Xiao et al., 2001, present
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study), suggesting that cocaine may have other effects in addition to causing fetal
hypoxia.

We have previously demonstrated that maternal cocaine administration produces

a dose-dependent increase in caspase activities and apoptosis in fetal rat heart (Xiao et
al, 2001). The present finding that prenatal cocaine exposure significantly increased

DNA fragmentation of the heart during the neonatal period despite discontinuation of
cocaine exposure after birth suggests that cocaine causes in utero programming of

apoptotic pathways in the heart, which has lasting and persistent effect on heart
development postnatally. Similar findings have been obtained with prenatal nicotine

exposure, which causes a persistent brain cell loss by apoptosis during the first 2 weeks
postpartum despite discontinuation of nicotine exposure at birth (Slotikin et a/.,1998).
Apoptosis plays a fundamental role in the morphogenesis and remodeling of mammalian
heart during first 2 postnatal weeks (Fernandez et al., 2001; Kajstura et al., 1995). In the

present study, we found that prenatal cocaine expOSure-mediated increase in the level of
DNA fragmentation in the heart was prominent in the first postnatal week, and was
absent at the age of 30 days. Because cardiomyocytes are highly differentiated cells and

rarely replicate after birth, postnatal loss of cardiomyocytes through apoptosis is likely to
result in a permanent reduction of the number of functioning units in the myocardixmi.
Nevertheless, we found that heart weights were the same between the neonates from the

control and cocaine-treated mothers, despite a possible apoptosis-dependent early loss in

myocjdes induced by prenatal cocaine treatment. Additionally, the ratios of RV weight to
body weight and LV weight to body weight at the age of 30 days were not different
between two groups. These results suggest that the heart may compensate for the loss of
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myocyte by remodeling through increasing myocyte size in the neonates. Indeed, the
present study demonstrated that cross-sectional area of LV myocytes was significantly
increased in the hearts of 30-day old rats that were exposed to cocaine prenatally. This is

in agreement with our previous findings that chronic hypoxia during pregnancy increases

apoptosis in near-term fetal rat heart, which is associated with myocyte hypertrophy(Bae
et al., 2003; Li et al, 2004). The myocyte hypertrophy was also evident in 2-month old

rat that were exposed to hypoxia before birth (Li & Zhang, unpublished observation).

Although myocyte hypertrophy may compensate for the loss of myocytes and maintain
cardiac function at the resting level, it may cause an increase in ischemic vulnerability of
the heart at the same time. It has been demonstrated that hypertrophied heart decreases

the tolerance of global ischemia and the recovering of postischemic cardiac function
(Minami et al, 2000; Wambolt et al, 2001). Taken together, it is possible to speculate
that increased apoptosis and subsequent myocyte hypertrophy play an important role in
the increased cardiac vulnerability to ischemia and reperfusion injury in the rats that were
exposed to cocaine before birth.

The present study has further revealed that prenatal cocaine exposure

differentially regulates the postnatal developmental pattern ofBcl-2 family proteins in the
heart. Prenatal cocaine produced a profound decrease in Bcl-2 protein and an increase in

Bax protein in the heart of 21-day old rats. The dissociation ofthe peak ofDNA

fragmentation changes at day 3 and the peak of changes in Bax and Bcl-2 proteins at day
21 rats suggests the involvement offactors other than Bcl-2 family proteins in cocainemediated apoptosis in the developing heart. At age of30 days, Bax levels were

maintained significantly higher in the cocaine-treated heart as compared with the control.
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whereas Bcl-2 levels were the same between the two groups. This sustained increase in

Bax/Bcl-2 ratio may suggest a significant decrease in protective mechanisms against
apoptosis in the heart in response to stress such as ischemia and reperfusion,(Adams &
Cory, 1998; Gill et al., 2002; Gustafsson et al., 2004; Haunstetter & Izumo, 1998;
Hochhauser et al., 2003; Li et al, 2003). Alternatively, it could be part of mechanisms in

maintaining normal heart mass to compensate for the hypertrophy ofthe individual
myocytes in cocaine-treated animals.

The present findings of decreased postischemic recovery of LV function and
increased myocardial infarct size to ischemia and reperfusion in offspring of rats that

were exposed to cocaine during gestation are intriguing. This is in agreement with our
recent studies in which prenatal hypoxia significantly increased the sensitivity of adult

offspring heart to ischemia and reperfusion injury(Li et at., 2003). Other studies have
demonstrated that second-hand smoke exposure in utero for 3 weeks tends to increase
infarct size in young pups that are subjected to 17-minute of left coronary artery

occlusion(Zhu et at., 1997). In addition, prenatal ethanol exposure promoted cardiac

myocyte apoptosis, which may contribute to the depressed cardiac contractile function in
adult offspring rats(Ren et al., 2002). These studies suggest that, in addition to
undemutrition as originally proposed (Barker et al., 1989), many other factors could

affect fetal development in utero, which has lasting and lifelong effects on the

cardiovascular system. In the present study, hearts firom prenatal cocaine-treated rats
showed similar basal LV function as compared to those from control animals, suggesting

that prenatal cocaine exposure did not influence contractility in the resting heart of
offspring. Similar findings have been obtained in our recent studies in adult rats that were
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exposed to hypoxia before birth(Li et al., 2003). Because the hearts were perfused at a
constant pressure, and the end-diastolic pressure was set at about 5 mmHg,the present

study was not subject to differences in afterload, preload, or endogenous sympathetic
tone. Given that NO plays an important role in modulating the severity ofischemia-

reperfusion injury (Bolli, 2001), we measured NO release in coronary effluent. The

present finding that prenatal cocaine treatment had no effect on pre-ischemic or
postischemic coronary flow rate is consistent with the results ofno changes in coronary
NO release between control and cocaine-treated rats. This suggests that the cocaine-

induced increase in susceptibility ofthe heart to ischemia and reperfusion injury is not

mediated by changes in coronary vasculature, but rather due to intrinsic changes in
myocyte itself.

In conclusion, we have demonstrated for the first time, to our knowledge, in a rat

model, that prenatal cocaine exposure significantly increases the susceptibility ofthe
heart to ischemia and reperfusion injury by increasing myocardial infarct size and

decreasing postischemic recovery of left ventricular function. Although the mechanisms
underlying this increased susceptibility are not clear at present, and are likely to be
multiplex, the present study suggests that cocaine exposure during fetal development may
cause in utero programming of apoptotic pathways, which may has lasting and lifelong

importance on cardiac function, and may play an important role in the increased

susceptibility ofthe heart to ischemia and reperfusion injury in postnatal life.
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Table 3-1. The effect of prenatal cocaine exposure on postnatal body and heart
weight

HW(g)

HW BW"^ 0

Postnatal Age Group

n

BW(g)

Day 1

Control

5

6.63 ± 0.20

0.03 ± 0.00

0.44 ± 0.01

Cocaine

5

5.93 ±0.16*

0.03 ± 0.00

0.45 ± 0.01

Control

5

8.92 ±0.30

0.05 ± 0.00

0.54 ± 0.01

Cocaine

5

7.84 ±0.21*

0.04 ± 0.00

0.53 ±0.01

Control

5

17.2 ± 0.60

0.09 ± 0.00

0.51 ±0.01

Cocaine

5

15.5 ±0.40*

0.08 ± 0.00

0.55 ± 0.02

Control

5

54.4 ± 1.97

0.27 ±0.01

0.51 ±0.01

Cocaine

5

56.1 ±2.37

0.28 ± 0.01

0.49 ± 0.03

Control

5

173 ± 17.3

1.07 ±0.05

0.58 ± 0.02

Cocaine

5

180 ± 18.4

1.12 ±0.08

0.58 ± 0.02

Day 3

Day 7

Day 21

Day 30

Pregnant rats received daily dose of cocaine(30 mg kg'^) or saline as control from day 15
to day 21 of gestational age. BW,body weight; HW,heart weight; * P < 0.05, cocaine vs.
control at the same age.
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Table 3-2. Pre-ischemic LV function parameters

Parameter

Control

Cocaine

LVDP(mmHg)

108 ±5

108 ±5

HR (beats min"')

309 ± 10

296 ±13

LVEDP(mmHg)

5.62 ±0.85

5.22 ± 0.72

DP dtmin"^(mmHg sec"')

2280±10

2300 ±146

DP dtmax'(mmHg sec"')

3770±184

3380 ±354

Coronary flow(ml min"')

8.07 ± 0.97

7.87 ± 0.66

Pregnant rats received daily dose of cocaine(30 mg kg"^) or saline as control from day 15
to day 21 of gestational age. Left ventricle(LV)function was measured in the hearts
isolated from 30-day old male progeny. LVDP,left ventricular developed pressure; HR,
heart rate; LYEDP,left ventricular end-diastolic pressure, n = 5 in each group.
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CHAPTER FOUR

Prenatal cocaine exposure increases heart susceptibility to ischemia/reperfusion
injury in adult male but not female rats

Soochan Bae,Raymond D. Gilbert, Charles A. Ducsay and Lubo Zhang

This chapter appeared in publication in the Joxunal ofPhysiology 565: 149-158, 2005.
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Abstract

The present study tested the hypothesis that prenatal cocaine exposure

differentially regulates heart susceptibility to ischemia/reperfusion (I/R)injury in adult

offspring male and female rats. Pregnant rats were administered intraperitoneally either
saline or cocaine(15 mg/kg)twice daily from day 15 to day 21 of gestational age. There
were no differences in maternal weight gain and birth weight between the two groups.
Hearts were isolated from 2-month old male and female offspring and were subjected to

I/R(25 min/60 min)in a Langendorff preparation. Pre-ischemic values of left ventricular
(LV)ftmction were the same between the saline control and cocaine-treated hearts for
both male and female rats. Prenatal cocaine exposure significantly increased I/R-induced

myocardial apoptosis and infarct size, and significantly attenuated the postischemic

recovery ofLV function in adult male offspring. In contrast, cocaine did not affect I/Rinduced injury and postischemic recovery of LV ftmction in the female hearts. There was
a significant decrease in PKCs and phospho-PKCs levels in LV in the male, but not

female, offspring exposed to cocaine before birth. These results suggest that prenatal
1

cocaine exposure causes a gender-specific increase in heart susceptibility to 1/R injury in
adult male offspring, and the decreased PKCe gene expression in the male heart may play
an important role.
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Introduction

Cocaine abuse among women of childbearing age is prevalent in the United

States. It has been estimated that each year more than 100,000 infants who were exposed

prenatally to cocaine are bom in this country. Clinical studies and various animal models
have shown consistent pattems of subtle changes in neurobehavioral function in young

and adult offspring who had heen exposed to cocaine prenatally(Spear et al. 1998, 2002).
Studies in humans and rodent models of prenatal eocaine exposure have shown plasticity
ofthe developing nervous system in compensating for some coeaine-induced

perturbations in the fetus, with a eost of an increased vulnerability to environmental and
cognitive demands and stressors in postnatal life(Mayes et al. 1998; Spear et al. 1998,

2002). Interestingly, there are consistent gender differences in adult offspring, with males
often being more suseeptible than females on a diversity of measures to the effects of
prenatal cocaine exposure in the rat(Spear et al. 2002).
In addition to neurobehavioral effects, offspring bom to mothers with a history of

cocaine abuse have a high incidence of congenital cardiovascular malformations,

including abnormalities of ventrieular stmcture and funetion, arrhythmias, and
intracardiac conduction abnormalities, which persist beyond the period of exposure to

cocaine(Van de Bor et al. 1990; Lipshultz et al. 1991; Norris & Hill, 1992; Wiggins,
1992; Mehta et al. 1993; Mone et al. 2004). We have recently demonstrated in a rat

model that eocaine exposure during gestation increases apoptosis in fetal heart both in
vivo and in cultured eardiomyocytes(Xiao et al. 2000, 2001; Li et al. 2005). In addition,

prenatal cocaine exposure caused an increase in apoptosis in neonatal hearts during the
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first two weeks of postnatal life, and cardiac remodeling with myocyte hypertrophy in the
left ventricle(Bae & Zhang,in press). During the early developmental period, either
excessive and/or persistent cardiomyocyte loss through apoptosis has been suggested to
lead to a variety of cardiac disease (Haunstetter & Izumo, 1998; James, 1998; Femardez
et al. 2001; Gill et al. 2002). Indeed, our recent studies have demonstrated that, although

resting cardiac function shows no difference between animals that were exposed to either
saline control or cocaine before birth, prenatal cocaine exposure significantly increases

the heart susceptibility to ischemia and reperfusion injury in adolescent offspring(Bae &
Zhang,in press).

These findings are consistent with previous epidemiological studies in humans, as
well as studies in animals, showing an association of adverse intrauterine environment

and an increased risk of hypertension and ischemic heart disease in later adult life

(Barker, 2000; Zhang,2005). In animal models ofintrauterine undemutrition, the gender
dichotomy in manifestation ofthe severity of hypertension in adult offspring has been
observed, but the results were conflicting(do Carmo Pinho Franco et al. 2003). In the

present study, we tested the hypothesis, in a rat model, that the effect of prenatal cocaine

exposure on cardiac vulnerability in adult offspring is gender-dependent, with the male
heart being more susceptible to increased ischemia/reperfusion injmy induced by prenatal

cocaine exposure. Given the important cardioprotective roles of Akt and PKCs signaling
in the regulation of cardiac ischemia and reperfusion injury(Camper-Kirby et al. 2001;
Chen et al. 2001; Sugden & Clerk, 2001; Murriel & Mochly-Rosen,2003), we also tested

the hypothesis that prenatal cocaine exposure differentially regulates the expression of
Akt and PKCs in hearts of adult male and female offspring.
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Materials and Methods

Experimental animals. Time-dated pregnant Sprague-Dawley rats were

purchased from Charles River Laboratories(Portage, MI). The rats were randomly
divided into two groups(n = 3 for each group): 1)saline control, 2)cocaine 15 mg/kg
administered intraperitoneally twice daily at 10:00 a.m. and 4:00 p.m. from day 15 to 21

of gestational age. The intraperitoneal route closely resembles intranasal administration
in human in the kinetics and plasma cocaine levels attained (Javaid & Davis, 1993). No
fetal loss in the control and cocaine-treated groups was observed. Total of 39 male and 38

female offspring of2-month old rats were studied. Hearts were isolated from male and
female offspring for functional studies. All procedures and protocols used in the present

study were approved by the Institutional Animal Care and Use Committee of Loma Linda
University, and followed the guidelines by the National Institutes ofHealth Guide for the
Care and Use of Laboratory Animals.

Perfused hearts subjected to ischemia and reperfusion. Hearts were excised

rapidly from 2-month old male and female offspring, and were retrogradely perfused via
the aorta in a modified Langendorff apparatus under constant pressure(70 mmHg)with
gassed(95% O2,5% CO2)Krebs-Heinseleit buffer(KHB)at 37 °C, as previously

described (Li et al. 2004). A pressure transducer connected to a saline-filled balloon

inserted into the left ventricle(LV)was used to assess ventricular function by measuring

the left ventricular pressure(mmHg)and its first derivative (dP/dt). LV end diastolic
pressure(LYEDP)was set at approximately 5 mmHg. Although the heart was paced in
many other studies, the heart was not paced in the present study because the heart rate
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was a variable to be measured in the study. Nevertheless, the heart rates were not
different between the control and cocaine-treated animals before and after ischemia. After

the baseline recording, hearts were subjected to 25 min of global ischemia by stopping
the perfusion, followed by 60 min ofreperfusion. LV functional parameters, LV
developed pressure(LVDP), heart rate(HR), dP/dtn,ax> dP/dtmin, and LVEDP were

continuously recorded with an on-line computer. Pulmonary artery effluent was collected
as an index of coronary flow (CF).

Measurement of myocardial infarct size. Myocardial infarct size was measured

as described previously(Li et al. 2003). Briefly, at the end ofreperfusion, left ventricles
were collected, cut into four slices, incubated with 1% triphenyltetrazolivun chloride

(TTC)solution for 15 minutes at 37 °C, and immersed in formalin for 30 minutes. Each
slice was then photographed(Kodak digital camera)separately, and the areas of

myocardial infarction(MI)in each slice were analyzed by computerized planimetry

(Image-Pro Plus), corrected for the tissue weight, summed for each heart, and expressed
as a percentage ofthe total LV weight.

Measurement of DNA fragmentation by ELISA.DNA fragmentation was

quantified by specific determination of cytosolic mononucleosomes and
oligonucleosomes using a commercial quantitative sandwich enzyme-linked

immunosorbent assay kit(Boehringer Mannheim)as described previously(Plot et al.
1997; Bae et al. 2003). Briefly, tissue samples were obtained from left ventricles after 60-

min reperfusion, and put into 500 pi lysis buffer supplied in the kit. Samples were

disintegrated by tissue grinder and incubated for 30 minutes at room temperature. After
centrifugation at 200 xg for 10 minutes, the supernatant(cytosolic fraction) was further
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diluted 40-fold in PBS buffer, and used as the antigen source in the sandwich ELISA.
The values of absorbance were measured at 405nm/490nm and the background value of
the immunoassay was subtracted.

Western blot analysis. Left ventricles were isolated fi"om 2-month old male and

female offspring, and protein levels ofPKCs,phospho-PKCe (pSer^^^), Akt, and
phospho-Akt(pSer"^^^) were determined with Western blot analysis. Briefly, proteins
were separated on 10% SDS-PAGE. The gel was then transferred to nitrocellulose
membranes, and incubated with the primary antibodies for PKCe(Santa Cruze

Biotechnology; Santa Cruz, CA), phospho-PKCs(Upstate Biotechnology; Lake Placid,
NY),Akt, and phospho-Akt(Sigma; St. Louis, MO),respectively. After washing,
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies

(Amersham, Arlington Heights, IL). Proteins were then visualized with an enhanced
chemiluminescence detection system. Results were quantified with Kodak

Electrophoresis Documentation and Analysis System and Kodak ID Image Analysis
Software. Actin was used to assess equal loading. Average actin density was determined
first from all lanes in the film, and the firactional actin density for each lane was then

calculated. PKCe and Akt density was corrected by the fraction ofthe average actin for
each lane in the film.

Statistical analysis. Data were expressed as means ± SEM. Statistical

significance(P < 0.05) was determined by two-way ANOVA or Mest, where appropriate.
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Results

Effect of cocaine on maternal weight gain and offspring body weight. As

shown in Fig. 1, maternal body weight gain was not significantly affected during the

period of cocaine treatment. In addition, birth weight(6.6 ± 0.2 vs. 6.3 ± 0.1, n = 3 litters,
P > 0.05) and litter size (12.3 ± 1.7 vs. 13.3 ± 1.5, n = 3,P > 0.05) were not significantly
different between the control and cocaine-treated animals. Furthermore, at 2 months of

age in both male and female offspring, body weight, LV weight, and the LV weight-tobody weight ratio were the same between the control and treatment groups(Table 1).
Effect of prenatal cocaine on LV function and postischemic recovery. Using

the Langendorffpreparation, LV function was assessed in isolated hearts from 2-month
old adult rats that were exposed to either saline control or cocaine before birth. As shown
in Table 2, there were no significant differences in LVDP,HR,dP/dtmax? dP/dtmin and

coronary flow at baseline levels between control and cocaine-treated groups in either
male or female offspring. Fig. 2 shows the effect of25-min ischemia followed by 60-min

reperfusion on LV function in male offspring. Myocardial contraction was completely
eliminated during 25-min ischemia, hut gradually resumed when perfusion was restored.
Compared with the saline control, there were significant decreases in postischemic
recovery of LVDP,dP/dtmax, dP/dtmm, and pressure-rate product(PRP),in animals

exposed to cocaine before birth. However, postisehemic recovery of coronary flow and
FIR was not significantly different between the two groups. In contrast to the findings in
the male offspring, prenatal cocaine exposure showed no effect on postischemic recovery
of LV function in the female offspring (Fig. 3).
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Effect of prenatal cocaine on I/R-induced myocardial Infarction and

apoptosis. The infarct size ofLV at the end of60-min reperfusion after 25-min ischemia
is shown in Fig. 4. Ischemia and reperfusion caused LV myocardial infarction in both
male and female offspring. Prenatal cocaine treatment significantly increased infarct size
in the heart of male, but not female, offspring (Fig. 4). Apoptosis in the heart was

assessed by quantitative determination of fragmented DNA into mononucleosomes and
oligonucleosomes determined by an ELISA specific for cytosolic histone bound DNA.
Consistent with the finding of myocardial infarction, prenatal cocaine exposure

significantly increased ischemia and reperfrision-induced DNA fragmentation in left
ventricle from the male, hut not female, offspring (Fig. 5).

Effect of prenatal cocaine on PKCe and Akt expression in LV.Prenatal

cocaine exposure significantly decreased protein levels ofPKCs by 59% and phosphoPKCs by 75% in LV ofthe male offspring, but had no effect on protein levels of either
PKCs and phospho-PKCs in the female LV (Fig. 6 and Fig. 7). In contrast, prenatal
cocaine treatment had no effect on protein levels of Akt or phospho-Akt in LV of either
male or female offspring (data not shown).

130

Discussion

The present study demonstrated that prenatal cocaine exposure increased heart

susceptibility to ischemia and reperfusion injury in adult male, but not female, offspring
rats. Previous studies have shown that chronic daily doses of cocaine from 10 to 40

mg/kg during rat gestation produces plasma cocaine levels in the human use range (Spear
et al. 1989; Javaid & Davis, 1993), suggesting a comparable model in the present study.
In addition, kinetics of cocaine via the intraperitoneal route closely resembles intranasal
administration in humans(Javaid & Davis, 1993). In the present study, maternal

intraperitoneal cocaine administration had no effect on maternal weight gain and birth
weight. Previously, we showed that subcutaneous cocaine administration to pregnant rats
resulted in no change in maternal body weight, hut a modest decrease in birth weight

(Bae & Zhang,in press). This may he due to the difference in the route of cocaine
administration. Consistent with the present study, it has been shown that chronic
intravenous maternal administration of cocaine in the rat has no significant effect on

maternal body weight gain and birth weight(Iso et al. 2000).

The finding that fetal cocaine exposure caused an increase in cardiac vulnerability
in adult offspring is consistent with previous epidemiological studies in humans, as well
as studies in animals, showing an association of adverse intrauterine environment and an

increased risk of hypertension and ischemic heart disease in later adult life (Barker, 2000;

Zhang,2005). However, fetal growth restriction was not observed in the present study.
This is different from previous models of fetal undemutrition with significant fetal

growth restriction, suggesting multiple mechanisms of in utero programming. In the
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present study, hearts of male offspring rats that had heen exposed to cocaine before birth
showed similar basal LV function as compared to those from control animals, suggesting
that prenatal cocaine exposure did not influence contractility in the resting heart. Similar
findings have been obtained in our recent studies in adult rats that were exposed to
hypoxia before birth(Li et al. 2003). Because the hearts were perfused at a constant

pressure, and the end-diastolic pressure was set at approximately 5 mmHg,the present
study was not subject to differences in afterload, preload, or endogenous sympathetic
tone.

Previously, we demonstrated in a rat model that cocaine exposure increases

apoptosis in the fetal heart both in vivo and in cultured eardiomyocytes(Xiao et al. 2000,
2001; Li et al. 2005). Given that cardiomyocjdes are highly differentiated cells and rarely

replicate after birth, inappropriate cardiomyocyte loss through apoptosis during early
developmental period is likely to result in a permanent reduction in the number of
functioning units in the myocardium. However,the developing heart may show

remarkable plasticity in compensating for the loss of eardiomyocytes by an increase in

myoejde size for the remaining cells(Bae et al. 2003; Li et al. 2004; Bae & Zhang,in
press). Although myocyte hypertrophy may compensate for the loss of myocytes and
maintain cardiac function at the resting level, there appears to be a cost ofthis

compensation: an increase in ischemic vulnerability ofthe heart. In agreement with the

present findings, previous studies of a rodent model of prenatal cocaine exposure clearly
demonstrated that in adult offspring, although neurohehavioral function might appear
normal under basal test conditions, deficits emerged when the animals were unable to

mount appropriate responses to stressors and other environmental, cognitive or
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pharmacological challenges(Spear et al. 1998, 2002). This has also been demonstrated in
humans(Mayes et al. 1998). Similarly, a stress test with a jet stream of high-pressure air

significantly increased blood pressure in adult rats that were hypoxic during prenatal life,
but had no effect in the control rats(Peyronnet et al. 2002). Taken together, these

previous and our present studies support the notion that "it is possible and perhaps
common for an organ to he programmed and then vulnerable for life without evidence
until a late-life stressor challenges its adaptive capabilities"(Thomburg,2003).

The finding of gender dichotomy in manifestation ofinereased cardiac

vulnerability in adult offspring following prenatal cocaine exposure is intriguing, and is
consistent with previous findings. In rodent models of prenatal cocaine exposure, it has
been demonstrated that male offspring are more susceptible than females on a diversity of
measures of neurobehavioral function in response to environmental and cognitive

demands and stressors(Grimm & Frieder, 1985; Molina et al. 1994; Goodwin et al.

1995; Heyser et al. 1995; Spear et al. 1998; Wood et al. 1998; Spear et al. 2002). The

gender dichotomy has also been observed in animal models ofintrauterine undemutrition.
Although the results are conflicting, especially in models of severe nutrient restriction

during pregnancy, it has been generally accepted that the severity of hypertension in adult
offspring is greater in males than in females(do Carmo Pinho Franco et al. 2003).

It is likely that multiple mechanisms are involved in the gender-specific effect of

prenatal cocaine exposure. In the present study, we found that protein levels ofPKCs and
phospho-PKCs in the left ventricle were significantly decreased only in male offspring
following prenatal cocaine treatment. In contrast, Akt and phospho-Akt levels were not
affected in either male or female offspring. Both Akt and PKCs are downstream targets

133

of phosphatidylinositol 3-kinase, and play an important role of cardioprotection in the
regulation of cardiac ischemia and reperfusion(Camper-Kirby et al. 2001; Chen et al.
2001; Sugden & Clerk, 2001; Murriel & Mochly-Rosen,2003). The present results
suggest that Akt may not be involved in prenatal cocaine-mediated increase in heart

susceptibility to ischemia and reperfusion in adult offspring. The finding of decreased
PKCs and phospho-PKCs levels in adult male offspring is intriguing, and suggests that
prenatal cocaine may cause in utero programming ofthe PKCs gene expression pattern
leading to a down-regulation ofPKCs expression in the male heart. It has been
demonstrated that PKC isozyme expression is controlled by distinct mechanisms that are

regulated differently during development(Rybin & Steinberg, 1994). Fetal rat heart
expresses multiple PKC isozymes, a, P,6, s, i^. hi the adult heart, a,P,5,^ isozymes

decline markedly, and a, p, isozymes are found primarily in non-myocyte elements of
the heart. PKCs expression shows only modest age-dependent differences, and is the
most abundantly expressed PKC isozyme in the adult rat heart(Bogoyevitch et al. 1993;

Rybin & Steinberg, 1994). This is consistent with many studies, demonstrating an

important cardioprotective role ofPKCs in the adult heart(Chen et al. 2001; Ping et al.
2001; Inagaki et al. 2003; Murriel & Mochly-Rosen,2003). In agreement with the

present finding, studies in PC12 cells demonstrated that cocaine treatment selectively
down-regulated the expression ofPKCs,among other isozjmies(Onaivi et al. 1998). In
addition,PKCs protein levels were found decreased in the heart of2-month old male rats
that had been exposed to hypoxia before birth (Li et al. 2004).

Given the importance ofPKCs in cardioprotection against ischemia and

reperfusion injury, the cocaine-mediated decrease in PKCs levels observed in the present
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study is likely to have functional significance. A recent study in a PKCs knock-out
mouse model has demonstrated that PKCs expression is not required for normal cardiac

fimction under physiological conditions, but PKCs activation is necessary and sufficient
for acute cardioprotection in cardiac ischemia and reperfusion(Gray et al. 2003). The
cardioprotective effect ofPKCs is proposed to be inhibition of apoptosis and hence
reduction of myocardial infarction following ischemia and reperfusion(Heidkamp et al.
2001; Liu et al. 2001, 2002; Shizukuda & Buttrick, 2002; Murriel & Mochly-Rosen,

2003; Sparagna et al. 2004). In the present study, we found a significant increase in
apoptosis in the heart following ischemia and reperfusion in the male offspring that

exposed to cocaine prenatally. This is consistent with the increased myocardial infarction
observed in the male heart. Different methods have been used to measure apoptosis in

tissues. In our recent studies, apoptosis in isolated rat hearts subjected to ischemia and

reperfusion has been demonstrated using multiple methods including DNA

fragmentation, apoptotic nuclear morphology, cleaved active form of caspase-3, and

caspase-3 activity(Li et al. 2003,2004). Ischemia and reperfusion-mediated cell death in
the heart occurs through both necrosis and apoptosis (Haunstetter & Izumo, 1998; Gill et

al. 2002). Many studies have clearly demonstrated that apoptosis plays an important role
in ischemia and reperflision-induced myocardial injury(Yaoita et al. 1998; Ma et al.
1999; Okamura et al. 2000; Yue et al. 2000; Condorelli et al. 2001).

In conclusion, we have demonstrated for the first time, to our knowledge,in a rat

model, that prenatal cocaine exposure produces a gender-specific increase in heart

susceptibility to ischemia and reperfusion injury in adult male offspring, by increasing

myocardial infarct size and decreasing postischemic recovery ofleft ventricular function.
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Although the mechanisms underlying this gender-dependent effect in the adult heart are

likely to be multiplex, the present study suggests that cocaine exposure during fetal
development may cause in utero programming ofthe PKCe gene expression pattern,

which may have lifelong importance on cardiac function, and may play an important role
in the increased susceptibility ofthe heart to ischemia and reperfusion injury in male
adult offspring. Given that DNA methylation plays a critical role in epigenetic
modification of gene expression, and methylation in promotor regions is generally
associated with transcription repression, future studies ofthe potential effect of cocaine
on DNA methylation in the PKCs gene in the heart are warranted.
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Table 4-1. Body and left ventricular weight of 2-month old offspring

BW (g)
Control M

405.7+ 13.7

Cocaine M

393.8 ± 14.9

LVW(mg)

LVW/BW (mg/g)

746.6 + 18.0

1.77 ±0.04

756.9 ±26.7

1.76 ±0.05

Control F

263.9 ± 11.3

579.7 ±8.8

2.13 ±0.13

Cocaine F

252.3 ±5.8

554.6 ± 16.5

2.24 ±0.06

M,male; F,female; BW,body weight; LVW,left ventricular weight; n = 9-19 for BW,
and 3-5 for LVW and LVW/BW.
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Table 4-2. Pre-ischemic left ventricle functional parameters of 2-month old
offspring

Control M

lA^DP

HR

LVEDP

dP/dt^ax

(rtimHg)

(bpm)

(mmHg)

(mmHg/s)

dP/dt^n

CF

(mmHg/s) (ml/min)

94.1 +2.7 264.5 ±7.2 5.5 + 0.3 2675.3 + 103.0 1989.6 ± 41.7 12.9 + 0.3

Cocaine M 102.8 + 4.7 262.5 ±7.9 5.6 ±0.4 2843.2 ± 182.5 2053.1 ± 77.4 11.8 ± 0.4
Control F

91.4 ±4.2 265.6 ±6.6 5.8 ± 0.6 2523.6 ± 175.6 1749.6 ± 74.5 8.8 ±0.2

Cocaine F

95.0 ±4.7 264.6 ±6.1 5.1 ±0.4 2618.5 ± 144.0 1778.0 ±54.5 8.5 ±0.5

M,male; F,female; LVDP,left ventricular developed pressure; HR,heart rate; LVEDP,
left ventricular end diastolic pressure; dP/dtmax, maximal rate of contraction; dP/dtmin,
maximal rate of relaxation; CF,coronary flow, n = 7-8 in each group.
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CHAPTER FIVE

Gender differences in cardioprotection against ischemia/reperfusion
injury in adult rat hearts
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Abstract

Many studies have reported the sex differences in heart susceptibility to
ischemia/reperfusion (I/R)injury, but the mechanisms are not understood. The present

study tested the hypothesis that Akt and PKCs play an important role in the sexual
dimorphism of heart susceptibility to I/R injury. Isolated hearts from 2-month old male
and female rats were subjected to I/R in the Langendorff preparation. The postischemic
recovery of left ventricular(LV)function was significantly better, and infarct size was

significantly smaller in female than male hearts. Inhibition ofPISK/Akt pathway by
wortmannin or PKC by chelerythrine chloride before ischemia significantly reduced
postischemic recovery, and increased infarct size in female but not male hearts. However,
selective inhibition ofPKCe by its translocation inhibitor peptide increased I/R-induced
myocardial injury and decreased postischemic recovery in male hearts. There were no
differences in myocardial protein levels of HSP70, Akt, and PKCs,respectively, between
male and female rats. However,the ratio of p-Akt/Akt and p-PKCs/PKCs were

significantly higher in female than male hearts. In addition, there were significantly
increases in p-Akt and p-PKCs levels during reperftision in female but not male hearts.
The results suggest that increased p-Akt and p-PKCs levels in female hearts contribute to

the gender-related differences in heart susceptibility to I/R, and play an important role in
cardioprotection against I/R injury in females.
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Introduction

It is becoming increasingly appreciated that gender differences exist in

susceptibility to and mortality from a variety of cardiovascular diseases(Hayward et al.,
2000; Leinwand,2003). Recent studies have suggested that there are gender differences

in the myocardial response to acute ischemia and reperfusion injmy. It has been shown in
animal models that female hearts have greater resistance to ischemia and reperfusion-

mediated injury in the Langendorff preparation, with reduced myocardial infarct size

(Lee et al., 2000; Song et al,2003; Wang et al,2005). In addition, cardiomyocytes from
female hearts have been shown to be more resistant to ischemia and reperfusion injury,

compared with male cardiomyocytes(Ranki et al,2001). Studies of ovariectomized rats
and estrogen replacement have suggested that estrogen plays an important role in the

cardioprotection of global ischemia and reperfusion injury in female hearts (Zhai et al,
2000).

However,the mechanisms underlying the gender dimorphism in heart

susceptibility to ischemia and reperfusion injury are not completely understood. During
ischemic disease, the heart can benefit from protective measures from an endogenous
source. Several mechanisms have been proposed to protect the heart from ischemia and

reperfusion injury. For instance, it has been demonstrated in both cultured

cardiomyocytes and the intact heart of experimental animal models that heat shock

protein 70(HSP70)plays an important role in the protection against ischemia, and that
the degree ofthe early postischemic functional recovery correlates with the cardiac
HSP70 tissue content(Snoeckx et al,2001). In addition, many studies have
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demonstrated that activation ofthe phosphatidylinositol 3- kinase(PI3K)pathway

protects organs or cells against ischemia and reperfusion injmy and hypoxia through
suppression ofthe cell death machinery. The downstream targets ofPI3K include Akt,

p70 kinase, and several isoforms of protein kinase C (e.g. PKCs,5, r|, andQ(Tong ei al.,
2000). Previous studies suggested that an increase in Akt activity improved left ventricle
contractile recovery after transient ischemia(Fujio et al., 2000; Matsui et al., 2001).

Interestingly, sexually matured female mice showed higher levels of activated Akt in
nuclei than that in male mice(Camper-Kirhy et al., 2001). In addition to Akt, it has been

demonstrated that PKCs plays a pivotal role of cardioprotection in response to cardiac

ischemia and reperfusion injury(Chen et al., 2001; Mackay & Mochly-Rosen, 2001; Ping
et al, 2001,2002; Baines et al,2003; Inagaki et al, 2003; Murriel & Mochly-Rosen,

2003). Studies in a PKCs knock-out mouse model have demonstrated that PKCs

expression is not required for normal cardiac function under physiological conditions, hut
PKCs activation is necessary and sufficient for acute cardioprotection during cardiac
ischemia and reperfusion(Gray et al, 2003).

In the present study, we investigated the gender differences in cardioprotective
mechanisms against ischemia and reperfusion injury in age-matched adult male and
female rats, and tested the hypothesis that the activation ofPI3K/Akt-dependent pathway

and PKCs play an important role in the gender dichotomy in cardiac responses to
ischemia and reperfusion.
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Materials and Methods

Perfused rat hearts subjected to ischemia and reperfusiou. Two-month old

Sprague-Dawley male and female rats were purchased from Charles River Laboratories
(Portage, MI). Rats were anesthetized hy intramuscular injections ofKetamine(75

mg/kg) and Xylazine(5 mg/kg). Heparin(300 U/kg) was injected into the peritoneum 5
miri before the surgery. Hearts were isolated rapidly, and retrogradely perfused via the

aorta in the Langendorff mode under constant pressure(70 mmHg)with gassed(95% O2,
5% CO2)Krebs-Henseleit buffer(KHB)at 37 °C, as previously described(Bae et al, J

Physiol in press). A pressure transducer connected to a saline-filled balloon inserted into
the left ventricle(LV)was used to assess ventricular toction by measuring the left
ventricular pressure(mmHg)and its first derivative (dP/dt). LV end diastolic pressure

(LYEDP)was set at approximately 5 mmHg. After the baseline recording, hearts were

subjected to 15 or 25 min of global ischemia hy stopping the perfusion, followed by 120
min ofreperfusion. LV functional parameters, LV developed pressure(LVDP),heart rate

(HR),dP/dtmax, dP/dtmin,and LVEDP were continuously recorded with an on-line
computer. Pulmonary artery effluent was collected as an index of coronary flow (CF).
All procedures and protocols used in the present study were approved by the
Institutional Animal Care and Use Committee of Loma Linda University, and followed

the guidelines by the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Inhibition of PI3K and PKC in perfused hearts. After the baseline recording,
hearts were perfused for 20 min with the PI3K inhibitor, wortmannin(100 nM,
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Calbiochem, San Diego, CA), or the PKC inhibitor, chelerythrine chloride(2|aM, Sigma,
Saint Louis, MO)before ischemia with no wash out. Control hearts received the vehicle
only(DMSG,0.04%). The concentrations of wortmannin and chelerythrine were chosen
on the basis ofreported IC50 ofthe inhibitors(wortmannin: 5 nM,Arcaro & Wymann,

1993; chelerythrine: 0.66 pM,Herbert et al., 1990). In separate experiments, some male
hearts were pretreated with 5 pM ofthe PKCs translocation inhibitor peptide(PKCs-TIP,
Calbiochem, San Diego, CA)for 20 min before ischemia and reperfusion with no
washout period.

Myocardial infarct size. Myocardial infarct size was measured as described
previously(Bae et al., J Physiol in press). Briefly, at the end ofreperfusion, left ventricles
were collected, cut into four slices, incubated with 1% triphenyltetrazolium chloride

(TTC)solution for 15 min at 37 °C, and immersed in formalin for 30 min. Each slice was
then photographed(Kodak digital camera) separately, and the areas of myocardial
infarction in each slice were analyzed by computerized planimetry(Image-Pro Plus),

corrected for the tissue weight, summed for each heart, and expressed as a percentage of
the total LV weight.

Western blot analysis. Protein levels of HSP70,PKC-s, phospho-PKCe

(pSer'^^), Akt, and phospho-Akt(pSer'^^^)in LV were determined by Western blot
analysis. Briefly, proteins isolated from LV were loaded on 10% SDS-PAGE,transferred
to nitrocellulose membranes, and incubated with primary antibodies against HSP70,

PKCe,phospho-PKCe(Upstate Biotechnology; Lake Placid, NY),Akt, and phospho-Akt

(Sigma; Saint. Louis, MO)respectively. After washing, membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies(Amersham, Arlington Heights,
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IL). Proteins were then visualized with an enhanced chemiliuninescence detection

system. Results were quantified with Kodak Electrophoresis Documentation and Analysis
System and Kodak ID Image Analysis Software.

Statistical analysis. Data were expressed as means ± SEM. Statistical

significance(P < 0.05) was determined by analysis of variance(ANOVA)or ^-test, where
appropriate.
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Results

Gender differences in postischemic recovery of LV function. The average

body weight for 2-month old male and female rats were 382.4 ± 16.7 g and 239.6 ± 6.8 g,

respectively(P < 0.05). However,there was no significant difference in the heart/body
weight ratio (mg/g)between male (4.2 ± 0.01) and female(4.5 ± 0.01)rats. In addition,
there were no significant differences in the pre-ischemie values of LV function and
coronary flow rate between male and female hearts(Table 1). As shown in Fig. 1, global
ischemia for 15 min caused impairment in LV function in both male and female hearts.
However, postischemic recovery of LVDP,dP/dtmax, dP/dtmin, and the pressure-rate

product(PRP)were significantly better in female than those in male hearts (Fig. 1, panel
A). Recovery of heart rate was not significantly different between male and female hearts
(data not shown). Increased ischemia of25 min resulted in a further decrease in LV
functional recovery in both male and female hearts, and the differences between male and
female hearts persisted (Fig. 1, panel B). Fig. 2 shows ischemia and reperfusion-induced
infaret size of left ventricles in male and female hearts. As shown in the figine, 15 min of

ischemia and 120 min ofreperfusion produced 34% myocardial infarction in the male left
ventricle, and 25 min ofischemia increased it to 48%. Under both ischemic conditions,

myocardial infaret sizes in the female left ventricle were significantly smaller than those
in the male left ventricle (Fig. 2).

Effect of wortmannin on postischemic recovery of LV function. To

determine whether the activation ofPI3K/Akt pathway contributes to the cardioprotection
observed in female hearts, male and female hearts were treated with the PI3K inhibitor.
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wortmannin(100 nM)or the vehicle(DMSO,0.04%) as the control before ischemia.
Wortmannin significantly increased pre-ischemic values of LVDP,dP/dtmax, and dP/dtmin
in females, and decreased CF in male hearts(Table 2A). Compared with the control, the

postischemic recovery of LVDP,dP/dtmax, dP/dtmin, and PRP were significantly reduced
in the wortmannin-treated females(Fig. 3, panel A). In male hearts, wortmannin

treatment decreased postischemic recovery of LVDP,but had no effects on dP/dtmax,
dP/dtmin, and PRP (Fig. 3, panel B). As shown in Fig. 5, wortmannin significantly
increased ischemia and reperfusion-induced infarct size(50.4 ± 4.7 V5. 37.1 ± 2.7%,P <

0.05)in female hearts, but not in male hearts. In the absence of wortmannin, the infarct
size was significantly smaller in female than male hearts. However,in the presence of
wortmannin, there was no significant difference in myocardial infarct size between male
and female hearts (Fig. 5).

Effect of chelerythrine on postischemic recovery of LV function. To further
determine whether PKC contributes to the cardioprotection observed in female hearts,

hearts were pretreated with the PKC inhibitor chelerythrine(2 pM)or the vehicle

(DMSO,0.04%)as the control before ischemia. Unlike wortmannin,inhibition ofPKC

with chelerythrine did not affect the pre-ischemic baseline values of LV function in both
male and female hearts(Table 2B). Similar to the results obtained with wortmannin,

chelerythrine selectively decreased the postischemic recovery of left ventricular function
in female but not male hearts (Fig. 4), and selectively increased myocardial infarct size in
female hearts (Fig. 5). In the presence of chelerythrine, there was no significant
difference in the infarct size between male and female hearts (Fig. 5).
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Effect of selective PKCs mhibition on postischemie recovery of LV function

in male hearts. Because it has been reported that PKCs plays a pivotal role of

cardioprotection in response to cardiac ischemia and reperflision injury in the hearts, the
finding that chelerythrine had no effect on postischemie recovery ofleft ventricular
function in male hearts was intriguing. Given that chelerythrine is a nonselective PKC

inhibitor, the absence ofthe effect of chelerythrine in male hearts may be due to its
inhibition of different PKC isozymes with opposite functions in cardioprotection. Among

multiple PKC isozymes,the myocardium of adult rat hearts expresses predominantly
PKCs and PKC5(Bogoyevitch et ah, 1993; Rybin & Steinberg, 1994). It has been
demonstrated that, in contrast to PKCs,PKCS activation mediates damage to the

myocardium upon reperfusion(Chen et al., 2001; Hahn et al., 2002; Murriel & MochlyRosen,2003). We therefore determined the effect of selective inhibition ofPKCs on

postischemie recovery ofLV function in male hearts, using a selective PKCs
translocation inhibitor peptide(PKCs-TIP)(Murriel & Mochly-Rosen,2003; Przyklenk
et al, 2003). As shown in Table 3,PKCs-TIP had no significant effects on left
ventricular function at baseline levels. Fig. 6 shows the effect ofPKCs-TIP on

postischemie recovery ofLV function. Compared with the control, there were significant
decreases in postischemie recovery of LYDP,dP/dtmax, dP/dtmin, and PRP,in hearts

pretreated with PKCs-TIP. Postischemie recovery ofHR and coronary flow were not
significantly different between the two groups. Consistent with the decreased

postischemie recovery ofLV function,PKCs-TIP significantly increased ischemia and
reperfusion-induced myocardial infarct size in the left ventricle (Fig. 7).
Gender differences in myocardial HSP70,Akt, and PKCs. Western blot
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analyses showed that there were no significant differences in basal levels of HSP70(Fig.
8), Akt and PKCs(Fig. 9)between male and female hearts. However,the active forms of

Akt(phospho-Akt^®"^^'^) and PKCs(phospho-PKCs^"^^^)in the left ventricle were
significantly increased in female hearts, as compared with those in male hearts (Fig. 10).

The elevated phospho-Akt^®'^''^^ and phospho-PKCs^®*^^^^ in female hearts persisted at the
I

end of25 min ischemia and before reperfusion (Fig. 10). In addition, we determined the
effect ofreperfusion on the levels of activated Akt and PKCs in male and female hearts.

As shown in Fig. 11, the levels of phospho-Akt®®'^'^'^ were significantly increased during
reperfusion in female but not male hearts. Similarly, reperfusion increased phospho-

PKCs^®"^^^^ levels in female but not male hearts (Fig. 12).
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Discussion

The present study demonstrated in adult rats that female hearts had greater

resistance to ischemia and reperfusion injury by improving postischemic left ventricular
function and reducing infarct size after ischemia and reperfusion, as compared with

males. This is in agreement with the recent studies showing the gender differences in
heart susceptibility to myocardial ischemia and reperfusion injury(Song et al., 2003;

Wang et al, 2005). The finding that myocardial HSP70 content was not significantly
different between male and female hearts in the present study is consistent with the

previous finding in adult rats ofthe same age(Paroo et al., 2002). However, studies in
older rats(12-16 wk old)showed higher expression levels of HSP70 in female than male
hearts(Voss et al,2003). Although the age may contribute to the different results, other
differences in methodology and sample collection are also important factors. In the

present study, we measured HSP70 content by Western blots in the left ventricle, as

compared with the studies by Voss et al.(2003),in which HSP70 levels in the whole
heart were measured by an ELISA assay.

In the present study, the inhibition ofthe PI3K/Akt pathway with wortmannin
significantly reduced postischemic recovery of left ventricular function, and increased

myocardial infarct size in female but not male hearts. In the presence of wortmannin,
there were no significant gender differences in the postischemic recovery and myocardial
infarct size. Wortmannin has been widely used to inhibit PI3K-Akt in animal models of

ischemia and reperfusion injury(Jonassen et al., 2001; Cai & Semenza, 2004; Okumura

et al,2004; Tsang et al,2004). The present findings provide a possible mechanism of
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Akt in the sexual dimorphism in heart vulnerahility to ischemia and reperfusion injury. It

has been clearly demonstrated that Akt promotes survival of cardiomyocytes in vitro and
protects against ischemia and reperfusion injury(Jonassen et al., 2001; Matsui et al.,

2001; Sugden & Clerk 2001; Bell & Yellon, 2003). Camper-Kirhy et al. have reported
that young women possess higher levels of activated Akt than comparably aged men or

postmenopausal women,and sexually mature female mice have higher levels of activated
Akt in nuclei than male mice(Camper-Kirhy et al,2001). The gender difference in the
Akt activity could he explained in part by the effect of estrogen, and reduced Akt

activation in myocjde was found from ovariectomized rats(Ren et al., 2003). In addition,
estrogen stimulated PDK-mediated Akt activation, which diminished ischemia and
reperfusion injury(Simoncini et al,2000). In the present study, we have found no
differences in the basal levels of total Akt in left ventricles between male and female

hearts. However,the proportion ofthe active form of phospho-Akt was significantly
higher in female than male hearts. Ischemia per se did not significantly change Akt
activity levels, hut reperfusion caused a significant increase in phospho-Akt in female but
not male hearts. This is in agreement with previous findings in cardiomyocytes that Akt

was phosphorylated during reperfusion following simulated ischemia but not during
simulated ischemia itself(Mockridge et al., 2000). The finding that wortmannin

significantly increased pre-ischemic values ofLVDP,dP/dtmax, and dP/dtmin in female hut

not male hearts is intriguing, and suggests that the increased basal PI3K-Akt activity in
female hearts has negative regulatory function in the resting heart. Similar findings were
obtained in a mouse model ofischemia and reperfusion injury(Gabel et al., 2002).
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Unlike wortmannin, the inhibition ofPKC with chelerythrine showed no effect

on pre-ischemic left ventricular function in either male or female hearts. However,
similar to wortmannin, chelerythrine treatment resulted in a significant reduction of

postischemic recovery of left ventricular function and an increase in myocardial infarct
size in female hut not male hearts, and eliminated the gender differences in the

postischemic recovery and myocardial infarct size. The cardioprotective effect ofPKC is
likely isozyme-dependent. Substantial experimental evidence suggests that PKCs

activation plays a pivotal role of cardioprotection in response to cardiac ischemia and
reperfusion injury, including male animals(Chen et ah,2001; Mackay & Mochly-Rosen,
2001; Ping et al., 2001,2002; Baines et ah,2003; Inagaki et al., 2003; Murriel &

Mochly-Rosen,2003). Consistent with previous studies, selective inhibition ofPKCs by

PKCs-TIP in the present study significantly increased ischemia and reperfusion injury in
male hearts. PKCs-TIP selectively blocks binding ofPKCs to RACK (receptor for

activated C-kinase) at the intracellular concentration of 3-10 nM,and has been widely
used to study the cardioprotective role ofPKCs during myocardial ischemia and

reperfusion(Zhou et al,2002; Murriel & Mochly-Rosen,2003; Przyklenk et al, 2003).
Recent studies in a PKCs knock-out mouse model has demonstrated that PKCs

expression is not required for normal cardiac function under physiological conditions, hut
PKCs activation is necessary and sufficient for acute cardioprotection in cardiac ischemia
and reperfusion(Gray et al, 2003). This is consistent with the present finding that the
inhibition ofPKC did not affect cardiac function at the resting level, but impaired the
postischemic recovery.
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The lack of effect of chelerythrine in male hearts in the present study was not

due to the length ofischemia and the severity of myocardial injruy, because the shorter

time period(15 min)ofischemia with improved postischemic function did not change the
results of chelerythrine shown after the longer period(25 min)ofischemia(data not
shown). In agreement with the present finding, previous studies showed that

chelerythrine had no effect on postischemic function and infarct size in male hearts(Tian
et ah, 1999; Ding et al., 2004). The effect of chelerythrine on female hearts has not been

previously examined. Myocardium of adult rat hearts expresses predominantly PKCs and
PKC6(Bogoyevitch et al., 1993; Rybin & Steinberg, 1994). In contrast to PKCs,PKC6
activation may cause damage to myocardium upon reperfusion(Chen et al., 2001; Hahn
et al., 2002; Murriel & Moehly-Rosen, 2003). Given that chelerythrine is an isozymenonselective PKC inhibitor and can inhibit both PKCs and PKCS,the effect of

chelerythrine on myocardial ischemia and reperfusion injury is likely to depend on the
relative activities ofPKCs and PKCS in the heart. Therefore, a possible explanation for

the gender difference in the effect of chelerythrine observed in the present study is that
female hearts have a relatively higher PKCs activity, or relatively lower PKCS activity

levels than they are in males. This is supported partly by the present finding that female
hearts had higher levels ofthe active form ofphospho-PKCs than male hearts, and

reperfusion increased phospho-PKCs in female but not male hearts. The potential gender
differences in PKCS activities in male and female hearts remain an intriguing area for
future investigation.

The cardioprotective effect ofPKCs is proposed to be inhibition of apoptosis and
hence reduction of myocardial infarction following ischemia and reperfusion (Heidkamp
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et al., 2001; Liu et al., 2001,2002; Shizukuda & Buttrick, 2002; Murriel & MochlyRosen,2003; Sparagna et al., 2004). Ischemia and reperfusion-mediated cell death in the
heart occurs through both necrosis and apoptosis (Haunstetter & Izumo, 1998; Gill et al.,

2002). Many studies have clearly demonstrated that apoptosis plays an important role in
ischemia and reperfusion-induced myocardial injury (Yaoita et al., 1998; Ma et al., 1999;
Okamura et al., 2000; Yue et al., 2000; Condorelli et al., 2001; Li et al., 2003, 2004; Bae

& Zhang,2005; Bae et al., in press). Increased cytosolic Ca^^ may trigger or favor
apoptosis occurred in myocardial ischemia and reperfusion, and decreased sarcoplasmic

reticulum Ca^"^ results in a decrease in ischemia and reperfusion injury(James, 1999; Yu
et ah,2000; Zuechi et al, 2001). It has been demonstrated that activation ofPKC during

ischemia and early reperfusion reduces cytosolic calcium accumulation in myocardium
(Jimenenz et al., 1990; Stamm et al., 2001, 2004). In support ofthe present finding of

gender dimorphism, recent studies demonstrated that females exhibited less sarcoplasmic
^ I

reticulum Ca loading than males after isoproterenol treatment(Chen et al., 2003), and
eardiomyoeytes from females were more resistant to ischemia and reperfusion-induced

Ca^"^ loading, as compared with eardiomyoeytes from males(Ranki et al., 2001).
In conclusion, we have demonstrated in rat model a gender dichotomy in heart
susceptibility to ischemia and reperfusion injury, and have shown that female hearts have
improved postischemic recovery of left ventricular function and decreased myocardial
infarct size, as compared with male hearts. The lack of difference in myocardial HSP70

content between male and female hearts suggests that it may not be important in the
regulation ofthe gender-related heart resistance to isehemia and reperfusion. However,

the greater and prolonged activation of Akt and PKCs during reperfusion in female hearts
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are likely to play an important role in protecting female hearts, and contribute to the
gender dimorphism in cardiac vulnerability to ischemia and reperfusion injury.
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Table 5-1, Pre-ischemic left ventricle functional parameters of 2-month old male
and female rats

LVDP

(mmHg)

HR

(bpm)

dP/dtmax

(mmHg/sec)

dP/dtmin

(mmHg/sec)

CF

(ml/min)

Male

111.2± 1.5

272.5 ± 8.2

3153.0 ± 172.8

2256.0 ± 84.4

10.7 ±0.5

Female

103.6 ±2.4

263.2 ± 4.4

2962.0 ± 163.1

2155.0 ±67.7

8.4 ±0.4

LVDP,left ventricular developed pressure; HR,heart rate; dP/dtmax, maximal rate of
contraction; dP/dtmin, maximal rate ofrelaxation; CF,coronary flow, n = 9-10
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Table 5-2. Pre-ischemic left ventricle functional parameters of 2-montli old male
rats after wortmannin(A)or chelerythrine(B)treatments

Female

Male

Parameter

Control

115.0 ±2.4
LVDP(mmHg)
275.2 ± 14.2
HR (beats/min)
dP/dtmin(mmHg/sec)2194.0 ± 75.5
dP/dt„ax(mmHg/sec)2811.0 ± 85.4
10.5 ± 0.4
CF(ml/min)

Wortmannin

108.0 ±2.0

Wortmannin

Control

106,7 ±2.8

123.6 ±2.7*

281.0 ±7.2

260.8 ± 5.8

272.0 ± 11.0

1912.0 ±69.6

2104.0 ±75.5

2632.0 ±50.2

2678.0 ±78.5

2430.0 ± 72.5*
2912.0 ±53.4*
8.1 ±0.1'

8.9 ±0.5*

7.9 ±0.4

B.
Female

Male

Parameter

Control

LVDP(mmHg)
106.9 ±6.1
HR (beats/min)
269.8 ± 9.5
dP/dtmin(nunHg/sec) 2319.0 ±155.1
dP/dtmax(nunHg/sec) 3495.0 ±278.1
CF(ml/min)
11.0 ±0.9

Chelerythrine

104.2 ±3.3
275.3 ± 12.1
2267.0 ± 150.0
3637.0 ± 105.2
9.9 ±0.5

Control

Chelerythrine

102.0 ±3.2

109.0 ±11.0

, 266.0 ±7.4

265.5 ±7.2

2215.0 ± 122.4 2151.0 ±257.9
3302.0 ±289.7 3328.0 ±388.8
8.9 ±0.6
7.3 ±0.7

LVDP, left ventricular developed pressure; HR, heart rate; dP/dtmax> niaximal rate of
contraction; dP/dtmin, maximal rate of relaxation; CP, coronary flow.
control in the same gender(n = 4-6).
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P < 0.05 v^.

Table 5-3. Pre-ischemic left ventricle functional parameters of 2-montli old male
rats after PKCs-TIP treatment

LVDP

HR

dP/dtmax

dP/dtmin

(mmHg/s)

(mmHg/s)

CF

(ml/min)

(mmHg)

(bpm)

Control

123.5 + 3.4

282.0 ± 13.2

3418.6+ 153.3

2639.4+ 131.5

13.4 ±0.4

PKCs-TIP

119.2 ± 6.7

270.2 + 6.7

3217.4 ± 203.9

2527.8 ± 161.7

11.8 ±0.6

LVDP,left ventricular developed pressure; HR,heart rate; dP/dtn^x, maximal rate of
contraction; dP/dtmin, maximal rate of relaxation; CP,coronary flow, n = 5
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CHPTER SIX

SUMMARY

Effect of prenatal chronic hypoxia and cocaine on heart weight and myocyte size
It has been demonstrated that chronic hypoxia during the course of pregnancy is a
common insult to the fetus and results in fetal intrauterine growth retardation(Moore et

al., 1986). The presumed etiology for cocaine-induced toxic effect on fetal development

is repetitive hypoxic insults to the fetus as a result of cocaine-induced uterine artery
vasoconstriction(Woods et al., 1987). Recent epidemiologic evidence indicates a

correlation between intrauterine growth retardation and an increased risk of hypertension
and coronary heart disease in later life (Barker, 2000).

In chapter 2, maternal chronic hypoxia(10.5% O2)between 15 and 21 days of gestation

significantly decreased fetal body weight and increased fetal heart-to-hody weight ratio
which is consistent with our previous studies that 2-day chronic hj'poxic exposure during

gestation caused fetal asymmetric growth restriction(Xiao et al., 2000). Similar findings
of decreased fetal body weight were observed in maternal subcutaneous cocaine

administration(Xiao et al., 2001). In addition, in chapter 3, prenatal cocaine exposure(30
mg/kg/day) between 15 and 21 days of gestation resulted in a modest decrease in
newborn body weight. This chronic daily dose is similar to plasma cocaine levels in
human range (Spear et al., 1989). This dose can't cause risk of death in pregnant rat,
because LDio for cocaine is 37.1 mg/kg and LD50 is 59.1 mg/kg for pregnant rats (Derlet
and Alhertson, 1990; Glantz and Woods, 1994). The present finding of about 11%

reduction of newborn body weight in cocaine-treated rats closely resembles those

220

reported for neonates of cocaine-using women(Zuckerman et al., 1989; Bandstra et al.,
2001). However,in chapter 4, maternal intraperitoneal administration closely resembles
those from intranasal administration in humans(Javaid and Davis, 1993)to pregnant rats

resulted in no change birth weight. This may he due to the difference in the route of
cocaine administration. Consistent with this study, it has been shown that chronic
intravenous maternal administration of cocaine in the rat has no significant effect on

maternal body weight gain and birth weight(Iso et al. 2000). Whereas hypoxia increased
fetal heart-to-body weight, cocaine did not affect heart-to-body weight ratio in fetal and
neonatal rats, suggesting that cocaine may have direct effects on fetal heart, other than
causing indirect fetal hypoxia.

In chapter 2, the fetal hypoxia induced by maternal hypoxia increased in the percentage

and size of binucleated myocytes in the fetal heart. One target for prenatal programming
of cardiac fimction is the final number of cardiomyocytes within the heart. Thus,their
loss can contribute to the fimctional decline ofthe myocardium, leading to heart disease.

In the embryonic and fetal stages cardiac growth is primarily due to hyperplasia and this
process persists during the neonatal life. In rodents,binucleation of cardiomyocjdes
occurs over postnatal days 4—12(Li et al., 1996; Soonpaa et al., 1996) after which
myocardial cells lose the capability of dividing, and further growth ofthe heart is due to

myocardial cell hypertrophy and nonmuscle cell hyperplasia. In our study, almost all

myocytes are mononucleated in term fetal rats. Therefore, the formation of binucleated
myocytes is an early indicator of growth hypertrophy in hypoxic fetal heart. In case of
prenatal cocaine exposure in chapter 3, we demonstrated that cross-sectional area ofLV
myocyte was significantly increased in the hearts of 1-month-old male rats, although the
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ratios ofRV to body weight and LV to body weight were not different between control
and cocaine groups. This indicates that prenatal cocaine rats have fewer hut larger

myocytes. These results suggest that the heart may compensate for the loss of myocyte by
remodeling through increasing myocyte size.
Chronic hypoxia increases apoptosis in fetal heart

Apoptosis in the fetal heart was clearly demonstrated by morphological changes
as condensed and fragmented apoptotic nuclei and the biochemical hallmark of DNA

fragmentation. In chapter 2, we demonstrated significant increase in apoptotic cell death
from 1.4% in the control heart to 2.7% in the hypoxic heart hy using the fluorescent

DNA-binding dye Hoechst 33258 to stain tissue sections. Consistent with results from
Hoechst staining, chronic hypoxia significantly increased DNA fragmentation. It is likely
that there is a connection between myocardial hypoxia and cardiomyocyte apoptosis in

fetal rat hearts in this study. This is in agreement with previous finding that prenatal

cocaine exposure produced a dose-dependent increase in apoptotic cell death in the fetal
heart(Xiao et al., 2001). We demonstrated that the increase in apoptosis in the hypoxia
fetal rat heart may be mediated by an increase in Fas and a decrease in Bcl-2 proteins.
This is further supported with the finding that the activity of caspase 8 and caspase 3 was

significantly increased in hypoxic hearts. This suggests that upregulation of Fas and
downregulation of Bcl-2 may play an important role in chronic hypoxia-induced
apoptosis in the fetal heart. Therefore, chronic hypoxia increases apoptosis by two
distinct but interrelated pathways: the mitochondrial and death receptor-mediated

pathways. In similar observation with chronic hypoxic study, cocaine-induced apoptosis
in fetal heart was associated with increase in activity of caspase 9, caspase 8, and caspase
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3. In addition, cocaine significantly increased Bax and decreased Bcl-2, leading to
increase in Bax-to-Bcl-2 ratio. However,cocaine has recently been shown to

downregulate Bcl-2 and increase caspase 9 but not caspase 8 activity in cardiomyocytes,
suggesting that cocaine induces cardiomyocyte apoptosis through the mitochondrial
pathway(Li et al., 2005). Chronic hypoxia also resulted in an increase in Piadrenoreceptors(Pi ARs)and a decrease in HSP70. These changes may also play an

important role in apoptosis in the fetal heart, because enhanced PiAR signaling induces
myocyte apoptosis via Gs-mediated, PKA-dependent mechanism and decreased HSP70

may not suppress the apoptosis pathway. Interestingly, this decreased Hsp70 persists in
the hearts of6-month-old adult offspring(Li et al., 2003). In addition, we demonstrated
that prenatal chronic hypoxia inhibited myocardial HSP70 synthesis in response to whole
body heat stress, leading to a loss of cardioprotection against 1/R injury in the adult heart

(Li et al., 2004). These results suggest that hypoxic-mediated in utero down-regulation of
hsp70 gene in fetal hearts has lasting and lifelong importance in the regulation ofits
expression in response to stresses in later adult life.

The increased cell death in the fetal heart following exposure to hypoxia may lead to
cardiac hypertrophy,resulting in the asymmetric enlargement ofthe fetal heart in hypoxic
rats. These changes in cardiomyocyte development appear to confer immediate adaptive
benefit to maintain basal cardiac function, but they may render the postnatal heart more
vulnerable in stress situations.

Prenatal cocaine increases apoptosis on neonatal and juvenile heart

Previous studies demonstrated that cocaine-induced apoptosis in fetal rat heart in

vivo is associated with a differential regulation of anti- and pro-apoptotic Bcl-2 family
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proteins(Xiao et al, 2001). Our study extended this observation to the neonatal and
juvenile rat hearts. In chapter 3, we demonstrated for the first time in a rat model that

prenatal cocaine exposure induces abnormal apoptosis on neonatal and juvenile heart.
This finding that prenatal cocaine exposure significantly increased DNA fragmentation of
the heart during the neonatal and juvenile period despite discontinuation of cocaine

exposure after birth suggests that cocaine causes in utero programming of apoptotic
pathways in the heart, which has lasting and prolong effect on heart development

postnatally. Similar findings have been obtained with prenatal nicotine exposure, which
causes a persistent brain cell loss by apoptosis during the first 2 weeks postpartum despite
discontinuation of nicotine exposure at birth (Slotkin, 1998). In the fetal heart, cocaine
induced an increase in Bax and a decrease in Bcl-2, resulting in a significant increase in

the Bax-to-Bcl-2 ratio. Our study has further revealed that prenatal cocaine exposure

differentially regulates the postnatal developmental pattern ofBcl-2 family proteins in the
heart. Prenatal cocaine produced a profound decrease in Bcl-2 protein and an increase in

Bax protein in the heart of21-day-old rats. However, we don't find any change of Bcl-xL
and Bad protein by cocaine during the 21 days postnatal period. These results confirm
that Bax and Bcl-2 may play an important role in cocaine-mediated apoptosis. The
dissociation ofthe peak ofDNA fragmentation changes at day 3 and the peak of changes

in Bax and Bcl-2 proteins at day 21 rats suggest the involvement offactors other than
Bcl-2 family proteins in cocaine-mediated apoptosis in the developing heart.

In chapter 2, chronic hypoxia during pregnancy increased apoptosis in near-term fetal rat
heart, which is associated with myocyte hypertrophy. Prenatal cocaine exposure also

induced myocyte hypertrophy in LV at day 30 rats. This may provide proof that
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hypertrophy is initiated by a wave of apoptosis of cardiomyocytes. Thus, apoptosis may
be involved in the pathogenesis of heart remodeling.
Prenatal cocaine increases susceptibility to I/R injury on juvenile and adult heart

In chapters 3 and 4, we demonstrated that prenatal cocaine exposme significantly

increases the susceptibility ofthe juvenile and adult male heart to I/R injury by increasing
myocardial infarct size and decreasing postischemic recovery of left ventricular ftmction.
This novel finding suggests that prenatal cocaine exposure impairs the ability ofthe heart
to fight against an ischemic insult at postnatal life, which may have detrimental

consequences offetal programming. Mechanisms underlying the increased susceptibility
to I/R insult in the postnatal hearts with prenatal cocaine exposure are likely to be

multiplex. Cocaine-induced myocardial apoptosis may represent one ofimportant the
mechanisms responsible for the increased susceptibility ofthe heart to I/R injury in

postnatal life. Since persistent myocardial apoptosis leads to the development of heart
failure as demonstrated by recent studies(Wencker et al., 2003), the increased

myocardial apoptosis caused by prenatal cocaine exposure may have deleterious longterm consequences on cardiac function. It has been demonstrated that hypertrophied heart
decreases the tolerance of global ischemia and the recovering of postischemic cardiac
function(Minami et al., 2000; Wambolt et al., 2001). Several changes in the hypertrophy

myocyte suggest a lower rate of calcium release and uptake, decreased p-receptor
density, decreased sodium exchange, decreased density ofthe sarcoplasmic reticulum
calcium-ATPase activity and defects in the ryanodine receptor(Swynghedauw, 1989).
Indeed, the myocyte size in LV is found significantly larger in prenatal-cocaine hearts

like prenatal-hypoxia hearts(Zhang,2005). Taken together, it is possible to speculate that
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increased apoptosis and subsequent myocyte hypertrophy play an important role in the
increased cardiac vulnerability to I/R injury in the rats that were exposed to cocaine
before birth.

It has well known that prenatal cocaine exposure may cause deterioration of LV systolic
and diastolic function (Pitts et al., 1997; Lange and Hillis, 2001). However,in chapters 3

and 4,cocaine(30 mg/kg)did not cause any major structural or functional changes in the
heart at basal conditions both male and female hearts. Two previous studies on fetal

programming by maternal malnutrition (Tonkiss et al., 1998)or prenatal hypoxia
(Peyronnet et al., 2002)have also foimd an effect on cardiovascular responses but not
basal haemodynamic. Similar findings have been obtained in our recent studies in adult
rats that were exposed to hypoxia before birth(Li et al., 2003; Li et al., 2004). Because

the hearts were perfused at a constant pressure, and the end-diastolic pressure was set at

about 5 mmHg,the present study with Langendorff preparation was not subject to
differences in afterload, preload, or endogenous sympathetic tone. However, it is possible
that cocaine-induced increase in susceptibility ofthe heart to I/R injury is not mediated

by changes in coronary vasculature, but rather due to intrinsic changes in myocyte itself.
Because,in chapter 3, prenatal cocaine treatment had no effect on pre-ischemic or
postischemic coronary flow rate, which is consistent with the results ofno changes in
coronary NO release between control and cocaine-treated rats.

Interestingly, there is a gender difference in effects of prenatal cocaine on the

adult offspring in chapter 4. Consistent with results presented in chapter 3, prenatal

cocaine exposure significantiy increased I/R-induced myocardial apoptosis and infarct
size, and attenuated the postischemic recovery of LV function in adult male. However,in
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adult female hearts, prenatal cocaine exposure did not affect I/R injiuy and postischemic
recovery ofLV fimction. The mechanisms for this sexual dimorphism in cardiac

programming in vulnerability to I/R injury are likely to he multiplex. We demonstrated
that protein levels ofPKCs and phospho-PKCe in the left ventricle were significantly
decreased only in male offspring following prenatal cocaine treatment. In contrast, Akt

and phospho-Akt levels were not affected in either male or female offspring. Both Akt
and PKCs are downstream targets ofPI3-kinase, and play an important role of

cardioprotection in the regulation of cardiac I/R(Camper-Kirby et al. 2001; Chen et al.
2001; Sugden and Clerk, 2001; Murriel and Mochly-Rosen,2003). These results suggest

that Akt may not be involved in prenatal cocaine-mediated increase in heart susceptibility
to 1/R in adult offspring. Therefore, the finding of decreased PKCs and phospho-PKCs
levels in adult male offspring is intriguing, and suggests that prenatal cocaine may cause

in utero programming ofthe PKCs gene expression pattern leading to a down-regulation
ofPKCs expression in the male heart. For further study, we will test whether prenatal

cocaine exposure causes a gender-specific increase in DNA methylation ofthe PKCs and
downregulation ofPKCs gene expression in the male heart.

Mechanisms underlying the gender dimorphism in heart susceptibility to I/R injury
Recent studies have suggested that there are gender differences in the myocardial

response to acute I/R injury. It has been shown in animal models that female hearts have

greater resistance to I/R injury in the Langendorff preparation, with reduced myocardial
infarct size(Lee et al., 2000; Song et al., 2003; Wang et al., 2005). In agreement with

previous studies, females had better postischemic recovery compared with male saline
control group, even in cocaine group,in chapter 4. In chapter 5, the postischemic
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recovery after shorter time period(15 min)and the longer period(25 min)of ischemia of
LV function was significantly better, and infarct size was significantly smaller in female
than male hearts.

We foimd no differences in the basal levels of total Akt in left ventricles between

male and female hearts. However,the proportion ofthe active form of phospho-Akt was

significantly higher in female than male hearts. Ischemia per se did not significantly
change Akt activity levels, but reperfusion caused a significant increase in phospho-Akt
in female but not male hearts. This is in agreement with previous findings in

cardiomyocytes that Akt was phosphorylated during reperfusion following simulated
ischemia but not during simulated ischemia itself(Mockridge et al., 2000). The present

findings provide a possible mechanism of Akt in the sexual dimorphism in heart
vulnerability to I/R injury, because Akt promotes survival of cardiomyocytes in vitro and

protects against I/R injury(Jonassen et al., 2001; Matsui et al., 2001; Sugden and Clerk
2001; Bell and Yellon, 2003). This suggestion is further supported by the result obtained
after the administration of wortmannin(PI3K inhibitor) before ischemia. Wortmannin

significantly reduced postischemic recovery ofleft ventricular function, and increased
myocardial infarct size in female but not male hearts. In the presence of wortmannin,
there were no significant gender differences in the postischemic recovery and myocardial
infarct size. The gender difference in the Akt activity could be explained in part by the
effect of estrogen, and reduced Akt activation in myocyte was foimd from

ovariectomized rats(Ren et al, 2003). In addition, estrogen stimulated PI3K-mediated
Akt activation, which diminished I/R injury(Simoncini et al., 2000).
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The cardioprotective effect ofPKCs is proposed to be through inhibition of

apoptosis and hence reduction of myocardial infarction following I/R(Heidkamp et al.,
2001; Liu et al., 2001, 2002; Shizukuda and Buttrick, 2002; Murriel and Mochly-Rosen,

2003; Sparagna et al., 2004). We found that the proportion of active form of phospho-

PKCs was significantly higher in female than male hearts and reperfusion increased

phospho-PKCs in female but not male hearts like phospho-Akt. In addition, similar to
wortmannin, chelerythrine (selective PKC inhibitor) treatment resulted in a significant
reduction of postischemic recovery of left ventricular function and an increase in

myocardial infarct size in female but not male hearts, and eliminated the gender

differences in the postischemic recovery and myocardial infarct size. However, selective
inhibition ofPKCs by its translocation inhibitor peptide increased I/R-induced

myocardial injury and decreased postischemic recovery in male hearts. Given that
chelerythrine is an isozyme-nonselective PKC inhibitor and can inhibit both PKCs and
PKC5,the effect of chelerythrine on myocardial ischemia and reperfusion injury is likely

to depend on the relative activities ofPKCs and PKC6 in the heart. In contrast to PKCs,
PKC8 activation may cause damage to myocardium upon reperfusion(Chen et al., 2001;
Hahn et al., 2002; Murriel and Mochly-Rosen, 2003). Therefore, a possible explanation

for the gender difference in the effect of chelerythrine observed in the present study is
that female hearts have a relatively higher PKCs activity, or relatively lower PKC6

activity levels than they are in males. The potential gender differences in PKCS activities
in male and female hearts remain an intriguing area for future investigation.

Increased cytosolic Ca^^ may trigger or favor apoptosis in myocardial ischemia and

reperfusion, and decreased SR Ca^"^ results in a decrease in I/R injiuy(James, 1999; Yu et
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al., 2000; Zucchi et al, 2001). It has been demonstrated that activation ofPKC during

ischemia and early reperfusion reduces cytosolic calcium accumulation in myocardium

(Jimenenz et al., 1990; Stamm et al., 2001, 2004). Therefore, it is possible that Ca^"^
homeostasis by PKC during I/R may be more tightly regulated in female than male
hearts. In support of our results, a recent study demonstrated that females exhibit less SR

Ca^"^ loading than males after isoproterenol treatment(Chen et al., 2003)and

cardiomyocytes from females are more resistant to I/R-induced Ca^^ loading compared
with cardiomyocytes from males(Ranki et al., 2001).We conclude that the greater and

prolonged activation of Akt and PKCs during reperfusion in female hearts are likely to
play an important role in protecting female hearts, and contribute to the gender
dimorphism in cardiac vulnerability to I/R injury.

Future studies

Recently, numerous studies emphasize the importance of epigenetic modification

ofspecific gene promoters and chromatin structure in transcription factor. Epigenetic
alterations (stable alterations of gene expression through covalent modifications ofDNA
and core histones)in early embryos may be carried forward to subsequent developmental
stages(Waterland and Jirtle, 2004). Two mechanisms mediating epigenetic effects are
DNA methylation (occurring in 5'-positions of cjdosine residues within CpG

dinueleotides throughout the mammalian genome)and histone modification (acetylation
and methylation)(Wu and Meininger, 2002). CpG methylation can regulate gene

expression by modulating the binding of methyl-sensitive DNA-binding proteins, thereby
affecting regional chromatin conformation. Histone acetylation or methylation can alter
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the positioning ofhistone-DNA interactions and the affinity of histone binding to DNA,
thereby affecting gene expression. Therefore, these are important for future study to
investigate molecular mechanisms for the effect of prenatal cocaine exposure on both

fetal programming and genomic imprinting, because a significant decrease in PKCs and
phospho-PKCe levels in LV in the male, but not female, offspring exposed to cocaine
before birth. We will test whether prenatal cocaine exposure causes a gender-specific
increase in DNA methylation ofthe PKCe gene and a downregulation ofPKCs gene

expression in the heart, resulting in an increased heart susceptibility to I/R injury in adult
male offspring. To achieve this study, we will determine the effects of prenatal cocaine
exposure on DNA methylation ofthe PKCs gene,PKCs gene expression, and

postischemic recovery ofleft ventricular function and myocardial infarct size in hearts of
male and female fetuses, and male and female juvenile and adult offspring. In addition,

this study will use a catalytically translocation activator peptide specifically targeting
PKCs with Langendorff mode on adult offspring to verify PKCs plays a pivotal role of
cardioprotection on I/R injury.

This will provide novel insights into molecular mechanisms of epigenetic programming
in the gene expression pattern involved in the adverse effects of cocaine on the heart
development, and its lifelong pathophysiologic consequences in the adult heart.

231

REFERENCES

Barker DJ. In utero programming of cardiovascular disease. Theriogenology 53: 555-574,
2000.

Bandstra, E.S., Morrow, C.E., Anthony, J.C., Churchill, S.S., Chitwood, D.C., Steele,

B.W., Ofir, A.Y., and Xue, L. Intrauterine growth of full-term infants: impact of prenatal
cocaine exposure. Pediatrics 108: 1309-1319, 2001.

Bell RM and Yellon DM.Bradykinin limits infarction when administered as an adjunct to

reperfusion in mouse heart: the role ofP13K, Akt and eNOS. J Mol Cell Cardiol 35: 185193, 2003.

Camper-Kirby D,Welch S, Walker A, Shiraishi 1, Setchell KD,Schaefer E,
Kajstura J, Anversa P, and Sussman MA.Myocardial Akt activation and gender:
increased nuclear activity in females versus males. Circ Res 88: 1020-1027,2001.

Chen L, Hahn H, Wu G, Chen CH,Liron T, Schechtman D,Cavallaro G,Banci L, Guo

Y,Bolli R,Dom GW,and Mochly-Rosen D. Opposing cardioprotective actions and

parallel hypertrophic effects of delta PKC and epsilon PKC.Proc Natl Acad Sci USA 98,
11114-11119, 2001.

232

Chen J, Petranka J, Yamamura K,London RE,Steenbergen C,and Murphy E. Gender

differences in sarcoplasmic reticulum calcium loading after isoproterenol. Am J Physiol
Heart Giro Physiol 285: H2657-H2662,2003.

Derlet RW and Albertson TE. Anticonvulsant modification of cocaine-induced toxicity in

the rat. Neuropharmacol. 29:255-259, 1990.

Glantz JC and Woods JR. Cocaine LD50 in long-evans rats is not altered by pregnancy or

progesterone. Neurotoxicol Teratol 16: 297-301,1994.

Hahn HS,Yussman MG,Toyokawa T, Marreez Y,Barrett TJ, Hilty KG,Osinska H,
Robbins J, and Dom GW.Ischemic protection and myofibrillar cardiomyopathy: dose-

dependent effects ofin vivo deltaPKC inhibition. Giro Res 91: 741-748, 2002.

Heidkamp MG,Bayer AL, Martin JL, and Samarel AM.Differential activation of
mitogen-activated protein kinase cascades and apoptosis by protein kinase G epsilon and
I

delta in neonatal rat ventricular myocytes. Girc Res 89, 882-890, 2001.

Heydeck D,Roigas J, Roigas G,Papies B, and Lun A. The catecholamine sensitivity of
adult rats is enhanced after prenatal hypoxia. Biol Neonate 66: 106—111,1994.

233

Iso A,Nakahara K,Barr GA,Cooper TB,and Morishima HO. Long-term intravenous

perinatal cocaine exposure on the mortality ofrat offspring. Neurotoxicol Teratol 22:
165-173, 2000.

James TN. Apoptosis in cardiac disease. Am J Med 107: 606-620, 1999.

Javaid JI and Davis JM. Cocaine disposition in discrete regions ofrat brain. Biopharm
DrugDispos 14, 357-364, 1993.

Jimenez E, del Nido P, Sarin M,Nakamura H,Feinberg H,and Levitsky S. Effects oflow

extracellular calciiun on cytosolic calcium and ischemic contracture. J Surg Res 49: 252255, 1990.

Jonassen AK,Sack MN,Mjos CD,and Yellon DM. Myocardial protection by insulin at
reperfusion requires early administration and is mediated via Akt and p70s6 kinase cellsurvival signaling. Circ Res 89:1191-1198,2001.

Lange RA and Hillis LD. Cardiovascular complications of cocaine use. N Engl J Med.
345: 351-358, 2001.

Lee T, Su S, Tsai C,Lee Y,and Tsai C. Cardioprotective effects of 17P-estradiol

produced by activation of mitochondrial ATP-sensitive
Mol Cell Cardiol 32,1147-1158,2000.

234

channels in canine hearts. J

Li G,Xiao Y,Estrella JL, Ducsay CA,Gilbert RD,and Zhang L. Effect offetal hypoxia

on heart susceptibility to ischemia and reperflision injiuy in the adult rat. J Soc Gjmecol
Invest 10: 265-274, 2003.

Li G,Bae S, and Zhang L. Effect of prenatal hypoxia on heat stress-mediated
cardioprotection in adult rat heart. Am J Physiol Heart Circ Physiol 286: H1712-1719.
2005.

Li, G., Xiao, Y,and Zhang, L. Cocaine induces apoptosis in fetal rat myocardial cells
through the p38 MAPK and mitochondrial/ cytochrome c pathways. J Pharmacol Exp
Ther 312: 112-119,2005.

Li F, Wang X, Capasso JM,and Gerdes AM.Rapid transition of cardiac myocytes from
hyperplasia to hypertrophy during postnatal development. J Mol Cell Cardiol 28: 17371746,1996.

Liu H,McPherson BC,and Yao Z. Preconditioning attenuates apoptosis and necrosis:

role of protein kinase C epsilon and -delta isoforms. Am J Physiol Heart Circ Physiol
281:H404-H410,2001.

Liu H,Zhang HY,Zhu X,Shao Z, and Yao Z. Preconditioning blocks cardiocyte

apoptosis: role ofK(ATP)channels and PKC-epsilon. Am J Physiol Heart Circ Physiol
282: H1380-H1386,2002.

235

Matsui T,Tao J, Del Monte F, Lee KH,Li L,Picard M,Force TL,Franke TF, Hajjar A

and Rosenzweig A. Akt activation preserves cardiac function and prevents injury after
transient cardiac ischemia in vivo. Circulation 104: 330-335,2001.

Minami, Y., Gohra, H., Sasaki, G., Katoh, T., Zenpo, N., and Esato, K. Changes in left
ventricular function after cardiac arrest and reperfusion in hypertropheral hearts. Ann
Thorac Cardiovasc Surg 6: 309-314, 2000.

Mockridge JW,Marher MS,and Heads RJ. Activation of Akt during simulated

ischemia/reperftision in cardiac myocytes. Biochem Biophys Res Commim 270: 947-952,
2000.

Moore LG,Brodeur P, Chiunbe O,D'Brot J, Hofineister S, and Monge C. Maternal

hypoxic ventilatory response, ventilation and birth weight at 430 m. J Appl Physiol 7:
915-922,1995.

Murriel CL and Mochly-Rosen D. Opposing roles of delta and epsilon PKC in cardiac

ischemia and reperfusion: targeting the apoptotic machinery. Arch Biochem Biophys
420: 246-254, 2003.

Peyronnet J, Dalmaz Y,Ehrstrom M,Mamet J, Roux JC,Pequignot JM,Thoren HP,and
Lagercrantz H. Long-lasting adverse effects of prenatal hypoxia on developing

236

autonomic nervous system and cardiovascular parameters in rats. Pflugers Arch 443: 858865, 2002.

Pitts DK,Udom CE, and Marwah J. Cardiovascular effects of cocaine in anesthetized and
conscious rats. Life Sci 40: 1099-1111,1987.

Ranki HJ,Budas GR,and Crawford RM. Gender-specific difference in cardiac ATPsensitive

channels. J Am Coll Cardiol 38: 906-915,2001.

Ren J, Hintz ICK, Roughead Z. K., Duan J, Colligan PB,Ren BH,Lee KJ, and Zeng H.

Impact of estrogen replacement on ventricular myocjde contractile fimction and protein
kianase B/Akt activation. Am J Physiol Heart Circ Physiol 284: H1800-H1807,2003.

Shizukuda Y and Buttrick PM. Subtype specific roles of beta-adrenergic receptors in

apoptosis of adult rat ventricular myocytes. J Mol Cell Cardiol 34: 823-831, 2002.

Simoncini T,Hafezi-Moghadam A,Brazil DP,Ley K,Chin WW,and Liao JK.
Interaction ofthe estrogen receptor with regulatory subunit of phosphatidylinositol-3-OH
kinase. Nature 407: 538-541, 2000.

Slotkin, T.A. Fetal nicotine or cocaine exposure: which one is worse. J Pharmacol Exp
Ther285: 931-945,1998.

237

Song X,Li G, Vaage J, and Valen G. Effects ofsex, gonadectomy, and oestrogen
substitution on ischemic preconditioning and ischemia-reperfusion injury in mice. Acta
Physiol Scand 177: 459-466, 2003.

Soonpaa MH,Kim KK,Pajak L,Franklin M,and Field LJ. Cardiomyocyte DNA
synthesis and binucleation during murine development. Am J Physiol 271: H2183H2189,1996.

Sparagna GC,Jones CE,and Hickson-Bick DL. Attenuation offatty acid-induced

apoptosis hy low-dose alcohol in neonatal rat cardiomyocytes. Am J Physiol Heart Circu
Physiol 287, H2209-H2215, 2004.

Spear L.P., Framhes N.A, and Kirstein, C.L. Fetal and maternal hrain and plasma levels
of cocaine and henzoylecgonine following chronic suhcutaneous administration of
cocaine during gestation in rats. Psychopharmacology(Berl)97: 427-431,1989.

Stamm C,Friehs I, Cowan DB,Cao-Danh H,Noria S, Munakata M,McGowan FX Jr,
and del Nido PJ. Post-ischemic PKC inhibition impairs myocardial calcium handling and

increases contractile protein calcium sensitivity. Cardiovasc Res 51: 108-121, 2001.

Stamm C and del Nido PJ. Protein kinase C and myocardial calcium handling during

ischemia and reperfusion: lessons learned using Rhod-2 spectrofluorometry. Thorac
Cardiovasc Surg 52: 127-134, 2004.

238

Sugden PH and Clerk A. Akt like a woman: gender differences in susceptibility to
cardiovascular disease. Circ Res 88: 975-977, 2001.

Swynghedauw B. Remodeling ofthe heart in response to chronic mechanical overload
myocardium. J Cardiovasc Pharmacol 10(Suppl 6): S37-S49.

Tonkiss J, Trzcinska M,Caller JR,Ruiz-Opazo N,and Herrera VL. Prenatal

malnutrition-induced changes in blood pressure: dissociation of stress and nonstress

responses using radiotelemetry. Hypertension 32: 108-114,1998.

Wambolt R.B., Grist M.,Bondy G.P., and Allard M.F. Accelerated glycolysis and greater

postischemic dysfunction in hypertrophied rat hearts are independent of coronary flow.
Can J Cardiol 17: 889-894,2001.

Wang M,Baker L,Tsai BM,Meldrum KK,and Meldrum DR. Sex differences in the
myocardial inflammatory response to ischemia/reperfusion injury. Am J Physiol
Endocrinol Metab 288, E321-E326,2005.

Waterland, R. A. and Jirtle, R. L. Early nutrition, epigenetic changes at transposons and

imprinted genes, and enhanced susceptibility to adult chronic diseases. Nutrition 20:6368,2004.

239

Wencker,D., Chandra, M., Nguyen,K., Miao, W., Garantziotis, S., Factor, S.M., Shirani,

J., Armstrong, R.C., and Kitsis, R.N. A mechanistic role for cardiac myocytc apoptosis in
heart failure. J Clin Invest 111: 1497-1504, 2003.

Woods JR,Plcssingcr MA,and Clark KE. Effects of cocaine on uterine blood flow and
fetal oxygenation. JAMA 257: 957-961, 1987.

Wu,G. and Meininger, C. J. Regulation of nitric oxide synthesis by dietary factors. Annu
Rev Nutr 22:61-86, 2002.

Xiao D,Ducsay CA,and Zhang L. Chronic hypoxia and developmental regulation of
cytochrome c expression in rats. J Soc Gynecol Investig 7: 279-283,2000.

Xiao Y,Xiao D,He J, and Zhang L. Maternal cocaine administration during pregnancy

induces apoptosis in fetal rat heart. J Cardiovasc Pharmacol 37: 639-648, 2001.

Yu G,Zucchi R,Ronca-Testoni S, and Ronca G.Protection ofischemic rat heart by

dantrolene, an antagonist ofthe sarcoplasmic reticulum calcium release channel. Basic
Res Cadiol 95: 137-143,2000.

Zhang L. Prenatal hypoxia and cardiac programming. J Soc Gynecol Investig 12: 2-13,
2005.

240

UNIVERSITY LIBRARY

LOMA LINDA, CALIFORNIA

Zucchi R,Ronca G,and Ronca-Testoni S. Modulation of sarcoplasmic reticulum
function: a new strategy in cardioprotection. Pharmacol Ther 89,47-65, 2001.

Zuckerman, B., Frank, D.A., Hingson, R., Amaro, H., Levenson, S.M., Kayne, H.,

Parker, S., Vinci, R., Aboagye,K., Fried, L.E., Cabral H., Timperi R,and Bauchner, H.

Effects of maternal marijuana and cocaine use on fetal growth. N Engl J Med 320: 762768,1989.

241

